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Table 1.1-2  Estimate of Production Cost on Coal Liquefaction

Tank Reactor Tubular Reactor | NEDOL

“Assumptions
Coal [kt/d]
Feed
for Utilities
Product [kbbl/d]
Oil
Start-up Year
Ope. Time
[d/y]
Lyl

3.5 129.5
5.7 78.1

702
1976

330
13

Costs [M$/y]
Coal 2055
Utilities ) 368
Chemicals

(include Cat.)
By-products
Labor

Crude Oil [ §/bbl]

*¢ NEDOL : Reference. Case of setting in Australian coastal,
self-suppling utilities.
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Fig. 1.1-1 Trend of World Energy Demand
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Fig. 1.1-2 Estimate of World Energy Demand
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Table 1.2-1 Expenses for the Year of NEDOL Commercial Plant
Unit Cost Amount ExpensesM$/y] Rate % |

Operation
Coal 29.7[¥/t]
Feed 30,000[t/d] 276.3 28.9
for Utilities 9,120(t/d] 84.0 8.8
Water 0.0343[s/t] | 248,000[t/d]
Chemicals
Liquefaction Cat. 143[$/t] 900 t/d]
Hydrogenation Cat.| 7,143 [$/t] 1,464[t/y]
Hydrogen 14,280[$/km3] 910[km?¥/y]
Others
By-products
Gas , 32 (8 960[t/d]
Phenol 50[$/t 168 [t/d]
Ammonia 178[t/d]
102 [t/d]

Transportation
Ground Rent 3.5 | | 4.4X106 [m2] : 3
Repair ._ 19.1
Test ! 1.9
Fixed 312, 327
Total ' 100.0
(28.23/bbl)

% Case of setting in Australian coastal, self-suppling utilities.
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ORTEC - 556 ORTEC - 590A IBM - 5550

High Voltage | Linear Amplifier, Data Processor
Power Supply Linear Gate (PC)

ORTEC - 1421H ORTEC - 7100

Preamplifier Multi-channel
Analyzer

Sample

/ Austin Science - K -3 Austin Science - S - 600

Transducer |
(Linear Motor) Controller

Proportional |....
Counter

2 \ v -Source (*’Co/Rh)

Reuter Stokes - P3 - 1605 - 261
(Xe 97%-CO2 3%)

| Fig.2.2.3-1 Flowdiagram of Moessbauer Spectrometer
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None Pulverized Py. | Synthetic Py.  a-Fe203(+S)  « -FeOOH(+S)
Catalyst
LJ Oil [ Conv.

Fig. 2.3.1-1 Influence of Ironcompounds on Product Yields

Table 2.3.1-1 Catalytic Activity of Ironcompounds
Conv.  Oil H> Trans. [mmol]

Dso
Catalyst [um] | [wi%-dafcoal basis] from Gas from Solv. Total
None 91.9 58.4 3.6 16.3 19.9
Pulverized Pyrite: 0.86 92.4 61.4 10.6 12.6 23,7
Synthetic Pyrite : 0.71 | 92.4 61.9 12.1 12.6 24.7
a -FeoO3(+S) ¢ 0.50 92.5 61.0 15.7 13.0 28.7
a -FeOOH(+S) : 047 | 935 62.4 20.2 13.4 33.6

% Wandoan coal : 2.0g, Tetraline : 4.0g, Amount of Fe : 0.4mmol
Apparatus : 50m¢ batch-autoclave, P(H2) : SMPa, 693K, 60min
+S : 0.8mmol of Sulfur added
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Fig. 2.3.1-2 Influence of Ironcompounds on Hydrogen Transfer

Table 2.3.1-1 Catalytic Activity of Ironcompounds
| : ‘Dsg | Cony. Oil H> Trans. [mmol]
Catalyst [um] from Gas from Solv.  Total
None = 91.9 58.4 3.6 163 19.9
Pulverized Pyrite: 0.86 92.4 61.4 10.6 12.6 23.2
Synthetic Pyrite | 0.71 | 924  61.9 12.1 12.6 24.7
a-Fe203(+S) 1 0.50| 925  61.0 15.7 13.0 28.7
a-FeOOH(+S) i 047 | 935 624 20.2 13.4 33.6
% Wandoan coal : 2.0g, Tetraline : 4.0g, Amount of Fe : 0.4mmol
Apparatus : 50m¢ batch-autoclave, P(Hz) : SMPa, 693K, 60min
+S : 0.8mmol of Sulfur added
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0(+S) 2 2(+S) 6 6(+S) Raw Raw(+S)
Retention Time in Air [d ]
Pyrite
Bl from Gas

»¢ Wandoan coal : 240g, Hydrogenated coal derived oil : 360g
Pulverized pyrite(Ds50=0.86 xm) : 7.2g
Apparatus : 5¢ batch-autoclave, P(Hz) : 7MPa, 723K, 60min
+S : Sulfur added, Raw : Raw pyrite

Fig. 2.3.1-4 Influence of Oxidized Pyrite on Hydrogen Transfer
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Fig.2.3.1-5 H/C Atomic Ratio of Liquefaction Products




0(+S) 2 2(+S) 6 6(+S) Raw Raw(+S)
Retention Time in Air [d ]
Pyrite

B fa

% Wandoan coal : 240g, Hydrogenated coal derived oil : 360g
Pulverized pyrite(Dso=0.86 ym) : 7.2¢g
Apparatus : 5¢ batch-autoclave, P(H2) : 7MPa, 723K, 60min
+S : Sulfur added, Raw : Raw pyrite

Fig. 2.3.1-6 Carbon Aromaticity (fa) of Solvent
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’¢ Wandoan coal : 240g, Hydrogenated coal derived oil : 360g
Pulverized pyrite(Dso=0.86 um) : 7.2¢g
Apparatus : 5¢ batch-autoclave, P(Hy) : 7MPa, 723K, 60min
+S : Sulfur added, Raw : Raw pyrite

Fig. 2.3.1-7 Ratio of Naphthenic Rings (Rn) to Total Rings (R) of Solvent
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Fig. 2.3.2-1 FT-IR Spectra of Chemically-treated Pyrites
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Fig.2.3.2-2 XRD Patterns of Chemically-treated Pyrites




Yield [wt%-da.f]

Reduced Sulfided
Pyrite

J oil Conv.

Fig. 2.3.2-3 Influence of Chemically-treated Pyrites on Product Yields

Table 2.3.2-1 Catalytic Activity of Chemically-treated Pyrites
Conv. - 0il " Hj Trans. [mmol]

Pyrite | [wi%-dafcoal basis] from Gas
Raw 60.1 35.5 7.4
Reduced 57.8 31.8 92
Sulfided 58.4 33.0 7.7
’¢ Wandoan coal : 2.0g, I-MN : 4.0g, Amount of Fe : 0.4mmol

Apparatus : 50 m¢ batch-autoclave, P(H2) : SMPa, 693K, 60min

S S e e R SR o L e e 0 B e o T e e At




()
=)

H> Trans. [mmol]

Reduced Sulfided
Pyrite
B from Gas

Fig. 2.3.2-4 Influence of Chemically-treated Pyrites on Hydrogen Transfer

Table 2.3.2-1 Catalytic Activity of Chemically-treated Pyrites

H; Trans. [mmol]
Pyrite ‘ from Gas
Raw 60.1 25.5 7.4
Reduced 578 31.8 9.2
Sulfided 58.4 33.0 17
¢ Wandoan coal : 2.0g, 1-MN : 4.0g, Amount of Fe : 0.4mmol

Apparatus : 50m¢ batch-autoclave, P(Hz) : SMPa, 693K, 60min
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Fig. 2.3.2-5 Specific Surface Area of Pulverized Pyrite




Yield [wt%-d.af.]

Dso [ xm]
® Gas O 0Oil ¥ Resid.

Fig. 2.3.2-6  Effect of Median Diameter of Pulverized
Pyrite on Product Yields

H, Trans. [wt%-da.f.]

2
Dso [ ym]
® H) Trans.

Fig. 2.3.2-7 Effect of Median Diameter of Pulverized
Pyrite on Hydrogen Transfer
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Hj Trans. & Gas Yield [wt%-solv. ]

® Hy Trans. ¥ AH.O. O Gas Yield

Fig. 3.3.1-1 Influence of Afa on Hydrogenation of
Process Recycle Solvent

Table 3.3.1-1 Hydrogenation Properties of Process Recycle Solvent
| H Trans. from Gas ~ Gas Yield A

No. Afa [wt%-solv. ] [wt%-solv.] [wi%-HO.]

11 | 0.019 0.3 <0.1 R

12 0.028 0.4 <0.1 3.7

13 | 0.054 0.7 0.1 5.9

14 | 0.070 0.8 0.1 6.7

150 0ATs 1.4 | 0.1 111
P Processr recycle solvent : 550g, Ni-Mo/AO3 : 27.5~110g
Apparatus : 5¢ batch-autoclave, P(Hz) : 2~5MPa, 623K, 60min
HO. 613311
AH.O. : (H.O.init. - H.O.after react.)/H.O.init.
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=

H, Trans.&Gas Yield [wt%-solv.]
= O
AH.O. [wt%-H0.]

® H, Trans. ¥ AH.O. O Gas Yield

Fig. 3.3.1-2 Influence of Afa on Hydrogenation of Heavy Solvent

Table 3.3.1-2 Hydrogenation Properties of Heavy Solvent
" H> Trans. from Gas Gas Yield “AHO.
No.| Afa [wt%-solv.] | [wt%-solv.] [wt%-H.0.]
21 | 0.009 0.2 e "8 2.0

22 | 0.052 0.6 <0.1 3.6

23 | 0.109 1.1 0.1 11.1

24 0.151 1.5 0.2 16.6

% Heavy solvent : 550g, Ni-Mo/ALO3 : 27.5~165g
Apparatus : 5¢ batch-autoclave, P(Hz2) : 2~5MPa, 623K, 60min
H.O.:623~811K
AH.O. : (H.O.init. - H.O.after react.)/H.O.init.




12
H/C
e HPS. O HIS.

Fig.3.3.1-3  Characterization Chart of Process Recycle
Solvent and Heavy Solvent

Hy [wt%-solv.]

0.6
fa
® H.P.S. O H.H.S.

Fig. 3.3.1-4 Relationship between fa and Donatable
Hydrogen Content




Table 3.3.1-3 Properties of Compounds Separated by HPLC (1)
No.14 H.P.S. (fa=0.51)

Content Ha
[ wt%-solv. ] fa [wt% ]
Frp 1422 - -
Fr-M 28.7 0.45 5.85
Fr-D, 17.9 0.64 1.68
Fr-D; 9.3 0.70 , 0.63
Fr-T 18.7 0.79 0.88
Fr-PP 11.2 T i

Table 3.3.1-4 Properties of Compounds Separated by HPLC (2)
No.15 H.P.S. (fa=0.47)

Content Hy
[ wt%-solv. ] fa [wt%]
Fr-P 18.4 it i
Fr-M A5 0.40 6.89
Fr-D | 0.62 2.05
Fr-D» . 0.68 0.70
Fr-T 17. 0.78 0.89
Fr-PP B = o

Table 3.3.1-5 Properties of Compounds Separated by HPLC (3)
No.23 H.H.S. (fa=0.54)

Content Hy
| [ wt%-solv.] fa [wt% ]
Fr-P 152 S ity
Fr-M 21.1 0.42 4.56
Fr-D; 15.4 0.62 1.66
Fr-D3 9.2 0.69 0.72
Fr-T 25.0 0.78 125
Fr-PP 18.1 =ik e

Table 3.3.1-6 Properties of Compounds Separated by HPLC (4)
No.24 H.H.S. (fa=0.50)

Content ol 7
[wt%-solv. ] fa [wt%]

16.1 = _ =
22.8 0.40 5.29
15.1 0.60 1.87
10.2 0.67 0.90
24.3 0.7l 1.3

TES = el




on
(@)

5

Yield [wt%-d.a.f]

Hyg [wt%-daf.]
® Gas O Oil X Resid.

Fig. 3.3.2-1 Product Yields Using H.P.S.

FA R
Hyg [wt%-daf.]
® Gas O Oil ¥ Resid.

Fig. 3.3.2-2 Product Yields Using H.H.S.




s|qnosul JHL : ‘TAHL 21qn[0s AHL Pue 9[qnjosul auano], : "SAH.L

91qn[os duanjoy pue dqnjosur aueydoy : S" L ‘Oiqnjos sueydoy : ‘S'H

MIT8~€T9 1 "O'H MET9~¢c6v i 'O g6y ~d'dT1: 071

[yep-9m] se8 wouy pawejsuen ¢y : O-CH v

JUQAJOS AABAY PateuaSOoIpAH : $7~ [ZON ‘TUSAJOS 9]0A0a1 $59001d pareud3oIpAH : G ~ [ ['ON
JUQAJOS AABOH : 'S H ‘IUSAJOS 9[0AD9I $S9001( : 'S'd

uwO9 ¢zl ‘®dNL © (TH) ‘eae[ooine-yoieq 3¢ : snaejeddy

¢L 8

371 mikd onauAs ‘SO9¢ : JUAA[OS ‘BOPT : [B0D SUIUOAA 3%
o0 8L | €11 | 61z | 08  6€l | Lt
L L3 '8¢ L0l 0¢€C | €38 LYyl %

€8 06c | vl 8ve : 978 91 £5
Syl 9°5C el vee o e8 'yl e

6L

Ve

[P0,

THHL SHHL

‘ ‘Siou] ‘310

*

'O

[JeP-%4] SPIOIA 191pOI]

uonoejonbr o) SurwoApy JO SINSAY  [-T°E€°€ dqeL




Table 3.3.2-2 Relationship between Amount of Hydrogen
Transferred and Product Yields (1)
Multiple Regression Analysis of H.P.S.

L4 A B S iy
Gas 2924  -0.4488  -8.767 : 0.7882
Oil 34.93 1.427 1445 09674

Resid. 30.68 -0.9809 -6.300 : 0.7403
%% Y : Product yield [wt%-d.a.f]
A : Constant
B : Coefficient of hydrogen transferred from gas
C : Coefficient of hydrogen transferred from solvent
R2 : Correlation coefficient

Table 3.3.2-3 Relationship between Amount of Hydrogen
Transferred and Product Yields (2)
Multiple Regression Analysis of H.H.S.

Y A B C : Res
Gas 42.98 -3.302 -4.576 : 0.1788
Oil -42.17 14.90 19,11 ) - GoRs

Resid. 124.2 -16.94 -20.25 ¢ 0.9808
% Y : Product yield [wt%-d.af]
A : Constant
B : Coefficient of hydrogen transferred from gas
C : Coefficient of hydrogen transferred from solvent
RZ2: Correlation coefficient




0.4 06 0.8
AHyg [wt%-solv.]
® before React. O after React.

Fig. 3.3.2-3 R of H.P.S. before and after Liquefaction

0.4 0.6 0.8
AHy [wt%-solv.]
® before React. O after React.

Fig. 3.3.2-4 Rnp of H.P.S. before and after Liquefaction




0.4 0.6 0.8
AHg [wt%-solv.]
® before React. O after React.

Fig. 3.3.2-5 Length of Substituted Aliphatic Carbon Chain on Aromatic
Rings (Ln) of H.P.S. before and after Liquefaction

0.4 " 06 0.8
AHg [wt%-solv.]
® before React. O after React.

Fig. 3.3.2-6  Substitution of Aromatic System ( ca]) of H.P.S.
before and after Liquefaction




0.4 0.6 0.8
AHg [wt%-solv.]
® before React. O after React.

Fig.3.3.2-7 R of H.H.S. before and after Liquefaction

0.4 06 i 8
AHyg [wt%-solv.]
® before React. O after React.

Fig. 3.3.2-8 Rp of H.H.S. before and after Liquefaction




0.4 0.6 0.8
AHy [wt%-solv.]
® before React. O after React.

Fig. 3.3.2-9 Length of Substituted Aliphatic Carbon Chain on Aromatic
Rings (Ln) of H.H.S. before and after Liquefaction

0.4 0.6 038
AHg [wt%-solv. ]
® before React. O after React.

Fig. 3.3.2-10 Substitution of Aromatic System ( gal) of H.H.S.
before and after Liquefaction




0.2 0.3
ARy
® H.P.S. O H.H.S.

Fig. 3.3.2-11 Relationship between ARp and Aoal
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R

after React.
after React.

E] Rn
Fig. 3.3.2-13 R and Rpn of H.H.S. before and after Blank Test

R and Rp of H.P.S. before and after Blank Test

before React.
before React.

Fig. 3.3.2-12
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Fig. 4.2.2-1

Pulverized Pyrite

Outlook of Roller Mill (IHI-SH-150)
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Pulverization Mechanism of Roller Mill




Fig. 4.2.2-3 Outlook of Agitated Mill (Draiswerke-PM-DCP3)
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Fig. 4.2.2-4 Pulverization Mechanism of Agitated Mill
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Fig. 4.2.2-6  Pulverization Mechanism of Ball Mill
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Fig.4.2.3-1 Output Rate of Particles from Roller Mill
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Fig.4.2.3-2 Particle Size Distribution of Pulverized
Pyrite by Roller Mill
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Fig. 4.2.3-3 Output Rate of Particles from Agitated Mill
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Fig. 4.2.3-4 Particle Size Distribution of Pulverized
Pyrite by Agitated Mill
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Fig.4.2.3-6  Output Rate of Particles from Ball Mill
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Fig. 4.2.3-7 Particle Size Distribution of Pulverized
Pyrite by Ball Mill
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Fig. 4.2.3-8 Increase of Precipitation from Catalyst Slurry (1)
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Hj Trans. & Gas Yield [wt%-solv.]

Fig. 4.3

3-1

¥ AH.O. @ H; Trans. O Gas Yield

Influence of Afa on Hydrogenation of Middle Distillate

Table 4.3.3-1 Hydrogenation Properties of Middle Distillate

No.| Afa

H, Trans. from Gas ~ Gas Yield AH.O.
[wi%-solv.] [wi%-solv.] ~ [wt%-HO.]

31
32
33

0.109
0.132
0.223

13 0.1 11.4
1.6 0.1 15.9
2.6 0.2 Lo

% Middle Distillate : 550g, Ni-Mo/ALO3 : 55~165¢g
Apparatus : 5¢ batch-autoclave, P(Hz) : 5~8MPa, 623K, 60min
H.O.:623~811K
AH.O. : (H.O.init. - H.O.after react.)/H.O.init.




H, Trans. & Gas Yield [wt%-solv.]

¥ AH.O. @ H> Trans. O Gas Yield

Fig. 4.3.3-2 Influence of Afa on Hydrogenation of Heavy Distillate

Table 4.3.3-2 Hydrogenation Properties of Heavy Distillate
~ Hp Trans. from Gas ~ Gas Yield G,
No.| Afa [wt%-solv. ] [ wt%-solv. ] [wt%-H.0.]
41 0.090 0.7 0.2 9.8
42 0.158 1.8 0.2 18.8
43 | 0231 2.5 0.4 2
»% Heavy Distillate : 550g, Ni-Mo/ALO3 : 82.5~165¢g
Apparatus : 5¢ batch-autoclave, P(Ha) : 5~9MPa, 623K, 60min
H.O.:623~811K
AH.O. : (H.O.init. - H.O.after react.)/H.O.init.
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Table 4.3.3-4 Relationship between Hydrogen Transferred from Gas and A Hg
Multiple Regression Analysis of H.M.D. and H.H.D.

Y A B C : R2
AHg |-0.0349 05911 0.4214 © 09787
% Y : AHg [wt%-solv.]
A : Constant
B : Coefficient of H» trans. to middle oil
C : Coefficient of H» trans. to heavy oil
R2: Correlation coefficient

Table 4.3.3-5 Observed and Calculated A Hg
No. | Y-obs.  Y-cal
11 0.192 0.129
12 0.283 0.184
13 0.344 0.348
14 0.419 0.403

% No.11~15 : Hydrogenation of process recycle solvent
No.21~24 : Hydrogenation of heavy solvent
Y -obs. : Observed value of AHg [wt%-solv.]
Y -cal. : Calculated value of AHyq [wt%-solv. ]
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Fig. 4.3.3-5 Presumption of AHq (1)
Process Recycle Solvent
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AHg [wt%-solv.]
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Fig. 4.3.3-6 Presumption of AHg (2)
Heavy Solvent
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