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The work described in this report is a part of the Energy
Conversion Alternatives Study (ECAS)---a cooperative effort of the
Energy Research and Development Administration, the National Sci-
ence Foundation, and the National Aeronautics and Space Administra-
tion.

This General Electric contractor report for ECAS Phase I	
r

is contained in three volumes:
Volume I - Executive Summary

Volume II - Advanced Energy Conversion Systems

Part l - Open-Cycle Gas Turbines
Part 2 - Closed Turbine Cycles
Part 3 - Direct Energy Conversion Cycles
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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- 	 i
veloped information for the Phase I data base:
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Advanced Energy Programs/Space Systems Department
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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 	 r

Actron, a Division of McDonnell Douglas Corporation

Argonne National Laboratory;`	 {

Avco Everett Research Laboratory, Incorporated

Bechtel Corporation

Foster Wheeler Energy Corporation

Thermo Electron Corporation	 r'.ra

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 I 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
selection 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
cast and cost of electricity. For reference urposes a steam
cycle (3500 psi/1000 F/1000 F (2.41 x 10 7 N/m3/811 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 reference 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
CO2, liquid metal topping, and inert gas MHD — were estimated to
have efficiencies in the 40 to 45 percent range.

The energy conversion systems with capital costs significantly
E

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-
quired longer construction time and were higher in capital cost.

i

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 CO 2 , liquid metal top
topping, and high-temperature fuel cells had a higher cost of elec-
tricity 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.

E
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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 turbine systems), supercritical CO2 cycle,
liquid metal Rankine topping cycles, magnetohydrodynamics (MHD), r	 -
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

i, 	 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 techniques 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.
Estimates 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) i'

Task II	 Conceptual Designs
(Phase TT)

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
supporting z^z , :ncies.	 The NASA Lewis Research Center is responsible
for project management of this study. fpm	 : _ :__

t	 The information presented in this report describes the re-
I	 sults produced in the Task r portion of this study.	 The emphasis.. J
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in this task was placed upon developing an information base upon
wh'Lch comparisons of Advanced Energy Conversion Techniques using

C
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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 investigation. 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
III 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 objective of this sturdy was to produce results which
had a cycle-to-cycle consistency. in order 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 unique 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 final 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-cycle 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 cooling of the gas turbine hot
gas path

with clean and semi--Glean fuels from coal and
integrated low-Btu gasifiers
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3. Closed-Cycle Gas Turbine

- with helium working fluid

- with a variety of direct coal and clean fuel furnaces

- with and without, organic and steam bottoming cycles

4. Supercritical CO2 Cycle

- with basic and recompression cycle variations

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

5. Advanced Steam Cycle

- with both throttle and/or reheat temperatures greater
than present practice (1000 F [811 K])

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

6. Liquid Metal Topping Cycle

- with potassium and cesium as working fluids

- with a variety of direct coal and clean fuel furnaces

7. Open-Cycle MHD

- with direct coast and semi-clean fuel combustion

- with standard steam and gas turbine bottoming

S. Closed-Cycle Inert Gas MHD

- with parallel and topping configuratior_c

- with both direct coal and semi.-clean fuel utilization

9, Closed-Cycle Liquid Metal MHD

- with mixture of liquid sodium and helium as working
fluids

- with standard steam bottoming

- with a variety of direct coal and clean fuel furnaces

10. 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

a
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The subsystene which complete the energy conversion System
©	 are discussed in Volume III of this report. The results as pre-
2 .	 sented in the following sections include the total energy con-
. © \	 version system.	 .	 .
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2.4 CLOSED-CYCLE GAS TURBINE

DESCRIPTION OF CYCLE

The schematic for the closed.-cycle gas turbine is presented
in Figure 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 K) 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 solids. 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/m 2). Blocking helium
coolant 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 design 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

All helium cycles had a compressor inlet flow of 1031 lb/s
(467.6 kg/s) of helium; the compressor discharge pressure in every
case was 1000 psia (6.9 MN/m 2). 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 flow. No
provision was made for this parasitic leakage flow in these evalu-
ations.

YTZ-	 i
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Precooler. Waste heat is rejected from the cycle to cooling
water through the precooler. The precooler is a straight-tube,
axial, counterflow heat exchange.. 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.

3
.

9

Cvcle 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/m2) or less. A single polytropic compressor
efficiency has been assumed for this study. The resulting
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
bled 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 lb/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 enshrouded 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 89.5 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.

f:
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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.

Bottoming Cycle Components

The substitution of steam or organic 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 config-
urations,

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 ^.atio.

The generator was assigned an efficiency 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.

DESIGN 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 1--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 K), 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.

i
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Table 2.4--1

MATERIAL SELECTIONS FOR HELIUM GAS TURBINE
1

Components	 Alloy Selected	 Alternate Alloy

Turbine

Buckets	 M-21 LC	 Rene-100, Mo-T214

Nozzles	 M-21 LC	 IN-713 LC, No- T214

. Wheels N-706 	 A-286, M-152

Casings	 HAST X

Inlet pipe	 IN--713 LC

Exhaust pipe	 ' Cr Mo
r

Canpressor	 I

Rotor blades	 403 SS

Stator: blades	 403 S5
l}}

i r	 ^	 *Wheels	 Ni Cr Mo V	 MS-250
^k

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 K),
in contrast to approximately 120 F (322 K) from other closed-
cycle plants."

RESULTS

The base case results are summarized in detail in Table 	 I
2.4-2.	 The 300 MW generator output was reduced to 276 MW net 	 »k^	 f` r

station output by the auxiliary demands of the furnace, the cool-
ing towers, and the station services. 	 The resulting overall
energy efficiency was 29.5 percent. 	 The plant cost in dollars

^
per kilowatt is high compared with a steam plant, with major com-
onents contributing	 appreciable share of the total. 	 The en--P g an	 PP

vironmental intrusions are comparable to other plants with atmos-•
pheric fluidized bed coal combustion.	 i<

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. 	 These Latter cases proved less eco-
nomic than the base case because of the extension of the site

I
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Table 2.4-2

SUMMARY SHEET
CLOSED-CYCLE GAS TURBINE BASE CASE

PERFORMANCE ANf .0.51

27, lhennodynamk eOEclenr^ uerenni, 364

Almospnrrlc iluldued bed om'rerpiant ep '	 wlrs	 percen t 29 4

I I IIn0l'. No	 b Iverall erleryq eff[rrency (percent 70

Plant	 apital :nit !$ x 06 t 725

1500 Plant capam cost iSlkwei 914

2.5 Cast of eleclricfly f mlllslkWhl 3a 8

0.85
003 NATURAL RESOURC E

0.08733 Coal (WkWhl 1.07
80

Water Igalfk M
Wet cooling tower Total 0.58

Looling 0.58

Processing 0

Makeup u

NO, suppresslpn 0

Stack gas cleanup 0

Land iacresllOU AWle) 12.0

ENVIRONMENTAL INTRUSION

Lb1I06-9tu I.!>rkWh
Input Output

S02	 1.084 1.25 x 10-2
NOx	 0.274 0.32 x 10-2
HC	 --
CO	 0.214 0, 25 x 10-2

i

-E

t`1

CYCLE PARAMFIlk

Net Posner Uutlyu AIM

lurnace and % : uai type

Prime Cycl

Turbine Inlet temperature 10A

Compressor pressure rallo
Recuperator effectiveness

Recuperator pressu re drop (Aplp)

Loop lhplpl

uompressar Inlet Temperaiure IdFI

Heat R o'e^ ction

i'
s_:4 MAJOR COMPONENTCHARACTERISTICS Particulates 0.1OD O.Il x 10-2:

9t1111t1171 t
Unit or Module Heat to 4iater 5962

Size (RI VlofghlIlb)	 Cost Units Total Cost $&W Heat, total recededwastes 6154
Major Component W x L for D) x H) (x 106 1	 1E x 106) ReQuired (5 x 106) Output

Lb^ Lb)Da—Y
Helium turbine -compressor-generalor 16 x 66 x 25 1, 35	 174. 1 14.7 53.3 Wastes

f

s Recuperator 24x 45 x 7 0.2	 0.8 20 l5.0 54.3 Furnace Solids 0.190 1.261 x 106"
Furnace modules 13 x 31. x 198 4.32	 22.6 1.84 41.6 160 Fine dust from cyclones 0.141 D. 936 x 166 f
High-temperature air preheater 30 x 32 x 5 109	 0.12 16,5b 2-0 7.2 Fly ash 0.020 0,132 x 106 t

i
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Parameters C4" 1 . 1 2 1	 3 4 5 0 7 0 0 10 11 12 13 14 151
Power DutpeWiyei 27G 275 270 732 700 171 335 300 452 1105 231 -501 321 303 :+2!

Furnace, Coal, and Conversion Process
-

AFII
III. 00

AFB
N. D.

AFB
Meet

PF
111.13
LEtu

PF
N.D.
Ulu

PF
slant
L 1W

PF
111. 9G
nEtu

Wrta).
111, 13

AFE
1u- 16-

PF
111. 40
ilBtu

AFB
Ill. to

180p.r

I
j!

Prime	 c1e

Turbine Inlet lemperatureOF) 1500 1300 1700

s.a zCompressor pressure ratio 2,5 2.o

Recuperator elfectiveness 0.05--

Recuperatorpressure drop fepfp) a.o^. n.n

LOOP Cpl 0. 01713 g:1g9

Compressor Inlet temperature I oFI Be

Heat rejection Ivcr

PF Air Supply

Excess air (percent) _ -- 19 .10 20 -- -- •- 10 -- -- -

Pressure ratio -- -- -- 10 0 10 -- -- -• 8 -- -- --

Furnace exit temperature 1 00 - - lCoo 1209 IGoo -- 1200 -

Regenerator efficiency -- -- -- etr4m -- 0.08

Bottoming Cycle

Turbine inlet temperature Mi

Superheat to Inlet gas temperature
differenilat (OF)
Boiler pinch point temperature differential (OF)

Heat rejection

T condanse OF)

Actual Powerplant Output IMWe) 776 275 x76 732 789 37L 735 399 552 Iles 231 Ica 727 lnt 26,

Thermodvnamlc Efficiency(oertent)
36.4 36.4 36.4 36.4 36.4 36.4 38.4 3b.4 36,4 36.4 34.5 ?B.% 17.7 11.3 1.

Powerplant Efficiency (percentl 29,5 2B . L 28.6 31,0 31 ,4 31,5 29.2 31,9 29.5 29.6 77.9 30.6 3n.r 7a.0 tn.4

Overall Energy EflIclency f ercenii
29.5 29.1 78,6 31.0 31.4 31.5 14.7 31.8 29.5 29.6 77.9 15., 31.6 7U.0 aP.4

Coal Consumption Bt>f€iiyht 1.07 1.76 1.33 1.02 1.58 I.21 2.15 3,00 3.07 1.07 1.13 7.P3 I .C1 1.13 t.11

Plant Capital Cost 15 million) 725 228 276 587 575 $15 152 300 475 a g og 194 725 734 757 770

Plant Capllal Cost WkWe) B14 829 971 691 729 660 434 793 959 912 939 559 1 1 47 1.7 075

Cost of Electricity. Capacity Factor -0.65
Capital (miH slkWh) 25.7 26.2 ze.o 21.9 23.0 21.t 14.4 23.8 27.2 26.8 26.5 t7.1 31.1 2A,a 27.

Fuel(mlllsAft)
9.0 10.3 10.1 9.4 9.2 9.7 30.4 9.1 9.9 9.0 10.4 79.0 9.5 10.4 ]e.:

hla€nlenance and operating im€llslkWh) 3.2 3.2 9.2 3.3 3.0 30 a.9 3.o 2.2 1.7 3.3 l,r 7,9 3.1 3.41
Totallmills€kivh)

38.4 39.7 390 34,5 15.3 33.6 46.7 35.9 39.2 40.4 40.7 48.1 4..5 49,7 43,3'.

Sensitivity
Capacity factor • 0.5D (total mlllslkWh) 47.4 48.6 49.0 42.0 43.1 41 . a 51.6 44.0 4B 4 O 49.5 49.1 54.0 I,F 49.2 50,6
Capacity factor • O.PD (total millslkWh) 13.3 34,2 33.9 29.0 30.4 29.1 41.6 30.9 33.7 34.6 34.6 .4.6 39.5 35.6 35,4
Capital A • 20 percent ( AmiitsAWhl 5.1 5.2 5.2 4.4 4.6 4.Z 7.9 4.9 5.4 5.8 5.3 ).1 110 50 5.5
Fuel a-20 percent IamillsUhl 2.0 2,1 7.0 1.9 1.9 1.8 A.1 1.0 I.o z.0 7.l S,n l,9 2.l ?'0

Estimated Time for Construction(years) 4 4 4 4 4 4 ] 4 5 6 4 3 4

Est€mated Date oflst Commercial Seryicelear) 1907 1907 1907 1987 1g07 l ge7 1967 1997 I g 67 1997 1985 1999 1c97 1167 LgAT

'Base case --one gas turbine and one bottoming turbine 	 AFB - Atmosphoric fluldizod tied	 I.blu -Low Btu	 PF	 • Pressurized lurnece
where noted, except cases 4 and !B.	 OCT • Dry txtaling lower 	 Mont • Montana	 IFFB)A • Pressurized tlu [dlzed bedI	 s•• nlorcaotM compressor	 HBtu • High Btu	 N.D. -North Dakota	 WCT • Wet cooling tower

111.	 - Illinois



Table 2.4-3

ZIC VARIATIONS FOR TASK I STUDY
.DOSED--CYCLE GAS TURBINE

t0	 - - 17 10 19 20 21 22 23 24 25 20 37 20 20 30 31 32 33 94 35 95 31 90 90 40 43 42 43 44 40 40

240 .250 256 200 Ida 400 207 270 440 '205 107 251 229 277 304 324 '402 441 344 342 940 770 339 340 493 397 911 304 940 200 520

PF
IEI.	 A6

AFn
1it. 05

PF
131. }6
ElntT

AFB
Ill. 46

IIBt.

1700 1350 1500 1700 t00tl

4 49 25s, 2.5 3 2 3 2 2,5 9 2 2.5 3 2.s

O.fla 0.05 0.0 0.05 0.6 0,0 0.15 0.0 0.0 0.0

0,07 5.03

•3250 0.03733 0.1059 0.03739

1y W Ito 0o 0o a0

DOT wcr ncr wcr 13cr wcr 

211 to -

-- -- -- -- SteamOr to

_ •

•'

-- -- -• 430 410 300 410 200 430 400 400 419 561 964 OCO

-- -- •- 99 59 73 51 79 gg 15! 94 60 67

90 50 70 30 50 30

__ .. -- -- -- t9CT 13CT WCT DOT WCT

92 00.1 02 110.1 02

240 7a9 756 Z" 39P 409 261 273 440 205 la7 231 723 217 10. 134 402 441 344 342 740 336 333 140 40A 337 311 304 340 290 528

31,9 37,6 34.4 37.4 30.3 35,0 3S.a 40.3 30,2 35.0 33,0 33,7 37,0 38,1 37.4 37,6 1 q ,6 19,1 44.7 44.4 44,1 44,0 43,3 44,2 42,6 45.7 40,7 39,9 35.9 40.9 37.6

27.3 30.6 27,4 30,5 31.6 24.0 20.6 3Z.6 30.4 24,S 26.4 27.4 79.9 31.1 96.5 Zn19 11,5 11.1 36.0 36.S 36,3 36,2 35.5 3b.4 33.3 37.0 33.3 345 29.5 33,4 30.0

.27,3 30,6 27.6 30,5 31.6 24,0 28,6 32.8 15.3 12.4 Z6.4 27,4 29.9 11.1 3t.5 15.1 15.9 15,7 36.8 36.5 36,3 36.2 35,5 36,4 33.3 37,0 33.3 32,$ 29.5 31.4 30.8

t.16 1.03 1.14 1.04 1.00 1,10 [.it 0,96 2.07 2.56 1.20 1.]5 1,06 1.01 1.64 2,10 1,99 2.02 0.46 0.07 0.07 0.87 0.89 0.07 0.90 0,84 0.95 0.q 7 1.07 0,47 1.03

225 233 230 230 274 341 260 339 239 230 171 216 305, 251 277 758 ZIA 249 326 326 326 323 321 326 352 334 286 208 312 330 429

907 054 ]ge 796 706 612 973 1f4A 531 085 911 061 Ilea q06 310 79T .591 55A 947 q54 960 955 964 957 062 993 924 946 918 104t 013

20/7 2S.4 16.4 25.2 143 76.3 30.5 36.1 16,9 25,S 28,0 27.2 43,2 26.6

• 

A.A 25.2 10,7 17,6 Z9. q 30.2 30.4 10.2 30.5 30.7 27.3 31.4 29.2 29.9 29.0 32.9 25.7

10.6 0.5 10.4 0.5 9.7 l0.] 10.1 5.2 29.2 36.2 11.0 10.6 9.7 9.3 9.5 29.7 2a.2 28.5 7.9 1.9 P.0 a.G 0.2 0.0 8.2 7.7 a.7 6.9 9.8 0.7 9.4

3,e 1.2 1.5 3.1 2.2 ?.I 3.4 1,7 1.5 2.3 4.1 3,2 3.9 3,4 3.2 1,9 1.6 1.5 1.0 $.a 3,0 3.1 3.1 1.0 7.1 3.0 3.3 3.4 2.7 3.4 ],q

42. g 36,1 41.3 37,a 33.7 34.5 44.5 40.4 47,6 6S.9 43,9 41,0 56.6 4t.3 43.5 56,0 4P.5 47.6 40,9 41.1 31.4 41.3 41.8 41.3 37.8 42.1 41.3 42.3 41.6 45.0 37.0

52.6 46.7 51.0 46.2 41,1 47.1 54.0 60.7 53,2 72.2 53.0 50,1 70. q 5A.4 51.1 64.9 4.b S3.4 50.7 51.1 51.4 51.7 51.9 $1.3 46.6 52.4 51.0 52.3 5t,t 55.9 45.3

16,9 37,1 3b.3 32,3 Zq.1 33.2 14.0 40.9 44,1 58,7 37.0 35.3 4A.0 35,1 35.5 51,7 4..7 .4,0 34.7 34.9 35.1 15,1 35,5 35.0 32,7 35.6 33.2 36.0 35.7 18.2 11.9

5.7 5,1 S.T 5.0 4.5 5,3 6.2 7.3 3.4 5.1 5.e 5.4 a.6 5.7 5,a 5,0 3,7 3.5 6.0 6,0 e,l 6.0 6,1 6.1 5,5 6.3 5.e e.0 5.0 6.0 7.1

I,1 1.9 2.l [.4 l,a 2.0 2.0 1.9 5.0 7.2 2,7 2,l t.9 I.q I.q 5.9 5,6 5.T l,b [.6 L6 4.e l.6 l.e 1.6 1.5 1,7 I.B 2.0

4 4 4 4 4 4 4 3 $ 4 4 4 A 4 1 3 f 5 5 S S 5 S 5 S 5 5 5 S 7

14P' la"7 I g 6 7 19A 1 1937 1907 190T 107 1909 1989 19A7 19aS E9A7 I g 67 1417 11.9 1909 14P9 1957 l g a7 19P7 1907 1907 1907 1907 1907 1987 t9B7 1987 198 7 I9a7

'Cuparativa)

1
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Table . 2.4-4 (PagF: I of 5)

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE

CASE NO. 1 2 3 4 5 6 7 0 9 10

MAJOR COMPONENTS
PR IME CYCLE

HELIUM TURB -COMP-GEN HMS 14 . T 14.7 14 .7 14.7 14.7 14.7` 14.7 I4,7 2993 58.6

RECUPERATOR MM5 15.0 15.0 15.0 15,0 15 0 0 15,0 15.0 15.0 30,0 60.0

PRECCOLER HMS 2.3 2.3 2.3 2.3 2.3 2.3 2.3 Zia 4.6 902

BOTTOMING CYCLE

..	 _	 ORGANIC DR . STEAD+ TURB-GEN HH$ 0, 0. 0. 6.2 6 0 2 6:Z 0. 0. 0. 0.

:.	 ORGANIC OR STEW BOILER -	 MMy	 -. ..0.. -0.	 -	 _ 0. -	 0. 0. 0. 0'. _' 00 O. - 0. C

ORGANIC-tONDENSFR 	 _ M14S- 0, 00 0. '0.	 - 0. 0. 0. 0. 0.- 0.
i

.

..	 :.	 ,.'	 PRIMARY HEAT INPUT AND FU &L SYSTEM.	 .. ,.. - - .. ..

-	 FURNACE MOCULES MHg -	 46.0 46.2 46,7 26.6 27.7 25.8 26.0 43.7 91.6 103.3

HIGH TFMP AIR PPFHEATER HMS 2.0 2.5 2.2 0. 0, 0. 0. 0. 4,0 8.1

LOW TEMP AIR PRFHEAT(:R MMS 1.3 I.3 1.3 0. 06 0. 0. 0. 2.6 5.2 -

PRES5UR17ING GAS TURBINE MMS -.0. 0. 0. 37.5 41.8 40.2 10.7 '36 4 8' 0. O.
(COM P-GEN- HEAT EXCH)

- --GASIFIER	 (1NCLUDTNG BOOST MMS 0. 0. -	 0. 137.4 166.7 149,6 0. -00 0. 0.-

J STEAD!' TURB-COMA

.' SUB-TOTAL OF MAJOR COMPONENTS MMS 81.3 81.9 BZ.2 239 .7 274.3 253 . 0 6R.7 112.5 162.2 324.3

BALANCE OF PLANT

- `COOLING TONER WAS 2.3 - 2.3 2.3 2.6 2.6 2.6 2.3 2.3 4.4. 6.6 E	 ":

ALL OTHER MMS 36.7 37.7 36.7 42.2 46.2 36.7 1q.4 46.9 69.4 132.5

SITE LABOR MMS 13.0 13.4 13.0 16.0 17.9 12.4 7.3' 16.4 74.8 '47.6

- SUB-TOTAL - OF BALANCF OF PLANT MNss 52- . 0 53.4 52 .0 60.8 16 . 7 51.7 29 . 0 65.6 90 . 6 188.7

CORTIU.GENCY _	 11WS 26.7 27.1 26.8 60.1 68.2 61,1 19.5 35.6 52.2 102.6 -

ESCALATION COSTS JAMS 31.0. 31.5 31.2 70.0 79.4 71.1 17.7 41 n 5 74.6 176.1

R3TEREST DURTNr CONSTRUCTION MMx 33 . 7 34.2 33 . 9 76.0 86 . 3 77.3 17 . $ 45.1 87.0 216.9

TOTAL CAPITAL CO5T MM T, 224.7 228.1 226.2 506.7 574.8 515.1 152.5 300.2 474.7 1008.7 -

MAJOR COMPONENTS COST S/KNE 294.5 297.9 298.3 327 . 3 347 . 5 329 . 1 204.9 282.3 293.5 293.4 3 ;

_BALANCE OF PLANT S/KWK 180.4 Lg4,3 188.7 63,0 84.5 67,E 86.5 164.6 178.4 170,7 4	 ,.^

CONTINGENCY S/KWE 96.6 9864 97.4 62.1 86.4 79.2 58.3 89. 4 94.4 92.8 ,i	 f

ESCALATION COSTS s/KWF 112.5 114.6 113.4 95.5 100.6 92.3 $2.9 104.0 .135.4 159.3
f^	

-

INTEREST OURINC, COMSTruCTION S/KWE 122.2 124.5 123.2 103 . 8 1 09.3 100.2 52.3 113 . 1 157 ,5 196.2

TOTAL CAPITAL CO5T - S/KWE 614.2 829 . 7 821.1 691.7 728 . 3 668 . 0 454 .9 753.3 859 . 2 412.4 ...
4

IVRO DUCIBU,= OF T UR
(ORWANMIL PAGE ISO FOOR
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Table 2.4-4 (Page 2 of 5)

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE

CASE NO, 11 12 13 14 15 16 17 L8 19 20

MAJOR COMPONENTS

PRIME CYCLE

HELIUM TURB-COMP-GEN MMS• 13.4 160 1299 16.0 14.5 14.2 14. 8 14.4 16.8 21.1

RECUPERATOR MMS 20,0 15.0 37„5 15.5 14.5 13.8 14.4 15.4 12,8 11.0 I

PRECOOLER MMS 2.2 293 202 2.7 203 243 2.3 1.7 1.6 208

BOTTOMING CYCLE

`	 ORGANIC OR STEAM TURK -GEN MMS 0. 0. 0. 0. 0. 0. 0. 0. D. 0.

'.	 ORGANIC DR STEAM BOILER MMS 0. 0. 0. 0, 0. 0. '0. 0. 0 n 0.

.'---	 -	 ORGANIC CONOENSFR MMS 0. 0. 00 0. 0. 0. 0. 00 0. 0.

PRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE 400ULES MMS 31.9 44.8 42.2 55.9 48.7 y9.1 50 .6 48.7 52 . 1 57.4

g	 HIGH TEMP AIP PIEHEATER MMS 0. 0. 2.3 0, 3.5 2.3 2.0 396 1.9 0.
gq
J

[ LOW TEMP AIR PRFHE:ATER MMS 1 . 5 D* 1.0 2 , 1 1.3 1 . 3 1.3 1.3 L.4 109

PRESSURI7ING GAS TURBINE MMS 0. 6.1 0. 0. 0. 0. 0. 0, 0, 0.
(COMP«GEN-HFAT EXCHI

` GASIFIER [INCLUDING BOOST MMS 0. 0. 0. 0. 0. 0. 0. 0. 0'i 0.
STEAM TURD-COMP

SUB-TOTAL OF MA•1DR COMPONENTS- MMS 69,0 84.8 98.1- 92.2 84.6 83.0 85.5 85.1 86.6 94.2 -	 -	 -

BALANCE OF PLANT

COOLING TOWFR fins 2.0 2.6 1.8 2.7 2.3 2.2 2.3 2.3 2.4 3.0
y

- ALL OTHER HNS 32.5 42.0 -	 28.6 42.4 36.2 35.7 .37.1 36.2 3B.4 48.1
f

SITE LABOR HMS 11.5 14.9 10.1 15.0 12.6 12.6 13.1 120 13.6 17.0

5UB_TOTAL OF BBLANCF nF PLANT MMS 46.0 59.5 40.6 60.1 51 . 3 50.6 52 . 5 51.3 54 . 5 68.2

CONTINGENCY MNS 23.0 28.9 27.7 30.5 27.2 26.7 27.6 27.3 28.2 32.5

ESCALATION COSTS MRS 26.8 26.2 32.3 35.5 31.7 31.1 32.1 31.8 32.8 37.8 -	 -

INTEREST DURING CON5TPUCTION MMS 29 .125.9 35 . 1 38.! 34 . 4 33.8 34 .9 34.5 35 .7 41.1

TOTAL CAPITAL COST MMS 193.9 225.2 233.9 256.7 229.2 225.2 732.6 230.0 237.8 273.7 «^

NAjOR COMPONENTS COST S mE 296.6 210.4 439.7 304.5 322.8 334.4 295.7 332.0 290.2 243.0

BALANCE OF PLANT S /XWE 199.3 147.7 181.8 198 . 5 195 . 6 203.9 181.8 200 . 0 182.5 175 . 8

-	 - CONTINGENCY S/KWE 99.6 71.6 124.3 100.6 103.7 107.7 95.5 106.4 94.5 83.8

ESCALATION COSTS S/rWE 115.9 65.0 144.7 117,1 120.7 125.3 111.2 123.9 110.1 97.5
s

INTEREST DURING CrFFSTR [tCTIDN S/KWE 126 . 0 64.3 157 . 2 127.2 131 . 2 136.2 120 . 8 134 . 6 119 . 6 106.0
E

TOTAL CAPITAL [OS7 S/KWE 839.4 559.0 1047.7 847.9 874.0 907.5 805.0 896.9 796.8 706.1

_	
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MAJOR COMPONENTS

PRIME CYCLE.

HELIUM TURB-COMP-GEN MKS 25x9 14.6 14.7 17.0 14.3 11.8 14.6 12.9 14.7. 16.0

RECUPERATOR MMS 33,7 14.9 74&0 13.0 27.9 15.1 25.0 76.8 2980 33.0

PRECOOLER MKS 3.4 2.6 262 2.7 2.3 2.1 206 281 2.2 206

BOTTOMING CYCLE i

ORGANIC OR STEAM TURB.GEN HMS 00 0. 9. 0. 0. 0. 0• 09 0 n 0.

ORGANIC OR STEAM BOILER MKS co 0..' 0. O. 0. 0. 0._ 0. 0. 0.

ORGANIC CONDENSER HAS Of 00 0. 0. 0. 0. 0. 00 00 0. j

PRIMARY HEAT INPUT AND FUEL SYSTEM #E

FURNACE MODULES HKS 570 47.2 48.0 46.2 44,7 30.3 33.6 44.4 49.3 52.5

i HIGH TEMP AIR PREHEATER HMS 0. 2.9 2.3 0. 0. 1.5 0. 205 3.0 3.3

LOW TEMP AIR PREHEATER MRS. 202 103 1.2 0. 0. 1.0 1.4 1.0 1.2 1.4 j

PRESSURI7ING GAS TURBINE HMS 0. 0, of 609 504 0. 0. 0. °0. 0. ip

-....i	 (COMP-GEN.HFAT EXCH)

9i GASIFIER (INCLUDING BOOST MMS 0. 0. of 0. 00 0. 0. 0. 0. D. 1
1	 STEAM TURB•COMP

^'	 t

1JII

	 SUB-TOTAL OF MAJOR COHPONENTS MNS 123.1 03.5 142.3 86.6 44.6 61.8 77.2 139.7 99.4 . 108.8

I	 BALANCE OF PLANT

COOLING TOWER MMS 3.S 9.2 2.1 3.0 2.3 1.7 2.2 I.B 2.2 2.5

ALL OTHER MMS 55.8 43.2 33.2 47.1 37.1 27.9 35.8 29.3 35.0 39.2

SITE LABOR MKS 1908 1800 11.8 16.7 13.2 9.9 I2.7 10.4 12.4 13.9

SUB-TOTAL OF BALANCF RF PLANT MMS 79.1 -	 70.4 47.1 66 n 7 52.6 39.5 50.8 4I.5 49.3 55.5

CONTINGENCY MMS 40.4 30.8 37.9 30.7 29.5 20.3 25.6 36.2 29.8 32.9

ESCALATION COSTS MKS 47.1 35.8 44.1 27.8 26.7 23.6 29.8 42.2 34.7 38.3

INTEREST DURING CONSTRUCTION HKS 51.2. 38.9 47.9 27.5 1 26,4 25.6 92. 4 ' 45.8 37.7 41.6

TOTAL CAPITAL COST MHS 340.9 259.5 319.9 239.3 229.9 170.9 215.8 305.4 251.1 277.1 r
r;

MAJOR COMPONENT5 COST S/KWE 300.8 313.2 511.7 .193.1 331.7 329.7 308.3 625.8 358.8 357.6

BALANCE OF PLANT S/KWE .193.1 264.I 1694 3 -146.9 184.3 210.8 202.7 185.7 178.8-182.4
5

CONTINGENCY S/KWE 98.8 115.5 136.2 60.4 103,2 108.1 IO2.2 162.3 107.5 108.0.!,

ESCALATION COSTS S/KWE 115.0 .134.4 158.6 62.1 93..7 125.9 I19.0 189,0 125.2 125.T' i

INTEREST DURING CONSTRUCTION g/KWE 125.0 146.0 172.3 61.4 92.6 136.8 129.3 205.3 136.0 136.6 } 1

TOTAL CAPITAL COST s/KWE 832,6 973.2 1148.1 533.9 805•5 911.4 861.4 1368.1 906.3 910.4

t
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Table 2.4-4 (Page 4 of 5)

CAPITA, COST DISTRIBUTIONS FOR CLOSED-CYCLE GAS TURBINE

CASE W. 31 32 33 34 35 36 37 38 39 40 1
MAJOR COMPONENTS

PRIM£ CYCLE

HELIUM TURB-COMP-GEN MMS 14.3 160 17.0 14.7 14.7 14.7 14.7 14.7 14.7 14.7

RECUPERATOR M4% 50.0 24.0 21.6 15.0 I5.0 15.0 15.0 15.0 15.0 2.0

PRECOOLER MNS 2.7 2.3 2.B 1.9 1.9 1.9 1.9 2.0 1.9 1.9

BOTTOMING CYCLE {

ORGANIC OR STEAM TURB.GEN MMS 0. 0. 0. 2.1 2.1 2.0 2.0 I.8 2.0 3.3 - -	 -	 -

ORGANIC OR STFAV BOILER WAS 0. 0. 0. 6.0 6.0 6.0 5.0 4.0 6.0 '2.0 -

ORGANICCONDENSFR MM5 0. 0. 0. 7.2 7.2 7.3 6.8 6.4 7.1 9.1

PRIMARY HEAT INPUT AND FUEL SYSTEM - -

FURNACE MODULES H45	 - 44.8 46.0 46.1 46.0 46.0 46.0 46.0 46.0 46.0 56.7

HIGH TFMP AIR PRFHEATER MMe 0. 8 0. 2.9 2.9 2.9 ?.9 2.9 2.9 0.

LOW TEMP AIR PRFHEATER MN5 0. 0. 0. 1.3 1.3 1.3 1., 1.3 1.3 2.0

PRESSURI7I h G GAF TURBINE MMS 5.0 5.9 6.7 0. 0. 0. r. 0. 0. 0.
(COMP-GEN-HEAT EXCHI .a

GASIFIFR	 0 NCLU0TNG BOOST MMS 0. 0. 0. 0. 0. 0. D. 0. D. 0.
STE0 TURB-CONP

SUB-TOTAL OF M4JOP COMPONENTS M14S 116.4 94.5 94.9 97.0 97.1 97.1 95.5 94.0 96.9 91.1

BALANCE OF PLANT

COOLING TOWFR 6145 2.2 2.6 2.4 4.0 4.0 4.0 4.0 4.1 4.0 5.5

ALL OTHER	 -	 - MM$ 34.6 --	 40.7 45.8 54.9 54.9 55.0 54.9 54.9 54.9 67.4

SITE LABOR mus 12.2 14.4 16.2 23.2 23.2 23.2 24.2 23.2 23.2 2B.6 -

SUB-T07AL OF BALANCE PF PLANT MMS 49.0 57.7 64.9 82.1 82.1 82.2 87.1 82.2 82.1 101.5 -

CONTINGENCY MISS 33.1 30.4 32.0 35.A 35.8 35.9 35.5 35.2 35.0 38.6

E5CALATION COSTS 144$ 30.0 27.6 29.0 51.4 51.4 51.4 5 ► .0 50.5 51.3 55.4

INTEREST TURI NG CONSTRUCTION MMS 29.7 27.3 28.7 59.6 59.8 '59.8 59. 3 58.0 59.7 64.5

TOTAL CAPITAL COST HAAS 259.1 237.6 249.5 326.2	 . 326.2 326.3 323.4 320.8 325.9 351.7 ttF

MAJOR COMPONENTS COST V KWE 359.5 235.3 212.4 2DL.8 ZB3.9 285.8 282.3 282.8 284.6 224.9

OALANCE OF PL ANT 5/KWE 151.3 143.7 145.3 236.5 240.2 241.8 242.6 247.1 241.3 249.0

CONTINGENCY 5/KWF, 102.2 75.B 71.5 104.1 1 04.8 105.5 105.0 106.0 105.2 94,9

ESCALATION COSTS S/KWE -92.7 68.8 - 64.9 149.2 150.3 151.3 150.6 152.0 15O.B 135.9 -n..

INTEREST DURING CONSTRUCTION 5/KWF '91.7 68.0 64,2 173.6 174.9 176.0 175.1 176.0 175.5 150.1 .,.
.1

TOTAL CAPITAL COST S/KWE 797.4 591.6 558.3 947.2 954.0 960.5 955.6 964.6 957.4 662.7

y

P
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TaLla 2.4--4 (Page 5 of 5)

i CAPITAL COST DISTRIBUTIONS FOR CLOSES] -CYCLE GAS TURBINE

CASE NO. 41 42 43 44 45 46

NAJDR COMPONENTS

PRIME CYCLE

_ HELIUM TURFS-COMP-GEN MSSs 14.7 140 147 14.7 14#7 1407 fj
RECUPERATOR MMS 24.0 15.0 15 1 0 2,0 XRrB 0, t,

i PRECDOLER HMS 109 2.6 206 2.6 2.6 2.6

BOTTOMING CYCLF

ORGANIC OR STEAM TURB.GEN MMS 1.9 388 205 5.0 205 I404
a

QRGANIG DR STEAM BOILE R MN5 4.0 3.5 305 4.1 306 10.7 _

ORGANIC CDHDENSFR MRS 02 D. On 0, D. 0..

PRIMARY HEAT INPUT AND FUEL SYMLt

FURNACE NODULES 94% 490 46.0 46.0 56.7 490 6307

HIGH TEMP AIR, PRFHEATER MN$ 3,0 209 269 08 $00 0,

LOW TEMP AIP PRFHEATER MM4 192 183 10 200 102 204

PRESSURI7ING GAS TURBINE MMS 00 at D. 0. on 00
(CDMP•GEN.HEAT £XCHI

{
GASTFIER {INCLUDING BOOST MMS of D. at 00 O# as

STEAM TURB.COMP

}
SUA.TOTAL OF MAJOR COMPONENTS Mils 10560 x908 61.3 87 0 1. 1.05#7 106,4

BALANCE OF PLANT

COOLING TOWFR MHS 4*4 209 406 30 201 1.1

ALL OTHER HMS 5202 47 0 6 4703 $a,7 45.4 1608

SITE LABOR MMS 2201 1708 1701 21.9 1700 32.6

SUBTOTAL OF.DALANCE DF PLANT MHS 78.0 68.3 69.1 14.4 . 64.9 12704

CONTINGENCY MWS 3607 11..6 31.6 34#3 340 47.2

ESCALATION COSTS MMS 5207 40.4 43.4 49,2 48.9 6746

INTEREST DURIN 	 'ONSTPUCTION MRS 61,3 52.11 12,8 57,2 5 6.9' 71.7.

TOTAL CAPITAL COST. HMI $34.4 217.9 281.1 31.2.1. 310.5 429.3 a'

.MAJOR COMPONENTS COST s/KWE 311.7 288,3 290,E 256 0 1 354.5 205.4

BALANCE OF PLANT S/KWE 233#8 2L9j4 229,2 248,2 217# 5 241.4

i CONTINGENCY S/KWE 109,L 10105 104.0 1013.9 114.4 a9 n4
t

ESCALATION COSTS S/KWE 156.5 145.6 L4901 144.6 1 64.1 121.2

INTEREST DURING CONSTRUCTION SAWE 1120 169.4 1.73.5 161 4 3 190 n 9 149.1

TOTAL CAPITAL CDST S/KW£ 993e1 92402 94607 918.1 104 1..9 1135

IA:?Ilr
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2

300.0

0,

0.

4.4

1901

1.5

275.0

22

362.4

0.

46,9

4.3

0.

2.1

402.9

3

300.0

0.

0.

4.4

18.6

1.5

275.5

13

242.8

0.

0.

4.2

14.2

1.2

223.2

6

300.0

0.

479.8

4.B

0,

3.9

771.1

16

271.6

0.

0.

4.4

17,7

1.4

248.2

7

300.0

0.

41.1

4.1

0.

1.8

335.2

17

3s*.z

0.

0.

4.4

18.3

1.6

289.0

CASE }10.	 1

PRIME CYCLE POWER OUTPUT 	 Mw 300.0

BOTTOMING CYCLE POWER OUTPUT 	 MW	 00

FURNACE POWER OUTPUT	 MW	 0.

BALANCE OF PLANT AUX. POWER REO , D. MW	 4.4

FURNACE AUX. POWER REOVD.	 MW	 1002

TRANSFORMER LOSSES	 14W	 1.5

NET STATION OUTPUT	 Mw 276.0
1

CASE 1.0.	 II

PRIME CYCLE POWER OUTPUT 	 Mw 252.5

BOTTOMING CYCLE POWER OUTPUT	 Mw	 0.

	

I	
FURNACE POWER OUTPUT	 Mw	 0.

	

"? t	 BALANCE OF PLANT AUX. POWER RE0 9 D. MW	 4.2

FURNACE AUX. POWER REO , O.	 MW	 16.1

	

1	 TRANSFORMER LOSSES	 Mw	 I.3

NET STATION OUTPUT	 Mw 23140

	

4	 5

300.0 300.0

	

0,	 0.

441.1 498.0

	

4.9	 4.0

	

0.	 0.

	

3.7	 4.0

732.5 789.2

	

14	 15

329.9 285.9

	

0.	 0.

	

0.	 0.

	

4.5	 4.4

	

21,0	 17.9

	

1.6	 1.4

302.7 262.2

	

8	 9	 10

300.0 6000 1200.0

	

0.	 0.	 0.

	

110.7	 0.	 00

	

4.4	 842	 15,9

	

5.8	 36.3	 72,6

	

2.1	 3.0	 6.0

398.5 552.5 1105.5

	

IO	 19	 20

200.2 323.4 418,4

	

0.	 0.	 0,

	

0.	 0.	 0.

	

4.4	 4.4	 4.9

	

18,0	 19,0	 23.8

	

1.4	 1.6	 2.1

256.4 290.4 387.6

CASE NO.	 21	 22	 23	 24	 25	 26	 27	 28	 29	 30

PRIME CYCLE POWER OUTPUT 	 MW 444.6 294.4 300.0 402.6 290.9 206.3 274.1 24Z.8 300.0 329.9

BOTTOMING CYCLE POWER OUTPUT	 MW	 0.	 0.	 0.	 0.	 0.	 0.	 0.	 0.	 0.	 0.

FURNACE POWER OUTPUT	 MW	 0.	 co	 0.	 52.5	 0.	 0.	 0.	 0.	 0.	 0.

BALANCE OF PLANT AUX. POWER REw D. MW 	 5.4	 8.2	 4.0	 4.4	 4.1	 4.0	 4.5	 3.8	 4.2	 4.5

FURNACE AUX. POWER REO O D.	 Mw	 27,6	 18.0	 16.4	 0.	 0.	 13.B	 17.7	 14.5	 17.3	 19.4

TRANSFORMER LOSSES	 MW	 2.2	 1.5	 1.5	 2.4	 1.5	 1.0	 1.4	 1.2	 1.5	 1.6

NET STATION OUTPUT	 MW 409.4 266.7 278.1 448.3 285.3 187.5 250.5 223.3 277.0 304.3

kl	 '^

I'REP RODUOIB31ITY Or THE
,0RIONAL WAGE 13 FQW41,
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Table 2.4-5 (Pc.ge 2 Of 2)

POWER OUTPUT AND AUXILIARY POWER DEMAND-.
FOR BASE CASE AND PARAMETRIC VARIATIONS:

CLOSED-CYCLE GAS TURBINE

CASE N0, 31 32 33 34 35 36 37 38 39 40

PRIME CYCLE POWER OUTPUT	 MW 290,9 362.4 402,6 300,0 300.0 300,0 300.0 300.0 300.0 300,0

BOTTOMING CYCLE POWER OUTPUT	 MW 00 Of 0. 68.1 63. 7 63.5 62.2 56.4 64.1 136.8
r	 .

FURNACE POWER OUTPUT	 MW 38.5 45.5 51.1 0, 00 0, 0. 0. 0. 0.

BALANCE OF PLANT AUX. POWER RE0v0. 	 MW 3.9 4.1 4.4 3.7 3.7 3.7 3.7 3.7 3.7 4.6

FURNACE AUX. POWER REO•O,	 MW 0. 0. 0, 18.2 18.2 18.2 18.2 18.2 18.2 22.4

•	 TRANSFORMER LOSSES	 MW 1.7 201 2.4 1.8 1.8 1.8 1.8 1.9 1.0 2.2 1

"	 NET STATION OUTPUT 	 MW
_

32368 401.7 446.9 344.3 341.9 339.8 338.5 332.6 340,4 407.7

t

CASE '10 6 41 42 43 44 45 46

PRIME CYCLE POWER OUTPUT 	 MW 300,0 30060 30060 30060 300.0 300.0

BOTTOMING CYCLE POWER OUTPUT	 MW 59.5 3565 28.9 68.6 21.0 268.0

FURNACE POWER OUTPUT	 MW 0. Oa 0, 0. Of 0.

i'	 BALANCE OF PLANT AUX. POWER REO I O.	 MW 3.6 4.1 4.7 4.4 3.9 4.1

FURNACE AUX. POWER RE060. 	 MW 17.3 18.2 18.2 22,4 17.3 33.3

f	 TRANSFORMER LOSSES 	 MW 1.9 107 1.7 148 106 2.8

NET STATION OUTPUT	 MW 336.7 311.5 304.3 339,9 298.2 527.8

l
I

j	 4
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187 - 1105

Base road
Illinois #6
	

N. Dakota, Montana

Atmospheric
fluidized
bed

Pressurized
fluidized bed

High Btu
Low Btu-Integrated

2.5
	

2,3

construction tune. 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 flo,.a of
1031 lb/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 shows the several categories of
patterns within these selections.

Table 2.4-6

CLOSED-CYCLE GAS TURBINE RANGE OF PARAMETRIC VARIATIONS

Q17tM -cm P= VAMM -PrM	 I Base Case	 I	 Variations

Plant Variables

Power output (MW)
Application
Coal types

Coal Conversion

Direct combustion:

I I
Pressure--fired gas:

Helium Cycle

Compressor pressure ratio

Intercooled --- 2. 5, 4, 6.25
Compressor inlet
temperature ( IF) 50 60,88,110 4

Recuperator effectiveness 85% 0%,60%,90%,95%
E

Recuperator pressure loss 3% 5%,7b

Bottoming Cycle

Organic fluid tempera-
ture	 (°F) ---- 390 - 460
Steam temperature (°F) — 384 - 900 1

I	 .?
Heat Rejection

Type cooling tower Wet Dry

21
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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 comtustion
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

Y

Case	 Configuration*

Production
Cost

(mills/kWh)

Plant
Cost
($/kW)

Plant
Output
(MW)

Thermo-
dynamic
Effi-
ciency
M

Over--
all

Effi-
ciency
M

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 bottom- 37.0 813 528 37.6 30.8
ing, no re-
cuperator

8	 Pressurized :15.9 753 398 36.4 31.8
fluidized bed,
recuperative

4	 Pressurized 34.5 691 732 36.4 31.0
furnace, LBtu,
:integrated

20	 Intercooled com 33.7 706 388 38.3 31.6
pressor, 4 pres-
sure ratio

I

*All at 1500 F, 2.5 pressure ratio, Illinois #6 coal, atmosphericw,
fluidized bed except as noted 	 "-

22
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Cycles 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

1 .w

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

1.
Recuperator Effi- Recuperator Effi- 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/kWh,	 (mills/kWh,

	

Pressure overall effi- 	 overall effi-	 overall effi-
Ratio	 ciency, case)	 ciency, case)	 ciency, case)

2	 43.9,26.4%,No.26	 46.5,10.6%,No.13	 56.8,29.9%,No.28

2.5	 40.2,27.9%,No.11	 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 33.7,31.6%,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.

r
Table 2.4-9

CLOSED--CYCLE GAS TURBINES WITH PRESSURE FIRED
HIGH-BTU HEAT SOURCES

Recuperator Effi- Recuperator Effi- Recuperator Effi-
ciency 85% ciency 85% ciency 90%

Turbine Temper- Turbine Temper- Turbine.Temper-
ature 1500 F ature 1700 F ature 1700 F

(mills/kWh, (mills/kWh, (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

W a

Sensitivity to variables. Many cases were evaluated to de-
termine t e 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 4

MW of the base case at 1500 F (1189 K), 2.5 pressure ratio with
atmospheric fluidized bed heat source.

:I
Table 2.4--10

SENSITIVITY TO VARIATIONS FROM THE BASE CASE

Variations from	 Effect of Variations (mills/kWh)Base Case

1350 F	 Adds 1.4 over 1500 F

Pressurized furnace, 	 Adds 7.9 over AFB {
HB to i
Pressurized furnace,	 Reduces 4.3 over AFB
LB to
Pressurized fluidized	 Reduces 2.9 over AFB	 j
bed with recuperator

Dry cooling tower	 Adds 5.7 over wet cooling tower	 3i
Recuperator 90%	 Adds 2.5 over 85% effective recuperator

-	 effectiveness

Recuperator 5% pres- 	 Adds 2.5 over 3 percent pressure loss 	 {
sure loss	 recuperator

Organic bottoming	 Reduces 1.0 over base; adds 132 MW over
base

Steam bottoming	 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 	 ' r
were lowest for helium closed--cycle gas turbines with 1500 F
(1189 K) turbine inlet.	 ? r

24
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2.5 SUPERCRITICAL C0;2 ' CYCLE

DESCRIPTION OF CYCLE

The supercritical CO2 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 (1€00 F [1033 K1
to 1500 F (1089 K3)as compared with closed cycles in
present-day utility service.

CO2 is most attractive working fluid because of its relatively
low critical pressure (1070 psia [7.38 MN/m2 ]), its availability,

f	
and its heat transfer and thermodynamic attributes. The pressure

!	 level at all points in this cycle is above the critical pressure,
thus precluding condensation.

k The regenerator exchanges heat between the high-temperature
fluid exhausting from the turbine and the high-pressure fluid en
route to the primary heater. The heat transferred in the regen-
erator is approximately twice that of the primary heater, and its

j 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

i	 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 CO2 gas turbine cycle has the advantage
over the other closed gas turbine cycles of having a fluid den-
sity entering the compressor that is quite high, about three-
quarters that of water. Thus the work of compression is only 20

F	 percent of the total turbine output work, as compared with ap-
proximately 50 percent in other closed gas turbine cycles. This 	 i
makes the cycle less sensitive to compressor efficiency.

f
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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 fluid 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. In this system, only the regen-
erator, at modest temperature levels, would be exposed to the
extreme fluid pressure. 1

f .;
tl

t1

The characteristic of sensible heat reiection from the cycle
establishes a good match with a dry cooling tower. However, un-
like the s liandard Brayton cycle, the low temperature exiting the
"pump" pez , Ls 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
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' Figure 2.5-1.	 Supercritical CO2 Cycle r
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in a pump. This configuration provides for a flow 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/m 2 ), turbine outlet pres-
sure 1400 psi (9.67 MN/m2). Parametric variations were selected
frown 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
CO2 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 K)
matches the lowest temperature at which this cycle Ls 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 AP/P
in the recuperator. This was done in order to develop a background

t	 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.

^r
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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 CO2 cycle is obtained by
making appropriate modifications to the ideal thermodynamic cycle

28
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to permit inclusion of component efficiencies and parasitic
losses. The nonreversible processes which are introduced into
the calculation include:

s Turboequipment inefficiency

i	 a Seal leakage
Realistic approach temperatures in heat exchangers

o Pressure drops in flow lines
f

® Mechanical and bearing losses

With input values 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 based upon updated properties for super-
critical CO 2 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. This 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 flow
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 this study was a shell and tube desican. The
calculation procedure was to segment the heat exchanger aAld per-
form a stepwise calculation through the heat exchanger utilizing

t	 a log mean temperature difference approach. This segmented model
permitted proper assessment of the changing property values
throughout the heat exchanger. The heat transfer coefficient was
calculated by a standard equation for forced convection heat trans-

d

3

s.

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.
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A major design criterion for tube size was the stress 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 cycles. The .initial
design of the recuperator was established by the Advocate Team.
The mechanical design portion of their 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 final 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 employed for the base case
are presented in Table 2.5-1.

Table 2.5-1

PARAMETERS FOR BASE CASE

Pump Inlet Temperature-80 F

Turbine Inlet Temperature-1350 F
Pump Inlet Pressure-1330 Asia
Pump Discharge Pre5sure-3842 psis
Pressure Losses (total)-120 psi

Recuperator Minimum Stream Temperature Difference-20 F
Internal Turbine Leakage as a Percentage

of the Turbine Flow-2%
Generator Efficiency-984

Power Turbine Mechanical Efficiency-98b	
f,.

Power Turbine Efficiency-904 	 y i^
Pump Drive Turbine Efficiency---90%
Puap Efficiency-901
Compressor Efficiency--874
Overall Conversion System Thermal Losses as.,

a Percentage of Net Electrical Output-0.1%	 f'

DESIGN AND COST BASIS

Turboequipment

The high initial and exhaust g	 pressure of the CO2 turbine re- 	 .<..^.
salts in a compact turbine design with relatively few, but ex-
tremely heavily loaded, stages. The small energy range and high
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working fluid density 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.

- 1

	

	 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 CO2 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 K) turbine inlet temperature.

Pump Drive Turbine. This unit could probabl •  be confiqured
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
requirement 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

.. 4

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 10 6 N/m2 ) over the operating pressure. 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 14-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 flow distribution and tube
supports. A fouling factor of 0.0003 F ft 2 hr/Btu (5.29 x 10-5
m2 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 EXCHANGER MATERIALS

Approximate Fabricated
Heat Exchange

Tube Temperature	 Surface Costs ($/ft2)

Tt < 800 F Carbon Steel 30
800 < Tt < 1100 stainless Steel 200
Tt ? 1100 Inconel 300

In order to reduce the cost of the high-temperature recuper-
ator, a series arrangement was employed. This permits a high-
temperature unit to be designed at approximately $200/ft 2 * ($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 exchanger
cost of approximately $115/ft 2 ($1238/m2).

Precoolers. The precooler design was a water--to-CO2 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--emperature range for heat rejection will permit the utiliza-
tion of 90/10 copper nickel at a fabrication cost of $30/ft2
($323/m 2 ) .

*Square foot of heat transfer area.
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Furnace—Primary Heat Input Heat Excha nger. As with all
closed-cycle concepts this unit was designed and coated by Fos-
ter Wheeler Energy Corporation. The base case employed an atmos-
pheric fluidized bed with heals exchange occurring both within the
bed and in the convective space above the bed.

As a result cf the high temperature of the working fluid en-
tering the furnace, the combustion gas temperature exiting the
furnace was approximately 1100 F (666.5 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 10 6 . 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 CO2 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 values 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 CO2 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 -afficiency of 48 to 50 percent was reduced to the
40 percent level when power plant losses were accounted for, e.g.,
furnace stack losses, and furnace and balance of plant auxiliary
electrical requirements. 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

SUMMARY SHEET
SUPERCRITICAL, CO 2 CYCLE }SASE CASE

CYCLE PARANVER FERFOWANCE AND COSI

Net Power Output IMWO 565 Thermodynamic ellictenr/ Ipercentl 48

Furnace and Coal .!^Ee Atmospheric fluidized bed
Pawerplani efficiency Ipercentl 40

Illinois No. 6 Overall energy efficiency ipercenU 40

Plant capital cost is x 1065 1072
Prime Cycle

Turbine inlet temperature I ON 13.0
Plant cepital crist 141kWei 1894

Camp ressorpre55ure ratio 2.7
Cast of electricity 1 millslkWhl 69-3

Recuperator pressu re drop lAolpl 0.05

Primary heal exchanger4 fpsil 30 NATURA! RESOURCES

PrOCCalerAp ipsif 12 Coal tlbfk4'Ihl 0.79
Pump flow Traction 0.7

Compressor inlet temperature IeFI so
Water IgalfkWh l

Recuperator minimum temperature dilferencei oF1 20 Total 0.44

Turbine efficiency 0 9
Cooling 0.44

Processing
Heal Rejection Wet cooling tower Makeup

NO, supprels;nn

Sack gas cleanup

Land Iacres110D Wml	 7.0

TNVIRO.W7JENTAL INTRUSION

	LWID 6-0lu	 LWkWh

	

_LFOLL 	Output

MAJOR COh1PONENT CHARACTERISTICS 	 502	 1.09	 8.43 x 10"3

NOx	 0.27	 2.26 x 10-3
Unit or Module	 HC

Size ifil	 Weight Ilbi	 051	 Upils	 Total Cost	 fikW	 CO	 021	 r 77 x 1n-3
3major Component 	 rW x L for Dl x HI	 Ix 106 1	 Is x 1061 Required	 is x 106! Output

Particulates	 0.1
Prime a le

CO2lurbine -generalor 60 x 15 1. 6 1310 1.0 1310 228 Heal to water
CO21urbinedrive -pump - compressor 216 1.0 20.6 36 Heal. total rejected
Wgh-lemperature recuperator 14. 34,4 0 17 .0 160 . 0 I66.4 294 L4fk4r1h
LaH-Iemperalure recuperalor 23 , 42 . 7 0.30 L 1 32.0 36 0 63 Wastes --

PrlmaraHeat Input System Furnace solids 0.143

Furnace module 12 x 30x 140 3.5 18 . 89 2.8 53 . 0 93 Fine dust from cyctones 0.108

High-temperature air prehealer 30 x 58 x 7 0.26 0. 36 19.6 7 . 1 12 Fly ash 0.015

1.11103y

1.95 x 196

1.46 x 106

0.02 x 106

r	 s	 r	
-	 -
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Parameters Casa 1° 2 3 4 5 6

Power Output (MWO 566 1132 585 563 750 1261 1'a°

Furnace, Coal, and Conversion P_ r_oce_ss_ AF13
111, 16

Ar33
Ntont

Al a
NJ),

(1 FIfl,
111,	 ♦6

PF
lit,	 •6
1.33(8

F;
51+
L3:.t

Prime Cycle

Turbine inlet temperature toF) 1350

Compressor pressure ratio 2.7

Recuperator pressure drop (Aplp) o. os

Primary heat exchanger Op psi) 0

Precooler (Op psi) 12

Pump flow fraction 0.7

Compressor inlet temperature ifor performance
variations) (OF)

8a

Change In heat Input heat exchanger design - -

Heat rejection WCr

Recuperator minimum temperature difference ( O F) 20

Turbine efficlency 0, 0

PF Air Supply

Excess air (percent) 20 1E

Pressure ratio 10

1800Turbine Inlet temperature (oF) -- Ilion

Regenerator efficiency 0.85 9t^am

Actual Powerplant Output (MWei 566 1132 565 563 750 1261 1.A2

Thermodynamic Efficiency (percent) 47.7 47.7 47.7 47.7 47.7 47.7 47.

PowrglantEfficiency (percent) 40.0 40.0 30.5 35.7 39.2 35.0 35.

Overall Energy Efficiency (percent) 4(1.0 40.0 38.5 35.7 39.2 35.0 39.

Coal Consumption (IblkWh) 0.7q 0.7 q 0.99 1.39 0.81 0.90 1.4

Plant Capital Cost (S million) 1073 2318 1078 1093 1135 1566 161

Plant Capital Cost (SlkWe) 1896 2048 1908 1943 1513 1241 172

Cost of Electricity, Capacity Factor - 0.65

Capital imillsikWh) 60.0 64.8 60.3 61.4 47.8 39.2 3p.

Fuel (millslk 0y h) 7.3 7. 3 7.5 8.1 7.4 8.3 n.

Maintenance and operating imillsfkWh) 2.2 2.a 2.2 2.2 2.0 2.9 a_

Total (millslkWh) 69.4 74.0 70.0 71.8 57.3 50.4 49.

Sensitivity
Capacity factor - 0.50 itotal mil islkWh) n8.0 94.1 89.8 90.9 72.2 63.0 67:
Capacity factor = 0, 80 (total mil IslkWh) 57.7 61.5 58.3 59. q 41.9 42.5 47.1

CapitalA=20 percent (Am€IlslkWh) 12.0 13.0 12.1 12.3 9.6 7.0

Fuel(= 20 percent (A mil islkWh) 1.5 1.5 1.9 1.6 1.5 1.7 7'1

1

1.

Estimated Time for Construction i ears) 5 6 5 5 5 5 g

Est 'imat 	 Date of 1st Commercial Service (year) 1995 1995 1995 1995 1995 1995 1995

*Base case	 AFB - Atmospheric fluidized bed 	 Mor,:	 Montana
-Performance only	 OCT = Dry coaling tower	 N. D.	 North Dakota

HBtu - High Btu	 PF	 ^ Pressurized furnace
Ill.	 - Illinois	 f PFB) . Pressurized fluidized bed (recl
LBtu = Law Btu	 WCT R = Wet cooling lower



Table 2.5-4  Gl	
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PARAMETRIC VARIATIONS FOR TASK I STUDY
SUPERCRITICAL CO2 CYCLE

B p	 1 10 11 12 13 14 15 16 1-1	 1 1t1 I9 20 21 22	 1 23 24 25 25 27 28" 211" 30 31 32

.-1348 760 554 564 566 $05 565 563 556 565 506 505_ 56B 5G6 565 5G5 566 563 503 581 506 566 565 565 563

pp FP AFB
1.P. [It,	 15 Ill,	 46

LEE 1L14tu

1600 1350 1200 1350

3.14 2,0 2,7

0.03 0.08 0,65 10. 0.00 0.05

20 60 30 60 140 30

0 24 12

0.6 0.19 1.0 0.7

40 115 no

nCT WCT

14 90 20

0.00,05

1750 1200 -- -- -- -" '- -- --

0.85 -- -- -- --
"" -- --

1348 760 654 564 506 9b 566 563 566 565 566 565 566 566 565 569 566 563 563 561 556 565 565 565 563

41.7 51.0 47.7 44.9 49.0 40.5 49.1 43,2 4A.0 47.4 47.8 47,6 47.7 47.7 47.2 47.7 48.1 44.3 42.7 4T.7 48.1 45,6 46.7 46.0 44.1

35.1 42.5 37.2 37.7 41.3 19,1 41.4 36.1 4%1. 39.8 40.2 40.0 40.2 40.1 39.7 39.7 40.5 37.1 35.7 39.8 40.5 38.4 39.3 38.6 37.0

35.1 21.4 10.7 37.7 41.3 39.1 41.4 36.1 40.4 39.8 40.2 40.0 40.2 40.1 39.7 39.7 40.5 37.1 35.7 39.8 40.5 38.4 39.3 38.6 37.0

1.41 1.48 1.69 4.8 4 0.77 C.A1 51.76 0.88 n.7A 0.79 0.79 0.79 0.74 0.79 0.80 0.80 0.78 0.85 0.89 0.79 0.7a 0.67 0.81 0.82 O.B6

1700 1103 970 970 1245 1004 1051 1180 1130 1039 1054 1077 1073 1085 1035 1086 1222 882 1110 LOB3 1068 1073 1145 1117 1159

1261 1452 1482 1716 2197 1776 1855 2096 1997 1831 1A63 L904 1897 1919 1830 1924 2159 1565 1439 1930 L867 1897 $026 1977 2056

39.9 45.9 46.9 54.3 69.5 50.2 511.7 66.3 63.2 58.1 58.9 60.2 60.0 60.7 57.9 60.6 68.3 49.5 45.5 61.0 59.7 60.0 64.1 62.5 65.0

8.3 20.9 23.9 7.7 7.n 7.4 7.0 0.0 7.2 7.3 7.2 7.2 7.2 7.2 7.3 T.a 7.2 7.8 8.1 7.3 7,2 7.6 7.4 7.5 7.6

2.7 1.5 1.4 1.9 2.7 7.2 2.2 2.3 2.7 2.2 2.3 2.1 2.2 2.2 2.1 2.1 2.2 2.3 2.3 2.2 2.2 2.2 2.2 2.2 2.3

50.8 66.2 72.2 63.9 78.7 65.8 67.9 76.6 72.5 67.6 60.4 69.5 69. 4 70.1 67.3 70.3 77.6 59.6 55.9 70.5 69.11 69.7 73.6 72.2 75.1

63.5 82.4 86.7 80. 7 100.2 43.3 86.2 97.2 92.1 85.7 86.6 8B.2 86.0 68.9 85.3 89.7 90.7 75.1 70.3 89.5 87.6 88.3 91.5 91.7 95.3

42.8 59.4 63.1 53.3 65.7 54.q 56.5 63.A 60.3 56.3 56.9 57.9 57.7 58.3 56.1 58.9 64.4 49.9 47.0 S8.7 57.4 58.0 61.2 60.1 62.5

6.0 9.2 9.4 I0.9 13.9 11.2 11.7 13.3 12.6 11.6 11.0 12.0 12.0 12.1 11.6 12.7 13.7 9.9 9.1 12.1 11.9 12.0 12.8 12.5 13.0

1.7 4.2 4.8 1.5 1.4 1.5 1.4 1.6 1.4 1.5 1.4 1.4 1.4 1.4 1.5 1.5 1.4 1.6 1.6 1.5 1.4 1.5 1.5 1.5 1.6

5 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 4 5 5

1995 1998 .^.?0 1995 1	 1995 1995 !99$ 1445 1995 1995 1495 1	 1995 1	 1995 1	 1995 1995 19(?9 1995 1995 1995 1945 1995 1995 1491 1g95 1995

b
j

perative)
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Table 2.5-5 (Page I of 4)

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL CO
2
 CYCLE

CASE NO. 1 2 3 4 5 6 7 8 9 10 f

MAJOR COMPONENTS

PRIME CYCLE

CO2 TURB-GF.N MMS 130.0 260.0 130.0 130.0 130.0 130.0 130.0 130.0 106.0 130.0

_
U

-	 CO2 TURB DRIVE-PUMP-COMP M145 20.6 41.1 20.6 20.6 20.6 20.6 20.6 20.6 30.4 20.6 ,- -_

RECUPFRATOR MMS 202.4 405.6 202.4 202.4 202.4 202.4 20P.4 202.4 200.0 202.4

PRFCOOtER MM$ 10.0 20.0 10.8 11.7 11.5 9.9 10.9 21 0 2 11.2 8.4
.^

PRIMARY HFAT INPUT AND FUEL SYSTEM I
I

.' FURNACF MODULFS MMS 67.0 134.2 66.7 73.8 75.2 54.5 54.1 54.8 71.0 68.2

HIGH TFMP AIR PRFHEATER MKS 7.1 14.2 7.4 7.7 0. 0. 0. 0. 0. 0. -

LOW TFMP AIR PRFHEATER MRS 2.1 4.1 2.1 2.4 0. 0. 0. 0. 0. 0.

PRESSUR17ING GAS TURBINE MM5 0. 0. 00 0. 28.1 64.9 69.0 71.3 18.1 0.2

(COMP-GEN-HFAT EXCH1

GA5IFIFR ]INCLUDING BOOST MM3 0. 0. 0. 0. 0. 209.0 728.1 254.3 0. 0. ._

STEAM TURB-COMP "

'. 5UB-TOTAL OF MAJOR COMPONENTS MMS 439.1 879.2 440.0 448.6 467.8 692.1 713.1 754.6 516.7 437.8
'}

BALANC E OF PLANT

--€ COOLING TOWFR MMS 1.9 3.8 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9

ALL OTHER MM5 115.9 232.0 117.5 117.5 117.1 127.1 129. 8 134. 5 306.0 106.0

i-
-	 ] SITE LABOR MKS 32.5 64.2 32.7 32.7 36.¢ 34.3 40.5 42.6 29.6 29.¢

5UB-TOTAL OF SALANCF OF PLANT MMS 150.3 300.0 152.1 152.1 155.6 168.3 17P.2 179.0 137.5 137.5

CONTINGENCY MKS 117.9 235.6 118 6 4 120.1 124.7 172.1 177.4 IB6.7 130.8 115.1

ESCALATION COSTS MMS 169.1 404.7 169.0 172.3 170.0 Z46.7 254.5 267.8 152.3 134.0

INTEREST DURING CONSTRUCTION MKS 196.7 498.5 197.6 200.4 208.0 287.1 296.0 311.5 165.5 145.6

TOTAL CAPITAL COST MKS 1073.1 2318.2 1077.9 1093.5 1134.8 1566.2 1415.2 1699.6 1102.9 969.9

MAJOR COMPONFNTS COST S/KWE 776.3 776.9 778.9 797.4 623.7 548.6 541.7 560.0 680.3 669.3

BALANCE OF PLANT S/KWE 265.7 265.1 269.2 270.3 207.4 133.4 130.4 132.8 181.0 210.2 «

CONTINGENCY S/KWE 206.4 206.4 209.6 213.5 166.2 136,4 134.4 136.6 172.3 175.9

ESCALATION COSTS S/KWE 298.9 357.6 300.6 306.2 238.4 195.6 192.8 194.7 200.6 204.8 -•

-	 INTEREST DURING CONSTRUCTION S/KWE 347.7 440.5 349.7 356.3 277.3 227.6 224.3 231.2 217.9 222.5

TOTAL CAPITAL COST S/KWE L897.0 2048.4 1908.0 1943.8 1513.L 1241.5 1223.6 1261.2 1452.1 1402.7,
^1
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Table 2.5-5 (Page 2 of 4)

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL CO 2 CYCLE	
I

CASE NO.	 11	 12	 13	 14	 15	 16	 17	 18	 19	 20

MAJOR COMPONENTS

PRIME CYCLE

CO2 TUR5.GEH	 MMs	 85.0 130.0 130.0 127.0 130.0 130.0 130.0 130. 0 1300 0 130.0	 j'-

0O2 TURD ORIVF-PUMP•COMP	 MKS	 13 . 0	 2D.1	 21 . 1	 22.8	 17.9	 20.1	 Z1 .7	 20.6	 21.0	 20.7

RECUPERATOR	 MMs	 193.6 299.2 157.3 196 n8 262.4 243.2 177.8 196.8 20440 202.4

f^	
PRECOOLER	 MMs	 9.0	 11.2	 11.2	 10.3	 11.0	 11.5	 10.1	 10.1	 10.0	 10.1

PRIMARY HEAT INPUT AND FUEL SYSTE14

FURNACF MODULES	 HMs	 72.3	 64.3	 72.4	 31.6	 66.6	 56.9	 76.9	 62.4	 67.2	 67.0

HIGH TFMP AIR PRFHEATER 	 MMS	 7 . 6	 6.9	 7 . 3	 6.9	 7.9	 7.1	 7.2	 7 . 1 	 7.1	 7.1

LOW TFMP AIR PRFHEATER 	 MMs	 202	 2.0	 2.l	 2.0	 2.3	 2.0	 7.1	 2.1	 2.1	 2.1

PRESSUP17ING GAS TURBINE	 MMS	 0,	 0.	 00	 C.	 0.	 0.	 0.	 0n 	 as	 0.

tCOMP.GEN.HFAT EXCHI

GA5IFIFR (INCLUDING BOOST	 MMS	 0.	 0.	 0.	 0.	 0.	 0.	 0.	 0.	 0.	 0.
STEAM TURK-COMP

SUBTOTAL OF MAJOR COMPONENTS MMS 382 . 7 533 . 8 40L.4 427 . 4 498.0 470.9 420.8 429.0 441.4 439.3

BALANCE OF PLANT

CODLING YOWFR MMS 109 169 1.9 1.9 1.9 l.9 1.9 1.9 L.9 1.9

ALL OTHER MMS 116.0 116.0 116.0 116.0 116.0 1I6.0 116.0 116.0 116.0 116.0}

SITE LABOR
MKS

32.1 32.1 32.1 32.1 32.1 32.1 37.1 32.1 32.1 32.1

SUB-TOTAL OF BALANCF OF PLANT HMS 150.0 150 . 0 150 . 0 130 . 0 1 50. 0 1500 150.0 150 00 150.0 150.0

CONTINGENCY MRS 106.9 136.8 ILO.3 115.5 129.6 124.2 114.2 115.8 118,3 117.9

ESCALATION COSTS MRS 152.8 196.1 158.1 165.6 185.9 178.1 163.7 166.1 169.6 169.0
t

INTEREST DURING CONSTRUCTION MKS 177 . 7 228 .2 184 . 0 192.7 2 1 6 . 2 207.2 190 .4 193 .2 197.3 196.6

YOTAL CAPITAL COST MMS 969.7 1244.8 L003.7 1051.1 11 79.7 1130.3 1034.1 1054.1 I076.6 1072.9

j MAJOR COMPONFNTS COST S/XWE 678.1 942.5 710.6 754.6 8 84.8 832.3 744.3 758.5 780.6 776.2

BALANCE OF PLANT S/KWE 265 . 8 264.9 265.6 264.9 266 . 5 265.1 761.3 265.2 245 .3 265.2

f

CONTINGENCY s/KWE 188.8 241.5 195.2 203.9 2 30.3 219.5 701.9 204.7 209.2 208.4

ESCALATION COSTS s/KWE 270.7 346.3 280.0 292.4 330.2 314.8 789.6 243.6 3000 298.7
i

-	 i INTEREST DURING CONSTRUCTION S/KWE 314 .9 402.8 325.7 340.2 3 24.2 366 . 2 136.9 341 .6 349.0 347.7

TOTAL CAPITAL COST S/KWE 1718 n 2 2197.9 1777.0 1855.9 2096.0 1997.8 1837.9 1263.6 1904.0 1897.0

5
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Table 2.5--5 (Page 3 of 4)

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL CO2 CYCLE

CASE NO. 21 22 23 24 25 26 27 28 29 30

MAJOR COMPONENTS

PRIME CYCLE

'
CO2 TURB.GEN MHS 130.0 130.0 130.0 130.0 130.0 130.0 130. 0 130.0 130.0 141.0

CO2 TURD ORIVE.PUHP.CONP MHS 20,8 21.B 21.8 25.6 16.6 12.8 20.6 20.6 20.6 20.0

RECUPERATOR MKS 202.4 174,4 208,8 271.2 100.8 56.8 702.4 Z02.4 20264 228.0

PRECOOLER MMS 9.0 11.4 1061 11.6 LO.t 10.2 10.3 10.4 10.3 11.5 t

. PRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE MODuLE5 MMS 74,8 71.5 67,7 73.5 67.3 74.8 64.0 64.0 67.0 69.0

HIG14 TEMP AIR PRFHEATER MHS 7.1 7.2 7.2 7.1 7.7 7.9 7.1 7.1 7.1 7.3 j

LOW TEMP AIR PRFHEATER MMS 201 2.1 2.1 2.0 2.2 2.3 2.1 2.1 201 2.1
ft

PRESSURI7ING GAS TURBINE MHS 0. 0, 0. 0. 0. 0. 0. 0. 0. 0.
1C0M7.GEN.HFAT EXCHI

GASIFIER {INCLUDING BOOST 	 MMS 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. ;
STEAM TURB.COHP.

SUBTOTAL OF MAJOR [OPPONENTS HMS 446.2 418.4 447.6 521.0 3 34.7 294.4 436.5 436.6 439.4 478.9

BALANCE OF PLANT

-	 -.-. COOLING TOWER MMS 1,9 1.9 1.9 1.9 1.9 1.9 5.2 1.9 I.9 1.9
I

ALL OTHER MHS 116.0 116.0 116.0 1I6.0 116.0 116.0 116.9 116,0 116.0 126.0

SITE LABOR HMS 32.1 32.1 32.1 32.1 32.1 32.1 34.5 32.1 32.1 32.1

SUBTOTAL OF BALANCE OF PLANT NHS 150.0 150.0 1 50.0 150.0 1 50.0 150.0 158.6 150,0 L50.0 150.0

CONTINGENCY MHS 119.2 113.7 1190 5 134.2 96.9 89.0 119.0 117.3 117.9 125.8

ESCALATION COSTS MMS 171.0 163.0 171.4 192.5 139.0 127.6 170.7 168.2 169.1 180.4

INTEREST DURING CONSTRUCTION HMS 198 n 4 189.7 199.4 223.9 161.7 146.4 198.5 195.7 196.7 209.8

- TOTAL CAPITAL COST RMS 1085.4 1034.8 1088,0 1221.6 882.3 809.9 1089.3 1067.8 1073.0 1144.9

MAJOR COMPONENTS COST S/KWE 789.0 740.2 791.9 921.0 594.0 524.2 778.0 771.8 776.9 847.5 .

BALANCE OF PLANT S/KWE 265.2 265.4 265.4 265.1 266.2 266.6 787.7 265.2 265.2 265.5

CONTINGENCY S/KWE 210.0 201.I 2L1.5 237.2 172.0 I58.2 712.1 207.4 208.4 222.6 '-

ESCALATION COSTS S/KWE 302.4 288.4 303.3 340.2 246.7 226.0 304.2 297.4 298.9 319.2
w

-

INTEREST DURING CONSTRUCTION S/KWE 35108 335.5 352.8 395.8 287.0 263.9 359.9 346.0 347.7 371.4

^f

7
,I

TOTAL CAPITAL COST S/KWE 1919.2 1830.7 1924.8 2159.2 1566.0 1434.7 1931,0 1887,8 1897.0 2026.1

J
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Table 2.5--5 (Page 4 of 4)

CAPITAL COST DISTRIBUTIONS FOR SUPERCRITICAL CO 2 CYCLE

CASE ND. 31 32

MAJOR COMPONENTS

PRIME CYCLE

CO2 TURB.GEN MHS 130.0 130.0

.	 CO2 7URB DRIYE.PUMP_COHP HAS 22.3 23,9

RECUPERATOR MKs 221.6 240.0

PRECOOLER MHs 10 n 1 10.2

PRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE MODULES MMs 70.0 72.5

i	 HIGH TFHP AIR PRFMEATER MESS 7.4 7.7

LOW TEMP AIR PRFHEATER MHS 2.1 2.2

PRESSURI7ING GAS TURBINE MKS 0. 0,
ICOHP.GEN•HEAT E%CH)

GASIFIER (INCLUDING 80057 MKS 0. 0.
STEAM TURB.COMP

{?` SUBTOTAL OF MAJOR COMPONENTS MMS 469.5 486.5

i

E	 BALANCE OF PLANT

COOLING TOWFR MKs 1.9 1.9

ALL OTHER HMs 11600 116.0

SITE LABOR MHS 3201 32.1 S

SUBTOTAL OF BALANCE OF PLANT MKS 150.0 150.0

CONTINGENCY MRS 122.7 127.3

ESCALATION COSTS MMs 176.0 182.5

INTEREST DURING CONSTRUCTION MKS 204.7 212.4

i	 TOTAL CAPITAL COST MKS 1116.8 L15B.7

MAJOR [OMPONFNTS COST s /KWE 820.8 863.4

BALANCE OF PLANT S/KWE 265.7 266.2

CONTINGENCY S/KWE 217.3 225.9 y`

ESCALATION COSTS S/KWE 311.6 324.0;

INTEREST DURING [ONSTPIIC'.ON S/KWE 362.5 376.9
f

i	 TOTAL CAPITAL COST S/KWE 1977.9 2056.4
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CASE '10.	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10

PRIME CYCLE POWER OUTPUT 	 RW 600.0 1200.0 600.0 600.0 600.0 600.0 600.0 600.0 600.0 600.0

BOTTOMING CYCLE POWER OUTPUT	 MW	 0.	 0.	 04	 0.	 G.	 0.	 0.	 0.	 0.	 0.
i	 f

FURNACE POnER CuTPUT	 MW	 06	 0.	 0.	 0.	 1 6q.0 673.2 732.1 760.0 16A.6	 62.7

BALANCE OF PLANT AUX. POWER REO #D. MW	 5.5	 10.5	 5.6	 5.7	 5.6	 5.4	 5.4	 5.6	 5.2	 5.2

FURNACE AUX. POWER RE0s0. 	 Mw	 25.8	 51.0

TRANSFORMER LOSSES	 MW	 3.0	 6.0

NET ST ATION OUTPUT	 Mw 565.7 I131.7

	

CASE NO.	 it	 12

PRIME CYCLE POWER OUTPUT 	 Mw 600.0 600.0

BOTTOMING CYCLE POWER OUTPUT 	 Mw	 0.	 00

FURNACE POWER OUTPUT	 MW	 00	 0.

BALANCE OF PLANT AUX. POWER REO+D. Mw	 5.6	 5.6

FURNACE AUX. POWER RE0.0.	 MW	 27.1	 25.1

TRANSFORMER L055ES	 Mw	 3.0	 3.0

NET STATION OUTPUT	 MW 564.3 566.3

	

CASE 40.	 21	 22

PRIME CYCLE POWER OUTPUT 	 Mw 600.0 600.0

BOTTOMING CYCLE POWER OUTPUT	 MW r 0.	 0.

FURNACE POwER OUTPUT 	 Mw	 0.	 0.

CALrNCE OF PLANT AUX. POWER REO I D. MW	 5.6	 5.6

FURNACE AUX. POWER REO , D.	 MW	 25.9	 26.2

TRANSFORMER LOSSES 	 MW	 3.0	 3.0

NET STATION OUTPUT	 MW 565.6 565.2

CASE NO. 31 32

PRIME CYCLE POWER OUTPUT MW 600.0 600.0

BOTTOMING CYCLE POWER OUTPUT Mw 0. 0.

FURNACE POWER OUTPUT MW 0. 0.

BALANCE OF PLANT AUX. POWER REO'O. MW 5.6 5.6

FURNACE AUX. POWER REOPO. MW 26.8 28.0

TRANSFORMER LOSSES NW ;.,n 3..0

NET STATION OUTPUT MW 564.7 58i.z
ar

a
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The major disadvantage of tnis cycle was the extremely nz.gn
capital 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)	 Capital Costs($/kW)
{

•'	 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 f,"
these improved conditions. `f

The increase in efficiency which is achieved with the recom-
ression cycle is shown in Figure 2.5-6 with a 	 umP	 Y	 g	 pump flow fraction
of 1.0 representative of the basic cycle.	 A pump flow fraction
of 0.7 was employed in the base case.

A
The post-heat cycle, which employs expansion of the CO 2 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 2 as it exits the primary =-
heat input exchanger.

41 s
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1.0

Pump Flow Fraction, W

Figure 2.5-6. Effect of Pump Flow Fraction on Cycle Performance

In a final design of the turbine components, cooling 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-quarter 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 	 l
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 10 6 . 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- wry
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 10 6 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 $1800/kW.

RECOMMENDED CASE

The supercritical CO2 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 CO2 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 10 7 N/m2 ), 100u F
(811 K) 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) .

rG?

	

	 The turbine repreFdnts 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 regulates the total sLeam flow. its exhaust returns to

}rte	 the reheater except for a small .-Clow 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 output) 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 boiler 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 K) 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

3
t
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Law- Atmospheric
Temperature Fluidized Bed
Air Preheater

Coal	 Limestone
Stock

700°F
3500/1200/4-95

300°F

1550 145/620/3-56

5,00/1000/4.37

Fon ^+Air

Electrostatic
5oiids High

Pressure Reheat e ^ O4. ^© •^^^++.^
Generator 600 MW

Preclpltator Rejection

A

7 671 76 0 /4.37
g	 .^

6 Condenser

I-5"tiga /9212.97

Wet Cooling Towers, 40 Cells
4394/510/4.95

d
a	

Booster
Pump

A 353°F F	 c 160/92/3.94

a

Boiler
Feed	

s
„

Pump	 !40/620/0.32 C_r

^
1

r

Note
Pressurel Psi a11 Temperature ( °F) / Flow Rate { x 106Lb/HO

Figure 2.6-1.	 Advanced Steam Cycle f

Q	 -.



v

r	 -	

.

N

pumped through a sequence of feedwater heaters and through the
boiler feedpump to reach 4394 psis (3.03 x 10 7 N/m2), 510 F
(539 K) with a water flow of 4.95 million lb/hr (2.25 x 10 6 kg/hr).
This feedwater is subdivided among the steam generators to produce
3500 psig (2.42 x 10 7 N/m2 ), 1200 F (922 K)	 steam.	 The high-
pressure turbine section reduces the steam pressure to 767 psia
(5.29 x 10 6 N/m2 ) 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 10 6 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 pressla.re,	 1.5 in. Hga	 (5.07 x 10 3 N/m 2 ); the feedwater
temperature, 510 F (539 K); and the guarantee heat rate, 7482 Btu
(7.89 x 10 6 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 fluid-
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- t'

heater reduces stack gases to 300 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 I
(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 --boO type was furnished
compressed air from the gas turbines, and steam from a gas turbine
heat recovery steam generator.	 Each 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-
grationof all the steam turbine components.
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a The major steam cycle variations about the base case in-
cluded variation of initial pressure, of initial temperature,
and of reheat temperature, addition of a second reheat, and

j	 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
f

Steam Cycle
Generator (MW)	 800	 600,1200,1600

j	 Turbine inlet temperature (°F)	 1200	 1000,1400
Turbine inlet pressure (prig)	 3500	 4000,(2400 psig/

1000 F11000 F)
Reheat temperature (°F) 	 1000	 1200,1400
Feedwater temperature (°F)	 510	 560,547,480

I	 Condensing pressure (in. 	 1.5	 1.9,3.45
i!	 Hg abs)

, Heat Source for Steam
41- 

Coal burning	 AFB	 PFB, PFBR , Con-
ventional

Low-Btu gas	 —	 PF

r
Solvent refined coal	 Conventional

Coal Used	 Ill.#6	 N.D. Lignite,
Mont. Sub-Bi

Support Gas Turbine	 _	 1800 for LBtu,
Tem erature (°F) -	 1600 for PFB

Note:

	

	 AFB = Atmospheric fluidized bed
LBtu = Low Btu
Ill. = Illinois

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 zould arise from balance-of-plant economies of
size.

The alternative 1000 F (811 K) throttle condition is con-
ventional if the reheat is held to 1000 F (811 K). However, con-
sideration was given to reheat in this case to 1200 F (922 K) and

`s to 1400 F (1030 K). 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 flow to
the condenser would stall be wet, and not superheated.

Although increased pressure generally accompanies increased
temperature in steam plants, the advantage is very 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 10 7 N/m2 ) was
made to determine cost sensitivity to the pressure parameter.
As a reference case, a plan'ta t 2400 psi (1.66 x 10 7 N/m2), 1000 F
(811 K) superheat, 1000 F (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 (556 K)
feedwater. The condenser back pressure variations were chosen
so that performance in the extremes 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

,f

f
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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 advanced
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 manufactur-
and performance follow conventional practice, but extend the
practice into unproven high-temperature regions where units are
not offered for manufacture.

Cycle 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 flow,,'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?at balance,
Figure 2.5-2, 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 9, 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-
berof feedwater heaters and reheaters. 	 To clearly and properly r,
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 t

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 ,4t
5 percent additional flow and approximately 4 percent additional
power generation.	 Identical design margins are specified for the
steam generator output and for the condenser capability. 	 As a j
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 10 5 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/m 2 ), zero
percent makeup, while the high back pressure (HBP) unit was sized
at 8,0 in. Hga (2.70 x 10 4 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 operate at rated hydrogen pressure and 0.90 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

AssumptionsComponents

Boiler feedpump

Auxiliary turbine

High-pressure feed-
water heater

Extraction lines

a. Discharge pressure 1.25 x throttle
pressure

b. Efficiency 80%

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%

a. Normally receives steam from the high-
pressure turbine exhaust

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

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

i	 efficiency. For large steam turbine-generators the most common
throttle pressures have-been 2400 psig (1.66 x 10 7 N/m2) and 3500
psig (2.42 x 10 7 N/m2), with throttle and reheat temperatures of
1000 F (811 K). Figure 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 K). It is notable
that increased reheat tem erature is 80 percent as effective at
3500 psig (2.42 x 10 7 N/m4) as the same increase in throttle tem-
perature. Due to the reduced pressure of reheat 770 to 690 psia
(5.31 x 10 6 to 4.76 x 10 6 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-
flueLce due to throttle pressure is a 1 percent improvement going
to 4000 prig and a 2 percent poorer heat rate going to 2400 psig
(2.77 x 10 7 N/m2) from 3500 psig (2.42 x 10 7 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
is increased above the 1000 F (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.

Additional Reheating Benefits

i

	

	 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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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
Weight (lb)	 Approximate Size	 i

	

550,000	 —

	

350,000	 22' (L)xl5' (W)xl0' (H)

	

50,000	 251x40" diameter

120,000

	

300,000	 22' (L) x15' (W) x8' (H)

	50,000	 1 25'x40" diameter

900, 000 I 24' (L) x18' (W) x10' (H)
(per LP section)

	

290,000	 ! 27'x3C :' diameter

	

1,400,000	 I	 --

Component

Main valves & piping

HP-shells (inner &
outer) & diaphragms

HP-rotor

Intercept valves
(two per unit)

Reheat-shells (inner &
outer) & diaphragms

Reheat-rotor

LP casings (inner &
outer) & diaphragms

LP-rotor

Generator (total)

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 K) operation,
materials presently available with the required strength were se-
lected, and then the problems that may be encountered in using '.4
these materials were identified.	 The improvement in materials
required to advance steams temperatures substantially beyond 1000 F
(811 K) 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.

,i
Steam Turbine-Generator Costs

The prices for conventional steam turbine-generators were '1
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
10 4 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 constant fac-
tor leading to the uniform c%aracteristic 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 identified. These differences
were then evaluated as to how they would affect the cost of the
turbine-generator.

Some of the 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 ratin is 950,000
kW and 1,140,000 kVA rated at 3.5 in. Hga (1.18 x 10 N/m2 ) and
3 erce^t 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

I
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a turbine with 1200 F (922 K) temperatures might cost. However,
this study did not include full development of either a design
or materials evaluation. Farther development and additional
analysis would be required to obtain more definitive prices.

Table 2.6-5

ESTIMATED STEAM TURBINE PRICES

(950 MW, TC 6F 33.5)*

Steam Temperatures	 Estimated Price
Alternatives	 (°F/°F)	 ($ millions)

I

1	 1000/1000	 31

2	 1200/1000	 77

3	 1000/1200	 57

4	 1200/1200	 103
I

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

_a

3A 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 4F 33.5) steam turbine-generator.

RESULTS

The base case was a 35CO psig, 1200 F (2.42 x 10 7 N/m2 , 922 K)
steam turbine-generator with 1000 F (811 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 auxiliary demands as
follows:

Furnace module power 31.9 MW, 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
A4
	 t hed ow	 Table 2 6- 9 resents the makeup of net stationi pa c	 p er.	 p

i
i
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Figure 2.6--8.	 Cost Basis—Advanced Steam 4

dispatched 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.
a
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Parameters Case 11,

-	

2 1	 3	 4 5 {,

- l . Power Output IM). .745 559 1119 .1484 745

Furnace,  Coal, and Conversion Process AFB
Ill. P6

{
i

prime Cycle

Throttle

P5ig_ 3500

OF 1200

Reheat OF) 1000

Second reheat (OF) -- - -- - --

Feed (°F) 5>0 ss0

. Condense (Hga) is s

Combustion Air Supply

Excess air (percent) __ -- -- ^- --

Pressure ratio -- -- -- -

Turbine inlet temperature (OF)

" Exhaust energy -- -- -- -- --

:.:	 .. Actual: Powerplant Output. . (MWe) 745 559 1 . 119 1484 745

Thermodynamic Efficiency (percent.) 45.4 46 . 1 45.4 45.4 45.7

Powerplant Efficiency (percent? 37.7 38.3 37.8 37.6 38.0

i	 - Overall EnergyEfficiency: (percent) 	 .. 37y7 .38.3 . 37.11 .37.6	 .. 38.0 3.

^ Coal Consumption QhlkWh) ^.84 0.R3 0.F4 0.84 0.R3 4

Plant Capita l Cost ($ million) 538 437 924 1077 539

- Plant Capital Cost($lkWe) 772 782 736 725 723

Cost of Electricity, Capacity Factor - Q.65

Capital (milislkWh) 22.8 24.7 23.3 20.4 2z.9 z

Fuel (mills/kWh) 7.7 7.6 7.7 7.7 7.6

3 . Maintenance .and operating ImillslkWhi z.5 z.7 2 . 3	 . .2..2 z.s

Total (mills/kWh) -43.1 35.0 33.3 32.8 3 3.0 93

Sensitivity

Capacity factor- 0.50 (total millslkWh) rm.7 4 3 .0 41.n 40.4 4 0.6 4

j Capacity. factor - 0.80 (total millslkVlih) 2 8..3 Z q . q 28.5 28.1 28.5 29

Capital A = 20 percent 0mills1kWh) 4.6 4.9 4 . 7 4.6 4.6

FuelA • 20 percent (AmillslkWh) 1.5 1.5 1 . 5 1.5 1.5

L Estimated Time:for Constructlon (years) 5 5 6 s 5 Al-
. Estimated Date.of 1st Commercial Service (year) 1987 1987 1967 1987 1987 1:

*Base case.	 AFB - Atmospheric fluidized bed LBtu = Low Btu PFB
"Dry cooling . tower..	 CF	 =: Conventional. furnace :.. Mont =.Montana (PFB)

FW	 = Feedwater N. D. = north Dakota SRC R	 .
Ill.	 =	 Illinois PF Pressurized

Furnace

REPRODUC.MILE Y Or THr,
E

ORIGINAL PAGE IS POOR

s



7 8 9 10 11 12 13 14 15 16 17 18 30 20 21 22 23 24 25 26 27 28

;748. M 743 738. 744 745. 746 747 741 743. 763. 759 762 767 1716 1836 1790 745 782 741 1000 743

AFB
N. D.

AFB
M^nt

CF
Ill. 'J5

CF
N. D.

CF
Mont

CF
SRC

F 
111. #6

p 
N. 1].

P 
Mont

PFB
III, f6 .

PFB
N. D.

PFB
Mont

IPFBj,
Ili. 06

AFB
111. /.8

LBtu LEW LBtu

4000 3500 240,0 3509

1000 1200

1400 1000-.. 1200 1400 1200 1000

1200 -- -- -- -` -- -` ^- -` ^- -- '- -- --

480 510 547 510	 - _

I'	 LV

-- -- -- -

1800 - - 1600

_ 5team
gasifier

FW heat
Regen
0.85 --

748 745 743 138 744 74` 741 741 141 '74Z '763 759 762 767 1716 '.1836 179q 745.. 762 741 1600 743

-	 47..7 45.4 42.5 - 42.9. 44.0 h`..1 ^.7 - 47.2 4!,.4 n`,.r 4R.4	 ..45:4 45.4 45.4	 - 45.4 . 45.4 .45.4- .40.0 '40.0 40,0 45.4	 - 45.3

39.8 31.7 35.2' 35.3 36.4 17.+, 3-1,3 34.7 3r,a 3P.2' 96.0 38.0 40.1 .34.0 34.2 34.3 39.2 37.3 37.9 37.3 37.1

39.8 . 37.1 '35.2 35.3 36..4 37.,.1, ;c,6 39..i 34,7. .46.A - 3P,7 36 80 -38.0 31,.2 34,0 34.Z 34.3 39.2. 37.3: 37.9 37.3' . 37.,6

0,80 0.8,. 0.90 0.90 n.P7 r+..R. 7,R4 . Q.vl 1,41 1_,:14 n.93 1.3R I.nl 1,01 h.93 1,45 1,11 0.81 1.33 1:.01 0.85 0.84

633 S43 567 461 454 5rl `•40 544 S64 537 574 621 603 507 1224 1380 1295 561 bag 571 682 601,

847 728 .763 623 61U h77 735 TaZ 767 72S 77P P17 -	 792 660 713 751 .719 752 778 771 691 818

26.8	 - .23.0 24.1 L9.7 19.3. 71 - ,7 x3.3 73.5 24,3 71,4 - 74.b 25.R 25..0 20.9- -22.5- 23.8 . = 22.8 '23.6 24.6 24_.4 - 21.5 . 25.9

-	 7.3 7.7 8.2 8.2 7.9 1.7 7.5 1,4 8.4 7, It 7.6. 8,1 7.6 15.3 B.5 8.5 8.5 7.4 7.B 7.7 7.8. 7.7

7.5 2.5 2.6 7:,ti 2.5 .3.: 2;5, 2,E 2,F 2.2 2,32.7 2.4- 3.3 3..1. 3..4 3,4 9.3 3`.4 . .2.9 2.6

36.4 33.3 34.9 30.5 29.F ll.! 33.' 13.3 34.2 33.4 34.4 3e42 34.4 38.6 34.3 35..3 34.6 34.6 35.7 35 44 32.2 16.1

4.5.4 : 40.9 43.0 37..2 96.3. 3P,h 41.0 .41,1 43.'3 41,^ 42.5 44,6 .43.1.- 45.6 42.1 43.4 42.4 -42.8. 44. .1 43,8 - 39.6 44.1

31.1 28.5 .29.9 260 2 5 .7 7.1 7N,5 21.5 3.7,2  7 .A.F 29.4 3ni9 2,9,e 34.3 29,5 30.3 29.7 29.5 30.3 30.2 27.7 3r.,u..

5- .4 4.6 4.8	 - 3-.9 :3.a 4.3 -•,,7 -4,t -.: 4.9 4.h 4..9 4-,2 5..0 -	 4.2 4.5- 4.8 4..6 _4.8 4.9 4.9 4.3 4.7

1.5 1.5 1.6... 1.6 -	 1.6 1.5 1.5 1.5 1.7 1.6 1.5. ti6 1,5 3.1 1,7 1..7 1.7 1..5 '1..6 -	 1.5 1.6 1.!

5 5 5 5
y

.°, 5 5 ..:	 , g. ,5 5 5 'S 'S 5-5 5 5.. - .5 5	 -.

-L995 1987 1987 1 1405 19F5 Ir,,.7 1n05 .10gn j 1 g a7 1410 IoI7 I91j7 1.9x7 1987 1997 1987 1 1987 1957 1 1.987 1	 1901 1987 19P7
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Table 2.6-6

!! SUMMARY SHEET
E ADVANCED STEAK! CYCLE BASE CASE

-	 -	 - CYCLE PARAMETER PERFORMANCE AND CO5T

I
— Net Po-xtr output 455lye_ f 745 ihermddynamkeffidencylpettenll 	 45.4 I

' Furnace and Coal. TyQe Atmospheric I uldized had Powerplant efficiency [pettenll	 37.7 j

- I111noisNo.6 Overall energy efficiencylpereenH 	 37.7
- Mant capital cost 4 x 1061	 536

Prime	 de

OIro111e
Plant capital costlllkWel 	 722 }

P519 3500
Cost of eleclrlclly I millslkL'ih1 	 33.1 _

of 1200

Rcheal OF1 1000 .1UT[AL RESOORCE5

_	
_...	 _	 .. Feed (oFI 510 Coal s.^.Nhl	 0,tS4 '

Condenser (Hgal 1.5
- Water lgallkWhl

Heat Releetlon wel cooling tower Total	 0.423
Cooling	 01393

3

Processing	 O
Makeup	 O.010

- NOx suppression	 0

-

51ad gas deanup	 O

- Land lacres)100 622 I	 4, M

EHYI RONMQITAL LMR0SION
[

. t.N106-Btu UAW11
Input Output

.	 - 502	 1.03 9.74 x 10.3
-. NOx	 0.27 2.45 x 10"3

HC

- CO	 0.21 1,90x10"3
Particulates	 0.10 0.91x10-3'E

BlurkWh

- MAtOR COMPONEW CRARACTERI STLCS
Heat to water	 4349 j

Heat, total rejected wastes 	 5638
.^iT

Unit or Module L61kWh 1-hf0ay

5f7e INWelghlsslit)	 Cos! Units	 Total Cost	 $1W	 Wastes 3
- Maiori ontocunl 09 x L for 01 x Hl	 Ix 109	 0 x 1061 Required	 15 x 106 1	 Output	 Furnace solids 	 0.146 2,615 x 106 .

5leamturtim-generalar 20x174x25	 6.5	 69.4 I	 69.4	 93.1	 Fine dust tromcyclones; 	 0.113 2.022x106 -
Furnacomodules 12x30x150	 2.4	 103 189	 40. 2	 50.0	 Fly ash	 0. 016 0. 283x106

•1
4

I

v

N
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Table 2.6-8 (Page 1 of 3)

CAPITAL COSTS DISTRIBUTIONS FOR ADVANCED STEAM CYCLE,f

CASE N0, 1 2 3 4 5 6	 7	 8	 9	 10

4
MAJOR COMPONENTS

S^ PRIME CYCLE

STEAM TURD•GEN MMS 69.4 66.6 79.4 138.8 69.4 95.4	 121.4	 70.2	 69.7	 24.5

r PRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE MODULES -	 MMs 40.2 29.7 60.3 80.4 40.6 yA40.2	 40.5	 41.9	 43.0	 42.2	 (	 -'

LOW TEMP AIR PRFHEATER	 MMS

PRESSURI7ING GAS TURBINE	 MMS
(COMP-GEN-HEAT E8CH)

GASIFIER IINCLUDING BOOST	 MMS
STEAM TURK-COMP

*SUB-TOTAL 0' MAJOR COMPONENTS	 MMS

BALANCE OF PLANT

'	 COOLING TOWER	 MMS

STACK-GAS CLEAN-UP FOUIP.	 MMS

ALL OTHER	 MM9

SITE LABOR	 HMS

	

2.8	 2.1	 4.3	 5.7

	

0.	 0.	 06	 0.

	

0.	 0.	 4♦ 	 0.

	

112.4	 98.4 143.9 224.8

	

5.0	 3.8	 7.5	 10.0

	

0.	 0.	 0.	 0.

I41.1 109.2 211.7 282.3

	

37 2	 28 7	 55 0	 74 4

2.7	 2.0	 3.0	 3.0

0.	 0.	 0.	 0.

0.	 0.	 0.	 0.

	

164.6 114.9 115.7	 69.7

5.0	 5.0	 13.5	 5.0

0.	 0.	 0.	 0.

141.1 141.1 138.9 141.1

37 2	 37 2	 43 6 37 2

SUB«TOTAL OF BALANCE OF PLANT MMS 183.3 141.7 275.0 366.7 183.3 183.3 183.3 183.3 196.0 183.3

1.
CONTINGENCY M ►t5 59.2 48.0 83.8 118,3 59.2 64.3 69,6 59.6 62.3 50,6

ESCALATION COSTS MHS 84.8 66.8 143.8 169.7 84.9 92.3 99. 6 65.5 89.4 72.6

- INTEREST DURI NG CONSTRUCTION MWS 96.7 80.1 177.1 197.4 98,8 107.3 116.1 99.5 I04.0 84.4

TOTAL CAPITAL COST MMS 538,4 437.0 823.6 1076,8 5 39. 2 585.6 633.4 542.9 567.4 460.6

MAJOR COMPONENTS COST $/KWE 150.9 t76.0 126.7 151.5 1 5 1.4 185.4 220.2 154.2 155.7 94.4

BALANCE OF PLANT 5/KWE 246.1 253.5 245.8 247,0 246,0 245.7 :45. 2 246.1 263.8 248.3

f

fCONTINGENCY S/KWE 79.4 85,9 74.9 79.7 79.5 06.2 93.1 80.1 83.9 68,5 -

ESCALATION COSTS 5/KWE 113.0 123.2 128.5 1140 114,0 123,6 133.5 114.8 120.3 98.3

INTEREST DURING CONSTRUCTION S/KWE 132.4 143.3 158.3 133,0 132.6 143.8 155.3 133.6 t40.O 114.3
f

TOTAL CAPITAL COST 5/KWE 722.6 782.0 736,3 725.5 723.4 784,8 847.2 72B.7 763.8 623.9

{
r.

..k

i

a
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Table 2.6-8 (Page 2 of 3)

CAPITAL COSTS DISTRIBUTIONS FOR ADVANCED STEAM CYCLE

CASE NO. 11 12 13 14 15 16 17 18 19 20

MAJOR COMPONENTS

'	 PRIME CYCLE

STEAM TURK-GEN M115 230 49,4 74.9 80.8 69.4 69.4 69.4 6994 6994 69.4
i

PRIMARY HEAT INPUT AND FUEL SYSTEM

FURNACE MODULES MMS 39.3 39.5 40;2 37.7 45.6 40.5 32.1 36.6 33.6 28.7

LOW TERP AIR PREHEATER MRS 2.9 2.9 2.8 2.7 3.2 3.0 2.3 2.6 2.4 2:3 I.

PRESSURIZING GAS TURBINE MRS 0. as of 0. o f 0. 0. 0• 0. 0.
.	 ICOMP.GEN-HEAT EXCHI

-	 GASIFIER	 IINCLUOING BOOST MRS 0. 06 0. 0. 0. 0. 0. Be 0. 0.
STEAM TURB.COHP

5UOM70TAL OF MAJOR COMPONENTS MRS 66.0 91.7 118.0 121.2 118.2 112.8 104.0 108.5 105.4 100.4

BALANCE OF PLANT 4

COOLING TOWER MRS 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0

STACK-GAS CLEANUP FOUIP. MKS 0. 0. 0, 0. 0. 0. 37.4 32.4 32.4 13.0
II

^

ALL OTHER M41$ 141,1 141 4 1 141.1 141.1 1 46.2 141.1 145.3 152.3 147.9 130.7

SITE LABOR
i

M4S 37.2 37 37.2 37.2 43.0 37,2 39.7 42.7 40.8 29.5

SUB-TOTAL OF BALANCE OF PLANT MRS 183.3 183, 183.3 183.3 194.2 183.3 222.4 232.4 226.1 178.2

1	 E	 CONTINGENCY M45 49.9 55.0 60.3 60.9 62.5 59.2 65.3 68.2 66.3 55.7

-_	 ESCALATION CO5TS MMS 71.5 78.9 86.4 87.3 89.6 B4.9 93.6 97.8 95.1 79.9

INTEREST DURI NG CONSTRUCTION MMS 93.2 91.8 100.5 101.6 1 04.2 98.8 108.9 113.7 110.6 92.9

^^	 TOTAL CAPITAL [05T MMS 454 . 0 500 . 8 548.5 554.E 568 . 6 539.2 594 . 1 620. 6 603 .4 507.1
1

MAJOR COMPONENTS COST $/KWE 88.7 123.2 158.2 162.3 159.4 151.8 136.3 142.9 138.3 130.8

BALANCE OF PLANT S/KWF 246.4 246.1 245.9 245,5 262,0 246.7 291.6 306.2 296.8 232.2

'-	 CONTINGENCY S/KWE 67.0 73.9- 80.6 01.6 84.3 79.7 85.6 69.8 87*0 - 72.6

ESCALATION CO5T5 5/KWE 96.1 105.9 115.9 117.0 120.9 114.3 122.7 128.8 124.0 104.1

I NTEREST DURING CONSTRUCTION $/KWF 111.8 123.2 134.8 136.1 140.6 133.0 142.8 149.8 145.2 121.1 i

TOTAL CAPITAL COST $/KWE 616.1 672.2 735.6 742,4 767.2 725.5 778.9 817.5 792.1 660.8
I

I

^I

I

d

1

j

^ I

y,
ff
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69.4	 69.4	 69.4	 66.6

11.2	 11.4	 1102	 53.2

0.	 0.	 C.	 0.

90.2	 90„7	 95.4	 21.0

294.2 356,2 320.1	 0.

464.9 535.7 496.1 140.8

i

	

69.4	69.4	 j
1

	

79.5	 40.3

	

0.	 2.8

	

39.4	 0.

	

0.	 0.

	

188.2	 112.'+

66.6

58.6

0.

22.9

0.

148.1

66.6

52.8

0.

21.4

0.

140.7

Table 2.6-8 (Page 3 of 3)

CAPITAL COSTS DISTRIBUTIONS FOR ADIVANCED STEAM CYCLE

i
CASE '10.	 21	 22	 23	 24	 25	 26	 27	 211	

i
MAJOR COHPDNFN75

PRIME CYCLE

STEAM TUAB-GEN	 MLIS

PRIMARY HEAT INPUT AND FUEL 5Y5TEM

FURNACE 4COULE5	 MNS

LOW TE11P AIR PRFHEATER 	 MMS

PRESSUP171NG GAS TURBINE	 MHS

1COMP-GEN-HEAT E%CHI

GASIFIER iI NCLUDING BOOST	 MME
STEA D ' TURB-COMP

SUB-TOTAL OF MAJOR COMPONENTS 	 MNS

BALANCE OF PLANT

COOLING TOWFR MMS 6.0 6.0 6.0 6.0 6.0 6.0 6.0 3

STACK..GAS CLEAN -UP FOUIP. MHS 0, 0. 0. 0. 0. 0. 0. D.

ALL OTHER H4S 154.7 164.8 160.0 130.2 144.0 135.7 142.5 153.2

SITE LABOR MRS 46.8 51.4 49.3 31.1 36.3 31.5 37.8 48.5

SUB-TOTAL OF BALANCE OF PLANT HMS 207.5 222.2 215.3 167.3 186.3 173.2 186.3 221.7

CONTINGENCY MMs 134.5 151.6 142.3 61.6 66.9 62.8 74.9 66,.8

ESCALATION COSTS 1445 192.9 217.4 204.0 68.4 95.9 90.0 1D7.4 95.9

INTEREST DURI NG CONSTPUCTION MMS 224.4 252.9 237.4 102.8 111.6 104.7 125.0 111.5

rt

j	 TOTAL CAPITAL COST
E

MMS 1224 . 1 1379 .8 1295 . 1 560.9 608 . 7 571 . 4 681 .9 608.4

MAJOR COMPONENTS COST 5/9WE 270.9 291.7 275.8 189.0 189.5 189.9 188.2 151.4

BALANCE OF PLANT S/KWE 120 . 9 121.0 119 .7 224 . 6 238 . 3 233 . 7 186 . 3 298.3

CONTINGENCY S/KWE• 78.4 82.5 79.1 82.7 65.5 84.7 74.9 8909

ESCALATION COSTS S/KWE 112.4 118. 4 113.4 I18.6 122.7 121.5 107.4 129.0

INTEREST DURING CONSTRUCTION 514WE 130.7 137.7 132.0 138.0 142.7 141.4 124.9 150.0

TOTAL CAPITAL. COST 5/KWE 713.2 751.4 720.0 752.8 778.7 771. 2 681. 6 818.6 -	 e ,^
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PRIME CYCLE POWER OUTPUT MW 800.0 600.0 1200,0 1600.0 800.0 800.0 800.0 800.0 800.0 800,0

BOTTOMING CYCLE POWER OUTPUT MW 0. 04 0. 0. 00 0. 0. 00 0. 0.

FURNACE PDWER OUTPUT MW 06 00 00 D. 0. 0. 0. 00 00 0.

BALANCE OF PLANT AUX. POWER RED I D. MW 19,0 14.6 27.5 44.0 19.0 18.7 .9.0 19.0 19.0 1900

FURNACE AUX, POWER REDID. MW 31.9 23.6 47.9 63.8 31.7 31.2 3D. ,' 31.9 34.1 38.7

TRANSFORMER LOSSES MW 40 3.0 6.0 8.0 4.0 4.0 4.0 4.0 4.0 4.0

NET STATION OUTPUT MW 745.1 558.7 1118.6 1484.2 745.3 746.2 747.7 74$.1 742.9 738.3

CASE 10. 11 12 13 1.4 15 16 I7 l8 19 20

PRIME CYCLE POWER OUTPUT MW 800.0 800 1 0 800.0 800.0 800.0 800.0 800.0 800.0 800 0 0 800.0

BOTTOMING CYCLE POWER OUTPUT MW 0. 0. 0. 0. 00 0. 0. 0. 00 0.j

FURNACE POWER OUTPUT MW 0 n 00 0. 04 0. 0. 0. 00 0. 0. ]

f
BALANCE OF PLANT AUX. POWER REO r D. MW 19.0 19.0 14.0 18,5 19.0 19.0 20.0 20.0 20.0 20x0 .

FURNACE AUX. PDWER REOtD. MW 32.9 32.L 31.3 30.7 35.9 33.8 13.2 16.9 I4.2 8.6	 s

TRANSFORMER LOSSES MW 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0

NET STATION OUTPUT MW 744.1 744.9 745.7 746.8 741.1 743.2 762.8 759.1 761.8 767.4

CASE 410. 21 22 23 24 25 26 27 28
A

PRIME CYCLE POWER OUTPUT MW 800.0 800.0 800.0 600.0 600.0 600,0 600.0 800.0

BOTTOMING CYCLE POWER OUTPUT MW 00 00 00 0, Of 0. 0. 0.

FURNACE POWER OUTPUT MW 9 44.0 1064.6 1027.0 177.0 213.8 171.4 237.0 0.

BALANCE OF PLANT AUX. POWER REw D. MW 19.0 19,0 19.0 19.0 19.0 19.0 19.0 20,9

FURNACE AUX. POWER REO f D. MW 0. 00 06 9.0 9,0 7.6 12.4 31.9

TRANSFORMER LOSSES MW 8.7 9.3 9.1 3.9 4.1 3.9 5.2 4.0 .

NET STATION OUTPUT MW 1716.3 1036.3 1798.9 745.1 781.7 740.9 1000.4 743.2 J	

s
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DISCUSSION OF RESULTS

Plant Size Influence

-E

^N ray rŷ .:^yc,4 ._`

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 NTfni'.	 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/) n 00 F (2.42 x 10 7 N/m2 , 922 K/
811 K) 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.	 In 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 10 7 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

µ4

throttle conditions and 1200 F (922 K) reheat is the economically
jsuperior case with advanced steam conditions, and it realizes a

4

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 valves. 	 The high temperature is realized at
a more modest level of 700 psi	 (4.82 x 10 6 N/m2).	 These several
factors result in the recommendation that these conditions be con- i
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.'

69
4

-



I

I

Table 2.6-10

THERMODYNAMIC AND ECONOMIC IMPACT OF
ADVANCED TURBINE STEAM CONDITIONS

Overall
Throttle and Reheat
	

Energy	 Electricity
Conditions
	

Efficiency
	

Cost
(psig/°F/°F)
	 ...M	 (mills/kWh).

Case
Number t

E.

10.

11.
12

Z
8

5

13

6

14

7

2400/3000/1000

3500/1000/1000

3500/1000/1200

3500/1200/1000 (Base Case)

4000/1200/1000

3500/1200/1000 560 F HARP*

3500/1000/1400

3500/1200/1.200

3500/1000/1200/1200 F

3500/1200/1400

35.3

36.5

37.5

37.7

37.7

38.0
38.5
38.7

39.3

39.8

30.5

29.8

31.5

33.1

33.3

33.0

33.3

34.8

33.3

36.6

A

*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 prig, 1200 F/1000 F
(2.42 x 10 7 N/m2 , 922 K/811 K), condensing at 1.5 inches mercury
absolute (5.07 x 1.0 3 N/m2). In 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-

F,+

.I

3

^i

1h

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 2.6-11.

i

4
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Table 2.6-11

COMPARISON OF FUEL AND COMBUSTION EFFECTS
ON ELECTRIC PRODUCTION COSTS,

Mills/kWh (Case No.)

Combustion Configuration Ill.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; 111. = 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 10 4 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
10 3 N/m/-) 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 casts 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 PFB 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 10 7 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 F/1000 F

Configuration AFB AFB* CF PFB (PFB)R P 

Major components $/kWe 150 90 140 190 190 270

Balance of plant $/kWe 250 250 290 225 190 120

Total	 $/kWe 725 610 780 750 080 715

Case no. 1 11 17 24 27 21

*3500 psig/1000 F11000 F steam conditions

Note: AFB = atmospheric fluidized	 PFB = pressurized fluidized
bed	 bed

CF = conventional furnace 	 (PFB)R = 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 bottoming steam turbine.

RECOMMENDED CASES

The atmospheric fluidized bed furnace-steam generator with
3500 psig, 1000 F (2.42 x 107 N/m 2 , 811 K), throttle and reheat
to 1200 F (922 K)	 (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
conv^.^ntional steam conditions for Case 11.

In addition each of the following cycle modifications though
not studied would contribute to increased efficiency or reduced
cost and may be more beneficial than the substantial departures
from state-of-the--art temperatures	 that were investigated. a

1. Heater above the reheat point (HARP) .--

2. Throttle temperature at 1050 F (839 K) t



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 10 3 to 1018 x 104 N/m2)

5. To achieve the 37.5 percent overall efficiency of the
3500 psig, 1000 F/1200 F (2.42 x 10 7 N/m2 , 811 K/922 K)

	

recommended Case 12, utilize a combination of state of	 i
the art conditions of 4000 psig, 1000 F throttle, 1025 F
first reheat, and 1050 F second reheat (2.77 x 10 7 N/net,
811 X/825 K/839 K).

a
REFERENCES

1. Spencer, R.C., Cotton, K.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.

2. "Heat Rates for Fossil Reheat Cycles Using General Electric

	

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



2.7 LIQUID METAL TOPPING CYCLE

DESCRIPTION OF CYCLE

The liquid metal topping cycle is described in Figure 2.7-1,
which shows the arrangement of components for the potassium base
case (Case 1). The arrangement for the cesium base case (Case 17)
is identical to Case 1. The 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 K). 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 liquid metal pumps re-
turns liquid potassium to the boiler.

The bottoming cycle is a steam system with conventional
temperatures of 1000 F (811 K) leaving the boiler and reheater,
and a pressure of 3515 psia (24.2 MN/m2) leaving the boiler.
Steam is condensed in a set of wet cooling towers.

Major variaticis 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 cool.iiig towers.
One case also considered the addition of a regenerative feed
heater in the liquid metal circuit.

Most of the cases were ran rrith potassium, and only two cases
used cesium as the topping cycle working fluid. Potassium was
favored because substantially more information exists for com-
ponezit 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-
siderably, 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 11d0 F condensing tem-
perature, for comparison with the potassium base case.

ANALYTICAL PROCEDURE AND ASSUMPTIONS

The starting point for the analysis of liquid 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.Lons, and a
list of references to the literature that served as background
for the present study.

Cycle Calculations

Cycle calculations were carried out with the use of a com-
puter program described in Reference 1. The computer program
calculated the entirepower system, including the furnace and the
bottoming cycle. However, only results from the liquid metal part
of the calculation were used in this study; the furnace/liquid-metal 	 j

"

	

	 boiler, bottoming cycle, etc., were calculated separately using the 	 -
same procedures that were applied to all other energy conversion
systems in this study.

4

Inputs to the liquid metal calculation included liquid 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 liquid metal
flow rates and power output from the liquid metal topping system

j	 were calculated. Liquid metal pump power was subtracted from the
generator power output to arrive at a net power output from the 	

_f

liquid metal topping system.
`: r

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.1'
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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 11), separate high-pressure
turbines were designed with a single stage. In most cases, the
turbines 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 vapor turbines can be
found in Reference 1.

Liquid Metal Pump

Liquid metal pumps are centrifugal pumps of the type manu-
factured for the liquid metal fast breeder reactor program. Each
pump has a capacity of 4500 gal/min (0.284 m3/sec)

Liquid Metal bump 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 li-
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
liquid 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 _oots, and in the high stress region near the center
of the 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.

Meta'L 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 direct3v with volume, and..1.	 power varies directly with flow or annulus area, assuming geo-
metric similarity. Thus, weight = KL 3 , and power = CL 2 , where K

1	 and C are constants, and L is a characteristic length, for exam-
ple, the length of the last stage blade. The weight per unit
P	 approximately proportional 	 /, power is therefore a ro^timatel ro vrtional to the 3 2 power
of L. These relationships were used to scale sizes, weights, and
costs from the original designs to the present study.

I
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 M4r7 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 design 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 oZ the disk materials were marginal for

i
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the life. 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.

i
in summary, Figure 13 of Reference 1 is scaled-by 2/3 to 	 F

get the turbine dimensions at 1800 RPM. For the base case, six
double-flow turbines driving two generators are required for 300
MW output. Each double-flow turbine module is 27 ft long and 15
ft high (8.23 and 4.57 m) (not including the generator). The 	 f.
total weight for six turbines is estimated as 2.22 x 10 6 1b (1.01
x 10 6 kg). The total cost of the six turbines with two generators
is estimated to be $43.3 million,	 j

Case 8, with a nominal capacity 50 percent greater than the
i	 rest of the cases, utilizes nine double-flow turbine modules of
i	 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 lb per hour (39,000 kg/sec) is required,
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 l (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 ft high (4.9 by 2.7 m), and one single--
flow unit 11 ft long and 9 ft high (3.35 by 2.74 m) at 3600 RPM
which generate 112 MW. The weight estimate is 157,000 lb (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 ft 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 10 6 lb (503,000
kg). The total weight of all potassium turbines for this case is

€	 1.27 million lb (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 volute flows which permitted smaller
machinery.

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

r°.

r

i

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 360'0 RPM (1/2 size) and the low-pressure turbine scaled
to 1800 RPYI (2/3 size). Using the flow rate of 8.9 x 10 6 lb/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 1 (p. 23). Each
turbine is 16 ft long and 9 ft high (4.9 and 2.7 m). The total
weight of all six is 471,000 lb (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 l (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 10 6 lb (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
MW 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 l
(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 ft high (7.8 and 4.6 m), running at 1200 RPM and gener-
ating a total of 381 MWe. The estimated total turbine weight is
1.68 million lb (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 znl' ettemperature 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 flow 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 ft high (7.3 and 4.6 m), generating a total of 300 MW
at 1200 RPM. The estimated total turbine weight is 858,000 lb
(390,000 kg). The estimated total cost for the turbines plus a
generator is $20.5 million.

Pum s and DMR Tanks

In Reference 1, costs 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 liquid volume 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 density, the volume flow rate, the num-
ber of 4500 gal/min (0.284 m 3/sec) pumps required and the esti-
mated costs. The last two Lines indicate the number of dump tanks,
the same size as those of Reference 1, and the estimated costs.

It 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 K K Cs Cs
Flow Rate, millions lb/hr 9.25 5.16 8.9 35.0 37.0
Density, lb/ft3 44. 44. 44. 97. 95.
Flow Rate, gal/min 26210 14620 25220 44985 48560
No. Pumps 6 3 6 10 11
Total Cost, $ millions 1.782 0.891 1.782 2.97 3.267
No. Dump Tanks 6 3 6 10 11
Total Cost, $ millions 7.128 3.564 7.128 11.88 13.07

RESULTS

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

Capital cost distributions are given in Table 2.7-2.

F

s

S/

Summaries 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 Casa to 2 3 4 a 8 7 a	 1 0 10 13 tx 13 39 17 16

Pmar Output t lw01
II
"F'urnace._Coal, and Cornrersian Process-	 -	 -	 -

-

Iota

AFB
111, !a

1061

AFB
61o07

1070

AFB
H.A.

2413
PF

III. to
L13tu

2548

AF
U nt
LBtu

955

PFft. B.

LIItu

1605

PF
hl. f0
HOW

1616

APIA
111. ra

1452

tPFBt,
111, !8

U3

PF
Ill, to
lino

1077

AFB
111. t6

1088 1071 1079 1179 1142

Fluidized BetiTemperature (OF $ 1565 -• -- -- -- 1550 1050 -- [55p
T

Fluid
Turbine Intel temperature i°F)

n

1400.

Ca

1760 11500 Iwo

0 6R generalWeteed healers 4

1000Candensing temperature eF) 110p 7700

Bottoming Cycle

Turbine Inlet temperature (OF) 059 70001100

Maximum pressure fpstgl 3500

Reheat temperature (0Ft moo ee0 1000

1,15 7,0 1,6Condensing pressure Bit. Hgabs)

Maximum fooN-ter temperature (OF) sto
DCT warHeat rejadlon WCT

Pressurized Furnace
Percent excess air is [0 -- 20 10
Pressure ratio I(, a t0 e
Turbine Intel temperature NFl 1806 1350 1800 1750

2 546 2394

Regenerator efficiency

Actual Powerplant Output (MWo Iona 1081 1070

st-M
8ae[Aer

2433

0.85

We 1614

p.03

1412 1017 1 0 06 1071 1072 It29 114290a
,,,6,,,dyn	 I,,Thermodynamic: Efficiency fpEfficienereentl 5t.4 $1. 4 $1. 4 51,4 5 1.4 51.4 91. 4 70.9 51. 4 75.5 52. 4 51.5 50.1 30,0 52.2 51,3

Powerplant Efficiency (percent 76.9 36,9 77.9 35.1 3 5.5 3$.2 40.6 31.5 39.6 43.3 40.9 39.6 17.7 31.1 41.4 •0.0
Overall Energ Elfktenty "mend 36.9 36.9 33.9 35,1 35.5 37.2 20. 5 )6.7 39,6 21,5 40.0 36.6 37.7 37.1 41.5 40.1
Coal Consumption O fthl 0.51 1.03 1.46 0.00 1.08 1.41 1.55 0,12 0,60 1.45 9. 7 9 6.07 0,84 11.85 0.16 0.71
Plant GNUS Cost it million$ 1260 1282 1292 2063 2155 2296 102 1 190 1 t332 612 1669 1265 1207 1291 1216 1219
Plant Capital Cost (MlWel 1176 HAS 1205 646 543 aa5 677 117a 917 914 t44 a 1166 3202 t29a 1076 t06T
'Gust d Electricity, Capacity Factor . R 65

Capital fmlllslkWh$ 3T..' 37.5 36.2 26.6 26.7 26.0 21.4 37.3 29.0 ta.9 46.9 36.q 34.o 41.0 34.0 37.7
Fuel(mlllsikWh) 7.5 7.9 8.6 1.3 8.2 6.2 21.9 7.3 7.3 29.7 7.3 T,5 7.7 7.9 7.0 T.t

Maintenance	 operating lmlllslkWhl
,
and 3.7 5.0 4.1 3.4 3.4 3.6 7.t 3.9 3.3 3.1 5.3 3•4 4.1 4.l 3,6 1.6

Total(mlltslkWhl Ia.1 490 30.a 35.5 1 6.3 39.6 45.3 48.0 39,6 52.5 61.5 46.4 1 9.8 51,0 44.6 44.4
Sensitivity

Capadly lector • 0.50 (total mlllslkWh) 10.6 6t.9 43.5 47.6 47.4 49.3 72. 4 60.2 490 62.1 77.1 60.6 62.4 66.5 55.9 55.6
Capactly factor -0.80 natal mlilslkWhl
CopltalA •20 percent (AmlilAWhl
Fuel O .20percent(p mllls)kWhi

30.1
1.4
1.5

41.6
7.5
1,6

42.9
7.6
1.7

32.4
3.4
1.7

3 2.7
5.3
1.6

33.9
5.6
1.6

60.9
4.1
4.4

40.4
7.5
I.3

33.6
5.6
1.5

460
5.1
4.1

31.1
9.0
1.5

40,7
T.4
2.5

41.9
7.6
3.5

44.5
8,2
1.6

37.6
6.0
1.4

11.4
6.7
1.4

Estimated Time for Consiructlon (year s$ 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

EstimatedDaledIstCammOrelalSMiceWear$ 1992 2992 1942 1992 1992 1992 1992 1992 1992 1991 1994 t992 tg92 1992 1998 1495

f
E
I

r;

{

f

I
i

'Base case.	 RFD • Atmospheric fluidized bod 	 Mani • Montana
OCT • Dry cooling lower 	 N. D, • North Dakota
HBlu	 High Btu	 PF	 • Pressurized furnace
III.	 • Illinois	 (PFB) • Pressurized fluidized bed (recuporaltvet
LB1u • Low Btu	 WCT R • Wet cooling lower

i."t	 t

y

k

7!q
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1

MAJOR COMPONENTS

PRIME CYCLE

LIQUID METAL TUPN-GEW

LIQUID MFTA L PUSP	 F1

LIQUID F ETAL OUVP TANK

BOITOMING CYCLF

CONDENSER-PrILEF

STEAM TAB-GEN

PRIMARY HEAT 1NCUT AND FEEL SYSTEM

FURNACE MODULES

HIGH TEMP A IR PPEHEATLG

LOSS TFMP Ala PPFHEATER

PRE55URIZ1'aG GAS TURG:14E
(COMP-MEN-H E AT LACH1

GASIFIER II P-CLUrING BOOST
57FA u Tl1RB-COMP

SUB-TUTAL OF MAJC^G cnrPONENTS

BALANCE OF PLANT

CUULING T'OMFP

ALL OTHER

SIDE LABOR

SU8-TU TAL OF PALA- CE r+F PLA'.T

CONTINGENCY

ESCALATION COSTS

I NTEREST DURI NG CONSTRUCTION

TOTAL CAPITAL COST

MAJOR COMPONENTS COST

BALANCE OF PLANT

CONTINGENCY

E5CALATION COSTS

INTEREST DJRING CC14STPUCTION

TOTAL CAPITAL COST

$

i

Table 2.7-2 (Page 1 of 2)

CAPITAL COST DISTRIBUTIONS FOR LIQUID METAL TOPPING CYCLE

CASE a.	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10

MM5	 43.3	 43.3	 43.3	 43.3	 43.3	 43.3	 43.3	65.0	43.3	 27.4	 .--	 -

45	 1.8	 l.6	 1.8	 I.8	 1.8	 1.6	 1.8	 2.7	 1.8	 0.9
1

H u b	 7.1	 7.1	 7.1	 7.1	 7.1	 7.1	 7.1	 10.7	 7.1	 3.6

M4}	 2.6	 3.0	 2.6	 2.8	 2.8	 2.8	 2.4	 3.9	 3.Z	 1.4	 -

M4s	 30.2	 30.2	 30.2	 30.2	 30.2	 30.2	 30.2	 39.5	 30.2	 19.2

Hof	 212.9	 214.1	 221.1	 76.3	 76.0	 79.7	 96.9	 320.7	 209.4	 48.0	 --

MM s	 25.1	 22.3	 20.6	 0.	 0.	 0.	 0.	 33.1	 0.	 0.

•s4s	 3.9	 1.7	 2.3	 0.	 0.	 0.	 0.	 5.5	 0.	 0.

^d45	 0.	 0.	 O.	 123.4	 129.6	 134.1	 37. 6	0.	 54.1	 21.3

H4s	 0.	 0.	 D.	 403.2	 4 3 7.8	 488.1	 0.	 0.	 0.	 00	 -

t" M 5	 326.9	 323.5	 329.0	 6BB.1	 728.6	 767.2	 219. 4	481.1	 349.1	 122.6

FINS	 6.2	 6.2	 6.2	 6.2	 6.2	 6.2	 6.2	 9.3	 6.2	 6.2	 -

M4S	 247.4	 250.4	 250.4	 270.1	 274.4	 203.B	 229.9	 371.2	 251.0	 229.9

M4s	 70.5	 71.8	 71. 8	65.0	 8 7.0	 91.0	 63. B	105.7	 71.3	 63.8	 -

M IA$	 324.1	 326.4	 328. 4	361.2	 3 6 7.6	 381.0	 299. 9	486.2	 328.5	 299.9

M45	 130.2	 130.4	 131.5	 209.9	 2 1 9.2	 233.6	 103.9	 193.4	 135.5	 84.5	 -

1445	 223.4	 223.7	 225.6	 360.1	 3 7 6.2	 400.9	 176. 2	331.9	 232.5	 145.0-^^

Hoy	 275.2	 275.6	 277.9	 443.6	 4 6 3.4	 493.6	 219. 5	408.9	 286.4	 178.6	 -^

V41	 1279.6	 1201.6	 1292. 4 2062.9 21 55. 0 2296.4 1020.8	 1901.5	 1332.0	 830.5

/[W£	 300.5	 249.4	 307.3	 262.9	 2 6 6.0	 303.4	 145.5	 290.3	 240.4	 135.0	 i

b/(W'	 297.9	 303.9	 306.6	 148.5	 1 44.3	 146.9	 198.9	 301.4	 226.3	 330.3	
i

s/CW ,	119.7	 120.7	 122.8	 B6.3	 8 6.0	 90.1	 66.9	 119.9	 93.3	 93.0	 r.F	 •.,•	 -,

b/CH	 205.3	 207.0	 210. 7	148.0	 1 47.6	 154.5	 116:2	 205.6	 160.1	 159.6	 N	 r

5/CW F	252.9	 255.0	 259.6	 182.4	 1 6 1.9	 190.4	 1 4 5.6	 253.5	 197.3	 196.7
i

b/CW•	 1176.4	 1156.0	 1207.3	 640.1	 8 4 5.8	 8850	 677.1	 1178.9	 917.4	 914.6	 -

'x
}

fQ+^^s'.1xLV^^s ^ ` 	 ^ as+.:r-^ 367 ^:-^3^^
L

^^ w

83



MAJOR COMPON5" S

PRIME CYCLF

LIQUID !I FT A 1	 TUD R-GEN Mk,9

LIOUIO VrT AL PUPP "VS

LSOUIT+ PFTAL 0Ut'P TANK tgwc

BOTTOMING CYCLr

CONOFNSEP-POILEr MMs

STEAM TURR.GrN Mms

PRIMARY HFAT	 Sr PUT AND FUFL SYSTEM

FURYACF MODL;LFS MKS

HIGH TFMP AIR PPEHEATER M4c

LOW TF4P AIP PAFHEATER Mm5

PRE55UR171 t.( GAS TURBINE tams
(COMP-GEM-HFAT C%CHI

GASIFLFR	 11 ?lCLUr TNG BOOST HMS
STFAF TURB-COMP

SUB-TOTAL OF MAJOR. COMPONENTS MR$

BALANCE. OF PLANT

CtlOLING TOWFP 1145

ALL OTHER M45

SITE LABOR Jiml

SUB-TOTAL OF PAL AHCF nF PLANT MM4

CONTINGENCY H4i

ESCALATION COSTS MMI

INTEREST OJRI NG CONSTFUCTION MH!

TOTAL CAPITAL CO5T MHS

MAJOR COMPONVITS CO5T S/KW

BALANCE OF PLANT s/KW

CONTINGENCY S/KW

ESCALATION COSTS 5/KW

INTFRE5T DURI NG CONSTRUCTION S/KW

TOTAL CAPITAL COST S/KW
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Table 2.7-2 (Page 2 of 2)

CAPITAL COST DISTRIBUTIONS FOR LIQUID METAL TOPPING CYCLE

CASE t10.	 L I	 12	 13	 16	 17	 18

52.2 43.3 43.3	 43 % 3 33.4	 20.5

1.0 1.9 1.0	 L.B 3.0	 3.3 -	 -

7.1 7.5 7.3	 7,4 11.9	 13.1
!

2.4 2.6 2.3	 2.7 3.4	 2.6

24.7 30.2 29.7	 30.2 24.2	 30.3

409.8 205.2 216.9	 220.2 171.9	 178.6

22.5 27.4 25.5	 26.0 24.2	 25.1

3.7 3.2 3.9	 4.0 3.7	 3.9 .

0. 0. 0.	 0. 0.	 0.

0. 0. 0.	 0. 0.	 0.

524.3 321.2 330.7	 335.6 275.6	 277.3

E

6.2 6.2 6.2	 24.7 6.2	 6.2

247.4 247.4 247.4	 263.2 2 6 2.4	 262.4

70.5 70.5 70.5	 04.4 74.2	 74.2

324.1 324.1 324.1	 372.2 342.7	 342.7 -.

169.7 129.1 131.0	 141.6 123.7	 124.0

20 221.4 224.7	 242.9 212.2	 212.8 ^!

3541.6 272.8 276.6	 299.2 261.4	 202.1 .,

1667.7 1268.5 1287.3	 1391.5 121$.6	 1218.9
i

486.7 295.0 308.8	 313.1 244.2	 242.9

300.8 298.4 302.6	 347.3 303.6	 300.2:

157,5 118.0 122.3	 132.1 1 09.6	 108.6 f
K•

270.2 203.9 209.8	 226.6 1 88.0	 LB6.3

332.9 251.2 258.5	 279.2 231.6	 229.5

1548.1 1168.1 1202.1	 1298.3 1076.9 1067.5 i

T
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Table 2.7-'-3

L61166-Btur a)OR COMPONENT CHARACTERISTICS
Input

Unit or Module SOz 1.26

Size lit) Weight lb)	 Cost	 Units Total Cost Sfk1Y NOx a319

Maia r Compo nant 114x Lfor DI 	 HI (x 106)	 IS x 106)	 Required l$ x 106) Output HC 0

Prime Cycle CO 4 249

Metal vapor turbine-generator 15 x 120 x 15 1.31	 21.65	 2 43.3 39.8 Particulates O l

Liquid metal dump tanks 12 x 12 x 50 0.3	 1.19	 6 7 1 6.5
Heat to water

Bottoming C cle

Lh'k1Yh

Ou ut
a OB96

a 0024
	

L^

O

(10019

7.5 x 10-4
	

ri

BtulkWh

3191
	

r ,^
5359

SUMMARY SHEET
LIQUID METAL TOPPING CYCLE BASE CASE NO. 1

CYCLE PARAMETER PERFOR1.1ANCE AND C- S

Net Power Output (MIYeI 1088 Thermodynamic efficiency 1percent)

Furnace and Coal Type Atmospheric fluidized bed
Powerplani efficiency (percent)

Illinois No. 6 Overall energy efficiency fpercent)

Plant capital cost ($ x I0)
Prime qcte

Fluidized bed temperature OF) 1550
Plant capital cost lSlk;'iel

Fluid Potassium
Cost of electricity ( millsfkYlhi

Turbine inlet temperature i oFI 1400

Condensing temperature (OF) 1100
NATURAL RESOURCES

Bottoming Cycle Coal llblklYh)

Turbine Inlet temperature (oFl 10DO fgallicWh)
r^ Maximum pressure (psig) 3500 Total

4 oReheat temperature fF1 1000 Coalingf	

I
Condensing pressure (in. Hg abs.) 1-5 Processing

Heat Rejection ;Yet tooting tosser Makeup

NOx suppression
M Stack gas cleanup 

Land (acres1100MWe)
G^ t

ENW ROHMEh

51.4

38.9

38.9

1071

984

41.0

0.813

0.79

0179

0

0

0

0

4.6

Condenser-boiler 15 x 2D x 136 0.20 0.478 5.50	 2.4 2.2
Heafi, fatal reJected ,^

.,	 r Wkwh LbIDay
Steam turbine-generator 30 x 198 x 25 5. 3 30.25 1	 30 . 25 27. 8

Wastes

Primary Heat Input System Furnace solids a 143 3.74 x 10 6 	}co
V! Furnace module 12.5 x 31 x 330 5.3 39-13 5.5	 213.0 195.8 Fine dust from cyclones a I09 2.84 x 106	i

a High-temperalure air preheater 35 r 46 x 4 0.11 0.364 82.5	 25.1 211 Fly ash 0.015 0.39 x 106

^L



15 x 105 x 15 1.09 16.7 2 33.4 29.6
.7x50x 12 0.3 1.19 10 11.9 10.5

x 20 x 173 'k 26 3.4 1 3.4 3-0
30 x 174 x 25 5 ?4,2 1 24.2 21,4

125x3Ix330 7.0 32.40 5.3 17.19 152.3
35 :- °;6 x 4 0.11 0.304 80.1 24.2 21.4

0tulkWh

Heat to water 3453
Heat. total rejected 4810

LWkWh Lhf 0aX

Wastes
Furnace solids 0.134 3.62 x 106
Fine dust from cyclones 0.102 2.76 x 106
Fly ash 0.0I4 0.38 x 106

Net Power Output Me) 1129 lnermodynamie ethic€ency (percent) 52.2

Furnace and Coal Type Atmospheric fluidized bed
Powerplant efficiency (percent) 41.5

Illinois No. 6 Overall energy efficiency (percenU 41.5

Plant capital cast If x 106€ 1216
Prime dlzb

Flu

t

dlcb d bed temperature N)
Plant capital cost ISIM) I076

Flu id cesiumCesium
Cast of electdcHy im€lWk%Vh) 44.6

Turbine Inlet temperature (OF) =TM
Condensing temperature toF) 1000 NATURAL RESOURCES 

Bottoming Cycle Coal tlbfkWhi 0.959

Turbine inlet temperature ( 00 950 Water IgallkWhl
Maximum pressure fps€gl 3500 Total 0.76
Reheat temperalurs (oF) 750 Cooling 0.76
Condensing pressure [in. Hg abs, l 1.5 Processing 0

Heat Rat-fl .n Well cooling tower Makeup 0

NOx suppression	 0

Slade gas cleanup	 0

Land lacres1100 Me) 	 4.4

ENVI RONIMITAL INTRUS ION

MAJOR COMPONENT CHARACTERISTICS 	 LW106-Stu
Input

Unit or Module	 s02	 1.26

Size RD	 Weight Jin	 Cost	 Units	 Total Cast SrkW	 NOx	 0.319

Major Component 	 ON  L for 0) x H)	 €x 10°1	 If x 1061 Required ti x 1061 Output	 HC	 0.0

Prime Cycle	 CO	 0.249

Metal vapor l+rrbi^ tP^er.!nr	 Particulates	 0.?

Liquid metal dump talks

Bottoming Cycle

Condenser-boiler
Steam turbine-generalor

Primary Heal In put Svstem

Furnace module
Higb-temperature air preheater

WWII

output
0.0089
0.0022

0.0

0.0018
7.0 x 10-4

C

k



Table 2.7-5

POWER OUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS;

LIQUID ME'T'AL TOPPING CYCLE

CASE '10.	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10

PRIME CYCLE POWER OUTPUT 	 MW 298.4 298.4 298.4 298.4 298.4 298.4 29(1.4 447.7 Z9B.4 282.7

BOTTOMING CYCLE POWER OUTPUT	 MW 9410 94I.9 941.9 941.9 941.9 941.9 941.9 1397.0 941.9 469.3

FURNACE POWER OUTPUT	 MW	 O.	 0.	 04 1293.0 1408.0 1460.0 35I.0 	 0.	 32 4 .5 197.2

BALANCE OF PLANT AUX. POWER REO tD. MW	 29.0	 29.2	 29.4	 29.0	 29.2	 29.4	 28. 4	42.6	 29.0	 2B.4

FURNACE AUX. POWER REOID, 	 MW 117.3 124.3 134.2 	 59.1	 57.8	 L3.3	 47.3 Q00.0	 76.1	 8.9

TRANSFORMER LOSSES 	 Mw	 6.2	 6.2	 6.2	 12.7	 13.2	 13.5	 B.0	 9.2	 7.8	 4.7

NET STATION OUTPUT	 MW 1087.8 IOBD.6 1070.5 2432.5 2548.1 2594.1 1507.6 1612.9 1451.9 908.1

CASE ^:O.	 21	 12	 13	 16	 17	 18

PRIME CYCLE POWER OUTPUT	 MW 361.7 301.8 302.8 307.9 381.1 296.3

BOTTOMING CYCLE POWER OUTPUT 	 MW 861.5 940.0 926.2 938.9 844.5 944.1

FURNACE POWER OUTPUT	 Mw	 0.	 0.	 0.	 0.	 0.	 0.

BALANCE OF PLANT AUX. POWER REO ► D. MW	 29.0	 29.0	 29.0	 44.6	 29,0	 29.0

FURNACE AUX. POWER REOv0.	 Mw 110.8 120.6 123.0 124.2 	 61.7	 63.4

TRANSFORMER LOSSES	 MW	 6.1	 6.2	 6.1	 6.2	 6.1	 6.2

NET STATION OUTPUT	 MW 1077.3 1086.0 1070.9 1071.8 lt28.8 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/Gd).

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 construction 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
in Table 2.7-1.

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 temperature atmospheric fluidized
bed cases. The lower temperature difference between the bed and
the potassium in Case 11 was largely responsible for the increased
cost.

It can be seen in Table 2.7-1 that a low cost of electricity
i	 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 plant 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
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primarily from the gas turbine. Moreover, the overall energy
efficiency was not favorable.

The pressurized fluidized bed case (Case 9) showed the low-
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 stall 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 	 4
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 high-Btu gas in a pressurized furnace (Cases :7
and 10) resulted in a very low overall energy efficiency as a
consequence of the low coal conversion efficiency.

The cesium cases (Cases 17 and 18) showed improvements in
efficiency and cost of electricity compared with the equivalent
potassium 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 questions 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-
s,'

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 levels,.the potassium base r:
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 w
were eliminated entirely, the above figures would approximately
double.



90

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 a,
study. The major parameters for that case are shown in Table
2.7-1. ,k
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