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o e . : SUMMARY

The combinedvgas-steam curbine cycles studied typically uses
four 1478°K.(2200°F),12 to 1 gas tucbines which exhaust into modular
bheat recovery steam generators. A single subcritical steam turbine
generator bottoms these units. . The cycle parametric investigations are
‘based on the use of clean distillate from coal as,fuel.'.Specific : ‘ ‘i

arrangements. are also evaluated which include the firing of low-Btu gas

* “"'wtm -
“
RS

g from an in;egrated'coal gasifier, Both reheat and nonreheat steam
: 3 cycles are considered. . Induction of‘supplementary,steam_into‘the,tnrbine
s : " cycle at one or two temperatures below the throttle pressure is also

considered, the first into the c¢old reheat pipe’and,‘if‘used, theVSecénd

~into the crossover pipe between the IP and LP turbines. * tOW'pressuref

steam inductions provides a closer fit between the gas turbine exhaust-

gas cooling curve andthe water-steam heating curve and tesult in a lower :- - - : -

stack gas temperatute. Typically, the use of steam induction can.add 2

or 3 points to the plant cycle efficiency.

g' S ~ . The 16, 547 MPa/81l°K/811°K (2400 psi/1000° F/lOOO F) reheat
' steam cycle with an unfired boiler and two steam inductions after the

throttle is  the most efficient cycle investigated This steam plant w1th

a 1478°K (2200 F) gas turbine burning clean distillate from coal and a

16.7°K (30°F) approach of the exhaust gas to the saturation throttle steam
btemperature in the boiler achieves a cycle efficiency of about 48%.  This
' is a 20% reduction in heat rate compared to the oil burning all-steam

plant w1th 51milar design sophistication.

'ﬁ Post firlng of the boiler of a combined gas—steam turbine cycle

~is found to increase the net plant power output but, in general, to worsen

fsf'efficiency.v

* induction of 206 8 kPa (30 p51) abs stcam into the low pressure turbine S
is assumed most commonly.v SRR . ) %
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Combined cycle efficicncy improves 31gn1f1cantly as Lhe gas

turbineplnlet temperature is increased. At a turbine inlet temperature
of '1478°K (22009F), an efficiency improvement of 2 points/55.6°K (100°F)
" increase in turbine inlet temperature is found. This tapers to about

1 point/55.6°K (100°F) at turbine inlet temperatures of 1700°K (2600°F).

A gas turbine pressure;ratio of about 12 to 1 is close to
op mum for these combinedocycles ‘at all gas turblne inlet temperatures

studled.

The 783 MWe comblned ‘cycle. plant burnlng 1ow-Btu gas from an-
1ntegrated coal gasifier is found to have an eff1c1ency of 42.3% compared
‘to 46.2% for the corresponding clean dlstlllate ‘burning plant. The coal

using plant has a capltallzatlon of $497/kW, just double that of the

TR S S e O R

 distillate burning plant. Nevertheless, the cost of clcctricxty from the .
cval using plant is 6,75 mills/MJ (24.3 mllls/kWh) comparcd to 7.68 mills/
,MJ (27.65 mllls/kWh) for Lhe dlstlllate burnlng plant due to the difference

in- fuel cost [$0.806/M1 ($0 85/10 Btu) for coal compared to. $2.46/MJ

($2. 60/10 Btu) for clean dlstlllate from coal]. Coal using combined cycle

plants,: therefore, have potentlal for future economic base ‘load power

generation systems.
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“cycle separately.

6. COMBINED GAS-STEAM TURBINE CYCLES

6.1 State of the Art

6.1.1 Supercharged Boiler Combined Cycles

The first combined steam and gas turbine power plants were of
the supercharged boiler type. About 40 supercharged boilerbcombinedv
cycles were built in the 1930 to 1940 era by Brown Boveri, with capacities

of up to 30 MW (References 6.1, 6.2, and 6.3). The first exhaust boiler

= combined cycles were constructed about 1950, and their application has

-progressed at a relatively consistent rate up to the present day

A supercharged boiler cycle is more efficient than an exhaust
boiler cycle when it is advantageous to flre the boiler; an unfired ex-
haustiboiler‘combined cycle is the more efficient when power from the gas
turbine and pouer generated by recovered heat is obtained at higher effi-
ciency than power produced by firing the boiler (Reference 6.4). Thus,
low-temperature, less efficient gas turbines favor fired supercharged
boiler cycles; and higher-temperature, more efficlent gas turbines favor

unfired exhaust boiler cycles. The thermodynamic transition where the

~more efficient system changes from‘supercharged to exhaust boiler cycle

is at a gas turbine firing temperature of about 1200°K (1700 F)

The thermodynamic superiority of the supercharged boiler cycle

with lower-temperature gas turbines resulted in much attention being

‘given to this cycle in the 1950s (References 6.5 through 6.10). ' The ;
supercharged boiler cycle requires a boiler that is completely-different"

from a conventional boiler and a somewhat special gas turbine. It is im-

.possible to operate the steam and gas turbines of a supercharged combined

These disadvantages disoouraged development of super-

" " charged boilers in this: country, except for a few naval vessels where the

size reduction of the” boiler offered partlcular advantapes (heference 6.11).

F
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In Europe, where industrial gas turbine firing temperatures are
lower than in the United States, supercharged boilers are still receiving
attention. At Liinen, Germany, a supercharged boiler combined cycle of
170 MW is in operation, and a 400 MW plant is being planned by the same
company (Reference 6.12)., It is reported from Russia that several
bined cycles with supercharged boilers have been constructed up to 200 MW

in size (References 6.13 and 6.14).

Combustion of coal and residual 0il in pressurized fluid beds
of limestone and dolomite is being advocated as a means of capturing the
sulfur in the fuels. The fluid beds are contained in a form of super-
charged boiler supplied with compressed air from'a gas turbine compressor
driven by an expander. The products.ofrcombustion in the boiler exhaust
to the atmosphere through. the expander, thus driving the compressor and
producing useful power. Efficiency improvements possible with this
sjstem‘are small because fluid bed combustor. operating temperatures'are
limited by the'desulfuriaation reaction. The dusty effluent fromkthe bed
poses'significant problems. Plans currently exist for a demon«tra*ion

plant project’ to evaluate this type of system.

W,

6.1.2 Exhaust Boiler Combined Cycles‘

Up to about 1965, combined cycles were. viewed as a means of im-

proving the efficiency of base-load plants and, in: thls era, gas turbine

. firing temperatures favored boiler firing.k

As - stated earlier, the supercharged boiler cycle was the more
efficient cycle at the gas turblne temperatures prevaillng in the early
1960s.  The exhaust boiler cycle, owever, has the advantage: of using a
relatively normal boiler des;gn,oandvthe capability for separate operation :
ofithe gas turbine and steam portions of the combined‘cycle. These‘advané
tages of the exhaust boiler cycle outweighed any thermodynamlc advantage

of ‘the supercharged boiler cycle and conflned serious con31deration of

,’comblned cycles to the exhaust b011er cycle only

' In the early de51gns, emphasis was on low excess aLr-flred

eb01ler ‘combined cycles, as. examplifled by the Horseshoe Lake unlt of

6-2
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Oklahoma Gas and Electric Company (References 6.15 and 6.16). and the

San Angelo Station of West Texas Utilities (References 6.17 tﬁrough 6.21).

Plants of this type offer efficiency improvements. of 5 to 107%; but at the
low cost of natural gas prevailing in the l960$,ysavings of this order
were generally regerded as insufficient .to justify the selective fuel re-
quirements of gas turbines, and few combined cycles were ordered by the

utility companies.

The plentgireferenced above include gas turbines with base~load
firing temperatures of 1061 and 1089°K (1450 and 1500°F) and steam condi-
tions of 9.997 and 12.41 MPa (1450 and 1800 psi) gauge, 811°K (1000°F),
with reheat of 811°K (1000°F). Both plants operate'on natural gas‘at

efficiencies equivalent to about 397% on oil.

The availability and reliability of these and other similar
combined cycles have, in some cases, been better than comparable conven-

tional plants.

A need has always existed for small, high-efficiency, economi-

‘cal power plants. Small size is unfavorable to high steam pressure con-

ditions, and low-pressure steam is relatively inefficient. As a result,
small-size steam power plants are relatiVely inefficient and of high

specific cost. Gas turbines are relatively low in cost in the required

"small size and, in combined cycles, offerrgood efficiency. Firing the

boiler of a small combined cycle is unattractive because the plant capa-
city is increased thereby, and the objective of a small capacity plant is
violated. To satisfy these.varlous requirements, designs were evolved

for combined cycles of the hlghEbt p0531ble efficiency with.unfired

b011ers. W1th an:unfired boile* and 51ng1e steam pressure, -the heat sink '

for the ‘exhaust gas below saturation temperature is insufficient to

"absorb all potentially useful heat. This otherwise wasted heat can be

employed to raise useful steam at a lower pressure. and a lower saturation

! temperature than the ma1n steam; and; therefore, multipressure steam
- cycles have become common for combined cycles w1th unfired or 1ightly‘

'fLred boxlers (Reference 6. 26)

Ll
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Fig. 6.1—Westinghouse PACE combined cycle power plant
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About 1970, a need developed for ut111ty power plants to gene-

~rate midrange capac1ty; that is, for power whlch is required in daytime

during midweek but is not required at nlght or weekends. Plants to
supply this power are requ1red to start and stop daily. Steam plants
with high-pressure and high-temperature steam conditions have been found
unsatisfactory in this service because of~h1gh staud—by costs when kept
hot, or high start-up costs when started.slowly to minimize thermal

gradients and cracking of casings.

Nonreheat steam plants with lower pressure and temperature
steam are better suited to this cycling sefvice, but efficiency is poor.

The combination of gas turbines with nonreheat steam turbines provides

an obvious and well—euited-midrange poﬁer plant with excellent efficiency’

and good tclerance to cycling.

Many combined cycles of this general type are in service or on

order. Oil-fired combined cycles with. nonreheat steam turblnes and un-

flred or lightly fired boilers are approachlng 397 efficiency, and plants

on order with hlgher—temperature gas turbines are expected to exceed 42%

ef£1c1ency flrlng clean distillate 011 Figure 6.1 shows the Westlnghouse

PACE(Power at Comblned Eff1c1ency) plant 1nstalled at the Comanche Station

of Public Service of Oklahoma. It has been in service since early 1974.

“6.1.3 Industrial Combined Cycles

- The potentlal for plant efflclency improvements from ‘the com-
blnation of a process steam plant with a gas turblne are most attractive

to unregulated 1ndustr1al companles. Gas turbines have been added ‘to:

. produce both electric power and process steém; Inacstrial companies were
,quick to adopt the combined cycle concept; For many years the capacity

‘of comblned cycles 1n the service of the: petrochemlcal 1ndustry greatlv

exceeded electrical utlllty capaclty (Reference 6. 22)

6.1.4 Combined—Gycle Boilers

Combined cycles which used. gas turbines w1th firing. temperatures

Lower than about 1144° K (1600 F) provided the hlgheat efflclency Wlth

6-5
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boiler firing. The boilers in these plants were similar to conventional

boilers for all steam power plants, with the air preheaters replaced by

low-temperature economizers. As in conventional boilers, fuel was'fired 1‘

to use 90% of the oxygen in the combustion air (Reference 6.23).

In conventional boilers, maximum heat transfer rates are
limited by steam blanketing inside the tubes and by tube metal tempera-

- tures. Tube spacing, gas velocities, and furnace volumes are limited by

this consideration. With this situation, there is no advantage to be .
gained from increasing the gas-side Surfaee area of tubes by using an ex-
tended surface; conyentional boilers use plain tubes, except ih some
eases where extended surface tubes are used in the cooler regions of

economizers.

“About 1960, a need developed in industry for boilers to recover
the heat from gas turbine exhaust to raise steam for industrial process
use. These heat recovery boilers were required to recover heat from ex-
haust gas between the gas turbine exhaust of 700 to 811°K (800 to

’ 1000°F) and about 422°K (300°F). If the heat recovery boiler is fired,

the top temperature may reach 1089°K (1500°F).‘ Traditional boiler de-

,’signe with bare tubes resulted in a very large tube footage becausevof

the low heat transfer rate on the gas side and the smalllavailable log

mean temperature difference. Boilers made with bare tubes for this ap-

' olioation;wére, consequently, both large and extremely-costly As a

result, some smaller boiler manufacturers developed special boiler designs
for this service, using externally finned tubes. The extended: surface in-

creases the heat transfer area. on the gas-side surface (outs:de)\of the

" _tubes. significantly and permits ‘a substantlal reduction in the footage of‘,

tube required in the boilers (References 6 24 and 6. 25), . During the -
19605,7heat recovery boilers with extended surface were_extensively
adopted oy the'éhemical process industryr The-larger: utility boiler manu<
facturers subsequently adopted extended surface tubes for the low-

temperature ‘economizers of combined-cycle boilers.‘

By 1970, combined cycles with little or no. flring of the boilers

‘Were on order for midrange utility applications.“The‘low gas temperatures

kT N st




through the Boile:s favored finned tubes, which are now used thrcughout

the typical combined-cycle boiler.

D O R Do e b s it i i [Ty ——— i . P e . R |
"6.1.5 Current Status of Combined Cyclies = . et sy e

The current emphasis on clean fuel for environmental reasons, - ; E

and the high cost of fuel in general, has placed a premium on efficient

. power generation. The situation in combined cycles today is similar to
that in thei19605, with the emphasis still on efficiency but with a much
higher efficiency required because of the relatively higher cost of fuel.

The -higher inlet and outlet tempefatureé of present-day gas
turbines has shifted the optimum combination of gas and steam turbines
from fired to unfired boilers. With respect to the steam system, the

reheat cycle is the most efficient and economical cyclé today, as it was

--in 1960. The optimum high-efficiency combined cycles of the future will
consist of gas turbines exhaustlng to unfired boilers producing and re-
heating steam for a reheat steam turbine. "Throttle steam pressures will 2
be comparable to conventional fossil fuel plants at about 13.79 MPa |
(2000 psi) gauge.

To make full recovery of the heat in the gas turbine exhaust at

best efficiency, supplementary steam will be raised at lower than throttle
. pressure, superheated, and inducted into the steam turbine as has been
demonstrated in several existing combined cycles. All facets of combined

cycles to the above specification have been demonstrated, although with »

relatively lower steam ‘conditions and smaller‘equipment size than those

suggested for future designs. : : S AR ; SRR P :

6.2 Description of Parametric Points to Be Evaiuated o o , i

All of the combined—cycle studles were carrled out for the ex-

TIREE EY  E i SERIT R,

haust boiler cycle arrangements w1th the ranges of parametrlc ‘point
values illustrated in Table 6.1.  Over 90 parametric points have been
identified for investigation of wvariations in,gas turblnc, steam turbine,

and heat recovery steam generator»parametexs.~,Variationb of the fuels

G : 67
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Combined Gas -Steam
Open Cycle
Parametric Points

Gas Turbine Parameters

Turbine
Inlet
Temperature,
°F

Compressor
Pressure
Ratio

Gas
Turbine
Cooling

St Turb.

Pressure, psig

St. Turb,

Temperature

Steam Turbine .
Parameter Variations

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

200 2 (See Note 2) 1000
950

1450 1000

185) 1000

180 1000

Gas Turbine Parameter 1800, 2000, |8, 12, 16, 20
Variations for Base Case A 2200, 2400,
(Duplicate for Base Case 8) 2600
i Gas Tubine 8, 12, A
& Parameter Variations 16, 20
F for Base Case A

12, 20

NOTES:

3. Or as limited by approach temperature
4. Steam induction utilized fow temperature heat

5. Supplementary firing for gas turbine inlet temperature 2000°F

i L All blank spaces have same value as Base Case A unless otherwise noted
: 2. Gas turbine blade cocting configurations

1. Turbine vanes and blades air cooled
2. Turbine vanes ceramic, blades air cooled
3. Turbine vanes ceramic, blades ceramic




Table 6. 1— Combined gas-steam turbine cycles

FOLDOUT FRAME 2 -

Ouwg 8510020

Steam Generator Parameters

Supplm.
Firing

Boiler
Gas Side
Press. Drop
(APIP), %

Sphtr.
Approach
(Pinch),

.f

Reheater

Approach
(Pinch),
Of

Press. Drop
Drum to
Throttle
(AP/P), %

Press. Drop
Reheater
Steam
aPIP),%

Press. Drop
Economizer
Water
(AP/P), %

Configuration
Special
Features

5

10

10

(See Note 4)

7

7
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(all coal derived) are considered, with principal emphasis placed on two:
fuels: low-Btu gas and distillate derived from coal.- This distinction
forms one basis for the identifying two base cases. Base Case A incor-
porates an integrated low—Btu,ga31£1cation plant; Base -Case B is fueled

by liquid distlllate from coal.

Most Base Case A parameters were selected to 1nvestlgate a
moderate but distlnct extension beyond current state-of-the-art
combined-cycle design practice. The gas turbine parameters.selected in-

clude. an inlet temperature of 1478°K (2200°F) and a compressor pressure.

ratio of 12 to l, and utilize advanced convection/lmpingement air-cooled

vanes and blades. - The steam plant selected utilizes a reheat cycle with ;
steam conditions of 16. 547 MPa/811°K/811°K (2400 psig/lOOO F/1000°F) and“
a 51ngle low-pressure steam induction (the admlSSlon of low—pressure and

low—temperature steam into the steam turbine at an appropriate admlssion‘

- point). The heat recovery steam generator is unfired and utilizes

parallel superheater and reheater sectlons followed by HP evaporator,

~economizer, and LP evaporator sectlons. The plant utilizes an integrated

low-Btu gasification system operating on Illln0lg No. 6 bituminous coal.
The system, ‘patterned after the on-going "ERDA Process Demonstration Unit

(PDU) program at the Westinghouse Waltz M111 Pennsylvanla site, u tilizes

a f1u1dized bed system with in-bed desulfurlzation.‘ A schematlc of the

Base Case A cycle arrangement is shown in Figure 6.2.

‘  The Base Case B power plant cycle arrangement is -shown in ‘ ‘
Figure 6.3. This- plant differs princlpally from the Base Case A plant
with regard to_fuel ‘and steam cycle arrangements. The fuel selected for
this plant is a coal-derived distillate from tne H-Coal process, and the
steam turbine utilizes an 8. 610 MPa/783 K (1250 p51g/950 F) nonreheat in-

duction design similar to that used 1n current commercial combined-cycle

;plants. The heat recovery steam generator arrangement consi ts of a
‘superheater, HP evaporator, economlzer, and LP evaporator with deaerator
: feedwater system. The gas turblne parameters, with the cxception of the

‘-fuel, are identical to those of Base Case A:
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Additional studies have been identified in the areas of alter-
native steam turbine throttle conditions, heat recovery steam generator
supplementarwairing, and steam turbine induction. The general cycle
schematic pertainihg to these arrangements is given in Figure 6.4. This
arrangement is of a general nature and allows for various combinations

‘of feedwater heater arrangements, steam inductions at steam turbine

reheat and crossover points, and supplementary firing of the heat re-

covery steam generator.

- As shown in Table 6.1, the paxametrié point variations have
been groﬁped according to investigations of steam turbine parameter
(throttle condition) variations; heat recovery steam generator parameter
variations, and gas'turbine parameter variations. The alternative steam

conditions under consideration, in addition to Base Cases A and B, are

- 9,997 MPa/811°K (1450 psig/1000°F) nonreheat, and 9.997 MPa/811°K/811°K
(1450 psig/1000°E/1000°F) and 12.411 MPa/811°K/811°K (1800 psig/1000°F/
~ 1000°F) reheat steam cycle plants.

“The steam generétbr parameter studies ‘have been identified for
investigation with both the cycle arrangements of Base Cases A and B.
The Base Case A arrangement, however, incorporates an integrated low~Btu:
gasification system, and the Base Case B arrangement doas not. To obtain
a uniform basis for comparison, therefore, and to avoid the cumbersome
aspect of performing parametric‘variations with a gasification plant, a
modification df Base Case A, designated as Reference Case C, has been
defined. This arrangement, shown schematically in Figure 6.5, duplicates

the Base Case A arrangenient exactly except for omitting the low-Btu gasi-

fication system. Using the Reference Case C and Base Case B arrahgements,,

variations of évépotator approach temperature‘difference have'beeh made
,froﬁ the base case value of 16.7°K. (30°F) to 8.3 and 22.2°K (15 -and 40°F).
Boller gas-side pressutefdiop,ratios of ‘4 and 6% havé‘béen’identified as
variations and feedwater temperatures of 378 and 411°K (220 and 280°F)

have been set for comparison with the base case value of 394°K (250°F).

' Heat rejection by means of once-through cooling'and~dry,cooling'towers

6-15
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i , has been selected for comparison with the base case wet tower method.
As both Reference Case C and Base Case B include a single, low-pressure :
steam induction, the omission of this induction for each system has also } i

: been set up as a parametric variation.

As mentioned earlier, several additional cases are included : 3

- (although not shown.explicitly.on.Table 6.1) for-a more general study of
L . the use of steam induction. These cases have been set up in conjunction
with the cycle model of Figure 6.4. This model has also been identified

for use in the investigation of a heat recovery steam generator system

with four-level supplementary firing for both the reheat and nonreheat

g

steam cycle arrangements.

g s ' The gas turbine parameter variations identified in Table 6.1

B for study with both Base Case A (Reference Case C arrangemen‘) and Base ' ‘ 1

Case B include both turbine inletvtemperature and COmpressor pressure ;
ratio. Turbine inlet temperature values of 1255, 1366, 1478; 1589, and . El
} ‘ 1700°K (1800, 2000, 2200, 2400, and 2600°F) have been identified for

E ‘ "~ study. Compressor pressure ratios of 8, 12, 16, and 20 have been.

. ) BN o
selected. In all cases advanced impingement and convection air-cooled <%

s

‘blades and vanes are assumed.

The final category of parametric variations identified in
f - ‘ V‘Table 6.1 applies to the variation of gas turbine narameters‘of Base
] ' " Case A for the reheat steam cycle only. In this category are included
' k ' variations of gas turbine blade-cooling systems, including the use of

ceramic gas turbine vanes and rotating blades alone and ‘in comblnation.

Parametric variations of these cooling systems: have been selected with
; » variations in compressor pressure ratio from 8 to 20 at'a constant tur- -
D 0 bine inlet temperature of 1478 K (2200°F). The use of high-Btu coal-"

derlved fuel gas has been identifled for a system calculation in addltlon

AT T R I I U

to the 1ow-Btu gas and clean distillate from coal-burning systems.
e R Variations of the low-Btu g351ficat10n plant have been ;dentified for
study with a variation in turbine inlet’temperatnre ftom 1255 to. 1589°K

det e -~ (1800 to 2400°F) at the base case compressor pressure ratio of 12 to 1.
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As with the recuperated open"cycle system described in

Section 5 of this report, most of the parametric point efficiency calcu-
lations for the gas-steam combined cycles were performed using the
Westihghouse-developed OPTCYC computer program. ‘Essentially, the same
assumptions are made regafdiﬁg calculation of the gas turbine portion of

the combined cycle. These include specification of ambient conditions,

~ compressor efficiency, gas turbine section cooling-flow usage, and the

coal—derived distillate fuel properties.

Following calculation of the gas turbine performance, the

' combined-cycle part of the program next performs a mass and energy balance

between gas turbine exhaust gas and each heat exchanger in the heat re-
covery steam generator (refer to Figures 6.2 and 6,3). This system con-
sists of a deaerator, lbw?pressure boiler, economizer, evaporator,
superheatér, and’reheate: (the latter is bypassed for a nonreheat cycle).
Boiler feedwater heating is accomplished by the single deaerator receiv-
ing heat from the lbw-pressure boiler as well as from the economizer re-
circulation, Additional heat is obtained by extracting steam from' the
1ow—pressurersteam turbine, if neceéséry; On the other hand, excésé low-
pressure steam can be inducted into the LP steam turbine to produce
power. The'progrém uses expansion lines of actual steam turbines to cal-
culate performance. Thus, moisture content, exhaust loss, and end loail~
ing are all properly considered. With the steam flow and enthalpy known;
the steam turbine power is computed and added to the gas turbine power.
‘The net output of the combined plant is obtained'éfter deducting‘méchéﬁié
cal and generator losses as well as plant auxiliary power requirements.
The auxiliary power  includes such items as boiler feed pump, circulatlng‘
pumps, lube and fuel pumps, and cooling tower fan power. Based on the
higher heating value of the fuel combined plant efficiency is calculated

and displayed agalnst combined plant spec1f1c power based on. compressor
%‘ ~ When a low—Btu ‘gas fuel is ‘used, the gasification qubsystem is

1ntegrated by satisfying ‘the specified characteristies of the gasification
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system. As mentioned earlier, the Westinghouse Advanced Fluidized Bed
process, currently being developed under ERDA contract, was assumed for
this purpose. Process steam is extracted from cold reheat point after
the HP steam turbine, and process air is bled from the combnstor shell.
It acquires a higher pressure, dictated by the gasification system pres-
sure drop, via a booster compressor. A recuperator is used to alleviate
the duties of the cooler and the booster compressor and raise the tem-
perature of the process air before it enters the gasifier. In this case,
the ‘auxiliary power further includes the booster compressor power as well
as alllauxiliaries in the gasification system. Similarly, the heat from
the sPenf sorbent oxidizer and cooler are recovered through the steam
turbine and feed heating. Thus; the net combined plant efficiency repre-

sents the overall conversion of coal feed to electricity.

As indicated in Section 5.1, although‘current producrion dry-
type combustors (that is, combustors not utilizing water injection tech-
niques)enill pose potential problems with regard to NOX emissions at high
turbine inlet temperature burning conventional fuels, Task 1 calculations
were performed without water injection for NOx control. There are two
reasons for this choice. Eirst, we believe that several advanced combus-
tion concepts (staged premixed and catalyt1c combustion) with proper
development effort will yield satlsfactory operation on conventional-type

fuels without water injection. Second, the principal fuel under congid-

eration (the coal-derived distillate from the H-coal process) has proper-

ties very similar to oonventional petroleum-based distillate fuel. For
combustion of low-Btu gas, calculations have 1ndicated the NO problem to

be potentially much less severe than with distillate Euels.

For the cases involving steam 1nduotion various assumptlons

, were made regarding induction steam condition and the location of induc-‘

tion into the steam turbine. For the base case steam cycle conditions,
induction steam was generated at the deaerator pressure of 207 kPa
(30 ‘psi) abs and inducted through a special supply manlfold at this pres-

sure.: In the cases of induction at the reheate' and at the crossover '

619
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pipe between the;IPgand?tPusteam turbines, no special manifold is re-
quired. B o

The quantities-of induction steam were obtained by heat balance
between the gas-side exits from the -induction steam evaporator and the
next higher evaporator. For given assumptions of steam conditions and
approach temperatures, there is a unique solution for the HP and induc-

tion steam quantities.

The feedwater temperature leaving the closed heaters and enter- '

ing the deaerator is established by a heat balance below the LP evapora-
tor which results in a gas temperature entering the stack of 411°K’ (280 F)

and a water temperature entering the economizer of 394°K. (250°F) .

Variations of supplementary firing in the heat recovery steam

' generator covered the range from no firing to the maximum for efficient

combustion with the oxygen in the vitiated exhaust of the gas turbine.

Supplementary firing increases the_proportion‘of available heat
in the boiler above the saturation temperature of the steam and, there-

fore, the quantity of high-pressure steam. . At a supplementary firing

temperature of 1033°K' (1400°F), the feedwater for the high-pressure steam

.absorbs all the heat available below the‘evaporator and no heat remains

to generate induction steam. The first level of boiler firing was -

selected at the point where no induction steam is generated

Firing to a higher temperature results in a def1c1ency of heat

in the economirer, which would result in a reduced feedwater temperature

rise. This deficiency is corrected by heating a portion of the feedwater

in ‘a‘train of eXtraction feedwater “heaters, as shown in the general cal-

~culation model, Figure 6.4. The maximum level of supplementary firing

investigated was the case of 10% excess air. In this case, 35% of the

. feedwater is heated by the stack gas in a low economizer, and 657 of the

feedwater is heated in the extraction feedwater heaters. An intermediate

. level of boiler firing is calculated where the quantities of feedwater

heated by extraction steam and flue gas were about equal.
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4 Definitions regarding gas turbine parameters and assumed values

are identical to those (with the exception of recuperator and intercooler
g i I ; " definitions) described in Section 5.3 of this report. For the additional
§ i , combined-cycle components, typical component efficiencies, loss values,

& o and auxiliary‘power requirements consistent with current Westinghouse

F
ﬁ"' : design practice have been used. e o o _ ' {

Additional deflnltions pertaining to the steam section of the

combined gas-steam cycle are as follows:

ST
—

e Steam turbine throttle pressure - nom1nal steam pres—" ..

sure at the main turb1ne stop valve

e Steam turbine throttle temperature ~ nominal steam

eyt

®

temperature at the main turbine stop valve

Steam turbine reheat temperature - nominal steam tem—

i ' , § s perature ‘at the intermediate pressure (IP) turbine ' Ly

inlet section

@ Boiler gas-side pressure drop - .exhaust gas pressure ' S e
drop from gas turbine section outlet to heat recovery ' v SR
steam generator exhaust = , ‘ S C . R p

B » ‘ : ‘ , "0 Evaporator approach temperature difference - m1nimum

o i :
' ‘temperature dlfference between exhaust gas stream and

NG

1 e . hlgh-pressure steam saturation temperature R ’ TR O

e .Superheater approach temperature dlfference - tempera- R _f X .ﬂ{
ture difference between gas’ turblne exhaust tempera-

-eture and maximum superheater steam temperature

.o"Reheater approach temperature dlfference~- temperature'

difference between gas turbine exhaust temperature and

: maximum reheated steam temperature

e Pressure drop drum to throttle - pressure drop between

. heat recovery steam generator high—pressure steam drum

| SRR B ""and steam turbine throttle pressure

6-21




o Pressure drop (feedheater) - pressure drop between

:condensate pump- and deaerator section

'o';Pressure drop (economizer water) - pressure drop be-

‘tween 'boiler feed pump and, steam drum -

/ Induction - the process of introducing reduced pres-'

_——
® .

sure steam into the steam turbine at a location

downstream of the main stop valve.

6.4 Results of the Parametric Study

An expanded form of the parametriC‘point‘tabulation is given
in Table 6.2.: In this listing the parametric points are numbered for
convenient ererence and cover the ranges of values of the parameters

identified in the summary Table 6. 1.

Point ‘1 applies to Base Case A, and Point 2 corresponds to Base
Case B.., In Points 3, 4, and 5 the effects of varying steam throttle con—j‘
ditions are considered Point 6, originally specified as a supercritical
24.132 MPa/811°K/811°K/811°K (3500 psig/1000° F/1000°F/1000° F), was not
calculated. Variations of steam generator and steam turbine parameters;
including approach temperature differences, feedwater temperature, and
omission of the single low-pressure steam induetiou;;were computed. for a
Base Case A-type reheat steam cycle in Points 7 throughv13. ‘The alterna-
tive heat rejection modes of once-through and:dry-tower cooling are used
in conjunctlon with the reheat-type steam bottoming plant in Points 14 and
15, respectively. The use of supplementary firing of the heat’ recovery
steam generator has been investigated for Points 16 through 19. These

studies apply to the,reheat steam bottoming cycle with.multiple induc-

-tion, as was. shown 'in Figure 6 4. The parametric variations of Points 20

through 32 are directly. analogous to the Points-7 through 19 variations,

‘with the.only distinction being that they apply to the nonreheat-type
‘steam bottoming cycle of Base Case B shown in Figure 6.3,

For Points 33 through 52, attention is again given: to -the rehedc

.bteam bottoming cycle and parametric variations are performcd ou-Lhe gas

6-22




TR T T L TR T

REPRODUCIBILITY OF THE
 ORIGINAL PAGE I8 POOR

Dug. 257¢202

(D Gas Turbine Blade Coollng COnﬂgurahuns
Turbine Vanes & Blades.Alr Cooled
Vanes Ceramic; Blades Alr Cooled
Vanes Ceramic, Blades Ceramic -
: Vanes Ceramic, Blades Water Cooled.
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TABLE 6.2 GAS STEAM COMBINED CYCLE
Base Case A, Point I; Base Case B, Point2
o Sheet 1 of. 5
Parametric Point T 1 2 1 3 [ 4 15 16 7 [ 819 10 1 1] lzfaj 115 116 117 T8
r—lr’ow‘er Output, Mwe i | I ] | P | 1 S ER N | ] ] [ 1
ual : : - A ; i
Distillate X XTx1Tx7 - [x X | X L X X X I % "X T X X 1'x Ix
| “High-Btu Gas v BN
7 Low s : X ,
Cas Turbine L _ : ; -
" Infet Temp., °F - 1 2200 | 2200, 12200 12200 {2200 <[220 T2200 T 2200 7200 T -2200~] 2200 [ 2200_ | 2200
Press o 12 012 112 11 [ 12} - k|l [ r |12 12 12|
- Cooling__ HS : OHNONIOMEOENO OREOM KoM IOMEONIOMEOMEC}
Steam Turbine . : . . )
___ThLOMfLe;L.M,@..__JAD__mp 14 [ 2400 2400 | 7400 | 2400_] 2400 12400 ] 2400 [ 2400
Throttle Temp,, °F {1000 | 950 [ 2000 { 1000 { 1000 1000 [ 1000 { 1 )[1000._| 1000 .| 1000.
- First Reheat Temp 1000 1000 [ 1000 | 100011000 [ 1000|1000 172000 _umj 1000~ __j
Second Reheat Temp.., F : :
| - Heat Rejection . TR SRR, FHCU o
[~ Wet Tower X X X X X % [ X X S L G S . N
Dry Tower R =1 ) :
: Once Through : : : i -8 : X
| Supplementary Firing fevel) ). No Mo T No [ Mo [ MNo | 5 I No [No [ No [Mo | W N [N [HR
-Steam Generator : -
Pressure Drop APIP"L R i
Gas Side 5 5 5
DrumtoThrofle -~ " ["]p 1 10|
Reheater . . . 0 ] - 210
Economizer. : 10 7 .10
Pinch Point AT, °F .
. Evaporator 30 130 307
. - Superheater : L 0 50
' Reheater 50 0
L Feed Water Temp. , °F : 50 |50 =
Special Feat, "es- [ORNEO] 1@
Noies—

!
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SRR TABLE 6,2 GAS STEAM COMBINED CYCLE (CONT'D.) ’ 3
‘ | . ‘ e ' : Sheet 20f 5
i o | __Parametric Point 19 | 2 [ [ 22 | 3 [2a [ 5 | % |27 128 2 1 30 | 31 [ 32 | 33 [ 3 | 35 | %
! l;ower Output, MWe | | | ] I 1 1 ] | 1 | [ ] ] | I 3
1 | Fuel
t - : Distiltate . X X X X X X X X X X X X X X X X X X
[ High-Bt
Low-Btu Gas
; : Gas Turbine
| Intet Temp., °F 2200 | 2200 | 2200 2200 2200 2200 | 2200 {2200 ) 2200 | 2200 ; 1800 | 1800 1800 | 1800 ;
Lo - Pressure ,&uo 0 0 R O 12 |12 |12 [ 12 | 12 ["lp | 8 1 2] 16 2 .
Cooling @ [l ldlglaldalwlal@l @@ @l @l el @@ '
Steam Turbine
Throtlte Press., psig 20001150 | 1250 § 12501 1 1250 { 1250 | 1250 | 1250 | 1250 | 1250 | 1250 | 1250 ] 1250 | 2400 | 2400 { 2400 | 2400
“Throtlle Temp., °F Q@ 1000 950 | 950 | 950 | 950 950 | 950 | 950 950 | 950 | 950 | 950 | 950 | 950 { 1000 | 1000 | 1000 | 1000 :
First Re_hea_l_fe_mL._EJDT ° 1000 . 1000 § 1000 | 1000 | 1000 | &
Second Reheat Temp.; °F - a
Heat Rejection )
Wet Tower. X X X X I X X X X X X X X X X X X
Dry Tower i X : :
Once Through ~ X
Supplementary Firing level) (3 [ 4th | No | No | No | No | Mo | No | Mo | No [ Mo | N0 | 2nd | 3m |4 | No | Mo | Ne | Mo ~
Steam Generator : i
Pressure Drop AP/P.. % - E
Gas Side 5 5 5 4 6 5 -5 5 5 51 5 5 5 5 5 5 H 5 ;
Drum to Ihmﬂle 10 17 7 7 1 i 7 1 7 7 7 7 7 7 10 0. 10 10}
: . Reheater 10 - 10 | 10| 10 | 10
| ’ Economizer 10 7 1 1 7 7 1 1 7 7 7 1 7 7 10 10 10 |10 .
i Pinch Point AT, °F . : i : .
Evaporator 30§15 40 130 30 30 0 30 30130 30 30 30 0 30 | 30 5
Superheater 50 | 50 | 50 50 50 50 0 50 50 50_} %0 50 ] 50 50 50 50 .10 e
Reheater S0 L] | IR VSISO AN R EN 5 | 50 | 50 | 50 | %
] Feed Water Temp., °F 50|50 |50 |25 50 |20 280 {250 | 50 | 250 | 250 {250 250 1250 | 250 | 250 50 {0
| Special Features [VRIOR ICHIOMEONICE NO) ® T@® 10 [OEEONEORION )
{ : #
| - Notes: . §
H : N . N . ' § v
i (D Gas Turbine Blade Cooling Contigurations - -~ ° : R
; (@) Turbine Vanes & Blades Air Cooled . PR . . ' e
! (®) - Vanes Ceramic, Blades Air Cooled §
Vanes Ceramic, Blades Ceramic k¥
~Vanes Ceraniic, Blades Water Cooled i
LA

(@ .Or as Limited by Approach Temp.
@. supplementary Firing Level

2nd Level  1430°F
Ird Level -2410°F
4th ‘Level - 3260°F

@ Steam Induction Umizes tow Temp. Heat, 0psia Steam Inductlon into (1 Turbme
" (® Steam Induction into Crossover Pipe :
@ ‘Extraction Feedwater Heating
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TABLE 6.2~ GAS - STEAM COMBINED CYCLE (CONT'D, } : . . ' o
o Reference Case C, Point 42 . )
s . : ’ . - Sheet 3of 5
[ _Parametric Point 37138 |3 [ a0l a1 a2 T3 T4 Jas5 |2 l 47 | 48 | 49 I 50 l 51 I 52 l 53 l 54
Power Outpul, Mwe 1 L T 1 | 1 | :
|_Fuel H
Distillate : X X X X X X X X X X X X X X X X X X
High-Bty Gas ' s SN ‘
tow-Btu Gas - . S
Gas Turbine : _ L : 5
Intet Temp., °F Zlgl) 2000 {2000 § 2000 | 220072200 | 2200 | 2200 {-2400 | 2400 | 2400 | 2400 [ 2600.] 2600 | 2600 | 2600 1 1800 | 1800 . i
Pressure Rati 12 16 2 12 16 2. 8 | 12 16120 8 12 16 2 8 12 . k
i I 6N Nol oM NoM NON Kol Sol Hol Nol I Bt ol ol Ro¥ ol Mol NoM M6
S g — 2400 | 2300 | 2400 | W0 ] 2400 1 e
Thiottle Press. s% . 2400 N 2400 2400 | 1250 | 1250
Throttle Temp., °F ] 1 1000 | 1000 | 1000 ] 1000 ; 1000 1000 1000 950 | 950
___First Reheat Temp,. °F ) 00 | 1000 | 1000 _| 1000 | 1000 | 1000 . 1000 | 1000 |
Second Reheat Temp., °F__Q) : .
Heat Rejection . P
Wet Tower X X X X X X X . X X X X X X X X X X X
Dry Tower_ :
Unce Through . .
Supplementary Firing {levet) No. | No No No {No No_| . No No No No No No { No No No No No No
Steam Generator : :
Pressure Orop AP/P, % i
) : ’ - Gas Side 5 5 5 515 5 5 5 5 5 5 5 5 5 5 ) 5 5 A
h Drumto Throttle 10 18 10 [ 10 10 ] 10 1o 1 10 10 10 10 10 10 10 10 104 -7 7
* Reheater " . 10 10 10 10 10 10 10 10 10 110 10 10110 10 10 10
conomizer 01010 |10 |70 |10 J-30 |10 |10 ] 16 [0 |10 116 |0 | W | 10 ] 717
“Pinch Point AT, °F , - ~ ;
Evaporalor 3p [ 30 |30 13 [30 ] 30 ] 3 ] 30 | 30 .30 ] 30 |3 [ 30 ]3 |30 L N I i
E Superheater 50 50 50 50 15 50 50 30 50 50 50 1 50 50 50 150 50 50 1 50 :
i Reheater, S0 [ 50 | 50 0[50 50 50 50 | 50 | 50 | 50 | 50 150 50 R
b ] Feed Water Temp,, °F 201 250 250 20 1250 | 250 | 50 [ 250 50| 50 | 250 50| 20 50 [ 50 50 | 250 | 50 L E
; | Special Features __ @ ROREORIOENOR . @ HOBEONEON HOMEO] [OREOREON ®.
Notes: R ; : ; ; o :
(D Gas Turbine Blade Cooling Configurations : c o ) R : -
@ Turbine Vanes & Blades Air Cooled 5 ‘ :
: (b). Vanes Ceramic, ‘ Blades Air Cooled
H (€) Vanes Ceramic, Blades Ceramic . . . : . ‘:
% (d Vanes Ceramic, Blades Water Cooled . ; ‘ i BETRIE : ooy
i @ Or as Limited by Approach Temp. a : S ~ : ' ‘ \'x
: @ steam Induction Utilizes Low Temp. Heal, psia Steam Indiction into lf'lurbine . ) S - . o LA
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: TABLE 6.2—-GAS STEAM COMBINED CYCLE (CONT' D, } B
] ) Sheet 4°0f 5
. [ Parametric Point S5 156 157 | 58 59 ] 60 | 6L | 62 ] 63 |64 | 65 | 66 | 67 |68 69 [ I 7|71
L : Power Output, Mwe | | | ] | . :
[ Fue -
: - Distillate ) X X X X X X X X X X X X X X X' X X X
High-Btu Gas
Gas Turbine : : § o
Iniet Temp,, °F : 1800 [ 1800 | 2000 { 2000 | 2000 | 2000 | 2200 | 2200 | 2200 | 2400 | 2400} 2400 | 2400 ‘| 2600 _§ 2600 | 200 | 2600 } 2200
Prgsw_r_eﬁajtm T |20 | 8 [ 12162 16 | 2 16 6 | X 12 2
Cooling [OREO @lale®d @ a D @ 1@ 1@ p el |l i@ | & l®
Steam Turbine . i I . o
Throttle Press:, psig 1250 [ 1250 | 1250 | 1250 | 1250 | 1250 [ 1250 | 1250 | 1250 [ 1250 | 125 [ 1250 | 1250 | 1250 | 1250 | 1250_| 1250 | 2400 i
Throttle Temp., °F @ 950.].95 [ 950 950 950 | 950 ) 950 | 950 | 950 - | 950 { 950 | 950 ; 950 950 {950 | 950 | 950. | 1000 :
First Reheat Temp, . °F @ ] - 11000 |
o "_Second Reheat Temp., °F (@) ;
o [ Teat Rejection ~ . i ' Sy
5 " Wet Tower X X X X X X X X X X X X X X X X X X ’
h . Dry Yower : _ .
1 Once Through E
! Supplementary Firing (level} No No ] No No No No -] No No No No | No No | No No No No No No i
PV R Steam Generator : : H "
I Pressure Drop AP/P, % : : . . AR
Gas Side - N 5 1.5 5175 515 5 5 5 | 5 5 15 5 515 1 5 1.5 SRR
Drum to Throttle R 7 7 1 7 1 7 7 1 1 1 7 7 7 7 7 -1 7 10 1 N
Rehealer - N ) SR
Economizer: .~ 7 T 7 7 7 1. 1.7 7 1 1 1 7 7 7 7 7 7 10 i
Pinch Point AT, °F 5 B
Evaporator ) |0 |X]X DO E1) k) V] 7T 0] 0] BTN k| IR
Superheater 50 50 50 E) 50 50 50 0 50 50 50 50 50 50 50 50 50 0 )
. Reheater - : : } - S S0 i ke
Feed Waler Temp., °F 2020 [0 B0 [ B0 B0 | B0 B0 [ B0 | B0 |0 [ B0 [0 | B0 | N 20 P
[ Special Features , (ORTOEICHEEOREORICEEIORKCEEO] [OUIREORIONECEEONICEEORIG !
A o , 4
g o Notes: ) ) - . ; s %
i (D Gas Turbine Blade Cooling Configurations > i :
; @ Turbine Vanes & Blades Air Cooled
: (B vanes Ceramic, Blades-Air Cooled i
: Vanes Ceramic, Blades Ceramic .
: Vanes Ceramic, Blades Water: Cooled - ’t%
(@ Or as Limited by Appraoch Temp. ) CE
@ Steam Induction Utilizes Low Temp. Heat; psia Steam Induction into LP Turbine é
i i
H
i
: i
& i
d B
o
E
i
i z
-
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TABLE 6.2~GAS STEAM COMBINED CYCLE' (CONT' D.)

. * Points 85, 86 and 87 were not costed -

Dwge 257C206

Sheet5 of 5

- Notes: -

(D Gas Turbine Blade Cooling Configurations
Turbine Vanes & Blades Air Cooled - -

Vanes Ceramic, Blades Alr Cooled
: Vanes Ceramic, Baldes Ceramic
(@) Vanes Ceramic, Blades Water Cooled

@ Steam Induction Utilizes Low Temp, Heat, 3 psia Steam lnduction mlo LP Turbine
® Induction info the Crossover Pipe
“® Induction into Cold Reheat Pipe

i

Parametric Point 73 174 | 15 1 (T L |79 1m—r§1—|—l}—r‘53—ru—]15—rmrrw‘rm"
Power Cutput, MWe | | | |
| _Fuel - ; R S

Distillate X X X X X X X . X X X

High-Btu Gas X ]

Low-Bty Gas . X X X

Gas Turbine ; PR : -

Tniet Temp. 230 '22)00 230 2%00 zgo 2520 22{2‘30 ] 2200 | 2000 | 2400 [ 1800 ’zﬁr“ﬁ?'—z&

___Pressure Rauq 6 : 12112 12 12 12 12

Qog}lno )] [CEHOEECONECH ICRECOHECHE (O EONECHEO) ® ) 1 &

i _Steam Turbine ; : . R -

[ Throttle Press.. gg 2800 | 7400 | 2400 | 2400 | 2400 | 2400 ] 2400 (2800 T 2a00_] 2400 ] 2400 2400 | 2400 ] 2400

Throttle T Temp 1000 [ 1000 | 1000 | 1000 { 1000 | 1000 j 1000 1000 | 1000 | 3000 | 1000 1000 | 1000 .§ 1000

i First Reheat Temp ) 1 1000_| 1000 | 1000 | 1000 | 1000 | 1000 1000|1000 1000 {1000 | 1000 {1000 | 1000

Second Reheat Temg' ‘F 2 - ) ;

Heat t Rejection B . - Not Catculated ! i

[ Wet Tower X X X[ XTX X X X X X X_|  px 1-X X

Dry Tower . : ]

Once Through . : s ] . R B
-__Supplementary Firing (level} No- [ No |'No No | No I No No No No 1 Ro No No_ No
__Steam Generator :

Pressure Drop APIP, i . :

" Gas Side 5 5 5 5 5 5 5 5 5 5 5 1 5 3 5

i Drum lo 1hmﬂ|e 10 {10 10 10 10 [ 10 10 10 10 10 10 ‘T 10 0

] ‘ 10 10 10 10 10 10 |10 10 10 10 10 10 1 0
| Economizer 10 10 10 10 10 | 10 10 10 10 10 10 -1 10 10 0

Pinch PointAT, °F - = T : s ;

Evaporator - E1] o o [0 % [0 ¥ [0 {0 |2 0 [3 ] 30
o AP0 G .

“Superheater 50 | 50 50 | 0 |5 |50 50 |50 | %0 | % ENE 50

Reheater &" 501 50 50 [0 50 | ) 0. 1% | % 0 | E1) "_g 50

|~ Feed | Water Temp., °F 250 250 | 250 250 .| 250 | 250 250|250 | 20 | 20 |- 250 | 250
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turbine parameters of turbine inlet temperature and compressor pressure

ratio. For these calculations, turbine inlet temperature has been varied

from 1255 to 1700°K (1800 to 2600°F), and compressor pressure ratio vari-
ations span the range of 8 through 20 to 1. Distillate fuel from coal
and impingement, convection cooling for gas turbine vanes and blades are
specified for these calculations. The same combinations of turbine inlet

temperature, compressor pressure ratios, fuel, and cooling are investi-

gated in Points 53 through 71 with the Base Case B-type nonreheat steam
-bottoming cycle,

Several calculations have been identified next for investigat-
1ng the effects of variation in the type of gas turbine blade-cooling
systems. These calculations have been identified for use with the reheat-

type steam bottoming cycle and assume the coal-derived distillate as fuel.

Points 72 through 75 are calculated at a gas turbine inlet temperature
'1478°K (2200°F) with compressor pressure ratios varying from 8 through 20.

For these calculations, ceramic vanes and air-cooled rotor blades are

assumed. Points 76 through 79 are identical, with the exception that
both ceramic vanes and ceramic rotating blades are specified. The com=
bination of ceramic' vanes and water-cooled blades, originally’identified
for Points 80 through 83, were not calculated, ‘Coal-derived high-Btu‘gas
has been substituted for the liquid coal-derived distillate as the fuel
in Point 84.

Points 85 through_88 were’originally specified fer'a paranetric
investigation df integrated low-Btu gasification cycles, with variations

in both gas turbine compressor pressure ratio and turbine inlet tempera-

ture. These cases were later simpllfied and the calculations of effici-

ency only were performed by modifying Base Case A solely to reflect
the effect of alternative turbine inlet temperatures of 1255, 1366, and
1589°K (1800, 2000 and 2400°F)

Variations in the use of steam induction were investigated in

Points 89, 90, -and 91. These studies vere ‘based on the general cycle

arrangement shown in Figure 6.4, A single steam inductlon was utilized
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at the steam turbine reheat point for Point 89, while Point 90 utilizéed
a single steam induction at the crossover line between the intermediate-
pressure (IP) and low-pressure (LP) steam'tutbine elements. Point 91

utilizes neither of these steam inductions.

6.4.1 Selected Case Results

A summary of ealculated performance data for Base Case A is
presented as Figure 6.6, where the data pbint station numbers:refer to
the cycle schematic (Figure 6.2) which is repeated here for the conven-
ience of the reader. The overall efficiency (coal to bus bar) for

this plant has been calculated to be well in excess of'4OZ, including

- the gasificetion process. A turbine inlet temperature of 1478°K (2200°F)

and a compressor preesure ratiO'of 12 to 1 were used in the calculation,

and the fuel was Illinois No. 6 bituminous coal.

Figure 6 7 summarizes the calculated cycle data and plant per-

formance for. Base Case B, as defined in Point 2. As in Base Case A, this -

plant utilizes gas turbine parameters of a 1478°K (2200°F) turbine inlet

temperature and a compressor pressure ratio of 12 to 1. This plant, how- '

ever, is fired with coal-derived distillate fuel. - The calculated thermo-

dynamic efficiency fer the Base Case B power plant is greater than 45%.

The Reference Case C (Point 42) plant arrangement is, with the
exception of the substitution of coal-derived distillate fuel for the

’gasification process, the same:as Base Case A. Summary thermodynamic

results for this case are given on Figure 6 8.

Specxal studies were made of the effect of steam turbine induc~-

tion on the overall plant performance.. A representative example of this

' analysis is given by Point 16 Whlch incorporates steam induction at both

the steam turbine reheat and crossover points. . Summary cycle calculation

results are given on Figure 6.9.  The calculated thermodynamic efficiency

~ for. this case is approximately 48%.
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- Fig. 6. 6—Bas'é Case A cycle data summary (Point 1)
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- Superheater - (10 @ O Compressor 5{:;:\55
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Soller Feed q“' ]
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: Water ) !
Gas Turbine Generator From— Storage \ @@ Generator
Demineralizer { Tork b— (O > Condenser '
Station Pressure, psia ‘Temperature, °F Enthalpy, Btu/ib- Flow, Ibfs
Gas Turbine, Gasifier, and HRSG
1 14,696 59 936.4
2 X 600 103.4
-3 1600 153.5
4 165, 4 2200
5 154 : 1057 288.7 1034.0
6 839 228.9 .
7 709 194,0
8 ; 4an 1325
9 14,696 : 290 86,4
Steam Cycle
101 20 Hg Abs 1009.5 .
102 R $11) 69,1 139.1 .
103 : : 486
104 30 250 328
105 30 250 . 106.3
106 2980 ) .
10 2683 673 742.0 1063 .
108 678 1070.0 .
109 2415 -1000 1461.2 106.3 ..
110 : ’ 186
111 556 630 1327 L
112 500 1000 8.7

e Syt




E

hoato 4 =
!
t
1 .
i
i
. Drg. 2576563
& ~
i @
i > =]
@D - Boiler Feed
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@
i HPT
' Makeup :
: Water .
: Generator From =4 Storage .
| Demineralizer | Tank | —&» Condenser
] ér—~————~——
i @
Station ‘ Pressure, psia Tempgrduré. °F Enthalpy, Btu/lb Flow, Ibls
! Gas Turbine and HRSG o
1 146% 59 963,40
2 , 230
3 165.4 200 .
4 Sl e 28L7 984.70
5 903 2839
6 08 166, 3
7 . 14,1
8 0 88,7
Steam Cycle -
101 2in Hg Abs - Lo o
102 , a0 e 138.50
103 S : : 29.48
104 30 .. 50 12,6
105 30, L0 138 50
106 pes o S
107 *1304 o 513 518.8 125,90
108 518 0ig3
109 0 1469.9 125.90

w3 _
' - Hg_6.7—Base Casechclzdéﬁasummary(Polnl 2)
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103 5L30
104 30 250 - 36.10
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07 . 2610 610 73,5 S 980
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~Reference Case C cycle data summary Point 82)
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5 820 316.3 A
6 m w1
7 600 259.4 t
8 = 79.0 .
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| 1 : - B 193.0
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Steam Cycle E
10) 2 In HgAts S 101 1040 134,90 3
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106 bL1g 357 39.0 135,80
107 636 4R 480,0 118.50
i 108, 2981 503 491.2 90,63
i 109 2683 619 7550 90.63
110 2683 - o0 1072,0 90,63
111 2500 1000 1460.4 90.63
1 604 o7 1320.0 8,72
m 6% AR 1203.0 .85
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116 140 [ 1360.0 e
- 147 357 11640 pIA:
- Flg 6,9 ~Inducion study; Induction 2t steam turbine reheat & trassover polnts.
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6.4.2 Results of Parametric Variations

Figure 6.10 displays the results of turbine inlet temperature
and compressor pressure ratio variation on the basic reheat steem cycle,
Reference Case C. Curves of plant efficiency versus specific
power are plotted at constant inlet temperature. These results show the
general improvement in performance with increasing the turbine inlet tem-

perature and, furthef, that the dptimum (maximum efficiency) pressure

" ratio is a gradually .increasing function of inlet temperéture. At 1255°K

(1800°F), -a peak efficieﬁcy of approximately 41.6% was obtained, while a
peak efficiency of about 49.6% occurs at 1700°K (2600°F).

Also shown in Figure 6.10 are the plant efficiency results
corresponding to the gasification combined-cycle Base Case A and
three additional integrated low-Btu gasificetion plants calculated for.
gas. turbine inlet temperatures of 1589, 1366, and 1255°K (2400, 2000, end

~1800°F) at a ccmpressor pressure ratio of 12 to 1. Comparing the gasifi-
‘cation combined-cycle results of Base Case A with the distillate fuel-

“burning Reference Case C indicates that although the combhined

plant efficiency is decreased by approximately 5% in going from distillate
fuel to coal ga51fication, the comblned plant specific power is

increased by approximately 4,57,

Several steam system parameter variation results are reported
in Figure 6.11. ,Agaln, all variations -are referred to Reference Case C.
The percent changes in efficiency and power associated With each varia-
tion have been dlSplayed in Flgure 6.12. One of the most pewerful single

effects on eff1c1ency is the use of steam turblne 1nduct10n. (Reference

'Case C utllized a single steam 1nduct10n into the low-pressure turbine.

- Other more specielizedalnduction studies are descr;bed,elsewhere in this

section.) Other significant improvements in thermddyﬁamic efficiency are
obtained by using reduced evaporator pinch temperature difference, in-

creased feedwater temperature, and reduced steam turbine condenser pres-

sure..




1 ~Evaporator Pinch = 15°F
2~—Evaporator Pinch = 40°F

3— Boiler Exhaust Press. Drop = 4%

4~ Boiler Exhaust Press. Drop = 6%

5= FW Temperature = 220°F

6= FW Temperature = 280°F

7- Onit Induction

8~ Condenser Pressure = 1.5 in Hg Abs
9— Condenser Pressure = 3.5 in Hg Abs
10~ Condenser Pressure =9 in Hg Abs
11— High-Btu Gas Fuel

=
>
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A
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Plant Specific Power, kW/(Ib/s)
Fig. 6. 11—Effect of various parameter changes on plant performance
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Curve 679890-8

IS0 Ambient — Distillate Oil From Coal :
Advanced Gas Turbine - Air Cooled Vanes and Blades

2400 psig/1000 °F/1000 °F Steam Cycle
i ‘ : Ref 2200 °F gas turbine inlet tamperature, 12 to 1 pressure ratio
e ; 2.in HgAbs steam turbine candenser pressure, 30°F plnch 5% AP/ P
' bos ~ 250°F FW, LP induction ‘
: ; 1 —Evaporator Pinch=15°F
,? ‘ 2 — Evaporator Pinch =40°F

R : 3.— Boiler Exhaust Pressure Drop =4%
b : 4 — Boiler Exhaust Pressure Drop =6% -
P o 5 = FW Temperature =220°F

6.— FW Temperature =280°F

7 = Omit Induction

8 —Condenser Pressure =1.5 in HgAbs

9 —Condenser Pressure =3.5 in HgAbs
10 —Condenser Pressure =9.in HgAbs

o, T
W

TR

R B B R \ Tz 3
o ASp. Pwr, % Reference Case C - | -

An, %

; Fig. 6. 12—Effect of various pafameter changes on combined plant p,erfor,mance
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Curve 679889-8
150 Ambient — Distiliate Ol From Coal
Advanced Gas Turbine — Air Cooled Vanes and Blades
i LP Steam Inductio
6 ‘ . . :
—— 1250psig/950°F Steam Cycle 7, » :
= = = 2400°F/1000°F/1000 °F o
Steam Cycle /7 .
4 ~ > , = :
30°F Pinch, 5% Boiler Exhaust AP/ P 3
= 250°F FW Temperature
g '6T=2200%F/ 12:1 . S
-] ;ST-~2350 psig/ 990°F 550 psig/ ?90°F
, % Reference Case C -~ o x :
a : ; . : \
D
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£ :
(] _2 ‘.? ) o
-4 .
-6 ;,
i ; B x
0 2 4 6 8 o 12

Fig.6. 13 —Effect of steam turbine condenser pressure on combined plant performance ' i

Steam Turbine Exhaust Pressure, in Hg Abs
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x : Specialfétfention was given the subjecf of the effect of , %
j steam turbine exhaust pressure on overall power plant performance, The é g
curves in Figure 6.13 summarize ‘the results of varying this quantlty from
its nominal value as used in the Reference Case C configuration. In
-going from the nominal 6.77 kPa (2 in Hg) abs back pressure associated

i »» : with the use of wet cooling towers to the 5.08 kPa (1.5 in Hg) abs value,
achievable using once-through coclipg, the combined plant heat rate and

specific power are improved by approximately 0.6% each.

The use of ceramic gas turbine vanes and blades has been inves-
! ' tigated. as a means of improving combined-cycle performance as a conse-
quence of the minimization of cooling air expenditure.  Two levels of
implementation have been considered: the use of ceramic:stationary vanes

in conjunction with air-cooled rotating blades;.and the use of both {

1 o N ceramic stationary vanes and ceramic rotating blades. The results of the
: 'study are shown in Figure 6.14. In comparison with Reference Case C, the
parametric point using both ceramic vanes and ceramic blades at a com—
pressor pressure ratio of 12 to 1 showed an 1mprovement of nearly 6% in

heat rate and an increase of nearly_l94 in combined plant output.

The results shown on Figures 6.15 through 6.17 are based on ' i #

variations of the nonreheat steam cycle, Base Case B (Point 2). They

compare directly with the parametric variations reported in Figures 6.10
through 6.12 described above, which were based on the reheat steam cycle
Reference'Case c. ‘ B : Vo

Direct comparisons between the results of calculations with ; : ; e
reheat bottoming cycles and nonreheat bottoming cycles are presented in

N : "Figures 6. 18 and 6.19.  The first comparison at 1478°K° (2200 F) shows the

reheat cycle with superior efficiency for compressor pressures of 8 to

16 and the nonreheat cycle efficiency slightly higher for higher pressure
ratios. Figure 6. 19 shows the reheat steam cycle to have a higher effl-
B e ciency over the entire compressor pressure ratio range anestLgated at a

~ turbine inlet temperature of 1700°K (2600°F).
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Fig. 6.14—Effect of gas turbine blading material on plant performance
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Curve 6827648
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Fig. 6.15—Combined plant performance
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Curve 682760-8
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Fig. 6.16 —Effect of various parameter changes on plant performance
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---2 - Evaporator Pinch = 40°F -
3 Boiler Exhaust Pressure Drop = 4%

~ 4 Boiler Exhaust Pressure Drop = 6%

5 PW Temperature=220°F . . _

6 mmwmn-mr

-7 Omit Induction - - ‘

& m?ms_m-l.stn Hlm
9 Condenser Pressure = 3,5 In HgAbs

10 mmwhw

11 Hlgh-Btu GasFuel
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The parametric cycle study work described heretofore was per-
formed in accordance with the base case cytle schematic models given in '
Figures 6.2, 6.3, and 6.5. These cycles incorporate the'inductibn of
steam at low pressures into the steam turbine LP element, and they incor-
porate both reheat and nonteheat steam turbine bottoming cycles. The
speciil studies performed to consider the application of supplementary
fired steam boilers, a;;ernative steam pressure levels, and additional
variations on the use of steam induction were based on the generalized
cycle model shown in Figure 6.4. One of the principél objectives of in-
corporating steam induction was to improve'the thermodynamic fit between
the gas turbine exhaust heat rejection line and the steam cycle heat ac-
ceptance line.‘ (The concepé of thermodynamic fit is discussed more fully
in Section 7 of this report.) Figure 6.20 displays the fit resulting
from the analysis of Point 16, which incorporates steam induction at both
the reheat and crossover points. The efficiency for this cycle, as com-
pared to the others incorporating no inductions; and one or two inductions
at various steam cycle throttle conditions is iilustrated in Figure 6.21.
For the general arrangement of Point 16 [16.547 MPa/811°K/811°K (2400 psig/

1000°F/1000°F) Unfired Boiler], power plant efficiency'can be increased

from approximately 45% to nearly 48% by adding two steam inductions.

6.5 Capital and Installation Cost of Plant Components

6.5.1 Description of Base Case Power Plants

Development of plant capital costs for the gas-steam combined
cycle concept was based‘upbn detailed examination of the base case plants

w1th approprlate varlations for the remalnlng parametric points.

Base Case A,c0n51sts of an integrated low-Btu gasification
combined-cycle plant w1th‘four gas turbines whose waste heat is used to
generate'steam‘for a single reheat steam turbine. The Base Case B ar~

.>rangemént‘is made up of two distillate fuel-=fired gas'tuibines exhausting
into waste heat recovery boilers, whose output is used to drive a single -
4:nonreheat steam turbine. ..
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The plant island arrangement for Base Case A is illustrated in
Figure 6.22. The overall site arrangement is shown in Figure 6,23. Four
nominal 130 MWe gas turbines individually exhaust into unfired heat re-
covery steam generators which provide steam for a nominal 16.547 MPa/
811°K/811°K (2400 psig/1000°F/1000°F) steam turbine. The gas turbines
 receive fuel gas from a pressurized fluid bed gasification system uti-

lizing in-bed fuel gas desulfurization.

Figuie 6.24 illustrates the gas turbine concept design selected

for the Base Case A ‘application. .The’single—shaft design passes 440 kg/s

(970 1b/s) at 60 rps (3600 rpm). A multiple-can burner system capable of

firing either low-Btu gas fuel or liquid distillate-type fuel is included
in this design. < The three-stage turbine uses conventioﬂalﬁmetal~blading
with vanes and blades cooled by impingement, convéction, and film?copling
techniques using air as the coolant medium. Two tilting pad_film~tybe

' journalybearings support the shaft, with thrust loads taken up by a tilt-
ing pad segmenﬁed thrust bearing at the compressor end of the shaft. The
generator drive is at the cold compressor end of the Shaft,‘which-facili—
tates the use of a 10w41oss axial-flow turbine exhaust diffuser and the
positiohing of in~-line heat recovery equipment. The casing features
horizontal joint construction for easy access, and can be shippéd by rail
fully assembled. The exciter and hydrogen-cooled generator ére directly
coupled to the gas turbine shaft. The stérting package, which is elec-
trically operated, drives through the exciter and generator shafting to
provide rotation and acceleration to self-sustaining speed. - Cas turbine -

- auxiliary support services are proﬁided by indiﬁidual‘SRid—mounted assem-
blies, shown in'plaée on Figure 6.22.' The mechanical skid assembly in—»
cludes lubricating oii»pumps, filters;vand‘reservoir; an air system
pressure switch and gaﬁgé cabinet; and seal oil system. Included in the
electrical and control skid is the battery equipment, motoi control
center, voltage regulator,’genetator*relay panel; and.certain control

' equipment. The fﬁel skiﬂ includes fuel pumpé; filters, énd reiated;equip—

ment.
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Fig. 6.22—Combined-cycle power plant island - Base Case A
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The integrated low-Btu gasification plant included in the Base
L V | Case A arrangement is patterﬁed after the Westinghouse Advanced Fluidized
Bed Gasification process being developed under contract to ERDA. The

gasification plant consist§ of two major elements: the coal and dolomite

preparation subsystem and the gasification subsystem.' The coal and dolo- : i

mite preparatibn equipment is sized so that one subsystem has the capa- .

; S city to service two gasification‘subsystgms. ‘Each gasification system in ' S
' ' turn has the capacity to serve one gas turbine.. Coal and dolomite crush-
ing, drying, and silo storing are performed within the coal and dolomite

preparation. system.

The gaéification process, shown schematically in Figure 6.25,
% , - operates with two distinct fluidized bed stages—a devolatilization/
i ' desulfurization and a gasification/combustion stage. Dry coal is fed to

the first'stage, where it is devolatilized and converted to.char by hot

fuel gas from the second stage, the gasifier combustor. - In the '
devolatilizer/desulfurizer, the fuel gas is enriched by the volatile pro-
‘ducts of the coal and is also desﬁlfurized,by dolomite added to the bed.

Dolomite is ¢ontinubﬁslyfwithdrawnrand delivered to the spent sorbent .
oxidizer, where’waste'heat is recovered. Char from the devolatilizer/ '9

desulfurizer is fed continuously to the gasifier/combustor, together with

air and steam which react with carbon to producegthe hot fuel gas. A
second function of the gasifier/combustor is to remove the ash. This is’ F
accomplished by regulating the temperature in the combustion zone so that o _%

ash particles partially melt and agglomerate to form larger particles e A i

i which drop out of the fluidized bed. Fuel gas is passed through a parti-
culate separator system and delivered at 1144°K (1600°F) to the gas tur-

bine fuel gas manifold.

Both Base Cases A and B utilize a modular design heat tecbvefy

steam generator similar in design:to that shown in Figure 6.26. Tube
modules, shippable as fully assembled packages, are positioned 1n‘¢ach of
the parallel gas paths. As the heat recovery steam generators are able

to operate for modest periods in a dry and ventedb'mode, gas turbine bypass
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stacks are not required. The vertical steam drum is shown in
Figure 6.27.° It utilizes two stages of steam-water separation, a primary
centrifugal stage, and a secondary chevron stage. Feedwater heating is

accomplished by means of a deaerating feedwater heating system.

The steam turbine is made up of currently available basic com-
poﬁents with special modifications to accommodate steam induction. The
steam turbine generator is of hydrogen-cooled design featuring a brush-
less excitation system. The steam turbine condenser is located beneath

the LP element and is typical of modern steam station design practice.

The‘Base Case B power plant island is illustrated by
Figure 6.28, and the overall site arrangement is given in Figure 6.29.
The design consists of two nominal 130 MW gas turbines of the gsame design
as those considered for Base Case A. The gas turbine exhaust heat is re-
covered by means of unfired heat recovery steam generators which provide
steam for a noﬁinal 8.618 MPa/783°K (1250 psig/950°F)'nonreheat steam

turbine generator. The gas turbines are fueled by distillate derived

“from coal.

6.5.2 Apygoximate Sizes and Weight of Major Components

There are four major components utilized in the combined-cycle

: RS
energy conversion systems:

Gas turbine engine '

Heat recovery steam generator
e Steam turbine generator
@ Gasification system.

For each base cuse, the relative plan view sizes of these components is
indicated by the plant island arrangements, Figures 6.22 and 6.28. The -
concept design gas turbine engihe is common to both base cases; a cross-

sectional view for this major component has been provided in Figure 6.24.

Outline views of the Base Cases A and B heat recovery steam generators are

shown without steam drums and the interconnecting piping in Figures 6.30
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and 6.31 illustrates the modular nature 6f construction utilized for

these units. The sizes and masses of the first three major coméonents
are listed in Table 6.3.

6.5.3 Price Determination Procedure

For the purpose of establishing power plant cost estimates for
parametric analysis, equipment prices were estimated for each of the
four major plant components described above. The pricing procedure used

for the gas turbine porticn of the plant has already been described in
Section 5.3.

The pricing of heat vecovery steam generators was first ap-
proached by developing a number of concept desighs. These designs, in-
cluding the Base Cases A and B models, were formulated by the Westinghouse
Heat Transfer Division, using computerized deszign approaches evolved in the
désign and development of the PACE combined-cycle modular heat recovery
steam generaﬁors. The designs were developed sufficiently to determine
heat exchange surface requirements, module arrangements and weights, and
approximate ou;line dimensions. Equipment and installation prices were
developed for each concept design. The price results were then segregated
into price of heat exchanger surface, balance of heat recovery steam gene-
rator, and erection price.  Heat exchange surface prices were correlated
against heat transfer duty, Q/LMID, and prices for balance of heat recovery
steam gehérator‘and erection were correlated against steam flow., These A
price relationships, with suitable modifications for supplementary firing

and steam induction, were utilized to determine prices for each parametric

- point.

The steam turbines were priced from Wéstinghousa published price
lists, using current market level multipliers. The published lists arrive
at a price based on the ekhaust end size and cbnfiguration,rpower output,
generator capacity, steam pressure and temperature, and the scope and

extent of features and accessories.

' Casificétion system description and pricing~information are de-
scribed in Section 4 of this report.
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Table 6.3 ~ Approximate Size and Mass of Base Case
Combined~Cycle Major Components

Component

Basic Dimensiohs, m (ft)

Gas ‘Turbine
. Turbine section

. a
Compressor section

Heat Recovery Steam Generator
Base Case A

Base Case B

Steam Turbine-Generator
Overall with generator
Base Case A

Base Case BC

Length
3.6 (11.7)
7.4 (24.2)

Length
33.2 (109)
31.1 (102)

Length -

26.2 (86)
8.5 (28)

Diameter
4.1 (13.3)
3.4 (11.3)

width
11.9 (39)
11.9 (39)

Diameter

5.2 (1?)
4.0 (13)

Height

16.0 (52.4)

14.6. (47.9)

810,000 (1,782,000)

570,000 (1,250,000) , -

109,000

1
et e xﬁﬁ%ﬂg é
i |
) R ——
| ‘
i |
|
Mass, kg (1b) § :
| |
59,000  (130,000) %
72,500 . (160,000) § |
! |
1,200,000 (2,640,000)° 1 %
‘ | ;

g i e

(240,000)

a . . ) . .
‘Includes combustion section.

b, . ' . Ly L.
Does ‘not include drums and interconnecting piping.

c . '
- Does mot include generator.
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. $/kW basis. Included are:

Steam condenser and power transformer prices have been based

upon appropriate published price lists.

The balance of plant pricing'has been handled by the architect
and engineering firm, Chas. T. Main, Inc., and details of the methods

used are described in Section 2 of this report.

6.5.4 Tabulation of Overall Plant-Material and Installation Costs

1 ) .
‘With the exception of heat rejection equipment (steam turbine

condensers and coollng towers), the prices of materials and 1nstallation

were determlned tabulated and entered into the cost of electricity (COE)

calculation computer program. Condenser and cooling tower prices were
calculated by means of price correlations preprogrammed into the COE pro-
gram. Input for both condenser and cooling tower calculations, as well

as major equipment cost input for Base Case A, are given in Table 6.4.

: (Due to an error regarding power for Base Case A the net output and net

heat rate shown in Table 6.4 and subsequent tables are incorrect. Cor-

- rected values have been used for plotting result curves.) The correSpond—

ing output material and installation costs for Base Case A are listed in

“Table 6.5. This tabulation for each account code item gives the unit

measure, amount, material and installation cost per unit, and total mate-~
rial and installation costs.

Similar input and output cost tabulations.are given for Base
Case B in Tables 6 6 and 6.7. '

Material and installation costs for the renaining combined-cycle

parametric points have been summarized on Table 6.8. Under the heading

-~ ""Total Major Component Cost" are included the total direct matezial costs

_for the major components (gas turbine auxiliaries,'gas turbine generator,

steam turbine-generator, and heat recovery steam generator). ‘These and
additional cost items for each parametric point are_then presented on a

total direct major component . material costs,

balance of plmt direct material cost, slte—labor indlrect costs, pro-

‘fess1onal services and ownershlp, contlngency and escalation, and interest

durlng constructlon costs.‘
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Table 6.6 =~ COMEINED CAS-STEAM TURBINE CYCLE 3
ACZOUNT NO AUX POWIRwMWE PERC PLANT POW - OPERATION COST MAINTENANCE 2337 : ;
N T 2.EE8342 49.11641 - 14 .3C83C «2EEUE ; i
- 15 . 33203 30370 1.61775 000030 ; |
18 24715520 50.85318 «00G00 OFCCL ! ;
TOTALS : 5442252 1.4G6733. - 15.52566 425546 i i
; COMPINELD CGAS-STEAM TURBINE CYCLE FASE CASE INPUT i |
NIMINAL PIWSRe MWD : 332.30193 NET POWERs MHWE v 395.3774 i 3
NOM HEAT RATEs ETU/KU~HP 7:3£.0818 NET HEAT RATEe BTUZKW=-ER T43c.3174 f j
ST TURJ -HZAT RATS CHAN3E «3854 :
CONDENSER , : , . ! ~
DESIGN PRISSYUREs IN 33 A 72,9230 JUMBIR 97 SHILLS _1.0237 | 2
NUMBER OF. TUBES/SHELL EET15.5355 1UBE LENGTHy FT TT.44E7 i §
Us B8TY/HR-FT2-7 591.4577 TERMINAL TEM? DIFTs 7 540200 ! 5
HEAT REJLCTION , ! i
DESISN TEMPe © 51e4C30. APPRIACHs F 2145744 : |
RAMBEs F 23.GCC0 FF DESIGN TEMPy F 77.CLCL ;
OFF JE3I6N PRz5, IN 43 A 78718 P TURBINE BLADZ LEZNe IN 25.0000 3
1 120300 2 .G0D 3. L4565 4 +0CC - 5 2.CC0 §
35 57133 7 2.000 3 . 4366900334398 3 1.002- 10 1.080 1
11 1.000 12 L0006 13 <000 14 1.000 15 «CCO 1
15 1.003 17 59,003 13 «003 13 5.000 20 «000 :
.21 1e00C 22 6600000 23 «GOG° 24 CC 00N 25 000
25 22133239.031 - 21 ©2500.000 22 :50324000 23 7233090.000 30 500 ‘
! 31 «80U 32 300,000 - 32 «£00 24 oS00 25 L WEDD . E
35 5770004033 37 302,100 33 1.G600 33 1.900 . 4§ 32223390.008 ~ ;
41 77000000 42 , 000 .43 .C00 44 ECCD0 000 45 26CC0.0CC i
45 - «007: 47 L <000 43 3.000 43 000 50 6.000 1
51 . +00C © 52 £.350 ,
1 . 1.932 2 .200 3 1.003 ° % 1.002 5 1.060
& «Q0G - - 7 1.C60 g 1.000 S . 12CEEC00.000 .10 +C5C
11 - 34%1530.0%3 12 «050 . 13 2475433.00C 1% 2050 15 1338530.000
16 : el 17 £5287CL.0C0 18 »030 1S 1148200.000 20 »10C ,
21 333509.033 22 » 350 23 2550033.300 2% +030 25 - 1.300 ‘
2€ 457C000.000 -+ 27 300 Z8 5004C0.000 25, 140 30 24672CC.CCC f
N 31 , «143 37 .23 33 .000 3% .00 35 000 -
o 36 «00G 37 -COC 38 .000 39 000 4O -00C :
» 41 «029 42 000 43 <000 4% «00C " 45 000 ;
46 000G - 47 +0C00 . 4E .080 43S 2.000 . 50 1.G0C L
;
g
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Table 6.7 CCMEINED GAS-STCAM TURKEINE CYCLE - ACCOUNT LISTING
‘ , .- -PARAMZITRIC POINT NOs. 2 ,
ACCOUNY NOo &8 NAMES UNTT CAMOUNT  MAT $/UNIT  INS $/UNIT MAT COSTe$  INS CCSTes ;
| | | i
SITE DEVELOPMENT »
1.1 LAND COST .= - ACRT 5141 1020.77 o037 50009.0) «00
1. 2 CLEAPINE LAND ACRE 1G.7 oLC €0C.00 «L0 €99<,.01
1. 3 GRADINS LAND ACRE 53.0 - &30 330000 .20  150005.00
1« 4 ACCESS RAILRG2D MILE Sef ~ 115000.C0 .~ 110000.00 . S575GC0.00 550C00.CC
1. 5 LOOP RAILROAD TRATK MILZ. .0 120000.00 70000.00 - «910 «00
1. 6 SICING K R TRACK MILE 1.6 12500B.C0 §6000.00  125000,C0 8CCEGE OC 1
1. 7 OTHER SITZ £O0STS ACRE Ce0 .01 .00 118248,30  113248.90 . ]
: PERCENT TCGTAL DIRECT COST IN ACCOUNT ‘1 = 3.C51 ACCOUNT TOTALe$ 868248.82 . SC3247.93 - .
: B N i
EXCAVATION & PILING ' . :
2o 1 COMMON ZXCAVATION ¥93 1383142 S edD 3.38 -37 5340000
2¢ 2 PILINC ~ FT £28CCL0 €.50 8.5C  3432C6C.00  44380C.CC
PERCINT TOTAL DIRSCT 20ST IN ASCOUNT 2 = 1.452 ACCOUNT TOTALe$ - 343200.00  508200.00
PLANT ISLAND CONIRITZS : ‘ _ﬂ :
Ze 1 PLANT ISe CCNCRETE . ¥YD3 - 6ECELD 70.CC 8C.00 46200C.00  528C0C.CC i
«2 SPECIAL STRUCTURIS - Y03 . S e0 " 00 «0 . «00 ! g
PERCENT TOTAL DIRECT COST IN ACCOUNT 3 = 1.700 ACCOUNT TOTALesS 562000400  528CCCCC : B
HEAT, REJECTION SYSTEM , :
4o 1 COOLINS TOWNZRS zacH 540 .13 : »03 ' 157500.00: 382500.00
o 2 CIRCULATINE HZC SYS EACH - 1e0 <00 - 00  306347.74  410773.6C
4o 3 SURFACI CONJDEINSZR =72 115374%.3 «30 «00  543937.33 80551.98
& PERCENT TOTAL DIRECT COST IN ACCOUNT 4 = 4.27% ACCOUNT TCTALeS  1617785.12  373825.57
> . 4
~1 : ]
o
STRUCTURAL FEATURES = .
« 1 STAT. STRUCTUIAL ST. TON 703.0 550439 175.00  8455302.20  122500.00
54 2 SILDOS & BUNKERS TPH o0 1800.C0 750400 «00 «CC J
S5e.3 CHIMNEY ; Y o <20 L .00 <00 «00
"Se 4 STRUCTURAL FEATURES_EACHK . 1.0 222000.00 77000,00  3220C0.00 77C0C«CO
PERCINT TOTAL DIRECY COST IN ACCOUNT 5 = 1.6577 ACCOUNT TOTALeS 7717000.00 199500,00
3UILDINGS
« 1 STATION BUJILDINGS FY3 22100GC.C .16 «1E. 352600.C0  35360C.CO —
6e 2 ADMINSTRATION =12 250340 15.90 13.90 40000, 00 35000.00
: 6+ 3 WAREHOUSE & SHOP r1z 5G00.0 12.00 . 8.00 60000.C0 4Ce0CCC
. PERCINT TOTAL DIREZT ZOST IN ACCOUNY & = 1,515 ACCOUNT TOTAL»sS 453600,00 4238500.00
FUZL HANOLING B STORASES -
, 7e.1 COAL HANDLING. .SYS ~  TPH o0 +C0 «0C 00 «CO
. ‘7o 2 DOLOMLITZ HANDe SYS -TPH. . ] «30 : <00 - -00 «00
v 7+ 3 FUEL OIL HANDe SYS . GAL 72500GC.C - 06 <00 €68026.07  517831.42
4 PERCINT TOTAL DIRECT COST IN ACCOUNT 7 = 2.037 ACCOUNT TOTALsS 858095.D7  517891.43
TYIL PROCESSING . o _
8. 1 COAL DRYER & CRUSHER TPH o0 : .00 06 «00 -00
8« 2 CARBONIZERS TPH . o0 -00 -~ <00 «00 -00
B» 3. GASIFIERS TPH Y .00 .00 <£0 «LC
PZRCINT TOTAL DIRSST COST IN ACCOUNT 8 = .030 ACCOUNT TOTAL#S .00 «00
. T . . - . - .
w
¥ ¥
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Table 6.7

COMBINED GAS-STEAM TURBINE

CYCLE

ACCGUNT. LISTING
Continued PARAMZITRIZ PDINT N0« 2 -
ACCOUNT: NO« a NAME UNIT AMOUNT  MAY “S/UMIT INS $/UNIT  MAT COSTr$
FLIHING CYSTEHM ,
Fu 1 : ; o7 =31 Lo .dn .00
FCRCENT TOTAL, BIRELT COST IN ACCOUNT 2 = ~.CCC ACCOUNT TCTALs3 .00
VAFOR FENERATOR (FIRED)
10e 1 .0 - . 9 .32 - 00 «00
PERCENT TOTAL DIRECT COST IN ACCGUNT 10 = . .CQG AC CCUNT TCTALYS «CC
"ENEREY CONVERTER ,
11. 1 SA5 TUR3 CIM? SICT A 2.3 170£833.32 50340.00  2%13523.00
1l. 2 SAS TURKcCOMP STCY EA Ze0 - 741500.C0 17G75.00 ~ €83000.CO
11« 3 GAG TUR3 TUR3 SzCT ZA 2,0 2%75480.03  123770.00 %950800,.00
11« 4 CAS TUR: ENG LUX EA Ze0 17865CC.CC  154330.00 2777CCCL0C
1I..5 BAS TURS SENSRATOR ZA 2.0 2328700.33 . 227583.,30 5057430.30
3l. & 8 1  MUFFLER & CCOLERS EA 2.C 1148200.0C ~ 114&20.00 2256400.CO
11. 7 0GAS TUR3 TN3 MISC ZA 2,8 333500430 ° 1157254090 - 557060480
1l. 8 STEAM TURBINE-GENER: EA 1o0 . 6752631.52 EB3EE58457 635263162
PERCINT TDTAL DIRZIZT -COST IN ACCOUNT 11 =47.337 ACCOUNT TOTALe3 1235197831.5C
COUPLING HIAT EXTHANSI! »
12« 1 HEAT REC STEAM GEN EA 2.0 43700CC.00 137100C.00  S140CCC.CO
PERCINT TOTAL DIRIZT £OST IN ACCOUNT 12 =20.408 ACCOUNT TOTALess  9140003.00
4EAT RECOVIRY AZAT IXI4. »
13+ 1. ‘ - «C - o00 -00 o0
PETRCINT TOTAL DIRIST COST IN ACCOUNT 13 = o300 ACCOUNT TOTALsS .00
HATER TREATMEINT ‘
14+ 1 DEMIMERALLZER GPM 21.5 250060 700.0C 5368600
18, 2 CONDENSATE POLISHINS KWE o -0
PERCENT TOTAL DIRECT COST IN ACCOUNT 14 = .118 ACCOUNT TGTAL- 53680.00
POWER CONDITIGNINC
15. 1 STO_TRANSEORM:IR KVA - 477544%¢% = 33 . <00 - 2153323.72
PERCENT TOTAL DIRETT COST IN ACCOUNT 15 = 2.731 ACCOUNT TCTALsS  21635922.72
AUXILIARY MECH EGUIFMEINT )
1561 30ILZR FSTD PUM® 8DR.KWI  15323%.9 «35 «04 85373,21
16+ 2 OTHER PUMPS KWE  226027.€ .58 .12  1S£304.2S
15+ 3 MISC SZRVICEZ SYS KWz 351644.2 1.17 «73 - 8323123456
16, 4 AUXILIARY BOILER - -~ PPH s .0 4,0C .80 +C0
PZRCINT TOTAL JIRECT COST IN ACCOUNT 16 = 1.725 ACCOUNT TOTALsS 707407.14
“9TPE 3 FITTIN3 _ ,
171 CONVENTIONAL PIPING TON 30C.C 30C0.G0 1800.00 - S0C0C0..0C
17. 2 HOT 5AS PIZIN3 £T .33 «35 .00
PERCENT TCTAL DIRECT COST IN ACCOUNT 17 = 2.473 ACCOUNT TOTALyS SCC000 66
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Table 6.7

R E -

SOM3INI) SAS-STZAM TURBINI CYCLEZ

, = ACCOUNT LISTING
Contdnued """ "PARAMETRIC POINT NOe 2
" ACCOUNT NOo. B NAME, UNET AMOUNT MAT $/UNIT INS S/UNIT VAT COSTe$ INS COST,$
AUXIETARY ILEZZ SQUIPMINT
18+ 1 MISC MOTERSsETC. - 22502746 1.40 .17 316438.64 3E428 .6
18. 2 SWITCH3SAR & MC: PAN KWS 22502745 1.85 45 18%41553.81  101712.42
18« 3 CONCUITsCABLESsTRAYS FT  6700GG.0 1232 V36  884399.59  €1119%5.95
13. § ISOLATZ) PYASZ 3US = 307.0 510,40 450.00 153000.90 135000.00
1. 5 LIEHTING & COMMUN KNE = 45205542 .35 v83  158719.32 - 1543831,72
TREINT TOTAL DIRSCY COST IN ACCOUNT 18 = 7.44%4 ACCOUNT TOTALe$  2953511.72 1380720.81
CONTRILy, INSTRUMINTATYION )
1S« 1 COMPUTER EACH 1.0 .Co .00 4S240GC.CO .oe
13. 2 OTHER CONTROLS SACA 1.7 53009.90 35003.00 50005, 00 35000400
PERCENT TOTAL DIRECT €OST IN ACCOUNT 138 = 1.011 ACCOUNT TCTALeS 55240000 3ECEC 00
PROCESS WASTE SYSTEMS
20. 1 30TTOM aSH P4 .0 .33 .02 .90 .0z
70w 2 DRY ASH TPH 0 O .0C .CO “C0
2Ge 3 WET_ SLURRY TP .0 1) .00 .00 .00
20e & ONSITE DISFGSAL = ACRE 0 7676 48 1167C.82 G0 «CC
PIRCINT TOTAL OIREZT COST IN ACCOUNT 20 = .300 ACCOUNT T0TALes .00 .
STACK GAS. SLIANIN3 , .
21« 1 PRECIPITATOR EACH .0 .00 .00 .00 .0p
21 2 SCRU33ER KWE <9 3416 15.55 .00 .00
?1e 3 MISC STEEL_ & DUCYS W0 . .00 .00 OO0
PSREINT TOTAL OIRESZT COST IN ACCOUNT 21 = .300 ACCOUNT TOTALsS .00 <00
458587389.90  11354531.87

TOTAL D2IRSCT COSTS»$

i




UMMARY FLANTY RESULTS

-

COMEINED GAS-STEAM TUPZINE CYCLE

Table 6.8

@M wNmns
MmN~
e OMNOQ
Vet
DT bt
- e

ONONCNSO
lZStalﬂe

TG L sl

e TN OC 0

a0 g8 g8

FARAMETRIC FPOINT

mis ST/

STMEOMNMNO
o onDegneg
T WOINOM
i g R 2
o td Fovaeem

s RwsOVa
MW
suinH~ON
m o 048,00
DT I MOCT
" N

Eiakd s O
S L
Nia wOaer

VieeLi™hr-y X

[ P LTI Il
MmLxizzmn
OV Dy
YOy 1
~
ot DY g
QLT LT N>
=yt ~HrO
=DM UADDO
DA e il
DDIMD X
ot i b
L etk
NAHN AN, 1<
T oo T s X il
OmOExOnx

TOTAL Ca?

S e

wVNYomVHONcO VO MW

CWNNAN OO VR b s~ My

w160 M) D A B0 MY WD+ iU NLD

9090 g8 30 9040 ,0,09,

CT i N NGO ™

BN e MNP NN
~

IOV N AU M D O o NN New

" MON 0 ™ A T O m o e
© W) WO L O™ OO 2 N
ohoﬁuo-olnoooruﬁueuo.uo-
_TINEEImE S . s
WM™ MM e MNP NN
-t ~

pe3eInOTe) 3ION

NOUMenQaM O MO MmN O

D00 v ME O M UM V) S i () CO N IS

FMARCANMFOsONNASO -GS

L T A L T L L L

N UNC T oC e OO Mo

AOMNNEE MM MmN
- o

NN MEMmR OO N0 N

WO oA M O N TN e W T

SO N CIOM 2 ORI P ) ol O LOPS OV ey

00 a0 g0 B o000 ,0 40,0,

WnFocamlntiaMte mOUINE oW

SONNSHmNME  ~ NN I NN
- ar

OFONDNHOIT i 100 I 0y 0 i 0

MF MV AINA N oA O M 00 0t OO g Vg

WM ME NN NN E D IO M Oy

o000 g0 g0 g0 3040 ,08,0,09,

WA M M W IND 0

MmO N NP e NI NN
- ~

@ NOHS N O AW DN MO0 - O

MU WSO ONSS ST

MHaIOCOCOMNMMMINMW DM wdin

0 000 90,8 ,8430900904e0,0,

O I NN MG NS D

amiaslape ey . Civ o aliadtemiNes
- L

PP G WM AN OIS 0 Ol et A L pi ey

L e WimlatninC nCin™cme alin

CRW MV ONWLWONNONM WM

0 ® g 0,8 ,08,0,08,0,0,9°,

St A UMD M DKW W 0 ™ M

O™ M AN N0 M NN Ny
- N ”»

Lorhad g bad (b b L o Lkl o ad 1t g
FRX RT3 XREIXI B wE XX

@ nInHnnniIavn
Sd ol Jed Sd a
-l bed _tad _Vend bt
ot P g P g e g Py
E¥y Xy ¥y ¥y

- -

¥
-
>

>

Vo ™M oo
D ROy [,
S b N L
o el nie Qoin>g
O OVEVNENLI ITOOUR
OVOLOVZ OO Wy QLZO
- weoul by Wiy
iy WO OUD ¢ o ¢ O
OO Wil QO LZe
W ELOZUZOMI T e Sy
QU REZOZA UADHE,, e
X x2Zo

N

PLANTY

D P Ol it o
L

M4202 COMPON
MAJOR CCMPONEN

P A QiU O C R0 OO0

Fwird B OrugXneeZ

TRIC POINT
ToTAL CAPITAL COST

21RAMC

i
«258

0
)
i

~Souesinw
- NN Mty

3
2¥¢ da3
o.283

OO NM NW S MmINN
eOMHME NG Mn.
-_TOMFLNW S VOO S
0% 00 g0 0,0 ,0,
w™apiletid Dipafs Meven
1.33"_“ N NmNmMNN

F s
e 1615478 1%:2.155
13

4 .3€E6 101
1%.545
12.518

VLM e MmNl

3“53510.155551.53.

WeNNUWUNHNW WO A~

7.-0......:"...8..7-.

MO R I MU

"11123. " NN M ey
™~

27.C75
26.9

IS N0 s o it

I OMN A o (nC o~

e NONOIA DN W N A

(R A RN T N LR R

Ot ampONnEsO WowotinM~

22”11123.1 - MmN aM N
]

C

67.957 TC.84C 62,2334 81,268
-

99.67: 50354

MM N LU linNM »Cin

O MmNEaN M G e

O e G2 U0 0 2 0 00 A D st VD) 100

P N P

Qi mMaNOWMrnG Mo w

22511133“. - MmN Iy
- N

72.28
32.73
3

Lo FomCaruitotrnamaoys
TN NN AN it ATy
D oIS sDmanSoMnatimoms~
Setabgtgtgtgogogtgoe
dONMMDV NN FAV™ANW

22"11123” N NN

C.CE6
53

7
337.8

WVNOIMO NN~ OONG OO
MBIV OGN MWW
FOTNNFONOONNM N

.
-
m

70.803

..o.oo-o-..-..o.o-o

CoNagmn e lind) MALOHSD

NS i gulern@ ™ U e N
-4 o~

SOONOTNLAOCM AN AN
NI nmT =N M
NNZOMINT OO OO0 i & i)

S 40 g0 00,0 ,0,0,0

70 .348

Sl L o R Lo L b L L Ll
EREFRIXTRER IR TR
XXy X X rXwxyXyXx
NANSNANSNSANASAS
Hnan
...

WMe
<

#sninmnnnninn

T MAJOR COMPONENT COST
COMPONENT COSTeS/KW
ANCE CF PLANT COSTY
UZTION »$

T MAJOR

wd b P 0 © 220 b AV AP 1 b L
OO ZAONZOOOO000O0DC
P e D AP s O O ™ YL O O O

LD mEiSyOoEy




ek COMSINED GAS-STEAM TURGINE CYCLE CUMMARY PLANT RESULTS
Continued
PARAMLTRIC POINT 17 1€ 18 20 21 22 23 2a
TOTAL CAITAL 30ST M3 212.82 >35.88 273,25 92,25 38,38 39,35 89,77 89.2%
P GAS TURBINE COMPRESSOR SECTeMS  3e620 2818 2,818 2,818 2,818 2,818 Z.818 2.418
L S5 TUIIINS SOM3 3ASKZT3  eM$ 1.02% o583 <533 <533 .58 <633 . «
AR GAS TUPBINE TURBINE SECTIONSMS  7e842€ 82951 82951 8+351 §.851 8.262 8.980 §.951
N MISC SAS TURIINZ AURILIARY o¥8 3,601 5.780 54780 S.7890 S.I80 5.773 S.712 S.180
b T A SR B L G e e G
£ ' 3TN . 5 ? H e
NEAY RECOVERY STCAN CEN  WMS 209908 50n010 365838 109300 2,730 o.i6t 2.13¢  ..88¢
1 TOT MAJOR ZOMPONCNT 20ST  oM$ 734352 324388 73.835 35.532 33.961 38.369 38.319 3$8.350
E 10T MAJOR COMPCNENT COSTsS/KNE Q3,362 794702 78773 ©C1e603 89,183 B88.S5C 85.281 BB.8
'b ANCE 3 PLANT 2037 R TAL S 3%. 333 i2.531 3\.5[% 32373 32.563 3%..5‘ 37..5;' 32.518
SITL LABOR "8 7KNE 330752 U288 310765 302202 20.233 25.482 25.538 28,318
§ TOTAL JIc=7 cosT +$/KHE  15L.514 193,581 1810158 158.13% 183,385 150.387 15L..22 1504326
INDIRECT COSTS v$ /KWE 172218 152936 162200 15803 182912 15eC1Ef 15063 18.95
2R0C & QUNER COSTS P SIKUE 127921 117831 110233 127335 110999 122093 12.193 12,026
B CONTINGENCY COST vS/KNE 12°030 112851 11,628 9256 £.895 o053 8,076 w018
3 TSCALATIIN 20ST » SIKNE 34713 10189 330315 220551 214370 220084 22,100 21.959
§ TOTAL ERASTIA L ZRTEON TN To/RUE 2910332 2957308 2880303 2580635 230o318 282-037 23343 251 928
S R NG R R s e L e
B A B S e e e e (e e
b oL . S0 e  FACTOR SMILLS/KNE 319508 21770 329802 200718 265629 26568 209688 20.608
COE 73 AP. FACTOR oMILLS/KWZ 215933 177838 23731 Zelec3 290977 7250791 2s.9n1 2s.ead
COE 1.2XEAP. COST WMILLS/KWE 3U.566 30.828 31545 2pL8EM 26.706 2EL117 26L83% 28%
ToF JLOMTIRGERCYEC) "MILLS/ouE  35o38% 232880 2:33% Jida% 3L-g7D L1y 3hoid i'!’a}
- ’ Ce e cde 2 «LL -
Al COE (SSCALATION=I) oMILLS/KWE 27,853 27,733 23,827 25.535 25.568 264833 25.593 26.53
L
343AMITRIC OOINT 25 25 27 28 29 a0 3 32
ToTaL cAPITAL COST e 3148 88,12 ST.E3  £9.27 0.5 122,58 100,67 x:t.ss
> SAS TURSINE COMPR=SSOR SECTevs Z. 418 7415 2e 4 4
L GAS TURBINE COMP BASKETS C % ~683 683 o6 5 683 wiEy 382 A
L SAS TURSINC TURIINC SccTrowsMs  yr3s1 4098l 30351 al3si a3l 4o9si 2AA78  20w7s
N  MISC GAS TURRINE AUXILIARY sM$ 5.740 5780 V780 5740 -780  Sllac 2870 287
T  BAS TURIINS 3:NZRATOR oS 5,057 S.O08T SJ987 S.087 S.0%57 S48 f.38% £.8%
STEAM TURBINE GENERATOR OMS  ©o390 64278 o895 E.821 T.000 Ce257 10330 12.981
HEAT RZCOVEIRY STZ4M 3N oMS 9.830 B8.587 9.030 9,100 8,933 18,858 s 12.268
R TOT MAJOR COMPONENT COST  sMS$ 35,115 73,683 38.430 33.366 38.808 82,557 28.350 38.671
S TOT MAJOR COMPONENT COSTeS/KWE 37.932 33.503 83.132 33.108 930.767 92.409 81.851 78.186
S SALANCE OF PLANT COST  sS/KWE 32.858 320526 29.812 SC.082 32,591 JELCAC 8SL836  S0.286
u SITe LA308 »SIKWE 33-078 257188 270792 290523 237593 3w 0137 410
L ToTAL DIRECT COST $S/KME  153.818 1502198 185,796 162767 1532017 163.0CS 167825 166«
T INDIRSCT COSTS S/KNZ 15738 180876 T1ali7e (157193 (150128 170628 20-470 210336
PROF & OWNER COSTS v /KWE W273 12,016 11.666 13.022 12.28 3,081 13.82 .
3 CONTINGENCY COST v /KM 30237 3,031 80753 9.703 3,178 10.778 11.655 11.880
R ESCALATION COST = +8/KNE 220832 21.885 21,236 230355 22,331 29.338 330188 35.502
BT At gy ety A Te/RNE 23083 23?}'.?»30 2555018 2a0.0%% 2312000 otevikh csetedM o33
X ZOST 0F SLeC-CAPTTALoLLLS/KWE 77435 © 77319 T 70191 T 7787e C 7les3 © slaly -338 91
0 oSy of Flgf‘ogfk.xn'n§%t§{§35 193305 193583 190100 20.798 190813 151371 22.a08 23
Eigh sl el plk o i oud) gan aoll g ol
O .8 CAP. FACTOR “MILLS/KME 2en0bd Tivbar 3eniay 4Rl 2.3 3h-53 -Gy i
SOE 1e2XZAP. COST  oMILLS/XME 237932 237353 290173 300793 290351 39.eed 330ag3 3samr
COE To2XFUEl CoST =~ oMILLS/KWE 310207 31.806 30e573 33e383 312353 37478 36.504 3 .35 1
“OE {CONTINZINCY=1) oMILLS/ZKW: 217023 210138 250433 28097 270403 23051 310832 32l ‘f
COE (ESCALATIONZ=0) sMILLS/ZKNE 262607 26,731 26.015 28..15 26,635 21.585 3C.81 9
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6.6 Analysis of Overall Cost of Electricity

The results of capital cost determinations, thermodynamic effi-
ciency calculations, as &ell as the results of the analysis of coal-
derived fuel prices and balance of plant costs, have been factored into
the COE calculations for the parametric variations described‘in the
earlier sections. Table 6.9 presents a summary of these COE for each

parametric point investigated.

In preparing the COE results, a more detailed examination was
made of the effects of selected parameters on the results.. Parameters
for which these variations were investigated include: labor rate, con-
tingency, escalation rate, interest during construction, fixed charge
rate, fuel cost, and capacity factor. The results of these studies for

Base Cases. A and B are given in Tables 6.10 and 6.11,

The COE has been calculated as a function of several cycle
parameters, including gas turxbine compressor pressure ratio, turbine
inlet temperature, . and the nominal steam cycle throttle conditions. The
use of steam induction and supplementary heat recovery steam generator
firing has been investigated. In addition, variatioms in the methods of
steam cycle heat rejection and comparisons of the use of gasified coal

and clean distillate from coal as a fuel have been analyzed.

‘ COE calculations were made for turbine inlet temperature varia-
tions from 1255 to l7b0°K (1800 to 2600°F) and for compressor pressure
ratio values ranging from 8 to 20. These variations in gas turbine para-
meters were investigated in conjunction with each of two steam bottoming

‘cycles: first, a feheat 16 .547 MPa/811°K/811°K (2400 psig/1000°F/1000°F)

arrangement and, second, a nonreheat cycle with nominal throttle condi-

il

4
B
5
“
3

tions of 8.618 MPa/783°K (1250 psig/950°F) . Results of these calculations;,

‘for the cases with air-cooled gas‘turbine vanes and blades, are shown in
Figure 6.32. As indicated, the COE steadily decreases as gas turbine .
inlet temperature increases, with a small COE 3dvantage at lower- tempera—

" ture obtained with the nonreheat steam cycle.
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i Table 6.9 COMAINED CAS-STEAM TUREINE CYCLE SUMMARY FLANT RESULTS
‘ Continued . ) :
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At the higher gas turbine inlet temperature, the reheat sfeam
bo;tomed cycle enjoys a COE advantage. - The comparison of COE obtained
with both reheat and nonreheat steam cycles at varjiius turbine inlet tem-
peratures is examined in greater detail in Figure 6.33. At each turbine
inlet temperature, the optimum value of the compressor pressure ratio has
been selected for display in this curve. A crossover point of'approxi—
mately 1644°K (2500°F) turbine inlet temperature is indicated at which
the costs of electricity using the nonreheat and reheat steam bottoming

cycles are equivalent,

Over the full range of gas turbine firing temperatures plotted
on Figure 6.33 the gréatest difference in COE between the cycles with
reheat and nonreheat steam if 0.1 mills/MJ (0.35 mills/kWh) or 1.27%
occurring at 1255°K (1800°F).

TFor all practical purposes, the COE from the cycles with reheat

and nonreheat steam is essentially equal within the accuracy of the study.

The results of a comparison of COE obtained with various steam
bottoming cycle arrangements are shown in Figure 6.34. This groupiﬁg
compares reheat and nonreheat steam cgcles with throttle pressures rang-
ing from 8.618 to 16.547 MPa (1250 to 2400 psi) gauge and inductions at
the reheater and crossover ducts. All these results were obtained using
a gas turbine with 1478°K (2200°F) turbine inlet temperaturc, compressor
pressure ratio of 12 to 1, and using air-cooled vanes and blades. With
this set of gas turbiue conditions, the 9.653 MPa (1450 psi) gauge steam
cycle arrangements (both reheat and nonreheat) have a lower COE than the
12,411 to 16.547 MPa (1800 or 2400 psi) gauge cycles. At .a higher gas
turbine inlet te&perature, the higher throttle pressure reheat steam cycle

shows an advantage, as illustrated by the bar chart of Figure 6.35.

A detailed lock at the effect of steam induction upon the COE
has been performed in conjunction with the 16.547 MPa/811°K/811°K
(2400 psig/1000°F/1000°F) steam bottomed combined cycle. The use of
steam inductions at the reheat and crossover points was investigated in-—

dividually and eollectively.  Results of these calculations are ghown in
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. Figure 6.36. Increasing the use of induction in these‘investigations

resulted in a®reduction in the COE. The greatest improvement was seen
;tofcome from the change from no induction to one induction, with little
net‘difference‘observed between‘the'use ofiagsingle induction at the

: reheat~pointfor‘the'crossover point. A smaller additional improvement in

: COE was observed when a second steam induction was added.~

It should be appreciated that the.differences in COE. among the

i b': :induction alternatives are quite sma11~‘and until confirmed by ‘additional
i B o tudies, the order of merit of the various systems should be regarded as

: just trends.

¥

The use .of supplementary £iring of the heat recovery steam

generator has ‘been investigated in ‘conjunction with both reheat and non-

TR gy

reheat steam bottoming cycles. In addition to the case of no supplemen-

tary firing, three levels of additional firing were used to increase the‘fg : A
j'féi I A Y temperature of the gas turbine exhaust products entering ‘the heat recov-
; i ,bv A hvery bOiler. The first 1evel iiring raised the exhaust products tempera-
i3 o ‘ : ture to approximately 1033°KJ11400°F),. The. second level achieved

: ’ ' »temperatures‘oflapprOXimately 15879K;(2400°F);>and‘forethe third level, a

’ineat stoichiometriC'temperature of approximately 2061°K -~ (3250°F) was used.,
kFor both the reheat and nonreheat cases, the steam cycles were topped by

l a 1478 K- (2200° F) turbin ?inlet temperature gas turbine at a 12-to-1 com—' , i

‘pressor pressure ratio, with air-cooled vanes and blades burning clean : ‘ ‘:g ,_._j',e
distillate fuel from coa1.~ The results of the analysis, shown in : BRI SO
'.Figure 6. 37, indicate rhat additional supplementary firing increases the

~ COE for both types - of steam cycle, with a greater penalty observed ire con—‘

: junction with the nonreheat arrangement. 2 e o ok e e '\Cﬁ'[;

, Considerable attention ‘has been focused upon the effect of the

"steam cycle heat rejection means upon COE. " Three different systems were
investigated, including the dry tower and vet tower systems, in which heat 2 : '*’té
-is rejected to the atmosphere and the more conventional once—through _ . |
systems,: 4in which heat ia rejected to -a body of water as a heat sink._b.

Again, both nonreheat and reheat steam bottoming . cycles were investigated hes
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The results shown in Figure 6.38 indicate that, compared with the once-
through. cooling, thefCOE with the dry tower and“wet tower, are approxi-
mately 9 and 4% higher, respectively.

‘The effect of fuel preparation on the COE has been investigated

as a comparison between a combined-cycle plant with an 1ntegrated gasifl—

 cation system and a similar combined cycle firing distillate from coal.

Both cycles utilize a 1478°K (2200°F) turbine inlet temperature gas tur-
bine at a 12~to-1 pressure ratic with air-cooled vanes and blades. The

COE results have been plotted as a. function of capacity factor for each

" arrangement in Figure 6.39. The results show that for capacity factors

greater than approximately 0.45, ’the integrared gasification system is
'economically superior under  the assumption of a liquid fuel price of.

$2. 46/GJ ($2 60/10 ‘Btu). At an 80% capac1ty factor, the integrated

gasification system results in a COE approximately 30% lower Lhan the

counterpart combined cycle burning distillate from coal.

: Eor;each parametric point.the natural reSOurce reduiremeuts
have been estimated. These consist of coal, sorbent (for gasification
;systems), water for heat rejection, gasifier process steam, condensate

makeup, waste slurry handling, and scrubber waste, as well as land usage

;i for the main plant, disposal, and access railroad.  The results of these
"icalculations for all parametric p01nts 1nvest1gated are summarlzed in
= fTable 6 12. '

6.7 Conclusions and’ Recommendations
6. 7 1 <Conclusions

The gas-steam combined-cycle system, in comparison w1th other

',ECAS Task 1 energy conversion systems, is attractive for intermediate and

higher capacity factor operation.

Several parameters affect conclusions regarding optimization of

_-the combined—cycle system with -respect to efficiency and COE. The more

1mportant of these 1nc1ude., gas turbine inlet temperature and compressor
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pressure ratio, stea&zcycle nominal conditions, the use of steam induc~
tion; supplementary hea recovery steam generator firing, heat rejection

means, and the use of intcgrated low-Btu coal' gasifications.

As gas turbine inlet temperatures are increased, the resultant

thermodynamic efficiencies are increased and. the COE decreases. = Further, -

from the viewpointfof'both efficiency and COE;.the optimum gas turbine
compressor pressure ratios generally increase with higher turbine inlet
temperatures. For the range of turbine inlet: temperatures investiqated
1255 to 1700°K (1800 to 2600°F), it was determined that for beﬁt combined-

(
~tycle efficiency, and using convection impingement air-cooled gas//urbine ‘
i b
bladlng, the optimum compressor pressure ratio lies in theratnge of 10 to -
~16. '

The differences dn COE obtained with varying steam cyc1ﬁ~con—
flgcrations and nominal throttle steam conditions are small anq/in many

cases less than the uncertainties inherent in such a study. - It was ob~

- served, however, thatkat the lower gas turbine inlet temperatures, the

lower throttle pressure nonreheat and reheat steam cycles yielded a lower
COE.  For the lower throttle pressure reheat steam bottoming plants, for
'example 9.997 MPa/811°K/811°K (1450 psig/1000°F/1000°F), no. parametric
optimizations were perfofmed. Further investigation of these cycles and
comparison with the 8.618 MPa/783°K (1250 psig/9SO°F) bottoming cycle
would be quite useful, - At the higher gas- turbine inlet temperatures, the
higher pressure rehest steam cycles showed the lover COE With the gas

turbine inlet temperature at which the two types become equal being ap-

: proxlmately 1589°K (2400 F).

"The use of steam induction generallyvresults in‘a,high'Cycle‘
efficiencv‘and a lower COE:\"In the case where multiple induction was

assumed in conJunctlon with a reheat “steam cycle, the use of the first

induction is most 51gn1ficant in 1owering the overall COE.

‘ The use’ of supplementary flring in the heat recovery steam

generator results 1n a higher COE than for an unfired steam generator nr-' .

vrangement, The 16 547 MPa/811°K/811 K (2400 psig/lOOO F/lOOO F) reheat
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steam cycle arrangement 1s less sensitive to an increased COE with sup-

plementary firing than the 8. 618 MPa/783 K (1250 psig/950°F) nonreheat
ﬁ)steam cycle.,
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Heat rejection to the atmosphere by means of wet and.dry cool-

ing. towers results in a higher COE than does the use of a once~through
cooling system. The most significantaincrease‘occqrs in conjunction with

the use- of dry cooling towers; the COE is nearly 97 higher with this ar-

. rangement than with the once—through method.

- The use of integrated low-Btu coal gasification offers superior
COE performance for base-load duty, as compared with a coal-derived dis-

‘tillate fueled combined cycle. Based on an 80% capacity factor, and

-r*using coal—derlved digtillate fuel at $2.46/GJ ($2 60/106 Btu) compared
 with, I1linois No. 6 bituminous coal at $0.806/GJ ($0.85/10° Btu), the

combinechycle with the integrated low-Btu gasiflcation system can gene-
rate electricity at a nearly 30% lower cost than the corfesponding plant
burning distillate. ‘At capacity‘factors down to approximately 0.45, the

combined—cycle plant with the integrated gAsif1cat10n system gives: the
lowest COE.

6.7.2 Recommendations

CIt is recommended that a continued conceptual designveffortcbe_

the gas—steam combined cycle.

AL e

6.7.2.1 Induction Steam Turbine Generator -

Induction steam turbines have been built and successfully

';operated for some time in smaller sizes. Comparable experlence in large
' power generatlon size units is m1n1ma1 Further de51gn 1nvestlgat10ns .
o ’into the configurations and operational requirements (particularly w1th o

/_,regard to control and. turbine protection) of the 1nduct10n steam turbine
e fwill be. required.A« ; ‘

6.7.2.2 Gas Turbine Inlet Temperature ji i

Gas turbines currently operate at approximately 1366 K (2000 F)

l1iturb1ne inlet temperature ln base—load commercial power generatlon

6102 e
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service. Analysis shows continued improvement in the COE!with increasing

.turbine inlet temperatures. A continued design and develbpment;effort

with advanced gas turbine blading materials and cooling techniques will

be required in order to realize the benefits concommitant with higher

turbine inlet temperatures. The conceptual design of an advanced

combined-cycle plant with an- integrated gasificetion system based on

high-temperature gas turbine technology shou;d be continued.

6.7.2.3 Integrated‘Coal Gasificatign_System

Satisfactory service with an integrated combined-Cycle'gasifi—

" cation system has not been demonstrated. Further, existing commercially

available coal gasifiers have not been designed'for integrated combined-

cycle operation} Therefore, continued development of ‘the integrated coalr
' gasification subsystem 1s needed. It is part1cular1y necessary that

"development of efficient gas cleanup methods be emphasized to ensure com-

patibility wath gas turbine engine requirements.

Just as- a continuing, vigorous effort toward developing higher
turbine inlet temperatures is ‘essential to realize continued benefits
from gas turbine technology advances, the fact should not be overlooked
that'today's,combined.cycles operating at turbine iniet‘temperatures of

about 1366°K (2000°F), continuous duty, compare most favorably in terms

-of thermodynamic efficiency with conventional power generating modes. - In

“order ‘to.bring to fruition-as quickly as possible the benefits of the

combined-cycie'plant)with‘an integrated‘coal'gaSification system, atten-

‘tien should be directed to coupling current coal g351ficat10n technology
with more moderate advances in gas turbine technology than those indi-
. cated by the arbitrary upper turbine inlet temperature bounds of this ‘
fﬁparametric study. A conceptual de51gn effort aimed at early implementa-ib
"tion of an’ integrated combined-cycle plant with turbine inlet tempera—'
‘tures in. the 1478 to 1533°K (2200 to 2300°F) range should be commenced as‘

well.
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