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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 (1850°F - 2400°F) to 1200°F by
evaporation of water; medium-temperature clean-up saturates the hot coal gas to
about 400°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-cfficichcy advantagc 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.
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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 h:as been burned at atmospheric pressure to fire a high-pressure steam
boiler, the high-pressure steam 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 potentially more efficient and environmentally more acceptable method
of producing electric power from coal uses a combustion turbine in which com-
pressed air and gasified coalvarc burned and pass directly through an expansion
turbine. A similar method is already in operation for some peak-power generators
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 cont;\ins particulates and gaseous pollutants that must be
removed prior to the combustion of the coal gas. The particulates come 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 (H,S) , carbonyl sulfide



(COS) and amimonia (NH3), with st predominating. The fuel components of the
coal gas are carbon monoxide (CO), hydrogen (Hz), and methane (CHy). The puri-
fied coal gas will contain these desirable components plus a few diluents, mostly
nitrogen (Nz), carbon dioxide (COz), 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 play a very important part in the realization
of the use of gasified coél to produce electric power. It is a step that can have a
great deal of impact on the thermal efficiency of a pov?er 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 HHYV of coal is calculated by assuming that the
H,O 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

.Thc 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 the Cool Water design.

The Cool Water design uses a clean-up method that passes the coal gas through

3



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 2400°F to 100°F) is done to accommo-
date the HZS removal, which is accomplished using Selexol solvent to absorb the
HZS. The st 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-
ol absorber unit has a temperature of approximately 85°F. It is then contacted
with hot water to heat the coal gas to 350°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 570°F prior to combus-
tion. This clcanéup 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



use coal gas, the-'Departmen.t 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 1200°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 over 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 electrostatic precipita-
tion. Next, the HZS and COS are removed by chemisorption from the gas stream.
This removal would probably be accomplished using é fixed bed of zinc ferrite,
which would require periodic regeneration. The method of NH3 vremoval 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 1200°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 1200°F has not been demonstrated on a commercial
scale. The filtration step would require periodic back-blowing to remove particu-
late build-up. The HZS-rcmoval beds would require periodic regeneration. Both
the particulate removal and HZS-rcmoval steps would be batch processes and
would inflict severe thermal stresses on all the equipment involved. However, the
partial-quench method does apbear attractive because it leaves the coal gas with

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



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 me;hod will be referred to as the full-
quench method. The temperature of the coal gas leaving such a quench would
typically be around 400°F. The full-quench method would consist of an initial
aqueous scrubbing step that would effect the initial cooling of thc 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 st removal, still at the same temperature, using an
aqueous system or various other technologies. (One possible aqueous HZS scrub-
bing system could use a metal sulfate to react out the H,S and CQS, forming an
insolx;lblc 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 scnsiblc 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
400°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



full-quench method results in a significantly lower sensible heat for ;he 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 undesirablg 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 increas’éd 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 heat 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

o

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 O, coal gasifier, which is being used in the Cool Water design,
is an entrained-flow gasificr that uses O, to accomplish the partial oxidation of
the coal feed to convert the solid coal to gaseous compounds, including the fuel
components CO and H,. 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 250°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 02, which is produced by cryogenic separation of air. The coal
slurry is sprayed into the gasifier and entrained into the Oz stream, resulting in a
cocurrent type of gasification. Typical exit temperatures from this type of gasifi-
er are normally 2400-2600°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 typ'cs 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 0, from cryogenic separation. Both
gasifiers inject a stream of high-temperature steam (950°F) into the gasifier to
supply H,O 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.



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, 1850°F instead of the 2400°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 possibl'y pos¢ 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 thc 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



Gasifier:
Oxidant:

Exit
Temperature :

Pressure:

Relative Flow
per Unit Coal:

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

Steam-to-Coal
Ratio (w/w):

Oxygen-to-Coal
Ratio (w/w):

Air-to-Coal
Ratio (w/w):

Coal-Gas Composition
(mole fraction):

(66

H,

CH,
co,
H,0

N, + Ar
H,S

NH,

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

Texaco

95% O,

2400°F

500 psia
1.00

0.50

0.396
0.303
0.001
0.108
0.165
0.016
0.010

0.002

*
Not known, assumed negligible

Table 1.1

Fluidized-bed

95% O,

1850°F

500 psia

0.78

0.12 -

0.58

0.544
0.276
0.058
0.047
0.044
0.017

0.013

Fluidized-bed

Air

1850°F

500 psia

1.60

33

0.268
0.156
0.010
0.038
0.041
0.481

0.006



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.
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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
rcfer.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 procc'ss 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 des;gn '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. Thé 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 ‘bascd 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 thé 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 any one 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
filc.. 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 HHYV of the éoal 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-
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sons are being madcv between numerous different system configurations, it is
helpful to make simplifying assumptions regarding the unit parameters. In this
study, the iimportant 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 might result
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: 60°F, 14.4 psia ', 56% relative humidity
Boiler feed water: 60°F
Fuel: Coal, Illinois #6; HHYV for coal is 12,774 Btu/lb, dry basis
Combustor: 100% efficiency, combustion products COz and HZO
Turbine efficiency: 88.0%, 2100°F maximum allowable inlet temperature
- Compressor efficiency: 86.8% efficiency
Heat exchangers: 25°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
Coal-gas and air quench: 0.0 psi“'
* pounds per square inch absolute

5
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 °F and
l<000 psia), 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 t.he basis for the determination of vapor
phase non-idealities. Ideal-gas enthalpies (gas enthalpies independent of pressure)
were calculated as follows:

Higea1 = A|T + AgT2/2 + A3T3/3 + A, T4 - F

where

Hideal = ideal gas enthalpy of a component at temperature T, Btu/lbmol

T = gas temperature, °R
Aj = constants in correlation
Foorr = correction factor to make ideal gas enthalpy zero at

77°F, 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-

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

used for temperatures below 1800°R and the second for those above 1800°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 that a
pure gas has zero enthalpy at 77°F in the ideal gas state (no molecular interactions
and molecules with zero volume). The thermodynaxﬂics 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 wa§ 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 steam-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-
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ture change in a stage is as follows:
Te = (T: / n) x [(Pp / POCTD/M L (1.ny Equation 2-1
f i f i
Where:

Tf = temperature of the gas leaving the stage
Ti = temperature of the gas entering the stage
Pg = pressure of the gas leaving the stage
P; = pressure of the gas entering the stage
= efficiency of compression
v = ratio of Cp to Cv, where Cp is the heat capacity at constant pressure
and Cv is the heat capacity at constant volume

<3

The work for each stage is the gain in enthalpy of the stream, which equals the
average heat capaci’ty‘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 ou_tlet 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 uscd. 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 work calcula-
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 Tarbine 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 ysed for calculating the temperature
change in a turbine stage is as follows:

Tp=T; x [(nx (Pp / YD) _ gy Equation 2-2
Where:

T¢ = temperature of the gas leaving the stage

T, = temperature of the gas entering the stage

P¢ = pressure of the gas leaving the stage

Pi = pressure of the gas entering the stage

n = efficiency of compression

~ = 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 2100°F is an approximation which greatly eased
the turbine calculations. Modern turbines have allowable inlet temperatures that
are as high as 2400°F, but such turbines alsb 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 ceffective 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 is fed to an
actual turbine having the same efficiency but with blade cooling. The effective
inlet temperature of 2100°F, which is used in this study with the simple turbine
model corresponds approximately to an actual inlet temperature of 2400°F
(Louks, 1988).

2.3.4 Combustion-Chamber Module

The combustion-chamber module is designed to calculate the exit stream
composition whiéh 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 HZ going to the stoichiometric amounts of C02
and H20). It is assumed that no appreciable amounts of NOx are formed.

The exit temperature criterion is important because thc 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 maximﬁm allowable inlet temperature will rise, but the currently feasible
effective value of 2100°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 25°F 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 ;hc other end using an enthalpy balance. The heat-exchanger module also
calculates UA, the product of the heat-exchange area (A) and the overall heat-
transfer coefficient (U), which can be used for sizing heat exchangers. The values
of U which were used were 70 for gas-liquid, 60 for boiler and 50 for gas-gas heat
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-stagcvintcrcoolcr, with
the first stage heating boiler feed water to its saturation temperature and the
sécond boiling a fraction of the saturated water. When the air temperature from
the second-stage compressor is less than the saturation temperature of water af
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 (25°F) with the boiler feed-water temperature.
Pressure drops of 2.0 psi and 5.0 psi were used for the compressed air and fhc
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, th.us 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-Cas 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 1200°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 qucnc_h. HZS 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 cquals 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 charactéristic of the ISTIG
design. Tﬁe module recovers heat from the turbine exhaust by a series of three
heat exchangers: an economizer, a bo_ilcr 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 éir 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 dcﬁendcnt 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 thbc 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 modulc 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 3 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 rccovéry 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
produccd 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 demdnstratcd 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 c‘a‘bital 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 de_crcased 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 fuli-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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Figure 3.1

Intercooled, Steam-—Injected,
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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 turbinc exhaust in the superheater. The amount of heat
which can be removed from the turbine exhaust stream is fixed by the two tem-
perature pinches, which occur ét the hot end of the superheater and at the cold
end of the boilér. These two pinches thus control the amount of superheated
steam which can be produced. An approximate description of the temperature
profilcs. in the steam-generation section is shown in Figure 3.2.

The ISTIG method of hcat'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 O, 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
1200°F by evaporating the appropriate amount of water, with the particulates
(mineral content of the coal) and gaseous pollutants (mostly st) being removed at’
the temperature of the quench. The full-quench method cools the gasified coal to
around 400°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 indepgndcnt of the system pressure. System pressure was defined as
the outlet 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 O, gasifi-
er. As will be seen below, this gasifier does not optimize thé 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-queﬂch methods of coal-gas clean-up. Tables
3.1.a,b and 3.2.a,b show the simulation outputs for the full-quench and partial-
quench cases respectively at their optimum combrés'sor loadings and system pres-
sures. The stream numbers listed in column | of Tables 3.1.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 77°F and | atm. In the upper half of
Tables 3.1.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 3.1.b and 3.2.b show the pertinent information for the individual
units that make up the system design. The sections of Tables 3.1.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-1) mivnus the work of all compressors (C-1 and C-2). Since the Texaco O, 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 HHYV of lllinois #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-1) 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 (HHYV) of the

coal that was used to produce the gasified-coal feed stream. This efficiency
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Figure 3.3
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Table 3.1.a
ISTIG Full-Quench Flowsheet using Texaco O, Gasifier

SIMULATION OUTPUT ¢ BASED ON 1000 SHORT TONS / DAY OF COAL )

STREAN TENP PRESS Lo ExtuaLpy STREAN MOLE FRACTIONS

NUMBER  (degf)  (psie) (lbmol/sec) {8tu/sec) CHé c2n6 co2 H20v n2 02 Ar co "2 H2s NK3  H20liq
1 80.0 "4 9.222 <1122, .00000 ,00000 .00033 .00990 77343 207390 .00925 .00000 .00000 .00000 ,00000 .00000
2 319.9 $0.0 9.222 15642, -00000  .00000 .00033 .00990 .77311 .20739 .00925 .00000 .00000 .00000 ,00000 .00000
3 85.0 48.0 9.222 406. .00000 00000 .00033 .00990 .77311 .20739 .00925  .00000 .00000 ,00000 .00000 .00000 -
4 912.7 900.0 9.222 $5660. .00000 ,00000 .00033 .00990 .77341 .20739 ,0092% .00000 .00000 .00000 ,00000 .00000
S 868.1 900.0 10.73¢% s22rs. -00000 .00000 .00028 .14975  .66391 17810 ,0079%¢ .00000 .00000 .00000 .00000  .000060
[ 2400.0 900.0 2.625 51380, .00080  .00000 .10790 .18490 .00680 .00000 00910 .39620 .30260 01000 ,00170 00000
L4 461.4 900.0 6.346 13902, -00033 00000 .04463 .63941 .00281 .00000 00376 .16388 .12517 .00000 .00000 .00000
8 461.4 900.0 .028 87, .00000 ,00000 .00000 .00000 .00000 .00008 .00000 00000 .00000 1.00000 .00000 .00000
9 441.4 900.0 004 ", «00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 1.00000 .00000
10 60.0 914.0 3.269 -101309, <00000 .00000 .00000 .00000 .00000 .00000 .00000 00000 .00000 .00000 .00000 1.00000
)] 219.5 909.0 5.269 -86088, <00000 .00000 .00000 .00000 .00000 ,00000 .00000 .00000 .0OOOO .00000  .00000 1.00000
12 219.5 909.0 $.269 - 86088, .00000 .00000 .00000 .00000 .00000 . .00000 .00000 .00000 .00000 .00000 %.00000
13 $32.3 904.0 3.003 -30717. .00000  .00000 .00000 .00000 .00000 .00000 00000 .00000 .00000 .00000 ,00000 1.00000
1% . .0 .000 0. .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 ,00000
135 $32.3 904.0 3.003 -30Mm7. -00000  .00000 .00000 .00000 .00000 .00000 .00000 ,00000 00000 .00000 .00000 1.00000
16 $32.3 904.0 1.5v7 «13%18, .00000  .00000 .00000 .00000 ,00000 00000 00000 00000 .00000 ,00000 .00000 1.00000
17 532.0 902.0 1.517 3437, .00000  .00000 .00000 1.00000 .00000 .00000 .00000 00000 .00000 ,00000 00000 .00000
18 699.5 900.0 1.57 8614, .00000 ,00000 .00000 1.00000 .00000 00000 .00000 .00000 .00000 .00000 .0DOOO  .00000
19 2100.0 892.0 16.168 285800, -00000  .00000 .08216 .40770 .44207 06130 .004TS  .00000 .00000 ,00000 ,00000 ,00000
20 T24.5 16.2 18.168 82495, .00000 .00000 .08218 .40770 .44207 .06130 .00475  .00000 .0000O .00000  .00000 00000
21 702.2 15.7 16,148 79518, .00000 .00000 .08218 .40770 .44207 .06130 .0047S  .00000  .00000 .00000  .00000 ,00000
22 $57.3 15.2 16.168 60365, .00000  .00000 .08218 .40770 44207 .04130 ,004TS  .00000 .00000 .00000 ,00000 .00000
23 308.6 1%.7 16.168 28172, .00000 .00000 .08216 .40770 .44207 ,06130 .00673 .00000 ,00000 ,00000 00000 00000

SLAG 1.959 (b/sec 987, WOtu/sec

STREAN MOLAR FLOVS

1 .000 000 .003 091 7,430 1.913 .08% 000 .000 .000 .000 .000
2 000 000 003 091 7.130 1.913 .083 000 .000 .000 .000 .000
3 000 .000 .003 091 7.130 1.913 .083 .000 .000 .000 .000 .000
4 000 .000 .003 09 7.130 1.913 .08 .000 .000 .000 .000 .000
H 000 .000 003 1,608  7.130 1.913 .083 .000 .000 .000 .000 .000
[ 002 000 .283 433 018 N 024 1,040 T9% 026 .004 .000
14 002 .000 .283 4.185 018 .000 .024 1.040 9% .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 5.269
3] .000 000 .000 000 000 000 .000 +000 .000 .000 .000 5.269
12 .000 000 .000 .000 000 .000 000 .000 000 .000 .000 5.269
13 .000 .000 .000 .000 .000 -000 . 000 .000 .000 .000 3.003
"% . .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
15 000 . .000 .000 .000 .000 .000 000 +000 .000 .000 3.003
16 000 .000 .000 .000 +000 000 000 .000 .000 .000 .000 1.517
17 .000 .000 000 1.817 .000 000 ,000 -000 .000 .000 .000 .000
18 .000 .000 000 1517 000 .000 000 .000 000 .000 .000 .000
19 000 000 1,328 4.592 7.148 991 .109 000 ,000 000 .000 .000
20 .000 000 1,320 6,592 T.148 Kl 109 000 .000 000 000 .000
21 000 000 1,328 6.592 T.148 991 109 . .000 .000 .000 .000
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838
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Table 3.1.b

ISTIG Full-Quench Units Output using Texaco O, Gasifler

COMPRESSOR # 1

# OF STAGES » 10 PRESSURE RATIO = 3.472 COMPRESSOR EFFICIENCY o 848
WORK OF COMPRESSION = 16807. dtu/sec

COMPRESSOR # 2

# OF STAGES = 10 PRESSURE RATIO & 18.750 COMPRESSOR EFFICIENCY » .88
WORK OF COMPRESSION ® S5471. Stu/eec

TOTAL WORK OF COMPRESSION * 72279, Btu/sec, T6.3 W

TURBINE RESULTS:
#OF STAGES » 10  EXPANSION RATIO »  55.062  TURBINE EFFICIENCY o 880
TLRBINE WORK = 203387. Btu/sec, 214.6 W

HEAT EXCNANGER # 1 CALCULATED UA = 280.662
APPROACH TEMPERATURE AT #OT INLET » 100.4 F APPROACH TEMPERATURE AT MOT OUTLET = 25,0 ¢
HOT STREAN OELTA P » 2.0 PSIA COLD STREAM DELTA P = 3.0 PSIA

COMBUSTOR QUTPUT
AIRRATIO & 1,439 FINAL H20RATIO » 1762
FUEL INLET TEMPERATURE &  461.4 ¢ WET AIR INLET TEMPERATURE o 848.1 F TURBINE INLET TEMPERATURE = 2100.0 F

STEAN GENERATOR OQUTPUT
KX 1 OELTA P WATER = 3.0 DELTA P GAS = .3 MINIMUM APPROACH TENP e 25,0 #
H 2 ODELTA P WATER = 2.0 DELTA P GAS » .5 MINIMUM APPROACH TENP s 25.0 ¢
3 DELTA P WATER = 2.0 OELTA P GAS = .5 MINIMUM APPROACH TEMP = 25.0 ¢
STACK GAS TEMPERATURE = 306.6 F
MAXIMUM STEAM TEMPERATURE » 699.5 ¢
STEAM FLOW RATE = 1.52 L8-MOLES

GASIFIED COAL QUENCH OUTPUT
GASIFIED COAL INLET TEMPERATURE o 2400.0 deg F QUENCHED GAS EXIT TEMPERATURE =  461.4 deg F

AMOUNT OF H2$ REMOVED s .02563 tbmol/sec ANOUNT OF NH3 REMOVED = 0045 tbmol/sec
WATER EVAPORATED N THE GASIFIED COAL QUENCK = 3.003 (bmol/sec

SYSTEM QUTPUT
NET WORK OUT = 131109, Stu/sec, 138.3 wi _
ENERGY PENALTY FOR OXYGEN USED IN GASIFICATION = 11990, Stu/sec, 12.65 mv
HEAT RATE = 8470, Btu / kihr
FRACTION OF TOTAL COMPRESSION WORK ACCOMPLISHED LN COMPRESSOR ¥O0.Y = 2325
SYSTEM EFFICIENCY ( BASED OM ILLINOIS COAL KO.6, 12774 Btu/lb ORY HHY ) = 3970 %
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Table 3.2.a

ISTIG Partlai-Quench Flowsheet using Texaco 02 Gaslifler

SIMULATION QUTPUT  ( BASED OM 1000 SNORT TONS / DAY OF COAL )

STREAM TEMP PRESS FLOM ENTHALPY STREAM MOLE FRACTIONS
NUMBER (degF)  (pais) (lbmol/sec) (Btu/sec) cHé c216 02 H20v n Ar co w2 H28 NH3  K20liq
1 80.0 %4 14.072 «1na. 00000  .00000 00033 .00990 .77311 .20739 00923 .00000 .00000 .00000 .00000 ".00000
2 265.8 40.0 14.072 18500, -00000  .00000 .00033 .00990 .77311 ,20739 .00923 .00000 .00000 .00000 .00000 .000OO
3 85.0 38.0 14,072 658. .00000  .00000 ,00033 .00990 .77311 ,20739 .00928 .00000 .00000° .00000 .00000 00000
[ 846.0  400.0 14.072 Trrso. -00000 ,00000 .00038 .00990 .77311 ,20739 .0092% .00000 .00000 .00000 .00000  .00000
b 825.9 600.0 16.746 91993, <00000 ,00000 .00028 ,18797 .64948 .17428 .00777 .00000 .00000 .00000 ,00000 .00000
6  2600.0  600.0 2.625 $1380, -00080  ,00000 .10790 16490 .00680 00000 .00910 .39620 30260 .01000 .00170  .00000
7 1200.0  600.0 3.988 36396, 00053 .00000 07102 .45802 .00448 .00000 00599 .26079 .19918 .00000 .00000 00000
[} 1200.0  400.0 .028 289, <00000  .00000 .00000 ,00000 .00000 .00000 .00000 .00000 .00000 9.00000 .00000 .00000
9 1200.0  400.0 004 S4. 00000 .00000 .00000 ,00000 .00000 00000 .00000 .00000 .00000 .00000 1.00000 .00000
10 60.0  610.0 $.480 -105367, 00000 .00000 .00000 .00000 .00000 ,00000 00000 .00000 .00000 .00000 .00000 1.00000
1 239.7  405.0 $.480 -87538, 00000  .00000 .00000 .00000 ,00000 .00000 .00000 .00000 00000 .00000 .0000O 1.00000
12 239.7  405.0 1.413 ~22567, -00000  .00000 .00000 ,00000 ,00000 00000 ,00000 .00000 .00000 .0000  .00000 1.00000
13 239.7  405.0 4.067 8497, +00000  .00000 .00000 00000 .00000 ,00000 00000 .00000 .00000 .00000 00000 1.00000
1% 486.3  604.0 2.673 -29992. -00000  .00000 .00000 .00000 ,00000 .00000 ,00000 .00000 .00000 .00000 .0000C 1.00000
15 486.5  604.0 1.394 -15634. 00000  .00000 .00000 .00000 .00000 ,00000 ,00000 .00000 .00000 .00000 .00000 1.00000
16 486.1 602.0 2.673 8178, -00000  .00000 ,00000 1.00000 ,00000 .,00000 .00000 .00000 .00000 .00000  .0000O .00000
17 747.3  400.0 2.673 14244, 00000  .00000 .00000 1.00000 .00000 ,00000 ,00000 .00000 .00000 .00000 .00000 00000
18 2100.0 92,0 19.817 338090. 400000  .00000 .06711 .2744%  .54991 ,10078 .00777 .00000 .,00000 ,00000 .00000 .00000
19 2.3 8.2 19.817 109220, 400000  .00000  .08711 27441  .5499% ,10078 .00777 .00000 .00000 .00000 .00000 .00000
20 144.9 15.7 19.817 101154, 00000  .00000 .04711 27441  .54991 .10078 .00777 .00000 .00000 ,00000 .00000 .00000
21 $11.8 15.2 19.817 64984, +00000 00000 06711  .27441 .54991 ,10078 .00777 .00000 .00000 ,00000 .00000 .00000
22 385.1% w.? 19.817 45641, 00000  .00000 .06711  .27441  .34991 .10078 .00777 .00000 .00000 .00000 .00000 .00000
SLAG 1.959 1ib/sec 973, Stu/sec
STREAN MOLAR FLOWS
1 .000 .000 .00% 139 10879 2.918 130 .000 000 .000 .000 .000
2 .000 .000 005 39 10.879 2.918 .130 .000 .000 .000 .000 .000
3 .000 .000 .008 439 10,879 2.918 .130 .000 .000 .000 .000 .000
4 000 .000 .003 439 10,879 2.918 130 .000 .000 .000 .000 .000
H 000 . .003 2.813  10.879 2.918 130 .000 .000 .000 .000 .000
[ .002 000 283 A33 018 .000 024 1,040 9% .026 004 .000
4 .002 .000 .283 1.827 .018 .000 024 1.040 JT9% .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
1" 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 4,067
14 .000 000 .000 .000 .000 000 .000 .000 .000 .000 .000 2.673
15 000 000 .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
18 000 .000 1.330  5.438 10.897  1.997 154 .000 000 000 .000 .000
19 .000 .000 1.330  5.438  10.897 - 1.997 54 .000 000 .000 .000 .000
20 .000 .000 1.330  5.438  10.897 1.97 154 000 .000 000 .000 .000
21 .000 .000 1.330  5.438  10.897 1.97 J154 .000 .000 .000 .000 .000
22 .000 .000 1.330 5.438 10.897 1.997 54 .000 .000 000 .000 .000
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Table 3.2.b

ISTIG Partial-Quench Unfts Qutput using Texaco 0, Gasifier

COMPRESSOR # 1
# OF STAGES = 10 PRESSURE RATIO = 2.1 COMPRESSOR EFFICIENCY » 848
WORK OF COMPRESSION = 20265, Stu/sec

COMPRESSOR # 2

# OF STAGES » 10 PRESSURE RATIO = 15.709 COMPRESSOR EFFICIENCY » .868
WORK OF COMPRESSION o 7375, Stu/eec

TOTAL WORK OF COMPRESSION o 97640, Btu/sec, 103.0 W
TURBINE RESULTS:

# OF STAGES = 10 EXPANSION RATIO » 36.543 TURDINE EFFICIENCY = 880
TURBINE WORK o 228890, Btu/sec, 241.5 w4

HEAT EXCHANGER # 1 CALOULATED UA » 497.904
APPROACH TEWMPERATURE AT MOV INLET o 26.1 F APPROACH TEMPERATURE AT HOT OUTLET = 25,0 F
HOT STREAM DELTA P o 2.0 PSIA COLO STREAM OELTA P = 5.0 PSIA

COMBUSTOR QUTPUT
AIRRATIO o 3.404 FINAL N20RATIO » ,2019
FUEL INLET TEMPERATURE » 1200.0 ¢ WET AIR INLEY TEMPERATURE » 825.9 ¢ TURSINE INLET TENPERATURE = 2100.0 ¢

STEAN GENERATOR OUTPUT
8] DELTA P VATER » 5.0 DOELTA P GAS » .5  MINIMUM APPROACN TEMP = 25.0 ¢
Hx 2 DELTA P MATER & 2,0 OELTA P GAS » .5 NINIMUM APPROACH TENP ® 25.0 F
w3 DELTA P VATER = 2.0 DELTA P GAS & .5 MINIMUW APPROACH TEMP e 25.0 F
STACK GAS TEMPERATURE = 385.1 5
MAXTMUN STEAM TEMPERATURE o 7.3 ¢
. STEAM FLOM RATE o 2.67 lbmol/eec

GASIFIED COAL QUENCH QUTPUT
GASIFIED COAL INLET YENPERATURE = 2400.0 deg F QUENCKED GAS EXIT TEMPERATURE o 1200.0 deg ¥

AMOUNT OF M28 REMOVED s ,0263 \bmol/sec AMOUNT OF WN3 REMOVED = .0045 {bmol/sec
MATER EVAPORATED IN THE GASIFIED COAL QUENCK » 1,394 tbmol/sec

SYSTEM QUTPUT
NET WORK OUT = 131249, Btu/eec, 138.3 W

ENERGY PENALTY FOR OXYGEN USED IN GASIFICATION = 11592, Btu/sec, 12,23 MM

HEAT RATE » 8432, Stu / kihr

FRACTION OF TOTAL COMPRESSION WORK ACCOMPLISHED IN COMPRESSOR NO.1 = ,2075

SYSTEM EFFICIENCY ( BASED ON ILLINOIS COAL NO.6, 12774 Btu/lb ORY WKV ) = 39.95 %
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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 opfimal 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 rﬁaximum 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-of f 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

Texaco O,—Gasifier Case at Optimal Compressor Loading
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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 pressufc (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 the system 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 (445°F at 800 psia 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 sigvnificant difference exists between the optimum system pressure for
the full-quench and partial-quench cases. This diffcrence 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;qucnch case has 115 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 cfficiency_. Coal-gas streams from the three different gasi-
fiers discussed in Chapter ! 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 O, 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 O, 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 comprcséor intercooler, the only significant
energy penalty for the gasifier is the cneigy 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 operéte the air-scparat.ion plant is taken from
the Fluor scale-up of the Cool Water design (EPRI, 1984). The maximum thermal
efficiency that is obtained using the Tcxaco 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 sth the simulation outputs for the fluid-bed
O, 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. T};c penalty

for O production for the fluid-bed O, case was accounted for in the same way as
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Figure 3.8

ISTIG Coal—Gas Turbine System, Partial—Quench
with Fluid—Bed Oo Gasifier
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SIMULATION QUTPUT

STREAM
NUMBER

VOO NS

144

TEnP
(degf)

60.0
235.0
85.0
830.8
821.6
1850.0
1200.0
1200.0
1200.0
60.0
209.1
209.1%
209.1
467.4
467.4
£67.0
802.0
802.0
802.0
2100.0
827.0
761.%
492.4
3.t

PRESS
{(paia)

1.4
35.0
33.0
500.0
$00.0
500.0
500.0

w.7
1.959

Table 3.3.a

ISTIG Partial-Quench Flowsheet using Fluid-Bed 0, Gasifier

¢ BASED ON 1000 SHORT TONS / DAY OF COAL )

FLOM
{1bmol/sec)

16.968
16.968
16.968
16.968
20.124
2.044
2.593
026
004

6.599
6.3599
2.709
- 3.89
3.312

ib/sec

ENTHALPY
(Btu/sec)

2064
18648,
a.
91784,
109929.
29636,
23290.
268.
54.
-126891.
+ 109069,
-44765,
+64305.
-38465.
-6r27.
%94,
19035,
890.
18146,
3487696,
125265,
13724,
87765.
48452,

705.

:00000

Stu/sec

000

.000
000
.000

.000
.000
.000
.000
.000
.000

00033
00033
00033
00033

21910

STREAM MOLE FRACT!

2 02 Ar
JT3M 20739 00928
J73 20739 00928
T3 20739 00928
J73I0 20739 00928
45183 17486  .00780
01693  ,00000 .00000
.01338  ,00000 .00000
.00000 ,00000 .00000
.00000 ,00000 .00000
.00000 .00000 00000
.00000 ,00000 00000
.00000 00000 .00000
.00006 ,00000 .00000
.00000 .00000 .00000
«00000 ,00000 00000
«00000 ,00000 .00000
.00000 .00000 00000
.00000 .00000 .00000
400000 00000 .00000
60113 TS 00787
80013 1173 00717
60113 4175 .007V7
60113 AU 00717
L6013 AUTs L0077
STREAM MOLAR FLOWS
13.118  3.519 157
13.118  3.519 157
13.118  3.519 457
13.118  3.519 157
13.1186  3.519 57
038 000 .000
.033 000 .000
.000 .000 ,000
000 000 .000
.000 000 000
000 000 000
.000 .000 .000
.000 .000 .000
.000 000 .000
.000 .000 .000
.000 000 .000
.000 .000 .000
000 .000 .000
.000 .000 000
13.152 2.448 157
13.152 2.448 157
13.152 2.448 87
13.152 2,445 187
13.152 2,445 57

-]
00000
00000

-

8223333

" .

® s s s e s s s s 8 = w

§888833888883888

(-4
=
o

nes

.00000
.00000
.00000
.00000
.00000
.01278
.00009
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

.000
.000
.000
.000
.000
.026
.000
.026
.000
.000
.000
.000
.000

.000
.000
.000
.000
.000
.000
000
.000
.000
.000

NH3

00000
.00000
.00000
.00000
.00000
.00219
.00000
.00000
1.00000
00000
00000
.00000
.00000
.00000
.00000
.00000
00000
00000
.00000
.00000
.00000
.00000
.00000
.00000

.000
.000

.000
.000
.004
.000
.000
.004
.000

.000
.000
.000
.000
.000
.000
.000

.000
.000
.000
.000
.000

K201 iq

.00000
.00000
,00000
.00000
.00000
.00000
.00000
.00000
.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

.000
.000
.000
.000
.000
.000
.000
.000
.000

6.59%9
2.709
3.891 .
3.312
579
.000
.000
.000
.000
.000
.000
.000
.000
.000
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Table 3.3.b

ISTIG Partial-Quench Units Output using Fluid-Bed 0, Gasifler

COMPRESSOR 8 1

# OF STAGES » 10 PRESSURE RATIO » 2.4 COMPRESSOR EFFICIENCY a 868
WORK OF COMPRESSION » 20767, Stu/sec

CONPRESSOR & 2

# OF STAGES = 10 PRESSURE RATIO = 15.152 COMPRESSOR EFFICIENCY » ,B868
WORK OF COMPRESSION o 91269, Stu/sec

TOTAL WORK OF COMPRESSION = 112038, Stussec, 118.2 W
TURBINE RESULTS:

# OF STAGES = 10 EXPANSION RATIO o 30.370 TURBINE EFFICIENCY » 880
TURBINE WORK » 242443, Bru/sec, 235.8 W B

NEAT EXCHANGER # 1 CALCULATED UA = 700,003
APPROACH TEMPERATURE AT WOT INLET o 25,9 ¢ APPROACH TEMPERATURE AT HOT OUTLET = 25,0 F
HOT STREAM DELTA P = 2.0 PSIA COLO STREAM DELTA P = 5.0 PSIA

COMBUSTOR QUTPUT
AIRRATIO = 6.480 FINAL H2ORATIO = .9

979
FUEL INLEY TENPERATURE = 1200.0 ¢ WET AIR INLET TEMPERATURE = B21.6 F TURBINE INLET TEMPERATURE = 2100.0 ¢
STEAM GENERATOR OUTPUT

n 1 OELTA P UATER « 5.0 OELTA P GAS = .5  MINIMUM APPROACK TEMP » 25.0 ¢
2 OELTA P WATER » 2.0 DOELFA P GAS = .3 MINIMUIM APPROACH TEMP = 25.0 F
w3 OELTA P VATER » 2.0 DELTA P GAS = .5  MINIMUN APPROACH TENP = 25.0 F

STACK CAS TEWPERATURE =  377.7 ¢
MAXIMUN STEAM TEMPERATURE «  802.0 F
STEAM FLOW NATE = 3.31 lbmol/sec
GASIFIED COAL QUENCH OUTPUT _
GASIFIED COAL INLET TEMPERATURE » 1850.0 deg F  QUENCHED GAS EXIT TEMPERATURE = 1200.0 deg F
AMOUNT OF H2S REMOVED = .0261 ltmol/sec AMOUNT OF NH3 REMOVED s .004S bmot/sec
VATER EVAPORATED I THE GASIFIED COAL QUENCH »  .379 lbmol/sec
SYSTEN OUTPUT
NET WORK OUT o 130408, Btu/sec, 137.6 mW
ENERGY PENALTY FOR ONYGEN USED [N GASIFICATION » 7658, Btu/sec,  B.29 WV
HEAT RATE « 8233, Stu / kihe
FRACTION OF TOTAL COMPRESSION WORK ACCOMPLISHED IM COMPRESSOR NO.1 = 1854

SYSTEM EFFICIENCY ( BASED ON JLLIKOLS COAL NO.§, 12774 Btu/lb ORY HNV ) » 40.93 X
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Figure 3.9

ISTIG Coal—Gas Turbine System, Partial-Quench
with Fluid—Bed Air Gasifier

TO GASIFIER

COMBUSTOR

/NN

Y&
COOLING @ ™

@

STEAM

TOWER COOLING WATER

®v @

GASIFIED COAL

QUENCH

(i5) T

@ o, , e

AN
—> H2s —

> NH3 A
ONNG

V4
ECUNDMIZER) ( BOILER ) .

v

— (9)

TO GASIFIER

~___/
TO STACK )

N , |
7/
(SUPERHEATERi



Ly

Table 3.4.a

ISTIG Partial-Quench Flowsheet using Fluid-Bed Air Gasifier

SIMULATION OUTPUT  ( BASED ON 1000 SHORT TONS / DAY OFf COAL )

STREAN TENP PRESS FLOW ENTHALPY STREAM MOLE FRACTIONS
NUMBER  (degf) (psie) (lbmotl/sec) (8tu/sec) (4.0 C208 €02 H20v rd 02 Ar =] 2 H2s NH3  H20liq
1 60.0 .4 15.980 1944, -00000 ,00000 .00033 ,00990 .77311 .20739° .00925  .00000 .00000 .00000 .00000 00000
2 293.9 45.0 15,980 26171, <00000 00000 ,00033 .00990 .77311 .20739 .00925 .00000 .00000 .00000 .00000  .00000
3 85.0 43.0 13.4681 612. .00000  ,00000 .00033 .00990 77311 .20739 .00925 .00000 .000OO .00000 .00000 .00000
4 730.0 $00.0 13,461 62663. -00000 ,00000 .00033 .0099C .77311 .20739 .00925 .00000 .00000 .00000  .00000 .00000
) 741.5 500.0 16.318 ™67, <00000  .00000 .00027 18326 .&3774 .17108 .00763 .00000 .00000 .00000 .00000 .00000
[ 1850.0 $00.0 4.190 S7878, <00954  .00000 .03835  .04111 48080 .00000 .00000 .26842 .15852 .00626  .00000  .00000
7 1200.0 $00.0 5.250 45690, -00761 00000 ,03060 .23978 .34349 .00000 ,00000 .21421 .1241% .00000  .00000  .00000
8 1200.0 500.0 . .026 269, . 00000  .00000 .00000 ,00000 .00000 00000 .00000 .00000 9.00000 .000OO  .0000O
9 1200.0 $00.0 .000 0. +00000  .00000 ,00000 ,00000 .00000 .00000 .00000 ,00000 .00000 .00000 .00000  .00000
10 0.0 $10.0 8,224 119473, -00000  .00000 .00000 .00000 ,00000 .00000 .00000 00000 .00000 .00000 .00000 1.00000
" 267.6 305.0 6.226 *96248. 00000 .00000 .00000 .00000 .00000 .00000 00000 ,00000 .00000 .00000 .00000 1.00000
12 267.8 505.0 2.049 -31883, 400000 .00000 ,00000 ,00000 .00000 .00000 ,00000 ,00000 .00000 .00000 .00000 1.00000
13 267.6 505.0 4175 <6458, 00000  .00000 ,00000 .00000 .00000 .,00000 .00000 .00000 .00000 .00000 .00000 1.00000
14 467.4 $04.0 3,088 35873, 00000  .00000 .00000 .00000 .00000 .00000. 00000 ,00000 .00000 .00000 .00000 1.00000
13 L87.4 504.0 1.087 -12822. .00000 . -00000 ,00000 ,00000 .00000 00000 .00000 .00000 ,00000 .00000 %.00000
16 467.0 $02.0 3.088 6989, 00000 .00000 .00000 1,00000 ,00000 .00000 00000 .00000 .0C000 .00000 .00000 .00000
17 804.8 500.0 3.088 17839. .00000  .00000 .00000 1.00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000  .00000
18 804.8 $00.0 231 1338, <00000  ,00000 .00000 1.00000 .00000 .00000 ,00000 .00000 .0000O .00000 .00000 .00000
19 804.8 $00.0 2.857 16504, -00000  .00000 ,00000 1.00000 .00000 .00000 00000 .00000 .00000 .00000  .00000 - .00000
20 85.0 43.0 15.980 e, +00000  .00000 .00033 .00990 .7734% .20739 .00925 .00000 .00000 .00000 .00000  .00000
21 85.0 43.0 2.518 14, 00000 ,00000 .00033 .00990 .7734% .20739 .00925 .00000 .00000 .00000 .00000  .00000
22 n7.2 510.0 2.518 11857, «00000  .00000 .00033 .00990 77311 .20739 .00925 ,00000 .00000 .00000 .00000  .00000
3 2100.0 492.0 20.210 340605, -00000  .00000 .06580 22318  .61464 .09024 .00616 .00000 .00000 .00000 .0000O0 .00000
24 829.8 16.2 20.210 116443, .00000 .00000 .06580 .22315 61464 .09024 .00616 .00000 .00000 .00000 .00000 .00000
25 763.0 15.7 20.210 105593, -00000  .00000 .06580 22315 .61464 .0902¢ .00814 .00000 ,00000 .00000 .00000 .00000
26 492.4 15.2 20,210 82731, -00000 .00000 .08580 22315 41484 .09024 ,00416 00000 .00000 .00000 .00000 .00000
27 388.3 1%.? 20,210 46668, -00000  .00000 .06580 .22315 .61464 .09024 .00616 .00000 .00000 .00000 .00000 .0OGOD
SLAG 1.959 (b/sec T05. Stu/sec
STREAN WOLAR FLOWS
1 .000 .000 005 A58 12,354 3.314 48 .000 .000 .000 .000 000
2 .000 .000 .005 A58 12,354 3314 148 000 .000 .000 000 000
3 .000 .000 .004 133 100407 2.M2 125 .000 .000 .000 000 000
4 000 .000 004 133 10.407 2.792 .125 .000 .000 000 000 000
S .000 .000 004 2.991  10.407  2.792 A28 000 .000 000 000 000
[ 040 000 161 A7 2.018 000 .000 1.2 .652 026 000 000
14 040 .000 161 1.2%9 2.018 .000 .000 1.125 .652 000 000 000
8 .000 000 000 .000 000 .000 .000 .000 .000 028 .000 000
9 .000 .000 000 .000 .000 .000 .000 .000 . .000 .000 000
10 .000 .000 .000 .000 000 .000 000 .000 .000 .000 000 8.224
1" 000 .000 .000 .000 000 .000 .000 .000 .000 .000 000 6.224
12 .000 .000 .000 .000 .000 .000 000 .000 .000 000 000 2.049
13 000 .000 000 <000 000 000 .000 000 .000 .000 .000 4,175
1% . .000 .000 .000 000 .000 .000 .000 .000 .000 000 3.088
15 .000 .000 000 <000 .000 .000 .000 .000 .000 .000 000 1.087
16 .000 . 000 3.088 000 .000 000 .000 .000 000 .000 000
17 .000 .000 .000 3.088 000 .000 000 .000 . .000 .000 0co
18 .000 .000 000 234 .000 .000 .000 .000 000 .000 .000 000
19 .000 .000 .000 2.087 . .000 000 .000 .000 000 000 000
20 . . 008 A58 12354 3.314 148 <000 .000 000 000 000
21 000 .000 .001 .025 7 S22 023 .000 000 .000 000 .000
22 .000 .000 001 .028 1.947 S22 023 000 .000 .000 .000 .000
23 .000 .000 1.330 4.5310 12,422 1.824 124 000 000 .000 .000 .000
24 .000 .000 1.330 4.310 12,422 1.824 24 000 .000 .000 .000 .000
25 000 .000 1.330 4.510 12,422 1.824 A2 .000 .000 .000 .000 .000
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Table 3.4.b

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

COMPRESSOR 8 1
# OF STAGES » 10 PRESSURE RATIO » 3128 COMPRESSOR EFFICIENCY o 348
WORK OF COMPRESSION o 26183, stuw/sec

COMPRESSOR # 2
8 OF STAGES = 10 PRESSURE RATIO » 11.628 COMPRESSOR EFFICIENCY = 848
WORK OF COMPRESSION » 62360, Stu/sec

COMPRESSOR # 3
# OF STAGES = 10 PRESSURE RATIO = 11.860 COMPRESSOR EFFICIENCY = 848
WORK OF COMPRESSION » 11800, Stu/sec

TOTAL WORK OF COMPRESSION o 100344, Btu/sec, 105.9 M
TURBINE RESULTS:

§OF STAGES » 10  EXPANSION RATIO 30.370  TURBINE EFFICIENCY o 830
TURBINE WORK = 224174, Btu/sec, 236.5 W

HEAT EXCHANGER # 1 CALCULATED UA = 914,111
APPROACH TEMPERATURE AT HOT INLET = 28,3 ¢ APPROACH TEMPERATURE AT HOT OUTLET o 25,0 F
NOT STREAM DELTA P = 2.0 PSIA COLD STREAM DELTA P » 5.0 PSIA

COMBUSTOR QUTPUT
AIRRATIO = 2,538 FIMAL H20RATIO = ,1890
FUEL INLET TEMPERATURE » 1200.0 WET AIR INLEY TEMPERATURE = 741.5 F TURBINE INLET TENPERATURE = 2100.0 F

STEAM GENERATOR OUTPUT
L9} OELTA P VATER = 5.0 DELTA P GAS » .3  MINIMUG APPROACH TEWP = 25.0 F
2 DELTA P WATER © 2.0 OELTA P GAS » .S MINIMUM APPROACH TENP = 25.0 F
“NX 3 OELTA P VATER © 2.0 DELTA P GAS = .S  MINIMUM APPROACH TEMP = 25.0 F
STACK GAS TEMPERATURE » 8.3 ¢
MAXIMUM STEAN TEMPERATURE o 804.8 ¢
STEAM FLOW RATE = 3.09 tbmol/sec

GASIFIED COAL QUENCH OUTPUT
GASIFIED COAL INLET TEMPERATURE » 1850.0 dep ¢ QUENCHED GAS EXIT TEMPERATURE = 1200.0 deg F
AMOUNT OF 25 REMOVED = 0262 Lbmot/sec AMOUNT OF NH3 REMOVED = 0000 Lbmol/sec
VATER EVAPORATED [N THE GASIFIED COAL QUENCH = 1.087 ibmol/sec

SYSTEN QUTPUT _
NET WORK QUT = 123831, Btu/sec, 130.6 W
HEAT RATE = 8148, Btu / Kihr
FRACTION OF TOTAL CONPRESSION WORK ACCOMPLISHED IN COMPRESSOR NO.1 s 2609

SYSTEM EFFICIENCY ¢ BASED ON ILLINOIS COAL NO.6, 12774 Btu/ib DRY WKV ) 41,33 X
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Figure 3.10

Variation of ISTIG System Efficiency* with System Pressure
Fluid—Bed 0, gasifier (Partial—Quench) Case
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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, oberating 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,
which is subtracted from the turbine work when determining system efficiency.

3.4.3 Effects of Compressor Loading and éystem 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 O, gasifier. Maximum thermal cfficiéncy is obtained in the fluid-bed O,
ISTIG system at a compression loading of around 20 percent of the totz.al 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 abproximately 500 psia for the fluid-bed O, gasifier and 550 psia for the fluid-
bed air gasifier. These values differ little from the optimum of 600 psia for the
Texaco gasifier. The maximum efficiencies obtained with the fluid-bed ISTIG
systems are 40.9 percent for the Oz-fcd 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 Improved Thermal Efficiency with Fluid-Bed Gasifiefs

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 content
of the original coal in the chemical form. Less of the coal is burned to Cco, in
the gasification 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 C02 and H,O0) and
only ;ombust 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 2400°F, com-
pared with around 1850°F for fluid-bed gasifiers. As mentioned préviously,
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 O, gasifier. The difference is not large, only
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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
perceht 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 O, 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 O, is a fortunaté development since the capital
investment for a cryogenic air-separation plant can Ec 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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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 mcdium-tcmberature, 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 systein 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 si:hplicity 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 'mcthod.

Such a design is shown in Figure 4.1. This design, which will be rcferrcd
to as the advanced design, represents a significant improvement over the ISTIG
configuration for maximizing the thermal efficiency of a systgm 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 thé combustor, with the exhaust gas entering the
turbine at the makimum 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 exchangc 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 q-ucnchcs. Most of the turbine exhaust is
cooled by hcéting the wet air stream in a countercurrent heat exchanger (HX-1).
The rest of the turbine exhaust heats the quenched coal gas (HX-2) and then
prcheats' water (HX-3) for the air quench. Turbine-exhaust streams leaving the
wet-air heater (HX-1) and the air-qucnch' water heater (HX-3) are combined and
g0 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 steam 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 steam and supplies water at the
same tcryipcra-ture-as the steam, for use in both quenches. Part of the boiler-steam
is added to the quenched coal-gas stream énd the rest is sent to supply the stcam.
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 coﬁ)ing 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 quencfles. 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 300°F. The ISTIG partial-
quench design can not efficiently use the heat removed ir; 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 275°F) are heated in the advanced design by high-
temperature (800-1000°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

2

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-
pre—ssion 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 compéring this
system to other coal-gas 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 gasifici. In addition to coal, each gasifi-
er requires a flow of oxidant and water or steam.” The Texaco gasifier uses 95
percent O, and heated water (part of the coal slurry), the fluid-bed O, gasifier
uses 95 percent O, 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 4.1.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, 4.5.2,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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Figure 4.2

Advanced Design Coal—Gas Turbine System
with Texaco Oy Gasifier COAL GAS
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Table 4.1.b .

Advanced Design Units Output using Texaco 0, Gasifier

CONPRESSOR & 9
# OF STAGES » 10 PRESSURE RATIO » 4,167 COMPRESSOR EFFICIENCY » 8568
WORK OF COMPRESSION » 36052, Btu/sec

COMPRESSOR @ 2 _
# OF STAGES » 10 PRESSURE RATIO » 3.448 COMPRESSOR EFFICIENCY = 868
WORK OF COMPRESSION o 31685, Btussec

TOTAL WORK Of COMPRESSION = OTT37. Dtuw/sec, T1.5 W

TURBINE RESULTS: )
# OF STAGES = 10 EXPANSION RATIO = 12,102 TURBINE EFFICIENCY » 880
TURBINE VORK @ 203604, Btu/sec, 214.8 W

REAT EXCMANGER # 1 CALCULATED UA =  33504.40%
APPROACH TEMPERATURE AT HOT INLET o 431.2 F APPROACH TEMPERATURE AT NOT QUTLET ¢  25.0 ¢
HOT STREAM DELTA P = .5 PSiA COLD STREAM DELTA P o 2.0 PSIA
NEAT EXCNANGER # 2 CALOLATED UA »  1209.162
APPROACH TEMPERATURE AT HOT INLEY o 33.7 ¢ APPROACH VEMPERATURE AT HOT OUTLET » 25.0 ¢
NOT STREAN DELTA P s .5 PSIA COLD STREAM DELTA P = 2.0 PSIA
REAT EXCHANGER # 3 CALCULATED UA » 153.987
APPROACH TEMPERATURE AT MOT INLET = 433 F APPROACH TEMPERATURE AT HOT QUTLET » 25,0 F
NOT STREAM OELTA P o .5 PSIA COLD STREAM DELYA P » 3.0 PSIA
COMBUSTOR OUTPUT
AIRRATIO & 2,938 FINAL H20RATIO » 1087
FUEL INLET TENPERATURE = 1074.6 F VET AIR INLET TEMPERATURE » 1069.1 F TURBINE INLET TEMPERATURE = 2100.0 ¢
BOILER QUTPUT
APPROACH TEMPERATURE AT BFW INLEY = 250 F APPROACH TEMPERATURE AT BFW OUTLET = 30.2 ¢

BFW FLOW = 4,570 (bmol/sec GASIFIED COAL QUENCH WATER FLOW = 3.003ibmol/sec AIR QUENCH MATER FLOU = 3,575 Lbmol/sec
STEAN FLOW @  ,000 (bool/sec STEAM TEMPERATURE = +0 deg ¥

AIR QUENCN OUTPUT
" AIR INLET VEMPERATURE &  35).3 deg ¥ QUENCHED AIR OUTLET TEMPERATURE =  223.4 deg F
MATER INLET TEMPERATURE = 328.4 deg F WATER OUTLET TEMPERATURE = 223.4
WATER EVAPORATED 1% THE AIR QUENCH & 1,635 lbmol/sec

GASIFIED COAL QUENCHN OUTPUT
GASIFIED COAL INLET TEMPERATURE = 2400.0 deg F QUENCHED GAS EXIT TEMPERATURE =  336.2 deg F

ANOUNT OF W28 REMOVED = 0263 lbmol/eec AMOUNT OF NH3 REMOVED = ,0045 bmol/sec
VATER EVAPORATED IN YHE GASIFIED COAL QUENCH = 3.003 lbmol/sec
SYSTEN OUTPUT

NET WORK OUT ¢ KOT INCLUDING 02 PRODUCTION ) e 135867, Btu/sec, 143.3 mu
ENERGY PENALTY FOR OXYGEN USED IM GASIFICATION » 10817, Btu/sec,  11.41 MW

HEAT RATE » 8069, Btu / kvhr

FRACTION OF TOTAL COMPRESSION WORK ACCOMPLISHED IN COMPRESSOR NO.1 = ,5322

SYSTEM EFFICIENCY ( BASED ON ILLINOIS COAL NO.S, 12774 Btu/lb DRY HHY ) = 41.76 X
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Figure 4.3.a
Advanced Design Coal—Gas Turbine System
with Fluid—Bed O, Gasifier
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SIMULATION QUTPYT

STREAM
NUMBER

OBNOVI BN

PRESS o
(psia) (lbwol/sec)
1%.4 20.919
80.0 20.919
78.0 20.919
200.0 20,919
200.0 22.740
198.0 22.740
200.0 2,044
200.0 3.81%
200.0 138
200.0 3.954
198.0 3.95¢
200.0 026
200.0 004
205.0 8.293
200.0 1.802
200.0 293
200.0 .13
198.0 155
200.0 6.198
200.0 8.014
205.0 6,193
205.0 4,372
205.0 1.821
200.0 1.821
190.0 23.853
15.7 25.453%
15.7 21.397
15.2 .37
15.7 4,457
15.7 4.270
15.2 4.270
15.7 187
15.2 187
15.2 4.457
14.7 4.457
15.2 25,853
1.959 (b/sec

Table 4.2.a

Advanced Design Flowsheet using Fluid-Bed 0, Gasifier

( SASED O 1000 SNORT YONS / DAY Of COAL )

ENTRALPY
(Btu/sec)

00000
Stu/sec

STREAM MOLE FRACTIONS
02

N2 Ar
JT 20739 00925
JT 20739 ,00925
I3V 20739 00928
JTY 20739 .00928
JHU19 19078 00851
J119 19078 00851
01693 ,00000 00000
.00907  ,00000 .00000
.00000 .00000 ,00000
.00875 ,00000 .00000
00873 00000  .00000

00000  .00000 ,00000
.00000 ,00000 ,00000
.00000 ,00000 ,00000
.00000 .00000 00000
,00000 ,00000 .00000
.00000 ,00000 .00000
.00000 ,00000 .00000
.00000 ,00000 .00000
+00000 .00000 ,00000
.00000 ,00000 ,00000
.00000 00000 00000
00000 ,00000 .0000O
.00000 ,00000 .00000
62688 ,12626 ,00748
62688 12626  ,00748
.62688 12626 007438
62688 12626  ,00748
62688 12626  .00748
62688 12626 00748
.62688  ,12626 ,00748
62688 12626 00748
62688 12626 00748
62688 12626 00748
.62688  ,12626 ,00748
62688 ,12626 ,00748

co

00000
.00000
.00000
.00000
00000
.00000
56376
29132
00000
28112
28112
.00000
.00000
.00000
.00000
00000
00000
00000
00000
00000
.00000
.00000
00000
00000
.00000
.00000
.00000
+00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
.00000

W2

00000
00000
.00000
.00000
.00000
.00000
27592
.14783
.00000
14265
14265
.00000
.00000
.00000
.00000
00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
00000

H2$§

00000
.00000
.00000
.00000
00000
.00000
.01278
00000
.00000
.00000
.00000
1.00000
00000
.00000
.00000
00000
00000
00000
00000
.00000
00000
.00000
00000
.00000
.00000
.00000
.00000
00000
00000
.00000
.00000
.00000
.00000
.00000
00000
.00000

NH3

.00000
.00000
.00000
.00000
.00000
.00000
.00219
00000
.00000
.00000
.00000
.00000
1.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

H20liq

. 00000
00000
. 00000
00000
.00000
.00000
.00000
. 00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
.00000

.00000 -

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
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Figure 4 3.b
Alternative Advanced Design Coal—Gas Turbine System
~ with Fluid—Bed O5 Gasifier
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Fig

ure 4.4

Advanced Design Coal—Gas Turbine System
with Fluid—Bed Air Gasifier
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Table 4.3.b

Advanced Design Units Output using Fluld-Bed Air Gasifler

COMPRESSOR #

# OF sTaGES « 10 PRESSURE RATIO @ $.356 CONPRESSOR EFFICIENCY » 848
WORK OF COMPRESSION @ 49784, Btu/sec

COMPRESSOR # 2

#OF STAGES » 10 PRESSURE RATIO o 2.564 COMPRESSOR EFFICIENCY = .B48
VORK OF COMPRESSION ® 21618, Stwsec
conpRESSOR # 3
© 8 OF §TAGES & 10 PRESSURE RATIO o 2.692 COMPRESSOR EFFICIENCY » . 868
WORK OF COMPRESSION 3660, Btu/sec
TOTAL WORK OF COMPRESSION * T5058. Stweec, 9.2 W

TURBINE RESULTS

# OF STAGES » 10 EXPANSION RATIO » 12.102 TURBINE EFFICIENCY » 880
TURBINE VORK ® 209007, Stu/sec, 220.5 W

MEAT EXCHAMGER & CALCULATED UA o 2711,029
APPROACN TEMPERATURE AT NOT INLET o S8.0 F APPROACN TEMPERATURE AT NOT OUTLET » 25,0 F
HOT STREAM OELTA P = .3 PSIA COLD STREAM DELTA P o 2.0 PSIA

HEAT EXCHANGER # 2 CALOULATED UA »  1347.844

' APPROACH TENPERATURE AT WOT INLET = 47.4 ¢ APPROACH TEMPERATURE AT KOT QUTLET »  25.0 ¢
NOT STREAM DELTA P = .3 PSiA COLD STREAN DELVA P v 2.0 PSIA

MEAT EXCNANGER # 3 CALCULATED UA = 23473
APPROACN TENPERATURE AT HOT INLET o 33,3 7 APPROACN TEMPERATURE AT MOT OUTLET =  25.0 ¢
HOT STREAM OEATA P & .5 PSIA COLD STREAM DELTA P = 5.0 PSIA

NEAT EXCMANGER & ¢ CALORATED UA » $2.298
APPROACH TEMPERATURE AT NOT INLET = 33.2°¢ APPROACH TEMPERATURE AT KOT OQUTLET » 25,0 ¢
NOT STREAN DELTA P = .3 PSIA COLO STREAM DELYA P » 2.0 PSIA

OR QUTPUY

AIRRATIO » 2,040 FINAL M2ORATIO » 0981

FUEL JNLEY TENPERATURE o 1037.4 # VET ALR INLET TEMPERATURE » 1047.0 F TURBINE INLEY TEMPERATURE » 2100.0 F

BOILER QUTPUT
APPROACH TEMPERATURE AT 8PV INLET o 25,0 ¢ APPROACH TEMPERATURE AT BFW OQUTLET » 84,7 F
OFW FLOW ® 7,230 \bmol/sec GASIFIED COAL QUENCH WATER FLOW = 3,485(bmol/sec AJR QUENCH WATER FLOW = 3,529 Lbtmol/sec
STEAN FLOW »  ,256 lbwol/sec STEAN TENPERATURE » 381.7 deg ¢

AIR QUENCN QUTPUT

AIR INLET TENPERATURE &  279.1 deg F QUENCHED AIR QUTLET TEMPERATURE »  218.6 deg
VATER INLET TEMPERATURE » 347.0 deg # UATER OUTLET TEMPERATURE » 218.4
WATER EVAPORATED 18 THE AIR QUENCH & 1.375 lbmol/sec

GASIFIED COAL QUENCH QUTPUT
GASIFIED COAL INLET TEMPERATURE o 1850.0 deg ¢ QUENCHED GAS EXIT YEMPERATURE o  318.3 deg f

AMOUNT OF N28 REMOVED = 0262 ltmol/sec ANOUNT OF NH3 REMOVED » 0000 Lbmol/sec
MATER EVAPORATED IN THE GASIFIE0 COAL QUENCH = 3,463 lbmol/sec

SYSTER QUTAUT
NET WORK QUT » 133949, Btu/sec, 141.3 wv

HEAT RATE » 7332. 8tu / khe
FRACVION OF TOTAL COMPRESSION WORK ACCOMPLISKED IN COMPRESSOR NO.1 = ,6633
SYSTEN EFFICIENCY ( BASED ON ILLINOIS COAL NO.6&, 12774 Btu/lb DRY WMV ) » 4.3 %
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SIMULATION QUTPUT

STREAM
NUMBER

QOB NONLWN =

TENP
(degf)

60.0

( BASED OM 1000 SHORT TONS / DAY

PRESS
{psin)

14.4
110.0
108.0
500.0
500.0
498.0
$00.0
500.0
$00.0

15.2
15.7
15.2
1%.7
15.2

1.959

Table 4.4.a

Advanced Design Flowsheet (P = 500 psia) using Texaco 02 Gasifier

FLOM
{1bmol/sec)

11.262
11,2682
11.262
11,262
12.613

70
6.193
6.193

Lb/sec

ENTHALPY
(Btu/sec)

<1372,

OF COAL )

(1] c2ns
.00000 .00000
.00000  .00000
.00000  .00000
.00000  .00000
.00000  ,00000
.00000 .00000
00080  .00000
.00035  .00000
.00000  .00000
.00034  .00000
.00034  .00000
.00000  .00000
.00000  .00000
.00000 00000
.00000  .00000
.00000  ,00000
.00000  .00000
.00000  .00000
.00000  .00000
.00000 .00000
.00000  .00000
.00000 .00000
.00000 00000
.00000  .00000
.00000  .00000
.00000 .00000
.00000  .00000
.00000  .00000
.00000  .00000

Btu/sec

STREAM MOLE FRACTIONS
N 02

73
173N
73
a3
.69016
.69016
.00680
00296
.00000
.00288

.20739
.20739
. 20739
. 20739
18514
L18514
.00000
00000
.00000
00000
00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
07904
07904
07904
07904
07904
.07904
07904
07904

Ar

.00925
.00925
.00925
00925
.00826
.00826
.00910
.00397
.00000
.00386
.00386
00000
00000
.00000
00000
00000
.00000
00000
00000
.00000
.00000
00716
.00716
.00716
.00716
.00716
-00716
.00716
.00716

.00000
.00000
.00000
.00000
.00000
00000
.30260
13189
.00000
12827
.12827
00000
.00000
00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
-00000
.00000
.00000
.00000
.00000

H2s

.00000
.00000

.00000

.00000
.00000
.00000
.01000
00000
.00000
.00000
.00000
1.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

.00000

.00000
.00000
. 00000
.00000
00000
.00000
.00000

NK3

.00000
.00000
60000
.00000
.00000
00000
.00170
.00000
.00000
.00000
.00000
.00000
1.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
-00000
.00000
.00000
.00000
.00000
.00000

H20tiq

00000
00000
00000
.00000
.00000
.00000
.00000
000060
. 00000
.00000
.00000
.00000
.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
.00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
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Table 4.4.b

Advanced Deslign Units Output (P = 500 psia) using Texaco 0, Gasifier

COMPRESSOR # 1 :
# OF STAGES » 10 PRESSURE RATIO o 7.639  COMPRESSOR EFFICIENCY = .868
WORK OF COMPRESSION e 38422, Btu/sec

COMPRESSOR # 2
# OF STAGES = 10  PRESSURE RATIO o 4.830  COMPRESSOR EFFICIENCY = 868

WORK OF COMPRESSION = 27726. Btu/sec
TOTAL WORK OF CW!ESSIN s 66149, Btu/sec, 69.3 md
TURBINE RESULTS:

# OF STAGES » 10 EXPANSION RATIO = 31,210 TURBINE EFFICIENCY = 880 .
TURBINE WORK & 201862, Btu/sec, 213.0 m

HEAT EXCHANGER # 1 CALCULATED UA =  1246.840
APPROACH TEWPERATURE AT HOT INLET = 383 F APPROACH TEMPERATURE AT HOT OUTLET = 25.0 ¢
HOT STREAN DELTA P » .5 PSIA COLD STREAM ODELTA P » 2.0 PSIA

HEAT EXCHANGER # 2 CALCULATED UA = 655.981
APPROACH TEMPERATURE AT NOT INLET » 46,9 F APPROACH TEMPERATURE AT HOT OUTLET = 25.0 ¢
HOT STREAM DELYA P o .5 PSIA COLD STREAM DELTA P = 2.0 PSIA ’

HEAT EXCHANGER # 3 CALCULATED UA = 304.810
APPROACH TEMPERATURE AT KOT INLET = 30.7 ¢ APPROACH TEMPERATURE AT HOT QUTLEY = 253 F
HOT STREAM DELTA P = .5 PSIA COLD STREAM DELTA P = 5.0 PSIA

COMBUSTOR OUTPUT
AIRRATIO = 1,801 FINAL N2ORATIO = 1314
FUEL INLET TEMPERATURE = 808.4 ¢ WET AIR INLET TEMPERATURE = 797.1 F TURBINE INLET TEMPERATURE s 2100.0 F

BOILER OUTPUY
APPROACH. TEMPERATURE AT BFY INLET = 25,0 F APPROACH TEMPERATURE AT BFW OUTLET » nSt
OFW FLOM = 4.512 lbmol/sec GASIFIED COAL QUENCH WATER FLOM = 3.4281bmol/sec AIR QUENCH WATER FLOM = 913 lbmol/sec
STEAM FLOW » 170 (bmol/sec SVEAM TEMPERATURE » 466.6 deg F

AR QUENCH OQUTPUT
AIR INLET TEMPERATURE »  430.% deg F QUENCHED AIR OUTLET TEMPERATURE s 282.0 deg f
WATER INLET TEMPERATURE = 420.0 deg F WATER OUTLET TEMPERATURE = 282.0
MATER EVAPORATED IN THE AIR OUENCH s 1,353 tbmol/sec

GASTFIED COAL QUENCH QUTPUT
GASIFIED COAL INLET TEMPERATURE = 2400.0 deg F  QUENCHED GAS EXIT TEMPERATURE =  408.9 deg F
AMOUNT OF H2$ REMOVED = ,0263 ltmol/sec AMOUNT OF NH3 REMOVED = .0045 bmol/sec
WATER EVAPORATED IN THE GASIFIED COAL QUENCH = 3.428 lbmol/sec

SYSTEM QUTPUT
NET WORK OUT ¢ NOT INCLUDING 02 PRODUCTION ) = 135713, Btussec,  143.2 MW
ENERGY PENALTY FOR OXYGEN USED IN GASIFICATION =  11449. Btu/sec, 12.08 MW
HEAT RATE = 8120, Btu / kwhr '
FRACTION OF TOTAL COMPRESSION WORK ACCOMPLISHED IN COMPRESSOR NO.1 = ,5808

SYSTEM EFFICIENCY ( BASED ON ILLINOIS COAL NO.6, 12774 Btu/lb DRY HHV ) . 41,49 %
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SIMULATION OUTPUY

STREAN TEWP
NUMBER  (degF)
1 60.0
2 $42.1
3 85.0
4 430.1
] 287.6
é 178.1
L4 1850.0
8 389.0
9 466.6
10 390.4
" 785.8
12 389.0
13 389.0
14 60.0
13 466.6
16 466.6
7 466.6
18 803.7
19 4£66.6
20 439.1
'3 287.6
2 287.6
a3 287.6
24 384.7
25 2100.0
26 828.7
27 a28.7
28 312.6
29 828.7
30 828.7
n 415.4
32 828.7
33 504.5
3% 419.6
35 312.6
36 312.6
SLAG

PRESS
(psia)

%4
110.0
108.0

15.2
15.7
15.2
15.2
14.7
15.2

1.959

Table 4.5.a

Advanced Design Flowsheet (P = 500 psia) using Fluid-Bed 0, Gasifier

¢ BASED ON 1000 SHORT TONS / DAY OF COAL )

FrLov
(lbmot/sec)

ib/sec

ENTHALPY
(8tu/sec)

-1838.
49497,
&N,
37006,
23706,
87179,
29636,
7901,
163,
8067,

.00000
.00000

Btu/sec

.00000
.00000
.00000
00000

24944
24944

STREAM MOLE FRACTIONS
02

n Ar
LJT7310 20739 00928
T3 20739 00928
JTT310 20739 00928
L7311 20739 L00928
L68183  .10290 .00816
L6818 18290 .00816
.01693  ,00000 .00000
.00878 .00000 .00000
.60000 ,00000 .00000
.00842 ,00000 .00000
.00862  ,00000 .00000
.00000 .00000 _ .00000
.00000  ,00000  .00000
.00000 ,00000 .00000
.00000 .00000 .00000
.00000 .00000 00000
.00000 .00000 .00000
.00000 ,00000 .00000
.00000 .00000 .00000
.00000 .00000 .00000
.00000 ,00000 .00000
00000 .00000 .00000
.00000 .00000 .00000
.00000 .00000 .00000
57676 10130  .00688
57676 10130  .00688
57676  .10130  .00688
57676 .10130 .00488
57676  .10130 00488
57676 .10130 .00483
57676 10130 ,00688
57676 10130 .00688
57676 10130 00688
57676 10130 00688
57676 ,10130 00488
57676 .10130 00688

00000
00000
.00000
.00000
00000
00000
00000

W2

00000
.00000

00000
00000
.00000
27592
L14315
00000
. 14054
16054
.00000
.00000
00000
.00000
.00000
.00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
-00000
.00000
.00000
.00000
.00000
.00000

.00000
.00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
00000

NK3

.00000
.00000
.00000
.00000
.00000
.00000
.00219
.00000
00000
.00000
.00000
.00000
1.00000
00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

H20liq

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
1.00000
1.00000
.00000
.00000
.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
.00000
.00000
.00000
00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
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Table 4.5.b

Advanced Design Units Outp_ut (P = 500 psia) using Fluid-Bed 0, Gasifier

COMPRESSOR # 1
# OF STAGES = 10 PRESSURE RATIO = 7.639 COMPRESSOR EFFICIENCY « 848
WORK OF COMPRESSION = 51456, Stu/sec

COMPRESSOR # 2
# OF STAGES = 10 PRESSURE RATIO » 4,630 COMPRESSOR EFFICIENCY = 848

WORK OF COMPRESSION 37132. Btu/sec
TOTAL WORK OF COMPRESSION = 88388, Stussec, 93.5 MW
TURBINE RESULTS:

# OF STAGES = 10 EXPANSION RATIO » 31.210 TURBINE EFFICIENCY = 880
TURBINE WORK =  224649. Btu/sec, 239.% mv

HEAT EXCHANGER # 1 CALCULATED UA =  1748.338
APPROACH TEMPERATURE AT HOT INLET = 50.6 F APPROACH TEMPERATURE AT HOT OQUTLET = 25,0 F
HOT STREAM DELTA P = .5 PSIA COLD STREAM OELTA P » 2.0 PSIA
HEAT EXCRANGER # 2 CALCULATED LA = 426.602
’ APPROACH TEMPERATURE AT HOT INLET = 42.8 ¢ APPROACH TEMPERATURE AT HOT OUTLET = 25.0 F
HOT STREAM DELTA P o .5 PSIA COLD STREAM DELTA P = 2.0 PSIA
HEAT EXCHANGER # 3 CALCULATED UA = 126.939
APPROACH TEMPERATURE AT NOT INLET o 34,9 F APPROACH TEMPERATURE AT MOT OUTLEY = 25,0 f
HOT STREAM DELTA P s .3 PSIA COLO STREAM DELTA P = 5.0 PSIA
HEAT EXCHANGER # & CALCULATED UA » 17.478
APPROACH TEMPERATURE AT HOT INLET = 25,0 ¢ APPROACH TEMPERATURE AT MOT QUTLET = 38.0 F
HOT STREAM DELTA P = .5 PSIA COLD STREAM DELTA P = 2.0 PSIA
COMBUSTOR OUTPUT
AIRRATIO » 3,724 FINAL H20RATIO o 1452
FUEL INLET TEMPERATURE = 785.8 F WVET AIR INLEY TEMPERATURE = 778.1 ¢ TURBINE SNLET VEMPERATURE » 2100.0 F
SOILER OUTPUT
APPROACH TEMPERATURE AT BFW INLET = 250 F APPROACH TEMPERATURE AT BFW OUTLET = 75,5 F

OFV FLOW = 6.042 (bmol/sec GASIFIED COAL QUENCH WATER FLOW = 1,9261bmol/sec AIR QUENCH WATER FLOM = 3.888 lbmol/sec
STEAM FLOW = ,228 (bmol/sec STEAM TEMPERATURE = 466.6 deg F M

AIR QUENCH OUTPUT .
AIR INLET TENPERATURE =  430.1 deg ¢ QUENCHED AIR OQUTLET TEMPERATURE = 287.6 deg f
WATER INLET TEMPERATURE s 439.1 deg F VATER OUTLET TEMPERATURE = 287.6
WATER EVAPORATED IN THE AIR QUENCH = 2,019 (bmol/sec
GASIFJED COAL QUENCH OUTPUT
GASIFLED COAL INLET TEMPERATURE = 1850.0 deg f QUENCHED GAS EXIT TEMPERATURE =  389.0 deg F
AMOUNT OF H2S REMOVED = 0261 Lbmol/sec AMOUNT OF NH3 REMOVED » 0045 Lbmol/sec
WATER EVAPORATED IN THE GASIFIED COAL QUENCH » 1,926 lbmot/sec
SYSTEN OUTPUT '
NET WORK OUT ( NOT INCLUDING 02 PRODUCTION ) = 138061. 8tu/sec, 145.7 MW
ENERGY PENALTY FOR OXYGEN USED IN GASIFICATION = 7858. 8tu/sec, 8.29 Mo
HEAT RATE = T749. Btu / kwhr
FRACTION OF TOTAL COMPRESSION WORK ACCOMPLISHED IN COMPRESSOR NO.1 = ,5808

SYSTEM EFFICIENCY ( BASED ON TLLINOIS COAL NO.S, 12774 Btu/lb DRY HHV ) = 43.48 X
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SIMULATION OUTPUT

STREAN
NUMBER

OB NOVNIUWN—-

TEMP
(degf)

60.0

386.1

Egesk

%

~- -

un
sai¥a gk

oorocorrroocto-

347.8

281.6
291.0

PRESS
(psia)

4.4
140.0
138.0
500.0
500.0
498.0
500.0
500.0
500.0
$00.0
498.0
500.0
500.0
505.0
500.0
500.0
$060.0
498.0
500.0
500.0
505.0
505.0
505.0
$00.0
138.0
138.0
$10.0

490.0

15.7
15.7
15.2
15.7
15.7
15.2
15.7
15.2
15.2
14.7
15.2

1.959

Table 4.6.a

Advanced Design Flowsheet (P = 500 psia) using Fluid-Bed Air Gasifier

{ BASED ON 1000 SHORT TONS / DAY OF COAL )

FLOW
(lbmol /sec)

12.757
12.757
10.231
10,231
11.290
11.290
4.190
7.068
AT
8.342
8.342
026
.000
5.159
3.704
705
23
23
730
4.314
3.25%
.309
3.564
3.564
12.757
2.516
2.516
18,522
18.522
9.793
9.793
8.729
8.432
8.432
297
297
8.729
8.729
18.522

{b/sec

ENTRALPY
(Btu/sec)

+1555.
49120,

254,
20110,
14669,
$7346.
57878.

52561,
50771,
21596,
1791,
938,
22535,
13328,
29611,

T46.

.00000
.00000

Btu/sec

.00000
.00000
.00000
00000
.00000

STREAM MOLE FRACTIONS
N2 02

T34
J7IN
73N
T3
70063
.70063

.20739
.20739
.20739
.20739
18795
18795
00000
.00000
00000
. 00000
-00000
00000
00000
.00000

..00000

00000
00000
.00000
00000
00000
.00000
-00000
.00000
-00000
. 20739
20739
.20739
06237
06237
.06237
.06237
06237
06237
.06237
.06237
.06237
06237
.08237
.06237

Ar

.00925
.00925
.00925

.00511
.00511
.00511
.00511

H2

.00000
.00000
.00000
.00000
.00000
. 00000
.15552
.08282
.00000
07812
.07812
.00000
.00000
.00000
.00000

.00000

Hes

.00000
.00000
00000
00000
00000
. 00000
00626
.00000
.00000
.00000
.00000
1.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
00000
.00000
.00000
-00000
00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
.00000
.00000
.00000

L13 ]

00000
.00000
.00000
.00000
.00000
. 00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
-00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
00000
.00000
00000
.00000
.00000
-00000
.00000
.00000
-00000
00000
00000
.00000
00000
-00000
.00000
.00000
.00000

H20liq

.00000
-00000
.00000
.00000
00000
- 00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
1.00000
1.00000
.00000
.00000
.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00Q00
.00000
.00000
.00000
.00000
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Table 4.6.b

Advanced Design Units Qutput (P = 500 psia) using Fluid-Bed Air Gasifier

FUEL INLET TEMPERATURE =  789.9 F WET AIR INLET TEMPERATURE » T77.9 F
BOILER OUTPUT

COMPRESSOR # 1
# OF STAGES = 10 PRESSURE RATIO » 9.722 COMPRESSOR EFFICIENCY = - 848
WORK OF COMPRESSION » 50788. 8tu/sec

COMPRESSOR # 2
# OF STAGES = 10 PRESSURE RATIO = - 3.623 COMPRESSOR EFFICIENCY = 848
WORK OF COMPRESSION = 20285. Btu/sec .

COMPRESSOR # 3
# OF STAGES » 10 PRESSURE RATIO = 3.69 COMPRESSOR EFFICIENCY » 868
WORK OF COMPRESSION s ° 5083, 8tu/sec

TOTAL WORK OF COMPRESSION » 76155, Btu/eec, 80.3 M

TURBINE RESULTS:
# OF STAGES = 10 EXPANSION RATIO = 31.210 TURBINE EFFICIENCY « 880
TURBINE WORK =  208438. Btu/sec, 219.9 m

‘HEAT EXCNANGER # % CALCULATED UA » 978.686
APPROACH TEMPERATURE AT NOT INLET = 69.7 ¢ APPROACH TEMPERATURE AT HOT OUTLET
HOT SIREAM DELSA P s .5 PSIA COLO STREAM DELTA P = 2.0 PSIA

HEAT EXCHANGER 8 2 CALCULATED UA = 746.187
APPROACK TEMPERATURE AT NOT INLET s S7.7°F APPROACH TEMPERATURE AT HOT OUTLEY
HO! STREAM DELTA P o .5 PSIA COLD STREAM OELTA P = 2.0 PSIA

KEAT EXCRANGER # 3 CALCULATED UA = 363.872
APPROACH TEMPERATURE AT MOT INLET e« 25,0 ¢ APPROACH TEMPERATURE AT HOT OUTLET
HOT STREAN DELTA P = .S PSIA COLD STREAM DELTA P = 5.0 PSIA

HEAT EXCHANGER # & CALCULATED UA = 34.032
APPROACK TEMPERATURE AT HOT INLET = 25,0 F APPROACH TEMPERATURE AT HOT OUTLET
HOT STREAN OELTA P » .5 PSIA COLD STREAM DELTA P = 2.0 PSIA

COMBUSTOR OQUTPUT
AIRRATIO » 1.215 FINAL HZORATIO = 1148

= 25.0F¢
= 5.0°F
s 25.6F
= 25.1¢

TURBINE INLET TEMPERATURE =

APPROACK TEMPERATURE AT BFU INLEY s 25.0 F APPROACH TEMPERATURE AT BFU OUTLET » 153.8 ¢

B8FW FLOW » 5,159 lbmol/sec GASIFIED COAL QUENCH WATER FLOW = 3,704ibmo
STEAM FLOW = .705 (bmol/sec STEAM TEMPERATURE = 466.6 deg f

AIR QUENCN QUTPUT
AIR INLET TEMPERATURE =  342.7 deg F QUENCHED AIR OUTLET TEMPERATURE =
WATER INLET TEMPERATURE » 406.4 deg F WATER QUTLET TEMPERATURE » 274.4
WATER EVAPORATED IN THE AIR OQUENCK » 1.058 tbmol/sec

GASIFIED COAL QUENCH OUTPUT

L/sec

AIR QUENCH WATER FLOW =

27h .4 deg F

GASIFIED COAL INLET TEMPERATURE = 1850.0 deg ¥ QUENCHED GAS EXIT TEMPERATURE =
AMOUNT OFf H2S REMOVED = 0262 lbmol/sec AMOUNT OF NH3 REMOVED = 0000 {bmol/sec

WATER EVAPORATED IN THE GASIFIED COAL QUENCH = 3,704 tbmol/sec
SYSTEM OUTPUT
NET WORK QUT = 132282. Btu/sec, 139.6 My
HEAY RATE = 7627. 8ty / kwhr ‘
FRACTION OF TOTAL COMPRESSIOR WORK ACCOMPLISHED IN COMPRESSOR NO.1 = 6669

SYSTEM EFFICIENCY ¢ BASED ON ILLINOIS COAL NO.6, 12774 Btu/ib DRY HHV ) =

617 X

386.1 deg F

2100.0 F

.750 {bmol/sec



In Figure 4.2, which represents the advanced design with a Texaco O, 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 O,
gasifier) and includes a boiler heated by turbine exhaust for use in those cases
where insufficient steam is produ‘ced 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 of Compressor Loading

Figures 4.5, 4.6 and 4.7 show the performance of advanced-design systems
using the Texaco 0,, fluid-bed O, and fluid-bed air gasifiers respectively over a
broad range of compressor loadings and at system pressures ranging from 200 psia
to 500 or 600 psia. A slight discontinuity is observed in the behavior of the fluid-
bed O, gasifier (Figure 4.6), resulting in two separate sets of curves. These two
sets of curves represent the performance of the two different cohfigurations
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 tob low a 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

~
)

System Efficiency (%)

Texaco O2 Gasifier

44 1

424

L]

414

40

OPsys = 200 psia

*Based on HHV of coal
O Psys = 400 psia
APsys = 600 psia

0.2

03 04 05 06 07
Fraction of Compression Work Accomplished
in 1st Compressor

0.8
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Figure 4.6

Variation of Advanced Design Efficiency* with Compressor Loading
FIuid-—Bed 0,, Gasifier

2
47
) OPsys = 200 psia *Based on HHV of coal
3\/ O Psys = 300 psia
S 46T A Psys = 400 psia
8 OPsys = 500 psia
Q454 |
O .-
e - G\&&@
i e
0 434
%)
Open Symbols refer to Figure 4.3.q, filled refer to 4.3.b
42 1 L 1 ! L

02 03 04 05 06 07 08
Fraction of Compression Work Accomplished
in 1st Compressor
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Figure 4.7

Variation of Advanced Design Efficiency* with Compressor Loading

48

Fluid—Bed Air Gasifier

EN S S
(6)] (®)) ~N
] 1 1
L} L4 1

System Efficiency (%)
N
S

OPsys = 200 psia *Based on HHV of coal
O Psys = 400 psia
A Psys = 600 psia

Paar=s

N
(3]

0.4

0.5 0.6 0.7 0.8
Fraction of Compression Work Accomplished
in 1st Compressor

0.9



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 0,
case could likclyv be achieved by modifying the gasifie_f 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 O, and fluid-bed air
configurations. The Texaco O, 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;bcd 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 O, gasifier the advanced
design system reaches its maximum performance when roughly 55 percent of the
total work of compression is pfovidcd in the first-stage compressor. This loading
is somcwﬁat lower than the values for the fluid-bed O, and air cases, which have
optimum loadings of around 65 percent and 70 pcrceht 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 O, 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 scnéitivc to system pressure in advanced design sys-
tems, particularly in the Texaco O, 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
1100°F), 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, whcre. a lower
requirement for excess air results from lower turbine-exhaust temperatures. With
highcr-prcs;ure 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 hot.tcr before heat exchange
with the turbine exhaust. With more water evaporated in the quenches, more heat
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 O, gasifier produces a coal-gas stream which has a higher .
fraction of its carbon converted to CO, 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 thermai
efficiency, though the air-fed case has a lower decrease in efficiency with higvher
system pressures. This is because at hiéher pressures the air-fed case is able to
match the intercooler water flow with the system’s need for water, whereas the
O,-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 diffcrcnt-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 ¢ase. The advanced-design method of hcai recovery, which incorporates a
full aqueous quench of the coal gas, clearly results in superior system perform-
ance, achieving both a significantly higher thcrmal‘cfficiency and a lower sensi-

tivity to system pressure.
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Figure 4.9
Variation of Coal—Gas System Efﬁciency* with System Pressure

Three Different Heat—Recovery Methods at Optimal Compressor Loading
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The primary goal in the development of the advanced design has been to
improve fhc system efficicncy while incorporating the full-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. Howchr, 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 -éystems 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
cither the full-quench or partial-quench clean-up methods thcmsclves at this point, .
thoug'h lower opcrating temperatures and continuous operation will likely favor
the full-quench. Thcreforé this investigation of capital costs will emphasize the
differences in heat-exchange equipment. Significant differences will also exist
between the sizes of compressor§ 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, Theicfore, Tables 5.1.a through 54.a were
prepared to compare the thermal efficiencies and heat-exchange areas of each
design, based on a coal consu'mption of 1000 tons per day. Tables 5.1.b through

5.4.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 squarc'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 5.1.a,b was chosen to
show the highest thermal kcfficicncy obtainable with each gasifier in an ISTIG
design. These system pressures.correspond well with system pressures of existing
ISTIG systems. Tables 5.2.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-e.xchangc area of the
advanced design is very large, so the system characteristics at 500 psia are listed
for comparison. The high system pressure of 500 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
5.4.a,b, with each case using the Texaco 0, gasificr. 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 requi‘red by each system. The
area required by the advanced design at its optimum systerﬁ 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 5.1.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 5.1.b, 5.2.b and 5.4.b). Compressor flows
at 500 bsia range from only 68 to 72 percent of those at 200 psia, while turbine
flows at 500 psia are in each éase 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 seéfion 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 psia case, as shown in Table
5.4.a. The 500 bsia advanced-design case shows only a two-fold increase in re-
quired area over the ISTIG partial-quench design (compare Tables 5.1.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 advanced design cases at 500 psia evaporate from 6 to 8
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 O, case showing th;
least increase and the fluid-bed air case the greatest. These results can be seen in
Tables 5.1.b through 5.4.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 5.1.b through
5.4.b. The 200 psia advanced design case has significantly higher compressor and
turbine flows than the ISTIG design. 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 Coinparisons

The heat-exchange areas for each combination of gasifier and heat-
recovéry design are shown' in Tables 5.1.a through 5.4.a. The impacts that these
different gasifiers have on the flows and thermal efficiencies ofbeach 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 O, gasi-
ficrvcasc, which needs the least area, to the fluid-bed air gasifier which needs the
most (seen in Tat;le 5.1.a). However, fhe ISTIG design requires comparatively little
heat-exchange area compared to the advanced design and so the differences
bcthcn ISTIG dcsign's are not very significént. In the advanced design, the fluid-
bed O, .casc requires the largest area whereas the fluid-bed air case requires the
least, as shown in both Tables 5.2.a and 5.3.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 N, already in the coal-gas. | ~

In every case examined, the fluid-bed 0, gasifier consistently had the
largest compressor and turbine flows and the lowest amount pf water evaporated.

The fluid-bed 02 gasifier produces a coal-gas stream that is smaller than that of
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Table 5.1.a
Heat-Exchange Areas of the ISTIG Partial-Quench Design‘

for Systems using Three Different Gasifiers

Texaco Fluid-bed Fluid-bed

. Oxygen-fed Oxygen-fed Air-fed
(P_= 600psia) . (P = 500psia) P = 500psia
. Thermal ,
Efficiency, % 40.0 40.9 41.4
Heat-Exchange Ar ft x 1000
Gas-Liquid: (HX-1 50.5 49.1 60.6
+ Economizer)
Boiler: 219 25.2 23.5
Gas-Gas: 5.9 7.6 7.1
(Superheater)
Total Area: 78.2 819 91.2

*
Optimal System Pressure and Compressor Loading
Table 5.1.b
Compressor, Turbine and BFW' Flows for the ISTIG Partial-Quench Design

for Systems using Three Different Gasifiers

Texaco Fluid-bed Fluid-bed
Oxygen-fed Oxygen-fed Air-fed
(P = 600psia) : (P_= 500psia) (P_= 500psia)
System Flows (1bmol/sec)
Compressor 14.1 17.0 16.0
Flow
° Turbine 19.8 21.9 20.2
Flow
- Water Evaporated 4.7 39 42
in Process

.Boilcr Feed Water
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Table 5.2.a
Heat-Exchange Areas of the Advanced Design
for Systems using Three Different Gasifiers

Texaco Fluid-bed Fluid-bed

Oxygen-fed Oxygen-fed Air-fed

(P = 200psia) (P_= 200psia) (P_=_200psia)
Thermal
Efficiency, %: 41.8 44.8 44.7

Heat-Exchange Areas (sq ft x 1000)

Gas-Liquid: 7.9 7.1 11.0
(HX-3)
Boiler: 62.1 65.9 57.6
Gas-Gas: (HX-1, 345.2 376.7 295.9
HX-2 + HX-4)
Total Area 415.2 449.8 364.5

* Optimal Compressor Loading
Table 5.2.b
Relative Compressor, Turbine and BFW Flows for the Advanced Design

for Systems using Three Different Gasifiers

Texaco Fluid-bed Fluid-bed
Oxygen-fed Oxygen-fed Air-fed
(P = 200psia) P=2 i (P_= 200psia)
System Flows (1bmol/sec)

Compressor 16.7 20.9 18.3
Flow
Turbine 23.0 25.9 23.7 .
Flow
Water Evaporated 53 39 5.1
in Process
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Table 5.3.a
Heat-Exchange Areas of the Advanced Design‘

for Systems using Three Different Gasifiers

Texaco Fluid-bed Fluid-bed
Oxygen-fed Oxygen-fed Air-fed
P = 500psia (P = 500psia) (P = 500psia)
Thermal
Efficiency, % 41.5 43.5 442
Heat-Exchange Areas (sq ft x 1000)
Gas-Liquid: 15.7 6.4 18.7
(HX-3)
Boiler: 41.2 _ 55.2 41.3
Gas-Gas: (HX-1, 137.0 1579 126.6
HX-2 + HX-4)
Total Area 193.9 219.5 186.7

¢ Optimal Compressor Loading
Table 5.3.b
Relative Compressor, Turbine and BFW Flows for the Advanced Design

for Systems using Three Different Gasifiers

Texaco Fluid-bed Fluid-bed
Oxygen-fed Oxygen-fed Air-fed
(P_= 500psia) (P_= 500psia) (P = 500psia)
» Svystem Flows (1Ibmol/sec) '
Compressor 11.3 15.1 12.8
Flow
Turbine 17.9 20.3 } 18.5
Flow
Water Evaporated 5.6 42 55
in Process
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Table 5.4.a
Heat-Exchange Areas of the ISTIG and Advanced Design.

using the Texaco O, Gasifier

ISTIG Advanced Advanced

Partial Quench .Design Design

(P. = 600psia) (P = 200psia) (P = 500psia)
Thermal
Efficiency, % 40.0: 41.8 41.5

Heat-Exchange Areas (sg ft x 1000)

Gas-Liquid: 50.5 7.9 15.7
Boiler: 219 62.1 41.2
Gas-Gas: _ 5.9 345.2 137.0
Total Area 78.3 4152 193.9

‘vOptimal Compressor Loading
Table 5.4.b
Relative Compressor, Turbine and BFW Flows for ISTIG and Advanced Designs

using the Texaco O, Gasifier

ISTIG Advanced Advanced
Partial Quench Design Design
P = 600psia (P = 200psia) (P_= 500psia)
System Flows (Ibmol/sec)

Compressor 14:1 16:7 11.3
Flow
Turbine 19.8 23.0 17.9
Flow
Water Evaporated 4.7 4.6 5.0
in Process
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Table 5.5
Installed Heat-Exchange Capital Cost and Annual Income from Electric Power
for ISTIG and Advanced Design Heat-Recovery Systems

Millions of Dollars

ISTIG Advanced Advanced
Partial Quench Design Design
(P_= 500 psia) (P = 200 psia) P = sia
*¥
Texaco
02-Gasifier 2.75 14.62 6.82
Annual Value
of Power 54.60 57.06 56.69
Fluid-Bed
02-Gasificr 2.88 15.84 7.71
Annual Value
of Power 55.93 61.20 59.41
Fluid-Bed .
Air-Gasifier 3.20 12.83 6.56
Annual Value
of Power 56.50 61.12 60.36

* Electricity valued at $0.05 / kW-hr

&%
System Pressure = 600 psia
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the fluid-bed air gasifier and cooler than that of the Texaco O, gasifier, as dis-

cussed in section 1.6 of Chapter 1. vThus the fluid-bed O, gasifier evaporates the

least amount of water in the coal-gas quench. With the lowest evaporation of

water, the fluid-bed O, 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 O, 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 dctcrminéd using an average cost of 11 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 u_sing 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 0,, fluid-bed O, 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.

It 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 O, 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-bed 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 6. 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 turbine 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 prbccss. On the whole, however, it is felt that the results presented
in this study represent an accurate and enlightening descriﬁtion 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 arc.
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

3

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 O, 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 HZO 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 O, gasifier. At the optimum system pressure for
the advanced design, there is no significant difference between the thermal effi-
ciencies of the fluid-bed O, and fluid-bed air systems. At higher system pres-
sures, the fluid-bed air system performs significan;ly 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 invéstment 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 possibl;: 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 H,S-removal technology that could be ef-
fected in an aqueous scrub. Such an H,S-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 Engineering
University of California

Berkeley, CA 94720-9989
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