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FOREWORD

The work described in this repoxrt is a part of the Energy
Conversion Alternatives Study (ECAS)~—a cooperative effort of the
Energy Research and Develcpment Administration, the National Sci-
ence Foundation, and the National Aeronautlcs and Space Admlnlstra-
tlon. : :

This General Electric contractor report for ECAS Phase I
is contained in three volumes:

" Yolume I -~ Executive Summary _
volume II =~ Advanced Energy Conversion Systems

Part 1 - Open-Cycle Gas Turbines
- Part 2 =~ Closed Turbine Cycles
. Part 3 - Direct Energy Conver51on Cycles _
Volume III - BEnergy Conversion and Subsystems and Components

Part 1 - Bottoming Cycles and Materials of Construction
Part 2 - Primary Heat Input Systems and Heat Exchangers
Part 3 '~ Gasification, Process Fuels, and Balance of Plant

In addition to the principal authors listed, members of the
technical staffs of the following subcontractor organizations de-
veloped information for the Phase I data base:

General Electric Company
Advanced Energy Programs/Space Systems Department
Direct Energy Conversion Programs
Electric Utility Systems Engineering Department
Gas Turbine Division
Large Steam Turbine-Generator Department
Medium Steam Turbine Department
Projects Engineering Operation/I&SE Engineering Operation
Space Sciences Laboratory

Actron, a Division of McDonnell Douglas Corporation
. Argonne National Laboratory

Avco Bverett Research Laboratory, Incorporated

Bechtel Corporation

Foster Wheeler Energy Corporation

Thermo Electron Corporation .

This General Electric contractor report is one of a series
of three reports discussing ECAS Phase I results. The other two
reports are the following: Energy Conversion Alternatives Study

(ECAS), Westinghouse Phase T Final Report (NASA CR-134941), and
NASA Report (NASA TMX-71855).
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Summary

ADVANCED ENERGY CONVERSION SYSTEMS

: The objective of Phase I of the Energy Conversion Alternatives
Study (ECAS) for coal or coal-derived fuels was to develop a
technical-~economic information base on the ten energy conversion
systems specified for investigation. Over 300 parametric varia-
tions were studied in an attempt to identify system and cycle
conditions which indicate the best potential of the energy con-
version concept. This information base provided a foundation for
selectlon of energy conversion systems for more in-depth investi-
gation in the conceptual design portion of the ECAS study. The
systems for continued study were specified by the ECAS Interagency
Steering Committee.

The technical-economic results include efficiency, capital
cost and cost of electriecity. For reference gurposes a steam
cycle (3500 psi/1000 F/1000 F [2.41 x 107 N/m2/811 X/811 K]) with
conventional coal burning furnace, stack gas cleanup and wet
mechanical draft cooling towers was analyzed with the same analysis
procedure employed for the advanced systems. This references steam
plant had an efficiency of approximately 37 percent. The open~
cycle MHD system was the only plant to show efficiencies approach-
ing 50 percent. A group of cycles-advanced steam, supercritical
CO5, liguid metal topplng, and inert gas MHD— were estimated to
have efficiencies in the 40 to 45 percent range.

The energy conversion systems with capital costs significantly
lower than the reference steam plant were those with short con-
struction times and simple construction, i.e., open-cycle gas
turbines and low-temperature fuel cells. The more complex plants,
i.e., open~ and closed-cycle MHD and liquid metal topping, re-
guired longer construction time and were higher in capital cost.

Efficiency and capital cost are a part of the total technical~
economic evaluation. The combination of these characteristics with
the cost of fuel and operation and maintenance costs results in a
cost of electricity for more complete comparisons. The only sys-
tems which were consistently lower than the reference steam plant's
30 mills/kWh at 65 percent capacity factor were the open-cycle gas
turbine-combined cycle. MHD, supercritical COp, liquid metal top
topping, and high-temperature fuel cells had a higher cost of elec-
triecity than the reference steam plant, as did many of the advanced
steam cases because of their higher capital costs. The low capital
cost plants— (low-temperature fuel cells and open cycle gas turbine,
recuperative) utilized clean fuels and consequently had high fuel
charges. These systems would be more economically applicable to
peaking or mid-range duty.



Introduction

ADVANCED ENERGY CONVERSION SYSTEMS

Many advanced energy conversion techniques which can use
coal or coal-derived fuels have been advocated for power genera-
tion applications. Conversion systems advocated have included
open- and closed-cycle gas turbine systems {including combined
gas turbine-steam turbhine systems), supercritical COy cycle,
liguid metal Rankine topping cycles, magnetohydrodynamics (MHD),
and fuel cells. Advances have also been proposed for the steam
systems which now form the backbone of our electric power indus-
try. These advances include the use of new furnace concepts and
higher steam turbine inlet temperatures and pressures. Integra-
tion of a power conversion system with a coal processing plant
producing a clean low-Btu gas for use in the power plant is still
another approach advocated for energy conserving, economical pro-
duction of electric power. Studies of all these energy conver-
sion technigques have been performed in the past. However, new
studies performed on a common basis and in light of new national
goals and current conditions are required to permit an assess-
ment of the relative merits of these techniques and potential
benefits to the nation.

The purpose of this contract is to assist in the development:
of an information base necessary for an assessment of various ad-
vanced energy conversion systems and for definition of the research
and development required to bring these systems to fruition.
Bstimates of the performance, economics, natural resource require-
ments and environmental intrusion characteristics of these systems
are being made on as comparable and consistent a basis as possible
leading to an assessment of the commercial acceptability of the
conversion systems and the research and development required to
bring the systems to commercial reality. This is being accomplished
in the following tasks:

Task I Parametric Analysis (Phase I)

Task II Conceptual Designs

}(Phase IT)
Task III Implementation Assessment

This investigation is being conducted under the Energy Con-
version Alternatives Study (ECAS) under the sponsorship of Energy
Research and Development Administration (ERDA), National Science
Foundation (NSF), and National Aeronautics and Space Administra-
tion (NASA). The control of the program is under the direction
of an Interagency Steering Committee with participation of the
supperting 2« -meies. The NASA Lewis Research Center is responsible
for project management of this study.

The informgtion presented in this report describes the re-
sults produced in the Task I portion of this study. The emphasis

PRECEDING PA0¢ 19 ANY NOT FILMED 3



in this task was placed upon developing an information base upon
which comparisons of Advanced Energy Conversion Techniques using
coal or coal-derived fuels can be made. The Task I portion of
the study was directed at a parametric variation of the ten ad-
vanced energy conversion. systems under 1nvest1gatlon. The wide-
ranging parametric study was performed in order to provide data
for selection by the Interagency Steering Committee of the sys~
tems and specific configurations most appropriate for Task II and
IIT studies.

The Task II effort will involve a more detailed evaluation of
seven advanced energy conversion systems and result in a conceptual
design of the major components and power plant layout. The Task
III effort will produce the research and development plans which
would be necessary to bring each of the seven Task II systems to
a state of commercial reality and then to assess their potential
for commercial acceptability. _

A prime ohjective of this study was to produce results which
had a cycle-~to-cycle consistency. In oxder to accomplish this
objective and still ensure that each system was properly advo- -
cated, an organization which is or had been a proponent of the
prime cycle was selected to advocate the energy conversion sys-
tem and to analyze the performance and economics of the prime
cycle portion of the energy conversion system, i.e., the parts
of the system which were novel or unlque to the system. The re-
maining subsystems, e.g., fuel processing, furnaces, bottoming
cycles, balance of plant, were analyzed by technology specialist
organizations which presently have responsibility for supplying
these subsystems for utility applications. The final plant con-
figuration and performance were produced by the General Electric
Corporate Research and Development study team and this group per-
formed the critical integration of the fipal plant concept. This
methodology was used to provide a system-to-system consistency
while maintaining the influence of a cycle advocate.

The ten energy conversion systems under investigation in this
study are defined and analyzed in this volume of the report.
‘These include:

1. Open~eycle Gas Turbine Recuperative

- with clean and semi-clean fuels produced from coal
-~ with and without organic bottoming cycles

2. Open-cycle Gas Turbine

- with air and water coollng of the gas turblne hot
gas path

- with clean’ and semlnclean fuels from coal and
integrated low-Btu gasifiers



10,

Closed—~Cycle Gas Turbine

- with helium working f£luid
- with a varie*v of direct coal and clean fuel furnaces
- with and without organic and steam bottoming cycles

Supercritical CO2 Cycle

- with basic and recompression cycle variations

- with a variety of direct coal and clean coal~derived
fuel furnaces

Advanced Steam Cycle

- with both throttle and/or reheat temperatures'greater
than present practice (1000 F {81l K])

- with a variety of direct coal and clean coal-derived
fuel furnaces

Liquid Metal Topping Cycle
- with potassium and cesium as working fluids
« with a variety of direct coal and clean fuel furnaces

Open-Cycle MHD

- with direct coal and semi-clean fuel combustion
- with standard steam and gas turbines bottoming

Closed-Cycle Inert Gas MHD

-~ with parallel and topping configurationgs
~ with both direct coal and semi-clean fuel utilization

Closed-Cycle Liguid Metal MHD

- with mixture of ligquid sodium and helium as working
fluids
- with standard steam bottoming

- with a variety of direct coal and clean fuel furnaces
Fuel Cells

- both high and low temperature (less than 300 F [422 K])

- with employment of clean process fuels for low temper-
ature cells and low~Btu gasification at high tempera-
ture cells



The subsystems which complete the energy conversion system
are discussed in Volume III of this report. The results as pre-
sented in the following sections include the total energy con-
version system.



24 CLOSED-CYCLE GAS TURBINE

DESCRIPTION OF CYCLE

The schematic for the closed-cycle gas turbine is presented
in Pigure 2.4-1 with atmospheric fluidized beds (AFB) burning
coal, capturing sulfur, and heating the helium. The highly effec~
tive recuperator results in a helium temperature of 875 F (741.5 K)
entering the AFB. As a result the combustion gases are cooled to
only 1000 F (811 X) in the AFB, and a high-temperature air pre-
heater is needed to cool the exhaust to the 730 F (661 K) level
for electrostatic precipitation of sclids. The low-temperature
air preheater brings the stack gas to 300 F (422 K) to achieve
minimal stack loss. The wet cooling towers service the precooler
where the helium temperature is reduced from 463 F (513 K) to
80 F (300 K) at the compressor inlet. The compressor inlet flow
was 1031 1b/s (467.6 kg/s) in every case, and the compressor
discharge pressure was 1000 psia (6.9 MN/mz). Blocking helium
coalant flows were used for the turbine, but the nozzles and
buckets were not cooled,.

When a bottoming cycle was added, the organic boiler or the
steam boiler substitutes for a part of the temperature range of
the recuperator and the precooler. The reduction of heat added
to the compressed helium from the recuperator results in a lower
helium temperature entering the AFB. The AFB desian for such
cases was changed to take full advantage of the cooler helium to
reduce both AFB size and cost.

In addition to the AFB configuration, the primary heat input
was also evaluated for a pressurized fluidized bed serviced by a
gas turbine with an exhaust gas recuperator. Clean gaseous fuels
were evaluated for use in pressure fired furnaces to heat the
helium. The pressurizing gas turbines had exhaust heat recovery
steam generators and a steam turbine, These units were integrated
with a gasification plant when the clean fuel was low-Btu gas and
not over-the-fence high-Btu gas.

ANALYTICAL PROCEDURES AND ASSUMPTIONS

N

"a All helium cycles had a compressor inlet flow of 1031 1b/s
{467.6 kg/s) of helium; the compressor discharge pressure in every
case was 1000 psia (6.9 MN/m2). The overall pressure ratio was
achieved by variation of the pressure level for the section from
the turbine outle® to the compressor inlet. Overspeed control
valves, separate from the combustion system temperature control,
may be required to allow for sudden load loss. These valves
would be bypass valves providing a flow path between the compres-
sor discharge and the turbine exhaust. Control valve leakage
would be approximately 0.2 percent of total compressor f£low. No
provision was made for this parasitic leakage flow in these evalu-
ations.
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Cycle Components

Compressor. Helium compressors have been designed for use in
closed~loop helium cycles for the high-temperature gas-cooled re-
actor (HTGR) with pressure ratios within the range under consid-
eration,  Peak cycle pressures at the compressor discharge are
1000 psia (6.9 MN/m?) or less. A single polytropic compressor
efficiency has been assumed for this study. The resultlng
adiabatic efficiency is a function of pressure ratio and is the
- "blading efficiency" measured from the inlet total pressure and
total temperature ahead of the inlet guide vanes to the total
temperature and total pressure downstream of the exit guide vanes.
The compressor discharge diffuser pressure loss was considered
part of the overall ducting system, Turbine cooling flows are
bied from the compressor at three interstage locations as well
as at compressor discharge. The compressor RPM was 3600 for all
cases; the inlet flow was 1031 1lb/s (467.6 kg/s) and the inlet
temperature was 80 F (300 K).

Turbine. Five-, six-, and seven~stage turbines were required
for efficient utilization of compressor pressure ratios of 2.0,
2.5, and 3.0, respectively. Turbine efficiency was calculated
as the blading total-to-total adiabatic efficiency. Inlet and
exhaust duct losses are considered part of the piping system
pressure loss, The assigned turbine stage adiabatic efficiency
was fixed for the shrouded stages, and set at a slightly reduced
value for the unshrouded stages. Coolant flows were treated as
merging with the main helium flow immediately behind the stage
that the coolant cooled.

Heat Source. The helium flow through the heat source was
assigned a pressure loss of 1.5 percent of the absolute pressure
level. The details of the furnace configurations and the heat-
ing surface deployment are found in Section 6

Recuperator. Although HTGR cycle studies have shown recuper-
ators of B9.5 percent effectiveness, to date such units have not
been constructed. A more conservative value of 85 percent effec-
tiveness was designated for the base case, with variations to 90
percent and 95 percent for parametric points. The assigned helium
flow pressure losses were 2 percent on the low-pressure side and
1 percent on the high-pressure side. The sizing and materials
selected for the recuperator are detailed in Section 7.

Precooler., Waste heat is rejected from the cycle to cooling
water through the precooler. The precooler is a straight-tube,
axial, counterflow heat exchangei. Heat is transferred from
helium to water. Helium pressure loss for the precooler was 1
percent. The precooler and cooling towers can provide for a
compressor inlet temperature which is 20 F (11.1 K) above the
ambient air temperature. :



Gas Properties for Helium. Helium was treated as an ideal
gas for the pressures and temperatures of this study in accord-
ance with the properties tabulated in the National Bureau of
~ Standards Circular 564. T

Bottoming Cycle Components

" The substitution of steam or organic f£fluid boilers for parts
of the recuperator and precooler was deemed to impose the same
helium flow pressure loss as the unit replaced. The assumptions.
for these cycles have been detailed in Section 7 for their heat
exchangers and Section 4 for ‘their- cycle components and conflg—
uratiens.

Flow Pressure and Other Losses

The pressure losses through the connecting ducts and pipe
work were appraised in detail, with a resulting value of 4.3 per-
cent for these additional losses. In combination with the losses
‘already enumerated, the total helium circuit would have a loss of
8.733 percent. The result of this loss is that the turbine pres-
sure ratio for expanding the helium is 91.267 percent of the com-
pressor pressure ratio.

The generator was assigned an efficilency appropriate for a
large hydrogen-cooled machine. The losses were excitation, wind-
age, bearings, and seals, as well as electrical losses., The me-
chanical and accessory losses for the turbine and compressors
were assigned at 0.3 percent of the generator output.

DESTIGN AND COST ANALYSIS

Materials appropriate for the helium gas turbine are pre-
sented in Table 2.4-1.

These materials are all currently in use and would be applied
within known property limits. The hot gas path parts may have
coatings or claddings applied to increase their endurance. The
cost basis for the helium gas turbine was determined by detailed
consideration of the base case unit. Thereafter differentials
were determined for the effects of pressure ratio, inlet temper-
ature, and generator output. Included in the gas turbine unit
cost was provision for 100 ft (30.5 m}) of helium ducting from the
heat source to the turbine.

The recuperators were sized using l-in. diameter tubes of
stainless steel as described in Section 7. Tube sheets were of
one-half Chrome, one-half Moly up to 1000 F (811 RK), and were of
stainless steel above 1000 F. Recuperator shells were of one-
half Chrome, one-half Moly to 1000 F; -and of two and one-fourth
Chrome, one Moly above 1000 F. As a result of these specifica-
tions there were distinct steps in recuperator cost when turbine
exhaust exceeded 1000 F.
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Table 2,4-1

MATERIAL SELECTIONS FOR HELIUM GAS TURBINE

Components Alloy Selected Alternate Alloy
Turbine
Buckets M-21 LC René&-100, Mo-T2M
‘Nozzles M-21 LC IN-713 LC, Mo-T2M
Wheels :KN—?OG A-286, M=-152
Casings HAST X
Inlet pipe | IN-713 LC
Exhaust pipe ﬁ Cr Mo
Compressoxr f
Rotor blades 403 S8
Stator blades 403 S8
Wheels Ni Cr Mo V MS—-250

The organic bottoming design and costs were identical to the
basis outlined for the recuperative gas turbine bottoming. The
bottoming steam turbine and its heat recovery steam generator
(HRSG) were comparable to the prior design basis as described in
Section 4. The dry cooling tower designs and costs for the helium
closed-cycle power plants differ from those for other power plants.
The cooling water from the precooler may be as hot as 340 F (444 X),
in contrast to approximately 120 F (322 XK) from other closed-
cycle plants.

RESULTS

The base case results are summarized in detail in Table
2.4~2, The 300 MW generator output was reduced to 276 MW net
station output by the auxiliary demands of the furmnace, the cool-~
ing towers, and the station services. The resulting overall
enexrgy efficiency was 29.5 percent. The plant cost in dollars
per kilowatt is high compared with a steam plant, with major com-
ponents contributing an appreciable share of the total. The en-
vironmental intrusions are comparable to other plants with atmos-
pheric fluidized bed coal combustion.

The parametric point variables and results are presented in
Table 2,4-3, with the companion capital cost distributions in
Table 2.4~4, and the power generation and consumption detailed
in Table 2.4-5., A single helium gas turbine was the basis for
all cases except for Cases 9 and 10, with two and four helium
gas turbines, respectively. Thase latter cases proved less eco-
nomic than the base case because of the extension of the site

11
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Compressor pressure ralin 2.5
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Table 2.4-3
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'Table_2.4—4 (Page: 1 of 5)
__.':',CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE

CASE MO, 1 ) 3 4 5 6 7 B T

HAJOR COMPONEHTS
' PRIME CYCLE - e . o
' MELTUW TURB-COMP-GEN HHs YasT 1407 16a7 1427 14T 142 . lao? . 16yl 5993  §846
RECUPERATOR S Mg 15,0 15,0 15,0 15,0 150 150 150 15,0 30,0 60,0
PRECCOLER o WMS 203 2.3 203 2,3 23 243 243 Za3 heb %e2
_‘é_ommrm'cmg o ' L T _ o _
. ORGAWIC OR STEAW TURBWGEN - Mg Be D O 6s2 62 6aZ  0e  Os  O0s Qo
ORGAHEC DR STEAM BOILER lug 0w D, o, a. 0. . 0, . O 0, - o0,
| ORGANIC COWDENSFR - HMs 0 Ou O Ou  Ds 0.  0n  Os  O0a Qe

PRIMARY WEAT INPUT AND FUEL SYSTEM .

FURNACE MODULES HMS - 4640 46s2 4647 26eb 2747 25,8 260 43,7 Okt 163.3

HIGH TEMP AIR PREHEATER Hig 2,0 2,5 2.2 0, D, 0. - G. - O, %0 Bl

EOK TEWP AIR PRFHEATER S MMS 143 1,3 143 0. G 8. 0s  Oe  2eb . 5a2
PRESSURIZING GAS TURBINE . Mug “0s O. 0, 37,5 41,8 40.2 10,7 3648 0, 0,

(COMP=GEN-HFAT EXCH) :
“ GASIFIER (INCLUDING BO0ST Mg 0. 0., © 0, 13T.4 166.7 1496 G, 0, O, .. 0.
STEAM TURB-COMP : ‘
SUB-TOTAL OF MaJOR COMPONENTS MMS 8.3 B1.8  B2.2 230,7 2743 263,8  6R.7 11,5 162.2 324e3

BALANCE OF PLANT ) .
COBLING TOWER Hug 203 243 243 246 246 2.6 23 243 hob Beb

.- ALL DTHER - . g 36,7 37,7 36,7 42,2 46,2 36,7 19,6 46,9 69,4 132,5

' 'siTE Lason - Hus 130 1344 1340 1640 1747 1246 743 1beh . Z4eB 47u6
1 SUB-TOTAL OF BALANCF OF PLANT Hve 524,80 §3,.4 52,0 60,8 b‘b.T 51,7 29,0 .65.6 Q8,6 188,7
c}qrgﬂﬂﬁﬁucv Mg 2647 21,1 26,8 &0,1 bB.2  bl,l 19,5 25,6 52,2 102,86
‘ESCALATION costs T e 3.0 3145 312 0.0 7946 Thal 1707 41a5 T8 176al
‘INTEREST DURtNG CONSTRUOCTION MMe 33,7 34,2 33,9 76,0 B&,3 77,3 17.5 45,1 87,0 214,9
TOTAL CAPITAL ¢O5T - MMy, 224,7 228,01 226,2 506,7 5T4.8 515, 152,5 300,2 474,7 1008,7
MﬁJ.nR COMPONENTS CDST . s.ll(HE 296,.,5 297,9 298,3 327,3 347,5 329,1 204.,9 282,3 293.,5 233,4

. "BALANGE OF PLANT $I%WE 188,46 196,3 188,7 83,0 B4,5 67,1 86,5 166,6 178,46 170.7
CONTINGENCY s /UNE 96,6 98,4 9T.% 82,1 Bay4 79,2 SB.3 B9.4  Fheh 928

: :E'SEAU‘;TwH costs - - 172813 1125 11l4.6 113,4 - 95,5 100,6 92,3 5279 1040 13544 159.3
" INTEREST DURING COMSTRUCTION $/XHE 122,2 124,5 123.2 103,8 109,3 100,2 52,3 113,1 157.5 196.2
TOTAL CﬂﬁlfAL COsT s/enE 8l4,2 829,77 BZl,1 691,7 728,33 668,0 454.9 53,3 859.2 9l2.4

REPRODUCIBILITY OF THRE
ORIGINAT, PAGE IS POOR
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Table 2.4-4 (Page 2 of 5)
CAPITAL’COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE

_ CASE KD, 112 13 14 15 16 17 18 g 20
HAJOR COMPONENTS | '

PRIME CYCLE _ , _
HELIUM TURB=COMP-GEN , KHg. 1366 1643 1245 1600  14a5  14a2  14e® ket 16a8  21el
RECYUPERATOR - o . MHg . 20,0 - 15,0 37.5 15,5 14,5 13,8 la.4 15,4 12,8 11,0
PRECOGLER MMs 22 28 202 2.7 23 23 23 L7 les 248

BOTTOMING CycLe
ORGANIC OR STEAM TURB-GEN MMs 0. [ O LN O 0. Ds e O O
ORGANIC DR STEAM BOILER MMg G, 0y . O 0, G o, 0y - O Da 0.
ORGANIC CONDENSFR L 0. On Ce 0. Os 0. . 0. Os 0. [

FRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE MODULES Musg 3.9 &5 48 H2el L1 %) %847 49.1 508 48,7 52.1 §7ak
HIGH TEMP -AIR PREHEATER HMs o, . O, 2.3 o, 3¢5 243 2,0 3.6 L9 O,
LOW TEMP AIR PRFHEATER Mg 1.5 Do LeD 2,1 le3 1a3 143 le3 Lot 149
PRESSURIZTHG GAS TURBINE Mg 0, byl O 0, . 0, t. o, Gy 0.
ICOMPWGEN-HFAT EXCH)
GASIFIER (INCLUDING BODST HMg 0. 0. 0. Do o, 0. o, 0, 0, 0.
STEAH TURB-COMP
SUB-TOTAL OF MAJOR COMPONENTS Hus 69,0 DA,B  9Bs] 92,2 Bheb B30 B5,5 BSel- BGE 94,2

BALANCE OF PLANT

CODLING TOWFR MHg 240 2ot 1.8 27 23 2e2 243 2.3 2ah 3.0

ALL OTHER Hug 32,5 42,0 - 2Beb 4244  36a2 35,7 37,1 36.2  3Bs4  4D,1

SITE LABDR HYs 1165 1449  10a1 15,0 1248 12,6 13sl 1248 13486 1740
SUR-TOTAL DF BALANCF NF PLANT Hug 4640 5945 40,6 60,1 S5t,3 50,6 52,5 51,3 54,5 6B.2
CONTINGENCY Hug, 23,0 28,9 2T 7 30,5 27,2 28,7 27.6 27,3 28,2 32,5
ESCALATION €2515 Hisg 26,8 2642 323 35,5 31,7 31.1 32,1  31.B 32,8 37.8
INTEREST DURING CONSTRUCTION, Hug 29,1 25,9 35,1 30,L 34,4 33,8 34,9 34,5 35,7  4l.l
TOTAL CAPITAL COST Hug 193,09 225,2 23349 256.7 229,2 225,2 232,6 230,0 237,68 273,7
MAJOR COMPONENTS COST S/%HE 20846 210,4 439,47 304,5 2322,8 234,4 205,7 332,0 290,2 243,0
BALANCE OF PLANT 5/XKE 199,3 147,7 181.,8 198,85 195,46 203,9 161,86 200,0 1B2,5 175,8
CONTINGENCY S/LHE 99,6  Tle6 12443 100,6 103,7 107.7 95,5 106,46 54,5 83,8
ESCALATION cDSTS S/%HE 11549 6540 14427 117a1 12047 1253 11142 123.9 110ak 9745
INTEREST DURING COMSTRUCTION $/RHE 126,0 84,3 15742 127,2 131,2 136,2 120,80 134,6 119,56 106,0
TOTAL CAPITAL cOST . : S/KHE B39,4 559,0 1047,7 B4T.9 a74,0 507.5 805,0 696,9 196.8 T08,1

13 POOR
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Table 2.4-4 (Page 3 of 5)

CAPITAY, COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE

MAJOR COMPONENTS
| PRIME CYCLE. A
HELIUN TURBuCOHPAGEN
. RECUPERATOR
'PRECOOLER
BOTTONING CYCLE
ORGANIC OR STEAM TURBGEN
ORGANIC OR ‘STEAM BOILER
QRGANIC CONDENSER

CASE ND,

HHs
MXs
- MHE

- HMS
HHg
_HHs

PRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE WODULES
HIGH TEMP AIR PREHEATER
LOW TENP AIR PREHEATER

PRESSURI7ING GAS TURBINE
{COMR-GEN=HEAT EXCH)

GASIFIER (INCLUDING BOOST

STEAM TURB~COMP

-SUB=TOTAL OF MAJOR COFPORENTS

BALANCE OF PLANT
COOLING TOWER
"ALL OTHER
SITE LABOR
' 5UB=TOTAL OF BALANCF nF PLANT
CONTINGENCY
ESCALATION COSTS

INTEREST DURING CONSTRUCTICN
TOTAL CAPITAL cOST

MAJOR COMPONENTS COST
BALANCE OF PLANT
CONTINGENCY

ESCALATION COSTS .
INTEREST DURING CONSTRUCTION
TOTAL CAPITAL (OST

16

HMs
H¥s
HMs
HNs

HMg

LLH

HMs
HMg
HHS
Hus

HMS

Mg
HMg

$/EHE
S/%WE
S/RWE
S/ENE
s/KME
$/KwWE

21

2549
23,7
-

[+
De
Je

579
o 7Y

2e2

Qs

0.

123.1

1Y

- 65.8

19,8

C 19,1

4044

4741 -

51,2

340,95

300,8
193,1
98.8

- 115,0

125,0
832,68

22

. Lheb

Lha9
Zeb

De . -

- ATs2

249
le3
O4

92

BT

18,0
04
30,8
35,8

38,9

259,5

als,2
264,1
115,5

13444

146,0

23

1407
T4,0
2e2

Os

0.
o.

4840
243
1.2
De

De

14243

2e1
33,2
11.8
ATal
379
44l

4749
319,3

511.7
169,3
13642

15645

172,3

G73,2 1148,1

2h

17.8

13,0
247
D;
Os
0a

4642
0.

Os
6,9

0.

86,6

3.0
47.1
1847
66,7
30,7
27.8

27,5

239.3

.193,1

148,89
60,4
62,1
6la4

533,29

1403
27,9

243

[+ 2
O
O

hhe7
Os
Oa

Seh

94,6

243
37.1
1342
52.6
29,5
2647

t 2hh

229,9

331,7
184,43
103,2

93,7

92,6
805;5

28

1148
15.1
2.1

o

0.
On

30.3
1.5
1.0
0.

0.

63 .8

1.7
27.9
99
3945
20,3
2346

25,6

170,90

329.7
210,80
108,1
128,9
136.8
211,46

27

1aab”
25,0 -

2B

Os

Os

33.6
Os

124 -

N 0.
0.

TTe2

242
35,8
12.7
50,8
25,0
29.5

32,6,

15,8

308,3
202,7
102,2
11,0
129,3

B61,%4 136841

28

‘1209
16,8
2al

Os -
Os
Oa

Gheh
2e5
1.0
0.

0,

1377

le8
29,3
1064
hle5
3442
422

45,8
05,4

625,B
185,7
162,43
189,0
205,3

29'

147 -

20,0
242

o
De

De

%93
3.0
1.2

‘O,

Os

994

202

35,0

1244
495
29,8

D BheT -

EY I

251,41

358,8
17848
107,5
125,2
13s,0
90643

a0

18.0
33,0
2eb

5245

leh
ul

Os

10848

2%
39,2
13.9
55,5
32,9
38,3 °
4148

277.1

357.8
182:4
108,0
125, 7
136,68

9104 -



'I‘able 2.4~4 (Page 4 of B)

CAPITAL COST DISTRIBUTIONS FOR CLOSED—CYCLE GAS TURBINE

- HAJDR COMPONENTS

PRIME CYCLE
HEL UM TURBuCOMP-GEN
RECuPERATOR
PRECDOLER

BDOTTOMING CYCLE
pRGANIC noR STEAM TURB=GEMN
ORGANIC QR STFAW BOILER
ORGANIC CONMDENSFR

CASE "0,

‘HMs
mmg

"M

MME
MMs
MMS

PRIMARY HEAT INPUT AND FUEL SYSTEW

FURNACE MODULES
HIGH TFMP AIR PRFHEATER
LOW TEMP AlR PREMEATER

 PRESSURIZING GAT TURBINE
(COMP=GEN-HEAT EXCH)

GASIFIFR (INCLURTNG BODST

STEAM TURS-COMP

SUB-TOTAL OF MAJCP COMPONENTS

BALANCE OF PLANT

COULING TOWFR

ALL OTHER

SITE 1.ABOR _
SUB-TOTAL OF BALANCE NF PLANT
CONTINGENCY
ESCALATION €3575

INTEREST DURING CONSTRUCTION
TOTAL CARITAL COST

MAJOR COMPONENTS £OST
BALANCE OF PLANTY
CONTINGENCY

ESCALATION CO5TS

!NTEREST DURING CONSTRUCTION
TOTAL CARITAL COST ‘

Hus
e
TMug
MME
Hug

ML

MHS
MM
MME
M9y
Mg

(L1

LTS
Mg

S/RWE
S/EHE
5/RWE
S/KHE
5/KUF
S/HWE

3l

143
40,0

2.2

Ds
s 19
0.

44,8
0.
Ce
540

0.

V1bes

202
3445
1242
49,0
33.1

30.0

29.7

258,1

359.5
151,3
102.2

02e7

kLT

7T %

32

1643
2440

2.§

Ca
.0,

Ca

4640

De

Se9
Oa

94,5

2.6
40,7
l4a%

57,7
30,5
2746

27,3
237.6

235,3
143,7
75.8
68.8
68,0
591,6

33

17.8
216
2eB

O»
Ts
[\

4ba}
Ce
O

B6e7
0.

9449

249
45,8
lbez

TbheY
32,0
29.0

28,7
249,5

212.4
14%,3
715
64eQ

. 66,2

558,3

34

14e7
15.0
1.9

2a1
1.2

460
2,9

0,
o,

97.0

4a0
54,9
2342
82,1
35,8
%1-6

59.8
326,2

281.8
238,5
04,1
149,2
173,86
947,2

35

LT
15.0

|

2ol
R
le

4ta0
269
1a3
0.

9741

4,0
54,9
2342

"B2,1
35,8

5let

59,8
326,2

2B3,.9
260,2
104,8
150,3
174,9
954,0

EL]

1447

15 0

1 9

240

8,0

7.3

%640
2.9

0.
Oa

97:1

4.0
55,0
23.2
82,2
35.9
Sla%

59,8
326,3

265,80
241,8
105,5
151,23
176,0
90,5

37

1447

16,0

1.9

2.0
5,0

()

Da

95,5

54,9
232
B7.1
35,5
5140

59,3
23,4

26243
242,06
105.0
1506
175.1
965,65

38

14,7
15.0
2.0

148
he0
betr

4640
13
0.

D

4.0

54,9
23.2
BZ2.2

35,2

5045

58,8

320,8

202.8
247.1
10640
152.0
17648
964,85

39

1467

15.0

149

2.0

Tel

46,0
2.9
1.3

19

Qe

9647

54.9
23.2
82,1
35.8
513

9.7

325,.9

2B4 46
Z41.3
105,2
150.8
175.5
957, 4

4“0

Tae?
2.0

1.9

243
‘240

1124
O.
2.0

0.
" De

9ta7?

6Tak
2Bet
101.5
38,6
55e4

64,5
351,7

224.9
2649,0

94,8
13549
158,1
862,7
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Tal:le 2.4~4 (Page 5 of 5)

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE

CASE 1D, 43 42 43 L1} 45 b
HAJOR COMPDNENTS

PRINE CYCLE _
HELIUM TURBACOHPAGEN fns 167 1627 16a7  lég?  lag7 . 16s7
RECUPERATOR Hus 290 15,0 15,0 2.0 28,8 0,
| BRECDOLER Hus Na¥ . 246 0 2e6 0 248 Reb | R
BOTTOMING CYCLF .
CRGANIC OR STFAM TURBAGEN Hug Le¥ 30 25 %0 25 lhek
'ORGANIE DR STEAM BOILER MMs 4 FuB 3B &l 36 10,7
CRGANIC CONDENSFR ' HHs 0w De Ds O Da O

PRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE MODULES Huls 4953 GBeD  4BeD 5647

HIGH TEMR AIR PRFHEATER KM 30 2,9 2e5 00 3400 O
LOW TEMP AIP PRFWEATER HHg Loz 1e3  1ed 240 342 24

PRESSURI7ING GAK TURBINE HMs D4 0, Ds o, 0 0

(COMPGENWHEAT EXCH)
GASTFIER (INCLUBING RODST Mus . 'R 0, fie Ds 0.
STEAM TURD=COMP
SUBTOTAL OF MAJOR COMPONENTS Hus 105,80 29,8  &B.3  A7,1 105,7. 108.4
BALANCE OF PLANT

COOLING TOWER Huis Geb  Ze8  Gab 347 2,6 Bal
ALL DTHER Hug 5242 4746 4Te3 BT W54 BB
SITE LABOR Hus 2201 17,8 1748 21.9 17,0 32.8
SUR=TOTAL OF BALANCE OF PLANT . Mg T827  6Aa3 69,8  Mhek  bheR 1274
CONTINGENCY Mg 3647  Mab  3lab e} Mol 4742
ESCALATION cDSTS Mis 52,7 48,4  4Bgh  4N,2  ABy0  gT,b
INTEREST DURIN' "ONSTRUCTION . Kug 6143 32,8 328 97,2 36,9 18,7
TOTAL CAPITAL ¢OST. LLH) 33444 2879 28,1 312,01 30,5 429,)
HAJOR COMPONENTS COST $/KHE 311,7 28,3 290.8 286,01 3%4,5 205,4
BALANCE OF pLANT $/EHE 213,8 2194 229¢2 24M,2 217,85 24),4
CONTSNGENCY 5 /KHE 109a1 10145 10440 100,08 1légs 2944
ESCALATION c0575 BARHE 15645 14546 1ASe1 14h.6 164,10 12B.2
INYEREST DURING CONSTRUCTION S/KKE 1820 18944 173.5 16B,3 190,9 149,1
_TOTAL CAPITAL coSY o S/RWE  993a1 926s2 9%6.7 18,1 10A1,3 B13;8

18

4903
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Table 2.4=5 (Page 1 of 2)

POWER OUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS:
CLOSED-CYCLE GAS TURBINE

CASE *0.
"PRIME CvCLE POWER OUTPUT M
BOTTOMING CYCLE POWER OUTPUT M
FURNACE POWER QUTRUT MK

BALANGCE OF PLANT AUX, POMER REQiD, HW

FURNACE AUX. POWER RECYD, Ky
TRANSFORMER 1.055E5 MW
NET STATION GUTPUT MW
CASE hO.
PRIME CYCLE POWER OQUTPUT M
BOTTORING CYCLE PGHER OUTPUT MH
FURNACE POWER QUTRUT Ml

BALANCE OF PLANT AUX. POWER REQTD. HW

FURNACE AUX, POWER REQD, My
TRANSFORMER LOSSES Mut
NET STATION OUTPUT Mi
CASE NDa
PRIME CYCLE POWER OUYPUT My
BOTTOMING CYCLE POWER QUTPUT MW
FURNACE POWER OUTPUT My

BALANCE OF PLANT AUXs POWER REQ'D, MW

FURNACE AUX. POWER RED'D, My
TRANSFORMER LOSSES Mu
NET STATION OUTPUT My

1 2 3 4 5
300,0 300,0 300.0 30040 300,0
Oa De De 0. O,

Ge [t Ou 44),1 49B8.0
4at LTL] figh ] LX)
1042 19,1 1846 [+1% Oa
ie5 1.5 1.5 37 4,0
276,00 275.,0 275,5 73z2.5 789,22

11 12 13 14 15
252,5 362,4 2062,8 329,9 285,9
0, Da 0. O O
0. 4be9 0, 0. 0.

4y2 4y3 he2 ) 4eb
6.1 o, 16,2 21,0 17,9
1.3 2,1 1.2 1.6 144
2310 402.9 223,2 302,77 2b2.2

21 22 23 24 25
Ghhet 29444 30040 402.6 290.9
04 o, Os O, Ou
0s O Os 52,5 Os

Sets Ba2 40 heb 4l
2746  1BJD 1644 Q. O,

2u2 1.5 1.5 2.4 1.5

409,4 266,77 27Bal 44B 3 285,.3

6 7
300.0 30040
0. De
4798 4l.1

GeB 4el
0. 0.
3.9 1.8

T71.1 335.2

16 17
271.6 37,2

0. o213
0. Oe
Gt G g le
17.7 18,3
Lot 1,6

248,2 289.0

26 27

20643 2T4el

0. Os
0. 0s
4,0 645
13,6  17.7
1,0 1ute

1a7.5 250.5

300.0
O

110.7
Gah
5.8
2.1

39845

g
250,2

De

Do
LS
18,0
1.4
25644

28
2428

[+

T
3.8
L4aS
1.2
223,3

REFPRODUCIBILITY OF THE

ORIGINAL PAGE IS POOR

9
500.,0

0.

Da
Ba2
36a3
3,0
55245

19
323.4

0.

0.
hob
19,0
1.6
29844

29
a00.0

De

Oa
Ge2
17,3
1.5
2T17.0

10
120040

D

0.
15.9
12446
640
1105.5

20
4lagh
Os
O
449
23,8
2.1
38746

30
339.9
O.
Ou
Aef

19.4

304,3

19



Table 2.4-5 (Pige 2 of 2)

POWER OQUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS:
CLOSED-CYCLE GAS TURBINE

CASE D4
PRIME CYCLE POWER OUTFUT HwW
BOTTOMING CYCLE POWER OQUTRUT LY
FURNACE POWER OUTPUT My
BALANCE OF PLANT AUXe POWER REG'D, MW
FURRACE AUX, POWER REQeD, M
TRANSFORMER LOSSES K
HET STATION QUTRUT M

CASE "D,
PRIME CYCLE POWER OUTPUT My
BOTTOMING CYCLE POWER QUTPUT MW
FURNACE POWER OUTPUT MK
BALANCE OF PLANT AUXo POWER REQ'D, MW
FURNACE AUX, POWER REQ9D. HW
TRANSFORMER LOSSES HH
NET STATION OUTPUT o MM

20

3l
290,9
Ce
3845
349
o,
1.7
323,8

4]
300,.0
59e5

s
b
17,3
1.9
336,7

32
36244

O
4545
4ol

O
241
401,7

42
300,0
3545
0s
4el
1842
1.7
311,5

33
40246
e
Slel
LT
0
2ok

44649

43
300,0
2849
0,
ETY
1842
la7
3043

34
300,0
6841

0.
3.7
18,2
1.8
3443

44
30040
68,6
O
4ad
22,4
1.8
339,9

35
300.0
65,7

O
37
18,2
1.8

341,9

45
0.0
2150

0.
3,9
17.3

298,2

36

37

300,0 300,90

63.5
0,
3.7

18,2
1,8

339,86

a6
300.0
26B.0

e,
4al
33.3
2.8
527,8

622
O
37

1.2
1.8

338.5

38
300,0
56ety

0.
3.7
18,2
1.9
332,86

39
300.0
Ghal

Oe
3.7
10,2
1.8

340,46

40
200,0
13648

0,

Geb

22,4

2.2

407,7



construction time. Both organic fluid and steam bottoming cycles

were examined in parametric Cases 34 through 46.

Rationale for Point Variations

The assignment of a fixed helium compressor inlet £lo.w of
1031 1b/s (467.6 kg/s) resulted in a wide variation of plant out-
put with other major variables as shown in Table 2.4-6. The dis-
cussion of results to follow sbows the several categories: of

patterns within these selections.

- Table 2.4-6

CLOSED-CYCLE GAS TURBINE RANGE OF PARAMETRIC VARIATIONS

System Parameters Base Case Variations
Plant Variables
Power output (MW) 276 187 - 1105

Application
Coal types

Coal Conversion

Direct combustion:

Pressure-fired gas:

Helium Cycle

Compressor pressure ratio
Intercooled

Compressor inlet
temperature (°F)

Recuperator effectiveness
Recuperator pressure loss

Bottoming Cycle

Organic fluid tempera-
ture (°F)

Steam temperature {°F)

Heat Rejecticon

Type cooling tower

Base Toad
Illinois #6

Atmospheric
fluidized
bed

——

Wet

N. Dakota, Montana
Pressurized
fluidized bed
High Btu

Low Btu—Integrated

2,3
2.5,4,6.25

60,88,110
0%,60%,90%,95%
5%,7%

390 -~ 460
384 - 900

Dry

21



DISCUSSION OF RESULTS

Overview

Table 2,4-7 presents a variety of cases that were most eco-
nomically attractive. It was notable that neither the 1350 F
(1005 K) nor the 1700 F (1200 K) alternative proved more economic
than the base value of 1500 F (1189 K) for the helium turbine in-
let. The Case 40 with organic bottoming had the highest efficiency
but also the highest capital cost per kilowatt. With the excep-
tion of that one case the most economic overall efficiencies were
all close to 31 percent. The greatest economy was realized with
Case 20, which had a pressure ratio of 4 and an intercooled compres-
sor cycle. The pressurized-furnace low-Btu Case 4 had a comtuastion
gas turbine and a steam turbine producing power as well as the
helium gas turbine in the integrated plant. In fact, of the 732 MW
net station power output only 300 MW was produced by the helium gas
turbine. The most economic bottoming cycle for the helium gas
turbine was a steam cycle that completely eliminated the helium
recuperator.

Table 2.4-7

OVERVIEW OF MOST ECONOMIC CASES

Thermo- | Over-
dynamic | all
Production Plant Plant Effi- BEfi-
Cost Cost Output|ciency ciency
Case Configuration* |(mills/kWh) | (S/kW) {(MwW) (%) (%)
1 Atmospheric 38.8 814 276 36.4 29.5
fluidized bed
base case
40 Organic bot- 37.8 862 408 42.6 35.3
toming, 60%
recuperator _
46 Steam bhottom- 37.0 813 528 37.6 30.8
ing, no re-~
cuperator
8 Pressurized 35.9 753 398 36.4 31.8
fluidized bed,
recuperative
4 Pressurized 34.5 691 732 36.4 31.0
furnace, LBtu,
integrated
20 Intercooled com- 33.7 7086 388 38.3 31.6
pressor, 4 pres-
sure ratio

*All at 1500 ¥, 2.5 pressure ratio, Illinois #6 coal, atmospheric
fluidized bed except as noted
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Cyvcles with Atmospheric Fluidized Beds. Table 2.4-8 pre-
sents the economic and overall thermal performance For nine cases
using atmospheric fluidized bed heat sources. The intercooled high

pressure ratio compressor Case 20 was most economic.

Table 2.4-8

RESULTS FOR CLOSED-CYCLE GZAS TURBINES WITH
ATMOSPHERIC FLUIDIZED BED HEAT SOURCES

Recuperator Effi- | Recuperator Bffi- | Recuperator Effi-

ciency 85% ciency 85% ciency 90%
Turbine Temper- Turbine Temper- Turbine Temper-

ature 1350 F ature 1500 F ature 1500 F

(mills/kWh, {(mills/kxWh, (mills/kWh,

Pressure overall effi- overall effi- overall effi-

Ratio ciency, case) ciency, case) ciency, case)
2 43,9,26.4%,No.26 46.5,%0.6%,No.13 56.8,29.9%,No. 28
2.5 40.2,27.9%,No.1l 38.8,29.5%,No.1 41.3,31.1%,No.29
3 41.0,27.4%,No.27 40.2,28.0%,No.14 41.5,30.5%,No. 30

4, Intercooled Compressor 33.7,3l.6%,No.20

Pressure-Fired High-Btu Gas Cases.

None of these cases as

presented in Table 2.4-9 merited inclusion in the most economic

cases of Table 2.4-7.

The pressurizing combustion gas turbine

set had a pressure ratio of 10 and a turbine inlet temperature

of 1200 F (922 K).

The power plant efficiency was comparable

to other configurations; the high price of high-Btu gas fuel
resulted in the high cost for electricity production.

Table 2.4-9

HIGH-BTU HEAT SOURCES

CLOSED-CYCLE GAS TURBINES WITH PRESSURE FIRED

Recuperator Effi~
ciency 85%
Turbine Temper-
ature 1500 F

(mills/kWh,

Recuperator Effi-
ciency 85%
Turbine Temper-
ature 1700 F

(mills/kWh,

Recuperator Effi-
ciency 90%
Turbine .Temper-
ature 1700 F

(mills/kWh,

Pressure | overall effi- overall effi- overall effi-
Ratio ciency, case) ciency, case) ciency, case)
2 —_ 63.9,24.5%,No.25 56.8,29.9%,No.31
2.5 46.7,29,2%,No.7 48.3,30.6%,No.12 48.5,31.5%,No.32
3 —

47.6,30.4%,No. 24

47.6,31.1%,No. 33

Sensitivity to Variables.,

. to ¥ Many cases were evaluated to de-
termine the sensitivity to variations from the base case.

Table
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2.4~-10 presents the differentials from the 38.8 mills/kWh and 276
MW of the base case at 1500 F (1189 K), 2.5 pressure ratio with
atmospheric fluidized bed heat source. '

Table 2.4~10

SENSITIVITY TO VARIATIONS FROM THE BASE CASE

Variations from
Base Case

Effect of Variations {(mills/kWh)

1350 F

Pressurized furnace,
HBifu

Pressurized furnace,
ILBtu

Pressurized fluidized
bed with recuperator

Dry cooling tower

Recuperator 90%
effectiveness

Recuperator 5% pres-
sure loss

Organic bottoming

Steam bottoming

Adds 1.4 over 1500 F
Adds 7.9 over AFB

Reduces 4.3 over AFB
Reduces 2.9 over AFB

Adds 5.7 over wet cooling tower
Adds 2.5 over 85% effective recuperator

Adds 2.5 over 3 percent pressure loss
recuperator

Reduces 1.0 over base; adds 132 MW over
base

Reduces 1.8 over base; adds 252 MW over
base

RECOMMENDED CASES

Case 20, featuring an intercooled compressor with a pres-
sure ratio of 4, firing Illinois No. 6 coal in an atmospheric

fluidized bed, was recommended.

The capital cost of 706 dollars

per kilowatt and production cost of 33,7 mills per kilowatthour
were lowest for helium closed-cycle gas turbines with 1500 F

(1189 K) turbine inlet,
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25 SUPERCRITICAL COip CYCLE
DESCRIPTION OF CYCLE

The supercritical CO5 cycle is a variation of the closed gas
turbine concept previously described. Its mode of operation is
similar to that of other closed-cycle gas turbines, so its cycle
components and arrangement diagrams are similar to those for the
helium closed-cycle gas turbine. The ‘differentiation is that the
supercritical CO2 cycle is intended to operate very close to the
critical point to achieve a reduction in the compressor power
requirement. Both cycles have the following common attributes:

& Exhausting heat at high temperatures that enhance use
of dry cooling towers

® Requiring thermal regenerators to achieve acceptable
efficiencies

® Having sensitivity to pressure losses anywhere in the
system {(although not so sensitive as the helium gas
turbine)

® Requiring high turbine inlet temperatures (1400 ¥ [1033 K]
to 1500 F [1089 Kl1) as compared with closed cyecles in
present-day utility service.

CO; is most attractive worklng fluid because of its relatively
low critical pressure (1070 psia [7.38 MN/m2}), its availability,
and its heat transfer and thermodynamic attributes. The pressure
level at all points in this cycle is above the critical pressure,
thus precluding condensation.

The regenerator exchanges heat between the high-temperature
fluid exhausting from the turbine and the high-pressure fluid en
route t0 the primary heater. The heat transferred in the regen-
erator is approximately twice that of the primary heater, and its
effective temperature difference for heat transfer must be low in
order to obtain high heater exchange effectiveness. The regener-
ator is a critical cycle component. A high effectiveness must be
achieved with a minimal pressure drop, while - being designed to
withstand the high system pressures. In addition, turbine trip-
outs due to the loss of load would impose abrupt pressure changes
and temperature changes on the large heat exchange components.

The supercritical CO, gas turbine cycle has the advantage
over the other closed gas turbine cycles of having a fluid den-
sity entering the compressor that is gquite high, about three-
quarters that of water. Thus the work of compression is only 20
percent of the total turbine output work, as compared with ap~
proximately 50 percent in other closed gas turbine cycles. This
makes the cycle less sensitive to compressor efficiency.
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Although the rotational equipment in this cycle will be sub-
stantially different from the pumps and turbines in a normal steam
cycle and will require major design efforts, the key element for
cycle success will be the heat exchange equipment design.

The primary heat input heat exchanger is the most critical
heat exchanger in the cycle. The high-temperature and high-pres-
sure operation will require the use of superalloy materials such
as Hastelloy X for the tube material. These materials are very
difficult to work with, and problems such as a requirement for
heat treatment after a welding operation would make fabrication
very costly.

The regenerator operates at lower temperature but has twice
the heat exchange capability of the primary heat exchanger. A
shell-in-tube design was assumed appropriate to withstand the
high differential pressure resulting from 3800 psi (26.2 MN/m2)
fluid on the tube side and 1300 psi (8.96 MN/m2) on the shell
side.

The heat rejection for this cycle occurs at temperatures that
suggest direct air cooling. As compared with condensing cycles
of any kind, the noncondensing cycle would only require approxi-
mately one-half to one-fourth of the surface for dry coolers and
the opportunity might exist to operate with natural draft in place
of the more conventional forced draft dry cooling towers.

Other cycle configurations are possible for supercritical,
noncondensing power systems. A reduction of primary heater pres-
sure could be realized by expanding the working f£luid through a
turbine placed between the regenerator and the primary heater.
The primary heater would restore the energy extracted in this
turbine by heating the fluid. The original turbine would thus
have a reduced pressure ratio. 1In this system, only the regen-
erator, at modest temperature levels, would be exposed to the
extreme f£luid pressure.

The characteristic of sensible heat rejection from the cycle
establishes a good match with a dry cooling tower. However, un-
like the s+andard Brayton cyecle, the low temperature exiting the
"pump" permits regeneration of the low-pressure fluid to a tem~
perature below the point where effective coupling with bottoming
cycles can be achieved. Therefore no bottoming cycles were con-
sidered in this system.

Rationale for Point Variations

The cycle schematic which was employed for the base-case
evaluation is shown in Figure 2.5-1. The configuration features
a recompression cycle. In this concept, the low-pressure flow is
split as it exits the low-temperature recuperator. A portion of
this flow goes directly to a compressor; the remaining portion

continues to a heat rejection system before being raised in pressure

26



LT

T=1100

T390 rerze

Y

Electrostatic
Precipitator

1371/341/38.7

Low- High-
Temperoture Temperature

Steck

o

Faon

Air Preheater Air th?terﬁm Lim?mne
. lAr .
L] |

3810/986/38.7
\\. _ S T ‘
_I.__ _ . High-Temperaturefg & s < < | Low-Temperoture [L°L
$ 2| Recuperotors % g 4 ?E Recuperators
> > < o< < b2
> 14 ™, Ld :\4 P Y o I
I l P >
3826/311/116 - y1342/147/381
v > N >
N\ < 3780/1350/ 3842/120/27.1 — t
J-— 3 Precoolers gig
E‘E nnnnnn S EE
< ! :»f
. T Compressor v = h
I l | P 3
1330/80/27.9
Atmospheric .
Fluidized Bed
1400/11108/38.7 1]
¥ ¥
Generator (60014 Wet Cooling Towers, o
'—L[T ° 14 Units |
L Air
Solids Makeup
Rejection Water

Figure 2.5-1.

Note

Pressure{Psil/ Temperature (°F}/Flow Rate ( x 106 Lb/Hr)

Supercritical CO2 Cycle



in a pump. This configuration provides for a f£low mismatch in the
low—temperature recuperator and results in the acheivement of more
effective regeneration and subsequently higher efficiencies with
a slight reduction in specific power output. The base-case con-
ditions were: generator output 600 MW, turbine inlet conditions
1350 F (1005 K) and 3780 psi (26.1 MN/m2), turbine outlet pres-
sure 1400 psi (9.67 MN/m2). Parametric variations were selected
from this base case to evaluate cycle variations.

The atmospheric fluidized bed with direct coal combustion
was the base-case furnace for investigations of the supercritical
CO9 cycle. The use of clean fuels was explored by employing a
pressurized furnace with both high- and low-Btu fuel. The pres-
surized fluidized bed was also explored in a regenerative mode
as another direct coal-burning cycle.

The temperature span of 1200 F to 1600 F (922 K to 1144 X)
matches the lowest temperature at which this cycle is thermo-
dynamically competitive. The upper limit approaches the point
where working fluid disassociation problems could begin.

A wide range was given to both the AP/P total and the APR/P
in the recuperator. This was done in order to develop a background
of information to permit trade-off studies in the heat exchanger
components due to economic considerations and definition of cycle
optimum.

A variation in pump flow fraction was considered. The flow
fraction limit of 1.0 eliminate: the auxiliary compressor and
permits evaluation of the basic supercritical CO2 cycle.

The use of a post heat configuration implies that the flow
exiting the high-temperature recuperator is partially expanded
in a pump and compressor drive turbine before being introduced
into the primary heat exchanger at a lower pressure for energy
addition and subsequent expansion in the generator drive turbine.
This concept permits a significant reduction of stress levels
in the primary heat exchanger due to the reduced pressure at the
expense of cycle efficiency.

A cycle configuration was evaluated for use with a dry cool-
ing tower as well as the base-case wet cooling tower. With the
base~-case design, the pump inlet temperature was varied to show
the off-design performance at varying ambient conditions.

The only secondary cycle which was utilized with the super-
critical CO2 cycle was a steam plant which operates on the ex-
haust energy from the gas turbine of the pressurized furnace.
This combined gas-turbine/steam-turbine case is similar to the
combined cycle configuration, :

ANALYTICAL PROCEDURES AND ASSUMPTIONS

The performance of a supercritical COp cycle is obtained by
making appropriate modifications to the ideal thermodynamic cycle
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to permit inclusion of component efficiencies and parasitic

losses. The nonreversible processes which are 1ntroduced into
the calculation 1nclude-

Turboequipment inefficiency

Seal leakage

Realistic approach temperatures in heat exchangers

Pressure drops in flow lines

Mechanical and bearing losses

With input wvalues for these "real" component effects, turbine
pressure ratio and inlet temperature, and pump inlet temperature,
the thermodynamic cycle characteristics are calculated. The
thermal transport of all of the heat exchanger equipment is de-
termined in addition to the specific power output and thermal
efficiency. An assumed energy output from the cycle then sets
the flow rate and allows sizing of the individual components.

The calculations are baged upon updated properties for super-
critical COp which are available in tabular and computerized for-
mat. This information has been compiled from the best available
information and represents a critical data base for these evalua-
tions. The property data are utilized in all analyses.

The initial evaluations for turboequipment efficiency fol-
lowed the procedure employed by Actron, Inc. Thls approach util-
izes the analytical procedures outlined by Balje” (ref. 1). A
constant per stage pressure ratio is assumed and the design is set
to achieve a per stage specific speed of 50 to 170. The specific
diameter is then chosen to permit a 90 percent stage efficiency.
The number of stages is dictated by blade bending loading con-~
straints and not by aerodynamic considerations (due to low f£low
Mach numbers). The pump design considerations have been verified
on a preliminary basis from initial Actron, Inc., experiments,
and the calculated pump performance will be reviewed and utilized.

In the Task I Study, the efficiencies of the rotational com-
ponents were assumed and treated as input variables.

The thermodynamic evaluations of the cycle set the "four
corner" property conditions on the heat exchangers. The config-
uration selected for thiz study was a shell and tube design. The
calculation procedure was to segment the heat exchanger aad per-
form a stepwise calculation through the heat exchanger utilizing
a log mean temperature difference approach. This segmented model
permitted proper assessment of the changing property wvalues
throughout the heat exchanger. The heat transfer coefficient was
calculated by a standard eguation for forced convection heat trans-
fer correlation. This approach has been verified by open litera-
ture studies (refs. 2, 3). The pressure drop was similarly
handled by a standard fluid flow approach. An iterative pro-
cedure was employed until the corner points were matched.

29



A major design criterion for tube size was the stregss levels
at the high temperatures and pressures in the heat input and re-—
cuperative heat exchangers. The heat input heat exchanger and
fuel combustion process were designed and evaluated by the Foster
Wheeler Energy Corporation. Therefore, this component was evalu-
ated on a common basis with all of the closed eycles. The initial
design of the recuperator was established by the Advocate Team.
The mechanical design portion of *heir heat exchanger program con-
tained a data bank of material properties. The tube design stress
was set by the advocates' interpretation of the ASME code, Sec-
tion 8.

The f£inal design and costing of the recuperators and pre-
coolers were performed by the Heat Transfer Products Operation
of the General Electric Company.

The parameters and assumptions émployed for the basé case
are presented in Table 2.5-1.

Table 2.5-1
PARAMETERS FOR BASE CASE

Pump Inlet Temperature—80 F

Turbine Inlet Temperature—l1350 F

Pump Inlet Pressure-1330 psia

Pump Discharge Pressure—3842 psia

Pressure Losses (total)—-120 psi

Recuverator Minimum Stream Temperature Difference-20 F

Internal Turbine Leakage as a Percentage
of the Turbine Flow—2%

Generator Efficiency—98%

Power Turbine Mechanical Efficiency—98%

Power Turbine Efficiency—-90%

Pump Drive Turbine Bfficiency-90%

Pump Efficiency—90%

Compressor Efficiency—87%

Overall Conversion System Thermal Losses as -
a Percentage of Net Electrical Output—0.1l%

DESIGN AND COST BASIS

Turboequipment

The high initial and exhaust pressure of the CO3 turbine re-
sults in a compact turbine design with relatively few, but ex-
tremely heavily loaded, stages. The small energy range and high
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workinge £luid deasity result in a small radius ratio {small radial
height of blade to pitch diameter) and low Mach number stages.
However, to achieve the desired turbine efficiency, reasonable
bucket aspect ratios must be used, and these ratios result in
bucket gas bending stresses many times higher than those used in
current steam turbine practice.

Since no firm design basis existed for this equipment, the
design cost basis was extrapolated from steam turbine practice.

Power Drive Turbine. This unit is employed for generator
drive. It was intended to operate at 3600 RPM achieving an as-
sumed efficiency of 90 percent, The configuration which was
selected was a noncooled, double~flow design.

The pressure and temperature conditions on this turbine very
closely match those of the high-pressure turbine for the advanced
steam cycle as a reference design. The significantly higher
volume flow for the supercritical COs turbine requires the double-
flow arrangement. Since this turbine is direct coupled to the
generator, interrupt valves will be required in the flow line
upstream of the turbine to prevent turbine overspeed during loss
of load accidents.

The cost projections were a strong function of inlet turbine
temperature, the increment being $0.37/kW/°F ($0.21/kW/°K). The
cost base was $216/kWe at 1300 F (977 XK) turbine inlet temperature.

Pump Drive Turbine. This unit could probably Le configured
in a single-~stage double-flow arrangement. The design was again
based upon a noncooled configuration. The same reference turbine
was employed as in the power drive turbine. In this particular
turbine, a compressor and pump bypass system might eliminate the
reguirement for high-temperature valving for inlet flow interrup-
tion. With the elimination of the high-temperature control sys-
tem, the reference design for this unit was $185/kWm at 1350 F
(1005 K).

Compressor and Pump. Both of these units are operated at
low temperature and modest pressure ratio; they are therefore
assumed to be relatively simple units. Their cost was assumed to
be approximately $10/kWm.

The compressor could be a two~-stage design with an assumed
efficiency of 87 percent. The pump would be a single-stage de~
sign with an assumed efficiency of 90 percent.

Heat Exchangers

Recuperators. The recuperators were divided into low- and
high~temperature units, Because of the high temperatures and
pressures, combined with the large amounts of thermal energy
transfer, the units were significant cost items.
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A shell and tube heat exchanger configuration was utilized
with a cross-counter flow arrangement. The unit was designed for
100 psi (0.685 x 106 N/m?) over the operating oressure. This con=-
figuration was required for the high working pressure levels.

A series of parallel units were employed. The number of units
was set by a stress limitation in the tube sheet. And the tube
sheet was limited to l4-in. (0.356 m) thickness from Fabrication
considerations. The shell diameter was 32 in. (0.813 m).

The initial design performed by the advocate was modified to
include allowances for additional shell side pressure drops. This
was required to include allowances for f£low distribution and tube
supports. A fouling factor of 0.0003 F £t2 hr/Btu (5.29 x 10-5
m?2 k/watt was also assigned to both the tube and shell side.

The basic configuration of the shell was assumed to be in a
U-tube configuration. The tube length was 50 ft (15.2 m) and the
tube diameter was 1/2 in. (0.013 m).

The heat exchanger cost was a strong function of temperature.

Table 2.5-2 gives the temperature, material, and cost relation-
ships,

Table 2.5-2

HEAT EXCHAWGER MATERIALS

Approximate Fabricated
Heat Exchange
Tube Temperature Surface Costs ($/ft2)
Ty < 800 F Carbon Steel - 30
800 < T¢ < 1100 Stainless Steel 200
Ty > 1100 Inconel 300

In order to reduce the cost of the high-temperature recuper-~
ator, a series arrangement was employed. This peimits a high-
temperature unit to be designed at approximately $200/ft2%* ($2153)
m2) and a lower temperature unit to be designed at approximately
$30/ft2 ($323/m2). In addition, 80 percent of the allowable
shell side pressure drop was assigned to the higher temperature
unit, These modifications resulted in an average heat axchanger
cost of approximately $115/ft2 ($1238/m2).

Precoolerg. The precooler design was a water-to-COj heat
exchanger with the water on the shell side of the shell and tube
unit. This heat exchange was accomplished in modular units, The
low-Lemperature range for heat rejection will permit the utjiliza-
tion of_90/10 copper nickel at a fabrication cost of $30/ft?
($323/m2),

#Sguare foot of heat transfer area.
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Furnace—Primary Heat Input Heat Exchanger. As with all
closed-cycle concepts this unit was designed and costed by Fos-
ter Wheeler Energy Corporation. The base case employed an atmos-
pheric fluidized bed with hea‘: exchange occurring both within the
bed and in the convective space above the bed.

As a result c¢f the high temperature of the working £luid en-
tering the furnace, the combustion gas temperature exiting the
furnace was approximately 1100 F (866.5 K). A high-temperature
air preheater was therefore required prior to entering the electro-
static precipitator. This heat exchange unit was a tubular con-
struction and was estimated to cost $2.5 x 100, The modular cost
for the AFB unit for the base case was $£18.9 x 106

RESULTS

The analyses of the advocate, furnace designer, and architect-
engineer were combined to provide the system performance and eco-
nomics of the supercritical CO3 cycle. Table 2,5-3 gives the sum-
mary of results for the base case. In addition to the perform-
ance and cost and major component characteristics, this figure
gives wvalues for natural resource required and environmental en-
trusion. The emissions and wastes from this cycle are from the
atmospheric fluidized bed and are within the allowable limits,

The results for the thirty-two parametric variations are
shown In Table 2.5-4. The capital cost distribution for these
points are shown in Table 2,5-5.

DISCUSSION OF RESULTS

The supercritical C02 cycle achieved a good overall effici-
ency. The overall (coal pile to bus bar) efficiencies were in
the 40 to 42 percent range for the cases investigated. Thermo-
dynamic cycle =fficiency of 48 to 50 percent was reduced to the
40 percent level when power plant losses were accounted for, e.q.,
furnace stack losses, and furnace and balance of plant auxiliary
electrical regquirements, Table 2.5-6 presents the power output
and auxiliary demands for the base case and parametric variations.
This efficiency level was approximately 5 percentage points better
than a conventional steam power plant designed to meet the en-
vironmental constraints.

The high density working fluid entering the pump resulted in
low regenerative mechanical work to perform the pumping operation.
This amounts to only 20 percent of potential turbine output. This
is higher than would be expected for a liquid (Rankine Cycle) sys-
tem but less than half that of a closed gas turbine (Brayton Cycle).

The thermal regeneration was however very high. Approxi-
mately 2.6 times the thermal input had to be regenerated in the
recuperators. This thermal transport occurs at high pressures
and temperatures thus making the design of the heat exchangers
more complex.
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Table 2.5-3
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FQ‘L{DOUT FRM \
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Table 2.5-4
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Table 2.5-5 (Page 1 of 4)

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAT

. MAJGR COMPONENTS

PRIME CYCLE
€02 TURB.GEN
€02 TURB DRIVE-PIHP-COMP
RECUPFRATOR
PRECOOLER

CASE ND,

MMy
HMg
MHg
HMs

PRIMARY HFAT INPUT AND FUEL SYSTEH

FURNACF MODULES
HIGH TFMP AIR PRFHEATER
LOW TEMP AIR PRFHEATER

PRESSURIZING GAS TURBINE
{COMP-GEN~HFAT EXCH)

GASIFIFR {INCLUDING BODST

STEAM TURB-COHP
" . SUB~TOTAL OF MaJOR COMPONENTS

BALANCE QF PLANT

COULING TOMER

ALL OTHER

SITE LABOR
SUB-TOTAL OF BALANCF OF PLANT
CONTINGENCY

;' ESCALATION COSTS
il INTEREST DURING CONSTRUCTION

TOTAL CAPITAL cOST

Ei MAJOR COMPONFNTS €OST
i BALANCE OF PLANT
- COMTINGENCY
" ESCALATION COSTS
- INTEREST DURING CONSTRUCTION
| TOTAL cAPITAL cosT

36

HMHg
Mug
KHg

HMs

HHs

HHg

MMg
MMS
HMg
HMg
MHs
MHS
MMs

HKs

S/KWE
S/¥HE
S/KHE
S/XHE
S/7KKWE
$/XHE

130.0 260.0

20,6
202.4
10.0

67,0
7al
2.1
0s

T

43941

1.9
115,9

32,5
150,3
117.9
16941
19647

1073,1

TT76,3
2657
208.%
298.9
34T,T

1897.0

4lal
40546
20,0

134,2

1442

4.l
G

0.

879.2

3.8
23240

6442
200.0
235,8
404,7

49845

2318,2

776.9
265,1
208.4
357.6
440,5

2048,4

130.0
20.6
2024
10.8

bheT
Toh
2.1

Do

0.

44040

Le®
117.5
32,7
152,1
11844
169.8
19746

1077.9

778.9
269.2
209,6
30006
349.7
1908,0

130.0
2046
20244
11,7

73.8
Ta7
2.4

O

0,

448,86

1.9
117.5

32,7
152,1
12041
17243
20044

1093,5

97,4
270.3
213.5
306,2
35643
1943.8

130.0
20.6
20244
11,5

T5.2
0.
O

2841
0.

467,8

1.9
117.1

36,6
155.4
126,7
178,8
208.0

1134,.8

623,7
207.4
166,42
238,4
277.3
1513,.1

130.0
20.8
20244
9.9

54,5
O.
Q.

6549

209.8

692.1

246,7
2871

1566,2

548,56
133.4
136 .4
195.6
22746
1241,5

co

13040
2046
20744
10,9

S4.l
0.
0.

69.0
?28,1

T15.1

1.9
129.8
0.5
1772
1774
254, 5

2960
1a16,2

G41,7
130.4
134,4%
192.8
224.3
1223.6

CYCLE

130.0
2046
ELESLS
2142

54.8
Oe
0.

Tle3

25443

T54,6

1.9
13445
42,6
179,0
10647
26%.8
1.5

16996

560,0
132.8
13846
198,77
231,2
12h1,2

18640
3044
20040
1l.2

71,0
0.
0.

1841

Q.

518.7

1.9
106.0
29,6
137.5
130.8
15243
16545

1102,9

680,3
181,0
172,3
20046
21749
1452,1

10

130.0
2046
2024
Bak

682
Os
O
a2

Q.

#37.8

1.9
10640
2944
1375
115,.1
13440
14548

96949

66943
210.2
175.9
204.8
2225
14827




Table 2.5-5 (Page 2 of 4)

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICATL C02 CYCLE
CASE NO, 11 1z 13 14 15 is 17 1a 19
HAJOR COMPONENTS
PRIME CYeLE
€02 TURB-GEN MMy 85,0 130.0 130.0 127,0 130,0 130.0 130,0 130,0 13040
€02 TURB DRIVE=PUMP=-COMP  MMs 13,0 20,31 21.1 22,8 17.9 20,1 21,7 2046 21,0
RECUPERATOR MHS 193,86 299,2 157e3 196,88 262,46 243,2 |77.8 19648 zoﬁid
PRECOOLER MMg 9e0 11,2 1142 10,3 11,0 11,5 10,1 10.1 1040
PRIMARY HEAT INPUT AND FUEL SYSTEM
FURNACF MODULES HMs V2.2 b4s3  T2eh  Aleb bbeE 56,7 Th.T  B244 G742
HIGH TFMP AIR PRFHEATER " hug Tob 5.9 Te3 649 749 7.1 To2 Tl Tel
LOW TEKP AIR PRFHEATER HHg 2.2 2,0 2a1 2.0 2.3 240 7.l 2.1 2al
PRESSURIZING GAS TURBINE HHS [N O D l. Oa s 0a 0 O
{COMP=GENHFAT EXCH)
GASIFIFR (INCLUDING BOOSY Mig Oa Oa On Ga s 0. fe L 0.
STEAM TLRB=COMP
SUB-TOTAL OF MAJOR COMPONENTS MMs 382,7 533,8B 401.4 42T.h 4%8.0 470,9 420,58 42%.0 44l.é
BALANCE OF pLANT
CODLING TOWFR HMs 149 149 149 1.9 149 1.9 1.9 1.9 1.9
ALL OTHER Hus 15620 11640 11620 12640 1160 116.0 1laa0 118,0 116,0
SITE LABOR HMs 32,1 32,1 32,1 32,1 32,1 3z,1 3.l 32,1 32,1
sUB=TOTAL OF BalLANCE OF PLANT HKs 150,0 15050 15040 15040 15040 1506.0 150.0 150,0 150,0
CONTINGENCY MMs 106,85 136,80 110,3 115,5 129,& 124.2 114.2 115,88 118,32
ESCALATION €DSTS MHg 152,86 196,1 156.1 165,6 135,59 178.1 1635, 7 166.1 189,64
INTEREST DURING CONSTRUCTION MMg 1777 22822 18440 192.7 21645 207.2 1905 193.2 197,3
TOTAL CAPITAL COST Mg 965,7 1244,8 1003,7 1051.1 3179,7 1130,3 1035,1 1056.1 1076.4
HAJOR COMPORENTS COST $/CHE 67841 42,5 T10,6 75446 BB4,B 832.3 7443 758,5 TaO.é
BALANCE OF oLANT $/KHE 205.8 264,9 265,56 264.9 266,5 265.1 25Y.3 265,2 245,3
CONTINGENCY $/KWE 1808.8 241,5 319%,2 203.9 230.3 219.5 201.7 204.7 209.2
ESCALATION €O57S S/KHE 270,7 34643 28040 29244 3302 314,08 289,06 293a6 3000
INTEREST DURIMG CONSTRUCTION S/EME 34,9 402,58 325,7 34D,2 3B4,2 346,2 336.% 41,6 3A9.0
TOTAL CAPITAL ¢OST $/KHE 171842 2197,9 1777,0 1855.9 2096,0 1997.8 1837.% 1863,6 1904,0

1

REPRODULLLILITY OF THE
ORIGINAL ZACGE IS POOR

e

20

1300
20.7
20244
10.1

670
Tel
24l
: 13

Qe

439,3

1.9
11640

32,1
15040
117,9
149.0
19606

1072.9

TT6al
265.2
20844
298.%
ELY S
1897,0
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Table 2.5-5 (Page 3 of 4)

CAPITAT, COST DISTRIBUTIONS FOR SUPERCRITICAL

MAJOR COHPONENTS
PRIME CYCLE
€02 TURB.GEN

CO2 TURE DRIVE=FUMP-COMP

RECUPERATOR
PRECDOLER

CASE NOo

HHs
HH4s
Mg
MMS

PRIHARY HEAT INPUT AND FUEL SYSTEM

FURNACE MODULES
HIGH TEMP AIR PRFHEATER
LO¥ TEMP AIR PRFHEATER

PRESSURI?ING GAS TURBINE
(COMP=GENmHEAT EXCH)

GASTFIER ¢(INCLUDING BODST
STEAM TURB=COMP

SUB«TOTAL OF MAJOR COMPONENTS

BALANCE OF PLANT
COOLING TOWFR
ALL OTHER
SITE LABOR
SUB«TOTAL OF BALANCE OF PLANT
CONTINGENCY
ESCALATION €OSTS
INTEREST ODURING CONSTRUCTION

TOTAL CAPITAL COSY

HAJOR COMPONENTS COST
BALANCE OF PLANT
CONTINGENCY

ESCALATICN CO5TS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL £OST
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L H
MMS
HMs
MMS

HMs

LLH]

MMg
MKHs
MHg
MHs
HMs
HHS
HME

MHs

$/XHE
S/KNE
S$/XWE
S/KWE
$/KHE
S/KWE

F33

130,0

20,8

20244
940

Téa.8
Tel
21

Oa

0.

hbbe2

1.9
11640
32,1
150.0
119,2
1T1.0

198,9

1085.4

789.0
265,2
210.8
302.4
35248
1919.2

22

136,0
21.0
17446
14

TL.5
Te2
2el
s

Oe

41845

1,9
11640
32,1
1500
113.7
163.0
189.7

1034,8

Tula2
265.4
201,1
20844
335,.5
1830,7

23

130.0
218
2088
10.1

677
Te2
el
0a

0.

44Te6

1.9
114640
32.t
1500
119,5
1T1e4
19924

LDBB,.0

7919
26% 44
2L1,%
30343
352.8
192448

24

130,0
258
271,2
1.6

13,5
Tel
2.0
Qe

D

521.0

1.9
116.0
32,1
150.0
134,2
19245
223,.9

122146

92140
265.1
237.2
34042
395.8
2159,2

25

130,06
1646
100,8
0.1

67,3
Te7
242
Qe

Os

334,7

1.9
114,0
az.l
150.0
96,9
13%9.0
161,7

882.3

59440
266,42
172.0
24647
207,0
1566,0

2&

130.0
12.2
5640
10.2

ThaB
1.9
2.3
On

0.

294,9

1.9
116.0
3241
150.0
89.0
127.6

l4B.4

809,%9

526.2
26646
158.2
226.8
263,79
1439,7

Cco

27

130.0
2046
702.4
1043

64,0
7.1
2.1

Qe
0.

43645

5.2
118.9
3449
15Re5
119,0
1707

198.5
108%,3

77840
82,7
712,1
ADkal
354,9

1931,0

CYCLE -

28

130,0
20,6
Z202,4

104

A4,0
Tol
2.1
G

O

«36.6

1.9
115640
3241
15040
117.3
16842
195.7

1067,.8

T7la8
265.2
207 .4
2974
Fhbe0
1887,8

29

13040
20.6
202e%
1043

5670
Tal
2el

Oe
Q.

4394

1.9
11640
az,1
150.0
117.9
1691
196,7

1073,0

TThe9
285,2
20844
2568,9
34TWT
1897,0

a0

14140
20,0
228,0
1145

6940
Tad
2el

Oe
0o

478.9

1.9
15640
32,1
150.0
125.8
1804
209,.8

114449

B4Ta5
285,5
222406
319.2
371.4
2026,1



Table 2.5-5 (Page 4 of 4)

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL 002 CYCLE

CASE HDe 31 a2
HAJOR COKPONENTS
PRIHE CYCLE

€02 TURDWGEN MHs 1300 130.0
€02 TURB DRIVE=PUMP=-COHP HHs 22.3 23,9
RECUPERATOR HHs 221ab  240,0
PRECOOLER MMs 101 10.2
PRIHARY HEAT INPUT AND FUEL SYSTEM
FURNACE MODULES MHS 10.0 7245
HIGH TEMP AIR PRFHEATER HMg Toh 7.7
LOW TEMP AIR PRFHEATER HHs 2el 2.2
PRESSURIZING GAS TURBINE Hus 0, O
{COHPGENHEAT EXCH)
GASIFIER CLINCLUDING BO0ST MM Ou Oa
STEAM TURB=COMP
SUB=TOTAL OF MAJOR COMPONENTS MHg 45345  4BELS

BALANCE OF PLANT

COCLING TOWFR Mus 1.9 1.9

ALL OTHER HKs 11840 11640

SI1TE LABOR LLH 32,1 3Z2.1
SUB=TOTAL OF BALANCE OF PLANT HWg 150,0 150,0
CONTINGENCY H¥g 122.7 1273
ESCALATION cOSTS MHs. 1760 182.5
INTEREST ODURING CONSTRUCTION WM 204,7 21244
YOTAL CAPITAL rOST MHg 111648 115847
MAJOR COMPONENTS COST S/%HE B20,8 863.4
BALANCE DF PLANT $/XHE 265,7 26b6.2
CONTINGENCY S/KHE 217.3 22%.%
ESCALATION €OSTS S/KNE 311,6 3240
INTEREST DURING CONSTRUC.ON S/XHE 362.5 37649
TOTAL CAPITAL COST $/KWE 1977.9 205644

REPRODUCIBILITY OF THE
CRIGINAL PAGE IS POOR



ﬁkil)]ia 21»5"6

POWER OUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS:
SUPERCRITICAL C02 CYCLE

CASE "0,
PRIME CYCLE POWER QUTPULT Hiw
BOTTOMING CYCLE POWER OLTRUT My
FURNACE PORER CuTPUT MK
BALANCE OF PLANY ALXe POWER REQ*D, MW
FURNACE AuxX, POWER REQYD, " Hw
TRANSFORMER LOSSES My
NET STATION QUTPULT Ll
CASE nO,
PRIME CYCLE POWER QUTPUT W
BOTTOMING CYCLE POWER QUTPUT M
FURNACE POWER QUTPUT My
BALANCE OF PLANT AUX. POWER REG*D. Mw
FURNACE AUX, POWER REQD, MW
TRANSFORMER LOSSES KK
NET STATION OUTPUT L
CASE "D,
PRIME CYCLE POWER OUTPUT M
BOTTOMING CYCLEF POWER OUTPUT MW
FURNACE POWER QUTPUT Aw
TALARCE OF PLANT AUX, POWER REQ'D, MW
FURNACE AUX, POWER RED'D. Mu
TRANSFORMER LOSSES M
NET STATION OUTPUT L
CASE NO.
PRIME CYCLE POWER OUTPUT MH
SOTTOMING CYCLE POWER OQUTPUT L]
FURNACE POWER OUTPUT MK
BALANCE OF PLANT AUX. POWER REQ'D. KW
FURNACE AUX. POWER REQ'D. My
TRANSFORMER LOSSES L]
NET STATION OUTPUT MK
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3.0
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0.
0.
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Suh
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0.
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5
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0. De
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The major dlsadvantage of this cycle was the extremely high
capltal costs of major components. A partial list of these capital
costs is shown in Table 2.5-7 for the base case. The major cost
items are in the heat exchange equipment and power drive turbine.

Table 2.5-7

MAJOR COMPONENTS, CAPITAL COST

Major Components (Partial List) Capi%gik%?sts
Power Turbine 229
Auxiliary Turbine-Pump-Compressor 36
High-Temperature Recuperator 293
Furnace 117
High~Temperature Air Preheater 12

The turbine costs are extremely high because all of the ex-
pansion and work output occurs at high pressures and temperatures.
This is unlike the steam turbine, where less than 20 percent of
the output is derived from the high-pressure turbine stages.

Since high efficiency is the major advantage of this cycle,
it is instructive to examine the effects of the important para-
metric variables of the cycle efficiency. The cycle thermo-
dynamic efficiency and specific power output are shown in Figure
2.5.2 as a function of turbine inlet temperature, in Figure 2.5-3
as a function of total cycle pressure drop, in Figure 2.5-4 as a
function of recuperator pinch-point temperature, in Figure 2.5-5
as a function of turbine pressure ratio and in Figure 2.5-6 as a
function of pump flow fraction. The desire to go to higher tur-
bine inlet temperatures and higher pressure ratios in order to
achieve higher cycle thermodynamic efficiency must be counterbal-
anced by the added capital cost in major components to achieve
these improved conditions.

The increase in efficiency which is achieved with the recom-
pression cycle is shown in Figure 2,5-6 with a pump flow fraction
of 1.0 representative of the basic cycle. A pump flow fraction
of 0.7 was employed in the base case.

The post-heat cycle, which employs expansion of the CO, in
the pump drive turbine as it exits high-temperature recuperator
and prior to heat addition in the furnace, was considered for its
potential to lower the cost of the primary heat input exchanger
as a result of lower pressure levels in this component. The
study results indicated that this reduction is not achieved and
that the power turbine cost increases because this turbine must
now operate on the high.temperature CO; as it exits the primary
heat input exchanger.
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In a final design of the turbine components, cocling of the
turbine wheels would probably be necessary. This would require
between two and four percent of the compressor flow and result in
an overall efficiency decrease of one-guarter to one~half per-
centage point.

The efficiency of this cycle is not strongly dependent upon
flow pressure drop, as noted in Figure 2.5-3. Both the primary
heat input and recuperator heat exchangers could benefit from in-
creased allowances in flow pressure drop. A doubling of the shell
side pressure drop in the high-temperature recuperator would cause
only a 0.25 percentage point decrease in efficiency but would re-
duce the estimated cost of this unit by more than 10 percent.

The same result could take place in the primary hea: exchanger:
a doubling of pressure drop would decrease the estimated cost of
this unit by $4 x 109, Neither of these effects is linear.

Although not studied in this evaluation, it is believed that
in order to achieve proper turbine control, 3 percent of the tur-
bine inlet pressure must be made available in the form of control
value loss. This effect would cause a reduction in efficiency of
0.3 percentage point.
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If the above-mentioned allowances and design improvements
were made to the base case, the total capital. cost could be re-
duced by approximately $20 x 106 and the efficiency would drop
by approximately 0.5 percentage point. The reduction of power
due to efficiency decrease would offset the reduction in capital
cost, resulting in approximately the same cost of electricity.
Therefore, the efficiencies would be in the upper 30-percent range
and capital costs still in excess of $1B00/kW.

RECOMMENDED CASE

The supercritical CO» cycle was characterized by efficiencies
approximately four to five percentage points greater than conven-
tional steam turbine cycles and capital costs of three times those
projected for current steam power plants. With respect to the
cost of electricity, the savings in fuel was more than offset by
the capital charge, and the resultant cost of electricity was pro-
jerted to be more than double that for a conventional steam tur-
bine plant.

If the supercritical C02 cycle is considered for further
study, the base~case configuration which was employed for the
Task I Study appears to be an attractive starting point. The re-
compression cycle with a 2.7/1.0 pressure ratio and turbine inlet
temperature of 1350 F (1005 K) would be recommended. A recommen-
dation would be made, however, to allow more flow pressure drop
in the heat exchangers in order to reduce capital costs of these
components.
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2.6 ADVANCED STEAM CYCLE

DESCRIPTION OF CYCLE

Many of the recently installed fossil-fired_large steam power
plants today utilize 800 MW, 3500 psi (2.42 x 107 N/m2), 100u F
(811 X) steam with reheat to 1000 F (811 K), A few smaller steam
plants use 1050 F (839 K) steam, and two units have operated
briefly at 1200 F (922 K) and at 1150 F (894 K). The advanced
steam plants of this evaluation featured increased initial steam
conditions to enhance their efficiency.

The steam power plant uses regenerative feedwater heating to
substantially heat the condenser discharge water. This feed-
water is heated further in the steam generator by a section called
the economizer. The economizer is the last section of the boiler
gas path and serves to reduce the boiler gas temperature as low
as possible. The gas may be as hot at 750 F (672 K) leaving the
economizer. Next the air preheater cools the exhaust gas to stack
temperatures of 250 F (394 K) to 300 F (422 K).

The turbine represents a continuous gas path, although it is
manufactured in discrete units with their own shells and bear-
ings. The high-pressure section reduces the pressure by five to
one and requlates the total sveam flow. 1Its exhaust returns to
the reheater except for a small Iiow which goes to the highest
temperature feedwater heater. The reheated steam expands through
the intermediate-pressure turbine and then goes to the several
final turbine sections. Steam is extracted at many points along
the turbine to progressively heat the feedwater. The feedwater
pump discharges at a pressure 25 percent in excess of the throttle
pressure and is driven by an auxiliary steam turbine.

The major advantages of the steam cycle are the very small
pumping power (on the order of 2.5 percent of turbine ocutput) and
the near to Carnot processes achieved by employing condensing for
heat rejection and by regenerative feedwater heating. Water as
a working fluid is also a major advantage; it provides high heat
transfer coefficients in both the beoiler and the condenser. It
expands without moisture through all turbine sections except the
last. It enters the condenser slightly wet, which is ideal for
condensation.

Steam Cycle Configuration

The advanced steam cycle used for the base case is shown sche-
matically in Figure 2.6~1, with four modules of atmospheric fluid-
ized bed steam generators. These steam generators are described in
Section 6. In this configuration each module has a low temperature
air preheater that heats combustion air as the stack gas is cooled
from 700 F (644 X) to 300 F (422 K). The electrostatic precipitator
is at the 700 F (644 K) temperature level preceding the air pre-
heater. The beds themselves operate at 1550 F (1120 K) to pro-
duce main throttle steam and to reheat steam. The condensate is
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pumped through a sequence of feedwater heaters and through the
boiler feedpump to reach 4394 psia (3.03 x 107 N/m?), 510 F

(539 K) with a water flow of 4.95 million 1b/hr (2.25 x 108 kg/hr).
This feedwater is subdivided among the steam generators to produce
3500 psig (2.42 x 107 N/m2), 1200 F (922 K) steam. The high-
pressure turbine section reduces the steam pressure to 767 psia
(5.29 x 106 N/m?) at a temperature of 760 F (678 K). A small
fraction of this steam flows to the hottest feedwater heater

at A; the bulk of the cold reheat steam is returned to the steam
generator where it is reheated to 1000 F (811 K) while experienc-
ing a 10 percent pressure drop to 690 psia (4.76 x 106 N/m2).

The reheated steam returns to the second turbine shell. At the
exhaust from the reheat turbine shell, steam is extracted for
boiler feedpump turbine drive and for feed heating. The bulk of
the steam flows through the crossover to the multiple last stage
sections. All of the exhaust flows from these last stage sections
enter the condenser along with the exhaust from the boiler feed-
pump turbine. The condensation is effected by the cooling water
circulated through wet cooling towers,

The steam turbine cycle is described by the generator output,
800 MW; the configuration, Tandem Compound 4 Flow and 33.5-in.
{(0.851 m) last stage buckets (LSB) (TC 4F 33.5); the condenser
back pressure, 1.5 in. Hga (5.07 x 103 N/m2); the feedwater
temperature, 510 F (532 K}; and the guarantee heat rate, 7482 Btu
(7.89 x 10% J) of heat added to the steam cycle per kilowatthour
produced by the steam cycle (45.6 percent steam cycle efficiency).

The atmospheric fluidized bed is one of four furnace-steam
generator systems that were evaluated. In the atmospheric filuid-
ized bed (AFB) cases the combustion gases are cooled to 700 F
(644 K) with the 510 F (539 K) feedwater. This avoids the need
for a high-temperature air preheater. A low-temperature air pre-
heater reduces stack gases to 3C0 F (422 K).

The pressurized fluidized bed cases were comparable except
that a gas turbine was used to pressurize each furnace with the
gas turbine exhaust used to heat feedwater above the level of 232 F
{384 K) in place of regenerative steam heating. Gas turbine power
was added to the net steam power generation. In one case a re-
cuperator was used on the gas turbine with no feedwater heating
from the exhaust gases; the steam cycle was unchanged from the
basic AFB case.

The pressure-fired furnace cases burning clean gaseous fuels
employed all elements of a combined power system. To make low-
Btu fuel gas, a coal gasifier of the fixed-bed type was furnished
compressed air from the gas turbines, and steam from a gas turbine
heat recovery steam generator. FEach gas turbine had a combustor-
boiler that provided heat to the basic steam plant and discharged
hot gases through the gas turbine to the heat recovery steam gen-
erators. For these cases, the aggregate power of the gas turbines
and their heat recovery steam turbine exceeded that of the advanced
steam plant. Better thermal performance would result from an inte-
gration of all the steam turbine components.
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The major steam ~ycle variations about the base case in-
cluded variation of initial pressure, of initial temperature,
and of reheat temperature, addition of a second reheat, and
change of condenser conditions and of feedwater temperature.

The heat sources and system configurations were major parmetric

case variables (Table 2.6-1).

Table 2.6-1

ADVANCED STEAM CASE VARIABLES

System Parameters Base Case Variations
Steam Cycle
Generator (MW) 800 600,1200,1600
Turbine inlet temperature (°F) 1200 1000,1400
Turbine inlet pressure (psig) 3500 4000, (2400 psig/
1000 /1000 F)
Reheat temperature (°F) 1000 1200,1400
Feedwater temperature (°F) 510 560,547,480
Condensing pressure (in. 1.5 1.9,3.45
Hg abs)
Heat Source for Steam
Coal burning AFB PFB, PFBgr, Con-
ventional
Low-Btu gas - PF
Solvent refined coal _ Conventional
Coal Used 111.4#6 N.D. Lignite,
Mont. Sub-Bi
Support Gas Turbine _ 1800 for LBtu,
Temperature (°F) 1600 for PFB
Note: AFB = Atmospheric fluidized bed
LBtu = Low Btu
I1l. = Iliinois
Mont. = Montana
N.D. = North Dakota
PF = Pressurized furnace
PFB = Pressurized fluidized bed
PFBR = Pressurized fluidized bed, recuperative
Sub-Bi = Sub-Bituminous

RATIONALE FOR

POINT VARIATIONS

The base case for advanced steam uses ratings and conditions
that are typical of the largest fossil-fired power plants, except
for the advance from 1000 to 1200 F (811 to 922 K) for the tur-

bine throttle

temperature.

Such a design for 800 MW would be a
distinct challenge both for the turbine and for the boiler.

The

atmospheric fluidized bed with its peak temperature at 1550 F
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(1120 K) offers potential advantages in design concept over the
conventional furnace. The reheat at 1000 F (811 K) is conventional
as is use of feedwater heating at the temperature corresponding

to exhaust from the high-pressure turbine. A second reheat would
result in superheated steam flowing into the condenser. This is

not conventional for condensing steam turbines., For this reason
single reheat has been used in all cases with 1200 F (922 K) throttle,

The variations in power level examined the economy of rating
as well as the limits to steam turbine size in conjunction with
1200 F (922 K) steam. Where single units were not practical, twin
units were evaluated at 600 to 800 MW per unit. The atmospheric
fluidized bed boiler would comprise multiples of a common module
in every instance, so more units rather than a scale-up in size
of the furnace module would be used. Principal economies outside
the steam turbine could arise from balance-of-plant economies of
size.

The alternative 1000 F (811l K) throttle condition is con-
ventional if the reheat is held to 1000 ¥ (811 K). However, con-
sideration was given to reheat in this case to 1200 F (922 K) and
to 1400 F (1030 X). The reheater would be at 700 psi (4.83 x 106
N/m2) instead of 3500 psi (2.42 x 107 N/m2), thus simplifying the
design of the high-temperature heat input section. A second re-
heat to 1200 F (922 K) was also evaluated since the steam f£flow to
the condenser would still be wet and not superheated.

Although increased pressure generally accompanies increased
temperature in steam plants, the advantage is wvery slight once a
design is above the critical pressure of 3200 psi (2.22 _x 107
N/m2). A limited extension to 4000 psi (2.77 x 107 N/m2) was
made to determine cost sensitivity to the pressure parameter.

As a reference case, a plant at 2400 psi (1.66 x 107 N/m2), 1000 ¥
(811 K) superheat, 1000 ¥ (817 K) reheat was evaluated since less
than supercritical steam plants are commonly used for both baseload
and mid~range operation at this pressure level.

Most commonly, the high-pressure turbine shell of the steam
turbine-generator has no extraction points. The high-pressure
feedwater heater draws steam from the high-pressure turbine ex-
naust resulting in 510 F (539 K) feedwater. Extraction from the
high-pressure turbine was evaluated resulting in 560 F (566 K)
feedwater. The condenser back pressure variations were chosen
so that performance in the extiremes of ambient conditions could
be evaluated as well as determination of performance with dry
cooling towers.

The alternative fuels fired directly affect the design of the
atmospheric fluidized bed. Conventional furnace designs were

evaluated for firing of the three coals as well as the liquefied
fuel.

The three low-Btu gas fuels were considered only for the
pressure~fired boiler. In this instance, there was integration
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of the air compressor and of steam produced in the exhaust of the
pressure-firing gas turbine with both the coal gasification’ plant
and its own bottoming steam turbine, but not with the adwvanced
steam turbine-generator of the prime cycle,

The pressurized fluidized bed fired with three different
coals utilized the gas turbine exhaust to substitute for part of
the feed heating train of the steam turbine. In addition a single
case explored the alternative use of gas turbine exhaust to heat
compressed air for combustion.

ANALYTICAL PROCEDURE AND ASSUMPTIONS

Steam Turbine-Generator

The analytical procedures and the assumptions used in this
evaluation are identical to those applied to current steam turbine-
generator products. These are outlined in Reference 1. Estimated
efficiencies have been found +to match those calculated using this
Reference, within 0.25 percent. The specific sizes and conditions
for most of the advanced turbines evaluated in this study are beyond
the capability of current steam turbines in the utilization of high
temperatures. However, except for those stated conditions, current
constraints such as last stage loadings have been followed. The
turbines considered and the assumptions as to their manufacture
and performance follow conventional practice, but extend the
practice into unproven high-temperature regions where units are
not offered for manufacture.

Cvecle Configuration

The elemental steam power plant consists of a feedwater pump,
a heat source now called a steam generator, a steam expander
(formerly a reciprocating steam engine but now a turbine), a steam
condenser, and a driven load such as a generator. This elemental
plant without embellishments is called a Rankine steam cycle.
This simple form of steam cycle has been progressively modified
in utility applications in order to produce the most economic electric
power generation. Regenerative feedwater heaters have been added
and steam reheating. Initial pressures and temperatures have been
increased. The large auxiliary power for the boiler feedpump
drive, of the order of 35 MW, is provided by low-pressure ratio
auxiliary steam turbine drives. Figure 2.6-2 shows the heat balance
for a current 1000 MW utility steam cycle. The highly integrated
nature of the steam cycle is apparent using a six-flow exhaust.
The approximate upper limit for a four-flow unit would be 880 MW.
As is customary for such units, the net unit output is divided
into the rate of heat input to the steam cycle to express the
unit heat rate of 7946 Btu/kWh. The steam cycle efficiency would
be 3412.14 divided by the heat rate or 43.0 percent (the inverse
of the ratio).

Figure 2.6-3 shows the physical configuration of the steam
turbine sections and their combination into a tandem compound
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six-flow unit such as the unit shown in Figure 2.6-2. The throttle
steam from the heat source enters the high-pressure section through
governing valves or throttles and then flowz ‘toward the left, ex-
hausting at approximately one—fifth the throttle pressure. About
90 percent of the steam returns to the heat source to be reheated
and returned to the center of the double-flow reheat turbine sec-
tion. The steam in that section expands toward both ends, again
experiencing a reduction in pressure to one-fifth the inlet pres-
sure. En route through that turbine section some steam is ex-
tracted for feedwater heating. The reheat exhaust steam from
both ends is collected in the crossover pipe shown on top of the
turbine in the lower part of Figure 2,6~3. The crossover feeds
steam to the center of three double~flow low-pressure turbine
sections located on top of the steam condenser. The h=2at balance,
Figure 2.6-2, shows that both the auxiliary steam turbine and

the deaerating feedwater heater use steam at the crossover con-
di .ons. The six exhaust flows would flow downward into the con-
denser. The generator would be bolted to the extreme right steam
turbine coupling. In this study six~flow low-pressure turbines
(three low~pressure double-flow sections) were used for the 1200
MW Case 3, and for the double reheat Case 14. All other turbines
were four~flow low-pressure turbines (two double-flow sections).

The largest turbine buckets are used at the last stage; last
stage bucket length is a significant steam turbine characteristic.
All but one of the cases evaluated used 33.5-in., (0.851 m) last
stage buckets. The exception was the high back pressure turbine
for use with a dry cooling tower, Case 2, which used 20-in.

(0.508 m) last stage buckets.

Steam Cycle Efficiency

The efficiency of the steam cycle is directly influenced by
the steam turbine efficiency, by the kinetic energy in the steam
leaving the last turbine buckets, and by the arrangement and num-
ber of feedwater heaters and reheaters., To clearly and properly
distinguish the steam cycle performance from the steam turbine
performance, the entire utility industry has adopted the use of
net heat rate to express the steam cycle thermal input divided
by the net turbine room electrical kilowatt output, or the Btu
per kilowatthour. Data for conventional plants are presented in
Reference 2. The major cycle variables are throttle pressure
and temperature, reheat temperature, condenser back pressure,
number of feedwater heaters, and final feedwater temperature.
Performance is given for normal guarantee point operation, and
for the conventional design condition at valves wide open with
5 percent additional flow and approximately 4 percent additiomnal
power generation. Identical design margins are specified for the
steam generator output and for the condenser capability. As a
result all steam plants are designed for continuous operation at
a 5 percent flow margin and approximately 4 percent excess power
generation capability. This design practice was followed in the
study. The exhaust flow limit for the 33.5~in. (0.851 m) last
stage rows for these 3600 RPM turbines would be 992,000 pounds
per hour (4.50 x 105 kg/hr).
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The steam turbine~generators have been sized_to produce
their electrical output at 1.5 in. Hga (5.07 x 103 N/m2), zero
percent makeup, while the high back pressure (HBP) unit was sized
at 8.0 in. Hga (2,70 x 104 N/m2), zero percent makeup. All gen-
erators are rated at their maximum hydrogen pressure. The type
stator cooling is conductor (liquid) cooling. The generators are
assumed to cperate at rated hydrogen pressure and 0.20 power fac-
tor at all load points.

Table 2.6-2 lists the cycle assumptions that were made.
Table 2.6-2

STEAM TURBINE CYCLE ASSUMPTIONS

Components Assumptions

Boiler feedpump a. Discharge pressure 1.25 x throttle .
pressure

b, Efficiency 80%
Auxiliary turbine a. Extracts steam from the main turbine
at approximately 150 psia

b. Exhausts at a pressure 0.5 in. Hg
above main condenser pressure

c, Efficiency 78%
High~pressure feed- a. Normally receives steam from the high-
water heater pressure turbine exhaust

b. For the HARP cycle Case 5 (Heater
Above Reheat Point), the steam is
extracted from the high-pressure tur-
bine.

Extraction lines a. 3% pressure drop

Steam Cycle Effects Due to Pressure and Temperature

Variation of throttle pressure and temperature and of reheat
temperature have a dominant effect on steam cycle heat rate and
efficiency. For large steam turbine-generators the most common
throttle pressures have been 2400 psig (1.66 x 107 N/m2) and 3500
psig (2.42 % 107 N/mz), with throttle and reheat temperatures of
1000 # (811l K). PFigure 2.6-4 shows the percent improvement over
base cycle efficiency or heat rate as the throttle and reheat
temperatures are increased up to 1400 F (1030 X). It is notable
that increased reheat temgerature is B0 percent as effective at
3500 psig (2.42 x 107 N/m<} as the same increase in throttle tem~
perature. Due to the reduced pressure of reheat 770 to 690 psia
(5.31 x 106 to 4.76 x 106 N/m2), and the absence of throttle con-
trols for reheat, this alternative is economically and technically
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preferable to advances in throttle temperature. The general in-
fluence due to throttle pressure is a 1 percent improvement going
to 4000 psig and a 2 percent poorer heat rate going to 2400 psig
(2.77 x 107 N/m2) Ffrom 3500 psig (2.42 x 107 N/m2).
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Figure 2.6~4. Temperature Effects on Heat Rate for
Single Reheat Steam Turbine Cycles

The feedwater temperature and the reheat steam conditions
are dependent on throttle conditions. When throttle temperature
igs increased above the 1000 P (811 K) standard, the enthalpy of
the steam returning to the reheater increases 0.5 Btu/lb (1.16 x
103 J/kg) for each degree F increase in throttle temperature.
Table 2.6-~3 shows these dependencies on throttle pressure at the
valves' wide open condition and in parenthesis for the valves'
wide open and 5 percent overpressure condition.

addditional Reheating Benefits

The dramatic improvements realized when steam is initially
reheated are not extended to subsequent reheating arrangements.
Cycle efficiency and heat rate are improved 1.75 percent for ad~
dition of a second reheat. No further increase in efficiency re-
sults if a third reheat is added. As a result double reheat is the
limit of practical exploitation of this avenue to higher efficiency.

Figure 2.6-5 shows the heat rate improvements resulting from
increased throttle, first reheat, and second reheat temperatures.
These improvements are additive. Again a most practical approach
to improved efficiency would be through use of standard throttle
conditions, but with the reheat temperatures increased.
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COLD REHEAT STEAM CONDITIONS FOR
SINGLE REHEAT UNITS

High~
Average Pressure

Final Cold Turbine

Feedwater Reheat Exhaust
Steam Conditions Temperature Enthalpy Pressure
(peig/°F/°F) (°F) (Btu/1b) {psia)
2400(2520)/1000/1000 480 (485) 1314(1311) 584 (613)
3500(3675)/1000/1000 510(516) 1278(1273) 767(805)
4000(4200)/1000/1000 513(518) 1259(1254) 788(830)

Natesp:

Numbers near curvon pre temperature in ©F

Solid lines { } are throttle temperature
bashed lines (---—--) are firpt reheat teoperatuie
Dotted lines {—.—) arc second rcheat temperature

PR R — S et o 1400

N

b ST e . 1200

Percent Improvement in Heat Rate ot Stear Cycle Efficiency
Over Unit with 10009F/10000F/1000OF Steam
(=]
T
\
.
‘
.
'
Y
| . o
e
&
-+
20

24900 1000 35p0 4000
THROTTLE PRESS. - PSIG

Figure 2,6~5. Pressure~Temperature Effects for Double
Reheat Steam Turbine Cycles

DESIGN AND COST BASIS

Materials of Construction, Size and Weight

Materials with sufficient strength for use at 1200 F (922 K)
or even to 1400 F (1030 K) for steam turbine designs may be found
in materials handbooks such as the ASM Metals Handbook or the
Aerospace Structural Metals Handbook. None of these materials
have ever been cast or forged into the shapes and sizes required
for large steam turbines. Table 2.6-4 indicates the approximate
weights and sizes of the major turbine components for a 1000 MW
unit. Approximate dimensions are provided to help visualize the
physical size of the components in a steam turbine-generator.
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Table 2.6-4

COMPONENT WEIGHTS AND SIZES

Approximate

Component Weight (1b) Approximate Size
Main valves & piping 550,000 —
HP~-shells (inner & 350,000 22" (L)x15" (W)x10' (H)
outer) & diaphragms
HP-rotor 50,000 25'x40" diameter
Interceﬁt valves 120,000 —_
(two per unit)
Reheat~shells (inner & 300,000 22" (L)x15" (W)x8* (H)
outer} & diaphragms
Reheat-rotor 50,000 25'x40" diameter
LP casings (inner & 900,000 247 (L) x18"' (W)x10"' (H)
outer} & diaphragms (pexr LP section)
LP-rotor 290,000 27"x30* diameter
Generator {total) 1,400,000 —

It can be seen from Table 2.6-4 that the pieces to be manu-
factured are very large; they are also very complex in shape.
Figure 2.6-6 is an outline drawing for a typical large, single
reheat unit showing the approximate sizes of the major components
and foundation loadings that can be expected.

In the evaluation of materials for 1200 F (922 X) operation,
materials presently available with the required strength were se-
lected, and then the problems that may be encountered in using
these materials were identified. The improvement in materials
required to advance steam temperatures substantially beyond 1000 F
(811 XK) would require cooperative development efforts with one or
more large steel mills., It would require substantial steel mill
investments in increased forging press and furnace capacity.
Based upon past experience, a program to develop a satisfactory
high-temperature rotor would take at least ten years from the
initiation of the project to the first application. Additional
in-service operating experience would be required before the ma-
terial development program could be considered complete.

Steam Turbine-Generator Costs

The prices for conventional steam turbine-generators were
determined using the General Electric Apparatus Handbook. The
pricing methods are explicitly detailed in the Handbook including
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differentials for standard and for optional features of large
steam turbine generators. Figure 2.6~7 illustrates the principal
factors determining cost., The MW rating is not the designated
output of the unit as used in this study, It is a smaller num-
ber that prorates the output to conditions of 3.5 in. Hga (1.18 x
104 N/m2) condenser back pressure and 3 percent makeup waterflow
through the feedwater system. The price base point is indicated
for each unit based on the configuration of the condensing turbine
sections. Added or reduced output is realized at a ccnstant fac-
tor leading to the uniform characteristic slopes. The limit on
last stage steam flow produces the approximate cutoff point at
the extreme right of each curve. To this base price is added the
indicated values at the top of the figure that relate to pressure
at the throttle and the extraction of steam for boiler feedpump
drive.
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Figure 2.6-7. Cost Basis—Conventional Steam Turbine-Generators

The method employed for determining the cost of unconven-
tional units depends upon the establishment of an accurate de-
scription of the entire unit. This was accomplished by actually
beginning the design of the steam path and shells for the turbine.
The new design was then compared with a conventional design and
all significant differences were idertified. These differences
were then evaluated as to how they wculd affect the cost of the
turbine~generator,

Some of ithe major differences analyzed for this study were
the use of new, untried materials for the major turbine com-
ponents, and the additional labor required because of longer
machining times. Table 2,.,6-5 lists the estimated costs for a
tandem compound six-flow 33.5-in. last stage bucket (0.851 m)
base unit with standard accessories. The base ratina is 950,000
kW and 1,140,000 kVA rated at 3.5 in. Hga (1.18 x 104 N/m?) and
3 gercegt makeup. Steam throttle pressure is 3500 psig (2.42 x
10/ N/m“) while temperatures were as indicated. These estimated
prices reflect the best current judgment as to what the price of
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a turbine with 1200 P (922 K) temperatures might cost. However,
this study did not include full development of either a design
or materials evaluation. Further development and additional
2nalysis would be required to obtain more definitive prices.

Table 2.6-5

ESTIMATED STEAM TURBINE PRICES
(850 MW, TC 6F 33.5)+%

Steam Temperatures Bstimated Price
Alternatives (°F/°F) ($ millions)
1 1000/1000 31
2 1200/1000 77
3 1000/1200 57
4 1200/1200 103

*950 Megawatt, Tandem Compound, 6 Flow, 33.5 in, LSB

A similar basis for pricing 1400 F (1030 K) steam turbines
could not be made. The prices used for 1400 F (1030 K) were
price extrapolations and have no technical basis for costing.

These turbine~generator costs are illustrated in Figure 2.6-8
including the resulting cost for a Tandem Compound 4 Flow 33,5-in.
(0.851 m) last stage bucket (TC 4AF 33.5) steam turbine-generator.

RESULTS

The base case was a 35C0 psig, 1200 F (2.42 x 107 N/m2, 922 K)
steam turbine-generator with 1000 F (811l K) reheat serviced by four
atmospheric fluidized bed steam generator modules. The total
performance of this base case is presented in the summary of
Table 2,.6-6., The generator output of 800 MW was reduced to a
net plant output of 745 MW by the various auxiiiary demands as
follows:

Furnace module power 31.9 My, 4 percent of 800 MW
Balance of plant power 19.0 MW, 2.4 percent of 800 MW
Transformer loss power 3.8 MW, 0.5 percent of 800 MW

Net station output power 745.3 MW, 93.2 percent of 800 MW

Presentation of Results

The parametric variations evaluated and their economic and
thermodynamic results are presented in Table 2,6-7. Table 2.6-8
presents the distribution of capital costs for these points in
both millions of dollars and in dollars per kilowatt of station
dispatched power. Table 2.6-9 presents the makeup of net station
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Figure 2.6-8. Cost Basis-Advanced Steam
d::.spatched power from the power generation from steam and gas tur-
bine components reduced by the several auxiliary demands and by
the final transformer loss.

_ The interplay between these cases will be made apparent by
discussion of particular clusters of related cases.
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© FOLBATT raaaeg |

, ~_Parameters ' Case 1¢] 2 3 P 5 1
_Power Output (MWe) - . ) ) 745 559 1118 1 1484 745 :':-i
Furnace, Coal, and Conversion Process ArB. | ] - S
Prime Cycle
Throttie
Psig 3500
o I 1200
Reheat (°F) ' : ' 1000+
Second reheat (°F) ' I — - - - |3
Feed PF) 510 » » | s60 [
| Condense iHga) I R B B —
coinhustion Air Supply _
Excess alir {percent) - - -1 - -}
. Pressure ratio ' ‘ - - -] = .
~ Turhine inlet temperature ©OF) - - - - I
Exhaust energy . - S
‘Actual Powerplant Output (MWe) L 745 | 559 | i1t | 1ems [ 745
Thermodynamic Efficiency (percent) 45,6 | aba1 | esae | 45,6 | 45,7
inerblant'E'fﬁc'iency {percent} 7.1 [ 38,3 | 37,8 | 37,6 | 38,0
‘Qverall Eneray Efficiency. {percent) - _ S oamer L amea bares lane 38,0 |
Coal Consumption (Ib/kWh} T eae | 0uns foure {ouse Joums |a
Plant Capital Cost ($ million) sa8 | «a7 | m2e | 1077 | 530 |
Plant Capital Cost (§/kWe) 722 | 12 | vas | 725 | 723
Cost of Electricity, Capacity Factor = 0,65 o ,
Capital (mitls/kWh) . 22.8 | 2407 |23.3 |27.0 {22.9 gg
Fue! (milisfkWh) ‘ 707 | 1e6 | 702 | 1er | 106 | F
Maintenanice and operating tmills/kWh) . Ces | o2er | 2as |22 | o2 |
Total (miHs/kWh) ' ' 33,1 J35.0 |23.3 {328 |93.0 |34
Sensitivity 1
Capacity factor =0, 50 ftotal mills/kWh) a0.7 | 4342 |4Len |40 [%046 .,?‘
Capacity facter =0. 80 ftotal milis/kwi) - 2,3 | 2009 |25 |20ar [28.3 |28
Capital A = 20 percent (Amilis/kWh) web | Gan | ear | ais | aue | 8
Fueld » 20 percent (Amillstkwh) s | tes [ 1as | tes | ors | E
Estimated Time for Construction {years) _ s i s e | s s |
| inlaied_llaﬂ lsthIhﬂt;a_rclal Service (year) 1987 | 1987 | 197 :«mi_ 1987 ;q

*Base casé. AFB = Atmospheric fluidized bed L[Btu = Low Btu PFB '

**Dry cooling tower. CF = -Conventional furmace. . Mont = Montana {PFB)
: FW = Feedwater C " N.D. = North Dakota SRC
Hl. = Hlinols PF = Pressurized
. : Furpace
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| - FOLDOUT FRAME ./
Table 2,6-7 o

~ ADVANCED STEAM CYCLE
'ARAMETRIC VARIATIONS FOR TASK I STUDY

7 B 8 10 TR T 17 | 1 | 19 20 | 21 22 | 23 24 25 | 26 | 27 | es

" 748 | 145 | 743 | 738 | 7aa- | 745, | 746 | 7a7 | 741 | 743 | 7e3. | 758 | 762 | 767 [ t71g | 183¢ [ 1788 | 745 782 | 741 |- 1000 { 743
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N.D, | Ment {113 %6 [ N.D. | Mont | SRC ]Il 46 |N.D. | Mont | IL #6 | N.D. | Mont | Ili. #6 {11, 46
. LBtu | LBty | LBt - -

f—pp | 4000.{ 3500 2400 | 3500

_ —p | 1000 . b | 1200 o —— —t— g o B >

‘{1400 | 1000 domsmdreipp | 1200 | 1400 | 1200 | 1000 B ' I S RN
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IRt Eadl Bl Ehal B -- -1 - -- -- -- - -1 ::ﬁ-;’;r : > ' FW heat ' b R;_gg;. -
qon | 705 | 163 | 138 | 7ee | mae | oree | ozer | orer | owen | ves | 7se | vez | 767 | 1718 iaae | 1rea | e | me2 “2a17| voo0 | 7ea

4707 | 45,6 14345 {4249 ]| 4600 [ aroy Jus,g lar,2 [ as,e | av,a | as,e [osie [ a5,4 ) afieh | 48,4 | 45,4 [ 45,4 { 40,0 | 40,0 | 40,0 | 45,4 [ 459
39,0 37,7 35,2 35,3 Fheh a7,n it gy | 34,7 LT 3p,2 | 36;0 34,0 L1193 4,0 3#.?. 4,2 3,2 37,3 37,9 37.3 375

3008 37,7 1382 138.3 3605 | 37,0 | anee: 3000 | 3607 | 3608 | 30,7 (36,0 T38,0 | 31,2 [ 26,0 134,z [ 34,3 | 39,2

37,3 | 37,9 ] 37,3 | 3746
0.80 10,86 |0,00 [o.90 | 0.p7 foire froez 0,41 163 | LaBe | D033 (1038 | 1,01 1,00 ] 8,93 | 1445 | 1.tt | 0,81 | 1433 § 1,00 | 0,85  n.8é
63 | 543 567 | 461 | 454 501 aqn | Gh% | has 539 594 621 603 507 j 1224 | 1380 | 1245 | ‘ser | &0 { 571 682 .| 606

w47 | 728 |-763 | e23 | . 6lU w72 735 142 | 167 125 718 R17 192 840 713 151 | 7ie 752 778 771 661 gls

2ha8 23,0 [24a) 9.7 | 10,2 JEr,y [ 83,3 [23.5 | Re.d 72,4 | o6 258 | 25,0 | 20,8 7205 { 23,8 | 22,8 | 23,8 | 24,8 | 24,4 21,8 2542
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1205 | 245 | 248 2as | 205 | z.n A 2.-,&. D26 | 2,8 ] 2.2 1 i3 | 2.2 ) "a'.‘w. T 33 301 ] 3.4 3,8 1 23] 34 2o 1 2.8
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3l |28us |2009 [28a3 |25.7 |27 foes {2aas [ang2 | 200r | 2006 ania | 20,8 3603 | 2005 30,3 {20,7 | 2005 | 20,5 [20,2 | 27,7 faeen.y

Suh | et | 48 3.9 | 3.9 DO TN REPIE N [T B T EN %49 4¢2 5.0 4,2 4,5 | 4.8 boh 4,8 4,9 4,9 4,3 | se?
1.5 1153 lae lat tet 1.5 1,5 11.5 1 1,7 16 1,5 tib 1.5 | 3,1 1,7 1.7 ' 1.7 1,5 1ab 1,5 1,6 Lot
5 1 s 5. [ s s o] b sV s ticsl s s | st s os 5 1 & s sl o5l s} s
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Tavle 2.6-6

SUMMARY SHEET
ADVANCED STEAM CYCLE BASE CASE

CYCLE PARAMETER PERFORMANCE AND COST
Net Povrer Quiput (hV/ed 145 Thermodynamic efficiency (percent) 5.4
Furnace and Coal. Type Atmospheric fuldized bed Pawerptant efilclency (ercenn n?
1llinsis Ho. 6 Overal) energy efficienty (percent) e
frime Cycte Ptant capltat cost 14 x 10 538
Trottle Plant capital cost (47kive) 22
.
Pslg 1500 Cost of electriclty { millstkWvi 3,1
% 1200
Reheat OFt 1000 JURAL RESOURCES
Feed (%) 510 Coal 1,5 4h) 0,34
Condenser (Hgat 1.5
Water toalfih)
Hezt Rejection Vel cooling tower Total 0.48
Cooling 0.3%
Processing 1]
Makeup ..&0
NO, suppressicn [}
Slack gas cleanup ]
12 {acras/100 Avel 4.10
EKVIRGHMENTAL {NTRUSION
wriod-ate LKW
Ingut Output
S0, 10 anxi?
NOx o a1l
He - -
€0 0.21 Lw0x103
Particulates 0.10 e.o1x0?
Blufkh
Feat lo wal 89
MALOR COMPONENT CHARACTERISTICS eat Lo water
T Heat, tofal rejected wastes 5638
Unlt or Module LuxWh L0y
Stze (it Welghtgid  Gost.  Unlts  TofalCost  $AW Wagtes
Hajar Compenent WxtllorDx H bl a1 Require 5 x109  ouput Furnace saligs 0.145 2,615 108
Steam turblne-generalor WxlMx &5 6.4 1 8.4 91 Fira dust Irem cyclones 0.153 2.002x 108
Furnzca modules 12 % 302 150 28 13 18 D2 540 Fly 2sh 0.0t 0,283 x 10°
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Table 2.6-8 (Page 1l of 3)

CAPITAL COSTS DISTRIBUTIONS FOR ADVANCED STEAM CYCLE

CASE NO. 1 4 3 4 5 6 K 8 9 10
MAJOR COMPONENTS
PRIME CYCLE
STEAM TURAR=GEN MMg 69eh  65.6  T9e4 1388 BG9.4 95,6 121.8  T0.2 69T 2445
PRIMARY HEAT INPUT AND FUEL SYSTEM
FURNACE MODULES HMs 4042 2947 60,3 8046 4046 4042 40,5 4le9 430 4242
LOW TEHP AIR PRFHEATER Mg 2.8 2.1 43 8.7 2.8 2.8 2,7 248 2.0 3.0
PRESSURIZING GAS TURBINE MMs Os Oe O s O Oa 0. De Oa Oa
{COMPmGENSHEAT EXCH)
GASIFIER (INCLUDING BOOSY MHg Da a, [ 0. 0, 0. Os [ 0. D
STEAM TURB~COMP
BUB-TOTAL 0 MAJOR COMPONENTS HMg 112,46 98,4 143,9 224,8 112,8 138,83 164,6 116,9 115,7 69,7

BALANCE OF PLANT

COOLING TOMWER Mis 540 3.8 T+5 10,0 540 5.0 5,0 5.0 13,5 500
STACK=GAS CLEAN-UP FQUIP. MMs 0. Oe O 0. O. 0. 0 Ou Oa O
ALL OTHER MM 141,1 189,2 211,7 282,3 1l4l,1 lal,l te).l 141,10 138,9 14l,l
SITE LABOR HMs 3742 2847 558 Th,4  37.2 37,2 37.2  37.2 4346 3742
SUB.TOTAL OF BALAKCE OF PLANT HMs 183,3 141,7 275,0 366,7 183,3 183,3 183.3 183,3 198,0 183,3
CONTINGENCY Hug 59,2 48,0 B3.8 118.3 50,2 64.3 B9.6 59,6 62,3 5046
ESCALATION CD57S HUs 84,8 68,8 143,68 19,7 B4,9 92,3 99,8 85,5 89,4 72.86
INTEREST DURING CONSTRUCTION MMy 98,7 80,1 177.,1 197,54 98,8 107,32 114.} 99,5 104,0 B4, 4
TOTAL CARITAL cDST Hug 538.% 437,00 B23,6 L074,8 539,2 585.6 £33,% 542,9 567.4 480,86
MAJCR COMPONENTS COST $/KHE 1509 17640 128.7 15145 15144 185a4 22042 15442 15547 9444
BALANCE OF BLANT S/KWE 246,1 253,85 245,8 247,0 246,00 245,7 V45,2 24641 283,8 248,3
CONTINGENCY $/KWE 79,4  B5.9  T4,9 79,7 79,5 g6.Z 93,1 B0.1 83,9 6B.5
ESCALATION COSTS §/KWE 113,68 123,72 128.5 114,3 114,0 123,6 133,5 114,80 120,3 58,3
INTEREST DURING CONSTRUCTEION 5/KWE 132,64 143,3 158,3 133,0 132,6 143,8 155.3 133,6 140,0 114,3
TOTAL CAPITAL cOST $/KWE T22,6 782,00 T36,3 T25,5 723,46 TB4B A4T.Z  T2B,T T63I,B 623,90
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Table 2.6~8 (Page

2 0of 3)

CAPITAL COSTS DISTRIBUTIONS FOR ADVANCED STEAM CYCLE

HAJOR COMPOMENTS
PRIME CYCLE
STEAM TURB=GEN

PRINARY HEAT INPUT AKD FUEL SYSTEM

FURNACE MODULES
LO¥ TEMP AIR PREHEATER

PRESSURIZING GAS TURBINE
(COMPAGEN=HEAT EXCH)

GASIFIER (INCLUDIKG BOOST

STEAM TURB=COMP

5U8=TOTAL OF MAJOR COMPONENTS

BALANCE OF PLANT
CUGLING TOWER
STACK.GAS CLEAN-UP EGUIP,
ALL OTHER
SITE LaBon
SUR-TOTAL OF BALANCE OF PLANT
CONTINGENCY
ESCALATION COSTS
INTEHEST DURING CONSTRUCTION

TOTAL CAPITAL COST

MAJOR COMPONENTS COST
BALANCE OF PLANT

CONTINGENCY

ESCALATION COSTS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL €057

66

CASE NO, n 12 13
HMS 2348 4946 T4e9
MMg 39,3 30,5 40,2
MHS 249 249 248
MMg Oe 'Y T4
HMs Os Os Oe
H4s BbaD 9147 11840
HMg 5.0 5.0 5.0
Hig 0. 0. 0,
[EH 16141 141,11 141,1
Mg 37,2 37 0 31,2
Husg 18343 183, 183,43
HYg 49,9 85,0 80,3
Hug 71,5 78,9 Bb.4
Mug A3.2 91,8 100.5
Hus 454,0 500.8 548.5

$/KHE BBW7 12342 15842
5/8WF 246,4 24b,1 245.9
S/KWE 67,0 73,9 80.8
5 /KHE 96,1 105,9 115,09
S/KHE 111,8 123,2 134.8
$/7¢UHE 610,01 672,2 135.6

14

80.8

37,7
27
n.

0.

12142

5.0
s
lal,1
37.2
183,3
60,9
87,3

101,86

554.4

1623
245,5

81,6
117,080
124,1

Th2. %

15

69,4

L)

Os

118,2

540
0.
L146,2
43,0
194,2
62,5
89,6
104,2

568.6

1594
262,0

Bhg3
120,9
14046
T67,2

16

6944

40,5
3,0
o.

0.

112.8

5.0
0.
lal,1
37.2
183,3
59,2
86,9
98,8

539,2

151.8
266,71

19,7
14,3
133,0
725,5

17

6944

32,1
25
'

Da

10440

5.0
37.4
145,3
39.7
2224%
65,3
93,6
108.9

5%4al

1383
291,46

85.6
122.7
142,8
T78,9

18

69e4

3646
Z2eb
Oe

108.5

5.0
32.4
152,3
42,7
232,4
68,2
97,8
113.7

62046

142.9
30,2

89,8
128,8
148,8
817,5

19

6994

33,6
2eht

10544

5.0
3244
147,9
40,8
226,.1
66,3
95,1
1106

602,4

13843
296.8

87,0
124,28
145,2
792,1

2¢

&9k

28,7
2:3
o,

10044

5.0
13,0
130,7
29,5
17842
55,7
79.9
9249

507.1

130,8
232,2

T2.6
104,1
121,1
660,86



Table 2.6~8 (Page 3 cof 3)

CAPITAL, COSTS DISTRIBUTIONS FOR ADVANCED

MAJIOR COHPODNENTS
PRIME CYCLE
STEAM TURB-GEK

PRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE MODULES
LOW TEWP AIR PRFHEATER

PRESSURIZING GAS TURBINE
{CIKPGEN-HEAT EXCH)

GASIFIER {1HCLUDING RODST

STEA" TURB=-COMP

SUB=TOTAL OF MAJOR COMPONENTS

BALANCE OF PLANT
COOLING TOWER
STACK«GAS CLEANUP FOUIP,
ALL OTHER
SITE LABOR
SUB=TOTAL OF BALANCE NF PLANT
CONTINGENCY
ESCALATION CDSTS
INTEREST DURING CONSTPUCTION

TOTAL CAPITAL COST

MAJOR COMPONENTS CDST
BALANCE OF PLAXRT
CONTINGENCY

ESCALATION cDSTS

INTEREST DURING CONSTARLCTION
TOTAL CAPETAL COST

CASE MO,

Musg

MMs
Mig

MM

M4y

M4y

MMg

$/RHE
S/KHE
S/EWE
S/KWE
S/KHE
S/KHE

21

b9ak

11.2
0.

90s2

294,2

464,49

640
G,
15447
46,8
207,5
134,5
192.9
22444

122441

270.9
120,9

TB4
112.%
130,7
T13.2

22

[

1la4
0.
6.7

356,2

535,7

640
O
164,38
51,4
222.2
151,6
2174
252,%

1379.8

291.7
t21,0

82.5
1184
137,7
T51.%

23

6%4%

11.2
O,

9544

320.1

4%6.1

Ou
160,0
49,3
215.3
14243
20440
237.4

1295.1

275,8
119.7

79,1
11344
132,0
72040

24

.1.1% 3

53a2
Os

21.0

0.

140.8

Do
130,2
31,1
167,23
6l,6
B84

102.8

560.9

169,0
224,86

82,7
118.6
138,0
752.8

STEAM CYCLE
25 26 27
bhab BBt 694%
5846 52.8 79.5
O« O 0.
22,9  21.4 3%4&
0, [1 9 0,
14821 14047 188,2

6.0 6.0 640
O 0. O«
144,0 135,7 142.5
36,3 31,5 37.8
18643 173.2 18643
6649 62,8 T4.9
95,9  90.0 107.%
111,66 104,7 125,0
608,7 571.,4 b81.9
189,5 189,9 188,2
238,3 233.7 18643
B5,5 B4.7 T4.9
1227 121.5 107.4
142.7 141,48 124,97
TTB.T T71.2 88140

20

694

4043
2.8
0-

O,

1124

D,
153,2
4845
2217
46,8
95,9
111,5

50844

151,%
29843

89,9
1290
§i50,0
:33-11.)
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Table 2.6-9

POWER OUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS:
ADVANCED STEAM CYCLE

CASE *'iDs 1 2 3 [ 5 6 7
PRIME CYCLE POWER QUTPUT My BPD.D 600,0 1200,0 1600,0 800,0 B8OOD,0 800.0
BOTTOMING CYCLF PONéR QuUTPUT MW e 0. O ' O. o 2% Da
FURNACE POWER QUTPUT L1 U, Da 0, 0, 0. 0. [+

BALANCE OF PLANT AUXs POWER REQ'Ds MW 1940 L4e6 2745 4440 13.0 1B.7 1.0

FURNACE Aux, POWER REOD, He 31,9 23,6 47,9 63,8 31,T 31,2 30,

TRANSFORMER LOSSES
NET STATION QuTRUT

MU 440 3.0 6e0 8,0 440 4y 0 4,0
MW  745e1 55847 111846 148442 74543 74642 7477

CASE 0. 138 12 i3 14 15 1s 17
PRIHE CYCLE POWER QUTPUT MW 800.0 B800.0 B00.0 800,0 800,0 B00,0 BODLO
BOTTOMING CYCLE POWER OUTPUT Mw Os O Oe Qe O 0. Os
FURNACE POWER JUTPUT M Ow 0. Oe 04 Q. D. Os

BALANCE OF PLANT AUX. POWER REQ'D. MW 19,0 19,0 1940 18.5 19,0 19.0 20.0

FURNACE AUX, POWER REG'D. kL] 3249 32.1 31,3 30,7 35,9 33.8 13,2

TRANSFORMER LOSSES
NET STATION OUTPUT

MK 4,40 4.0 440 4.0 440 4,0 440
MR 74441 TaGa9 7457 T4648 Thlel 743,.2 762.0

CASE MO, 21 22 23 24 25 26 27
PRIME CYCLE POWER OUTPUT MW B800,0 800,00 800,00 600,0 &00,0 600,00 g00,0
BOTTOHING CYCLE POWER OUTPUT HH O O, O [+19 Qs 0. Ow

FURNACE POWER QUTPUT

HH 944,0 10&6%4,6 1027,0 177,0 213.8 171.,4 237.0

BALANCE OF PLANT AUX, POWER REQ'D, Hw 19,0 19,0 19,0 19,0 19,0 19,0 15,0

FURNACE AUX, PDWER REQ'D. Hy 0. G, 0. 3.0 .0 Teb 124

TRANSFORMER LDSSES
NET STATION OUTPUT
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My 847 9.3 9.1 3,9 G,l 3,9 5.2
MW 171643 183443 179849 745.1 781.7 740.9 1000.4

80040
Oe
0.

19.0
31.9
440

Tabl

18
800,0

D4

Ce
2040
16,9
4,0
75941

28
800,0

Qe

Q.
20.9
31.9
4.0

Ta3a2

800,0
0.
0.

1340
34,1
440

T4249

15
a00,0

e

Q.
20,0
T4.2
440
761.8

10
800,0
[+ 19
o,
1940
38,7

[N

7383

20
80040
Os
0.
20,0
846
440
16744



DISCUSSION OF RESULTS

Plant Size Influende_

It was anticipated that some advantage would be gained
through increased plant size. Cases 1 through 4 explore. this at
generator ratings of 800, 600, 1200, and 1600 MW, respectively.
The results show that the 600 MW plant, Case. 2, is indeed more
costly, but all the others show little differentiation. The bal-
ance of plant costs were nearly identical at $246/kW. The modu-
lar nature of the furnaces resulted also in a uniform cost per
kilowatt. The steam turbine-generators showed distinct differ-
ences. The 600 MW unit was most costly per kilowatt. The 1600
MW plant was composed of two 800 MW units, so it was identical
to the base case for 800 Mw. The 1200 MW unit using a six-flow
turbine was the least expensive turbine-generator. This saving
was offset by the added year of construction time attributed to
this very large unit. The result was that above 600 MW there
was a nearly constant capital cost resulting in a per unit gen-
eration cost of 33 mills/kWh for the advanced steam turbine at
conditions of 3500 psig, 1200 F/1n00 F (2.42 x 107 N/m2, 922 K/
811 X) using the atmospheric fluidized bed steam generators.

Advanced Steam Condition Influences

Ten variations were explored about the base case conditions
with nominal 800 MW generation (738 to 748 MW net station output)
using atmospheric fluidized bed steam generators and Illinois No. 6
coal. 1In every case the balance of plant cost was between 245 and
248 dollars per kilowatt. Except for the two cases noted the.
throttle pressure was 3500 psig (2.42 x 107 N/m2). Table 2.6-10
presents the thermodynamic and economic results of these evalua-
tions in the order of increasing overall energy efficiency.

These results clearly show that the fuel savings resulting
from increased efficiency do not offset the increased cost of
major equipment. The two cases with conventional 1000 F/1000 F
(811 K/811 K) throttle and reheat are distinctly more economic
then the higher temperature cases. Case 12 with conventional
throttle conditions and 1200 F (922 X) reheat is the economically
superior case with advanced steam conditions, and it realizes a
one point efficiency advantage over standard conditions. This
particular configuration avoids advanced temperature in the super-
critical pressure sections of the steam generator and the steam
turbine and throttle valwves. The high temperature is realized at
a more modest level of 700 psi (4.82 x 106 N/m2). These several
factors result in the recommendation that these conditions be con-
sidered for Task II. The heater above reheat point (HARP) varia-
tion of Case 5 shows both modest thermodynamic and economic advan-
tages over the base case. The double reheat Case 14 should be
compared with Case 12. The result is that a second reheat achieves
measurable thermodynamic gain, but at the expense of a 6 percent
poorer cost of electricity.
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Table 2.6~=10

THERMODYNAMIC AND ECONOMIC IMPACT OF
ADVANCED TURBINE STEAM CONDITIONS

_ ‘ - Overall ‘
Throttle and Reheat : - Energy- Electricity. -
Conditions Efficiency Cost Case
(psig/°F/°F) (') - {mills/kWh) Number -

2400/1000/1000 35.3 30,5 10
3500/1000/1000 36,5 29.8 11
3500/1000/1200 37.5 31.5 12
3500/1200/1000 (Base Case) 37.7 33.1
4000/1200/1000 - 37.7 33.3
3500/1200/1000 560 F HARP* 38,0 33,0
3500/1000/1400 38.5 | 33.3 13
3500/1200/1200 38.7 34.8 6
3500/1000/1200/1200 F 39,3 33.3 14
3500/1200/1400 39.8 36.6 7

*HARP = heater above reheat point

Fuel and Combustion Option Influences

The effects due to use of various fuels were investigated
through thirteen parametric points wherein the steam turbine con-
ditions were those of the base case, 3500 psig, 1200 F/1000 F
(2.42 x 107 N/m2, 922 K/811 K), condensing at 1.5 inches mercury
absolute (5.07 x 103 ¥/m2). 1In all cases the progression of elec-
tric costs was least for Illinois No. 6 coal, intermediate for
Montana Sub-Bituminous coal, and greatest for North Dakota Lig-
nite, with the single case with Solvent Refined Coal showing the
highest electric cost. These points also show that among the
various combustion options the progression was as follows: least
costly—atmospheric fluidized bed; pressure-fired low-Btu integrated
plant second; conventional fired plant third; and the pressurized
fluidized bed plant most expensive. However, Case 27 with an
800 MW steam turbine-generator in a pressurized fluidized bed
plant produced less costly electricity than any of the foregoing
cases. This indicates that the three PFB cases may have been ad-
versely affected by the choice of a 600 MW steam turbine for
their evaluation.

The comparison of electricity production costs for the thir-
teen cases is presented in Table 2.6-1l. .
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Table 2,6-11

COMPARISON OF FUEL AND COMBUSTION EFFECTS
OMN ELECTRIC PRODUCTION COSTS,
Mills/kWwh (Case No.)

COmbustioh Configuration | I1l.No.6 N.D. Mont. SRC

Pressurized fluidized 32.2(27) - — —_
bed (recuperative)

Atmospheric fluidized 33,1(1) 35,2(15) | 33.4(16) —
bed

Pressure~fired low-Btu— | 34.3(21) | 35.3(22) | 34.6(23) —
combined

Conventional fired 34.,4(17) | 36.2(18) | 34,9(19) | 38.6(20)
boiler
Pressurized fluidized 34.6(24) | 35.7(25) | 35,4(26) —_
bed {feedwater heat-
ing)
Note: Tll, = Illinois N.D. = North Dakota
Mont. = Montana SRC = solvent refined coal

Dry Cooling Tower Influences

Cases 9 and 28 as contrasted to Base Case 1 show an increase
of 1.8 mills/kWh for use of 3.45 in., Hga (1.16 x 104 N/m2) with a
60 F (288 K) initial temperature difference dry cooling tower,
and an increase of 3.0 mills/kWh for use of 1.9 in, Hga (6.42 x
103 N/m4) with a 40 F (277 K) initial temperature difference dry
cooling tower.

Observations

The capital cost distributions are presented in Table 2.6-8
with a summary in Table 2,6~12. Because of the modular nature of
the AFB and PFB steam generators, the major variation in major
component costs are due to advanced steam turbines or addition of
gas turbines. The balance of plant costs are fairly uniform in
dollars per kilowatt for each type of configuration. The low
value for the pressure-fired low-Btu gas Cases 21 thru 23 corre-
lates with the gasifier and bottoming steam turbine cost alloca-
tion to major equipment. The low value for balance of plant for
the single PPFB case with an 800 MW steam turbine using recupera-
tive gas turbines, Case 27, indicates a 10 percent increase in
balance of plant for a 33 percent increase in rating for most
elements of the plant as compared with the three earlier PFB
Cases 24 thru 26. The AFB plant with conventional 3500 psig,
1000 F/1000 F (2.42 x 107 N/m2, 811 K/811 K) conditions, Case 11,
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shows that the capital advantage accrues almost entirely to reduced
steam turbine-generator cost and not to the balance of plant nor to
furnace module cost as compared with Base Case 1.

Table 2.6~12

CAPITAL COST SUMMARY FOR STEAM PLANTS OF
' 3500 PSIG, 1200 ¥/1000 F

Configuration AFB AFB* CF PFB (PFB) R PP
Major components $/kWe 150 90 140 190 190 270
Balance of plant $/kWe 250 250 | 290 225 190 120
Total $/kWe 725 610 780 750 680 715
Case no, 1 11 17 24 27 21

#3500 psig/l000 F/1000 F steam conditions

Note: AFB = atmospheric fluidized PFB = pressurized fluidized
bed bed
CF = conventional furnace (PFB)p = pressurized fluidized
PF = pressure-fired ' bed, recuperative

Dominant cost factors for all plants were the balance of
plant, contingency, and interest during construction. The pres-
sure-fired boilers presented an unusually complex sequence of
apparatus that would merit greater efforts toward integration and
simplification., For example, the steam produced by the heat re-
covery steam generators that follow the gas turbines would be
more efficiencly expanded in the large main turbine rather than
in a separate bhottoming steam turbine.

RECOMMENDED CASES

The atmospheric fluidized bed furnace-steam generator with
3500 psig, 1000 F (2.42 x 107 N/m2, 811 K), throttle and reheat
to 1200 F (922 X) {(Case 12) is recommended for further study in
Task II, Table 2.6-10 shows that this case increases efficiency
at a minimal increase in cost of electricity as compared with
convantional steam conditions for Case 1l.

In addition each of the following cycle yo@ifications though
not studied would contribute to increased eff1c1e§cy or reduced
cost and may be more beneficial than the Substgntlal_departures
from state-of-the-art temperatures +that were investigated.

1. Heater above the reheat point (HARP)

2. Throttle temperature at 1050 ¥ (839 K)
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3, Unit rating to utilize maximum limiting flow to last
stages of turbine

4, Condenser pressure optimized for wet cooling tower in
the range of 2,0 to 3.5 inches of mercury absolute pres-
sure (6.75 x 103 to 1.18 x 104 N/m2 )

5, To achieve the 37.5 percent overall efflclency of the
3500 psig, 1000 F/1200 F (2.42 x 107 N/m2, 811 K/922 X)
recommended Caise 12, utilize a combination of state of
the art conditions of 4000 psig, 1000 F throttle, 1025 F
first reheat, and 1050 F second reheat (2,77 x 107 N/m2,
811 X/825 K/839 K).

REFERENCES

Spencer, R.C., Cotton, X.C., and Cannon, C.N., "A Method for
Predicting the Performance of Steam Turbine~Generators...
16,500 kW and Larger," ASME Paper 62-WA-209, November 1962.

"Heat Rates for Fossil Reheat Cycles Using General Electric

Steam Turbine-Generators 150,000 kW and Larger," GET-2050C,
February 1974.

73



27 LIQUID METAL TOPPING CYCLE
DESCRIPTION OF CYCLE

The liquid metal topping cycle is described in Pigure 2.7-1,
which shows the arrangement of components for the potassium base
case (Case l). The arrangement for the cesium base case (Case 17)
is identical to Case 1. Tne parameters corresponding to each of
the 18 liquid metal topping cases are shown later in this section
under "Discussion of Results.”

The system shown in Figure 2,7~1 burns coal directly in at-
mospheric fluidized bed furnaces, in which heat is transferred to
potassium at a boiling temperature of 1400 F {1033 X). The po-
tassium vapor, at a saturated condition, enters six double-flow
turbines. After expansion through the turbines, the wet vapor
is condensed, and the rejected heat is used to boil and reheat
steam for the bottoming cycle. A set of ligquid metal pumps re~
turns liguid potassium to the boiler.

The bottoming cycle is a steam system with conventional
temperatures of 1000 F (811 X) leaving the boiler and reheater,
and a pressure of 3515 psia (24.2 MN/m?) leaving the boiler.
Steam is condensed in a set of wet cooling towers.

Major wvariaticas of components from the base cases included
substitution of pressurized furnaces (PF) and pressurized fluid-
ized beds (PFB) for the atmospheric fluidized bed (AFB) furnaces,
and substitution of dry cooling towers for the wet cooling towers,
One case also considered the addition of a regenerative Ffeed
heater in the liquid metal circuit,

Most of the cases were ran vith potassium, and only two cases
used cesium as the topping cycle working fluid. Potassium was
favored because substantially more information exists for com-
ponent performance and material compatibility for potassium than
for cesium,

A turbine inlet temperature of 1400 F (1033 K) was selected
for most cases because considerable turbine testing has been done
in this temperature range, and less expensive alloys can be se-
lected for operation at this lower temperature.

The atmospheric fluidized bed is limited in temperature to
about 1550 F (1116 K) for reasons of degradation of sulfur removal
at higher temperatures, Therefore, the potassium turbine inlet
temperature is limited to about 1500 F or below with the atmos-
pheric fluidized bed. A higher turbine inlet temperature was in-
vestigated with a pressurized furnace.

The condensing temperature of potassium was set at 1100 F

(866 K}). At lower temperatures the vapor density decreases con-
giderably, thus greatly enlarging the low-pressure turbine stages.
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Because this condition is not so severe with cesium, the condens-
ing temperature for the cesium base case was lowered to 1000 F
{811 K). A second cesium case was run at 1100 F condensing tem-
perature, for comparison with the potassium base case.

ANALYTICAL PROCEDURE AND ASSUMPTIONS

The starting point for the analysis of liguid metal topping
systems was a report (ref. 1) covering earlier work on potassium
topping systems for central station power, That rep rt gives de-
tails on the basic analytical procedures and assumpt.ons, and a
list of references to the literature that served as background
for the present study.

Cvcle Calculations

Cycle calculations were carried out with the use of a com-
puter program described in Reference 1. The computer program
calculated the entire power system, including the furnace and the
bottoming cycle., However, only results from the liguid metal part
of the calculation were used in this study; the furnace/liquid-metal
boiler, bottoming cycle, etc., were calculated separately using the
same procedures that were applied to all other energy conversion
systems in this study.

Inputs to the liguid metal calculation included ligquid metal
turbine efficiency, liquid metal pump efficiency, and pressures
and temperatures throughout the liquid metal circuit.

Properties of potassium and cesium were tabulated from Ref-
erences 2 and 3, and were included as input data to the com-
puter calculation. Power output from the steam bottoming system
was an input to the calculation. From this input, flow rates in
the steam bottoming system were computed, from which liguid metal
flow rates and power output from the liguid metal topping system
were calculated. Liquid metal pump power was subtracted from the
generator power output to arrive at a net power output from the
liquid metal topping system.

Metal Vapor Turbine

A separate computer program was used for calculation of the
metal vapor turbine. The performance of each stage was calculated
sequentially, using the Ainley and Mathieson method (ref. 4),
which is a one-dimensional pitchline analysis. This analysis ac-
counts for profile losses, secondary flow losses, and tip clear-
ance losses.

Free vortex flow was assumed in calculating the hub-to~tip
velocity distribution. This distribution was obtained to check
whether there was negative reaction at the hub. In cases where
negative reaction was found, corrective design changes were made.
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The calculation method was verified for small-scale turbines
by comparing predicted performance with actual performance of
small turbines developed for space power systems.

Turbines were designed with as many as four stages. For the
high-temperature cases (Cases 10 and 1l), separate high-pressure
turbines were designed with a single stage. 1In most cases, the
tirbines were designed in modules with a double-flow arrangement,
that is, with each module having two sets of turbine stages in
parallel.

Turbine speeds ranged from 1200 to 3600 RPM. Blade root di-
ameters were designed within the range of 60 to 80 in. (1.52 to
2,03 m).

A turbine efficiency of 81 percent was calculated for the
base case, and this isentropic efficiency was applied to all cases
in this study.

Further design details of the metal wvapor turbines can be
found in Reference 1.

Ligquid Metal Pump

Liquid metal pumps are centrifugal pumps of the type manu-
factured for the liguid metal fast breeder reactor program. Each
pump has a capacity of 4500 gal/min (0.284 m 3/sec)

Liguid Metal Dump Tanks

The liquid metal dump tanks are for storing potassium or
cesium while the system is not operating. The potassium or cesium
is maintained in the liquid state by circulating hot gas in the
dump tank jacket.

The dump tank also serves to maintain cleanliness of the 1li-
quid metal by means of a zirconium getter within the tank.

Stress

Stress calculations were performed only on the rotor of the
metal vapor turbine. Stresses were not calculated in walls of
ligquid metal piping and vessels because low pressures resulted in
low stresses in those regions.

Within the metal vapor turbine, stresses were calculated at
the bucket roots, and in the high stress region near the center
of ihe unbored wheel. The maximum allowable stress was based on
a creep criterion of 0.2 percent over a thirty-year life (at a
capacity factor of 65 percent) at operating temperature.

Transient thermal stresses were not calculated.
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DESIGN AND COST BASIS

Size, weight, and cost of the major components of the liquid
metal circuit were estimated, using the results of Reference 1
as a starting point. In this section, the derivations of these
sizes, weights, and costs will be described.

Since the costs of Reference 1 were in terms of 1972 dol-
lars, all costs were escalated by 8 percent the first year, and
10 percent the second year, to put the costs on the basis of 1974
dollars. The cost multiplying factor was 1.08 x 1.10, or 1.188.

Metal Vapor Turbine

The designs of potassium turbines are described in Refer-
ence 1 (sections beginning on pp. 21, 24, and 49). The sizes,
weights, and costs for the present study were derived from those
designs, using conventional scaling laws that apply to turbo~
machinery.

For turbomachinery, weight varies directly with volume, and
power varies directly with flow or annulus area, assuning geo-
metric similarity, Thus, weight = KL3, and power = CL2, where K
and C are constants, and I is a characteristic length, for exam-
ple, the length of the last stage blade. The weight per unit
power is therefore approximately proportional to the 3/2 power
of I,, These relationships were used to scale sizes, weights, and
costs from the original designs to the present study.

Cost estimates for metal vapor turbines were made in Refer-
ence 1, and summaries are given (pp. 65, 68-71).

Turbine sizes, weights, and costs for the various cases are
summarized below.

Cases 1 through 9, and 12 through 16. For these cases,
about 300 MW are to be generated by the potassium turbines out
of a nominal plant total of 1200 MW. Since turbine temperatures
and pressures are the same for all these cases, a single turbine
design was used., The basic cdesign used was the four-stage tur-
bine described in Figure 13 and Table 16 of Reference 1 (pp.

52, 53). That turbine was designed to produce 113 MW at 1200 RPM,
using the same potassium conditions as the base case. By scaling
this turbine to 2/3 size at 1800 RPM, the disk size is reduced
from 120 in. to 80 in. (3.05 to 2.03 m) diameter and the turbine
can produce (2/3)2 x 113 or 50 MWe. Therefore six double-flow
turbines the size of the original design would produce the de-
sired 300 MWe.

After the stresses in the rotating parts were calculated, it
was concluded that some ol the disk materials were marginal forxr
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the 1ife. The second-stage disk was changed from Rene 41 to Astro-
loy, the third-stage disk was changed from Inco 706 to Rene” 41,
and the fourth-stage disk was changed from Inco 706 to Inco 718.

The costs were estimated as described in Table 24 of Reference
1 (p. 71), substituting materials as indicated above. The weight
and cost of materials were scaled for the higher rotative speed and
smaller size, using the scaling relationships described above. Labor
costs were estimated as a function of last stage bucket height.

In summary, Figure 13 of Reference 1 is scaled by 2/3 to
get the turbine dimensions at 1800 RPM. For the base case, six
double-flow turbines driving two generators are required for 300
MW output. BEach double-flow turbine module is 27 £t long and 15
£+ high (8.23 and 4.57 m) (not including the generator). The
total weight for six turbines is estimated as 2,22 x 106 1b (1.01
x 106 kg). The total cost of the six turbines with two generators
is estimated to be $43.3 million.

Case 8, with a nominal capacity 50 percent greater than the
rest of the cases, utilizes nine double-flow turbine modules of
the same size as above, and three generators, for a total cost
50 percent greater than the rest of the cases.

Case 10. The turbine for Case 10 has an inlet temperature
of 1700 F (1200 K)—the highest temperature studied. A potassium
flow rate of 5.16 million 1b per hour (39,000 kg/sec) is reguired,
and a net output power from topping cycle of 283 MW is generated.
A design similar to the high pressure turbine described in Table -
10 of Reference 1 (p. 25} could be made, but the turbine would
be only a single-flow machine. It was considered desirable to re-
duce the disk diameter from 120 in. to 60 in, (3.04 to 1.52 m) by
increasing the rotative speed from 1800 to 3600 RPM and using
three or four smaller turbines. Preliminary turbine design cal-
culations indicated that three turbines with 60 in. diameter disks
at 3600 RPM would be a feasible design., The stresses were calcu-
lated for the disk and blades, and the materials of Figure 3 of
Reference 1 (p. 23) were considered satisfactory if a stress cri-
terion of 1 percent creep in thirty years was assumed (instead of
the normal 0.2 percent criterion). This increase in creep was
considered necessary at the higher temperature.

The low-pressure turbine is similar to the turbine for the
base case, but with slightly smaller flow area. The stresses
were checked for the first stage which operates with 1450 F (1061 K)
vapor and were found to be acceptable.

Condensed liquid metal is removed between the high-pressure
and low-pressure turbines.

To summarize, there are two high-pressure turbines, one double-
flow unit 16 ft long by 9 £t high (4.9 by 2.7 m), and one single-
flow unit 11 ft long and 9 £t high (3.35 by 2.74 m) at 3600 RPM
which generate 112 MW. The weight estimate is 157,000 1b (71,000
kg) for both units. There will be three double-flow low-pressure
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turbines, the same as those for the base case, 27 £t long by 15

ft high (8.2 by 4.6 m), at 1800 RPM and generating 171 MWe. The
weight estimate for these three turbines is 1.11 x 106 1b (503,000
kg). The total weight of all potassium turbines for this case is
1.27 million 1b (576,000 kg). ‘The total cost of all turbines with
generators is estimated to be $27.4 million. This lower cost was
a consequence of the lower volume flows which permitted smaller
machinery.

Case 1l. For Case 11 the turbine inlet temperature is 1500 F
(1089 K), which is intermediate between the temperatures of Case
10 and the rest of the cases.

The turbines for this case are similar to the designs in
Table 10 of Reference 1 (p. 25), with the high~pressure turbine
scaled to 3600 RPM (1/2 size) and the low-pressure turbine scaled
to 1800 RPM (2/3 size). Using the flow rate of 8.9 x 106 1b/hr
(67,000 kg/sec) from the performance calculation, it was deter-
mined that six double~flow high-pressure turbines and six double-
flow low-pressure turbines are required, The six high-pressure
turbines are 1/2 scale of Figure 3 of Reference ] (p. 23). Each
turbine is 16 ft long and 2 £t high (4.9 and 2.7 m). The total
weight of all six is 471,000 1b (213,000 kg). The total cost
(including two generators) is $15.9 million. The six low-pres-
sure turbines are 2/3 scale of Figure 4 of Reference 1 (p. 27).
Each turbine is 27 ft long and 15 ft high (8.2 and 4.6 m). Total
weight of all six is 2 x 106 1b (910,000 kg).

The cost of the six low-pressure turbines (with two genera-
tors) is $36.3 million. The high-pressure turbines generate 145
M@ total, and the low-pressure turbines generate a total of 217
MW.

The total cost of turbines and generators for this case is
estimated to be $52.2 million.

Case 17. ¢Case 17 is the base case with cesium as a working
fluid, Using the results of the cycle performance calculations,
preliminary turbine flow path designs were made for the cesium
turbines. It was determined that 3 stage turbines with 80 in.
(2.0 m) diameter disks running at 1200 RPM were a feasible de~
sign. The stresses were calculated and materials were selected.
The weights were calculated by scaling Figure 13 of Reference 1
(p. 52) by 2/3 and deleting one stage. The costs were estimated
using the methods described for potassium turbines.

There are five double-flow cesium turbines each 25.5 ft long
and 15 £t high (7.8 and 4.6 m), running at 1200 RPM and gener-
ating a total of 38l MWe. The estimated total turbine weight is
1.68 million 1lb (760,000 kg). The total cost of turbines and
generators is estimated to be $33.4 million.

Case 18, Case 18 is another cesium case, with the same tur-
bine inlet temperature as Case 17, but with a high cesium con-
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densing temperature. The turbines are similar to those of Case
17, but only two stages are required, Preliminary £low path de-
signs were made for 80-in. (2.0 m) disk diameter and 1200 RPM.
Stresses were calculated, materials were selected, and weights and
costs were estimated as described above.

This system has three double-flow cesium turbines each 24 ft
long and 15 £t high (7.3 and 4.6 m), generating a total of 300 MW
at 1200 RPM. The estimated total turbine weight is 858,000 1b
(390,000 kg). The estimated total cost for the turbines plus a
generator is $20.5 million.

Pumps and Dump Tanks

In Reference 1, cousts were presented for potassium compo-
nents including boilers, turbines, condensers, pumps, and dump
tanks, For the alkali metal pumps and dump tanks, the number of
these components has been scaled by the liguid velume flow rates.
The results are summarized below for the cases for which turbine
costs were estimated. Shown in successive lines are the fluid, the
mass flow rate, the liquid den51ty, the volume flow rate, the num-
ber of 4500 gal/min (0.284 m3/sec) pumps required and the esti-
mated costs. The last two lines indicate the nuxmber of dump tanks,
the same size as those of Reference 1, and the ectimated costs.

Tt is possible that larger and fewer pumps and dump tanks
may be less expensive., These options could be considered in fur-
ther studies.

Liquid Metal Pump and Dump Tank Costs

Case 1-9,12-16 10 11 17 18
Fluid K X K Cs Cs
Flow Rate, millions 1b/hr 9.25 5.16 8.9 35.0 37.0
Density, 1b/ft3 a4, 44, a4, 97. 95,
Flow Rate, gal/min 26210 14620 25220 44985 48560
No. Pumps 6 3 6 10 11
Total Cost, % millions 1.782 0.8%91 1.782 2.97 3.267
No. Dump Tanks 6 3 6 10 L1
Total Cost, $ millions 7.128 3.564 7.128 11.88 13.07
RESULTS

Results for the study of liquid metal topping cvecles are
tabulated in Table 2.7-1, which includes the major cycle input
paramecers.

Capital cost distributions are given in Table 2,7-2.
Surmaries giving major cycle characteristics for the two

base cases {Case 1 and Case 17) are given in Table 2.7-3 and
2-7‘4-

Auxiliary losses and power outputs are shown in Table 2.7-5.
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Table 2.7-1

PARAMETRIC VARIATIONS FOR TASK I STUDY
LIQUID METAL TOPPING CYCLE

Parameters Cata 1| 2 3 4 [ & [ 8 o | 10 | 1 i ! s 16 17 18
Pevter Ouiput titre) 1088 { 2081 | 1070 | 3433 | 2548 | 3504 | aseo | soe3{ 1492 | pos | 2077 } 1086 | 1071 | 3073 | 120 | 142
Emecy, Owdl, gnd Coniprsion Prscess 75 | A5R | A%B| e [ohers | 5. [ ubers e fe| e ge |, o | s vo >
. . . LAt | LBt | LBts | AB HDtn
Fiuldlzed Bed Temperature ©F) 1280 » o | - N I R »
Topping Cycle
Flufd ) " » | co——p
Turbing inlet temperature ©F) o » | 3700 | 500 | saem »
Reganeratfve fead heaters o » 1 0 >
Condensing temperature {%) oo » | 1000 | 1300
Bottomng Cycte
Turbine Inlet temperature (OF) ¢ » | o3 » | 1080
Max!mum pressure {psig) 1500 >
Reheat temperatura OF} 1000 P | w0 » | toon
gondensing pressure {in. Hq abs) .8 | 10 | L t—p
Maximum feedwater temperature (°F) 510 : »
Heat vejection wer » [ Dot | wer—H—p
Pressurized Furnace
Percent excess alr .- - - 18 > 10 -} 20 1 . - - .- -- -
Prassura ratle .- | - 1 » 8 e f ot 8 -l - | - - -
Turblne Inlet temperature (°F) - . o | 1200 » | mso| .- | oo {0 | - - - - - -
Regenerator efficlency . o | e | steam » | o] - |oodsn | - . | - U
gasther
w“ﬂ@ voms | 1omt | voro | zesy | zsan | 2904 | tsom | ha13 | 1es2 [ cea | 1097 | aoma | tovt | b0z | 2o | w2
Thermodynamlc Elficlency {percent} stok ] 8ton | osket | 9108 | S1aa | stes [ 51.8 {59 | 208 | 33a5 ] szes | stas | sonr | soe0 | s2az | 30
Powerplant Eficlency ipercent) 38,9 | t0.9 [ 38,0 | 3sa | 2san | asaz [ anee | 30,5 | snae | 4303 fa0i0 [ame | oarar | vraa | aras | w0ee
Qverall Energy Hiiclency tpercent) 38,0 | 3609 | 3309 ] 3541 | 3505 | 95,2 | 2005 [ awa3 ]| w0.e | 21.m | 400 | 38, | 37,7 | 3741 | 41,8 | %0,
Coal Consumplicn {{bikWh} 0,01 | 1,02 § 1,08 | oe00 | 4,08 | 1,40 | 198 [ oumz | om0 | neas | 0.79  0unz | 0,04 | fies | 6a7e | 00T
Plant Capltat Cost ($ mitlion) 170 | 1382 | 1ze2 | 2083 | zrss | 2296 | tazt fieot | tesz | sma | 1esn 1 azes | nzev | taet | 121 | 1210
Plant Capital Cost (4liVe) vive | 1ias {1zor b omes | ses | ees | a7 fr1na b arr | ens fuses | 11ea | 202 | 1298 | tove | 1080
‘Cast ¢f Etectriclly, Capacily Faclor = 065
Capital tmilisTkyHy 31,7 | 3705 [ 3842 | 2648 | 207 | 28,0 | 23,4 | 3703 | 2000 ] 2809 | a8e9 | 36,9 | 3a.0 | 42.0 | 340 | 32
Fue! (milisIkWhl s | ree] eo| o3 f sez]| w2 {219 ] 73| Taa{zeesy 3| s | | v | v0| ta
Malntenance and eperating (millsikWh o7 ] 40| aed ] 2ee f 2ea | me | 28] 32| 33| 3.0 ser | s | aa | vt ] as | %
Tetal {miitsikih) w3 | 4903 | 10,81 3805 | 3man | o3ven | 45.3 | s8.0 | de.n | 52.5 [ ates | anos | o | 33,0 | wein | sa,
Sensltivity
Capaclty factor = 0. 50 {tota) millslkWh) 80,6 | 6.0 | 53,5 | azes | 07an | ava3 | 32,8 [eoaz | aeud | e2an | 27t | soon | eage | eaas | 3.a |oen,e
Cenaclly factor =0 80 totai mifl/kivh) W0st | ated | 2249 | 324 32,1 | 35,09 | ana® | aoan | 3306 [ 4803 | 5143 | woiz | a1in {eaus | amie | 3ras
Copltal A ~20percent tAmilldkWht 28 | 78] Tes 304 543 Su6 | 4ed | T3 | Hes S,a | 9.0 Tor | 7at ge2 | 6,0 | 04t
Fuel A =20 percent (A millsikWhi Lo | tep | bet | ve? | res ] ten | aeb ] 35| 15| 4av ] ves | ods ] a3 | tet | a6 ] les
Estimated Time for Construction tyears 8 8 8 . b " [ s s ® 8 [ s 8 3 3
Estimatod Dato of 1st Comemercial Seruice fyear) 1992 | 1902 | 1992 | 1952 | 1oz | 1992 | 3992 | 1992 | 1992 | 1oum | 3994 | tagz | tee2 | 1992 | 1003 | 1493
*Basecase. AFD = Almosphericilulfizedbod  Mont = Montana
DCT = Dry cooling tower N.0. = Norlh Dakola
HBiu = High Biu PP = Pressurlzed furnace
1L = IikInols fPFB)R * Pressurized fiuldized bed trecuporaiivel
LBty = tow Bly WCT ™ = Vet cooling tower




Table 2.7-2 (Page 1 of 2)

CAPiTAL COST DISTRIBUTIONS FOR LIQUID METAL TOPPING CYCLE

MAJUR COMPONENTS

PRIME CYCLF
LIguIp METAL TUPH-GEN
LIOUID METAL RUKP
LiQulp METAL DUMP TANK

BOITOMING CYCLF
CONNENSER=POILEF
STEAM TJRE=GEN

CASE

MYE
s

Hug

Mmg

Mg

PRIMARY HEAT INPUT AND FULEL SYSTEM

FURNACE MGEULES
HIGH TEMP A]R PEEHEATLF
LO¥ TEWP AlR PRIHEATER

PRESSURIZING GAS TURBINE
(COMPRUEN=HFAT EXCH}

GASIFIER (IrCLURING BOUST
STEAY TURB=COHP

SUB~TUTAL OF MAJDE COMPONENTS

BALANLE QOF PLANT
CUULING THREP
ALL OTHES
511E LABCR
5UR=TUTAL OF RALA*CE Ff PLANT
CONTINGENCY
ESCALATION €575
INTEREST DURTNG CONSTRUCTEON

TOTAL CAPITAL COST

MAJOR COMPONENTS COST
BALANLE OF PLANT

CONTINGENCY

ESCALATICN CI5TS

INTEREST DJRING CONSTRUCTION
TOTAL CAPETAL COST

Hug
Hug
Mg

g

Hvg

pug

LLES
MMs
MYs
Hue
Mg
Mg
Hug

Hug

$/4nt
& /LU
L TALL
s/<u
£/¢uF

S/EW,

Do

433
l.8
el

246

30.2

212,.9

2541

39
O

0.

32649

b2
26744
70,5
3241
130.2
223,4
275,2

1279.6

300.5
29T.%
1197
205,3
252,9

117644

4343
lefl

Tl

3.0

30.2

2144t
2243

322.5

Ge2
25044
71.4
3284
304
223,7
27546
120146

26944
333.9
120.7
207.0
25640
118540

LT
IR

4343
1.8
Tel

206

3042

221a1

20eb

2e3
0.

D

329.0

62
25044

71.8
32844
1315
2288
277.9
1292 o4

307.3
3Db,.8
122.8
210,7
25946
1207.3

43,3
l.8

7.1

248

30,2

76,3
0.
o,

§23.4

403,2

6AR.t

Ga2
270,1
85,0
361,2
209.%9
360,1
44346

2062.9

282.9
laB,.5

[P
148,0
18244

B49B8e %

43,3

1.8

2«8
30,2

To,.0
Os
0.

129,86

4378

72846

b2
2Th,4
87.0
367.6
219.2
3Th,2
463, 4

21550

286,0
15443

86,0
147,86
1B1,%

845,68

bathia AR L

43,3
LeB

7.1

2.8
30,2

79,7
0.
0.

134,1

48B,.1

187,2

LTY4
203,8
21,0
381,0
233.6
&00,9
453,08

229b44

J03,4
1456,9

9041
164,5
190,4

085,3

4343
1.8

Tal

2ab
3042

96.9
O
0.

37.8

O

219.%

o2
229,9
53,8
299.%
103.9
1702
219,5
1020.8

145.5
19849

6fa9
118.%
145,6

6540
2e7

10,7

3.9
3945

320,7

3341

5.5
b

[

G8lel

9.3
31l.2
1057
4Bbe2
19344
331.9
408,92

1901,5

20043
30144
119.9
205,8
253,56

67741 117049

4343
1.8

32
30.2

209.4

3491

be2
251,0
Tled
32645
13545
232,5
28644

1332.0

240.4
22643

93.3
160,.1
197,3
91744

10

274
0.9

346

19,2

48,8
Os
0,

2143

O

12244

be2
229.9
63.8
299.9
Bheb
145,.0
i7T8.8

830,5

135.0
33043

93,0
15948
19647
Alheb
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Table 2.7-2 (Page 2 of 2)

CAPITAL COST DISTRIBUTIONS FOR LIQUID METAT, TOPPING CYCLE

CASE Y10, 11 12 13 16 17 18
HAJOR COMPONEMTS
PRIME CYOLF
LIQUID MFTAL TUPA-GEN Mg 5242 43e3 4343 4343 XYY 2045
Lioulp MrTAL PUFP Mug 1a 6t 1.9 1,8 1.8 3.0 3,3
LIGUIN MFTAL DUMP TANK MU 7.1 Te5 Te3 Tott 11,9 13a1
BOTTOMING CYCLF
CONDEMSER=FOILER MEg 244 24t 243 2,7 3ok 246
STEAM TURR-GEM tMg 24,7 30,2 29,7 30,2 24.2 30,3

PRIMARY WEAT IRPUT AND FUFL SYSTEW

FURKACF VODULES Hus 409,8 205,2 21649 22042 171.9 178.46
HIGH TFMP AIR PPFHEATER Mue 22,5 2744 25.5 26,0 24,2 25,1
LOW TewP AIR PRFHEATER Husg 3.7 3.2 349 LR 3.7 309
PRESSURTZ1MC GAS TURBINE Hug 0. 0. O 0. O 0.

(COMPuGEN=HFAT EXCH)

GASIFIFR (INCLUPTNG BDD5ST Hug Qs 0, 0s Ga LY 0.
STFAF TURB=COMP

SUR-TOTAL OF MAJOR COMPOMNENTS MMy 524,3 321,2 330,7 335.6 275,86 277,93

BALANCE OF PLANT

COOLEING TOWEF MHs be? he2 642 24,7 LTy be?

ALL OTHER Mus hT ke 267,4 2hTeh 263,2 262,44 26244

SITE LABOR 15Ms 70s5 7045 TC4S  Bhes  The2  The2
5UB-TOTAL OF PALANCF NF PLANT Mug 32;.1 324,1  324e1 3T2.2 342.7 342.7
CONTINGENCY Mug 169,7 129.F 131.0 14l.6 23,7 124,0
ESCALATICH €DSTS MMg 20 7 221a4 2247 24249 21242 212.8
INTEREST DURING CONSTFUCTION MMg 358,56 27248 2TheB8 299,2 261,4 252,1
TOTAL CAPITAL COST Mig 16677 126845 128743 13%71e5 1215.6 1218.9
MAJOR COMPOMFATS COST $/%WE 4B6.7 29548 300, 313,1 264,2 242,9
BALANCE OF PLANTY S/XWE 300.8 298.4 302.6 347,3 303,6 300,2
CONTINGEMCY $/XWE 1575 11848 12243 132,} 109.6 108,68
ESCALAYION costs 5 /XWE 27042 203,9 209,8 226,66 188,0 186,23
INTEREST DURING CONSTRUCTION S/KHE 332.9 251.2 258.5 279,2 231.4 229.5
TOTAL CAPITAL cosY $/RUWE 1548,1 11568,1 120241 1298,3 1076,9 1067.5

N
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ORIGINAL PAGEH 18 POOR
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Net Pmwer Duput (MLVel

Eurnace and Coal Type

Prime Cycle
Fluidized bed temperature OF)
Fluid
Turbine intet temperature {°F)
Condensing temperature (9F)

Bottoming Cycle
Turhine ket temperature (°F}
Maximum pressure {psig)
feheat temperature {°F)
Cendensing pressure fin. Hy ghs. )

Heat Rejeclion

Table 2.7-3

SUMMARY SHEET

LIQUID METAL TOPPING CYCLE BASE CASE NO. 1
CYCLE PARAMETER

1038

Atmasphieric Tluidized bed
Nincis No. &

1550
Patassium
1400
1100

1064
3500
toan
L5

Wel coolinig {mver

2" AMOR COMPONENT CHARACTERISTICY -

Major Compunent

Prime Cycle
Metal vapor furbine-generstor
Liguid metal dump tanks

Boltoming Cycle
Condenser-boiler

Steam turbine-generatar

Primary Heat Enpul System
Furnace module

High-tempzraiure air preheater

Unit ar Module

Size (it

{Wx LiorDix H

Cost Units Total Cost  $IkWv
152105 Required ($ x 1000 Output

Bxl2bx 15
12 x 12 x 50

15x 20 x 135
3x 198 25

12.5% 31 x 330
Brdhxd

21. 65 2 d3.3 9.8
119 [ T 6.3
0.478 5,50 24 2.2
30.2% 1 30.25 a8
BT 5.5 213.0 195, 8

0.304 825 251 231

PERFORMANGE AND COST

Btulklin
3497
539

Thermodynamic efficiency {percenli 51.4
Powerplani efficiency (percent) 8.9
Overall energy efficiency (percent 89
Plant capltat cost 1§ x 108) 101
Plant capitat cost ($/k\Wel o84
Cost of electricity (millsfi¥hi 4.0
NATURAL RESOURCES
Caal Ik 0.813
Water {gal/kivh)
Total 0re
Coaling (R {]
Processing 0
Makeup 1]
NO, suppression 0
Stack gas cleanup 0
Land {acres/100 Mwvel 4.4
ENVIRONMENTAL ENTRUSION
Lo/ 08Bty
input
50, 1.2
KDy 0.319
HC a
co ¢ 249
Particutates 01
Heat to water
Heat, total rejected
LhikWh
Wastes
Furnace solds 0.143
Fine dust from cyclones 0169
Fly ash 0.015

LV
Outpiet
0 00%

0. 124

0

00019
7.5x 1074

Wb/0ay

3.74x 106
2.85x 100
0.39x 108



98

Net Power Output (MWe)
Fursace and Coal Type

Prime vycle
Fruldlzed bed temperature (OF)
Fluid
Turbine Infet temperature (°F)
Cendensing temperature (OFH

Boltoming Cycie
Turblne inlet temperature {95
Maximum pressure [psigh
Reheat temperaturs {OF}
Condensing pressure (in, Hy abs. )

Heat Ralertinn

Major Componrent

Prime Cycte

Metal vapm Yardie --cenertar
Liguld metal dump taaks

Betlaming Cycle

Condenser-boiler
Steam {urbine-generator

Prignary Heal input System
Furnace module

High-temperature air preheater

Table 2,.7-4

SUMMARY SHEET

LIQUID METAL TOPPING CYCLE BASE CASE NO. 17

CYCLE PARAMETER

12

Atmospheric fluldized bed

1insis No. 6

1550
Cesium

rann
2

1000

90
3500
930
L3

Viel conling tower

MASOR COMPONENT CHARACTERISTICS

Unlt or Module
Size () Weight 1} Cost Units  Totaf Cost  $/kW
WallorDixH X109 ($x105 Required i$x10° Output
15% 105% 15 109 16.7 2 33,4 29.6
2x50x% 12 0.3 L9 16 1.9 0.5
LA 1B 26 3.4 1 34 3.0
WX S 5 2.2 1 .2 204
125032390 7.0 2.4 5.3 1708 1523
Br-6xd 0.il 0.304 8.1 42 4

PERFORMANCE AND COST
Thermodynamic efliciency (percenl) 52.2
Powerplant efficiency fpercent) 4.5
Overall energy efficlency (percent 9.5
Plant capltal cost % x 105 1216
Plant caplial cost ($/kWe} 1075
Cost of electricity {millslkiWh) .5
NATURAL RESOURCES

Coa! tiblkvihi 0.B5%
Water (gallkWht.

Total 0.76

Cooling 0.76

Processing 1}

Makeup 0

WOy, suppression [

Stack gas cleanup 0
Lznd [acres!100 MYel 44

ENVIRONMENTAL INTRUSION
wk-pta
input
S0y 126
Ny 0.31%
HC 8.0
co 0.249
Particulates 0.1
Blulkih
Heat to water 345
Heat, total rejected 4310
Lblkih

Wastas

Furnace soiids 0.1

Fine dust from cyclones g.102

Fly ash 0.014

L'kivh
Output

0.0089
0.0022
0.0
0.0018
7.0x104

LhIDay

3.62x 109
2.76x 100
0,38 x 166



Table 2.7-5

POWER QUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS:
LIQUID METAL TOPPING CYCLE

CASE *IDs 1 2 3 4 5 [ 7 ] 2 10
PRIME CyCLE POWER QUTPUT MK 29844 29Ba% 29844 290,44 29844 29B.% 29Q«H  A4T.T  29B.4  2H2.T
BOTTOMING CYCLE POWER QUTPUT MH  941,9 9461,9 G41a% 961,% 991.9 541,9 941.9 1397.0 941.9 4469,3
FURNACE POWER QUTPUT L1 Ce Oa Os  1293,0 14UB.0 1460.0 351.0 Qs 32445 19742

BALANCE OF PLANT AUX, POWER REQ'D, Mw 2940 2942 2944 29,0 29,2 29.4 28.4 4246 29,0 2Be4

FURNACE AUX. POWER REGID, MW 117,33 124,3 134,2 59,1 7.8 3,3 4.3 {1900 Toel B840

TRANSFORMER LOSSES M 6el Ge2 6a2 12.7 13.2 13,5 B+0 Fel 7.8 447

HET STATION ouTtput MW 10B7,8 10BD.6 1070,5 2432,5 25%8,1 2594,1 1507.6 1612,9 1451,9 4308,1
CASE MO, 11 12 13 16 17 18

PRIME CyCLE POWER OUTPUT MW 361,7 301,88 392,88 307,9 38l,1 2956,3

BOTTOMING CYCLE POWER QUTPUT MW  BHlaeS 940,00 52642 93849 Ba4e5 F44,.l

FURNACE POWER OUTPUT My [ 04 e o, 0. O,

BALANCE OF PLANT AUX, POWER RED'D, MW 29.0 29.0 2%.0 4bab 2940 29.0

FURNACE AUX, POWER RED'D, My 110,8 120,86 123.0 124,2 61,7 63,4
TRANSFORHER LOSSES My bl 642 bal 642 Gal b2
NET STATION OUTRUT MW 1077,3 10a6,0 1070,5 107¥1,8 1178,8 1141,8
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DISCUSSION OF RESULTS

Major Characteristics

The results shown in Table 2.7-1 show relatively good effi-
ciencies: the overall energy efficiency was as high as 40.0 per-
cent for potassium and 41.5 percent for cesium. As a consequence
of the high efficiency, coal consumption was relatively low-as
low as 0.80 pound of coal per kWh (100 kg/GJ).

Offsetting these advantages is a relatively high cost of
electricity (48.3 and 44.6 mills/kWh for the potassium and cesium
base cases, respectively). This high cost of electricity is
largely a consequence of the high capital costs ($1176/kW for the
potassium base case). A major contribution to capital costs was
made by the liquid metal boilers and auxiliaries (a total of
$196/kW for the potassium base case). The construction time,
estimated to be six years, also contributed heavily to capital
cost; interest and escalation during conctruction totaled $458/kw
for the same case. Balance-of-~plant costs were $298/kW for that
case. Balance-of-plant costs were high because of the need for
safety provisions and a large quantity of high-temperature piping,

Discussion

A number of observations can be made from the results shown

Case 12 shows that a regenerative feed heater in the potas-
sium circuit offered no advantage over the potassium base case,
which had no feed heating. There also was no advantage to
lowering the heat input temperatures to the bottoming cycle
(Case 13).

The higher temperature pressurized furnace case (Case 11)
offered no advantage in cost of electricity over the lower tem-
perature pressurized furnace case (Case 7). Likewise, the higher
temperature atmospheric fluidized bed case (Case 11) produced
more costly power than the lower itemperature atmospheric fluidized
bed cases. The lower temperature difference between the bed and
the potassium in Case 1l was largely responsible for the increased
cost,

It can be seen in Table 2.7-1 that a low cost of electricity
was produced by those cases with pressurized furnaces using low-
Btu gas (Cases 4, 5, and 6). In these cases, however, about one-
half the total piant power was produced by the expansion turbine
downstream of the pressurized furnace. Thus, this system is
thermodynamically equivalent to a gas turbine in parallel with a
liquid metal topping system. The decrease in cost of electricity
is primarily due to the lower capital cost associated with gas
turbine systems, and does not reflect the merits of the liquid
metal topping system. This system does not appear to warrant
further study, as the benefit of the cycle appears to result

88



primarily from the gas turbine. Moreover, the overall energy
efficiency was not favorable.

The pressurlzed fluidized bed case (Case 9) showed the 10w*
est cost of electricity, and in that case the power produced by:
the expansion turbine was 21 percent of the total plant power.
However, the potential for pressurized fluidized bed power gen-
eration in power generation cycles is still unproven because of
the possibility of hot corrosion in the gas turbine that must
operate on the products of coal combustion. The use of the tur-
bine exhaust for feedwater heating in the bottoming system was
not studied. Instead, it was decided for analytical convenience
to use gas turbine regeneration so that the furnace system would
be decoupled from the topping and bottoming cycles. The pres-
surized fluidized bed with gas turbine regeneration can be com~
pared with the same type furnace with gas turbine exhaust heating
feedwater, by referring to Section 2.6, "Advanced Steam Cycle."
This comparison shows that heating feedwater produces an increase
in efficiency at the penalty of higher cost of electricity.

The use of hlgh—Btu gas in a pressurlzed furnace (Cases 7
and 10} resulted in a very low overall energy efficiency as a
vonsequence of the low coal conversion eff1c1ency.

The cesium cases (Cases 17 and 18) showed improvements in:
efficiency and cost of electr1c1ty compared with the equivalent
pota551um cases. The primary reason is the higher density of
cesium, resulting in smaller components and more efficient heat
transfer. In addition, the boiler recirculation power requirement
is lower than for potassium. While cesium does have these advan-
tages, there are some gquestions regarding the corrosiveness of
cesium. Furthermore, most of the development of liquid metal power
systems has been done so far with potassium. The use of cesium
in this application is considered speculative at this time.

One of the large capital cost and power consuming components
of the furnace system is the liquid metal recirculating. pump.
When the Foster Wheeler Energy Corporation designed the boiler,
the assumption was made that a high mass flux had to be main-
tained within the boiler tubes to prevent hot spots or burnout.
In addition, a large entrance flow restriction was used to assure
uniform flow distribution. For the potassium base case, the re-
circulation pumps added a capital cost of $36.4 million, and con-
sumed 57 MW of power.

It is probable that further boiler design studies could re-
duce, or even eliminate, the need for recirculation. It is esti-
mated that if the power and capital cost of recirculation could
be reduced to one-~half the present leyels, the potassium base
case (Case 1) cost of electricity could be reduced by 1.8 mills/
kWh, and the overall efficiency could be increased by 1.0 percent.
The effect of other degrees of recirculation may be calculated
from these figures by proportion. For example, if recirculation
were eliminated entlrely, the above figures would approximately
double,
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RECOMMENDED CASE

The disadvantages or uncertainties of cesium, pressurized
fluidized beds, temperatures higher than 1400 F (1033 K), and
pressurized furnaces were described above, The low overall
energy efficiency of high-Btu gas discourages further considera-
tion. 'The cases that overcome the above objections are the
atmospheric fluidized bed cases. Of these cases, the potassium
base case (Case 1) is the one that is considered best for further
study. The major parameters for that case are shown in Table
2-7-].-
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