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Development and Evaluation of a Superior Heat-Recovery Design 
for Gas-Turbine Systems Using Gasified Coal 

James V. Russell 

ABSTRACT 

This study investigates the impacts of high- and medium-temperature coal-

gas clean-up methods on the thermal efficiency of coal-gas turbine systems for 

power generation, and the development of a novel heat-recovery design that 

improves the thermal efficiency of systems using medium-temperature clean-up. 

High-temperature clean-up cools hot coal gas (18500 F - 24000 F) to 12000 F by 

evaporation of water; medium-temperature clean-up saturates the hot coal gas to 

about 4000 F with evaporated water. The effect of using different methods of 

coal gasification is explored using a Texaco oxygen-fed gasifier and two fluid-bed 

gasifiers; one fed with oxygen, the other with air. 

An initial investigation of the Intercooled, STeam-Injected Gas turbine 

(ISTIG) heat recovery-design, coupled with the Texaco gasifier shows high-

temperature clean-up to have a thermal-efficiency advantage of roughly one 

percentage point over the medium-temperature clean-up method. The effect of 

different gasifiers on thermal efficiency is also investigated using the ISTIG 

design, and shows the fluid-bed air gasifier to give an efficiency 1.4 percentage 

points higher than the Texaco gasifier and 0.5 percentage points higher than the 

fluid-bed oxygen gasifier. Next the novel heat-recovery design is introduced and 

its performance is investigated with the three gasifiers. The fluid-bed gasifiers are 

both about 3 percentage points more efficient than the Texaco gasifier in the 

novel design. Finally the novel design, which uses medium-temperature coal-gas 

clean-up, is shown to be more efficient by 1.5 to 3.5 percentage points than the 

ISTIG design using high-temperature clean-up, depending on the gasifier used. 

The novel heat-recovery design is shown to have a higher capital cost, but a short 

pay-back period on the additional capital. 



ACKNOWLEDGEMENTS 

This research was supported by the Assistant Secretary for Fossil Energy, 
Office of Coal Utilization, Division of Surface Coal Gasification of the U.S. 
Department of Energy under Contract No. DE-AC03-76SF00098. 

My advisor during this research was Dr. Scott Lynn, who conceived the 
idea of the advanced design for using and cleaning gasified coal in a gas turbine 
system. I appreciated his wealth of knowledge and criticisms as I pursued this 
study. 

I particularly appreciated the generous assistance and support of my fellow 
labmates: Tom E. Colson, Charles R. Higdon, R. Marshall Hix, Dr. Dan Neumann 
and Craig A. Stevens. Without their help I doubtless would have drowned in a 
quagmire of computer software and hardware. 

i 



,~ 

TABLE OF CONTENTS 

Chapter 1, Introduction 
1.1 Coal-Gas Clean-Up 
1.2 Cool Water Design 
1.3 High-Temperature Coal-Gas Clean-Up 
1.4 Medium-Temperature Coal-Gas Clean-Up 
1.5 Heat-Recovery Methods 
1.6 Coal Gasifier Types 

Chapter 2, Technical Approach to Process Simulation 
2.1 Computer Model Operations 
2.2 Design Assumptions 
2.3 Module Descriptions 

2.3.1 Thermodynamics 
2.3.2 Compressor 
2.3.3 Turbine 
2.3.4 Combustion-Chamber 
2.3.5 Heat-Exchanger 
2.3.6 Boiler 
2.3.7 Steam Boiler 
2.3.8 Coal-Gas Quench 
2.3.9 Air-Quench 
2.3.10 ISTIG Steam-Generator 
2.3.11 Coal Gasification 

I 
1 
2 
3 
5 
6 
7 

11 
12 
12 
14 
14 
15 
16 
18 
18 
19 
20 
20 
21 
21 
22 

Chapter 3, Intercooled, Steam-Injected Gas Turbine Systems 23 
3.1 Heat-Recovery Methods 23 
3.2 ISTIG Heat Recovery 24 
3.3 Full-Quench / Partial-Quench Comparison 26 

3.3.1 Full-Quench and Partial Quench System Flowsheets 28 
3.3.2 Effect of Compressor Loading 38 
3.3.3 Effect of System Pressure 38 
3.3.4 Analysis of System Performance 40 
3.3.5 Differences in Optimal Pressure 41 

3.4 Gasifier Comparisons using an ISTIG System 41 
3.4.1 Texaco 02 Gasifier 42 
3.4.2 Fluid-Bed Gasifier Requirements 42 
3.4.3 Effects of Compressor Loading and System Pressure 51 
3.4.4 Gasifier Comparisons 51 
3.4.5 Improved Thermal Efficiency with Fluid-Bed Gasifiers 53 

Chapter 4, Advanced Design Heat Recovery 
4.1 Details of the Advanced Design 
4.2 Advanced Design Potential 
4.3 Advanced Design Performance 

4.3.1 Gasifier Design Modifications 
4.3.2 Effect of Compressor Loading 
4.3.3 Effect of System Pressure 
4.3.4 Relative Gasifier Performance 

o 

Chapter 5, Capital Costs of the ISTIG and Advanced Designs 
5.1 ISTIG and Advanced Design Comparison 
5.2 Gasifier Comparisons 

iii 

55 
57 
58 
59 
60 
77 
82 
84 

87 
89 
90 



5.3 Heat-Exchange Capital Cost Summary 

Chapter 6, Conclusions and Recommendations 

References 

Appendix 
Main Driver Program DRVR 

Unit Operation Modules 
Subroutine AIRQN 
Subroutine BOILER 
Subroutine COMPRSSR 
Subroutine EXCHANGR 
Subroutine MIXER 
Subroutine QUENCH 
Subroutine SPLITTER 
Subroutine TURBINE 

Thermodynamic Module 
Subroutine ENTHALPY 

Subroutine CRITS 
Subroutine FUGACITY 
Subroutine HIDEAL 
Subroutine PITZER 
Subroutine SAT 

iv 

96 

98 

101 

102 
103 

110 
113 
115 
117 
120 
122 
126 
127 

129 
131 
132 
133 
135 
137 

., 



Chapter 1 INTRODUCTION 

The gasification of coal is currently being studied by numerous investiga­

tors as a promising method of ,using coal to produce electric power. Conventional­

ly, coal has been burned at atmospheric pressure to fire a high-pressure stearn 

boiler, the high-pressure stearn then driving an expansion turbine which drives an 

electric power generator. This conventional method has the economic disadvantage 

of having a low thermal efficiency (only about 35 percent for a coal-fired plant 

equipped for flue gas desulfurization). Additionally, it is difficult to control 

emissions from a conventional coal-fired power plant. This difficulty arises from 

the high amounts of NOx production (caused by high flame temperatures in the 

boiler) and by the fact that emissions control is attempted at the stack exhaust 

where the pollutants are dispersed in the low-pressure (i.e. high-volume) stack gas. 

A potentiaIJy more efficient and environmentally more acceptable method 

of producing electric power from coal uses a combustion turbine in which com­

pressed air and gasified coal are burned and pass directly through an expansion 

turbine. A similar method is already in operation for some peak-power genera tors 

which burn jet fuel or natural gas. To use coal in a combustion turbine requires 

the initial gasification of the coal, and the clean-up of the coal gas before com­

bustion. 

1.1 Coal-Gas Clean-Up 

One of the major difficulties that arises when using coal gas as a fuel is 

that the gasified product contains particulates and gaseous pollutants that must be 

removed prior to the combustion of the coal gas. The particulates corne from the 

non-organic components of coal and appear as either solid ash or molten slag in the 

gasifier exit stream, depending on the operating temperature of the gasifier. The 

gaseous pollutants consist mainly of hydrogen sulfide (H2S) , carbonyl sulfide 



(COS) and ammonia (NH3), with H2S predominating. The fuel components of the 

coal gas are carbon monoxide (CO), hydrogen (H2), and methane (CH 4). The puri­

fied coal gas will contain these desirable components plus a few diluents, mostly 

nitrogen (N 2), carbon dioxide (C02), water vapor (H20) and argon (Ar). The 

particulates must be removed from the coal gas to prevent mechanical damage to 

the turbine and the gaseous pollutants must be removed for environmental reasons. 

However, since the pollutants are removed from the high-pressure (300-500 psia) 

coal gas instead of from the atmospheric-pressure stack gas, it is possible to remove 

a higher fraction of the pollutants with a lower thermal efficiency penalty. 

Coal-gas clean-up will clearly playa very important part in the realization 

of the use of gasified coal to produce electric power. It is a step that can have a 

great deal of impact on the thermal efficiency of a power plant using gasified 

coal as a fuel. Thermal efficiency is defined as the fraction of the chemical 

energy in the coal, based on the higher heating value (HHV) of the coal, that is 

converted to electric energy. The HHV of coal is calculated by assuming that the 

H20 produced from combustion ends up in the liquid form and thus contributes 

its latent heat of evaporation to the heating value of the coal. Cleaning the coal 

gas will always have some negative effect on the thermal efficiency, but the 

proper process design will minimize this impact in a manner as operationally 

facile and as economical as possible. 

1.2 Cool Water Design 

The only operational power plant currently using coal-gas technology is the 

Southern California Edison Cool Water Station plant near Daggett, California. A 

report was prepared for EPRI by Fluor Engineers (EPRI, 1984) which based its 

design configurations and calculations on the Cool Water design. That report will 

be cited for comparison purposes and will be referred to as olhe Cool Water design. 

The Cool Water design uses a clean-up method that passes the coal gas through 
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many different heat-recovery stages to cool the coal gas to ambient temperatures 

prior to desulfurization. High-pressure steam that is produced by cooling the coal 

gas is combined with steam produced by cooling the gas-turbine exhaust and sent 

to a steam turbine. 

The initial cooling of the coal gas in the Cool Water design is accomplished 

in a radiant heat-transfer unit and then in a convective heat-transfer unit, with 

both units producing high-pressure steam. The coal gas is further cooled by heat 

exchange with clean, low-temperature coal gas returning from the desulfurization 

unit. The coal gas then passes through a water scrub to remove particle fines and 

is finally cooled to ambient temperature by heat exchange with several water 

streams. 

This cooling of the coal gas (from 24000 F to IOOoF) is done to accommo-

date the H2S removal, which is accomplished using Selexol solvent to absorb the 

H2S. The H2S is then stripped from the solvent and sent to a Claus reaction unit, 

followed by a SCOT tail-gas clean-up unit. The treated coal gas leaving the Selex-

01 absorber unit has a temperature of approximately 8SoF. It is then contacted 

with hot water to heat the coal gas to 3500 F and to provide water vapor in the 

combustion chamber, which helps control combustion temperature and inhibits 

NOx formation. The saturated coal gas is then reheated to 5700 F prior to combus­

tion. This clean-up method, while effective at cleaning the coal gas, is capital-

intensive and is not thermally efficient; it thus significantly reduces the thermal 

efficiency of the power plant. The Cool Water design has a thermal efficiency of 

37.9 percent, only about 3 percentage points higher than a conventional coal-fired 

plant. 

1.3 High-Temperature (Partial-Quench) Coal-Gas Clean-Up 

In an effort to improve the thermal efficiency of power plants that would 

3 



use coal gas, the· Department of Energy has funded considerable research into a 

high-temperature method of coal-gas clean-up which will be referred to as the 

partial-quench method. This method takes the hot coal gas from the gasifier and 

partially quenches it by evaporating water into it to reduce the temperature to 

around 12000 F. The clean-up is then effected on this still relatively hot coal gas, 

because doing so would involve removing as little heat as possible from the coal 

gas while still allowing its cleaning. With the high-temperature coal gas then 

being sent to combustion, the thermal efficiency of the power plant would be 

improved o'ver the Cool Water design. 

To effect the clean-up in the partial-quench method, the larger particulates 

are removed by cycloning and the smaller by filtration or electrosta tic precipi ta­

tion. Next, the H2S and COS are removed by chemisorption from the gas stream. 

This removal would probably be accomplished using a fixed bed of zinc ferrite, 

which would require periodic regeneration. The method of NH3 removal is yet to 

be determined. The partial-quench method of coal-gas clean-up would improve 

the thermal efficiency of the power plant, but would also be rather difficult from 

a process standpoint. 

Cleaning coal gas at a temperature of the order of 12000 F, as in the par­

tial-quench method, to remove both particulates and gaseous pollutants is a chal­

lenging technical problem which has not been satisfactorily accomplished to date. 

Electrostatic precipitation at 12000 F has not been demonstrated on a commercial 

scale. The filtration step would require periodic back-blowing to remove particu­

late build-up. The H2S-removal beds would require periodic regeneration. Both 

the particulate removal and H2S-removal steps would be batch processes and 

would inflict severe thermal stresses on all the equipment involved. However, the 

partial-quench method does appear attractive because it leaves the coal gas with 

more sensible heat after cleaning than does the method used in the Cool Water 
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design. 

1.4 Medium-Temperature (Full-Quench) Coal-Gas Clean-Up 

Another method of coal-gas clean-up that could be used, which has not been 

studied extensively to date, involves quenching the coal gas to its adiabatic satura­

tion temperature with water. This clean-up method will be referred to as the full­

quench method. The temperature of the coal gas leaving such a quench would 

typically be around 4000 F; The full-quench method would consist of an initial 

aqueous scrubbing step that would effect the initial cooling of the coal gas and 

simultaneously remove particulates. The NH3 could also be removed in this 

aqueous scrubbing step or could be removed in a separate step at the same temper­

ature, if it were desired to recover the NH3 separately. The quenched coal gas 

could then be scrubbed for H2S removal, still at the same temperature, using an 

aqueous system or various other technologies. (One possible aqueous H2S scrub­

bing system could use a metal sulfate to react out the H2S and COS, forming an 

insoluble sulfide. The sulfide could then be reacted with sulfur dioxide to regen­

erate the original aqueous metal sulfate while producing elemental'sulfur as a side 

product.) The cleaned coal gas, saturated with water vapor, would comprise the 

fuel gas that would be sent to the combustor. The full-quench method would 

produce a cleaned coal gas having a considerably lower sensible heat and greater 

mass flow than that of the partial-quench method, yet still substantially higher in 

both respects than that of the ambient-temperature method currently being used in 

the Cool Water design. 

The full-quench method has several advantages from a process standpoint, 

as the coal gas emerging from the full-quench has a temperature of only about 

4000 F and the particulates are removed from the quench as an aqueous slurry. 

The full-quench method would not require cyclic operations as does the partial­

quench method. This method has not been extensively investigated because the 
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full-quench method results in a significantly lower sensible heat for the quenched 

coal gas, which is thought to reduce the thermal efficiency for power production. 

Additionally, the full-quench method evaporates more water into the coal gas, 

water which ultimately leaves the process as water vapor in the stack exhaust. It 

can be undesirable to have large amounts of water vapor in the stack exhaust as 

this represents lost heat from the system in the form of latent heat. However, the 

greater water evaporation of the full-quench has the partially offsetting advan­

tage that increased water vapor in the coal gas reduces the need for excess com­

pressed air to control the inlet temperature to the combustion turbine. 

1.5 Heat-Recovery Methods 

A major concern in any gas-turbine power plant is the effective recovery 

of heat from the turbine exhaust. The Cool Water design uses a combined cycle to 

take advantage of the heat remaining in the combustion-turbine exhaust. A 

combined-cycle design produces high-pressure (about 1500 psia) steam by 

transferring h~at to boiler feed water from the combustion turbine exhaust. The 

high-pressure steam is sent to a steam-turbine system to produce more electric 

power. The addition of combined-cycle heat recovery to a gas-turbine power plant 

significantly improves the thermal efficiency of the plant. However, the addi­

tional turbine system also significantly increases the capital cost of the plant. 

A different heat-recovery design, which also improves thermal efficiency 

with less capital investment than the combined cycle, is the intercooled, steam­

injected gas turbine (ISTIG) design. An ISTIG design produces medium-pressure 

(300-500 psia) steam from the turbine exhaust, much like the combined-cycle 

design. The ISTIG design then injects the medium-pressure steam into the combus­

tion chamber of the direct-combustion turbine along with the compressed air and 

fuel gas. Steam injection reduces the requirement for compressed air while in-
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creasing the mass flow through the turbine and thus produces more power using 

the same turbine for the combustion gases and steam. Steam injection also pro-

vides a way to add water vapor to the combustion chamber to control combustion 

temperature and NOx formation. 

1.6 Coal Gasifier Types 

The Texaco 02 coal gasifier, which is being used in the Cool Water design, 

is an entrained-flow gasifier that uses 02 to accomplish the partial oxidation of 

the coal feed to convert the solid coal to gaseous compounds, including the fuel 

components CO and H2. The coal is fed to the gasifier as an aqueous slurry with 

a water content of roughly 34 percent. Water used to make the coal slurry is 

preheated in the process to around 2500 F before being added to the coal, and is 

added to allow the coal to be pumped into the gasifier. Prior to adding the slurry 

water, the coal is pulverized to a particle size of less than 0.1 mm. The oxidant 

used is 95 percent °2, which is produced by cryogenic separation of air. The coal 

slurry is sprayed into the gasifier and entrained into the 02 stream, resulting in a 

cocurrent type of gasification. Typical exit temperatures from this type of gasifi-

er are normally 2400-26000 F. The mineral content of the coal melts and forms a 

slag in the gasifier exit stream. 
. 

In this study of coal-gas turbine systems, two other types of gasifiers were 

considered because of their potentially different impacts on system thermal effi-

ciency. Both of the additional gasifiers were fluid-bed gasifiers, in which the coal 

is pulverized and added dry to the gasifier. Two sources of oxygen were consid-

ered: simple compressed air and 95 percent 02 from cryogenic separation. Both 

gasifiers inject a stream of high-temperature steam (9500 F) into the gasifier to 

supply H20 that is consumed by direct reaction with carbon and in the water-gas 

shift reaction. Coal is typically ground to a particle size of less than 8 mm for 

proper fluidization. 
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Fluid-bed gasifiers, unlike the Texaco gasifier, do not add water to the coal 

and thus suffer a smaller thermal penalty of coal-gas energy content in gasifica­

tion. Additionally, fluid-bed gasifiers have a much lower exit temperature than 

entrained-flow gasifiers, 18500 F instead of the 24000 F for the Texaco 02 gasifier. 

This lower temperature of the coal gas leaves more of the original energy content 

of the coal in chemical form rather than in sensible heat form. Gasification 

occurs at a lower temperature in a fluid-bed gasifier due to the countercurrent 

flow of the coal and hot gases, unlike the entrained-flow gasifier where the flow 

is cocurrent. The mineral content of the coal is not melted to form slag in a 

fluidized-bed gasifier, due to the lower gasifier temperature, and leaves the gasi­

fier as ash, which could possibly pose a minor environmental problem as the ash is 

not fused like the slag. Ash handling could possibly be more difficult than slag 

handling but as all mineral material is removed in an aqueous scrub in the full­

quench method, this is not expected to be a problem. Fluid-bed gasifiers are 

dependent on a local source of high-temperature steam. However, this dependence 

on a source of steam is not a problem when an ISTIG design is used since the 

steam required can easily be taken from the steam generated in the heat-recovery 

section. Table 1.1 shows the important characteristics of the three different types 

of coal-gas streams which are produced by the three different methods of coal 

gasification that were used in this study. 

This thesis is a study of the effect that both the partial-quench and full­

quench methods of coal-gas clean-up have on the thermal efficiency of a power 

plant burning gasified coal. Additionally, the effect of using three different 

methods of coal gasification on system efficiency are· considered. An initial 

comparison of the two coal-gas clean-up methods and the different gasifier types 

is made using an ISTIG heat-recovery design. An advanced heat-recovery design 

is then described which significantly improves the thermal efficiency of a system 

8 
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Table l.J. 

Comparison of Coal-Gas Streams 
Produced by Three Different Types of Gasifiers 

'. 
Gasifier: Texaco Fluidized-bed Fluidized-bed 

~ 
Oxidant: 95% 02 95% 02 Air 

Exit 
Temperature 24000 F 18500 F 18500 F 

Pressure: 500 psia 500 psi a 500 psia 

Relative Flow 
per Unit Coal: 1.00 0.78 1.60 

Water-to-Coal 
Ratio (w/w): 0.50 

Steam-to-Coal 
Ratio (w /w): 0.12 0.18 l'~> :~ 

Ox ygen-to-Coal I} 

Ratio (w/w): 0.65 0.58 
~,. ... ., 

Air-to-Coal 
Ratio (w /w): 3.3 {j"~Y~ 

Coal-Gas Composition ~ 
(mole fraction): 

, ~~ 

CO 0.396 0.544 0.268 

H2 0.303 0.276 0.156 

CH4 0.001 0.058 0.010 

CO2 0.J08 0.047 0.038 

H2O 0.165 0.044 0.041 

N2 + Ar 0.016 0.017 0.481 

H2S 0.010 0.013 0.006 
' .. • • NH3 0.002 

• Not known. assumed negligible 
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using the full-quench clean-up method. Most of the emphasis in developing the 

advanced design is directed towards optimizing the heat recovery from the turbine 

exhaust, which is facilitated by the lower temperature of the quenched coal gas. 

The thermal efficiency of the advanced design is investigated using the same 

three coal gasifiers. In all cases, the sensitivity of the processes is investigated 

with respect to system pressure and the division of work between the two stages of 

air compression. The intention of this thesis is to show that the full-quench clean­

up method allows a superior process design which has a thermal efficiency higher 

than that of the partial-quench clean-up method, with the operational advantage 

of aqueous scrubbing for the clean-up of the coal gas. 

10 

• 



Chapter l TECHNICAL APPROACH TO PROCESS SIMULATION 

To investigate the performance of gas-turbine power plants using coal-gas 

feeds with various process configurations, it was necessary to develop a computer 

model that would simulate the performance of these power plants. A computer 

model was thus written using Microsoft FORTRAN (Version 4.1) which has proven 

to be effective in simulating power-plant process designs. The calculations were 

performed on an 80386-based, 20 MHz personal computer that employed MS-DOS 

version 3.3. This chapter of the thesis is intended to give the reader sufficient 

information to understand the technical approach that was used without discuss­

ing the programming steps that were involved in the code. If more detail regard­

ing the exact nature of the computer model used is desired, the reader should 

refer to the Appendix where the actual computer model code is listed. Some of 

the code used in this model was adapted from a previous computer model designed 

by Higdon (1988) that was written to evaluate heat recovery for various gas-tur­

bine systems that used natural gas. 

Since many different process designs were to be examined, it was necessary 

to develop a model that would be very flexible and reasonably fast in execution. 

For this reason, a modular design was chosen for the computer simulation. Each 

process design consists of various individual process units, or modules, that repre­

sent individual unit operations implemented in the design, such as a turbine or a 

heat exchanger. The appropriate modules are linked together by interconnecting 

process flow streams to form the computer model of a particular power-plant 

design. In addition, there is a thermodynamics module that calculates thermody­

namic properties for every process flow stream based on the temperature, pressure, 

composition and flow rate of the stream. 

11 



2.1 Computer Model Operation 

The computer model evaluates system performance by solving the heat and 

material balances of the process in an iterative manner. The final process solution 

is approached using a method of simple substitution, where the results of a particu­

lar iteration are used as the starting point for the next iteration. In the case of the 

first iteration, an input file supplies the essential starting parameters for inde­

pendent streams plus additional guesses for dependent streams if fewer iterations 

are desired. The program has reached convergence when the stream flows of a 

given iteration differ from those of the previous iteration by no more than the 

convergence criterion, which was set at 0.1 percent for every process variable 

(temperature, pressure, flow rate, enthalpy and composition) for every stream in 

the system. If this criterion is exceeded for anyone variable, the entire process 

calculation is repeated until-convergence is attained. 

There exists a main driver program that, for each iteration, picks the indi­

vidual process modules and executes them in their proper order. The order of 

module execution is designated in an input file, separate from the streams input 

file. The main driver program assigns stream flow values when they must be 

specified and checks the convergence criterion for the streams at the end of each 

iteration. When the criterion has been met, the main driver prints out the system 

performance and calculates the system thermal efficiency as the net shaft work 

(turbine work minus compressor work) divided by the HHV of the coal used to 

make the input coal-gas stream. 

2.2 Design Assumptions 

To evaluate the performance of the various system designs, it is necessary 

to make certain assumptions regarding the operation of the units making up the 

system. In a rigorous analysis of a particular system, it would be desirable to 

determine very accurate values for the unit parameters. However, when compari-

12 
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sons are being made between numerous different system configurations, it is 

helpful to make simplifying assumptions regarding the unit parameters. In this 

" study, the important goal is to determine significant differences between the 

thermal efficiencies of different designs; the absolute magnitude of the thermal 

efficiencies is of secondary importance. Slight inaccuracies that migh t resul t 

• 
from these simplifying assumptions should not significantly affect the comparison 

of one system to another. The assumptions used in this study were ones recom-

mended by EPRI (Louks, 1988) and are listed in Table 2.1 

Table 2.1 

Assumptions for Design Performance Calculations 

• Feed air: 600 F, 14.4 psia , 56% relative humidity 

Boiler feed water: 600 F 

Fuel: Coal, Illinois #6; HHY for coal is 12,774 Btu/lb, dry basis 

Combustor: 100% efficiency, combustion products CO2 and H20 

Turbine efficiency: 88.0%, 21000 F maximum allowable inlet temperature 
.' ., 

Compressor efficiency: 86.8% efficiency 

Heat exchangers: 250 F minimum approach temperature 

No radiant heat or shaft losses 

Pressure drops: 

Heat exchangers, 

High pressure gas: 2.0 psi 

Low pressure gas: 0.5 psi 

Water: 5.0 psi 

Combustor: 8 psi 

C 1 d · .•• oa -gas an aIr quench: 0.0 PSI 

• pounds per square inch absolute 

•• Insufficient information available for accurate determination 
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2.3.0 Module Descriptions 

A description of the individual modules and the assumptions involved for 

each follows below. 

2.3.1 Thermodynamics Module 

To encompass the broad range of temperatures and pressures that were. 

examined in the development and testing of the various process designs (from 

ambient conditions to temperatures and pressures as high as 2400 of and 

1000 psi a), it was necessary to design a thermodynamics module that would be 

accurate for all process conditions. Particularly at high pressures, the non-

idealities of the vapor phase become very significant. These non-idealities are 

even more pronounced in those streams having high concentrations of water vapor, 

which was true for many of the streams that were examined. The thermodynamic 

basis needed to be accurate and also reasonably rapid in calculation. 

The virial equation was chosen as the basis for the determination of vapor 

phase non-idealities. Ideal-gas enthalpies (gas en thai pies independent of pressure) 

were calculated as follows: 

where 

. 234 
Hideal = AIT + A2T /2 + A3T /3 + A4T /4 - Fcorr 

Hideal = ideal gas enthalpy of a component at temperature T, Btu/lbmol 
T = gas temperature, oR 
Aj = constants in correlation 
F corr = correction factor to make ideal gas enthalpy zero at 

77oF, Btu/lbmol 

The values used for the constants in this equation are listed for each gas in the 

Appendix in the subroutine named HIDEAL, which calculates the ideal gas en-

thai pies. The constants are listed in two temperature ranges, the first of which is 

used for temperatures below 18000 R and the second for those above 18000 R. 

These ideal gas enthalpies are then corrected to real gas enthalpies using 
~ 

correction factors determined by the virial equation following the method suggest-
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ed by Prausnitz (1986). For ease of calculation; the virial equation was truncated 

after the second virial coefficient. The second virial coefficients for all the 

components except water vapor were calculated using the Pitzer-Curl-Tsonopoulos 

(1957) correlation which is based on the critical constants of the vapor stream 

components. The second virial coefficient for water vapor is based on the semi­

empirical correlation of LeFevre et al. (1975). Enthalpies were defined such tha t a 

pure gas has zero enthalpy at 770 F in the ideal gas state (no molecular interactions 

and molecules with zero volume). The thermodynamics module would return 

either a molar heat capacity or a molar enthalpy (depending on which was de­

sired) when given the necessary characteristics (temperature, pressure and compo­

sition) of a particular stream. 

Steam-table quantities, such as the molar enthalpies of saturated water and 

steam as well as the heat of vaporization and the saturation pressure were calcu­

lated using an empirical correlation of the steam tables, which was developed by 

Irvine and Liley (1984). The relative error of this correlation is less than 0.5 

percent throughout the range of the steam tables. Pressure effects on the enthalpy 

of water were considered negligible, thus the enthalpy of a water stream is 

assumed to be the same as that of a saturated water stream at the same tempera­

ture regardless of pressure. The thermodynamics module calculates stel\m-table 

quantities based either on a saturation pressure or temperature, depending on 

which variable is fixed. 

2.3.2 Compressor Module 

The compressor module calculates the net work of compression and exit 

temperature of a compressed gas stream. The compressor itself is modeled as a 

simple adiabatic compressor with a given efficiency, that efficiency being speci­

fied in the module input. The equation that is used for calculating the tempera-

IS 
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ture change in a stage is as follows: 

Where: 

T f = temperature of the gas leaving the stage 
Ti = temperature of the gas entering the stage 
Pf = pressure of the gas leaving the stage 
Pi = pressure of the gas entering the stage 
1J = efficiency of compression 

Equation 2-1 

1 = ratio of Cp to Cv, where Cp is the heat capacity at constant pressure 
and Cv is the heat capacity at constant volume 

The work for each stage is the gain in enthalpy of the stream, which equals the 

average heat capacity Cp of the gas stream within each stage multiplied by the 

temperature difference between the inlet and the outlet of the stage. Since the 

molar heat capacities of the. gas components change as the gas stream is heated by 

compression, the full compression from inlet pressure to the specified outlet pres-

sure is subdivided into compression stages of equal compression ratio. An average 

molar heat capacity is calculated at the average temperature and pressure of each 

stage, which is then used in the determination of the work for that stage. The net 

compressor work is thus the sum of the individual work terms for each stage; the 

compressor exit temperature is the exit temperature of the final stage. 

A compression efficiency of 86.8 percent is used for all compressors in 

the various designs. This efficiency was suggested by EPRI (Louks, 1988). For a 

completely accurate determination of the compressor work, one would need an 

infinite number of compression stages for each compressor. However, it was 

found that using more than ten stages did not noticeably change the workcalcula-

tion. Therefore, each compressor is subdivided into ten compression stages for 

this calculation. Required input for the compressor module were the inlet stream 

characteristics as well as the compressor efficiency, the number of compression 

stages and the desired outlet pressure. 
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2.3.3 Turbine Module 

The turbine module is modeled in an analogous manner to the compressor 

module. Adiabatic turbine expansion from inlet pressure to outlet pressure is 

divided into stages to account for the variation of molar heat capacities with 

temperature and pressure. The equation lJ.sed for calculating the temperature 

change in a turbine stage is as follows: 

Where: 

T f = temperature of the gas leaving the stage 
T i = temperature of the gas en tering the stage 
P f = pressure of the gas leaving the stage 
Pi = pressure of the gas entering the stage 
" = efficiency of compression 

Equation 2-2 

1 = ratio of Cp to Cv, where Cp is the heat capacity at constant pressure 
and Cv is the heat capacity at constant volume 

The work in each stage was set equal to the change in enthalpy, as in the compres-

sor module. For turbines, an efficiency of 88 percent was suggested by EPRI 

(Louks, 1988). Once again, the use of ten individual expansion stages was found 

to be sufficiently accurate. 

Modeling the turbine used in each design as a simple turbine with an 

allowable inlet temperature of 21000 F is an approximation which greatly eased 

the turbine calculations. Modern turbines have allowable inlet temperatures that 

are as high as 24000 F, but such turbines also have elaborate internal cooling of 

the turbine blades (Brandt, 1987). Cooling of the turbine blades is accomplished 

by bypassing some of the compressed air or steam from upstream of the combus-

tion chamber into complex passageways within the blades. The calculations in-

volved in determining the actual flows of coolant through the turbine blades and 

the true turbine performance parameters is very laborious, therefore an effective 

inlet-temperature approach is used in this study to facilitate ease of calculation. 

An effective inlet temperature is that temperature which, when used in a simple 
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(i.e., uncooled) turbine model, results in the same system performance as would be 

obtained with a combustion gas at its actual inlet temperature which i~ fed to an 

actual turbine having the same efficiency but with blade cooling. The effective 

inlet temperature of 21000 F, which is used in this study with the simple turbine 

model corresponds approximately to an actual inlet temperature of 24000 F 

(Louks, 1988). 

2.3.4 Combustion-Chamber Module 

The combustion-chamber module is designed to calculate the exit stream 

composition which results from fuel combustion and the air flow required to meet 

an exit temperature criterion. Complete, adiabatic combustion of the fuel compo­

nents is assumed (CH4, CO and H2 going to the stoichiometric amounts of CO2 

and H20). It is assumed that no appreciable amounts of NOx are formed. 

The exit temperature criterion is important because the exit stream from 

the combustor passes directly to the turbine, which has a maximum allowable inlet 

temperature. To achieve the maximum thermal efficiency in a gas-turbine system 

it would be desirable to use only the stoichiometric amount of compressed air 

needed for combustion, but doing so would produce a turbine inlet temperature 

that would destroy the turbine. Accordingly, an excess of compressed air is added 

to the combustion products to bring the combustor exit temperature down to the 

maximum temperature allowable in the turbine. As turbine technology improves, 

the maximum allowable inlet temperature will rise, but the currently feasible 

effective value of 21000 F is used in this study; Additionally, an eight psi pressure 

drop is assumed to occur in the combustor. 

2.3.5 Heat-Exchanger Module 

The heat-exchanger module models a simple, countercurrent-flow heat 

exchanger with no phase change and constant heat-transfer coefficients. A 

minimum temperature approach of 2SoF was chosen as a general value for all heat 
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exchangers. This value would need to be modified in a more detailed study, 

depending on how critical the temperature approach used in a specific heat 

exchanger is to the system efficiency or on how the economics of the process is 

affected by the heat-exchanger design. The heat-exchanger module determines 

exit temperatures by first determining at which end of the heat exchanger the 

temperature pinch occurs and then calculating the temperature of the exit stream 

at the other end using an enthalpy balance. The heat-exchanger module also 

calculates VA, the product of the heat-exchange area (A) and the overall heat­

transfer coefficient (V), which can be used for sizing heat exchangers. The values 

of V which were used were 70 for gas-liquid, 60 for boiler and 50 for gas-gas hea t 

exchange in units of Btu per hour square-foot of (Louks, 1988). These values are 

based on the inside area of tubes with external extended area (fins). High-pres­

sure gas or liquid would flow on the tube side; low-pressure air or turbine exhaust 

would flow on the shell side of the heat exchangers. 

2.3.6 Boiler Module 

The boiler module is modeled essentially as a two-stage intercooler, with 

the first stage heating boiler feed water to its saturation temperature and the 

second boiling a fraction of the saturated water. When the air temperature from 

the second-stage comPTessor is less than the saturation temperature of water at 

system pressure plus the approach temperature, the boiler acts as a simple inter­

cooler. The hot, compressed air from the first compressor stage is cooled in the 

boiler to a specified approach (250 F) with the boiler feed-water temperature. 

Pressure drops of 2.0 psi and 5.0 psi were used for the compressed air and the 

boiler feed water respectively. 

To avoid the occurrence of an internal temperature pinch, the flow of the 

water stream into the boiler is set sufficiently high to force the temperature pinch 

to occur at the inlet of the boiler feed water. An internal pinch would be unde-
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sirable because it would not allow the exiting air stream to be cooled to the fullest 

extent possible by the boiler feed water, thus reducing the effectiveness of the 

boiler as an intercooler. To set the water flow, first the heat capacity of the 

compressed air stream is calculated at its inlet temperature. Then the water flow 

is calculated by dividing the heat capacity of the air stream by the molar heat 

capacity of the boiler feed water. 

The compressor intercooler is a boiler in those process designs where it is 

found that the water stream required to cool the air stream without boiling is so 

large that not all the heated water. could be used· in the process, thus requiring a 

cooling tower to cool the excess water flow. Using a boiler reduces the water-flow 

requirement by converting part of the sensible heat of the compressed air stream 

into latent heat of steam as well as into sensible heat of the water stream. The 

steam produced in the boiler is added to the quenched fuel stream, with a fraction 

being diverted to the gasifier when necessary. 

2.3.7 Steam-Boiler Module 

This module is needed in only one design, which will be discussed later. In 

that design there is insufficient steam generated in the boiler module to supply 

the amount of steam needed in the coal gasifier. The steam module is then 

installed in the system design to vaporize and superheat a preheated water stream 

coming from the boiler. The source of heat for the steam boiler is a cut from the 

turbine exhaust, the magnitude of which is set to force a temperature pinch at the 

hot end of the superheater. Inputs to this module are a water stream and a hot 

gas stream, with outputs of a cooler exhaust-gas stream and a superheated steam 

flow. The steam-boiler module assumes a five psi pressure drop for the water 

stream and a one-half psi pressure drop for the low-pressure, high-temperature 

turbine-exhaust stream. 
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2.3.8 Coal-Gas Quench Module 

The coal-gas quench module cools the coal-gas feed to the system by evapo­

rating water into the coal gas and also accomplishes the coal-gas clean-up. The 

coal-gas quench either partially 'quenches the feed coal gas from the gasifier 

temperature to a specified temperature or quenches the coal gas to its adiabatic 

saturation temperature, depending on which type of quench is desired. Evaporat­

ing enough water into the coal gas to reduce its temperature to l2000 F is used in 

the cases where a partial-quench method (as described in the Introduction) is 

desired. When the full-quench method is desired, sufficient water is evaporated 

into the coal gas to saturate it at system pressure. The coal-gas quench module 

calculates the amount of water required to accomplish the desired cooling and 

then calculates the new composition and flow rate of the coal-gas stream after 

evaporating the quench water and removing the pollutants. 

Since it is not the purpose of this study to investigate the actual technolo­

gy used to effect the coal-gas clean-up, the method of clean-up is not specified. 

In both the full- and partial-quench cases, the coal ash or slag is assumed to be 

removed at the temperature of the quench. H2S and NH3 are also removed at the 

temperature of the quench, with 100 percent removal of both pollutants assumed. 

No pressure drop penalty is assigned to either the partial-quench or full-quench 

method since the clean-up technology is not specified. 

2.3.9 Air-Quench Module 

The purpose of this module is to cool a compressed air stream to its adia­

batic saturation temperature with water. There are two inputs to this module: 

compressed air and water stream characteristics. The two streams leaving the air 

quench have the same temperature and the air stream is saturated with water at 

that temperature. At the correct final temperature, the enthalpy of the final two 

streams equals the enthalpy of the two entering streams. As in the case of the 
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coal-gas quench. it is assumed that there is no pressure 'drop between the inlet and 

outlet of the air quench. 

2.3.10 ISTIG Steam-Generator Module 

The ISTIG steam-generator module. as implied by its name, is used only in 

the ISTIG design cases and is a heat-recovery system characteristic of the ISTIG 

design. The module recovers heat from the turbine. exhaust by a series of three 

heat exchangers: an economizer. a boiler and a superheater. As the performance 

of the boiler and superheater must be solved simultaneously, the three exchangers 

are combined for convenience in one module. Heat recovered by this module 

produces a stream of superheated steam, at the same pressure as the air compressor 

outlet, that is sent directly to the combustion-chamber module. 

The reason that the boiler and superheater exchangers must be solved 

simultaneously is because a temperature pinch occurs at the hot end of the super­

heater and at the cold end of the boiler, making possible only one flow of saturat­

ed water into the boiler. The economizer is not dependent on the performance of 

the boiler and superheater but its inclusion in the module is convenient. 

The feeds to the ISTIG steam generator module are sub-saturated water and 

hot turbine exhaust. with the module outputs being cooled stack gas and super­

heated steam. Pressure drops were set at one-half psi in all three exchangers for 

the low-pressure turbine-exhaust stream, five psi for the water stream in the 

economizer. and two psi for the steam in both the boiler and the superheater. 

2.3.11 Coal Gasification 

No module is developed for the gasification of the coal. Doing so would 

have required developing. a different module for each type of gasifier that is 

used. Instead. the coal-gas streams produced by each gasifier (listed in Table 1.1) 

were used as feeds to the coal-gas quench module. Modifications were made to 

each design to accommodate the utilities required for each type of gasification. 
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Chapter J. INTERCOOLED. STEAM-INJECTED GAS TURBINE SYSTEMS 

The large amount of heat which is exhausted from the stack of a simple 

turbine system without heat recovery represents a sizable fraction of the energy 

content of the fuel. Since gas-turbine systems are currently being examined for 

their potential use as base power generators as well as peak power generators, 

some heat-recovery method needs to be used to take advantage of the energy 

remaining in the turbine exhaust. Any heat-recovery method will increase the 

capital cost of a gas-turbine system, but if that system is to be used for base 

power generation, the increase in fuel efficiency must quickly pay back the addi­

tional capital investment. 

3.1 Heat-Recovery Methods 

The only methods of heat recovery that have been commercially developed 

to date utilize the heat remaining in the turbine exhaust to produce steam. There 

exist three dominant methods of using this steam to enhance system efficiency: 

cogeneration, combined cycle and steam injection. Cogeneration takes the steam 

produced from the turbine exhaust and uses it as plant steam in some other proc­

ess. This method does not improve the electric power generation of the gas-tur­

bine system but does recover the turbine-exhaust heat in a valuable form. Com­

bined cycle produces high-pressure steam (> 1000 psia) to drive a steam turbine, 

which increases the electrical output of the system. Steam injection produces 

medium-pressure steam (300-500 psia typically) which is injected along with the 

fuel and air into the combustion turbine to increase the mass flow through the 

turbine, thereby increasing the turbine output. Each of the methods described has 

been commercially demonstrated and all significantly increase the efficiency of a 

simple turbine system. 

The additional capital investment required is substantially different for 
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each method. With cogeneration; the capital investment is increased only by the 

cost of several heat exchangers which produce steam from the turbine exhaust. 

This method increases the fuel use efficiency with the minimum capital investment 

of the three, but can be implemented only where there is an on-site need for plant 

steam. Furthermore, the size of a cogeneration plant is limited by the need for 

plant steam. The combined-cycle and steam-injection methods are not dependent 

on a local need for plant steam as the heat energy of the steam is converted to 

electrical energy via an expansion turbine. Improvements in system efficiencies 

are approximately equal using either combined cycle or steam injection, with one 

study citing a 3 percentage point efficiency advantage for the steam injection 

system (Larson, 1987). The major difference between the two methods lies in the 

significantly larger ca'pital investment for the combined cycle, as an additional 

turbine system is needed to produce electricity from the steam. With steam injec­

tion, no additional turbine is needed since the steam is injected into the combus­

tion chamber of the turbine. Since steam replaces some of the excess air necessary 

to maintain a maximum turbine inlet temperature, the size of the air compressors 

is reduced and the increased power output results from the decreased compressor 

load. 

3.2 ISTIG Heat Recovery 

Of the three commercially developed methods of heat recovery, the inter­

cooled, steam-injected gas turbine (ISTIG) method was chosen as the base case for 

comparison of the partial-quench and full-quench clean-up processes. Cogenera­

tion was not a logical choice as its application is too limited. It was felt that the 

ISTIG method of heat recovery represented the most efficient, currently available 

gas-turbine system with the minimum capital investment, and hence provided the 

best comparison for potentially improved heat-recovery technology. 

The basic process design of an ISTIG system is shown in Figure 3.1. The 
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compression of the combustion air is accomplished in a series of two main com­

pression stages, with a water intercooler between the two stages. Intercooling 

significantly reduces the work of compression by reducing the volume of com­

pressed air leaving the first stage. Compressed air and steam from the heat-recov­

ery section are mixed with the fuel gas in the combustion chamber where the fuel 

is burned. The hot exit stream then passes through the turbine to produce work, 

after which the low-pressure exhaust gas goes to the heat-recovery section. 

Steam generation is accomplished in a series of three heat exchangers: an 

economizer, a boiler and a superheater. The economizer heats the boiler-feed water 

. from its entering temperature up to the saturation temperature at system pressure 

with heat from the exhaust gases that are already mostly cooled. The boiler then 

accomplishes the phase change of saturated water to saturated steam with hotter 

exhaust gases. The steam is finally superheated to a specified approach tempera­

ture with the hottest turbine exhaust in the superheater. The amount of heat 

which can be remov~d from the turbine exhaust stream is fixed by the two tem­

perature pinches, which occur at the hot end of the superheater and at the cold 

end of the boiler. These two pinches thus control the amount of superheated 

steam which can be produced. An approximate description of the temperature 

profiles in the steam-generation section is shown in Figure 3.2. 

The ISTIG method of heat recovery will be included in the process design 

that will assess the impacts of the partial-quench and full-quench methods of coal­

gas clean-up on system efficiency with the Texaco 02 gasifier. Next the effects 

that different gasifiers have on an ISTIG system will be investigated using the 

three different gasifiers types described in Chapter 1. 

3.3.0 Full-Quench / Partial-Quench Comparison 

A comparison of the energy efficiencies of the full-quench and partial-
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quench methods of coal-gas clean-up is accomplished using a simulation of an 

ISTIG turbine system that uses coal gas for a fuel. The purpose of this compari­

son is to investigate the impacts that the two methods have on the thermal effi­

ciency of that ISTIG system. The partial-quench method cools the gasified coal to 

12000 F by evaporating the appropriate amount of water, with the particulates 

(mineral content of the coal) and gaseous pollutants (mostly H2S) being removed at 

the temperature of the quench. The full-quench method cools the gasified coal to 

around 4000 F by completely saturating the coal gas at system pressure with water 

vapor, once again removing the particulates and the gaseous pollutants at the 

quench temperature. 

The system pressure and relative compressor loading were varied for the 

ISTIG systems with both coal-gas quench methods to examine the sensitivity and 

to optimize the thermal efficiency of both systems with respect to each parameter: 

The temperature and composition of the coal gas leaving the gasifier were as­

sumed to be independent of the system pressure. System pressure was defined as 

the o.utlet pressure of the second compressor, which is the highest pressure of any 

of the gaseous streams in the system. The relative compressor loading was defined 

as the fraction of the total work of compression, from atmospheric to system pres­

sure, accomplished in the first-stage of air compression. These two important 

parameters were the only system parameters that were varied. 

The results presented are for the ISTIG systems using the Texaco 02 gasifi­

er. As will be seen below, this gasifier does not optimize the thermal efficiency 

of the system but it is the type of gasifier used in the Cool Water design (EPRI, 

1984). Therefore, it is used for comparing the two different clean-up methods 

which use the ISTIG heat-recovery system. 

3.3.1 Full-Quench and Partial-Quench System Flowsheets 

Figures 3.3 and 3.4 show the process configurations of the ISTIG system 
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using the full-Quench and partial-Quench methods of coal-gas clean-up. Tables 

3.l.a,b and 3.2.a,b show the simulation outputs for the full-Quench and partial­

Quench cases respectively at their optimum compressor loadings and system pres­

sures. The stream numbers listed in column I of Tables 3.l.a and 3.2.a correspond 

to the stream numbers which are indicated in Figures 3.3 and 3.4 respectively. 

Columns 2 through 5 show the temperature, pressure, molar flow rate and relative 

enthalpy of each stream. The enthalpies shown are in relation to a zero enthalpy 

state that was defined for an ideal gas at 770 F and 1 atm. In the upper half of 

Tables 3.l.a and 3.2.a, columns 6 through 17 show the mole fractions of the indi­

vidual components making up each stream. The lower half shows the molar flow 

rate of each component in each particular stream. 

Tables 3.l.b and 3.2.b show the pertinent information for the individual 

units that make up the system design. The sections of Tables 3.l.b and 3.2.b that 

describe the overall system performance are at the bottom of each table in the sec­

tion entitled "system output". The net work out is the shaft work of the turbine 

(T-!) minus the work of all compressors (C-l and C-2). Since the Texaco 02 gasi­

fier needs a stream of oxygen, the energy penalty that is incurred by cryogenic 

separation is indicated. This work penalty is based on the energy requirement for 

air separation calculated in the Fluor report (EPRI, 1984), and is proportioned to 

the flow rate of coal in this study. The heat rate is the amount of energy (based 

on the HHV of Illinois #6 coal) that is required per kW-hr of energy produced in 

the form of electricity. The fraction of the total work of compression that is 

supplied by the first compressor (C-l) is included to show the relative loadings of 

the two compressors. The thermal efficiency for each simulation is, appropriately, 

located on the bottom line of Tables 3.1.b and 3.2.b. The thermal efficiency is the 

net energy output from the turbine shaft divided by the fuel energy (HHV) of the 

coal that was used to produce the gasified-coal feed stream. This efficiency 
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SlAG 1.9S9 !b/u. 987. Itu/l •• 

I".» 

ITREAM IIOlIil 'lOWS 

1 .000 .000 .003 .091 7. ISO 1.9IS .oas .000 .000 .000 .000 .000 2 .000 .000 .003 .091 7.110 1.913 .oas .000 .000 .000 .000 .000 3 .000 .000 .001 .091 7.110 1.913 .oas .000 .000 .000 .000 .000 4 .000 .000 .001 .091 7.110 1.913 .oas .000 .000 .000 .000 .000 5 .000 .000 .00] 1.608 7.130 1.913 'oas .000 .000 .000 .000 .000 6 .002 .000 .283 .433 .ola .000 .024 1.040 .794 .026 .004 .000 7 .002 .000 .283 4.18S .018 .000 .024 1.040 .794 .000 .000 .000 a .000 .000 .000 .000 .000 .000 .000 .000 .000 .026 .000 .000 9 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .004 .000 10 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 S.269 11 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 S.269 12 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 S.269 13 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 3.003 I, .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 IS .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 3.003 16 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 I. 517 17 .000 .000 .000 1.517 .000 .000 .000 .000 .000 .000 .000 .000 18 .000 .000 .000 1.517 .000 .000 .000 .000 .000 .000 .000 .000 19 .000 .000 1.328 6.592 7.l4a .991 .109 .000 .000 .000 .000 .000 20 .000 .000 I.32a 6.592 7.l4a .991 .109 .000 .000 .000 .000 .000 21 .000 .000 1.328 6.592 7.l4a .991 .109 .000 .000 .000 .000 .000 22 .000 .000 1.328 6.592 7.148 .991 .109 .000 .000 .000 .000 .000 23 .000 .000 1.328 6.592 7.14a .991 .109 .000 .000 .000 .000 .000 
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Table 3.1.b 

ISTIG Full-Quench Units Output using Texaco 02 Gasifier 

COMPRESSOII • I 
• Of STAGES. 10 "UsUaE RATIO. S.4n COMPRESSOI EffiCIENCY. .868 
WOU Of COMPRESSIOII • 16807. ItU/lee 

COMPRnSOll /I 2 
• Of STACES. 10 P.UsuaE IATlO • 18.750 CXIIPRUSOI EffiCIENcY. .868 
WOU Of COMP.USIOII • 55471. ItU/lee 

TOTAL WORK Of COIPRUSIOII • n279. ItU/lte, 76.S l1li 

TURIINE IESULTlI 
• Of STAGES. 10 EXPAN.IOII IATlO • 5S.062 TUIIINE EffiCIENCY. .880 
TURIINE WORK • zona7. ItU/lte, 214.6 III 

HEAT EXCHANGER' , CALCULATED UA • 280.662 
APPROACM TEMPEIATUIE AT HOT INLET • 100.4 f APPROACH TEMPEIATUIE AT MOT aJTLtT. 25.0' 
HOT STREAN DELTA p. 2.0 PSIA COLO snEAM DELTA p. S.O PSIA 

COMBUSTOII OUT PUT 
AIIRATIO. 1.439 fiNAL H2OIIATIO. .1762 
fUEL INLET TEMPERATURE. 461.4 f WET All INLET TEIIPElATUlE. 868.1' TURIIHE INLET TEMPEIATURE. 2100.0 f 

STEAM GENUATOII OUTPUT 
. HX I DELTA' WAUl. S.O DELTA' GAS • .S 11111_ APPROACI TEMP • 2S.0 , 

HX 2 DELTA' WATEI. 2.0 DElTA' GAS • .5 IIINI_ APPROACH TEMP • 2S.0 , 
MX S DELTA P WATU. 2.0 DELTA P GAS • .5 11111_ APPROACH TEMP • 25.0 , 
SlACK GA. TEMPEUTURE. 306.6 f 
MAXI_ .trAN trMPUATURE. 699.5 f 
SlEAM fLOII UTE. 1.52 ll'MOlES 

GASI f lED COAL QUENCH OUTPUT 
GASifIED COAL INLET TEMPUATURE. 2400.0 dee f CUENCHEO GAS EXIT TEMPEIATURE. 461.4 det , 
AMOUNT 0' H2S IEMOVED. .0263 Ibmol/lte AMOUNT Of NH3 REMOVED. .0045 lbmol/lte 
WATU EVAPOIIATED 'N THE GASifiED COAL CUENCH. 3.003 lbmol/lee 

STUEII OUTPUT 

Nn WORK OUT • 131109. Itu/lee, 131.3 l1li 

ENUGY PENALTY fOIl OXYGEN USED IN GASIfICATlOli • 11990. ItU/lee. 12 .65 l1li 

HEAT lATE. 8470. Itu I kllhr 

fRACTlOli Of TOTAL COMPRESSION WORK ACCOMPLISHED IN CXIIPRESSOII NO. 1. .2325 

SlSTEIi EffiCIENCY ( lASED 011 IlllNOII COAL NO.6, 12774 Itullb DRY HHV ). 39.78 " 
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Figure 3.4 

ISTIG Coal-Gas Turbine System, Partial Quench 
with Texaco 02 Gasifier 
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Table 3.2.a 

ISTIG Partlal-~uench Flowsheet using Texaco 02 Gasifier 
SIMULATlOII rulNI ( lASED 011 1000 SHOll' 'OIlS I DAY OF COAL ) 

STREAII IE"P PRESS FLOW EN'HALPY "UAII MOlE FRACTIONS NUIIBER (MgFl (pol.) (lbmoi/lte) (Btu/lee) CN4 ClH6 CO2 H200i 12 02 IIr CO H2 H2S NHl ,H2011q 

1 60.0 14.4 14.012 ,1712. .00000 .00000 .ooon .00990 .mlt .20739 .009ZS .00000 .00000 .00000 .00000 '.00000 2 265.8 40.0 14.012 18500. .00000 .00000 .ooon .00990 .mlt .20739 .00925 .00000 .00000 .00000 .00000 .00000 1 85.0 38.0 14.012 655. .00000 .00000 .ooon .00990 .mlt .20739 .009ZS .00000 .00000 .00000 .00000 .00000 4 846.0 600.0 14.012 7T1S0. .00000 .00000 .0003] .00990 .mlt .20739 .009ZS .00000 .00000 .00000 .00000 .00000 5 825.9 600.0 16.746 91995. .00000 .00000 .00028 .167'97 .64968 .17428 .oom .00000 .00000 .00000 .00000 .00000 6 2400.0 600.0 2.625 51380. .00080 .00000 .107'90 .16490 .00680 .00000 .00910 .39620 .30260 .01000 .00170 .00000 7 1200.0 600.0 3.988 36396. .00053 .00000 .07102 .45802 .00448 .00000 .00599 .2607'9 .19918 .00000 .00000 .00000 8 1200.0 600.0 .026 269. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1 .00000 .00000 .00000 9 1200.0 600.0 .004 54. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 10 60.0 610.0 5.480 '105367. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 11 239.7 605.0 5.480 ·8~38. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 12 239.7 605.0 1.413 '22567. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 13 239.7 605.0 4.067 ,64971. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 14 486.5 604.0 2.673 ·29992. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 15 486.5 604.0 1.394 ,15636. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 16 486.1 602.0 2.673 6178. .00000 .00000 .00000 I .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 17 767.3 600.0 2.673 14244. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 18 2100.0 592.0 19.817 338090. .00000 .00000 .06711 .27441 .54991 .10078 .oom .00000 .00000 .00000 .00000 .00000 19 7'92.J 16.2 ".817 109220. .00000 .00000 .06711 .27441 .54991 .10078 .oom .00000 .00000 .00000 .00000 .00000 20 74'.9 15.1 19.817 101154. .00000 .00000 .06711 .27441 .54991 .10078 .oom .00000 .00000 .00000 .00000 .00000 21 511.5 15.2 19.817 64984. .00000 .00000 .06711 .27441 .54991 .10078 .oom .00000 .00000 .00000 .00000 .00000 22 385.1 14.1 19.817 45641. .00000 .00000 .06711 .27441 .54991 .10078 .oom .00000 .00000 .00000 .00000 .00000 
SLAG 1.959 Ib/lte 975. Itu/lte 

w 

"" 
.TREAM IIOl.Al FLOWS 

I .000 .000 • ODS .139 10.879 2.911 .13D .000 .000 .000 .000 .000 2 .000 .000 .ODS .139 10.879 2.911 .130 .000 .000 .000 .000 .000 J .000 .000 .ODS .139 10.179 2."1 .130 .000 .000 .000 .000 .000 4 .000 .000 .005 .139 10.879 2.918 .130' .000 .000 .000 .000 .000 5 .000 .000 • DOS 2.813 10.879 2.918 .130 .000 .000 .000 .000 .000 6 .002 .000 .283 .4n .011 .000 .024 1.040 .7'94 .026 .004 .000 7 .002 .000 .283 1.827 .018 .000 .024 1.040 .7'94 .000 .000 .000 8 .000 .000 .000 .000 .000 .000 .000 .000 .000 .026 .000 .000 9 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .004 .000 10 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 5.480 11 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 5.480 12 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 1.413 13 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 4.061 '4 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 2.673 IS .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 1.394 16 .000 .000 .000 2.673 .000 .000 .000 .000 .000 .000 .000 .000 17 .000 .000 .000 2.673 .000 .000 .000 .000 .000 .000 .000 .000 la .000 .000 1.nO 5.438 10.897 1.997 .154 .000 .000 .000 .000 .000 19 .000 .000 1.330 5.438 10.897 1.997 .154 .000 .000 .000 .000 .000 20 .000 .000 1.330 5.438 10.897 1.997 .154 .000 .000 .000 .000 .000 21 .000 .000 1.330 5.438 10.897 1.997 . '" .000 .000 .000 .000 .000 22 .000 .000 1.330 5.438 10.897 1.997 .154 .000 .000 .000 .000 .000 

~ 
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Table 3.2.b 

ISTIG Partial-Quench Units Output using Texaco 02 Gasifier 

COIIPRUSOI , I 
, 0' STAGES. 10 'IESME UTIO • 2. na COIIPRUSOI EffiCIENCY. .868 
WOlle 0' COIIPIESSIOII • 2026S. ItU/lee 

COI'IUSOI , 2 
, 0' STAGES.'O 'IElIUlE lATlO • 15.7119 COIIPIESSOI EffiCIENCY. .868 
WOlle 0' COIIPIUSIOII • mn. ItU/lee 

lOTAL WOlle 0' COIIPRESSlOII • 97640. ItU/lee. lGl.O MW 

MilNE IUULTSa 
, 0' STAGES. 10 EXPANSlOII lATlO • 36.541 TURIINE E'FlCIENCY. .&80 
TURIINE WOlle • 228890. ItU/lee, 241.S MW 

HUT EXCMANGEI , , CAlCULATED UA • 697.904 
APPlOAU TEMPERATURE AT NOI INlET • 26." APPaOACH TEMPlI .. TURE AT NOT OUTLET. 25.0' 
HOT STREAM DELTA p. 2.0 PSIA COlO "IEAM DELTA'. 5.0 PSIA 

CQIIUSTCII OUTPUT 
AllRATlO. 3.494 FINAL H2CllATlO. .2019 
fUEL INlET TEMPERATURE. 1200.0' IlET All INlET TEMPERATURE. 825.9' IUlIINE INlET TEMPIIATURE. 2100.0 f 

STEAM GENEUTCII OUTPUT 
HX I DELTA P \/ATEI. S.O DELTA' GAS • .S 11111_ APPlOACH TEMP • 25.0 , 
HX 2 DELTA P \/ATEI. 2.0 DEL TA , GAS • .S 11111_ APPROACH TEMP. 25.0 , 
HX S DELTA' \/ATEI. 2.0 DELTA' GAS • .S IIINI_ APPlOACH TEMP • 2S.0 , 
STACK GAS TEMPEUTURE· SIS. I , 
1lAX1_ STEAM TEMPEUTURE. 767.S' 
STEAM flOll RATE • 2.67 lbool/lee 

GAS If lED COAL QUENCH OUTPUT 
GASifiED COAL INlET TEMPEIAME. 2400.0 dee , QUENCHED GAS EXIT TEMPIIATURE. 1200.0 de, • 
AMOUNT 0' H2S IEIIOYED. .0263 lboolilee AMOUNT 0' NHJ REIIOYED. .004S tboolllee 
IIATEI EVAPORATED IN THE GASIFIED COAL QUENCH. 1.S94 ttnot/lee 

STSTEII OUTPUT 

NET WOlle OUT • "'249. ItU/lee, 1S1.S MW 

ENEIGY PEMALTY .01 OXYGEN USED IN GASifiCATION • I1S92. ItU/lee, 12.U MW 

HEAT UTE. 84S2. Itu I k\IIr 

'UCTlOII 0' TOTAL COIIPRESSIOII WOlle ACCCI4PLUHED IN COIIPIESSCII NO.1. .2015 

SYSTEII EffiCIENCY ( lASED 011 ILLINOIS COAL NO.6, 12774 ItU/lb DRT "NY , • 39.tS " 
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Figure 3.5 

* Variation of ISTIG System Efficiency with Compressor Loading 
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Figure 3.6 
* Variation of ISTIG System Efficiency with Compressor Loading 
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includes an allowance for the energy loss involved in the gasification step. 

Figures 3.5 and 3.6 show the effects of compressor loading on the system 

efficiency for the full-quench and partial-quench cases respectively. The com­

pressor loading is varied to encompass the optimum compressor loading with a 

. broad range of compressor loadings. The system pressures used in each case range 

from a low of 300 psia to the higher system pressure that optimized the thermal 

efficiency of the system. Figure 3.7 compares the effect of system pressure on 

thermal efficiency for both cases, with the optimal compressor loading being used 

at each system pressure. 

3.3.2 Effect of Compressor Loading 

As can be seen in Figures 3.5 and 3.6, system efficiency is a weak function 

of compressor loading, going through a smooth maximum when the first compres­

sor supplies approximately 25 and 20 percent of the total work of compression in 

the full-quench and partial-quench cases respectively. This maximum represents a 

trade-off between the beneficial effects of intercooling (reducing the total work 

of compression) and generating more heated water in the compressor intercooler 

than can be utilized by the system. When the first-stage compressor accomplishes 

only a Small fraction of the total compression, the compression train begins to 

resemble one compression stage with no intercooling. When the first-stage com­

pressor begins to supply too large a fraction of the total compression required, the 

heated water flow leaving the intercooler exceeds the system's requirement for 

preheated water and thus heat is lost from the system. The full-quench case 

reaches its maximum at a higher compressor loading in the first-stage compressor 

because more heated water is consumed by the full-quench system. 

3.3.3 Effect of System Pressure 

System pressure has a very significant effect on the thermal efficiency in 

both systems as is seen in Figure 3.7. The full-quench case goes through a 
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Figure 3.7 
Variation of ISTIG Coal-Gas System Efficiency * with System Pressure 
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maximum in thermal efficiency at a system pressure of about 900 psia; the partial­

quench at about 600 psia. Since the full-quench case reaches its maximum thermal 

efficiency at an unusually high system pressure, the thermal efficiency of the 

full-quench case was only investigated to a pressure (1000 psia) slightly past the 

maximum in thermal efficiency. The partial-quench case is studied at pressures 

that show system performance at pressures that well encompass the optimum, both 

on the higher and lower pressure sides of the optimum. 

3.3.4 Analysis of System Performance 

The optimization of system performance in both cases can be traced to the 

steam production in the heat-recovery section and the effects that this steam flow 

has on the entire system. As mentioned previously, the steam production in the 

heat recovery section is controlled by two temperature pinches, one of which 

occurs at the hot end of the steam superheater and the other at the cold end of 

the steam boiler. Varying the system pressure changes the expansion ratio of the 

turbine, since in all cases the turbine exhaust is expanded to slightly above atmos­

pheric pressure regardless of the system pressure. With the inlet temperature of 

the turbine being fixed at the maximum allowable temperature that the turbine 

can handle, the exhaust temperature of the turbine decreases with increasing 

system pressure due to a larger expansion ratio. Increasing turbine-exhaust tem­

perature raises the temperature at which the temperature pinch occurs at the hot 

end of the steam superheater, thus allowing for greater steam production. 

At system pressures lower than the optimum, steam production is relatively 

large. With large amounts of steam being injected into the combustor, less excess 

compressed air is required and the turbine exhaust has a higher fraction of water 

vapor (at 300 psia, the water-vapor content is 37 percent in the partial-quench case 

and 52 percent in the full-quench case). Water vapor that leaves theosystem out 

the stack takes with it the energy required to vaporize the water. At system 
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pressures higher than the optimum, the boiler pinch temperature is too high and 

steam production is reduced, causing heat to be lost from the system in the form 

of a high stack temperature (44SoF at 800 psi a in the partial-quench case). At the 

optimal pressure the system reaches the best balance between sensible heat lost in 

the stack exhaust in the form of high stack temperature or latent heat lost because 

of high water-vapor content. 

3~3.5 Differences in Optimal Pressure 

A significant difference exists between the optimum system pressure for 

the full-quench and partial-quench cases. This difference can largely be attribut­

ed to the amount of water evaporated by each method to cool the coal gas in the 

quench stage. At 300 psia, the full-quench case has lIS percent more water 

evaporated in the quench stage than the partial-quench case, resulting in a 14 

percent higher amount of water vapor in the stack gas. The optimal heat balance 

between the temperature and the water vapor content of the stack gas shifts to a 

significantly higher pressure in the full-quench case. Additionally, at higher 

pressures the partial-quench case cannot use all the water that is heated in the 

compressor intercooler and sends a significant fraction to a cooling tower. The 

full-quench case uses all the water heated in the compressor intercooler regardless 

of the system pressure and thus does not show as marked a decline in thermal 

efficiency at higher pressures as does the partial-quench case. 

3.4.0 Gasifier Comparisons using an ISTIG System 

Various methods of coal gasification produce significantly different coal­

gas streams, as was shown in the introduction of this study. To optimize the 

performance of a coal-gas system, it is necessary to use the gasifier which results 

in the highest thermal efficiency. Coal-gas streams from the three different gasi­

fiers discussed in Chapter 1 are used as the feeds for an ISTIG coal-gas system 

using a partial quench; Since the partial-quench method results in superior system 
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performance for the ISTIG system using the Texaco gasifier, the results presented 

in this section use only the partial-quench method of coal-gas clean-up to compare 

the different gasifiers. For example, using the Texaco 02 gasifier at a system 

pressure of 500 psia, the partial-quench method results in a system efficiency 

which is higher by 1.3 percentage points over that of the full-quench method. 

3.4.1 Texaco 02 Gasifier 

To make an accurate comparison of the ISTIG coal-gas system using differ­

ent coal-gas feeds, it is necessary to include the requirements for each type of 

gasifier into the system design. The Texaco gasifier uses preheated water and 95 

percent 02 in addition to coal as feeds to the gasifier. Since the ISTIG design 

produces excess heated water in the compressor intercooler, the only significant 

energy penalty for the gasifier is the energy required to operate the cryogenic air­

separation plant. This penalty is accounted for by subtracting the energy for air 

separation from the net turbine work (turbine work minus compression work), 

which is divided by the energy content of the feed coal to determine the system 

efficiency. The energy required to operate the air-separation plant is taken from 

the FluOr scale-up of the Cool Water design (EPRI, 1984). The maximum thermal 

efficiency that is obtained using the Texaco gasifier with the partial quench is 

40.0 percent at optimal compressor loading and a system pressure of 600 psia. 

3.4.2 Fluid-Bed Gasifier Requirements 

Figures 3.8 and 3.9 show the process configurations used for fluid-bed 

gasifiers that use 95 percent 02 and air respectively as the source of combustion 

oxygen. Tables 3.3.a,b and 3.4.a,b show the simulation outputs for the fluid-bed 

02 and fluid-bed air systems at optimal system pressure and compressor loading. 

Both fluid-bed designs require high-temperature steam flows to the gasifier, which 

are split off from the steam generated in the heat-recovery section. The penalty 

for 02 production for the fluid-bed 02 case was accounted for in the same way as 
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Table 3.3.a 

ISTIG Partial-Quench Flowsheet uslng Fluid-Bed O2 Gasifier 
SIMULATION ClJTPUT ( lASED ON 1000 SHOIIT TOIlS / DAY 0' COAL ) 

SflEM TEMP PRESS FLOW ENTHALPY SlREM Il0l.£ FRACTlOliS NUIOBU (degF) (ptl.) (lbnol/nc) Utu/a.c) CM' C2116 CO2 M20w K2 02 A. co MZ H2$ NH3 H201lq 
I 60.0 14.' 16.968 ,2064. .00000 .00000 .00033 .00990 .mlt .20739 .009~ .00000 .00000 .00000 .00000 .00000 2 215.0 15.0 16.968 l864a. .00000 .00000 .000SJ .00990 .mlt .20739 .009~ .00000 .00000 .00000 .00000 .00000 3 a5.0 n.o 16.968 ala. .00000 .00000 .000]] .00990 .mlt .20739 .00925 .00000 .00000 .00000 .00000 .00000 4 a30.a 500.0 16.968 911M. .00000 .00000 .000]] .00990 .mlt .20739 .00925 .00000 .00000 .00000 .00000 .00000 5 a21.6 500.0 20.124 109929. .00000 .00000 .00028 .16521 .65183 .11486 .00180 .00000 .00000 .00000 .00000 .00000 6 1850.0 500.0 2.044 29636. .OSn1 .00000 .04682 .04S8J .01691 .00000 .00000 .54176 .21592 .0127a .00219 .00000 1 1200.0 500.0 2.593 23290. .01.555 .00000 .01691 .25196 .01ll5 .00000 .00000 .42a70 .21151 .00000 .00000 .00000 a 1200.0 500.0 .026 268. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 .00000 9 1200.0 500.0 .004 54. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 1O 60.0 510.0 6.599 ,126891. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 II 209.1 5OS.0 6.599 '109069. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 12 209.1 505.0 2.109 ·44165. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 IJ 209.1 5OS.0 3.891 ·643OS. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 14 467.4 S04.0 3.112 ·SM65. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 15 467.4 504.0 .519 '6121. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 I. 00000 16 467.0 502.0 1.112 7494. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 11 a02.0 500.0 1.112 19035. .00000 .00000 .00000 I .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 la a02.0 SOO.O .155 a9O. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 19 802.0 SOO.O 1.IS7 lal46. .00000 .00000 .00000 '.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 20 2100.0 492.0 21.a19 161696. .00000 .00000 .06082 .21910 .60111 .11115 .00717 .00000 .00000 .00000 .00000 .00000 21 827.0 16.2 21.819 12526S. .00000 .00000 .06082 .21910 .60111 .11115 .00717 .00000 .00000 .00000 .00000 . 00000 22 761. I 15.1 21.819 113124. .00000 .00000 .06082 .219'0 .60111 .11'15 .00717 .00000 .00000 .00000 .00000 .00000 21 492.4 15.2 21.a19 6n65. .00000 .00000 .06082 .21910 .6011' .11115 .00711 .00000 .00000 .00000 .00000 .00000 24 l17.1 14.1 21.819 '.8652. .00000 .00000 .06082 .21910 .60111 .11115 .00717 .00000 .00000 .00000 .00000 .00000 

~ 
SLAC 1.959 Ib/a •• 705. Itu/aoc 

~ 

snw IIOUI FLOWS 

I .000 .000 .006 .168 13. It. S.519 .157 .000 .000 .000 .000 .000 2 .000 .000 .006 .168 I'. II. 1.519 .157 .000 .000 .000 .000 .000 3 .000 .000 .006 .168 13.11. S.519 .157 .000 .000 .000 .000 .000 4 .000 .000 .006 .168 Il.lla 1."9 .157 .000 .000 .000 .000 .000 5 .000 .000 .006 1.325 13.11' 3.5'9 .157 .000 .000 .000 .000 .000 6 .11. .000 .096 .090 .015 .000 .000 ,. '" .564 .026 .004 .000 1 .118 .000 .096 .669 .035 .000 .000 1.'" .564 .000 .000 .000 • .000 .000 .000 .000 .000 .000 .000 .000 .000 .026 .000 .000 9 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .004 .000 10 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 6.599 II .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 6.599 12 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 2.709 13 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 3.891 14 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 3.112 15 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .579 16 .000 .000 .000 1.112 .000 .000 .000 .000 .000 .000 .000 .000 17 .000 .000 .000 3.112 .000 .000 .000 .000 .000 .000 .000 .000 18 .000 .000 .000 .155 .000 .000 .000 .000 .000 .000 .000 .000 19 .000 .000 .000 3.157 .000 .000 .000 .000 .000 .000 .000 .000 20 .000 .000 1.331 4.194 13.152 2.445 .157 .000 .000 .000 .000 .000 21 .000 .000 1.331 4.194 13.152 2.445 .157 .000 .000 .000 .000 .000 22 .000 .000 1.331 4.194 13.152 2.445 .157 .000 .000 .000 .000 .000 23 .000 .000 1.331 4.194 13.152 2.445 .157 .000 .000 .000 .000 .000 24 .000 .000 1.331 4.194 13.152 2.445 .157 .000 .000 .000 .000 .000 



".. 
VI 

Table 3.3.b 

ISTIG Partial-Quench Units Output using Fluid-Bed O2 Gasifier 

COMPIES$OII • I 
• Of STAGES. 10 PRUSU1tE IATlO • 2.4" COIPRESSOI E"ICIENCY. .868 
lI0II' Of COMPUSSIOII • 20767. Itu/lee 

CIJIPRES$OII • 2 
, Of ITAGES. 10 "USU1t1 IATlO • 15.152 COIPRESSOI EffiCIENCY. .868 
lI0II' Of COIPRUSlOII • 91269. Itu/lee 

TOTAL IIOIIIC 0' COIPIESSI 011 • "2036. ItU/lee, "'.2 IN 

MilNE USUI. TS I 
• Of STAGES. 10 EXPAllSlOII IATlO • 30.)70 MilNE EffiCIENCY. .810 
TUUINE IIOIIK • 242443. ItU/lee, ZSS.' IN 

NUT EKCHAIIGU , I CALCUlATED UA • 700.00) 
APPROAU TEMPEIAMI AT MDT INLET • 25.9' APPROACH TEMPERATOIE AT MDT OUTLET. ZS.O' 
MDT STREAM DELTA'. 2.0 PSIA COlD STIEAM DELTA'. 5.0 PIIA 

COIBUSTOI OUTPUT 
AllIATlO. 6.410 fiNAL HlOIATlO. .1979 
fUEL INLET TEMPUAYUlE. 1200.0' lilt All INLIT TEMPEIATOIE. 121.6' MilNE INLET TEMPERATUIIE. 2100.0' 

STUll CUUATOI OUTPUT 
HX I DELTA' WATER. 5.0 DELTA' GAS • 
HX 2 DELTA' WATER. 2.0 DELTA P GAS • 
HX ) DELTA' WATER. Z.O DELTA P GAS • 
STACIC GAS TEMPE.ATOIE. )n.7 , 
!lAX 1_ STEAM TEMPERA ME • IOZ. 0 , 
STEAM 'LOll lATE • ,.,, U_I/lee 

GAS If lED COAL ClUENCM OUTPUT 
GASIfiED COAL INLET TEMPERATUIIE· 11150.0 det , 
AIIClIIIT 0' H2S REMOVED. .0261 Ibnolllee 
IIATER EVAPOIATED IN THE GASifiED COAL ClUENCH • 

SYSTEM OUTPUT 

NET lI0II' OUT • 13040a. leU/lee, 137.6 IN 

.S MINI_ APPROAU TEMP • 2S.0 , 

.S 11111_ APPROACH TEMP • 2S.0 , 

.5 MINI_ APPROACH TEIIP • 2S.0 , 

ClUENCHED GAS EXIT TEMPElATOIE. 1200.0 dee , 
AM<lJlIT 0' NH' REMOVED. .0045 Ibnolllee 

.579 Ibnolllec 

ENUGY PENALlY '01 OXYGEN USED IN GASIfICATlOII • 711511. ItU/I.C, 11.29 IN 

MUI RAlE. a233. Itu / kWhr 

fRACTlOII Of TOTAL COIIPRESSIOII Il0l' ACCOIIPLISHED IN COIIPRESSOI NO. 1. .111S4 

SYSlEM EffiCIENCY ( lASED 011 ILLINOIS COAL NO.6, t2n4 Itu/lb DRY HMY ) • 40.93 " 
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Table 3.4.a 

ISTIG Partial-Quench Flowsheet using Fluid-Bed Air Gasifier 
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Table J.4.b 

ISTIG Partial-Quench Units Output using Fluid-Bed Air Gasifier 

COIIPUSSOIt • I 
• O. ITAGES. 10 .. IUSUlI IATIO • S.125 COIIPIfSSOIt "'ICIENCY. .868 
WOII O. COMPIESSIOII • 26183. leU/lee 

COCPIESSOIt • 2 
• O' ITAGEI. 10 .. IUS\IIII IATiO • ".628 COIIPIESSOIt E"ICIEIICY. .868 
WOII O' COMPIESSIOII • 62360. leU/lee 

COIPIUSOIt • J 
• Of STAGES. 10 'IUIUI1E IATiO • 11.860 COIPIESSOIt U'ICIEIICY. .868 
WOIIO. COMPIESSIOII • l1BOO. leU/lee 

TOTAL WOII O. c:aa>IUSIOII • 100344. leU/lee, 1OS.9 MIl 

TURIIIIE IESUlTS, 
• O. STAGES. 10 EXPAIISIOII .... TlO • 30.370 TlMIIIIE '''ICIEIICY. .880 
TURIIIIE WOII • 224174. leU/lee, 236.S III 

HUT EXCHANGE I • I CALCULATED UA • 9,4.", 
UPROACH T£IIPE .... TURE AT MDT INLET • 26.J' APPIOACI TEIIPE .... TURE AT MDT OUTLET. 25.0' 
MDT SlIEAII DELTA'. 2.0 PSIA COLO StREAII DELtA'. S.O PSIA 

COIBUSTOI OUTPUT 
AIIUTIO. 2.Sse filiAL H2OIATlo. .1890 
.UEl l.lET TEIIPEIATIME. 1200.0' IlET All I.LEt tEIIPE .... TURE. 741.S' fUlll.E IIILEt TEIIPE .... TURE. 2100.0' 

STEAII GEIIEUtOl OUtPUT 
II_ I DELTA' \/ATEI. S.O DELTA' GAS • .S 111.1 .... APPlOACH TEMP • 25.0 , 
HX 2 DELTA' VATEI. 2.0 DELTA .. GAl • .S 111111 .... UPROACII TEMP. 2S.0 • 
II_ J DELTA' \/ATER. Z.O DELTA P GAS • .S 111111 .... APPlOACII TEIIP • 25.0 • 
STAa GAS T£IIPEUTURE • 388.3 • 
IIUI .... stEAII TEIIPE .... TURE. 804.8 , 
STEAII 'lOW lATE. 3.09 'Irnol/Iee 

GASIfiED COAL CIUE.CM OUtPUT 
GASIfiED COAL IIILET TEIlPEIATURE. 1850.0'" UNCMED GAS EXit TEMPE .... fUlE. 1200.0", 
AIIOUNT O. H2S IEIIOV£O. .0262 Ilrno\llec AIIOUNt o. HHl IEIIOV£D. .0000 1Irno\llee 
\/ATER EVAPOltATED III tHE GASifiED COAL QUENCH. 1.087 'Ino\llee: 

snull OUTPUT 

NET WOII OUT • 123831. ItU/lee:, lSO.6 MIl 

Hut .... TE • 8148. Itu / kVhr 

.. ACTlOII o. TOTAL COIIPR£SSIOII VOII ACCOMPLISHED III COMPIESSOIt MD. 1. .1609 

SYSTEII EffiCIENCY ( lASED 011 ILLINOIS COAL NO.6, 11n4 ItU/Ib DRT "MY ). 41.35 " 
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Figure 3.10 

Variation of ISTIG System Efficiency* with System Pressure 
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Figure 3.11 

Variation of ISTIG System Efficiency* with Compressor Loading 

Fluid-Bed Air Gasifier (Partial-Quench) Case 
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was done for the Texaco gasifier, by subtracting the work penalty for cryogenic 

separation of air from the turbine work. The fluid-bed air gasifier uses a flow of 

compressed air to supply 02 necessary for gasification. Compressed air is supplied 

to the gasifier by sending more air through the first-stage compressor than is 

needed in the combustor and splitting air off to the gasifier after the compressor 

intercooler. This air flow is then sent to a third compressor, operating in parallel 

with the second-stage compressor for the primary air flow, where it is compressed 

to system pressure plus the gasifier pressure drop. The work of compression for 

this third compressor is added to the work of the two main compression stages, 

~hich is subtracted from the turbine work when determining system efficiency. 

3.4.3 Effects of Compressor Loading and System Pressure 

Sensitivity of the fluid-bed ISTIG systems to compressor loading is shown 

in Figures 3.10 and 3.11 at several system pressures. The behavior of these ISTIG 

systems is Qualitatively very similar to that of the ISTIG design which uses the 

Texaco 02 gasifier. Maximum thermal efficiency is obtained in the fluid-bed 02 

ISTIG system at a compression loading of around 20 percent of the total work of 

compression in the first-stage compressor and at about 25 percent in the fluid-bed 

air ISTIG system. System efficiency is relatively unaffected over a broad range 

of compression loadings around the optimum and then begins to fall off at com­

pression loadings roughly 10 percentage points from the optimum. 

3.4.4 Gasifier Comparisons 

A comparison of the three different methods of coal gasification is made in 

Figure 3.12, where the system efficiencies of ISTIG designs employing the three 

gasifiers are shown for various system pressures and optimum compressor loading. 

This figure shows clearly the thermal efficiency advantage of using a fluid-bed 

gasifier as opposed to a Texaco entrained-flow gasifier. The dependence of 

system efficiency on system pressure is Qualitatively the same for the fluid-bed 
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Figure 3.12 

Variation of ISTIG Coal-Gas System Efficiency* with System Pressure 
with Three Different Gasifiers (Partial Quench) at Optimal Compressor Loading 
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ISTIG systems as for the Texaco ISTIG system, with an optimum system pressure 

of approximately 500 psia for the fluid-bed 02 gasifier and 550 psia for the fluid­

bed air gasifier. These values differ little from the optimum of 600 psi a for the 

Texaco gasifier. The maximum efficiencies obtained with the fluid-bed ISTIG 

systems are 40.9 percent for the 02-fed case and 41.4 percent for the air-fed case. 

These values are a significant improvement over the 40.0 percent efficiency ob­

tained with the Texaco gasifier. 

3.4.5 Improl'ed Thermal Efficiency with Fluid-Bed Gasifiers 

The principal reason why the fluid-bed gasifiers perform better in the 

ISTIG coal-gas systems is because these gasifiers leave more of the energy con ten t 

of the original coal in the chemical form. Less of the coal is burned to CO2 in 

the gasificati.on process. The Texaco entrained-flow gasifier uses significantly 

more of the chemical energy of the coal to heat the coal-gas and vaporize the 

water that is used to slurry the coal. It is desirable to minimize the complete 

combustion of the coal (i.e. forming the combustion products CO2 and H20) and 

only combust the coal necessary to provide the heat for gasification. Since the 

coal gas leaving the gasifier must be cooled by evaporating water which ultimately 

leaves as water.vapor, the sensible heat energy cannot be used as efficiently as the 

chemical energy of the coal gas, which is released in the combustion turbine. 

Typical exit temperatures for entrained-flow gasifiers are around 24000 F, com­

pared with around 18500 F for fluid-bed gasifiers. As mentioned previously, 

entrained-flow gasifiers do have the possible advantage that they melt the mineral 

content of the coal to form slag whereas fluid-bed gasifiers do not. The coal 

mineral content leaves fluid-bed gasifiers as ash, which is environmentally less 

desirable than slag. 

It is interesting to note that the fluid-bed air-gasifier case has a higher 

system efficiency than the fluid-bed 02 gasifier. The difference is not large, only 

S3 



0.4 percentage points, but significant. The reason for this difference is that the 

ISTIG system using the air-fed gasifier more nearly matches the water flow re­

quired for intercooling to the system's requirement for water, both in the quench 

and in the steam-generation of the heat-recovery section. More water is evaporat­

ed in the quench of the air-fed case since the coal-gas stream contains about 50 

percent diluent nitrogen, which increases the mass flow of the coal gas and re­

quires evaporating more water to saturate the coal-gas stream relative to the fluid­

bed 02 case. Less heated water is sent from the intercooler to a cooling tower and 

thus less heat is lost from the system. The superior efficiency resulting from 

using compressed air instead of 02 is a fortunate development since the capital 

investment for a cryogenic air-separation plant can be a sizable fraction of total 

plant cost; the 02 feed unit constitutes 15 percent of the capital cost of the Cool 

Water design (EPRI, 1984), which is already a capital intensive coal-gas plant 

design. An ISTIG plant would have a lower capital investment than a combined­

cycle plant like the Cool Water design, and an 02 feed unit would represent an 

even larger fraction of the total capital cost for the plant. 
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Chapter! ADVANCED DESIGN HEAT RECOVERY 

The ISTIG heat-recovery system, which is used for the gas-turbine power 

plants discussed in Chapter 3, achieves maximum thermal efficiency when a high-

temperature, partial-quench method of cleaning the coal gas is used. The technol-

ogy necessary to accomplish high-temperature clean-up of coal gas is still in the 

developmental stage and poses many problems from an operations standpoint, as 

was discussed above. A medium-temperature, full-quench method of cleaning coal 

gas would have significant advantages from an operations standpoint because the 

clean-up could be effected in one or more simple aqueous scrubs. With the ISTIG 

configuration, the full-quench method results in a system efficiency lower by 

about 1.3 percentage points relative to the' partial-quench method. Notwith-

standing this thermal disadvantage, the full-quench method may still be attractive 

because of the simplicity of operation and potential reliability when compared to .' 

the partial-quench method. 

While ISTIG heat recovery maximizes the thermal efficiency of a system 

using a partial-quench method, it is not the best configuration for the full-quench 

method. ISTIG configurations using full-quench clean-up evaporate more water 

into the coal gas than when using partial-quench clean-up while the steam gener-

ated is about the same, resulting in a lower thermal efficiency. Because of the 

potential advantages of using a full-quench method of coal-gas clean-up, an alter-

native heat-recovery design is needed which will improve the thermal efficiency 

of a coal-gas turbine system that uses the full-quench method. 

Such a design is shown in Figure 4.1. This design, which will be referred 

to as the advanced design, represents a significant improvement over the ISTIG 

configuration for maximizing the thermal efficiency of a system using the full-
\ 

quench method; Furthermore, the advanced design allows the full-quench method 

to have a potential thermal-efficiency advantage over the partial-quench method. 
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4.1 Details of the Advanced Design 

The flowsheet for the general case of the advanced design is shown in 

Figure 4.1. As in the ISTIG configuration, the coal gas passes through an aqueous 

quench where it is cooled and cleaned. Unlike the ISTIG case, the coal gas is then 

heated with turbine exhaust prior to combustion. Air is fed through a two-stage, 

boiler-intercooled compression train, which compresses the air to system pressure, 

generating some steam and heating quench water. Warm compressed air is then 

quenched with heated water to cool the air and increase its mass flow. The wet 

air is then heated by turbine exhaust before going to combustion. Hot wet air and 

hot wet coal gas are burned in the combustor, with the exhaust gas entering the 

turbine at the maximum allowable inlet temperature and expanding to slightly 

above atmospheric pressure. The hot exhaust gas leaing the turbine preheats the 

wet air and wet coal-gas streams, heats a boiler feed water stream and then goes to 

the stack. 

Turbine-exhaust waste heat is recovered in the advanced design using indi­

rect heat exchange with the wet air and fuel streams. High-temperature system 

heat is "recycled" at high temperature without generating steam. Low-temperature 

heat (below the saturation temperature of steam at system pressure) is recovered 

by evaporating water in the two aqueous quenches. Most of the turbine exhaust is 

cooled by heating the wet air stream in a countercurrent heat exchanger (HX-l). 

The rest of the turbine exhaust heats the quenched coal gas (HX-2) and then 

preheats water (HX-3) for the air quench. Turbine-exhaust streams leaving the 

wet-air heater (HX-I) and the air-quench water heater (HX~3) are combined and 

go to the stack. 

Several important operations in the advanced design significantly improve 

heat recovery. Compressed air is cooled using a direct-contact water quench 
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(labeled "Air Quench" in Fig. 4.1) which saturates the air stream using heated 

water. This operation provides a method to recover low-temperature waste heat. 

Compressor intercooling is accomplished using a stearn boiler in the advanced 

design, instead of using single-phase heat exchange as is done in an ISTIG design. 

The boiler generates a small stream of saturated stearn and supplies water at the 

same temperature-as the steam, for use in both quenches. Part of the boiler'steam 

is added to the quenched coal-gas stream and the rest is sent to supply the steam 

required by the gasifier in the fluid-:bed cases. 

Heat to drive the boiler comes from cooling the compressed air leaving the 

first-stage compressor before sending it to the second-stage compressor. Because 

the heat energy resulting from compression '(which is about equal to the work of 

compression) can be recovered efficiently following both compression stages, it 

becomes advantageous to divide the load about equally between both compresSors 

to minimize the total work of compression. 

Finally, a heat exchanger (HX-3) recovers the lowest-temperature heat 

remaining in the exhaust gas before it leaves the system through the stack. The 

heat recovered in this exchanger is used to heat a water stream that is combined 

with excess water coming from the boiler and sent to the air quench. To recover 

as much heat as possible, the water flow in HX-3 is set to match the heat capacity 

of the exhaust gas. This results in more water being sent to the air quench than 

can be evaporated. with excess water being recycled back to HX-3. 

4.2 Advanced Design Potential 

The potential for improved thermal efficiency in the advanced design is 

derived in part from the ability of its heat-recovery system to utilize low-tempera­

ture heat, which is done by heating and then vaporizing water into both the coal­

gas and compressed air streams. Low-temperature heat is recovered in the two 

quenches by evaporating more water into the compressed-air and coal-gas streams 
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than would be possible without preheating the water feeds of both quenches. This 

low-temperature heat is used to essentially produce steam at system pressure but 

below the saturation temperature of the steam. The ISTIG partial-quench design 

recovers only a small amount of low-temperature heat by preheating water used in 

its high-temperature coal-gas quench. 

In the advanced design, energy is recovered from the compressor intercooler 

and from cooling the turbine exhaust to less than 3000 F. The ISTIG partial­

quench design can not efficiently use the heat removed in the compressor inter­

cooler because only a small amount of preheated water is needed in the coal-gas 

quench. Medium-temperature, quenched coal gas (approximately 400°F) and wet 

compressed air (approximately 27SoF) are heated in the advanced design by high­

temperature (800-10000 F, depending on system pressure) turbine exhaust before 

the fuel and air enter the combustion chamber. In this way the high-temperature 

heat of the turbine exhaust is "recycled" to the turbine instead of being used to 

generate steam; this utilization of high-quality heat is thermodynamically more 

efficient. The partial-quench method could not be used in the advanced design 

because the partially quenched coal gas is hotter than the turbine exhaust. 

The advanced design thus incorporates a method of recovering waste heat 

from the turbine exhaust and the compressor intercooler that is significantly dif­

ferent from any of the existing methods of heat recovery such as the ISTIG or 

combined cycle. The performance of the advanced design is investigated below 

using the same three coal gasifiers that were used in the ISTIG design cases. 

4.3 Advanced Design Performance 

The advanced design heat-recovery system was developed to improve the 

thermal efficiency of a gas-turbine system which uses a full-quench method of 

coal-gas clean-up. As with ISTIG heat-recovery systems, finding the optimum 
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performance of an advanced design system requires varying the important system 

parameters. The parameters that were varied were the system pressure, the com­

pression loading between the two air-compression stages and the type of gasifier 

used. All advanced design systems that were investigated used a full-quench 

method of coal-gas clean up, which is inherent to the advanced design. Varying 

these parameters shows the sensitivity of advanced design systems to changes 

which might be necessary for reasons not considered in this study, such as the 

commercial availability of equipment or other restrictions. Investigating system 

performance throughout the reasonable range of these parameters also defines the 

maximum thermal efficiency obtainable, which is important when comparing this 

system to other coal-g~s turbine designs. 

4.3.1 Gasifier Design Modifications 

To use the three different gasifiers that were compared in the ISTIG sys­

tems, it is necessary to make minor modifications to the advanced design configu­

ration to accommodate the needs of each gasifier. In addition to coal, each gasifi­

er requires a flow of oxidant and water or steam. The Texaco gasifier uses 95 

percent 02 and heated water (part of the coal slurry), the fluid-bed 02 gasifier 

uses 95 percent 02 and steam and the fluid-bed air gasifier uses compressed air 

and steam to gasify the coal. The modified flowsheets for each gasifier are shown 

in Figures 4.2, 4.3.a and 4.4. Tables 4.l.a,b, 4.2.a,b and 4.3.a,b are representative 

samples of the simulation outputs for these respective flowsheets at a system 

pressure of 200 psia, with the compressor loading optimized. A system pressure of 

200 psia optimizes the thermal efficiency of the advanced design with each gasifi­

er. Tables 4.4.a,b, 4.5.a,b, and 4.6.a,b show the simulation outputs for Figures 4.2, 

4.3.a and 4.4 at a system pressure of 500 psia, which is useful for comparison 

purposes. 
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Table 4.1.b 

AdvaDced Design Units Output using Texaco O2 Gasifier 

CQIIPIlESICI , 1 
, 0' ITAGU. 10 'IUSUlE IATlO • 4.167 COCPlnsOl E"ICIENCY. .868 
IIQItIC 0' CIlIIPlnlUII • 36052. IIU/lee 

CIlIIPIUICI , 2 
, 0' ITAGE.. 10 'IUSUlE IATlO • 3.441 COCPRUSOI E"ICIUCY. .868 
IIQItIC 0' CIlIIPIElSIOII • 31685. IIU/lee 

TOTAl. IIQItIt Of CIlIIPIUIIOII • 6m7. IIU/ate, 71.5 MIl 

TUIII.. lIEU TI. 
, Of STAGEI. 10 EItPAilIIOII IATlO • 12.102 fURIINE EffiCIENCY. .110 
MillE 1IQIt1C. Z03604. ItU/lte, 214.8 111/ 

MfAf IIIC11A11GEI , 1 CALCUlATED Ill. 35".401 
APPICW:N ",,"lAME AT MOT INLEI • 41.2' APPlOACI TEMPEIATURE AT MOT camn. 25.0' 
lOT ITlEAII DELTA'. .S PlIA COLD IUUII DELTA'. 2.0 PSIA 

IIIAT DClWlGEI , 2 CALMA TEO Ill. 1201.162 
APPIOACII TfllPElAME AT MOT INLU • 35.7' APPlOACII TEIIPEUTUIIE AT HOT OUfLEI. 2S.0' 
lOT "IEAII DELTA'. .S PlIA COLD IUEAI! DELTA P. 2.0 PIIA 

MfAT IllClWlGO , S CALCUlATED III • 15S.987 
APPIOACI TEllPEIATI.U Af MOT IIUT • 45.S' APPICW:II TEIIPEIATURE AT HOT OUfLU. 25.0' 
MOT ITlEAII DELTA'. .S PlIA COLD IniAl! DILTA ,. S.O PSIA 

COIIUIfCII OUTPUT 
AIIlATlO. 2.958 FlIAL llZ01ATlO. .1087 
fUEL IlLEr TEllPEIAMI. 1074.6' WET All INLET fEIIPEIATUlE. 1069.1' TualiNE INLEI TEIIPEIATUaE. 2100.0' 

IOIW OUTPUT 
APPIOACI TfllPElAMI AT Irw IIILIT • 25.0' APPlOACII TEIIPEIAME AT If" OUfLEI. 30.2' 
Irw fLOII. 6.518 I_I/Ite GAIIFlEO COAL QUINCH \/ATEI 'LOll. 3.003lboor/lte All QUENCH \/ATER fLOII. 3.575 lbool/ •• e 
ITEAII 'LOll. .000 I_I/Ite lTEAI! TEIIPEIATURE • .0 de, , 

All ClUEICN OUTPUT 
. All IILET TEIIPlIATUIE. S5S.S'" QUENCHED All OUTLET TEIIPEIATUIE. 223.4 de, , 

\/ATII IILIT TEllPEIATUIE. 328.4 de, , \/ATEI OUTLEI TEllPEIATUaE. 223.4 
\/ATD IVAPORATED II THI All QUElCH. 1.635 lbool/I.e 

GASIFIED COAL ClUEIICI OUTPUT 
GASIFIED COAL INLEI fEIIPEIATURE. 2400.0", QUENCHED GAS EXIT TEIIP£IATUaE. 336.Z'" 
AIIOUIIT 0' IZI IEIIOVED. .0263 lbool/lte AIIOUNT 0' IHS IEIIOVED. .0045 IbIoIII.e 
\/ATEI EVAPORATED IN THE GASIFIED COAL QUENCII. 3.003 lboot/ate 

SYSTEI OUTPUT 

lIT IIQItIC OUT ( MDT IIICLWIIIG OZ PI(J)IJCTlOII , • 135867. ItWlte, 143.S MIl 

IIIIIOY nlALTY '01 ClXTGEII USED III GAIUICATlOII • 10817. ItWlte, 11.41 MIl 

MfAT IATI • 8069. Itu I kIIIr 

'IACTIOII 0' TOTAL CIlIIPIUSlOII IIORIC ACCIlIIPLIIHED IN CoMPRESSOR NO.1. .5322 

nlTEllfflCIENCY ( lASED 011 ILLINO .. COAL NO.6, I2n4 ItU/tb DRY HNV ,. 41.76 X 
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Table 4.2.8 

Advanced Design Flowsheet using Fluid-Bed O2 Gasifier 
IIIIII.ATIOI OUTPUT (IASQ 01 1000 llIOIT TOIl I DAr 0' COAL ) 

STREAII TEMP 'IEII ,U,,, UTIIALPY "IEAli IIOI.E ftACTlONS IIUIIU (dtt') (ptl.) "'-"lee) (It,,,lee) CII4 CIII6 CO2 NZOv NI oz Ar CO H2 H2S NH] H20llq 
I 60.0 14.4 ZO.919 ,2541. .OODOO .OODOO .ooon .00990 .mn .20739 .00925 .00000 .00000 .00000 .00000 .00000 I 446.3 80.0 ZO.919 S42S6. .00000 .OODOO .ooon .00990 .mu .20739 .00925 .00000 .00000 .00000 .00000 .00000 3 15.0 71.0 10.919 107. .00000 .00000 .ooon .00990 .mu .20739 .00925 .00000 .00000 .00000 .00000 .00000 4 179.1 100.0 10.919 2912 •• .00000 .00000 .ooon .00990 .mu .20739 .00925 .00000 .00000 .00000 .00000 .00000 5 111.5 100.0 ZZ.740 11692. .00000 .00000 .000]0 .01920 .71119 .19071 • 008S I .00000 .00000 .00000 .00000 .00000 • 1050.' '''.0 ZZ.740 16l2aJ. .00000 .OODOO .000]0 .01920 .71\19 .19071 .00151 .00000 .00000 .00000 .00000 .00000 7 1150.0 200.0 1.044 29636. .osm .OODOO .04632 .043aJ .01693 .00000 .00000 .54376 .27592 .01278 .00219 .00000 • 320.7 200.0 3.115 6lJ7. .03095 .00000 .02501 .49575 .00907 .00000 .00000 .29132 .147aJ .00000 .00000 .00000 9 lII.7 100.0 .IlI 172. .00000 .00000 .00000 '.OODOO .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 10 312.1 200.0 3.954 6629. .01987 .00000 .02421 .51140 .GOa75 .00000 .00000 .28112 .14265 .00000 .00000 .00000 \I 1058.9 '''.0 3.954 3Un. .02987 .OODOO .0242' .51140 .00875 .00000 .00000 .28112 .14265 .00000 .00000 .00000 II 320.7 100.0 .026 44. .00000 .OODOO .00000 .OODOO .00000 .00000 .00000 .00000 .00000 1.00000 .00000 .00000 Il 320.7 200.0 .004 9. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 0- 14 60.0 105.0 '.293 ·15944a. .00000 .OODOO .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 V\ 15 lIl.7 200.0 1.101 '24001. .00000 .00000 .00000 .OODOO .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 16 lIl.7 100.0 .293 549. .00000 .00000 .00000 '.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 17 lIl.7 100.0 .155 304. .00000 .00000 .00000 1.00D00 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 11 1067.5 1".0 .155 Ul0. .OODOO .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 19 lIl.7 100.0 6.198 '12562. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 ZO J68.9 200.0 '.014 '101740. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 II 111.5 105.0 '.191 ·IOIlO5. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 ZZ 211.5 205.0 4.372 ·7151l. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 I. 00000 23 111.5 105.0 1.121 '29792. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 24 324.3 100.0 1.121 '26251. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 IS 2100.0 190.0 ".8SS 429481. .00000 .00000 .05152 • 11m .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 26 1091.5 15.7 I5.lSJ Z02327. .00000 .00000 .05151 .18m .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 17 1092.5 15.7 2\.397 167449. .00000 .00000 .05152 .IIITaJ .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 211 143.5 15.2 21.197 25860. .00000 .00000 .05152 .11I7aJ .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 29 1092.5 15.7 4."7 14810. .00000 .00000 .05151 .18711l .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 30 1092.5 15.7 4.270 314\J. .00000 .00000 .05152 .11I7aJ .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 31 147.' 15.2 4.270 1467. .00000 .00000 .05152 .18m .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 32 1092.5 15.7 .,&7 1467. .00000 .00000 .05152 • 111m .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 31 41\.2 15.2 .187 461. .00000 .00000 .05152 .11783 .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 14 350.5 \S.l 4.457 119211. .00000 .00000 .05152 .11178] .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 35 243.5 14.7 4.457 53 ... .00000 .00000 .05152 .18783 .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 36 243.5 15.2 15.8SS 31246. .00000 .00000 .05152 .18711l .62688 .12626 .00748 .00000 .00000 .00000 .00000 .00000 
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Table 4.3.b 

AdYAoc:ed Desllo Volts Output uslna Fluid-Bed Air GasJrJer 

COIIPIESIOI • I 
• Of ITAGeI. to PlnUI IATlO • 5.556 COIIPIUSOI '''ICIENC'' .868 
WOlle Of CCIIPIEIIIIII • 41114. IIwI .. 

COIIPIfIIOl • 1 
• 0' ITAGeI. 10 'InUI IATlO • 2.564 CClllPIUSOI Ef'ICIENC" .868 
WOlle Of _nlllll • 21615. IIwI .. 

CClllPIUIOI • , 
, 0' STAGeI. 10 'InSUlI IATIO • 2.692 CCIIIPIUIOI '''ICIENCT' .868 
WOIIIC Of _EIIIIII • l66O. ItWI .. 

TOtAL WDIIIC Of _1111111 • nosl. IIWI .. , 79.2 III 

TUlIIIE IEIULTlI 
, Of "AGel. 10 WAIIIIIII IATlO • 12.102 TURlII, E"ICIlIC" .NO 
TUlIINI WDIIIC. lO9OO7. It WI .. , 2Z0.S III 

NEAT EXCIAN.I • I CALCULATED UI. 2111.029 
""10At1 T .... IATUlI AT lOT IILU • 51.0' ""IOACI UMPUATIME AI NOT WILli' 25.0' 
lOT ITIENI D'UA ,. .5 PlIA COU lllEAN DELTA" 2.0 PSIA 

MUT EXCIWIGII • 1 CALCULATED UI. 1147.644 
, ."IOACI TIJlPlIATIMI AT lOT IILIT • 47.4' ""IOACI TlMPUATUlI AT MOT WTlIT. 25.0' 

lOT I .. IAN DELTA'. .5 PlIA COI.D I"EAN DEUA ,. Z.D PlIA 

NUT INCIAN.I , , CALCULATED UI • 21S.41) 
."IOACII T .... IATIMI " lOT IILET • n.s, ""IOACI UMPEIATIMI AI lOT WTUT. 25.0' 
lOT ITIIAN DIUA ,. .5 PlIA COI.D STIEAN DIUA ,. 5.0 PlIA 

IUT IXCIANGil • 4 CALCULA TID UI • sz. Z98 
"'PIOACII U .. IIATUlI "T lOT IILIT • n.z, ",,.OACI T(MPEIATUIE AI NOT WILli' 25.0' 
lOT ITIIAN DEUA ,. .5 PlIA COI.D liliAN DEUA ,. Z.D PSIA 

COIIUITOI camuT 
AIWTlO'. 1.040 UUL lZOIATlO. .0981 
fUlL 'IUT T .... IATUlI. 1OS7.6' WIT All INLIT TEMPEIATIMI. 1047.0' TURUN' INUT UMPUATURE. 2100.0' 

101 LII OUT"" 
APPlOACll TEII'IIATUlI " If" IILET • n.o, ""IOACI UMPUATIMI AT .. ., WILli' 64.7' I'" 'LOll. 7.no Ia-I'I.. GAllfiED COAL ClUEICH IIAUI fLOII. S.46Slboo"I'. All ClUEICN IIATEl 'LOll' 3.529 lbool' ... 
ITIAN 'LOll. .n6 la-III.. STIAII TEMPUATURE • 381.7 de, , 

All ClUEICI OUT"" 
All IILET TIIIPEIATIMI. 279.1 de, , WENCHED All wlLn TEMPEIATUIE. 218.6 d., , 
IIATEI 'IUT TEllPUATUlI. 147.0 dea , YATEI OUTLET TEMPEIATURE. 218.6 
YATD IVAPIIIATED II THE All ClUEICM. l.nS lbooll ... 

GASifiED COAL ClUEICI OUT"" 
GASIfiED COAL IILET TEllPEIATUlI. 1850.0 de, , WENCHED GAS UIT TEMPERATURE. 318.] d., , 
AMOJIIT 0' HZI I~. .0262 lboolll.. AMOJIT 0' IH] REMOVED. .0000 lboo\l .. c 
YATER iVAPIIIATED 'I THI GA.IfIED COAL DUEICH. S.46S lboo\l"c 

STSTEII OUT"" 

In WOlle OUT • ln949. lIu,,,c, 141.] MIl 

HUT IATI • nn. It II I ItI.hr 

'IACTlIII 0' TOTAL COIIPlESIIIII IIOlI ACCCIIIPLISHED 1M COMPRESSOR NO.1' .6633 

ITlTlII .,flCIEICT ( lAUD III ILLINOII COAL NO.6. 12774 lIu,lb DIY MMY ). 44.n x 



Table 4.4.a 

Advanced Design Flowsheet (P = 500 psla) using Texaco 02 Gasifier 

SIMULATION OUtPUt I BASED ON 1000 SHORt tONS I OAT Of COAL ) 

$IIUII u~p PRESS fLOW lMlHAL" STIEAII 1I0lE fRACT lOllS _aEl ldegf) Ips I 0) CI booll sec ) "lull":) C"4 C2M6 CO2 H2I>II H2 02 Ar co H2 H25 ""3 H201lq 
1 60.0 14.4 11.262 ·13n. .00000 .00000 .00033 .00990 .ml1 .20719 .00925 .00000 .00000 .00000 .00000 .00000 2 542.1 110.0 11.262 36960. .00000 .00000 .00033 .00990 .ml1 .20719 .00925 .00000 .00000 .00000 .00000 .00000 3 85.0 IOS.0 11.262 352. .00000 .00000 .000]3 .00990 .ml1 .20719 .00925 .00000 .00000 .00000 .00000 .00000 4 430.1 500.0 11.262 27632. .00000 .00000 .00013 .00990 .ml1 .20719 .00925 .00000 .00000 .00000 .00000 .00000 5 282.0 500.0 12.6" 17023. .00000 .00000 .00029 .11613 .69016 .18514 .00826 .00000 .00000 .00000 .00000 .00000 6 797.1 498.0 12.6U 66057. .00000 .00000 .00029 .11613 .69016 .18514 .OOS26 .00000 .00000 .00000 .00000 .00000 7 2400.0 500.0 2.625 51380. .OOOSO .00000 .10790 .16490 .00680 .00000 .00910 .39620 .30260 .01000 .00170 .00000 ....a 8 408.9 500.0 6.023 12419. .00035 .00000 .04703 .64111 .00296 .00000 .00397 .ln69 .131119 .00000 .00000 .00000 9 466.6 500.0 .170 3115. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 10 410.5 500.0 6.193 12824. .00034 .00000 .04574 .65097 .00288 .00000 .003116 .16794 .12827 .00000 .00000 .00000 II IIOS.4 498.0 6.193 35671. .00034 .00000 .04574 .65097 .00288 .00000 .003116 .16794 .12827 .00000 .00000 .00000 12 408.9 500.0 .026 60. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 .00000 13 408.9 500.0 .004 12. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 14 60.0 505.0 4.5\2 ,116752. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 15 466.6 500.0 3.428 ·39877. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 16 466.6 500.0 .913 ,10625. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 17 420.0 500.0 3.789 '47636. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 18 282.0 505.0 2.436 '37026. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 19 60.0 505.0 .441 '8484. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 20 248.3 505.0 2.877 ·45511. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 21 404.8 500.0 2.878 ·]7036. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 22 2100.0 490.0 17.1191 311387. .00000 .00000 .07429 .35184 .48765 .07904 .00716 .00000 .00000 .00000 .00000 .00000 23 855.3 15.7 17.891 109531. .00000 .00000 .07429 .35184 .48765 .07904 .00716 .00000 .00000 .00000 .00000 .00000 24 855.3 15.7 11.159 68321. .00000 .00000 .07429 .35184 .411765 .07904 .00716 .00000 .00000 .00000 .00000 .00000 25 307.0 15.2 11.159 19289. .00000 .00000 .07429 .35184 .48765 .07904 .00716 .00000 .00000 .00000 .00000 .00000 26 855.3 15.7 6.711 41212. .00000 .00000 .07429 .35184 .48765 .07904 .00716 .00000 .00000 .00000 .00000 .00000 27 435.5 15.2 6.711 111365. .00000 .00000 .01429 .35184 .48165 .07904 .00716 .00000 .00000 .00000 .00000 .00000 28 213.5 14.7 6.711 9901. .00000 .00000 .07429 .35184 .48765 .07904 .00716 .00000 .00000 .00000 .00000 .00000 29 294.4 15.2 17.891 29189. .00000 .00000 .07429 .35184 .48765 .07904 .00716 .00000 .00000 .00000 .00000 .00000 

SLAG 1.959 lb/lee 1014. BtU/lee 
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Table 4.4.b 

Advanced Design Units Output (P = 500 psla) using Texaco O2 Gasifier 

CCllPRESSOI • 1 
• Of STAcn. 10 PRESSURE RATIO. 7.639 COMPRESSOR EFfiCIENCY. .868 
IoOIIK Of CCJlPRESSION • 38422. Itu/lee 

CCJlPRESSOI • Z 
• Of STAGES. 10 'IESME IATiO • 4.630 COMPRESSOR Ef,. C I ENCY. .868 
IoOIIK Of CCllPRESSION • 27726. Itulaec 

TOTAL 100II1 0' CCllPIUSION • 66149. Itu/lee, 69.1 MIl 

TURIIIE IESUlTS: 
• Of SlAGES. 10 EXPANSION IUIO .31.210 TURBINE EFfiCIENCY. .110 
TURBINE 100II1. 201862. Itu/lee, 213.0 MIl 

HEAT EXCHANGER. 1 CALCULATED UA. 1246.160 
APPROACH TEMPERATURE AT HOT INLEt • 51.] f APPROACH TEMPUATURE AT HOT WTLET. 25.0 f 
NOT STREM DELTA p. .5 PSIA COlO SlREM DElTA p. 2.0 PSIA 

HEAT EXCHANGE I • Z CALCULAtED UA. 655.911 
APPROACH TEMPERATURE AT HOT INLET • 46.9' APPROACH TEMPERATURE AT HOT WTLEI. 25.0 f 
HOT STIEM DElTA p. .5 PSIA COLO STREM DELTA p. 2.0 PSIA 

HEAT EXCHANGER' ] CALCULATED UA • ]04.110 
APPROACH TEMPERATURE AT HOT INLEt • 30.7' APPROACH TEMPUATURE AT HOT WTLET. 25.3' 
HOT STREM DElTA p. .5 PSIA COLO SlREM DElTA'. 5.0 PSIA 

COMBUSTOR WT"'T 
AIIIATIO. 1.eol FINAL NlORATiO. .1314 
fUEL IILET TEMPERATURE. 101.4' WET AIR IILET TEMPERATURE. 797.1' TURBINE INLET TEMPERATURE. 2100.0 f 

BOILEI WT"'T 
APPROACH TEMPERATURE AT If V INLEt • 25.0 f APPROACH TEMPUATURE AT If V WTLET. 75.5 f 
If V 'lOll. 4.51Z lbool/lec GASifiED COAL ClUEICH VATER fLOII. ].428Itnol/lec All WENCH IIATER fLOII. .913 lbool/lee 
STEAM flOll. .170 lbool/lec STEM TEMPERATURE. 466.6 cleO , 

All QUENCH WT"'T 
AIR .ILET TEMPERATURE' 430.1 cleo f ClUENCHED All WTLET IEMPUATURE. 282.0 cleo f 
IIAIEI INLET TEMPERATURE. 420.0 cleO , WAIU WTLEI IEMPERAIURE. 282.0 
WATEI EVAPORATED II THE All QUENCH. 1.353 lbool/lee 

GASifiED COAL ClUEICH ClJTPUT 
GASIfiED COAL INLEt TEMPERUURE. 2400.0 deo , QUENCHED GAS EXIT TEMPERATURE. 408.9 deg , 
MClJIT 0' H2S REMOVED. .0263 lbool/lec MO.)NT OF NH3 REMOVED. .0045 lbool/lec 
IIATER EVAPORATED II THE GASifIED COAL QUENCH. 3.428 lbool/I.e 

SYSTEM WTPUT 

NET 100II1 WT ( HOT INCLlIIlNG 02 PRODUCTION) • 

ENERGY PENALTY 'OR OXTCEN USED IN GASifiCATION. 

135713. Btu/sec, 143.2 MIl 

11449. BtU/lee, 12.08 MIl 

HEAT RATE. 11120. Itu / kllhr 

'RACTION 0' TOTAL COMPRESSION 1I01ll ACCOMPLISHED IN COMPRESSOR NO.1. .58011 

SYSIEM EfflCIENCT ( lASED ON ILLINOIS COAL NO.6, 12774 Btutlb DRT HHV ) • 41.49 X 



Table 4.5.a 

Advanced Design Flowsheet (P = 500 psla) using Fluid-Bed O
2 

Gasifier 

SI~lATJON CJJIPUI I eASED ON 1000 5HOIII TONS / OAT Of COAL ) 

STUAII IEIIP 'Ins flOW ENTHALPY SUEAII IIOlE fRACTIONS 
11\J118U Ic»gf) Ipsl.) Cltnoltlee) UtUilee) CM4 C2M6 CO2 M20II .2 02 Ar CO M2 H2S NH3 H201lq , 60.0 14.4 1S.0Il ·1&38. .00000 .00000 .ooon .00990 .mll .20739 .00925 .00000 .00000 .00000 .00000 .00000 2 542.1 110.0 15.082 49497. .00000 .00000 .00033 .00990 .ml1 .20739 .00925 .00000 .00000 .00000 .00000 .00000 1 85.0 108.0 15.0Il 471. .00000 .00000 .00033 .00990 .mll .20739 .00925 .00000 .00000 .00000 .00000 .00000 4 430.1 500.0 1S.082 37006. .00000 .00000 .00033 .00990 .ml1 .20739 .00925 .00000 .00000 .00000 .00000 .00000 5 287.6 500.0 17.101 23706. .00000 .00000 .00029 .12680 .681&3 .18290 .00816 .00000 .00000 .00000 .00000 .00000 6 778.1 498.0 17.101 87179. .00000 .00000 .00029 .12680 .68183 .18290 .00816 .00000 .00000 .00000 .00000 .00000 7 1850.0 500.0 2.044 29636. .05777 .00000 .04682 .04383 .01693 .00000 .00000 .54376 .27592 .01278 .00219 .00000 8 389.0 500.0 3.940 7901. .02997 .00000 .02429 .51170 .008ra .00000 .00000 .28210 .14315 .00000 .00000 .00000 9 466.6 500.0 .073 165. .00000 .00000 .00000 1.00000 .GOOOO .00000 .00000 .00000 .00000 .00000 .00000 .00000 10 390.4 500.0 4.013 8067. .02943 .00000 .02385 .52060 .00862 .00000 .00000 .27696 .14054 .00000 .00000 .00000 11 785.8 491.0 4.013 22191. .02943 .00000 .02385 .52060 .00862 .00000 .00000 .27696 .14054 .00000 .00000 .00000 1Z 389.0 500.0 .026 55. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 .00000 13 389.0 500.0 .004 11. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 14 60.0 505.0 6.042 '116181. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 

'-l 15 466.6 500.0 1.926 '22408. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 \.0) 16 466.6 500.0 .228 451. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 17 466.6 500.0 • ISS 350. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 18 803.7 498.0 .155 893. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 19 466.6 500.0 3.888 ,45225. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 20 439.1 500.0 5.907 ·nOO6. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 21 287.6 505.0 3.888 ,58705. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 22 287.6 505.0 1.869 ,28222. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 23 287.6 505.0 2.019 ,30483. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 24 384.7 500.0 2.019 ,26777. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 25 2100.0 490.0 20.276 343834. .00000 .00000 .06560 ;24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 Z6 828.7 15.7 20.276 117194. .00000 .00000 .06560 .24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 27 828.7 15.7 15.723 90880. .00000 .00000 .06560 .24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 Z8 31Z.6 15.2 15.723 27408. .00000 .00000 .06560 .24944 ;57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 29 828.7 15.7 4.551 26315. .00000 .00000 .06560 .24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 30 828.7 15.7 4.142 25095. .00000 .00000 .06560 .24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 31 415.4 15.2 4.142 10964. .00000 .00000 .06560 .24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 32 828.7 15.7 .211 1220. .00000 .00000 .06560 .24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 33 504.5 15.2 .211 678. .00000 .00000 .06560 .Z4944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 34 419.6 15.Z 4.553 11643. .00000 .00000 .06560 .Z4944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 35 312.6 14.7 4.553 7937. .00000 .00000 .06560 .24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 36 31Z.6 15.Z 20.Z76 35344. .00000 .00000 .06560 .24944 .57676 .10130 .00688 .00000 .00000 .00000 .00000 .00000 

SLAG 1.959 lb/sec: 744. Itu/sec: 
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Table 4.5.b 

Advanced Design Units Output (P = 500 psia) using Fluid-Bed O2 Gasifier 

COIPRUSOR , I 
• Of STAGlS. 10 PRESSURE RATIO. 7.639 CCIIPRUSOR EffiCIENCY. .868 
IIDR!: Of COIPRESSIOII • 51456. Ilu/I.e 

QlIIPRUSOR , 2 
• Of STAGES. 10 PRESSURE RATIO. 4.630 CCllPRESSOR EffiCIENCY. .868 
IIDR!: Of COIPRESSIOll • 3713Z. lIu/lee 

TOTAL IIDR!: 0' CCIIPIUSIOII • sasa8. IIU/.ee, 93.5 MIl 

TUI.INE IESUlTS: 
, Of STAGES. 10 EXPANSIOII RAllO. 31.210 TURBINE EffiCIENCY. • sao 
TURIINE IIDR!:. 226649. lIu/.K, 239.1 MIl 

HUT EXCHANGEI , I CALCULATED UA. 1748.n8 
. APPROACH TEMPERATURE AT HOT INLET • 50.6 F APPROACH TEMPERATURE AT HOT runET. 25.0 F 

HOT STIEAII DELTA'. .5 PSIA COLD STREAII DELTA p. 2.0 PSIA 

HEAT EXCHANGER' 2 CALCULATED UA • 426.602 
•. . APPROACH TEMPERATURE AT HOT INlU • 42.8 f APPROACH TEMPERATURE AT HOT runET. 25.0 f 

HOT STREAII DElTA'. .5 PSIA COLD UREAII DElTA p. 2.0 PSIA 

HEAT EXCHANGER. 3 CAlCUlATED UA • 124.939 
AP'ROACH TEMPEIATURE AT HOT INLET • 34.9 F APPROACH TEMPEIATURE AT HOT runET. 25.0' 
HOT STREAII DElTA'. .S PSIA COLD STREAII DElTA p. 5.0 PSIA 

HUT EXCHANGEI , 4 CALCULATED UA • 17.471 
APPROACH TEMPEIATURE AT HOT INLET • 25.0 f APPROACH TEMPEIATURE AT HOT runET. 311.0 f 
HOT STIEAII DElTA p. .5 PSIA COLD STREAII DElTA p. 2.0 PSIA 

COIIIUSTORruTPUT 
AIRRATIO. 3.nl fiNAL HZORATIO. .1452 
fUEL INLEJ TEMPERATURE. 785.8' IlET AIR INLET TEMPERATURE. 771.1 f TURBINE INLET TEMPERATURE. 2100.0 f 

IOILER rut"'" 
APPROACH TEMPERATURE AT Ifll INLET • 25.0 F APPROACH TEMPERATURE AT IFII runET. 75.S F 
.FII FUJII. 6.042 ' ..... '/ •• e GASIFIED COAL C1UENCH·IIATER flOW. 1.926' ..... '/aee AIR QUENCH IIATER FLOW. 3.8M , ..... lIuc 
STEAII FUJII. .228 ' ..... '/.K STEAII TEMPERATURE. 466.6 dee F . , 

A IR QUENCH ruTPUT 
All IIILET TEMPERATURE. 430. I deg F C1UENCHED AIR runET TEMPERATURE. Z1I7.6 dee F 
IIATEI INLET TEMPERATURE. 439.1 dee F IIATER runET TEMPERATURE. Z1I7.6 
IIATER EVAPORATED IN THE All DUENCH. 2.019 ' ..... I/aee 

GASifiED COAL autNeM ruTPUT 
GASIFIED COAL INLET TEMPERATURE. 11150.0 dee F DUENCHEO GAS Ell! TEMPERATURE. 389.0 dee F 
AMruIfT Of H2S IEMOV£D. .0261 ' ..... I/aec AMruNT OF NH3 REMOVED' .0045 ' ..... I/see 
IIATER EVAPORATED IN THE GASifiED COAL DUENCH. 1.926 ' ..... I/aee 

SYSTEM ruT PUT 

NET IIDR!: ruT ( NOT I NCLUIl I NG 02 PRtOUCTI 011 ) • 138061. Btu/.ee, 145.7 Mil 

ENERGY PENALTY fOR OXYGEN USED IN GASifiCATION • 7858. Btu/see, 11.29 MIl 

HEAT UTE • n49. Btu / kllhr 

FRACTION OF TOTAL CCIIPRESSION IIORK ACCCIIPllSHED IN CCIIPRESSOR NO.1. .51108 

SYSTEM EffiCIENCY ( BASED ON IlliNOIS COAL NO.6, IZn4 Btu/lb DRy HHV ) • 43.48 " 



Table 4.6.a 

Advanced Design Flowsheet (P = 500 psia) using Fluid-Bed Air Gasifier 
SlllIlATlON OUTPUT (lASED ON 1000 S"ORT TONS I DAY Of COAL ) 

STREAM TEMP PRUS flOll EU"Al" STREAM MOLE fRACTIONS _SER (eIeg') (psi.) (lbnDl/lee) (llu/lee) CM4 C2H6 CO2 M20v H2 02 Ar CO "2 "2S NH] H201 iq 
1 60.0 14.4 12.1'57 ·15SS. .DDDDO .00000 .000]3 .00990 .mll .20719 .00925 .00000 .00000 .00000 .00000 .00000 2 620.4 140.0 12.1'51 49120. .00000 .00000 .00033 .00990 .mll .20719 .00925 .00000 .00000 .00000 .00000 .00000 3 15.0 138.0 10.231 254. .00000 .00000 .000]] .00990 .77111 .20719 .00925 .00000 .00000 .00000 .00000 .00000 4 362.7 500.0 10.231 20110. .00000 .00000 .ooon .00990 .77111 .20719 .00925 .00000 .00000 .00000 .00000 .00000 5 274.4 500.0 11.290 \4661. .00000 .00000 .00030 .10271 .70063 .18195 .00838 .00000 .00000 .00000 .00000 .00000 6 n1.9 498.0 11.290 57146. .00000 .00000 .000]0 .10271 .7006] .18195 .00838 .00000 .00000 .00000 .00000 .00000 7 1850.0 500.0 4.190 57171. .00954 .00000 .03835 .04111 .48080 .00000 .00000 .26842 .15552 .00626 .00000 .00000 8 386.1 500.0 7.868 15479. .00508 .00000 .02042 .49269 .25604 .00000 .00000 .14294 .08282 .00000 .00000 .00000 9 466.6 500.0 .474 1071. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 10 390.1 500.0 1.342 16550. .00479 .00000 .01926 .52149 .24151 .00000 .00000 .13413 .07812 .00000 .00000 .00000 II 719.9 498.0 8.342 45126. .00479 .OOQOO .01926 .52\49 .24151 .00000 .00000 .1l483 .07812 .00000 .00000 .00000 12 386. I 500.0 .026 55. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 .00000 13 386. I 500.0 .000 O. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000 14 60.0 505.0 5.159 ,99119. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 15 466.6 500.0 3.704 ,43087. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 ...... 16 466.6 500.0 .705 1396. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 11 466.6 500.0 .231 523. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 VI 

18 822.6 498.0 .211 1376. .00000 .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 19 466.6 500.0 .1'50 ,1719. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 20 406.4 500.0 4.314 ,55382. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 21 274.4 505.0 3.255 ,49932. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 22 60.0 505.0 .309 ,5936. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 21 256.0 505.0 3.564 ,55869. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 24 393.4 500.0 3.564 ,46661. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 25 15.0 138.0 12.1'57 342. .00000 .00000 .ooon .00990 .mll .20719 .00925 .00000 .00000 .00000 .00000 .00000 26 15.0 138.0 2.516 62. .00000 .00000 .000]] .00990 .mll .20719 .00925 .00000 .00000 .00000 .00000 .00000 27 367.1 510.0 2.516 5031. .00000 .00000 .000]] .00990 .mll .20719 .00925 .00000 .00000 .00000 .00000 .00000 28 2100.0 490.0 18.522 319960. .00000 .00000 .07171 .]2464 .53613 .062]1 .00511 .00000 .00000 .00000 .00000 .00000 29 847.6 15.7 18.522 111530. .00000 .00000 .07171 .32464 .536\3 .062]1 .00511 .00000 .00000 .00000 .00000 .00000 ]0 847.6 15.7 9.793 58969. .00000 .00000 .07171 .]2464 .53613 .06237 .00511 .00000 .00000 .00000 .00000 .00000 31 299.4 15.2 9.793 16286. .00000 .00000 .07171 .32464 .536\3 .062]1 .00511 .00000 .00000 .00000 .00000 .00000 32 847.6 15.7 1.729 5256\ • .00000 .00000 .07171 .32464 .536\3 .06237 .00511 .00000 .00000 .00000 .00000 .00000 n 847.6 15.7 8.432 sonl. .00000 .00000 .07171 .32464 .53613 .062]1 .00511 .00000 .00000 .00000 .00000 .00000 34 415.1 15.2 8.432 21596. .00000 .00000 .07171 .32464 .53613 .062]1 .00511 .00000 .00000 .00000 .00000 .00000 35 847.6 15.7 .297 1791. .00000 .00000 .07171 .32464 .536\3 .06237 .00511 .00000 .00000 .00000 .00000 .OOQOO 36 491.7 15.2 .297 931. .00000 .00000 .0717] .32464 .536\3 .06237 .00511 .00000 .00000 .00000 .00000 .00000 37 4\1.4 15.2 8.729 22535. .00000 .00000 .07171 .32464 .53613 .062]1 .00511 .00000 .00000 .00000 .00000 .00000 38 281.6 14.7 1.129 1]321. .00000 .00000 .07171 .32464 .53613 .06237 .00511 .00000 .00000 .00000 .00000 .00000 39 291.0 15.2 11.522 296\1. .00000 .00000 .07171 .32464 .53613 .06237 .00511 .00000 .00000 .00000 .00000 .00000 
SLAG 1.959 Ib/lee 746. Btu/lee: 
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Table 4.6.b 

Advanced Design Units Output (P = 500 psla) using Fluld-~ed Air Gasifier 

COIPRESSOR • I 
• Of STAGE I • 10 PRESSUlt UTIO • 9.722 COIIPUSSOR EffiCIENCY' .86& 
WORK Of co.PRESSIOII • 50788. Btu/ile 

COIPRESSOR • 2 
• Of STAGES' 10 PRUSUlt IATlO • 3.623 COIPRESSOR Ef fI C \fNCY' .86& 
WORK Of co.PRESSlOII • 202a5. Itu/lee 

COIPRESSOR • 3 
• Of STAGES' 10 PRESSUIE RATIO' 3.696 COIIPRESSOR EffiCIENCY. .86& 
WORK Of co.PRUS 1011 .' 50&3. I tu/lee 

TOUL WORK Of co.PRUSIOII • 76155. ltU/lee, aD.3 l1li 

IUllIINE RESUUS, 
• Of STAGES' 10 EXPANSlOII RATIO. 31.210 TURBINE EffiCIENCY. .880 
TURBINE WORK' 20&43&. Itullee, 219.9 l1li 

HUI EXCHANGER. I CALCULAUD UA' 971.6&6 
APPROACH TEIIPUATURE AT HOI INLEI • 69.1 f APPROACH IEMPERAlURE AT HOI OUTLET' 25.0 f 
HOT STREAM DELTA p. .5 PSIA COLO STUAM DELYA p. 2.0 PS'" 

HEAl EXCHANGEI • 2 CALCULATED UA • 146.1a7 
APPROACH TEIIPERATURE AT HOI INllI • 57.7 f APPROACH TEMPERATURE AI HOT OUTLET' 25.0' 
HOI STREAM DELTA" .5 PSI_ COLD STREAM DELTA p. Z.D PS'" 

HEAl EXCHANGER. 3 CALCULATED UA • 363.872 
APPROACH TEIIPERATURE AT MOT INLEI • 25.0 f APpROACH TEMPERATURE AT HOT OUTLET' 25.6 f 
MOl STUAM DELTA p. .5 PSIA COLD STREAM DELTA p. 5.0 PSIA 

HUI EXCMANGEI • , CALCULATED UA • 34.032 
APPROACH TEIIPERATURE AT HOT INLET • Z5.0 f APPROACH TEMPERATURE AT HOT OUTLET' 25.1 f 
MOT STREAM DELTA p. .5 PS'" COLD STREAM DELTA p. 2.0 PSIA 

COIauSTOR OUTPUT 
AIIIATIO' 1.21S fiNAL HZORATIO' .1145 
fUEL INLEY TEIIPERATUIE' 189.9 f IIET All INLET TEMPERATURE' m.9' TURalNE INLET TEMPERATURE' 2100.0 f 

BOILER OUTPUT 
APPROACH TEIIPEUTURE AT Ifll INLEI • 25.0 f APPROACH TEMPERATURE AT If II OUTLET. 153.8 f 
Ifll flOW. 5.15911aoIllee GASifiED COAL QUENCH IIATER flOW. 3. 704 I bono llae. AIR OUENCH IIATER flOW' .75011mo1l .. c 
STEAM flOW' .705 lbonolllee STEAM TEMPERATURE • 466.6 de. f 

All QUENCH OUTPUt 
All INLET TEIIPERAtURE' 362.7 de. f QUENCHEO ,.11 OUTLET tEMPERATURE' 274.4 de, F 
IIATER INLET tEIIPEUTURE' 406.4 de. , IIATER OUTLET lEIIPERAIURE' 274.4 
IIATER EVAPORAtED IN THE AIR QUENCH' 1.058 lbonol,aec 

GASI flED COAL QUENCH OUTPUT 
GASIfiED COAL INLET TEMPERATURE' la50.0 de. F QUENCHED GAS EXIT TEMPERAIURE' 386. I deg f 
MOUNT Of H2S IEMOVED. .0262 lbonolllee AMOUNT OF NH3 REMMD' :0000 lbonolliec 
IIATER EVAPORATED IN THE GASifiED COAL QUENCH. 3.704 lbonoi/l.. • 

STSIEM OUIPUT 

NEl \IORl OUI • 132282. Btu/sec, 139.6 MIl 

HEAl RATE • 7627. Btu I kllhr 

'RACIION Of lOTAL COMPRESSION \IORl ACCOMPLISHED IN COMPRESSOI! NO.1. .6669 

SYSTEM EffiCIENCY ( BASED ON ILLINOIS COAL NO.6, 12774 Btuf\b DRY HHY ) • 44.17 " 

': 



In Figure 4.2, which represents the advanced design with a Texaco 02 gasi­

fier, no modifications are necessary since the gasifier uses no steam and in both 

gasifier cases that use 02 it is impractical to include the air-separation unit on the 

figure. Figures 4.3.a and 4.4 show the addition of an additional heat exchanger 

(HX-4), which was used to superheat the steam sent to the respective gasifiers. 

Figure 4.3.b is an alternative design to 4.3.a (both designs use the fluid-bed 02 

gasifier) and includes a boiler heated by turbine exhaust for use in those cases 

where insufficient steam is produced in the boiler to supply the gasifier. To 

supply the compressed air used by the fluid-bed air gasifier, an additional com­

pressor (C-3) is added to the design shown in Figure 4.4. In Figures 4.2 and 4.4, 

the streams numbered 19 and 22 respectively are shown with arrows indicating 

flow in two directions. At any particular set of operating parameters, water 

would flow only in one direction. Over the full range of parameters, it is some­

times necessary to reverse the direction of flow, i.e. to add or remove water to or 

from the system as required. 

4.3.2 Effect or Compressor Loading 

Figures 4.5, 4.6 and 4.7 show the performance of advanced-design systems 

using the Texaco °2, fluid-bed 02 and fluid-bed air gasifiers respectively over a 

broad range of compressor loadings and at system pr~ssures ranging from 200 psia 

to 500 or 600 psia. A slight discontinuity is observed in the behavior of the f1uid­

bed 02 gasifier (Figure 4.6), resulting in two separate sets of curves. These two 

sets of curves represent the performance of the two different configurations 

shown in Figures 4.3.a and 4.3.b, with dashed lines connecting curves at the same 

pressure to indicate the transition. The need for a different configuration is the 

result of the first-stage compressor supplying too Iowa fraction of the total 

compression work to generate sufficient steam in the boiler for the gasifier. It is 

thus necessary to use an alternative design, particularly at lower system pressures, 
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Figure 4.5 

Variation of Advanced Design Efficiency * with Compressor Loading 
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Figure 4.6 

Variation of Advanced Design Efficiency * with Compressor Loading 
Fluid-Bed 02 Gasifier 
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Figure 4.7 

Variation of Advanced Design Efficiency * with Compressor Loading 
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which produces gasifier steam in a separate boiler (labeled "Steam Boiler" in 

Figure 4.3;b), for the low compressor-loading cases. It is apparent from Figure 4.6 

that system efficiency could be improved if an alternative design were not re-
" 

quired to supply the gasifier with steam. Improved efficiency in the fluid-bed 02 

case could likely be achieved by modifying the gasifier so that it did not use a 

supply of steam, thus allowing a more even split of work between the air-

compression stages. 

Alternative designs are not needed for the Texaco 02 and fluid-bed air 

configurations. The Texaco 02 gasifier requires no steam and thus system per­

formance is not dependent on steam being produced in the boiler. The fluid-bed 

air case produces sufficient gasifier steam at its optimum compressor loading, 

which is higher than for the other two gasifiers. Compressor loadings significant-

ly below the optimum would require an alternative design for the fluid-bed air 

case, but such a design would not be as efficient. The optimum compressor load-

ing is somewhat higher in the fluid-bed air case because the third compressor, 

operating in parallel with the second-stage compressor, supplies air to the gasifier 

and not the combustor, thus air from the third compressor does not supply low-

temperature heat to the system. A higher compressor loading thus retains more 

low-temperature heat in the system, making the higher compressor loading more 

efficient. 

As can be seen in Figure 4.5, with the Texaco 02 gasifier the advanced 

design system reaches its maximum performance when roughly 55 percent of the 

total work of compression is provided in the first-stage compressor. This loading 

is somewhat lower than the values for the fluid-bed 02 and air cases, which have 

optimum loadings of around 65 percent and 70 percent respectively in the first-

stage compressor. This difference arises because the Texaco gasifier does not 

require a flow of steam to feed the gasifier, allowing an even split of work 
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between the two compressor stages. The even split of compression work in the 

Texaco 02 case allows for little if any steam production, which is not needed by 

the Texaco 02 gasifier. The optimum compression loading thus corresponds 

approximately to an even split of work between the two compressor stages, which 

minimizes the total work of compression. 

Optimum compressor loading is achieved with the proper balance between 

sensible heat in the compressed air leaving the first compressor and the total work 

of compression. When too little compression is performed in the first-stage com-

pressor, air- leaving' the first stage has insufficient sensible heat, thus the fluid-bed 

cases suffer from insufficient steam production and the Texaco case suffers from 

sub-saturated water being sent to the coal-gas quench. Conversely, too much work 

done by the first-stage compressor begins to minimize the advantage of intercool-

ing and thus increases the total work of compression. 

4.3.3 Effect of System Pressure 

Figure 4.8 shows the effect of system pressure on the three advanced-design 

cases. The results obtained in this investigation show that the advanced design 

obtains its maximum performance at a system pressure of about 200 psia, with the 

two fluid-bed gasifiers once again giving a significantly higher system efficiency 

than the Texaco entrained-flow gasifier. It is interesting to note that system 

efficiency is not extremely sensitive to system pressure in advanced design sys-

terns, particularly in the Texaco 02 case. This insensitivity is a result of the 

manner in which the advanced design recycles the waste heat in the turbine 

exhaust. At low system pressures the turbine exhaust is relatively hot (around 

llOOoF), and the incoming wet air and fuel streams are preheated to high temper-

atures. The high inlet temperatures of these streams to the combustor cause the 

required excess flow of compressed air to be greater to meet the inlet temperature 
~ 

limitation of the turbine. Thus lower system pressures require a greater flow of 
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Figure 4.8 

Variation of Advanced Design Efficiency * with System Pressure 
Three Different Gasifiers at Optimal Compressor Loading 
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compressed air. The opposite is true for higher-pressure cases, where a lower 

requirement for excess air results from lower turbine-exhaust temperatures. With 

higher-pressure cases requiring lower air flows at higher compression, and with 

the opposite being true for lower pressure cases, the total work of compression is 

relatively independent of system pressure. 

Though the thermal efficiency of the advanced design is somewhat inde­

pendent of system pressure, there is still an optimum system pressure, which 

occurs around 200 psia for all three cases. The optimum system pressure results 

from a trade~off between energy lost from the compressor intercooler and lost in 

the stack gas in the form of higher stack temperatures and higher water vapor 

contents. At low system pressure, the intercooler water flow is higher due to the 

large flow of compressed air. More water is heated in the intercooler than can be 

used by the system, thus heat is lost to a cooling tower. At higher system pres­

sures, the two water quenches operate at higher temperatures, evaporating more 

water into the air and fuel streams and making them hotter before heat exchange 

with the turbine exhaust. With more water evaporated in the quenches, more hear 

is lost from the system as latent heat of water vapor. The stack gas is hotter at 

higher system pressures because the turbine exhaust is cooled with warmer water 

streams. The optimum system pressure thus minimizes the energy lost from the 

system in the stack gas and in excess preheated water. 

4.3.4 Relative Gasifier Performance 

Higher thermal efficiencies for the fluid-bed gasifiers, which occur in the 

ISTIG design cases, also occur in the advanced-design cases for much the same 

reasons. The Texaco 02 gasifier produces a coal-gas stream which has a higher 

fraction of its carbon converted to CO2 rather than to desirable CO because a 

higher partial combustion occurs. The energy content of the coal gas is thus 

lower, causing the thermal efficiency of the system to be lower. It is interesting 
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to observe that both fluid-bed gasifiers yield essentially the same optimum thermal 

efficiency, though the air-fed case has a lower decrease in efficiency with higher 

system pressures. This is because at higher pressures the air-fed case is able to 

match the intercooler water flow with the system's need for water, whereas the 

02-fed case still sends some water to a cooling tower. With both gasifiers having 

about equal system efficiencies, the air-fed gasifier is the economically advanta­

geous choice as it does not require a cryogenic separation facility. 

Figure 4.9 shows a comparison of the three different methods of heat 

recovery that have been investigated in this study: the ISTIG full-quench, the 

ISTIG partial-quench and the advanced design. The Texaco 02 gasifier was used 

in each case. The advanced-design method of heat recov~ry, which incorporates a 

full aqueous quench of the coal gas, clearly results in superior system perform­

ance, achieving both a significantly higher thermal efficiency and a lower sensi­

tivity to system pressure. 
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Chapter ~ CAPITAL COSTS QE. THE ISTIG AND ADVANCED DESIGNS 

The primary goal in the development of the advanced design has been to 

improve the system efficiency while incorporating the fuJI-quench method, as '> 

described above in this study. There are of course other major concerns when 

actually considering a new technology, such as the capital investment required to 

construct a plant that would use the new technology. A complete analysis of the 

capital investment required to build actual operating facilities of the various 

systems modeled in this study would be very laborious and also somewhat prema­

ture. However, an estimate of the relative capital investments will help to guide 

the development of the technology further. 

The greatest difference in capital costs between the ISTIG and advanced 

design systems will undoubtedly be the equipment involved in the heat-recovery 

sections. The temperature profiles and heat-exchanger flows are substantially 

different in the two designs, which result in significantly different heat-exchange 

areas. Insufficient information is available for an analysis of the capital costs of 

either the full-quench or partial-quench clean-up methods themselves at this point, 

though lower operating temperatures and continuous operation will likely favor 

the full-quench. Therefore this investigation of capital costs will emphasize the 

differences in heat-exchange equipment. Significant differences will also exist 

between the sizes of compressors and turbines used in each design, which will be 

addressed in this study by comparing the flows of compressed air and turbine 

exhaust. 

The capital cost of each heat-recovery system will be closely related to the 

heat-exchange area of each system. Therefore, Tables S.l.a through S.4.a were 

prepared to compare the thermal efficiencies and heat-exchange areas of each 

design, based on a coal consumption of 1000 tons per day. Tables S.1.b through 

S.4.b show the compressor and turbine flows, and the amount of water evaporated 
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into the air and coal-gas streams in each case. Table 5.5 then compares the in­

stalled heat-exchange capital with the annual value of electric power for each 

case. Heat-exchange areas are determined using the heat-transfer coefficients 

stated in section 2.3.5 of Chapter 2. Purchased cost is calculated using a value of 

11 dollars per square foot of tube~side heat-exchange area (Louks, 1987), assuming 

the use of finned-tube heat exchangers. A factor of 3.2 (Guthrie, 1977) is used to 

determine the installed cost of the heat-exchange systems from the purchased cost. 

System characteristics of the ISTIG partial-quench design with three dif­

ferent gasifiers that significantly affect capital costs are shown in Table 5.1.a,b. 

The system pressure used for each gasifier case of Table 5.l.a,b was chosen to 

show the highest thermal efficiency obtainable with each gasifier in an ISTIG 

design. These system pressures correspond well with system pressures of existing 

ISTIG systems. Tables S.2.a,b and 5.3.a,b show the characteristics for the advanced 

design with the three gasifiers at the optimum system pressure of 200 psia and at 

the higher system pressure of 500 psia. 

A system pressure of 200 psia maximizes the thermal efficiency of an 

advanced design system. However, at that pressure the heat-exchange area of the 

advanced design is very large, so the system characteristics at 500 psia are listed 

for comparison. The high system pressure of SOO psia reduces the heat-exchange 

area in addition to being the pressure currently proposed for ISTIG systems. Since 

the .heat-exchange area of the advanced design is dependent on system pressure, as 

is the thermal efficiency, a rigorous cost analysis would be required to determine 

the optimal system pressure for a particular advanced-design case. The ISTIG 

design and the advanced design at the two system pressures are compared in Table 

S.4.a,b, with each case using the Texaco 02 gasifier. All cases examined in this 

chapter were at their optimum compressor loadings. 
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5.1 ISTIG and 'Advanced Design Comparison 

The most significant difference between thermally optimized ISTIG and 

advanced design systems is the heat-exchange area required by each system. Th~ 

area required by the advanced design at its optimum system pressure is roughly a 

factor of four to five times greater than that of the ISTIG design, as can be seen 

in Table 5.4.a and by comparing Tables 5.l.a and 5.2.a. However, as was men­

tioned in Chapter 4, the thermal efficiency of the advanced design is relatively 

insensitive to system pressure, whereas the compressor and turbine flows vary 

inversely with system pressure (see Tables 5.l.b, 5.2.b and 5.4.b). Compressor flows 

at 500 psia range from only 68 to 72 percent of those at 200 psia, while turbine 

flows at 500 psia are in each case 78 percent of those at 200 psia. These reduced 

flows, plus the lower turbine-exhaust temperatures that occur at high system 

pressures, as discussed in section 4.3.3 of Chapter 4, result in a reduction in heat 

exchange between feed and exhaust flows. Thus the advanced design at 500 psia 

has roughly half the heat-exchange area of the 200 psi a case, as shown in Table 

5.4.a. The 500 psia advanced-design case shows only a two-fold increase in re­

quired area over the ISTIG partial-quench design (compare Tables 5.l.a and 5.3.a). 

Advanced design systems evaporate more water than ISTIG design systems, 

illustrating the means by which the advanced design recovers more low­

temperature heat. The advanc'ed design cases at SOO psia evaporate from 6 t08 

percent more water than those at 200 psia, and evaporate from 8 to 31 percent 

more water than the ISTIG design cases, with the fluid-bed 02 case showing the 

least increase and the fluid-bed air case the greatest. These results can be seen in 

Tables 5.l.b through S.4.b. The greater evaporation of water in the advanced 

design results from greater recovery of low-temperature heat, and is evidenced by 

lower stack-gas temperatures. 

A significant impact on capital costs will also result from the differences 
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in the compressor and turbine flows, which are also listed in Tables 5.l.b through 

S.4.b. The 200 psia advanced design case has significantly higher compressor and 

turbine flows than the ISTIG desig·n. However, due to the inverse relationship of 

system pressure and compressor and turbines flows in the advanced design, the 500 

psia cases show both lower compressor and turbine flows than the ISTIG design. 

These differences in compressor and turbine flows (and hence compressor and 

turbine sizes) would have significant impacts on the capital costs of the various 

different cases. 

5.2 Gasifier Comparisons 

The heat-exchange areas for each combination of gasifier and heat­

recovery design are shown in Tables 5.l.a through S.4.a. The impacts that these 

different gasifiers have on the flows and thermal efficiencies of each case are 

discussed in Chapters 3 and 4 of this study. It is useful to examine the differ­

ences in heat-exchange capital that would result from the use of each gasifier. 

The heat-exchange areas of the ISTIG cases vary from the Texaco 02 gasi­

fier case, which needs the least area, to the fluid-bed air gasifier which needs the 

most (seen in Table S.l.a). However, the ISTIGdesign requires comparatively little 

heat-exchange area compared to the advanced design and so the differences 

between ISTIG designs are not very significant. In the advanced design, the fluid­

bed 02 case requires the largest area whereas the fluid-bed air case requires the 

least, as shown in both Tables S.2.a and S.3.a. The fluid-bed air case has the 

lowest heat-exchange area of the advanced-design cases primarily because it has 

the lowest air flow to the combustor, which results from the large amount of 

diluent N2 already in the coal-gas. 

In every case examined, the fluid-bed 02 gasifier consistently had the 

largest compressor and turbine flows and the lowest amount of water evaporated. 

The fluid-bed 02 gasifier produces a coal-gas stream that is smaller than that of 
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Table S.1.a 

Heat-Exchange Areas of the ISTIG Partial-Quench Design 

for Systems using Three Different Gasifiers 

Fluid-bed 
Air-fed 

• 

Texaco 
Oxygen-fed 

(P = 600psia) 

Fluid-bed 
Oxygen-fed 
(P = 500psia) (P = 500psia) 

Thermal 
Efficiency, % 40.0 40.9 41.4 

Heat-Exchange Areas (sg ft x 1000) 

Gas-Liquid: (HX-l 50.5 49.1 60.6 
+ Economizer) 

Boiler: 21.9 25.2 23.5 

Gas-Gas: 5.9 7.6 7.1 
(Superheater) 

Total Area: 78.2 all 2.U 

• Optimal System Pressure and Compressor Loading 

Table S.1.b 

• Compressor, Turbine and BFW Flows for the ISTIG Partial-Quench Design 

for Systems using Three Different Gasifiers 

Compressor 
Flow 

Turbine 
Flow 

Texaco 
Oxygen-fed 

(P = 600psia) 

14.1 

19.8 

Water Evaporated 4.7 
in Process 

• Boiler Feed Water 

Fluid-bed 
Oxygen-fed 

(P = 500psia) 

System Flows llbmol/sec) 

17.0 

21.9 

3.9 
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Fluid-bed 
Air-fed 

(P = 500psia) 

16.0 

20.2 

4.2 



Thermal 
Efficiency, %. 

Gas-Liquid: 
(HX-3) 

Boiler: 

Gas-Gas: (HX-I, 
HX-2 + HX-4) 

Total Area 

• 

Table 5.2.a 

Heat-Exchange Areas of the Advanced Design 

for Systems using Three Different Gasifiers 

Fluid-bed 
Air-fed 

Texaco 
Oxygen-fed 

(P = 200osia) 

Fluid-bed 
Oxygen-fed 

(P = 200osia) (P = 200psia) 

41.8 44.8 44.7 

Heat-Exchange Areas (sa ft x I 000) 

7.9 7.1 11.0 

62.1 65.9 57.6 

345.2 376.7 295.9 

Optimal Compressor Loading 

Table 5.2.b 

Relative Compressor, Turbine and BFW Flows for the Advanced Design 

for Systems using Three Different Gasifiers 

Compressor 
Flow 

Turbine 
Flow 

Texaco 
Oxygen-fed 

(P = 200psia) 

16.7 

23.0 

Water Evaporated 5.3 
in Process 

Fluid-bed 
Oxygen-fed 

(P = 200psia) 

System Flows Obmol/sec) 

20.9 

25.9 

3.9 
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Fluid-bed 
Air-fed 

(P = 200psia) 

18.3 

23.7 

5.1 

'" 



.. 

0 

Thermal 
Efficiency, % 

Gas-Liquid: 
(HX-3) 

Boiler: 

Gas-Gas: (HX-l, 
HX-2 + HX-4) 

Total Area 

• 

Table 5.3.a 

• Heat-Exchange Areas of the Advanced Design 

for Systems using Three Different Gasifiers 

Texaco 
Oxygen-fed 

(P = 500psia) 

41.5 

Fluid-bed 
Oxygen-fed 

(P = 500psia) 

43.5 

Fluid-bed 
Air-fed 

(P = 500psia) 

44.2 

Heat-Exchange Areas (sg ft x 1000) 

15.7 6.4 18.7 

41.2 55.2 41.3 

137.0 157.9 126.6 

Optimal Compressor Loading 

Table 5.3.b 

Relative Compressor, Turbine and BFW Flows for the Advanced Design 

for Systems using Three Different Gasifiers 

Compressor 
Flow 

Turbine 
Flow 

Texaco 
Oxygen-fed 

(P = 500psia) 

11.3 

17.9 

Water Evaporated 5.6 
in Process 

Fluid-bed 
Oxygen-fed 

(P = 500psial 

System Flows ()bmo)/sec) 

15.1 

20.3 

4.2 
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Fluid-bed 
Air-fed 

(P = 500psia) 

12.8 

18.5 

5.5 



Table 5.4.a 

• Heat-Exchange Areas of the ISTIG and Advanced Design 

Th-ermal 
Efficiency, %" 

GaS-Liquid: 

Boiler: 

Gas-Gas: 

Total Area 

.' 

using the Texaco 02 .Gasifier 

ISTIG 
Partial Quench 
(P< =600psiaj 

40.0; 

Advanced 
Design 

(P = 200psia) 

41.8 

Heat-Exchange Areas (sg ftx 

50.5 7.9 

21.9 62.1 

5.9 345.2 

1.U !!U 

Optimal Compressor Loading 

Table 5.4.b 

Advanced 
Design 

(P = 500psia) 

41.5 

1000) 

15.7 

41.2 

137.0 

ill...2. 

Relative Compressor, Turbine and BFW Flows for ISTIG and Advanced Designs 

using the Texaco O2 Gasifier 

Compressor 
Flow 

Turbine 
Flow 

ISTIG 
Partial Quench 
(P = 600psia) 

14; I 

19.8 

Water Evaporated 
in Process 

4.7 

Advanced 
Design 

(P = 200psia) 

System Flows (lbmol /sec) 

16:7 

23.0 

4.6 

94 

Advanced 
Design 

(P = 500psia) 

11.3 

17.9 

5.0 



Table 5.5 

Installed Heat-Exchange Capital Cost and Annual Income from Electric Power 

for ISTIG and Advanced Design Heat-Recovery Systems 

•• Texaco 
°2-Gasifier 

Annual Value 
of Power 

Fluid-Bed 
°2-Gasifier 

Annual Value 
of Power 

Fluid-Bed 
Air-Gasifier 

Annual Value 
of Power 

• 

ISTIG 
Partial Quench 
(P = ~QQ l2§ia) 

2.75 

54.60 

2.88 

55.93 

3.20 

56.50 

Millions of Dollars 

Advanced 
Design 

(P = 2QQ l2§ia) 

14.62 

57.06 

15.84 

61.20 

12.83 

61.12 

Electricity valued at SO.05 / kW-hr 

•• System Pressure = 600 psia 

95 

Advanced 
Design 

(P = ~QQ I2sia) 

6.82 

56.69 

7.71 

59.41 

6.56 

60.36 

* 



the fluid-bed air gasifier and cooler than that of the Texaco 02 gasifier, as dis­

cussed in section 1.6 of Chapter 1. Thus the fluid-bed 02 gasifier evaporates the 

least amount of water in the coal-gas quench. With the lowest evaporation of 

water, the fluid-bed 02 case requires the highest air flow to the combustor to 

maintain the allowable turbine inlet temperature. 'Since air (mostly nitrogen) does 

not have as high a heat capacity as water vapor, more diluent nitrogen passes 

through the system, giving the fluid-bed 02 gasifier case the highest turbine flow 

as well. 

5.3 Heat-Exchange Capital Cost Summary 

The installed heat-exchange capital costs and the ,annual value of electric 

power production for each case examined in Tables 5.1 through 5.4 are shown in 

Table 5.5. As mentioned previously in this chapter, the purchased costs of heat­

exchangers are determined using an average cost of II dollars per square foot of 

tube-side heat-exchange area and installed costs are assumed to be 3.2 times the 

purchased costs. Electric power production values are based on the power output 

of each case (with each case using the same feed rate of coal) at a value of five 

cents per kilowatt-hour. It is interesting to note that an increase of one percent­

age point in thermal efficiency corresponds approximately to an increase in the 

yearly value of electric power produced of 1.4 million dollars, based on a coal 

consumption of 1000 tons per day. 

The payback period for the additional heat-exchange capital required to 

install the advanced design rather than the ISTIG design varies with the gasifier 

used. The payback periods for the 200 psia advanced-design cases are 4.8, 2.5 and 

2.1 years for the Texaco 02' fluid-bed 02 and fluid-bed air gasifiers respectively 

when compared to their respective ISTIG cases. For the 500 psia advanced design 

systems compared to the ISTIG systems, these periods are 2.0, 1.4 and 0.9 years. 
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Even the longest of these payback periods shows the attractiveness of the ad­

vanced design, while the best advanced-design system becomes economically more 

favorable than the ISTIG in the first year. 

I't will be necessary to find the best operating pressure for the advanced 

design. To find the true optimal system pressure would require a rigorous capital 

analysis, but comparing the 500 and 200 psia heat-exchange capital may give some 

indication of the proper value. From Table 5.5, it can be calculated that 21 years 

would be required in the Texaco 02 case to justify using a system pressure of 200 

psia, which maximizes thermal efficiency but significantly increases heat ex­

changer area. However, for the fluid-~ed 02 and air cases, these values are only 

4.5 and 8.3 years respectively. These payback periods indicate that, depending on 

the type of gasifier used, the optimal system pressure will be between 200 and 500 

psia. 
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Chapter ~. CONCLUSIONS AND RECOMMENDATIONS 

The computer simulation which was developed to model coal-gas turbine 

systems has successfully investigated several aspects of such systems. The assump­

tions used in the simulation, listed in Table 2.1, were generalized values but 

should not significantly affect the validity of the simulation results. For example, 

the assumed turbine and compressor efficiencies should have little effect on the 

comparative efficiencies of the ISTIG and advanced design cases. Some assump­

tions did slightly favor one case over another. The assumption of equal heat­

exchanger pressure drops for the turbi~e exhaust favored the advanced design, 

which has large heat-exchange areas. The ISTIG partial-quench case was favored 

by the assumption of zero pressure drop through the clean-up process, since the 

coal gas would probably have to flow through a packed bed and a filter as part of 

the clean-up process. On the whole, however, it is felt that the results presented 

in this study represent an accurate and enlightening description of the perform­

ance of feasible coal-gas turbine systems. The development of the advanced 

design, which forms the central core of this study, is shown to lead to a signifi­

cant improvement in heat-recovery design and should have a noticeable impact on 

the future development of coal-gas turbine systems. 

While the specific technologies that are necessary to clean coal gas at ele­

vated temperatures are still being developed, an emphasis should be made towards 

developing those technologies that could be incorporated as part of a full-quench 

(medium-temperature) method of coal-gas clean-up. Even in ISTIG systems, where 

it was shown that full-quench clean-up results in system efficiencies that are 

somewhat lower than corresponding partial-quench systems at conventional pres­

sures, the full-quench method would likely have several operating advantages 

which could offset the lower thermal efficiencies. Therefore, the current effort 

in developing higher temperature, partial-quench clean-up technologies should be 
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supplemented by developing technologies that could be used in the full-quench 

method of coal gas clean-up. 

The incorporation of three different gasifiers into the ISTIG and advanced 

designs shows the significant effect that different methods of gasification have on 

the thermal efficiency of the two clean-up methods. The Texaco 02 entrained­

flow gasifier is clearly the least efficient in its conversion of coal to gaseous fuel 

and its use results in lower thermal efficiencies. Both fluid-bed gasifiers perform 

better than the Texaco 02 gasifier, with the air-fed gasifier systems usually giving 

the highest thermal efficiency. Drawbacks to the fluid-bed gasifiers are their 

dependence on a supply of superheated steam and the fact that they do not fuse 

the mineral content of coal in their gasification step. The use of steam could 

possibly be eliminated by feeding the gasifiers wet oxidant streams, preheated by 

turbine exhaust, which would have enough H20 for the gasification step. A 

rigorous study would need to be done to assess the impact of the environmentally 

less-desirable ash resulting from fluid-bed gasification to determine whether pro­

ducing slag (fused ash) makes the Texaco gasifier an attractive alternative. 

Since the fluid-bed air gasifier yields the highest thermal efficiency and 

does not need an air-separation facility, it appears to be the likely choice of gasi­

fiers. The fluid-bed air gasifier improves the efficiency of the ISTIG partial­

quench by 1.4 percentage points and improves the advanced design by 2.9 percent­

age points relative to the Texaco 02 gasifier. At the optimum system pressure for 

the advanced design, there is no significant difference between the thermal effi­

ciencies of the fluid-bed 02 and fluid-bed air systems. At higher system pres­

sures, the fluid-bed air system performs significantly better. Higher system pres­

sures (around 500 psia) also appear to reduce capital costs of a fluid-bed air 

system significantly without dramatically lowering thermal efficiency. 

The advanced design achieves a significant improvement in thermal effi-
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ciency over the ISTIG full-quench design regardless of gasifier type, showing that 

the ISTIG design is not the most efficient design for a system using the full­

quench method. The advanced design not only improves the efficiency of a 

system using full-quench clean-up, but also allows the attainment of thermal effi­

ciencies even higher than those of the ISTIG with partial-quench clean-up. The 

advanced design combined with a fluid-bed air gasifier has an optimum thermal 

efficiency of 44.7 percent, 3.3 percentage points higher than the corresponding 

ISTIG'system with partial-quench clean-up, and a full 6.8 percentage points higher 

than the Cool Water combined-cycle design. The only disadvantage of the ad­

vanced design. is the increased heat-exchange area required relative to the ISTIG 

design. However, as was shown in Chapter 5, the payback period for the addi­

tional capital investment would be fairly short. 

Future work on the advanced design should include a determination of the 

most economical system pressure, which would involve a more detailed analysis of 

capital investment than was presented in this study. It would also be very useful 

to modify the gasification step to enhance the performance of the advanced 

design. For example, it might be possible to use wet air that was heated by tur­

bine exhaust to feed the fluid-bed gasifiers instead of having to supply superheat­

ed steam. Hotter gasification air would produce a coal-gas stream with a higher 

energy content than that currently produced, since less of the coal energy would 

be expended to heat the air to gasification temperature. Of course, future work 

should include the development of an H2S-removal technology that could be ef­

fected in an aqueous scrub. Such an H2S-removal technology would be ideally 

suited for use with the advanced design. While the advanced design is not yet a 

proven heat-recovery method, its advantages will likely lead to its use for future 

gas-turbine systems. 
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APPENDIX 

The Appendix to this report, a 37-page listing of the computer code used to 
simulate the flow configurations discussed above, is available upon request from: 

Professor Scott Lynn 
Department of Chemical Eng"ineering 
University of California 
Berkeley, CA 94720-9989 
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