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Abstract— As an approach to evaluate the performance of the IGCC(Integrated Gasification Combined Cycle) PDU
(Process Development Unit) process and to understand the integration conditions between coal gasification plant and gas
turbine system, process simulations for 100 ton/day-class IGCC PDU plant have been carried out. Two bituminous and
two subbituminous coals were selected for this study. Power output and cycle efficiency have been calculated for two gas
turbines, one for M3142(J) and the other for LM1600PA of General Electric company. In addition, the process simulations
based on design thermal input of both gas turbines have been conducted to calculate the power output and cycle efficiency.
For the 100 ton/day-class PDU plant, simulation results exhibit that about 80 ton/day of oxygen is required while 80 ton/
day of saturated steam from the raw gas cooling system and 350-450 ton/day of saturated steam from the flue gas cooling
system are produced. The power output and cycle efficiency of gas turbines are 4.5-8.5 MW and 22-32 % when coal gas is
fired, which are fairly lower than those of natural gas firing cases. On the basis of the design thermal input of the gas tur-
bines, the coal consumption rate is 1.3-1.8 times of the 100 ton/day-class PDU plant and the saturated steam production is
increased in this proportion. The power output and efficiency of coal gas firing cycles are similar or slightly higher than
those of natural gas firing cases regardiess of coal type.
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Fig. 1. Simplified flow diagram of IGCC PDU plant.

Table 1. Proximate and ultimate analyses of sample coals

Subbituminous coal
Usibelli Buckskin

Bituminous coal

Coal analysis —
Illinois No. 6 Datong

Proximate analysis
(as-received, wt%)

Moisture 12.00 11.44 24.03 25.00
Fixed carbon 44.02 53.81 29.95 33.95
Volatile 35.18 25.93 37.42 34.19
Ash 8.80 8.82 8.60 6.86

Ultimate analysis
(dry basis, wt%)

Carbon 69.57 71.83 62.70 67.32
Hydrogen 531 3.87 4.83 4.78
Nitrogen 1.26 0.87 0.72 1.17
Sulfur 3.87 1.22 0.45 1.24
Oxygen 9.99 12.25 19.98 16.35
Ash 10.00 9.96 11.32 9.14

AR Nxsple AaTEFY VIMERE A4 Jhasle),
7h2=34719] AgbAz] gk 100E/4 (tfon/day)g-o] =, tiAdeke 24
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Fig. 2. Model block diagram of gasifier in the ASPEN simulation.

Table 2. Mass flow rates of sample coals and utility gases to the 100
ton/day-class PDU gasifier

Bituminous coal Subbituminous coal

Feeds(ton/day) Mlinois No.6 Datong  Usibelli Buckskin

Raw coal flow rate 111.36 110.66 129.00 130.67
(as-received)

Dry coal flow rate 100.00 10000 10000  100.00
2% dry)

Oxidant(95 % O,) 80.30 8272 7732  79.88

Nitrogen 7.34 7.34 7.34 7.34

Steam 4.55 4.55 4.55 4.55
COS+H,0 = CO,+H,S , ©)
S+H, — H,S Q)
N,+3 H, = 2 NH; ®)

ASPEN F =2 0]43} 7lx3}y] wdlo] FAL spAslulg oo
(gasification zone)?] T$] & 4 (block)S Z3Hs}e] B% 6719 whele
42 7AFleH, 1 ASEE Fig 20 Yehiglct.
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A7k8) A 2 Rl g S| A S Table 3o ehAic
Table 39] AFAZHE, FAEQ dArgersel 40 o] < 82-
92%1 7} AA7tE AE 5 Y-S S <+ ATk

7h=3} Hhg-e 2 AAE A7t E dadty| oA Wzt F Ko
ZE3 B 241 AA7)E AR, o] HAellA B3} ekn]ols} A
AR F kAR o 2 fei=e] Arkast AAR . sk s}
4L A Hrkes AdE FrkaEW e fiEeh AT
€ Z3T S AR felEe AEAE fElA 7 el
AHd7kaE Claus FA 22 F9]€eh. Claus FAol4 F34429) 173
o] olakztahe 2 Akl ¥ PolglE Asleas) o)Akslste] Zuu)
oS 3l ULE YA o] TA Y F9ukg-e o}elio} 7o)

H,S+3/2 0, SO, +H,0 ©)
COS+3/2 0,22 SO,+CO, (10)
2H,S+S0,= 3 S+2 H,0 (11)

Claus T4 BREH%] ¥ do} Qi 4H7hAae SCOT 34
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Table 3. Raw gas compositions for various sample coals

o] a8

Table 4. Characteristics of fuel gases for various sample coals

Raw gas composition Bituminous coal Subbituminous coal Fuel gas Bituminous coal Subbituminous coal
(vol%) Illinois No. 6 Datong  Usibelli Buckskin composition(vol%) Iilinois No. 6 Datong Usibelli Buckskin
H, 30.31 24.82 25.41 26.80 H, 30.80 25.12 27.53 28.03
CO 62.31 67.85 56.71 60.81 CcO 63.33 68.68 61.45 63.61
CO, 0.36 0.85 533 . 294 Cco, 0.42 0.84 5.42 291
CH, 0.37 0.13 0.01 0.03 CH, 0.38 0.13 0.02 0.04
H,0 0.54 0.96 7.41 4.01 H,0 0.19 0.21 0.21 0.21
N, 3.78 3.85 3.89 3.92 N, 3.85 3.90 4.21 4.10
Ar 1.01 1.10 1.07 1.05 Ar 1.03 1.12 1.16 1.10
H,S 1.23 0.40 0.16 0.41 H,S 1.3107x 107 4.2834% 10~° 1.4368x 10~ 4.0406x 10~°
COS 0.09 0.04 0.01 0.03 COS 8.7058x 107° 3.7556x 10~° 1.2573x 107 3.2681x 10~°
Flow rate(ton/day) 182.21 184.66 177.91 182.64 Temperature(°C) 339.18 336.52 355.27 345.67
Flow rate(ton/day) 177.26 181.97 165.43 174.67
LHV*(kJ/kg) 12824.2 11858.2 11083.6 11190.9

o2 §asiel vizke] FAE Fhash EHE F 2o ukgel o)
hepasle] FR5as Aek ALD FH5at A Clas
A o2 et SCOT T4 78 H-& olels} 2k,

COS+H,0 = H,S+CO, 12)
S0,+3 H, = H;S+2 H,0 13)
CO+H,0 = CO,+H, 14
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Fig. 3. Amounts of elemental sulfur and slag/fly ash removed from
100 ton/day-class PDU plant.
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Table 5. Characteristics of air separation unit

Bituminous coal Subbituminous coal
Ilinois No. 6 Datong Usibelli Buckskin

Flow rate(ton/day)

Air consumption 359.47 37028  346.13 357.56
0,(95.00 %) production 82.18 84.65 79.13 81.74
Ny(99.99 %) production 22.44 23.11 21.60 22.32

N,(97.86 %) production 252.54 260.13  243.17 251.20

EV EC

Fig. 4. Simplified flow diagram of gas turbine system in the IGCC
PDU plant.
GT : gas turbine
EV : evaporator
EC: economizer

SI:steam sink
WS : water source

714 PRy, =t 9HEH|(pressure ratio per stage)o] 7 PR,
A A sk&v]oln no of staget= gF&n] ] T} 42 oju)glc}.

= 329 )9 25E HHlE 33 wo] dage] gAs}
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57] A3 Y= Hd R Zobd uzbx] dEgol s uk
B A sk 2242 48] 7 e A olee) gt
A (16)& AH-s1o] Axtehgct.

-
LS [P—l}( 7J-1 (16)
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Q=m[LHV(n;,) + Cpf(rfuel =T.pl a7

o714 LHVE A ®, no,e J488, T, 2 T, = o8 2 7
TH =5 vehlie, C, 4 mi= A8 v 2 ke o)wu|gic}.
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stage) 45 F3 2o} Bl 2 D EQ(rotor)}t Ao
(stato)° 2 FAI3ISAch AAH Y BW 2de 9 443 A3
vl W E2l =29 Gy el QIR A4S Bk o) k2
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A3 o] A o= Fhete] §-43 (sonic speed point)o]
=i, B3] Edol= we] FATL Y= 45 A4
A}ell(choking condition)’} Rz ¥}, tfy-82o] w8 sLaelyl 9
A7) AAEA A gtz £ ATexE B37)7E Az
o4 2Hsgeha skl s, awe] AA ke thee] 44 (18)
< A3t Al &3t

m :\i—:ll; = const (18)

9714 P $37) J174E, Te A 7%, AL el &
= Ao}, wek W77} AR N 25 Aol A
AZZNA AT xF E(throat) HAF} QT Y FakS AR
3] 919] gpale REIEF BNl I 7RHE S AAlside). =g
Bg719] Z & A Bgo) AARS gt BYsict 714
5L, ol gt 7ML A EIQl A7) g2k g Aaa] Wl
A w9 -85 1A ole).

Fig. 404 B ex]%0], 7FAE AN 289 wll7]7}AE Tbar, 15°C
o] 28 o]83le 165°CY 23575 Qakshsd Lag dHo
2 AR =R DA S-S FAES T o)) vl7]7bA7) o Be(stack)
2 wWWhs 7 25 vE o3kt F6-9 2S medshed
Hadzkxe] Z-9-F 100 Oy} 22k #2120 CR Algslge). =
& F7188=] AAE $18) A4 (pinch point) L= 2}¢} A (ap-
proach) &=X= 2+ 5°C 9 10 °C2 71A sl )

2-2-1. 3A Al

A= 2R 3Fo] 35 100 £l PDU ZW E o)A PAIE = 4717
o ARk (Table 4 F2)E 22:4717) 9191, o)9] QJdapel 43
T 7 ol 10MWH = 2t ozt Aslshe ZhaE 2de
A GEARS] M3142(J)} LM1600PAS A4 s}sic}. A% 7k E]ul
< 2 A JhaEl o g AA) A1y FAe AT gl B
dEo]n2 PDU FAHE AMA A Fud 4 9l& Ao wuhd
o d82E F2 AA7keE AHesh A4l mebie A4 AE
o qAAEE AHEF 5 Utk Table 6& AP 7b2Ed] 2dE
o 7IAA 74 AL 2D HArts A4 84 Rae oSy
AeH7, 8].

2-22. 34 ¥ A=)

A719] 7haEul A AhE o]88le, $xH oz Hespas
ARE AME TEAENY %S dEsiga, 471A] Aelas
] ZhzEepleld dE 2 ARl ue] SiE A 2
g A7k Ao} vl wsiHa PDUF IGCC 2AAE dAlS
A3 Zog Mrks A8 shaEd ASRte] AsaAE 79
stsich. 22w Hdrkao) lds) FUg Fe A 4 gxE
AR7hsg] ok BAs] AR Aol deNE TN
TR on, =g HFH o2 99| nE AL sl shaEu
E7Rs0] g o) 83sle] YF E3E7] waAEke uwated
Bt

(1) A7k Ao B$
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Table 6. Technical specification of M3142(J) and LM1600PA

Items M3142(7) LM1600PA
No. of IGV 1 2
No. of compressor stages 15 10
No. of combustion chambers 6 1(annular)
Fuels NG/DO/HO/CO NG/DO
No. of turbine stages 2 2
No. of power turbine stages 1 2
No. of air cooled nozzles 1 3
No. of air cooled blades 0 3
Fuel flow rate(NG, ton/day) 75.52 69.34
Thermal input(kW) 41476.39 38083.69

Note : IGV : Inlet Guide Vane, NG : Natural Gas, DO : Distillate Oil,
HO: Heavy Oil, CO: Crude Oil

z) 0 2 xng] shA% &l (aero-derivative type)o] B2, M3142(J)el #]
8 gEu|E 23 TITE 300 °C 7FF EA) f31= & Zlolch 22 %,
ol gt a-&/mte] 7k2ElH]l A MR Qla], LM1600PAT} &
& M3142(00)2} vl 53k, dpo]F F-g-& M3142(0)) vl YF3]
g B 2 glrh. gl Table 95 AA7ks A4 w77t E
o] 83} 7] A & A7 BgFT vt
@) Aerls Ao A
Table 102 100 B/ F A ek 2] 7kaslr] ol A4 47t

Table 7. Performance characteristics of gas turbines for the natural
gas combustion

o - 8%

Table 9. Amounts of saturated steam generated from flue gas cool-
ing for the natural gas combustion

Steam generator M3142(J) LM1600PA
Flue gas inlet temperature("C) 514.82 488.47
Flue gas outlet temperature(C) 120.03 119.99
Steam generation(ton/day) 727.43 586.98

Items M3142(J) LM1600PA
TIT("C) 943.00 1205.00
Pressure ratio 7.2 223
Exhaust mass flow rate(ton/day) 4532.80 3921.77
Net power(MW) 10.99 13.50
Cycle efficiency(%) 26.49 35.44

Table 8. Operation conditions of gas turbines for the natural gas

combustion
Model M3142(]) LM1600PA
Compressor
Inlet flow rate(ton/day) 4454.78 3854.30
Maximum efficiency(%) 0.85 0.89
Inlet temperature(°C) 15 15
Outlet temperature(°C) 278.31 487.22
Inlet pressure(bar) 1.013 1.013
Outlet pressure(bar) 7.34 22.64
Pressure ratio 72 22.34
Combustor
Efficiency(%) 0.99 0.998
Pressure drop(fract) 0.035 0.035
LHV heat input(kW) 4.14759% 10* 3.8083 % 10°
Fuel type Natural gas Natural gas
Fuel flow rate(ton/day) 75.52 69.34
Turbine
Efficiency(%) 0.920 0.905
Inlet area(cm’) 648.15 185.60
Inlet temperature(TIT, °C) 943 1205
Exhaust temperature(°C) 514.8 488.5
Inlet pressure(bar) 7.09 21.85
Expansion ratio 6.99 21.55
Cooling flow(m,,,/m,;) 0.0165 0.0950

gstast MI37TH M1S 19994 28

Table 10. Performance characteristics of M3142(J) for the fuel gas
combustion

Bituminous coal Subbituminous

Items inoi N
e Illinois Datong  Usibelli Buckskin

No. 6
TIT(°C) 712.30  688.89 623.66 647.95 943.00
Pressure ratio 6.56 6.48 6.23 6.33 7.24
Exhaust mass flow 463225 4637.00 4620.50 4629.74 4532.80
rate(ton/day)
Net power(MW) 6.39 5.93 4.70 5.17 10.99

Heat rate(kJ/kWh) 14816.41 15160.73 16249.20 15754.85 13589.75
Cycle efficiency(%) 24.30 23.74 22.15 22.85 26.49
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Table 11. Performance characteristics of LM1600PA for the fuel
gas combustion

Bituminous coal Subbituminous
ltems Iﬁ:o;s Datong  Usibelli Buckskin
TIT(C) 993.62 966.42 890.48 918.24 1205.00
Pressure ratio 20.97 20.73 19.99 20.29 22.34
Exhaust mass flow 4031.60 4036.26 4019.76 4029.00 3921.77
rate(ton/day)
Net power(MW) 8.56 7.90 6.15 6.82 13.50

Heat rate(k]/kWh) 11060.07 11375.97 12421.92 11946.51 10158.32
Cycle efficiency(%) 3255  31.64 2898 30.13 3544

l B fllingis No. 6 @ Datong 8 ysipelii & Buckskin ]
500 450.77
343.91 37867
400 sl 332.96 385.97
=
©
2
5 300
s
3
é 200
3 8332 7895 !
E 100 ........ .
aw gas cooling ue gas cooling Flue gas cooling
M3142(J) LM1600PA
Fig. 5. Amounts of saturated steam generated in the 100 ton/day-class

PDU plant.
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Fig. 6. Performances of PDU plant for various coals on the basis of
design thermal input of M3142(J).
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Fig. 7. Performances of PDU plant for various coals on the basis of
design thermal input for LM1600PA.

Table 12. Performance characteristics of M3142(J) on the basis of
design thermal input

Subbituminous coal
Items linois NG

Bituminous coal

No. 6 Datong  Usibelli Buckskin
Fuel flow rate 27943 30220 32332 32022 75.52
(ton/day)
TIT(°C) 930.23 929.32 92432 92423 943.00
Pressure ratio 7.44 7.46 7.48 7.47 7.24
Exhaust mass flow 4734.49 475725 477837 4775.28 4532.80
rate(ton/day)
Net power(MW) 11.21 11.21 11.24 11.23 10.99

Heat rate(kJ/kWh) 13314.25 13314.17 13282.89 13294.19 13589.75
Cycle efficiency(%)  27.04  27.04 2710 2708 2649
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Table 13. Performance characteristics of LM1600PA on the basis of
design thermal input

Bituminous coal  Subbituminous coal

Items Illinois NG

No. 6 Datong  Usibelli Buckskin
Fuel flow rate 256.58 277.48  296.87 294.02 69.34
(ton/day)
TIT(°C) 1185.60 1183.86 1176.69 1176.47 1205.00

Pressure ratio 23.01 23.07 23.14 23.13 22.34

Exhaust mass flow 4110.89 4131.79 4151.17 4148.32 3921.77
rate(ton/day)

Net power(MW) 13.72 13.71 13.74 13.72 13.50

Heat rate(kJ/kWh) 9991.06 10002.99 9981.64 9991.50 10158.32

Cycle efficiency(%) 36.03 35.99 36.06 36.03 35.44

[@hinoisNo. 6  ®Datong _ OUsiveli M Buckskin |
800 725.76 726.08 249 72430
= 600F
[\
ko4
=4
pc]
@ X
® 400
2
P
- 159.52 v
2 IR 150.99
g 200
Raw gas cooling Flue gas cooling
M3142(J)
[ ®ilincis No.6  @Datong D Usibelli __ ® Buckskin |

585.9 “952% 5g4 4 58487

o 146.47 43863

Flue gas cooling
LM1600PA

Raw gas cooling

Fig. 8. Amounts of saturated steam generated in the PDU plant for
various coals on the basis of design thermal input of gas tur-
bines.

s vEhiglel M3142Q0) ZE=ERIe] A9 10-13%2] EHE
E8S vehiiglen, LM1600PAS) 7Sl 1520 %2) 582 1}
ehligleh(Table 14). 72E]dl9] AAA sldak 7154 M3142(0)9]
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%)t} (Table 15).
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Table 14. Evaluation results of the 100 ton/day-class IGCC PDU plant

IGCC PDU system description

Gasifier type Oxygen-blown entrained-bed

Gas cleanup process Sulfinol/Claus/SCOT

Coals Illinois No. 6 Datong Usibelli Buckskin

Gasification
Coal feed(2 % dry, ton/day) 100.00 100.00 100.00 100.00
Oxidant feed(ton/day) 80.30 8272 7732  79.88
Cold gas efficiency(%) 81.65 82.16 79.23  81.12
Energy input(HHV, MW) 33.85 31.59 2798 3050

Gas turbine model GE-M3142())

Gas turbine power output 6.39 5.93 4.70 5.17
MW)

Heat recovery by steam 16.68 15.69 1329 1434
generation(MW)

Internal power consumption 2.04 2.10 2.05 2.07
™Mw)

Net power generation(MW) 4.35 3.83 2.65 3.10

Plant efficiency(GT only, %) 12.85 12.12 947 10.16

Gas turbine model GE-LM1600PA

Gas turbine power output 8.56 7.90 6.15 6.82
™MwW)

Heat recovery by steam 15.60 1478 1295 13.69
generation(MW)

Internal power consumption 2.04 2.10 2.05 2.07
(MW)

Net power generation(MW) 6.52 5.80 4.10 4.75

Plant efficiency(GT only, %) 19.26 1836 1465  15.57
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Table 15. Evaluation results of the IGCC PDU plant on the basis of
design thermal input of gas turbines

IGCC PDU system description

Gasifier type Oxygen-blown entrained-bed

Gas cleanup process Sulfinol/Claus/SCOT

Coals Illinois No. 6 Datong Usibelli Buckskin

Gas turbine model GE-M3142()

Gasification
Coal feed(2 % dry, ton/day)  157.77 166.08 195.44 183.34
Oxidant feed(ton/day) 126.69 137.37 151.11 14643
Cold gas efficiency(%) 81.65 8216 7923 8112
Energy input(HHV, MW) 53.40 5246 5469 5592

Gas turbine power output 11.21 1121 1124 1123
MW)

Heat recovery by steam 26.77 26.77 2760 2734
generation(MW)

Internal power consumption 3.22 3.48 3.98 3.78
MW)

Net power generation(MW) 7.99 7.73 7.26 7.45

Plant efficiency(GT only, %) 14.96 1474 1327 1332

Gas turbine model GE-LM1600PA

Gasification
Coal feed(2 % dry, ton/day)  144.87 15250 179.45 168.33
Oxidant feed(ton/day) 116.33 126.14 138.75 13445
Cold gas efficiency(%) 81.65 8216 7923 81.12
Energy input(HHV, MW) 49.04 48.17 5022 5134

Gas turbine power output 13.72 13.71  13.74 1350
(MW)

Heat recovery by steam 22.07 2207 2283 2260
generation(MW)

Internal power consumption 2.96 3.20 3.65 3.48
(MW)

Net power generation(MW) 10.76 1051 10.09  10.02
Plant efficiency(GT only, %) 21.94 21.82 2009 19.52
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