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1.1

liguefaction

BCL

1.2

1.2

1.2-1 [1]

2000

BCL ,
450
BCL
1.4
BCL
1.5
BCL
1.6
OECD
2030 2007 1.4
2010 10

1.2-2 [2] 2030 20

Brown coal

15 MPa

1.3

(1.5.1 )



Shares [ ]

Population
Billion , Forecast
8 T
OECD
Non-OECD
6

1.2-3 [1]

GDP
Trillion, $2009 PPP ' Forecast
100 |
OECD
Non-OECD
75 '

50

Primary energy
Billion toe , Forecast
12 '
OECD
Non-OECD
9

2 25 3
/_
0 ; 0 ; 0 :
1970 1990 2010 2030 1970 1990 2010 2030 1970 1990 2010 2030
1.2-1 GDP 2011
1600
1400 | Nuclear
1200 | Renewables
o 1000 F
£ s} Qil
600 | Coal
400 |
Gas
200 |
0
non-coal coal
1.2-2 2000 2010 2010
50
40
30
20 §
Gas
10 Hydro 1.9-3
UC|M
omues o
1970 1990 2010 2030

-2 -

[1]

[2]

[1]



C02 [1-4]

1.2-1 R/P (R)/
D) 1998 269
2004 164 OECD
[1,2]
1.2-2
[51
1.2-1 R/P [1]
Fossil fuels Qil Gas Coal
Proved reserves Billion toe 169 160 420
R P 416 60.3 133
1.2-2 [1]

Anthracite and  Sub-bituminous
bituminous (A)  and lignite (B) B (A+B)

[million tonnes]

USA 108,501 128,794 0.54
Russia 49,088 107,922 0.69
China 62,200 52,300 0.46
Australia 37,100 39,300 0.51
Total world 404,762 456,176 0.53




2030 30

4 99
[6]
1.3
2020
330 7]
60 wth
1.3-1  Yallourn Morwell Loy Yang [8]
Loy Yang 60 wt % 26-28
wth (dry ash free, daf) 10 MI/kg
[5]
4 wth 0.4 wth daf

[8]



1.3-1 [8]

. Yallourn Morwell Loy Yang Loy Yang
Properties Seam Y Seam M1 Seam M1B Seam M2
Coal properties

Moisture, % (ar) 65.5 60.1 62.5 61.0
Ash, % (db) 17 33 15 17
Volatile Matter, % (db) 51.1 48.2 51.3 50.5
Carbon, % (db) 66.7 67.8 68.3 69.2
Hydrogen, % (db) 47 48 4.8 49
Sulphur, % (db) 03 04 04 0.4
Specific energy
Gross dry (MJ/kg) 25.9 26.5 27.0 27.6
Net wet (MJ/kg) 71 8.8 81 8.8
Ash analysis
Si02, % 26.9 164 172 455
Al203, % 8.6 34 124 85
Fe203, % 200 9.3 115 174
TiO2, % 05 0.3
Ca0, % 6.0 24.7 30 48
MgO, % 143 142 116 6.6
Naz20, % 6.5 49 174 4.6
K20, % 03 0.3
S0O3, % 17.1 26.6 26.9 12.7
1.3.1
66-70 wt 1.3-1
26 wth 1.3-1 [9]
1 3
100-300
128 200



Cumulative oxygen in coal [wt%, daf]

[11]

— 0

n — O /
~0—=C CCrpp 0 pH _ ; Ca~g ;
0—=¢ 0 0O / -
o HH R @ © ©© O
() CH3 0 O\C H-(-CHs Ho
0 OH o

1.3-1 [9]

Brown coal
o N\
20
10

1.3-2
0 T
60 70 80 90 [10]
Carbon [wt%, daf]
1.3-2
[10] 1.3-2

1.3-2  C65-70 wth



[12-16]

[16] [17]
1.3-2 [11]
Field Phenolic O  Carboxylic O Acidic O Total O
ield o iememe e T
% (dry basis) % (daf)
Yallourn 6.0 8.6 14.9 26.9
Morwell 5.9 8.0 14.1 25.3
Loy Yang 4.9 8.0 13.0 24.7
1.3.2
60 wt%
1.3-3  Yallourn [18]
multilayer monolayer
200 - .j
< > ;—‘*
bulk capillary

Volumetric contraction of coal lump

[cm3/100 g of coal (dry basis)]

1.3-3

150

100

50

_———— - - ____________________1_.___

50 100

150

200

Volume of water lost [cm®/100 g of coal (dry basis)]

Yallourn

[18]



1.3-3 60 wt%
( X 200 cm®-H20/100g) 100 cm*/100 g

200-300 m*/g 30 vol. [19]
02 [20]
[17]
1.4.2-3
« )
Cl 1.3-3 [21] Si02 Al203  Fe
Ca Mg Na
[5] CaC03
1.3-3 ( , dry basis) [21]
Field Yallourn Loy Yang Morwell
SiO2 0.30 0.16 0.14
Al203 0.14 0.20 0.08
K20 0.01 <0.005 0.007
Total-Fe 0.53 0.04 0.21
Ca 0.12 0.04 0.54
Mg 0.20 0.07 0.31
Na 0.09 0.14 0.09

Cl 0.11 0.18 0.07




1.4

2008 WTI 100
40 2011 100
1.4-1 [22]
[23]
[1.2]

160

140
T 120
g 100
o 80
o
9 60
©
© 40
a

20

0

1980 1985 1990 1995 2000 2005 2010 2015

- U.S. Energy Information Administration
1.4-1 WTI [22]
[8]
1.4.1
1912 Bergius
100 [24] Bergius
BASF 1.G.
450 22

MPa
1970



EDS 1.4-2
450 15 MPa [24]

e O— hydrogen donor

f::::::j: -—;::_:i;ﬂtl' \\\jfﬂiiii\\\‘; H~O~H

Thermal Fragments H-O—~QO—H
g

Char or Coke
1.4-2 Hydrogen donor solvent
[25]
1.4-1 [24]
1970
NEDOL [27]

Brown Coal Liquefaction ; BCL

BCL

- 10 -



1.4-1 [24,26]
Capacity
Country Process Coal Reactor Catalyst [ton/day, db] Year
USA SRC- S“b'gﬂﬁnmous Slurry bed 50 1974-1981
USA EDS Bg)iﬁ”m?ﬁfﬂs Slurry bed Ni-Mo ? 250 1979-1983
USA H-coal  SUPTPIUMINOUS  Epjated-bed  Co-Mo 600 1979-1982
USA  CC-ITSL S“b'bétt‘ém'”ous Slurry bed %?_‘,\'\,fg 2 1985-1992
Germany New-1G LDB’:?:V”T"?SSSI Slurry bed Fe based 200 1981-1987
Japan NEDOL Bituminous Slurry bed Fe based 150 1996-1998
b) b)
Japan BCL Brown coal st Slurry bed © - Fe based 50 1986-1990
2nd Fixed bed Ni-Mo
China Shenhua Bituminous Slurry bed Fe based 3000 2002-

a) Catalyst for hydrogenation of solvent recycled, b) Primary hydrogenation, c¢) Secondary hydrogenation

1.4.2

420

BCL
BCL

(Ni-Mo/A1203)

De-Ashed Oil, HDAO

CLB

1.4-3

De-Ashed Oil, DAO

250

- 11 -

[7] BCL

Coal Liquid

Bottom, CLB

THF )

Hydrogenated



Middle

A4

Recovered
Water

Primary

Raw New Brown Coal Hyd CLB Solvent DAO iisz;ldary
Sl ydro- hi - L
Brown Coal/ _,| Dew:trgring genation DeT ing genation Distillate
. HDAO
1.4-3 BCL [71
BCL 50 ton
1985 10,000
1990 7
50 52 48%
25
[24]
1000 h 1770 h
8000 h
1.4.2-3
; ( ) 13

- 12 -



1.4.2-1

BCL
[7] 1.4-4
60 wt 450

10 wt

[28] BCL

[29]

1
to7 : ! 07
—_ 1
f | ; """ : ' | i’
c 1 1 1
= = 1 1 1
E @ 1 =| =) 1 =)
= I AN LA AN
1
I O 111 N 11 A 111 S
2 3 4 5
r r (s [
N N AV LN/
B o U I DO SN I B S v
ﬁD to primary
| hydrogenation

Slurry -—--- Steamn ----*= Hot solvent

1 Ball mill, 2 Preheater, 3 and 4 Evaporators, 5 Super-heater, 6 Compressor,
7 Oil-water separator

1.4-4 [7]

- 13 -



[30,31] 1.4-2
A H20 CO-CO2
Total oil

1.5.1-2

1.4-2 [31]
Yield [wt% on coal, daf]
CLB Solv. Naph. total oil
H20 Ci-C4  CO-CO2
Run 420 (180-420 ) ( 180 ) ( 420 )
A 48.9 174 8.2 25.6 7.8 7.7 14.4
B 48.0 7.7 11.0 18.7 111 8.2 185
C 54.1 58 9.3 15.1 10.0 7.6 17.9
D 471 9.6 85 18.1 15.6 74 15.6
A : Dewatered in solvent, B : Dried in air (107 , 1.0 h), C: Dried in air (107 , 70 h)
D : Dried in vacuo at 40
1.4.2-2
BCL [7,30,32]
1.4-5
2
400 (©)) 3
(Sediment, )

- 14 -

Q)

50 ton



Make-up
H2

A

Nap.

Light
Dist.

Middle
J Dist.
AN\
Heavy
v § Dist.
Slurry 4
Q 2 To dewatering «15
1
CLB
To De-ashing

1 Slurry pump, 2 Preheater, 3 Reactors, 4 Sludge withdrawing line, 5 Gas-liquid separator,
6 Atmospheric distillator, 7 Vacuum distillator, 8 Gas-oil separator, 9 Gas purifier

1.4-5 1
450 15 MPa 60 min
BCL 1.4-3
[33] 1.4-3 CLB
420 HDAO 250
1.4-3 [33]
Compsition of Solv. ]
Yields [wt% on coal, daf]
[wt% on coal, daf]
Run PH-Dist. CLBY  HDAO? Solv. Naph. H20 Ci1-C4 CO+CO: H2 Dist
PH 250 0 0 104 10.8 11.7 84 153 4.0 212
PH/CLB 200 50 0 12.8 135 144 8.1 154 43 26.3
PH/CLB/HDAO 100 50 100 219 16.6 9.8 85 15.0 38 385

1) CLB contains 10.8 wt% of ash. 2) HDAO contains 21.5 wt% of bottom (b.p. > 420 )
Reaction conditions : 450 , 14.7 MPa, Solv./Coal(daf) = 2.5 (wt/wt), Hz2 10 wt’% on coal(daf),

Catalyst 3.0 wt% on coal (daf) as Fe, S/Fe =12

- 15 -



S/C=2.5 Solv./daf-coal=250/100 CLB HDAO
Dist. Dist.=Naph( 180
) + Solv.( 180-420 ) HDAO
Dist. CLB HDAO
1.5.1-2 [33] BCL
BCL 1.4-6
BCL [30]
[34]
( Inline hydrotreatment )
H2 —
. Recycle gas
Hz rich gas compressor
H2 H2 f
Recycle gas Off gas Purge gas
Slurry purification (FueI gas)
Reactor
Raw brown coal
Light oil
Water Separator
Evaporator
Fixed bed
Hydrotreater
H2
> — ﬁ I Separator Fractinator
Separator
—-Middle oil
Oreheater ( Solvent de-ashing )
i Settl
making Slurry feed pump Pressure )| ettler
Reducing
Catalyst —_—
CLB separator
CLB recycle
— Sludge
- Solvent recycle — CLB run down
DAO recycle
1.4-6 BCL [30]

- 16 -



1.4.2-3 BCL

BCL

BCL

[35-37]
BCL

BCL 1770 h
8000 h
[35] 1.4-7

1.4-7 BCL
,980 h [35]

- 17 -



BCL
[35] 1.4-4
Fe1-xS Pyrrohotite NaCl Halite

CaCO3 Calcite CaMg(C03)2 Dolomite NasMg2Cl2(C03)4 Northupite

1.4-4
Preheater Reactor-1 Reactor-2 Reactor-3 Reactor-4

Fe1-xS +++ +++ tr tr tr
NacCl +++ +++ tr | |

CaCOs3 + +++ +++ + tr
CaMg(COs3)2 + ++ +++ +++ tr
NasMg2Cl2(CO3)4 § + R ++
MgCO3 ; ; ; .

+++ : Main component, +: Sub component, tr: trace

NaCl
Fe203
FeS2 y -FeOCOH
[38]
Na CI Na CI
[5] Na CI
Ca Mg
Carboxylate [5] Carboxylate 300
C02
[35]
1.4-8 [35] CaCO3 CaMg(CO3)2 NasMg2ClI2(C03)4

- 18 -



Wall

T
<

Calcite
CaC03

A

Dolomite

B

CaMg(C03)2

Northupite

C

NasMg2C12(C03)4

Frui

[35]

1.4-8 BCL

Ca Mg

Na ClI

[5,39-41]

BCL

S/C

[42]

1.4-9

- 19 -



Slurry of raw coal

in solvent

wt%

[42]
[33]
S/C
28 wt% daf coal
10,000

— =O= Slurry of coal dried inN2 -

[ =O= Slurry of raw coal -
—_ — =O= Slurry of coal dewaterd in solvent -
w
[
a 1,000
E,
2
‘©
o
Q
2]
>
2 100 }
=
n

10 * ‘ w
15 20 25 3.0 35
S/C ; Solvent/coal(daf) [wt/wt]
1.4-9 [42]

[42]

28 wt%

- 20 -

BCL

BCL
2.5

Slurry of coal dewatered

60



BCL

BCL 400
1.4-10 400
1 2min 400
Naph. + Solv. [32]
400 2 min Run B
400
500 m 2 3
48 wt% on daf coal)
600 T T
Preheater-1 | Preheater-2 | Preheater-3
500 J }
— |
400
(]
5
= 300 |
g
£ 200
(5]
l_
100 |
0
0 20 40 60 80 100
Length of pipes [m]
Liquefaction yield [wt% on coal, daf]
CLB Solv. Naph. Dist.
H20 Ci1-Ca H2
Run 420 (180-420 ) ( 180 ) ( 420 )
A 48.9 17.4 82 25.6 7.8 7.7 14.4
B 48.0 7.7 11.0 18.7 111 8.2 185
1.4-10 [32]

- 21 -



1.5

400

400

1.5.1

1.5.1-1

1.5-1
[43]

OH C02 H20

- 22 -



H radical supplied from coal

H
Decomposition OHe o H20
of weak bond o CHe
CH2 > ' CHs —_—
Generation of .
OH
Coal free radical . HzC‘CHz . Hacl‘CHa
Secondary reaction
Cluster of aromatics Cross-linking | Polymerization in gas phase
/\/ Aliphatic bond
—o— Ether bond
—— Bond between aromatics
------- Hydrogen bond —3 H2, CO, N2
Char, Cokes
1.5-1 [43]
1.5-2 [44] 200
H20 Co C02 200
300
120
100 o
5 / >
b £
= 80 (! 2
: — | &
g / Radical conc. =
E =
= &
v 40 I
=}
T CO + CO2 =
>
20
~ Hydrocarbon
O— — O~ gas
0 ‘ ‘
0 100 200 300 400 500 600
Temperature [ ]
1.5-2 [44]
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1.5.1-2

BCL 1.5-1 [45]
BCL 180-420
hydroarmatics
PR-S 5% HD-S 30%
tetralin 4 pyrene
1.5-1 BCL GC area% [45]
Solvent Solvent
Compounds PR-S HD-S Compounds PR-S HD-S
aromatics 57.1 36.8 alkanes 314 1.24
C5-C6 benzens 0.86 0.26 nC10 - C30 2.30 0.92
biphenyl 1.50 2.79 C1 decalins 0.40 0.00
C1-C2 biphenyl 443 2.86 perhydro-phenanthrenes 0.44 0.32
indan 0.37 0.00
C1-C2 indans 0.92 0.68 oxygen containing compounds
naphthalene 4.39 123 114 9.6
C1 naphthalene 7.95 5.49 phenol 0.52 0.07
C2 naphthalene 4.60 277 cresols 124 0.35
>C3 naphthalene 1.07 2.95 C2-C3 phenols 1.97 1.39
acenaphthenes 212 0.91 dibenzofuran 471 5.83
fluorene 3.87 5.27 C1 dibenzofurans 2.62 177
C1-C2 fluorenes 414 3.00 xanthene 0.33 0.20
phenanthrene 11.80 437
anthracene 0.39 0.36
C1 phenanthrene 3.66 1.02 nitrogen containing compounds
C1 anthracene 0.56 0.18 1.33 1.26
fluoranthene 223 0.52 quinoline 0.42 0.22
pyrene 1.58 125 C1 quinolines 0.18 0.31
C1 pyrenes 0.16 0.06 C1 indols 0.08 0.04
chrysene etc. 0.53 0.87 carbazol 0.65 0.69
hydroaromatics 52 31.0
hydroaromatics of following compounds sulfer containing compounds
biphenyl 0.46 143 1.06 0.25
naphthalene (tetralin) 0.80 3.79 dibenzo thiophene 1.06 0.25
C1-C2 naphthalenes 1.75 7.66
acenaphthenes 0.36 5.01
phenanthrenes 0.73 7.92
anthracenes 0.21 0.14
fluoranthenes 031 281
pyrenes 0.61 2.21

- 24 -



) . )
)
[47]
[14-16]
0.67 kg/kg-coal 764
H20 2/3
1.5-1
Coal

Addition of
” Hydrogen

OH O/ bond solvent
H
OH
1.5-3
[12, 47-56] 1.4-2

- 25 -

1.5-3

| HO Solvent

OH
molecule

HO

.

[14]

[14]



@ ¢

-1
2 4
1.5-4 Yallourn 350
3 dihydro anthracene
tetralin
[53] 1.5-5 450 Morwell
4 tetrahydro fluoranthene 4HFL
3 octahydro anthracene 8HAn
[50]
1.0
é 08 T tetralin
E
g 06 |
5 dihydro anthracene
g 04 | DHA
>
= 1.5-4
S 02 |
. Yallourn ,350 , [53]
0.0
0 10 20 30 40
Time [min]
80 4HFL : Tetrahydro fluoranthene
8HAnN : Octahydro anthracene
E 6o | HS : Hexane soluble
(—55 HS + HI-BS ;>4HF|_ HI-BS : Hexane insoluble - benzene soluble
o 5
S 40 | -.
ol R0
= HS
< o | QL QO
> 4HFL FL
0 : : : —_— —_—
o 1 2 s . (JOO0—000—000
S/C ; Solvent/coal(daf) [wt/wt] 8HAN 4HAN An
1.5-5 Morwell , 450 , [50]
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1.5-2 C-H

[55] C-H
C-H
H
1.5-2 C-H [55]
Bond dissociation Bond dissociation
Compound Compound
energy energy
H [ H
@iﬁ 340 kJ/mol @w 430 kJ/mol
H L H
@‘@ 300 kJ/mol CHsCHZ5H 410 kJ/mol
-2
dihydro anthracene DHA 1-methynaphthalene
1-MN Yallourn ESR
1.5-6 [57] 200 300
DHA
200
DHA
[13-16]

200

- 27 -



Holding time [min.]

0 10 20 30
5 1
e  with 1-methyl naphthalene (1;MN)
o : dihydro anthracene DHA
4 }
350 30 min
~ 3 B
>
Nk
= > |
1 |
0 I
0 100 200 300 350
Temperature [ ]
1.5-6
3 4HFL  4H-fluoranthene
Morwell 1.5-7
4HFL 75%
4HFL 100% HS
Py Py

- 28 -

4

[57]

pyrene Py

[50]
HS

4HFL

Py



80 80

No catalyst Catalyst : 3 wtt of FeS2
E! 60 | E‘ 60
E] K
3 HS + HI-BS 8 HS + HI-BS
S 40 } S 40
: :
=) o
] (]
S 20 | > 20
0 0 L L J
0 20 40 60 80 100 0 20 40 60 80 100
Concentration of 4HFL [wt%] Concentration of 4HFL [wt%]
. Hexane soluble, HI-BS : Hexane insoluble - benzene soluble, THFI : Trtrahydro furan insoluble
1.5- [50]
400 , 20min., H2 10 MPa, 4HFL(4H fluoranthene) Py(pyrene) S/C=1.5
H
BCL CLB[33] 420
1.5.2
1920 [58]
[39-41]
430 K-Fuel [59]
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1.5.2-1 HTD

200-350

HTD Hydrothermal dewatering Hydrothermal drying

[60] HTD
HTD
HTD SECV
HTD 1.5-8 [60] 62 wtk
75 wth
300
Waste gases
Raw coal Pressure
(62 wt% of moisture) Cooler reducer

Separator
Reactor
High pressure 300 Water
pump
Dried coal Centrifuge

Slurry >
75% of moisture 50% of moisture

1.5-8 SECV  HTD [60]

1.5-9,-10 [61] 150

200

- 30 -



1.5-9

Functional group content
as oxygen in coal [wtt%, daf]

wt% (as received)

Moisture holding capacity [61]

80
Raw coal
|
60
Moisture content
40
20 . .
Moisture holding
capacity
0
0 100 200 300 400
Temperature [ ]
1.5-9 HTD [61]
12 —
Raw coal
10 | Y
‘ Phenolic hydroxyl
8 |
a
‘ Free carboxylic acid
4 T*
2T ‘ Carboxylate
L O
A4 O O
0 (5 ?O\\
0 100 200 300 400
Temperature [ ]
1.5-10 HTD [61]
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HTD

[39-41] Na
Ca
[62] HTD Na  60-80 wth Ca Mg
[39] Ca Mg
1.5-10
Ca Mg
1.5-3
[63]
1.5-3 Loy Yang TOC [63]
HTD 5 HTD 5 HTD
Treatment i ) : MTE
e BAe) o (Pilotplang Batch) | .
Temperature [ ] 250 : 300 : 350 120 - 200
TOC [giL] 0.3 13 7 0.08-0.4
1.5.2-2 MTE
Ca Mg HTD 1.5-3
MTE Mechanical Thermal Expression
[40,41] MTE 1.5-11 MTE 150-220
2-12 MPa
MTE 1.5-12
Loy Yang 200 60
30 300 HTD 30 |,
1.5-9

- 32 -




F
Pressure
plate
'-- _
: |
MTE
waste water

MTE
waste water
“hot”

Coal fill

“cold”
1.5-11 MTE [40]
80 | | T | | | | |
L l Lo @ x
s
S e | L | ‘ AAQ Q
_ N 3 S P
B L L l . Loy Yang
A S g
(<) | | | | | |
. * e
g | o o o « 12 MPa, 200
b ‘ b 4 112 MPa, 180
o ! o o : 6MPa, 150
0 A » L . L -
0.0 02 04 06 08 10 12 14 16
Water content of raw coal [g/g, db]
1.5-12 MTE [41]
MTE Loy Yang 1.5-13 MTE
Na Ca Mg CI Na CI
60 Ca Mg 20
MTE 200 HTD 320 1.5-4 [39,41]
Na CI Ca Mg
320 HTD MTE Ca Mg



100

m Na, Cl, o Ca, Mg
80 | /
= A
e w | 2 1.5-4 MTE HTD
£ A
5} / [39,41]
g | a Loy Yang
= 8
ga
LlJ s
20 | . -®
&--"....0
___:__::-_;-_::'«6 80 Na cl Ca Mg
N VAPITEE S ‘ MTE (200 ) 95 92 12 7
0 20 40 60 80 to
Water HTD (320 91 82 33 22
Water removed [ ] wash
1.5-13 MTE [41]
Na
Cl 200
MTE Ca Mg
MTE 300
1.5-10 Ca Mg
300 Ca
Mg
Ca Mg 350
1.5.3
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[64,65]

Addition of oil to

Agglomeration of coal
and oil by shearing

Pelletizing of coal and
oil by shearing

Separation of pellets
from water by

coal-water slurry at high speed at low speed filtration
1.5-14
1.5-14
1920 Trent
[66] 149 pum 30 it
25 mm 1 wth
Convertol[67] mill Phase inversion
mill 10 with
1950 U.S. Steel
NRCC [68] 2
National Research Council of Canada 1960 20 SPS Shell
Pelletizing Separator [69]
9-15% 85-95 % 1968 Shell
Oilfloc [70] 1980

8-10 %

1980

50

- 35 -

Otisca-T [71]



1.6

BCL
2
(Hydro-thermal treatment : HTT) (Thermal pretreatment in
solvent : TPS) 1.6-1
Na Ca
[39-41]
0.1 ton
200 h

( Oil agglomeration : OA

BCL
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1.5.1

BCL
0.1 ton
BCL
Water Solvent <—
Solvent «
Hydro-thermal Oil
Slurl i i ;
Raw treatment Agglomeration v Liquefaction || Qil
Brown Coal Dewatering
(HTT) (©A)
Water, Metal etc. Water
Solvent <«—
Thermal pretreatment
Raw Slurry in solvent Liquefaction ( Qil )
—
Brown Coal Dewatering (TPS) l \
Water CO2 etc.

1.6-1

[ 1

Pretreatments examined in this study
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2.1

Brown coal liquefaction, BCL 50 ton

1770 h 8000 h

CaC03 1.4.2-3
BCL
(Hydrothermal treatment : HTT)
Na Ca
CaC03 [1]

[2,3]

[4]

BCL
[5]
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2.2

2.2.1
Morwell 2.1 Morwel1-1
Morwel1-2
1wt ( ) 60 wth
1 mm
BCL
2.2
180-420 2 4
2.1
Proximate analysis Utimate analysis Metal content
Coals (wt %, as received) (wt %, daf) (wt %, dry basis)
moist ash V.M. C H N S O(diff.) Ca Mg Fe Na
Morwell-1 * 56.9 0.90 23.4 672 492 040 0.23 27.2 0.45 0.30 0.13 0.15
Morwell-2 2 59.9 1.12 21.7 66.7 468 041 0.25 27.9 0.35 0.20 0.18 0.15
*1 HTT experiment, *2 Slurry viscosity measurement.
2.2
Reaction conditions Utimate analysis (wt %, daf) Atomic ratio
b.p. range fa”
Temp. Press. () .
C H N S O(diff. H/C OIC
() (MPa) (ait)
440 20 180-420 87.1 9.3 0.7 0.05 2.80 1.28 0.024 0.51

* Ratio of aromatic carbons to total carbons.

Representative components (G.C. area%)

tetralins 2rings ** 3rings **  4rings*>  paraffins phenols dibenzofurans

4.0 20.4 23.9 3.2 13 2.4 11.1

*l naphthalenes and biphenyls, *2 acenaphthenes, fluorenes, phenanthrenes and anthrathenes,

3 fluoranthenes and pyrenes
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2.2.2

@
05L
50 g 200 g N2
500 rpm 5 min 200-360
30 CO2
300
N2 8.7 MPa 10.5MPa
N2 Shinagawa,
DC-1
ADVANTEC
TOYO, No.5C 500 ml
110 1h
(¢)
2.1
33 wth(daf) 20 g(daf) 40 ¢

Solvent/Coal (daf) = 2.0(wt/wt), S/C

Stirrer
<>

Thermo-couple

Cooling

l —

Glass vessel

Slurry

Oil bath

2.1

Heater
Condensate
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2.1

Karl-Fisher

Analytech( ) , CA-200

Raw/S
33 wth(daf) DW(33%)/S

Q) 2.1
HTT(HTT )-DW( )/S
Raw(33%)/S ;33 wth(daf)
DW(33%)/S ; Raw(33%)/S
HTT(320)-DW(40%)/S ; 320 ( )

40 wth(daf)

2.2.3

BaCl2
Schafer [6]
15 HHV Motto-Spooner [7]

HHV [kd/kg] = 336.2(C) + 1419.3(H) + 94.2(S) - [153.2 - 72.0(0) / (100-(A)]*(0)
©, M, S, @, A :
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C1-C4)

T0C TOC
(1S K 0102)
H O
Water soluble organics

TOC

H20

H20
(daf)

2.3
2.3.1
200-350

(daf)

250

[

100 s

2.2

250 300
WM

(Co, CO2,
Shinagawa, DC-1
, GC-8A-FID TCD)

Total organic carbon (TOC)
[3]

, 10C-V) amino-antipyrine
TOC TOC
TOC  WS-organics

WS-organics

(CO, CO2, C1-C4) H20 WS-organics

(daf) WS-organics ]
( 30)
! 30 70
(D) (FO)
200 C02
( VM+FC)
350 91 85 76 kg/100kg(daf)

FC
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WM

100

H20

40

20

Yields [kg/100kg of raw coal (daf)]

80 |-

|_-Gas

— WS-organics

\HZO

~—~VM in coal

T— FC in coal

Raw coal

200

250 300 350

HTT Temperature [ ]

2.2

WS-organics
) CO2 C1-C4 350

WS-organics

2.3

WM, FC

2.3 (98%
0.2 kg/100kg
350 1.5 0.055 kg/100kg

WS-organics

[kg/100kg of raw coal (daf)]

HTT temperature [ ] 200 250 300 350
Gas
CO2 0.35 4.4 9.2 14.0
CoO N.D. N.D. N.D. 0.23
Ci1 Ca N.D. N.D. N.D. 0.20
H2 N.D. N.D. N.D. 0.01
WS-organics TOC 0.1 0.3 0.8 15
phenols N.D. 0.001 0.013 0.055
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2.4 FC

WM
2.4
[kg/100kg of raw coal (daf)]
HTT temperature[ ] Raw coal 200 250 300 350
Proximate analysis [kg/100kg-coal (daf)]
FC 44.6 45.9 51.3 54.7 59.0
VM 55.4 54.1 48.7 45.3 41.0
Uttimate Analysis [kg/100kg-coal (daf)]
C 67.7 69.2 73.6 74.3 77.6
H 4.7 4.7 4.8 5.0 5.0
N 0.5 0.5 0.6 0.7 0.7
S 0.3 0.3 0.3 0.2 0.3
diff.0 26.7 25.3 20.7 19.7 16.4
H C 0.83 0.81 0.79 0.81 0.77
O C 0.30 0.27 0.21 0.20 0.16
(C L] H ’ N L] S ’ O) 2 - 3
300 250

350

100

[0}
o

N (o2}
o o

Yields [kg/100kg of raw coal (daf)]

Raw coal 200 250 300 350

HTT Temperature [ ]

2.3 (daf)
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1.3-2
Ca, Mg 2.4

- 3
Q.
§ o = C—3 carboxyl group
o= BN carboxylate
2=
§m.§ > bl ] —O— Caand Mg )
ccs
838 2
S g O 2.2
cC TS
O —
B %‘g’ 1 | b 7
c20o
S8 E
@) 0 °
0 L
Raw 250 300 320 350
coal
HTT temperature [ ]
2.4
2.6mol/kg 9kg/100 kg 26.7
kg/100 kg(  2.4) 1/3
350 Ca
350
300 Ca Mg
(mol/kg of raw coal) Ca Mg
Ca
[8] 350 14.3
kg/100kg 2.3 7.0 kg/100kg .2
mol/kg)
320 246 MJ/kg daf 350
22.3 MJI/kg 24.9 MJ/kg

320
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C02 H20

2.3.2

33 wth(daf) Raw(33%)/S
DW(33%)/S
HTT-DW(33%)/S 2.5 DW(33%)/S
Raw(33%)/S 5-8
70 50 30
10,000 —m —
[T CCCACCCCICIICIC /T DW(33%)/S - ___
| HTT(250)-DW(33%)/S
%)
N -~ - - HTT(300)-DW(33%)/S
o
E, Raw(33%)/S
P 1,000 [T g~ T 7 T CCCICCTICCIIIIIZZZI:C
8 A HTTES0 DWEIS
)]
> AN
Coal concentration -
33 wtt% (S/C=2.0)
100
2.8 3.0 3.2 3.4 3.6 3.8
1 T [1000/K]
2.5
250 HTT(250)-DW(33%)/S DW(33%)/S
HTT(300)-DW(33%)/S Raw(33%)/S
HTT(350)-DW(33%)/S DW(33%)/S 1/10

- B3 -



Raw/S , DwWw/s 320
HTT(320)-DW/S

40-28wth S/C=1.5 2.5, daf 2.6
HTT(320)-DW/S
DW/S HTT(320)-DW/S
Raw/S DW/S
320 mPa s Raw/S, DW/S HTT(320)-DW/S
33 wth, 28 wth 40 wt% (S/C = 2.5, 2.0, 1.5)

Ratio of solvent to coal : S/C [wt/wt]

25 2.0 15
10,000 + ¥ n
)
$ 1,000
E,
2
)
3
3 100
>
10
25 30 35 40 45

Coal concentration [wt%]

2.6
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320
Raw/S



(OW/S)

BCL 28 wth daf,
§/C=2.5 320
40 wth( 2.6) 28 wth 1.4
2.6 (320 mPa s) 3
)

Raw/S DW/S HTT(320)-DW/S

5 wt%(dry coal basis )
1.60gcm *( JIS M 8717 )

1.02gcm?® 20 1.0gcm?
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Raw(33%)/S
(Vce+VWw)/Vs
Ve
Vw
Vs
Viw -
Vs :

Raw(33%)/S
wth, S/C=2.5

2.7(a)
2.7(c) 2.7(b)
vol% HTT(320)-DW(40%)/S

2.7(a)

DW(28%)/S
2.7(b)

Vo : Raw/S
V

320

[4]

()

DW(28%)/S

(Vce+Vw+V's)/ (Vs -V's)

@

(Vc Ww)/Vs 1.08 52 48

DW(33%)/S

72 vol%
HTT(320)-DW(40%)/S
) 24%  48Y%

(Vo-V) /7 Vo x 100 [ 1]

[vol% on coal matrix]

[vol% on coal matrix]

- 56 -

HTT(320)-DW(40%)/S

DW(28%)/S

(

)

59.9

2.7(b)

(

154

)



Ratio of slurry component Volumetric fraction of slurry

Ratio of slurry component

Coal concentration (Wt%)

[vol.% on coal matrix] component [vol.% in slurry]

[wt% on daf-coal]

2.7

100

80

60

40

20

600

400

200

500

400

300

200

100

Slurry viscosity [mPa S]

320 330 320
A
(a)
i solyent in 48 Liquid
liquid
I y
Solvent penetrated b
| intocoal ~ T = <
Water in coal Coql
I particle
0,
Coal matrix (52 vol.%)
0. | A
I (b) : vol.%
Solvent in
liquid 314
I 238
Solvent penetrated | | | | Y
into coal S < - 163 Liquid
Water in coal | 246 R 15 4
8 8 Coal
Coal matrix [l 00 oo I particle
| | | |
(c) : wt%
i Solvent in
liquid 200
Solvent penetrated THNEY
into coal T T =~ < 104 Liquid
y
Water in coal 46 Ry
i Coal
Coal matrix 00 particle
! A
Raw(33%)/S  DW(28%)/S  HTT(320)-DW(40%)/S
SIC (wtiwt) : 2.0 25 15
33 28 40
@,
(b) ©
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2.6
(HTT(320)-DW(40%)/S)

)
2.4
BCL
250-360
H20 C02
350
(Ca
300
BCL

(OW(28%)/S)

28 wth 40 wth

40/28 1.43
1.4

1.6 (mol/mol)

28 wth (S/C=2.5)

40 with (S/C=1.5)

- B8 -

(40/28=1.4

(COOH)

)

[11]

350

320

, 30
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3.1

Ca CaCo03
1.4.2-3
[1.2]
1.4.2-3
[1.3]
0.1 ton day
Process development unit : PDU 200 h
3.2
3.2.1
3.1
(Morwell-1,2) Morwel1-1
Morwel 1-2
1 mm 0.1 ton day
PDU CD coal Conventionally dried coal
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SECV(State Electricity Commission of Victoria )

N2 110 Yallourn
(PH section)
180-420 3.2 2-4
3.1
Proximate analysis Ultimate analysis
(kg/100kg, as received) (kg/100kg, daf) )
moist V.M. ash C H N S O(diff)
Morwell-1 ™1 56.9 23.4 0.9 67.2 4.92 0.4 0.23 27.2
Morwell-2 ™ 59.9 21.7 11 66.7 4.7 0.4 0.3 27.9
CD coal ? 14.8 37.9 1.3 66.8 4.8 0.5 0.3 27.6
Elemental analysis (mg/kg, dry coal basis) Carboxyl
Ca Mg Na Si Al Fe Cl groups
Morwell-1 ™ 4500 3000 1500 - - - 800 2.6
Morwell-2 ™ 3500 2000 1500 - - - 800 e
CD coal ? 1880 1830 480 270 1760 3790 440 1.6

*1 : Used for autoclave experiments, *2 : Used for PDU experiments, *3: not analyzed, *4 : mol/kg, daf

3.2

Liquefaction condition
Boiling point range
Ultimate analysis (wt%, daf)

Structural parameters (1H-NMR)

(by GC)

450 , 20 MPa, 1 h, Catalyst Fe203+S, 3 wt% as Fe on daf-coal,
S/Fe=1.2 (atomic ratio))

180-420

C88.1, H9.3, N1.0, S0.1, O(diff.) 1.5

: fa0.52, 00.38, Ln 2.75, Har/Car=0.95
Representative H-donor compounds :

2-rings (tetralins) 4.0 wt%, 3-rings (2H-anthracenes etc.) 1.8 wt%,
4-rings (2H-naphthacenes, 2H-pyrenes etc.) 0.6 wt%
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3.2.2

@
05L
50 g 200 g N2 N2
500 rpm 5 min 200-350
30 min
(Shinagawa
DC-1) (Shimadu, GC-8A-TCD,
GC-FID)
ADVANTEC TOYO, No.5C 500 mL
1h
HTT coal 30 mL
1.59(daf) HTTcoal 3.75¢g S/C=2.5
Fe203 (250 mesh ) 1
daf Fe 3 wtth S/Fe 1.2
3.3 N2
10 MPa  H2 300 min 450
60 min 15 MPa
3.3 (W)
Total Fe FeO Fe203 Metal Fe Ca Mg Mn S
61.6 2,51 85.0 0.15 1.05 0.27 1.20 0.14
(2) PDU
0.1 ton/day POU 3.1

[4] PDU
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70 m 6 mm 2 (

30 mx 2) 10 m
CSTR 5.2 L 1000 rpm, 3.2
Yallourn CD coal HTT coal
CD coal SECV N2 110
HTT coal SECV (1 ton/h)
100 kg 60 kg 75 with

325 14.5 MPa 17 min

HTT coal CD coal N2
110 HTT coal
PDU
H2
430
daf S/C 2.5 12 L/h (
)1.0h (FeS2 250 mesh)
(daf) Fe 3 withh FeS2 Fe203 S
Fe1-xS [4]
H2 10 wt(daf) 4.3 m*/h (NTP)
450 14.8 MPa CD coal HTT coal 200 h
6 mm, Im
3.3
3 mm
3.1  P-1 P-3 (

30 kPa)
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Solvent, CLB, HDAO (Bottom recycle)
(CLB:b.p.>420 ) - === — >

1
Differential pressure gauges : P-1 @

| Off gas
|
Vo : SN
Coal 3 Preheaters D Condenser
Solvent 'Pipe :30+ 30+ 10 m = 70m (6 mm¢ ) |
Catalyst : Residence time : 1 - 2 min. :
,,,,,,,,,,,,,,,,,,,,,,, ' .

Gas
liquid
separator

Hz2

|
i Reactors (s.2Lx 3,CSTR) |
i Liquefaction :450 ,60min. !
I_g_’ CP-1, CP-2, CP-3 : Conecting pipes
v v v (Inner diameter : 3 mm)

« — — — —

3.1 PDU Process development unit, 0.1 ton/day(dry coal) throughput

Slurryinlet C__)
\ Thermocouple

Qutlet

»

.

Surface
of slurry

441 mm

Plate/

361 mm

Agitator -

Baffle

3.3 200 h PDU

6mm

3.2

- 65 -



3.2.3

2.2.2
JIS M 8812
(Shinagawa, DC-1) CO, CO2, Ci-C4
GC-8A-TCD  FID)
(Valian  AA240FS) ICP
Schafer [5]
n_
PTFE 1.0pum
HS
(HS)
HS Oil+H20)
100mL  THF
THF THFI
PDU
PDU
H20 (Nap., 180 ),
(Coal liquid bottom, CLB, 420 )
oil

CLB [6]

- 66 -

HTT coal
(daf)

(Shimadzu,
H20
(2M HCl)
( ICPV-1017)
BaCl2

[6]
n- 55 , 200 mL
HI
HS
HS
HI
THF HI-THFS

3h
100+ 2%

ASTM D 1160
(Solv., 180-420 )

Nap. Solv.

CLB5g n-



55 , 100 mL PTFE 1.0pum

HI HS HS
(HS) HI
20 mL, 65 1
HI-BS Bl Bl
20mL, 95 BI-PS
Pl
PDU 200 h
CP-1 CP-3
50 wt%
CaC03
Si102 ADVANTEC TOYO, No.5C
Valian, AA240FS  ICP Shimadzu, 1CPV-1017 Cl

Dionex, DX500

XRD
3.3.2
3.3
3.3.1
200-350
(daf) 3.4
3.4() Co2 co
C1-Cs

350 2

3.4(b) Co2

C1-C4
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30

- 68 -

)
£©° mC1 C4 (a)
IS
8 2 O co2
85
T2 .
=3 10 P
i
S, P
g -
0 - I_[
< = 30
29 mCl C4 (b)
ST
€8 o O co2
g =2 R
= ®© T -
c = T o
A N T
S o - - - RN
LR
52 |
100 — — = « HTT(Gas)
'g 80 == [ — :::\z-*—* : - _ « Lg(Gas)
" S T - ] - HTTH20)
k) (@]
gz ® - La(Hs)
T = (Oil+H20)
+— O -
rg 4 o R (©
S
2 5 (HI-THFS)
=,
0 . ([[[] - LoahrFy
Untreated 200 250 300 350
HTT Temperature [ ]
HTT : Products in hydrothermal treatment
Lqg : Liquefaction products (450 , 60min
3.4
3.4(c)
C02 C02
H20
300 H20 HS(Oi 1+H20)
300
H20 300 THFI
350 THFI HS(O1 1+H20)



HI-THFS H C 0C fa 3.5
HI-THFS H C 0 C
fa 350
350
1.0 0.10
—aA— fa
o9 -~ ¢ H C | 0.09
— 0.8
K
O o7
T
0.6
0.5 : 0.05
Untreated 505 250 300 350
HTT temperature [ ]
3.5 HI-THFS H/C, 0/C fa
PDU
325 17 min CO2 H20
4.5 3.0kg/100kg C1-Ca 0.1 kg/100 kg
coal CD coal 3.4 HTT coal
3.6 HTT coal
CD coal Pl BI-PS CD coal
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3.4 ( )

Proximate analysis

Ultimate analysis Carboxyl
(kg/100kg, dry basis) (kg/100kg, daf) groups
V.M. ash C H N S O(diff) mol/kg, daf
CD coal 44.4 1.6 66.8 4.8 05 0.3 27.6 1.63
HTT coal 415 1.6 70.4 45 0.6 0.3 24.2 0.80
Elemental analysis (mg/kg-dry-coal)
Ca Mg Na Si Al Fe Cl
CD coal 1880 1830 480 270 1760 3790 440
HTT coal 1660 1600 110 280 1990 5230 210
CD coal 41 24 E145
L Pl BIPS " HI-BS ' HS
HTT coal 48 12 93
0 20 40 60 80 100
Extraction ratio
[kg/100kg of bottom fraction after preheating ]
3.6
3.7 HTT coal C02
H20 CD coal C02 H20
CD coal
CD coal HTTcoal Oil Nap.+Solv.
24 19 kg/100 kg CLB 43 48 kg/100 kg
CLB HTT coal CLB CD coal CLB Pl
BI-PS HI-BS HS HTT coal
CLB CD coal CLB
325 17 min
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Products in liquefaction
N
-~ —
Gas Qil CLB
A ~ \ N ~
CO2 H20 Ci1-Cs4 Nap. Solv.
CDcoal | 120 | 159 |102]| 9.4 | 144 |103 18.7 7.1H
1 ! I|I<— 24 _>/I’<* 43 =:
B | ]
45 ' 'e— 19 —p — 48 —
HTT coal E 7938.0 133 [ 941949373 23.7 9.6
= H
‘ T HS HI-BS BI-PS PI
Products in HTT
N— __
——
Products in HTT and liquefaction
| | | | |
0 20 40 60 80 100 120
HTT and liquefaction yields [kg/100 kg of raw coal, daf]
3.7 PDU
HTT coal
BCL
( ) 3.1 [7]
1.4-3 (GFR
3.8
[el
oil
HTT coal 3.7 CD coal BI-PS
Pl CD coal
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2.3.2

1.4

60
= 50 |-
5]
©
= 40|
o
o
& 30|
E
= 20 |
=]
2
> 10 =O= Dist. Solv.+Nap.

—O— CLB
0
0 10 20 30 40

TGV/STW [L/Kg]

Liquefaction conditions ; 450 , 14.7 MPa, 60 min, Fe203+S, 3 wt% as Fe on daf coal, S/Fe=1.2

TGV/STW ; Ratio of gas flow rate by volume at liquefaction condition to weight of feed solvent

3.8 [8]

3.3.2

HTT coal Na Ca Mg CI
3.9 (daf)
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0.15

0.10 | E\ Mg
O

0.05 } . Na

0.00 ~ A

Raw 200 250 300 350

Concentration of metals and CI
[mol/kg of raw coal, daf]
o
‘//Zz]

coal
HTT Temperature [ ]
3.9 HIT HTT coal Cl
250 Na Cl 300 Cl
Cl
[10] Ca Mg
350
Ca Mg 3.10 Ca Mg (mol/kg)
Ca Mg
[2] Ca Mg 350
300 Na CI
Mg Ca Mg
CaC03
Ca Mg

PDU 200 h
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200 h

Pressure drop [kPa]

= ] C—  carboxyl group
© B carboxylate
5g 2rl —O— Caand Mg -
= O
[ S
s 2
cC @© 2.2
8=
2%
S o
O =
©
E
Raw coal 250 300 320 340 360
HTT temperature [ ]
3.10 HTT coal Ca Mg
PDU
HTT coal CD coal
PDU
3 mm 3.1 3.10 CD coal
HTT coal
CP-1 CP-2 CP-3 CD coal
400 h
10 T 10 T
| |
X |
X
ol T:: ol i HTT coal
ol T |
cP-1 ao : & : CP-3
6 % 6| | 00 o0
0% g | ¢$%‘%9%&13;’
) ! | @
A g X2 e, g e
& X : ? \_:“‘ ‘am o+ ##_'_"_"
o X A+ cp3 3 Frogo *
Om a4 | & R0 cP-2
2F o ‘Af ! 2
Yol o (RETE
ﬁ‘ | wﬁﬁ-@w : CP-1
il ‘ @ - |
0 ‘ - ‘ ‘ ‘ 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time [h] Time [h]
.10 PDU 3.1
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Dist. CLB BCL
[10] M Pa s Re
Re
3.11 P Fanning ()
P kV2/D ()
4 [m/s] D [mm] 4
3.5 220 h
0.3 -1.0mm 220 h HTT coal 0-0.4mm
CD coal
3.5 PDU
Operation flljci\?vmcerf:rznogl Scale thickness
Feed coal time Pipe No. (Estimated) (Estimated)
(h) (mm) (mm)
CP-1 1.0 1.0
CD coal 220 CP-2 1.0 1.0
CP-3 24 0.3
CP-1 30 0
220 CP-2 22 0.4
CP-3 24 0.3
HTT coal
CP-1 30 0
500 CP-2 18 0.6
CP-3 14 0.8
HTT coal 400 h
3 mm
0.4 mm 2.2 mm
400 h
CD coal HTT coal
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200 h

3.6
X
X X X X x 100
3.6
(a) Elemental analysis of scale (Wt% on scale)
Coal Opgraﬂon Pipe No. Ca Mg Na Cl Fe Si
time
CP-1 7.6 4.6 22.6 35.0 9.9 1.3
CD coal 220 h CP-2 25.1 25 10.8 15.7 2.0 1.8
CP-3 24.9 5.6 6.9 9.4 3.2 4.4
CP-1 40.0 <0.1 <0.1 <0.1 <0.1 <0.1
HTT coal 500 h CP-2 26.9 1.2 5.4 8.3 8.7 2.0
CP-3 22.6 15 12.9 16.8 3.0 2.2
(b) Deposition ratio (wt% on feed element)
Coal Opgratlon Pipe No. Ca Mg Na Cl Fe Si
time
CP-1 0.04 0.02 0.42 0.70 0.02 0.04
D coal 220 h CP-2 0.16 0.02 0.27 0.43 0.01 0.08
CP-3 0.12 0.03 0.12 0.19 0.01 0.14
Total 0.31 0.07 0.81 1.3 0.04 0.27
CP-1 0.00 0.00 0.00 0.00 0.00 0.00
HTT coal 500 h CP-2 0.06 0.00 0.18 0.14 0.01 0.03
CP-3 0.04 0.00 0.39 0.26 0.00 0.03
Total 0.11 0.01 0.57 0.41 0.01 0.05
CDcoal CI 1.3 3.6(b)
1.0% HTT coal CD coal
CD coal 220 h HTT coal 500 h XRD
3.7(d) Ca Mg CaCO3 CaMg(C03)2
XRD 3.6(a)
3.7(b) Ca Mg
Ca Mg CaC03 CaMg(C03)2 Na NaCl
Na2CO3 NaCl Cl
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Na  Na2CO3 Fei-xS  Si102 Fe Si
3.7(b) CD coal 20.8
mg/100 cm® HTT coal 11.3 mg/100 cm? HTT coal CD coal

3.7 XRD

(a) Xray diffraction analysis

Coal Opt?r;ae“o” Pipe No. CaCOs CaMg(CO3s)2 NaCl  Na2CO3  FeixS Si02
CP-1 + ++ + Tr +++ +
CD coal 220 h CP-2 +++ + + Tr 4+ ++
CP-3 ++H+ + * Tr ++ ++
CP-1 ++ + +
HTT coal 500 h CP-2 et tr ++ Tr ++ +
CP-3 +++ tr ++ Tr + +

++++ Very strong, +++ Strong, ++ Middle, + Weak, + Very weak, Tr Trace,  Not detected

(b) Estimated amounts of scale components [g/100cm’]

Coal Pipe No. CaCO3 CaMg(CO3)2 NacCl Na2CO3 Fe1xS SiO2 Total
CP-1 0.0 1.5 3.6 0.0 0.97 0.18 6.2
CP-2 4.4 1.1 2.2 0.13 0.26 0.33 8.4
CD coal
CP-3 2.4 1.8 0.9 0.11 0.31 0.57 6.1
Total 6.8 4.4 6.7 0.2 1.5 1.1 20.8
CP-1 0.15 0.0 0.0 0.0 0.0 0.0 0.2
CP-2 3.7 0.35 0.80 0.00 0.80 0.25 5.9
HTT coal
CP-3 2.7 0.40 1.5 0.25 0.25 0.25 5.3
Total 6.5 0.8 2.3 0.3 1.1 0.5 11.3
3.12
CD coal CP-1 NaCl
CaMg(C03)2  Fe1-xS CP-2 CP-3
CP-1 NaCl  Fei1-xS
CaC03
HTT coal CcpP-1 CP-2 CP-3
CD coal HTT coal CDcoal 2
HTT coal CD coal HTT coal
NaCl  CaMg(CO03)2 CD coal
Fei-xS  Si02 HTT coal
CD coal
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0.12

— =
<
o (@ 8
N N
Y o010 5
2 = 1080 5
= CaCO3 £
E o008 | Feixs | | / &
© % 4
2 SiO2 ?
w S
| CaMg(CO3)2 3
S 006 g(CO3) ~ 3
3 s
— (]
% 0.04 } Na2COs3 S <
[&] [&]
(%] n
rel 1200 G
2 002 | NaCl e 1]
3 ST g 100 §
= £
< 0.00 <
CP-1 CP2 CP3 [ Metal, CI COOH CD coal (220h)
Scale deposition CD coal

— 0.12
_c —
ey
g ® S
© 010 | 1200 i)
2 S
= S
E oo0s | N g
2 2
= o
§ 006 Fe1-xS g
() SiO2 AN~ O
© CaMg(C03)2 —» o
o 4300 &
< 0.04 } Ee @
3 ]
5 CaCoOs3 Si 1200 3
= 002 | Mg S
3 100 £
g NaCl Ca 3
< 0.00 ‘ e S HTT coal (500h)
cP1 CP2 CP3 | Metal, CI COOH <
Scale deposition HTT coal
3.12
3.12 HTT coal 500 h Ca Mg Fe Si
CD coal 220 h HTT coal
CD coal
3.13
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o 100
3 % @) B CD coal
32 &0 O HTT coal
g o
Qg
L8 eof
IR L
S 3
2
EX 27
o O
Q £
e e
- . COOH
Ca Mg Na Cl Fe Si %002
0.8
(b)
B CD coal
—. 06 |
@ NE 0O HTT coal
S e
58 o
.g %
] E 02 |
0.0 L I ._l ! .—l .
Ca Mg Na Cl Fe Si CO3
3.13
HTT coal NaCl
HTT Na ClI Na CI
CaC03 CaMg(C03)2
3.13 Fe Si HTT 3.13 Fe1-xS
Si02 3.12 Fe1-xS  Si02 CaC03  NacCl
CaC03  NaCl
Fei-xS  Si02
3.13
Fei-xS  NaCl
Fei-xS  NaCl
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3.4

BCL
Na CI 300 Ca Mg
PDU 200 h
400 h Ca Mg
Si102  Fe1-xS
Si02 CaC03
BCL 1770 h [11,12]
8000 h

BCL

1 Serio, M.A_, P. Solomon, E. Kroo, S. Charpenay,“ Water Pretreatment of Coal,”
ACS Div. of Fuel Chem. Preprints 36(1991)7-14.
2 Potas, T.A_, R. Sears, D. Maas, G. Baker, W. Wilson, “ Preparation of hydrothermally
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10

11

12

treated LRC/water fuel slurries,” Chemical Engineering Communication. 44
(1986)133-151.

Morimoto, M., H. Nakagawa, K. Miura,“ Conversion of a wide range of Low-rank coal
into upgraded coals and thermoplastic extracts having similar chemical and physical
properties using degradative hydrothermal extraction,” £nergy and Fuels, 24
(2010) 3060-3065.

Momono, E., J. Imai, T. Kaneko, Y. Kageyama,“ Study on the formation of carbonate
scale in coal liquefaction, - Deposition behavior of carbonate scale on test piece
-" Proceedings of the coal conference of the Japan Institute of Energy |,
(1995)295-298.

Schafer, H.N.S.,“ Determination of carboxyl groups in low-rank coal,” Fuel, 63
(1984) 723-726.

Okuma, 0., K. Saito, A. Kawashima, K. Okazaki, Y. Nakako,“ Characterization of heavy
organic products derived from brown coal in BCL process. Effects of liquefaction
conditions on properties of CLB in primary hydrogenation,” Fuel Processing
Technology, 14(1986)23-37.

Okuma, 0.,“ Liquefaction process with bottom recycling for complete conversion of
brown coal,” Fuel, 79(2000)355-364.

Okuma, O., M. Yasumuro, T. Matsumura,“ Effect of gas flow rate on brown coal
liguefaction with a continuous reactor system.” Fuel, 75(1996)313-321.

Ikari, K., K. Tazawa, Y. Kageyam,“ Studies on brown coal liquefaction (8)
De-chlorination of organic chlorine compound,” Proceedings of the coal conference
of the Japan Institute of Energy, (1991)153-156.

Okuma, 0., K. Mae, S. Yanai, Y. Nakako,“ Viscosity of brown coal-solvent slurry,”
Fuel Processing Technology, 22(1989)73-86.

Okuma, 0., S. Yanai, M. Yasumuro, E. Makino,“ Scales and sediments formed during
liquefaction of Victorian brown coal with a 50 ton (dry coal)/day pilot plant,” Journal
of the Japan Institute of Energy, 78(1999)232-344.

NEDO, NBCL. Brown coal ligquefaction project, Summary. March (1994)
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4.1

BCL

0/C

4.1

0.3
0/C

Water

Hydrothermal
treatment
(HTT)

4.1

« )
[1.2] BCL
0/C [3]
0.05
2.4
Solvent <
Solvent <«
Qil l Slurry Liquefaction
Agglomeration Dewatering (Hydrogenation)
(OA)
CO2 etc. Water, Metal etc.
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Water




10 wt

4.2
4.2.1
Morwell 4.1 4.2
1 mm
4.1
Proximate analysis Utimate analysis Metal content
(wt %, as received) (wt %, daf) (wt %, dry basis)
moist ash V.M. C H N S O(diff.) Ca Mg Fe Na
59.9 1.12 21.7 66.7 4.68 041 025 27.9 0.35 0.20 0.18 0.15
4.2
Ultimate Analysis (wt%) Atmic ratio NMR S
- Boilin point range
C H S O(diff.) H/C ©/C fa
Solv-A ! 871 93 0.05 28 128 0.024 0.51 180 - 420
Solv-B 2 837 98 0.06 58 141 0.052 0.55 180 - 300
Coal tar 863 50 042 74 069 0.064 0.95 > 205
' ' ' ' ' ' ' 504 70 vol.%

*1 Ligefaction conditions ; 440

*2 Ligefaction conditions ; 440

20 MPa, bp. 180 420
20 MPa, b.p. 180 300
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0.1 ton/ PDU

Solv-A ( 180-420 )
Solv-B ( 180-300 ) Solv-A
)
4.2.2
5L-
500 g N2 ( 0.1 MPa)
3 min 320 320 20 min
320 320 Na CI
Ca Mg 3.9 320
3.4
4.2
4.2
1.5L 1.0 kg 10 wt% daf coal
basis 10,000 ppm 3
10 wth
90 mm

75 mm@ x 60 mmH 1,000 rpm 3
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1 mm

HTT-coal/water slurry

So

—_—
High speed
stirring
(10,000 rpm)

Agglomeration of coal and solvent

Low speed
stirring
(1,000 rpm)

Pelletizing

- 86 -

HTT-coal/solvent
pellet

-_—
filtration
(1.0mm) l,
Waste water
filtration




4.2.3

2.2.3

pH, CODcr BOD SS n-Hex total phenol

Cl S04 NH4 -N

TOC TOC

Na ICP
lum

Shimadu, TOC-C

Mitsubishi Chemical Analytec, CA-200

Shimadu, ICPV-1017

JIS K0102 59
Dionex, DX 500

SS Suspended solid,

110
2 h
4.3
4.3.1
320 20 min
4.3
4.3
Utimate analysis Metal content
ash (Wt %, daf) (Wt %, dry basis)
Coals (wt %,
dry basis) C H N S oOdif) ca Mg Fe Na cl
Raw coal 2.9 66.7 47 04 025 279 035 020 018 015 0.040
HTT coal * 1.9 756 49 05 024 187 037 022 025 006 0015

* after filtration without washing
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daf 80 wth
320 0

Na CI Ca, Mg, Fe

4.3 4.8

4.3 4.4 @

4.5 Q@)
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10 wth daf

4.3 50 with
10 wtth
4.4 4.5
1 mm
Solv-A, Solv-B 51 wth
4.2
90 mme 4.6
75 mm 1000 rpm
4.7

4.6 4.7

90 mme 60x 75 mm 1000 rpm 3 min

1 mm 4.8

2-5 mm
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4.3.2

(320
daf
of raw coal(daf)
154 kg/100 kg

4.8

20 min)
4.9 daf 80 kg/100 kg

138 kg/100 kg

2.9 kg/100 kg 1.9 kg/100 kg

Solv-A B OA pellet-A B
51.3 kg/100 kg of raw coal, daf 50.7 kg/100 kg 48.1 kg/100
kg 29 kg/100 kg 27 kg/100
kg 15 200 10 MPa

MTE Mechanical Thermal Expression [5]
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Raw coal 100 154 I
_ i 1 2.9
HTT and filtrated coal - 138 |
( not washed ) :
L L1.9 i
OA pellet-A 80 291 . (Feed Solv-A 51.3)
OA pellet-B 80 271 ! (Feed Solv-B 51.3)
0 50 100 150 200 250 300
[kg/100 kg of raw coal, daf]
O Coal (daf) Owater Mash B Solvent for OA
4.9 daf
4.4
SS 0.1 kg/100 kg of raw coal (daf)
4.
HTT (after filtration) OA (Solv-A) OA (Solv-B)
pH [ ] 5.6 5.1 5.1
SS [kg/100 kg of raw coal, daf] 0.012 0.009 0.012
Phenols  [kg/100 kg of raw coal, daf] 0.022 0.029 0.47

- 01 -



28 wtt% on raw coal 35 wth on HTT

coal, daf
[6] BCL
10 wt%
144 wth =154-10,
18 wth =28-10
4.3.3
4.10
2
B HTT
Filtration only
B HTT
(Filtration and washing)
0 OA pellet-A
E B OA pellet-B
0O 20 40 60 80 100 120
Concentration
[wt% on feed metal and Cl]
4.10
Fe
Na CI 30 wth Ca Mg 85 wth
Na CI Ca Mg
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Na CI Ca Mg Ca Mg

Solv-B Ca
Na ClI Na ClI
Na", Cl
Ca Mg
Solv-B
Ca Ca Xylene
Ca CeHs0-CaOH [8]
Ca

(Coal-C00)2Ca + PhOH + H20 — 2Coal-COOH + PhO-CaCH

PhOH : phenol group

4.3.4

[4]

4.5 pH 5.6 pH 5.1

Solv-B
10

- 03 -



- 94 -

m¥/ BOD 160
mg/kg COD 160 mg/kg 5 mg/kg [°]
Solv-B
COD
BCL
4.5
HTT OA-Solv.A OA-Solv.B
pH (21 ) [ ] 5.6 5.1 5.1 5.0-9.0
Ss [mg/L] 48 36 47 <200
CODcr [mg/L] 13400 15100 35600 <160
BOD [mg/L] 5630 5420 15800 <160
n-Hex [mg/L] 17 51 <25 <5
total-phenol [mg/L] 90 114 1870 <5
Cl [mg/L] 160 145 85
S04 [mg/L] 28.0 116 93
Total-S [mg/L] 37.4 39.6 24.0
NH4 -N [mg/L] 37.0 23 39 <100
Na [ma/L] 339 79 313
4.4
daf 51 wth
2-5 mm@
28 wth
MTE
Ca Mg
Ca Mg



Ca
BCL

118(2002)695-700.

76 (2000) 55-75.

Okuma, 0., K. Mae, S. Yanai, Y. Nakako,“ Viscosity of brown coal-solvent slurry,”
Fuel Processing Technology, 22(1989)73-86.

Allardice, D.J., A. Chafee, W. Jacson, M. Marshall,“ Water in brown coal and its
removal,” In: Chun-Zhu Li, Editor. Advances in the science of Victorian brown coal,
Elsevier (2004)112-114.

Artanto, Y., A. Chaffee,” Dewatering low rank coals by mechanical thermal expression
(MTE) and its influence on organic carbon and inorganic removal,” Coal Preparation,

25 (2005)251-267.

69 (1990) 259-266.
BCL
21(1995) 1-7.
Schlosberg, R.H., C. Scouten’, Organic chemistry of calcium,” Energy & Fuels, 2(1988)
582-585.
23 8 30 o
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5.1

2 4
[1]
Thermal
pretreatment in solvent : TPS
400 CaC03

300
1.4.2-3
BCL ( )
400 1-2min
5 [2] 400
400
[3-5]

BCL

PDU

BCL
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5.2

5.2.1
5.1 CD coal-1 Yallourn
PDU CD coal-2 Morwell CD coal
1 mm N2 110
5.1
proximate analysis ultimate analysis
Coals [kg/100kg-coal] [kg/100kg-coal]
(as received) (dry ash free basis)
ash moist. V.M. C H N S diff.-O
PDU experiments
CD coal-1 1.6 14.8 44.4 66.8 4.8 0.5 0.3 27.6
Autoclave experiments
CD coal-2 2.9 3.2 53.9 68.7 4.7 0.5 0.3 25.8
metal etc. concentration carboxylic groups
Coals [mg/kg-coal] [mol/kg-coal]
(dry coal basis) (dry ash free basis)
Ca Mg Fe Na Cl carboxyl group carboxylate
PDU experiments
CD coal-1 1900 1800 3800 500 400 1.46 0.17
Autoclave experiments
CD coal-2 5300 3100 1800 1300 400 2.45 0.48
5.2 P BCL
S 180-420
PDU P P S 6 S
Ni-Mo P H
0 P S PS (
350 ) 2 P S P S
( 225 ) 3,4
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5.2

Solvents P P P S S S

Ultimate Analysis [kg/100kg]

c 85.6 84.4 87.0 88.5 87.4 88.8
H 9.3 9.6 9.0 9.7 10.3 9.3
N 0.4 0.5 0.7 0.5 0.6 0.6
S 0.1 0.0 0.1 0.0 0.0 0.0
O(diff.) 4.6 5.4 3.3 1.3 1.8 1.3
H/C 1.30 1.37 1.25 1.31 1.41 1.26
o/C 0.040 0.048 0.028 0011 0015 0.011
'H-NMR[ ]
fa 0.49 0.48 0.53 0.50 0.43 0.52
Ln 2.8 25 2.6 2.6 3.1 2.7
Haru/Carr 1.04 1.22 0.97 1.03 1.10 0.94

H-donor conpounds [kg/100kg]

2-ring (Tetralins) 3.98 7.66 0.43 5.28 10.3 0.73
3-ring (2H-anthracenes,

2H-phenanthrenes) 1.77 0.97 2.66 2.43 1.09 3.36
4-ring (2H-naphthacenes,
2H-chrysenes, 2H-pyrenes) 0.62 0.00 1.19 1.29 0.13 2.31
Compound containing OH
[mol/kg] 0.81 0.20
Boiling point
Initial b.p. () 175 175 240 175 175 225
End of b.p. ( ) 420 350 420 450 345 450
50vol.%-off b.p. ( ) 285 255 325 290 255 320

Liquefaction conditions for preparation of solvents

Solvent P : Solvent fraction produced in primary hydrogenation
450 , 15 MPa, 1 h, Catalyst Fe203+S, 3 wt% as Fe on daf-coal, S/Fe=1.2 (atomic ratio)
Solvent S : Solvent fraction produced in secondary hydrogenation

Reaction conditions : 370 , LHSV 0.66, Catalyst Ni-MO

5.2.2

PDU

POU 0.1 ton/day 3.2.2
5.3
5.1

- 99 -



PDU P daf S/C
2.5 N2 4.5 MPa 350 60 min
H2 N2 CO2
TPS coal
N2
TPS coal slurry make up tank 3.1)
H2 14_8MPa 450 60
min FeS2( ) (daf) Fe
3wt 200 h PDU
CD coal-1
5.3 PDU
temperature res(i:srr:i:satli)m € atmosphere (SS/?:l?/\?v?/tvf?jilf) catalyst
(based on daf-coal before TPS )
TPS 350 60 min N2, 4.5 MPa 2.5
Liquefaction 450 60 min H2, 14.8 MPa 2.5 FeS2 (3 wt% as Fe)
TPS Liquefaction

Degassing H2, Catalyst

CD coal, solvent
N2

, 4.5 MPa

350

T, L

TPS coal, solvent
H2, Catalyst

450 , 14.8 MPa

() The slurry was cooled down to room temperature in N2 atmosphere,

and returned to the slurry make-up tank.

5.1

PDU

110 mL
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[6] 350-400

CD coal 15 g(daf) 37.5 g S/C=2.5 N2 6 MPa N2
20 min  350-400 30 min
3
H2 5.2 450
H2 6MPa 15 MPa , 60 min FeS2
daf Fe 3wt
N2 TPS(N2) H2 TPS(H2)
He TPS(H2) FeS2, 3 wth
H2 6MPa TPS(N2)
H2 6MPa TPS(N2)
TPS(N2) Liquefaction
Degassing Hz, Catalyst
CD coal, solvent T l > TPS coal, solvent
N2 H2, Catalyst
350 , 380 — room temperature - 450
6 MPa (initial) 6 MPa (initial)
TPS(H2) Liquefaction
Degassing H2
CD coal, solvent T l > TPS coal, solvent
H2, Catalyst H2, Catalyst
350 , 380 — room temperature - 450
6 MPa (initial) 6 MPa (initial)

5.2
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5.2.3

(CD coal) (JIS M 8812)
BaCl2 Schafer
[7] 'H-NMR  GC-MS, GC
'H-NMR(Hitachi, R-24B) Brown Ladner [8] fa
2 4 GC-MS JEOL Ltd.,
DX-300, lonization potential 70eV GC SHIMADZU, GC-14, DB-1, 25m FID
ASTM-D-1160
PDU 3.2.2
3.2.2

H2, CO, CO2, C1-C4 GC

H2 H2 H2
420
ASTM-D1160 2 4
GC ; SHIMADZU, GC-14, DB-1 GC-MS ; JEOL Ltd.,
DX-300, lonization potential 70eV THF
HS -THF HI-THFS  THF
THFI [9]
5.3
5.3.1 PDU
PDU 5.4
CO0+C02, H20 C1-C4 0.4 kg/100 kg of coal (daf)
Solv. -17.2 kg/100 kg-coal
(Solv P)
TPS coal 5.5 TPS coal O CD coal

TPS
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[1]

5.4 PDU (350 60 min)
Yields [kg/100kg of raw coal, daf]
Operation Coal Nap. Solv.
CO+CO2  CrCy H20 b <180 180 420
TPS CD coal 8.2* 0.4* 7.7* 0.8 -17.2

* CO+COz2, C1-C4 and H20 were discharged after TPS (Fig. 5.1).

5.5 PDU TPS coal
proximate analysis ultimate analysis metal etc. concentration carboxyl groups
(kg/100kg, as received) (kg/100kg, daf) (mg/kg, dry basis) (mol/kg, daf)
ash VM. C H N S O@ifff Ca Mg Fe Na Cl Cgm’;y' carboxylate
CD coal 16 444 668 48 05 03 276 1900 1800 3800 480 440 1.46 0.17
TPS coal 22 378 806 59 09 02 131 1700 1900 3200 470 210 0.02 0.15
CD coal TPS coal TPS CD coal 5.3
CO+CO2 C1-C4 H20
TPS coal CD coal CO+CO2  H20
CO+CO2 C1-C4 H20 CD coal
TPS coal
Oil Nap. Solv. TPS coal CLB CD coal
fa 5.6 BI-PS HS
5.4 TPS coal CD coal
TPS
TPS coal
dihydo-anthrathene 350
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1.5-6 [10]

TPS and Liquefaction yields
[kg/100kg of raw coal, daf]

0 20 40 60 80 100 120
T T T T T
Products in liquefaction
A
— —
Gas Qil CLB
f_/\ N
e N N
| CO2 H20 Ci-C4 Nap. Solv.
CDcoal | 120 | 159 |102]| 9.4 | 144 42.6
238 —
[ 5o | =214 _,
TPS coal 2;7:7 82|109|7.6| 138 42.9
| Products in TPS
——
Products in TPS and liquefaction
5.3
CD coal BEEE 16.5 437 —>3 90—
| Pl I BI-PS.  HI-BS " HS
TPS coal 19.9 44.3 —19.9=
0 20 40 60 80 100

Extraction ratio [kg/100kg of CLB ]

5.4 CLB
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5.6

Nap Solv CLB
Liquefaction =, - ™0, T ol fa HIC oOIC fa
producs
[ ] [ ] [ ]
CD coal 1.88 0018 126 0021 053 084 0045 0.75
TPS coal 177 0017 127 0024 053 085 0044 074
5.3.2
350
H20 5.5
H20 CO CO2 95%
CO2 C1-C4 380
CO2 8-12 wth% CO2 12 wt% 5.3
CO CO2 Ci1-Cs4 P, P,
p S, S, S
CO CO2 Ci-Ca

Gas, H20 yields
[Kg/100kg of raw coal, daf]

350 380 400 350 380 400 350 380 400 350 380 400 350 380 400 350 380 400
TPS temperature [ ]

B CO+CO2 O H20 O C1-Cc4

5.5 H20
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5.6 100%
S, S
, S THFI HS
P S 380
THFI 400 THFI P
S S THFI
120
%S 100
gz
Eg 80
%% 60
B C 4
8
°9 2
>3
X o0 . . .
13 18 23 12 19 23 12 18 22 12 16 20 12 16 19 13 17 19
TPS temperature [ ]
B THFI O THFS-HI O HS ' Gas + H20
5.6
5.7
380 THFI 400 THFI P P S
THFI S, P 3 4
3 4 350 380
30
o8&
P P P P S S s
s} g g
5§88
2 ED
s8¢
c =
O = o
e 22|
o o8
i i i
2 I i N
X
. mE
Feed 350 380 400 Feed 350 380 400 Feed 350 380 400 Feed 350 380 400 Feed 350 380 400 Feed 350 380 400
TPS temperature [ ]
O 2rings B 3rings O 4rings

5.7
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H concentration

wt%

in solvent [kg/100kg]

HIC of THFI [ ]

[N
[

=
o

©

350

5.8

350

P,P,P P,P H P 400
350
380
H ( 5.7)
10
5.2
P P P S S S
o,
.. .\0\. o
o-® '\.
o \ o..
,,,,,,,,,,,,,,,,,,,,,,,,, ﬁ;.,ﬁo\,.,,,,,,,,,,,,,,, [ _ _ _ "~ __ | __e _____]
‘Feed 350 380 400 “Feed 350 380 400 “Feed 350 380 400 “Feed 350 380 400 ‘Feed 350 380 400 “Feed 350 380 400
TPS temperature [ ]
5.8
THFI H/C 5.9
H/C P S
0.8
(e)
0.7 ‘\\ ‘\ .\.\' \\ ‘\‘\ ‘\t\‘
0.6
P P P s s s
0° 350 380 400 350 380 400 350 380 400 350 380 400 350 380 400 350 380 400

5.9

TPS temperature [ ]

THFI  H/C
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350

4
S
HS
BCL TPS
5.3.3
He He 5.10 TPS( / /TPS
TPS(N2/P/350) N2 P 350
TPS(H2/S/380) He S 380
SolvP TPS(N2/P) THFI
5.10(d) HS 5.7(c) TPS(H2/P)
THFI HS
350
TPS(N2/P) 5.10(d)
PDU TPS(N2/P) 5.5
TPS(H2/P)
TPS(H2/P)
TPS
Solv S P
THFI HS 5.10(a)  TPS(N2/S/350) He
TPS(H2/P), TPS(H2/S) THFI

H2
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5.11(a) TPS(N2/S/380) 5.6

380 H2
TPS(H2/5/380) 5.10(a)
15
< [ Solv-P | > | < [ Solv-S
- > |
T 5.8 60 6.0
= 5.0 @)
5 | 31 ,g 31 26 30
~ 11 1 0 [
ro 60
© 37 b
35
8 g = . ©
9o F 25 % 2 23 24
> 0 .
c I 20}
0
Z o g
S 2
g 8 60 | 51 50 47 i 5 (C)
— 46 46 —
— 41 37 ] M —
D 2wl =
=,
20 | I—I
0
37 8
m : Ligefaction (d)
6l o :TPS
T . 34 33 39 38 3.6 37 39
29 55
36 2.6 2.3 25 22
2
1.3 1.5 1.2 1.7
0
350 380 350 380 350 380 350 380
TPS temperature [ ]
5.10 H2
S N2 350
350
380
H2
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5.11

Brown coal

350 E /

radicals

5.11

Generation of S \ | -

350

350

P, P,S 350

Cross-linking
reaction

_ 350
Hydrogen donation by
partially hydrogenated

aromatics of 3 or 4 rings

450

350

350 - 400
Hydrogen donation by
partially hydrogenated

aromatics of 2 rings

450
Liquefaction

350
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5.4

350
380

350

Allardice, D.J., A. Chafee, W. Jacson, M. Marshall,“ Water in brown coal and its
removal,” In: Chun-Zhu Li, Editor. Aavances in the science of Victorian brown coal,
Elsevier (2004)112-114.

Okuma, O., A. Shindo, M. Yasumuro, T. Hirano,“ Liquefaction of Victorian brown coal
with continuous reactors ( ), - Effect of preheating condition on liquefaction
yields -,” Journal of the Japan Institute of Energy, 77(1998)139-147.
Whitehurst, D.D., T. Mitchell, M. Farcasiu, Coal liguefaction, Academic press.
(1980)207-345.

Mochida, 1., A. Takayama, R. Skata, K. Sakanishi‘, Hydrogen transfering liquefaction
of an Australian brown coal with polyhydrogenated condensed aromatics: Roles of
donor in the liquefaction,” Energy & Fuels, 4(1990)400-403.

Kamiya, Y., S. Nagae,“ Relative reactivity of hydrogen donor solvent in coal
liquefaction,” Fuel, 64 (1985) 1242-1245.

Murakami, K., H. Shirato, J, Ozaki, Y. Nishiyama’, Effect of metal ions on the thermal
decomposition of brown coal,” Fuel processing technology. 46(1996)183-1994.
Schafer, H.N.S.; Determination of carboxyl groups in low-rank coal,” Fuel , 63(1984)
723-726.

Brown, J_K., W. Ladner,” A study of the hydrogen distribution in coal like materials
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by high resolution NMR spectroscopy I1,” Fuel,37(1960)87-96.

Okuma, 0., K. Saito, A. Kawashima, K. Okazaki, Y. Nakako,“ Characterization of heavy
organic products derived from brown coal in BCL process. Effects of liquefaction
conditions on properties of CLB in primary hydrogenation,” Fuel Processing
Technology, 14(1986)23-37.

Kanaji, M. T.Kaneko Y. Kageyama H. Kumagai Y. Sanada,” Studies of initial stage
of liquefaction - Radical formation and structural change with thermal

decomposition of coal -,” Proceedings of the coal conference of the Japan Institute

of Energy, (1995)291-329.
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6.1

BCL
1770 h PDU h [1,2]
NaCl Fe1-xS
Fe203
(FeS2 y -FeOOH)
[3.4] Ca Mg Na
[1.2]
350
PDU
BCL
6.2
6.2.1
6.1 CD coal-1 CDcoal-3  PDU CD coal-2
CD coal-1 -2
6.1 ( )
proximate analysis ultimate analysis metal etc. concentration carboxylic groups
Coals [kg/100kg-coal] [kg/100kg-coal] [mg/kg-coal] [mol/kg-coal]
(as received) (daf basis) (dry coal basis) (daf basis)
ash moist VM. C H N S diff-O Ca Mg Fe Na Cl Czrrgz’;y' carboxylate
PDU experiments
CD coal-1 1.6 148 444 668 48 05 0.3 27.6 1900 1800 3800 500 300 1.46 0.17
CD coal-3 29 130 61.8 47 04 0.3 286 5100 2700 2200 900 200
Autoclave experiments
CD coal-2 29 32 539 687 47 05 03 258 5300 3100 1800 1300 400 2.45 0.48
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POU

6.2 Solv

180-420 CLB Coal liquid bottom  HDAO Hydrogenated
de-ashed oil BCL
[5] CLB
420 HDAO 250
420 HDAO-BTM 21.5 wth HDAO CLB
H/C 0/C
6.2 PDU
Ash Atomic ratio Structural parameters Solvent Extracts [wt%]
[Wt%] H/IC 0/C fa Ln HS HI-BS BI-PS PI
cLe? 10.8 0.84 0.042 0.73 2.0 26.7 35.0 21.7 16.6
HDAO? 1.08 0.004 0.64 2.3
HDAO-BTM 0.1 1.01 0.009 0.62 2.4 83.2 15.0 1.7 0.2
Solv? 1.27 0.052 0.58 2.4

1) Calculated by Brown-Ladner equations.

2) Recovered from primary hydrogenation (Conditions : 450

b.p. > 420

3) Recovered from secondary hydrogenation (Conditions : 300-450

b.p.>250 , HDAO contains 21.5 wt% of BTM (b.p. > 420 ).

4) Recovered from primary hydrogenation (Conditions : 430-450

, 14.7 MPa, Fe203 3 wt% on daf-coal as Fe, S/Fe=1.2)

, 9,8-24.5 MPa, LHSV 0.5-1.3/h, Ni-Mo/Al203)

, 14.7 MPa, Fe203 3 wt% on daf-coal as Fe, S/Fe=1.2)

6.3
5.2
6.3 P BCL
S S
-OH Compound containing OH
6.3 5.2
Solvents P P P S S S
Ultimate Analysis [kg/100kg]
O(diff.) 4.6 54 3.3 13 18 13
o/C 0.040 0.048 0.028 0.011 0.015 0.011
Compound containing OH
[mol/kg] 0.81 0.20
Boiling point
Initial b.p. () 175 175 240 175 175 225
End of b.p. () 420 350 420 450 345 450
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6.2.2

PDU
6.4 PDU Liquefaction-1 CD coal
TPS coal
TPS coal  CD coal 450 60 min, 14.8 MPa, Solv-P
200 h
PDU Liquefaction-2
CD coal 430 60 min, 14.8 MPa
200 h
6.2 Solv.
180-420 CLB . 420 HDAO
. 250
Solv. Solv. CLB Solv. CLB
HDAO CD
coal S/C 2.5 PDU 5.2.2
3.2.2
6.4 PDU
Coal Solvent temperature reSidenc.e time atmosphere
(wt% on raw coal, daf) (nominal)
TPS CD coal-1 (;8"6\;5/0 | 350 60 min N2, 4.5 MPa
Liquefaction-1
Run 1-A CD coal-1 Solv-P i
Run 1-B Tpscoa| """""" (250 Wt%) 450 60 min H2, 14.8 MPa
Liquefaction-2
Solv.
Run 2-A (250 Wt%)
Solv./CLB .
Run 2-B CD coal-3 (200/50 250 wi%) 430 60 min Hz2, 14.8 MPa
RUN 2-C Solv./CLB/HDAO

(100/50/100 250 wt%)

Common conditions : Solvent/Coal=2.5 (wt/wt, daf) , catalyst : FeS2 (3 wt% as Fe on raw coal, daf)
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110 mL 5.5 5.9

6.2.3
PDU sediment 6.1
200 h
6.2
[2]
Connecting pipes and
differential pressure gauges
g
Coal-solvent Gas
slurry o T liquid
separator
preheater Scale Sediment v
— /
e
Liquefaction reactors
Deposits Sampling method Analysis

Scale and Sediment Direct sampling after washing

in reactors by pyridine Weight, XRD, and

Deposits in connecting Recovered by acetic acid metal content

pipes solution

6.1 PDU ,

- 116 -



(3 mme CP-1 CP-3)
(3.2.3 ) 50 wtd

3.2.3 XRD

6.2 PDU , 2]
@ (b)
OH
0.5 ¢ 3 100 wt/wt 10 mL 100 1h
10 mL 5min 0.5
N-NaOH OH
OH NaOH OH
110 mL 1
mol/L  HCI CO2

5.2.3
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6.3

PDU

6.3.1

350

PDU

5.3.1

TPS

5.5

200 h

CD coal

coal

TPS

6.3

3 mm@

CP-2

CD coal

coal

CD coal

3.12

HTT coal

CD coal

TPS coal

6.4

220 h

240 h

CD coal

TPS coal

CaC03

TPS coal

6 mme

3.2.2

3 mm@

[eay] doup ainssaid

300

250

100 150

50

100 150 200 250 300

50

Time [h]

Time [h]

TPS coal

CD coal

6.1

6.3
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0.20 ‘ 0.4
—_ C(gzgo'?)l T(Ziocﬁfl Hggg%?l Total amount %
£ i _ =
Eooas pooo N ————— 03 =
3 = g
g.)_ Fe1-xS u é_
[«5) - SiO2
g 010 -« E CaMg(CO3)2 ] 02 Z
< [
) [&]
[ CaCoO ﬂ
5 — 2
= | 01 €
§ 005 NaCl %
S S
< ~ Na2CO3 <C
0.0
0.00 ; = ‘ ‘ ‘
CP1 CP2 CP3 CP1 CP2 CP3 CP1 CP2 CP3 CD TPS HTT
6.4
R1 R3 HTT coal
6.5 TPS coal 6.5(a) CD coal  HTT coal
TPS coal HTT coal 1/2
TPS coal, HTT coal
6.5(b) CDcoal CD coal 172 1/3
TPS coal CD coal
CaC03 CaMg(C03)2, Na2CO3
NaCl Si02
6.6 Ca, Mg Na Si
6.7 TPS coal TPS
CD coal
CD coal
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|
|
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CD TPS HTT

Total amount

CaCO3
Na2CO3
NaCl

CaMg(CO3)2

HTT coal
(500 h)

TPS coal
(240 h)

(220 h)
R3

CD coal
R2

R1
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6.6
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[yep ‘le09 Jo Byj/j0ww]
sdnoub |AxogJed }o uoijesuad’uo)

1500
1000
500

(b)

400
0l

[gp ‘Te09 0 By/j0ww]
slosinoald JO uoijesluaduod

[jow] sdnoub |Axoqsed jo Junowy

1500
1000

o
o
[rs)

o

—_—
500 h
240 h
‘

—
220h 240h

400

o o o
™ N —

[low] si0sun2aid o JUNOWY

o o o o

CD TPS HTT

CD TPS HTT

CD TPS HTT

(0)

@

6.7

Ca, Mg

NaCl

NaCl

TPS

Na , CI

NaCl

CaC03

Si02

3 mm

( 6.7

6.3.2

5.9

5.5

350

6.8

400

kg-coal daf, Ca 5300 mg/kg, Mg 3100

260 mmol

Ca Mg

6.8(a)
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mg/kg

[6] Ca Mg

Ca Mg 2 480 mmol kg-coal

Ca Mg

350

@)

carboxylate

carbboxyl

Concentration of carboxyl groups
[mol/kg of raw coal, daf]

0.02

0.01

Concentration of carbonate
[mol/kg of raw coal, daf]

0.00

Feed 350 370 390 410 430 450

6.8

P 400
400

CaCo03

TPS temperature [ ]

6.8(b)

BCL
400

[2]1 6.8(b)
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PDU

6.8(b)
6.3
400 6.9
400
0.03
ey TPS at 400
o3
g = —
§ Qg 002 f
S 3 ’
5L A
§ éo,, 0.01 ] E .‘ 2
< g P S
0.00
0 2 4 6 8
O content in solvent [ ]
6.9 400
[71
Xylene Ca Ce6Hs0-CaOH
hydroxycalcium phenoxide, Ca [8]
Ca 450
Ca0
6.8 6.9 400
OH OH 6.10
Ca Mg
CD coal mol-equiv./kg of CD coal, daf CD coal COOH
Ca Mg 10 COOH 6.8 400
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Ca Mg

C02 OH Ca Mg Solv P OH Ca
Mg 7.4 2.0/0.27 SolvS OH 1.9 0.50/0.27 Solv P
Ca Mg 9 =0.024/0.27 Solv S 4
=0.012/0.27

Ca and Mg in raw coal

Carboxyl groups in raw coal

OH groups in Solv P

OH groups in Solv S

Carbonates formed in Solv P r 0.024
Carbonates formed in Solv S 0.012

TPS, 400
0.01 0.1 1 10
Concentration

[ mol-equiv./kg of raw coal, daf ]

6.10 400 Ca Mg
OH CD coal daf
Ca [8]
(Coal-C00)2Ca + PhOH + H20 - 2Coal-COOH + PhO-CaOH ()
PhO-CaOH — PhOH + Ca0 400 ()
Ca0 + CO2 - CaCo03 400 ()

PhOH : phenol group
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Ca Mg

Ca )

Ca Mg 7.4 1.9
Ca Mg
Ca 450 [8]
400 Ca0 () CatMg
10 CO2 Ca0 Mgo
)
Ca Mg

Ca Mg (7.4h ) OH
Solv P Ca CaC03

Solv S

(CatMg 1.9 )

PDU
Solv CLB Solv
CLB Solv
Solv
3
<
w O
o +—
o < 2
S E
g 8 Na2CO3
= 0
N o
o)
28
Qe EEEEEEE
IS
[&]
o KSEOESESPIRIEIN IR SESPISESEEPRP I orsrrcscsrsrcy
NaCl o
0 2 —ea:xS [T e
Solv. 250 200 100
CLB 0 50 50
HDAO 0 0 100
Solvent composition (wt% on coal, daf)
6.11 PDU
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CLB 10wtk
6.3.3
6.8)
Ho
380
350
30
€02
Ho
Ho
Co2

Solv

6.2

El

H2

BCL
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CLB  Solv 1/10
350
CO2
5.10
400
6.8
6.12
HDAO

350 CO2

350

BCL
BCL
(daf) 100 wt%



Solvent, CLB, HDAO

<+ Coal

[+ Catalyst 430

v | H2

Lgl_l

v

Preheaters
4 ______________
Solvent, CLB, HDAO
CO2 N2
430
A
Gas
<« Coal liquid
4— Catalyst separator
N2 ]
v |
| | H2

Prymary
hydrogenation
450

Prymary
hydrogenation
450

NEE

5;2 TPS reactor
(350 )

TPS

6.12

6.3.4

POU
BCL

1.4
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6.5

350 30 min. < 10 MPa 325 20 min., 11 MPa
1/2 13 6.5
28 wt 40 wt 1.4 2.6
3.7
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TPS 4.1
6.12
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6.4

350 30 min PDU

200 h
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BCL

BCL

28 wth

40 wth
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Mg 0.1lton/

Ca Mg

BCL

MTE
Ca Mg

400

BCL

Na ClI Ca
PDU 200 h
BCL
28 wt% daf
BCL
350

350
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PDU 200 h
350 30 min

350
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JIS M 8812

1.1 107+ 2 1
1.2 CLB
800
1.3 CLB
N2 925 , 7
JIS M 8812
2.1 PS-CLB
MT-500 CHN
30 50 mg 20 25 mg
2.2
@ CLB JIS M 8813 JIS K 2263
1350 NaOH
)
(Fe,W) 1350 S02 LECO-444
2.3
1) CLB
1350 (Na2C03/NaHC03)
Dionex, DX500
) PI
90
CLB
@
JIS M 8812 0.2 g
/ 1/2 Si
Na, K

)
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Si : JIS M 8214
Si (valian AA240FS) ICP (
ICPV-1017)
Fe JIS M 8212
ASTM D 1160
10 mmHg 200 g ASTM D 2892
CLB, HDAO, HDAO-BTM
: 60 mesh 59
59¢ 100 mL 100 , 4h
5g-HI 20 mL 100 , 4h 4h
5g-B1 20 mL 120 , 4h 4h
'H-NMR PS-CLB
R-24B , 60 MHz
10 ppm 300
0.25 mL-Solv 0.25 mL-CDCI3
HS 50 mg-HS 0.3 mL-CCl4
HI-BS 50 mg-HI-BS 0.3 mL-CDCI3
BI-PS 50 mg-BI-PS 0.3 mL-CsDsN

Brown-Ladner Ha Ha

Ho

™S

Ha 6 9 ppm Hao 2 4 ppm Ho O 2 ppm

GC
AG-1000TH
(1) H2, 02, N2, CH4, CO :
(2) Co2, C2 He,
(3) C3, C4 : He,

aluminum 1.2 m
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GC-8A-TCD, GC-8A-FID
Ar, MS-BX 150/300 mesh 1.0 m
Porapak Q 150/200 mesh 1.2 m

Squalane 5% 150/300 mesh activated



GC-MS, GC-FID

@ GC-MS
DX-300 70 eV 300 y A
) GC-FID
HP-5890
: FS-WCOT OV-101 0.25 mmgp , 25 m He
, GC-14, DB-1, 25m FID, He
100 GC/MS
RU-300 X > Cu Ka

40 kV 240 mA
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