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FOREWORD

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
is contained in three volumes:

: Volume I - Executive Summary
f Volume II - Advanced Energy Conversion Systems
: Part 1 - Open-Cycle Gas Turbines
Part 2 - Closed Turbine Cycles
Part 3 - Direct Energy Conversion Cycles ;

Volume III - Energy Conversion ~uad Subsystems and Components
Part 1 - Bottoming Cycies and Materials of Construction

f Part 2 - Primary Heat Input Systems and Heat Exchangers

. Part 3 - Gasification, Process Fuels, and Balance of Plant

i
N In addiiion to the principal authors listed, members of the

technical staffs of the following subcontractor organizations de-
veloped information for the Phase I data base:

General Electric Company
Advanced Energy Programs/Space Systems Department

; Direct Energy Conversion Programs
i Electric Utility Systems Engineering Department D
‘ Gas Turbine Division i
; Large Steam Turbine-Generator Department
¢ Medium Steam Turbine Department
! Projects Engineering Operation/I&SE Engineering Operation

Space Sciences Laboratory -
Actron, a Division of McDonnell Douglas Corporation ‘

§ Argonne National Laboratory
Avco Everett Research Laboratory, Incorporated g\

Bechtel Corporation
Foster Wheeler Energy Corporation
Thermo Electron Corporation

This General Electric contractor report is one of a series
of three reports discussing ECAS Phase I results. The other two
reports are the following: Energy Conversion Alternatives Study
(ECAS), Westinghouse Phase I Final Report (NASA CR-134941), and

i 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 (EC2S) 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
cost and cost of electricity. For reference gurposes a steam
cycle (3500 psi/1000 F/1000 F [2.41 x 107 N/m2/811 K/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
CO5, 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
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.

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;, 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.
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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 c’osed-cycle gas turbine systems (including combined
gas turbine-steam turbine systems), supercritical CO2 cycle,
liquid metal Rankine topping cycles, magnetohydrodynamics (MHD) ,
and fuel cells. Advances have also been proposed for the steam
systems which now form the bacrbone of our electric power indus-
try. These advances include the use of new furnace concepts and
higher steam turbine inlet temperatures and pressures. Integra-
tion of a power conversion system with a coal processing plant
producing a clean low-Btu gas for use in the power plant is still
another approach advocated for energy conserving, economical pro-
duction of electric power. Studies of all these energy conver-
sion 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)

Task II Conceptual Designs

}(Phase 11)
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 Scieace
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 agencies. The NASA Lewis Research Center is responsible
for project management of this study.

The information presented in this report describes the re-
sults produced in the Task I portion of this study. The emphasis
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in this task was placed upon developing an information base upon

which comparisons of Advanced Enexgy Conversion Techniques using

coal or coal-derived fuels can be made. The Task I portion of

the study was directed at a parametric variation of the ten ad- /
vanced energy conversion systems under 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 study 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 advrcate the energy conversion sys-
tem and tc analyze the performance and economics of the prime
cycle portion of the energy conversion system, ji.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 Genaeral 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-systerm 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:

l. 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-clean fuels from coal and
integrated low-Btu gasifiers
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Closed-Cycle Gas Turbine

- with helium working fluid
- with a variety of direct coal and clean fuel furnaces
- with and without organic and steam bottominyg cycles

Supercritical CO2 Cycle

- with basic and recompression cycle variations

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

Advanced Steam Cycle

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

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

Liquid Metal Topping Cycle

- with potassium and cesium as working fluids

- with a variety of direct coal and clean fuel furnaces
Open~-Cycle MHD

- with direct coal and semi-clean fuel combustion

- with standard steam and gas turpine bottoming

Closed-Cycle Inert Gas MHD

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

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 ;
Fuel Cells

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

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




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

In open-cycle MHD power generation, fossil fuel is burned
at high temperature (4500-5000 F [2756- 3033 K]) and pressure
(7-15 atm); the hot combustion gases then are "seeded" with
small fractions (1 percent) of an alkali metal (potassium) in-
troduced usually as a carbonate powder or solution; and the re-
sulting gas mixture, which has an electrical conductivity of or-
der 10 mho/m is then expanded through an MHD generator. In the
generator, the conductive gas flow interacts with a high magnetic
field (5-7 tesla) to generate voltages, as in any electrodynamic
machine, perpendicular to the flow velocity and magnetic field.
Electrodes at the sides of the generator channel provide elec-
trical contact between the flow and an external load, thereby
permitting d-c electric current flow and transfer of electric
power to the inverters and then to the external a-c power system.

The gas flow leaves the generator channel, still at very
high temperature (3600 F [2256 K]), when its electrical conduc-
tivity, which varies exponentially with temperature, has become
too low for efficient MHD conversion. The remaining energy in
the gas is then used in a series of oxidizer preheaters and (with
steam bottoming) steam and water heaters as the gas flows through
the power plant and cools toward stack temperature. Before the
gas flow is released through the stack to the atmosphere, the
alkali metal is reclaimed and recycled, and with it is removed
any sulfur that was introduced with the fuel, The gsteam gener-
ated is used to drive conventional turbines which power air com-
pressors and conventional a-c generators.

The design and cost estimation of the open-cycle MHD power
systems has been a joint effort by Avco-Everett Research Labora-
tory, Foster Wheeler, Bechtel, and General Electric. The principal
items designed and costed by personnel from each of these com-
panies were as follows:

Avco-Everett

combus tor

MHD nozzle/generator/diffuser N
superconducting magnet/Dewar

refractory storage high temperature air preheater

seed recovery and processing

Foster Wheeler

coal handling auxiliaries

radiant furnace f
steam superheater/reheater

low~-temperature air preheater

economizer

hot gas cleanup for air turbine (Case 22)




Bechtel
on-site labor and materials
cooling towers
balance of plant

General Electric

electrical inversion equipment
steam turbine/generator
steam turbine/compressor

In addition, General Electric has performed the system integra-
tion function.

Thirty different MHD power cycle cases have been analyzed
in the Task I activity.* The cycle configuration considered for
both base cases, Cases 1 and 24, and for all other cases except
Case 22, is the binary MHD-Steam Power Cycle with direct com-
bustion of the coal or solvent refined coal (SRC) fuel. The gen-
eral configuration of this power cycle is illustrated in Figure
2.8-1, which gives pressures, temperatures and flow rates applic-
able for Case 1. Here the heat content of the MHD generator ex-
haust gases is utilized for power production in a bottoming
steam plant and for preheating of the combustion air. The air
preheater subsystem is divided into a regenerative type refrac-
tory heat exchanger operating at gas temperatures above 1400 F
(1033 K) and a recuperative type metal tubular exchanger opera-
ting at lower gas temperatures. The high-temperature air heater
receives heat from the main combustion gas flow after the flow
leaves the radiant furnace. It is classified as directly fired
and it is used in all MHD-Steam Power Cycle Configurations ex~
cept Cases 9 and 10, Case 10 considers the alternate use of in-
directly fired high-temperature regenerative type refractory heat
exchangers as shown in Figure 2.8-2. This alternate of indirect
firing of the high-temperature regenerative air preheater avoids
problems related to MHD generator exhaust gas contamination by
seed and ash. The fuel required for separate firing of the re-
generator is produced from the more volatile matter in coal by
rapid thermal devolatilization brought about by mixing part of
the main coal fuel with a smaller fraction of the hot MHD gener-
ator exhaust gases as indicated in Figure 2.8-2,

The recuperative heat exchanger preheats the fuel oxidizer
from the compressor outlet temperature to 1400 F (1033 K) in all
cases except three. The three exceptions are:

l. Case 9 — This case involves oxygen enrichment with
preheat of the oxygen enriched air to 1500 F (1089 K)
in a recuperative heat exchanger only.

*The principal design parameters for these 30 cases are listed
in Table 2.8-6.

-

T




e e e ————

Wd "TTVNIDIYO

d00d §1 ™

HHL J0O X1

Ao ICR: |

Seed Inverter ——= A-C Power Output 1399 MW
Makeup
D-C Py Qutput
| ,.26’;;;' ulpd Seed Recovery
132.3/200/0.18 132.3/4634/10.3 16.3/2950710.97
A i N
N 15.4/2200/10.97
MHD 6.3/ B Sl
132.3/2500/8. K2C0y Generator 1803 . j
Rodiant Lanann |
Solvent Combustor Diffuser | F HighTemperat
Refined — ' !—4 i [ M) | L Ar
or Pulverize
Cool = 3 L 14.8/675/1097
| . '—‘—! | / 14.7/300/10.97
Sy — __Iawd Reboot || /T Eractostaic | .| Ecimomzer| 525
rInle Blower | 16.4/80/0.7 - VAL (e Stock
High-Pressure .Nww—‘—’
Air
- Steam _ 3515/1000/5.32 4394/232/5.32
Air:'rnal’ey' 14.7/60/8.95 ?4.3/625/8.95 |
Steam
High ——
Pres F
lngrmedmte H::di:r:m
{e3sure - And Boiler
Feed Pumps
537 MW High
Power To «——— Generator L—I— Pressurs
Transformer
Intermediate
Pressure
1.5 Inches Hg 1.5 Inches Hg
Sisam Condenser Steam Condenser
Wet Cooling Towers
L
Condensate Pump

-/

Nole

Pressure(Psia) / Temperature ( °F)/ Flow Rate(x 108Lb/ Hr)

Figure 2.8-1 Open-Cycle MHD (Base Case 1)



Low Btu Conmbustion

Coal Fuel Gas Air Air Air
l High
High Temp. ressure Low Pressure
g:ﬂll Regenerator Cycle Compressor
r—™ vola- ompressor 1.1 at
Devola- MWW |4 p (1.1 atm)
-— A ]
< N
High Sec. Comb. Air | A L\
Temperature )
Combust ion ! Regenerator
Air to MHD J\/VN/VNr Recup. Recup.
Burner
Radiant W AAAAY: J\/whv\rj
o Boiler AAAA"A% > ——
gl . Furnace
Hot MHD-Exhaust ANV Stack Gas
Reheater ]
B

To /'y
High Pressure
Turbine

[

Feed
Water

Reheat
Steam

To Main
Reheat Steam
Turbine

Indirectly Fired High-Temperature
Air Preheater System

Figure 2.8-2,

2, Case 13 — This case considers an air preheat temperature
of 2000 F and a lower exit temperature of 1000 F ( 8l1 K)
was assumed for the recuperative heat exchanger.

3. Case 22 — This case involves a gas turbine bottoming
plant with a high-temperature and lower-temperature gas
turbine arranged in series. An exit temperature of
1000 F ( 811 K) was assumed for the recuperative heat
exchanger which matches the inlet temperature to the
low-temperature air turbine.

Case 8 considers the effect of operating the design of Case
1 at reduced fuel, air, and seed flows and correspondingly re-
duced pressure ratio and power output. Results for this case give
some indication of system performance at reduced load.

Case 9 considers the use of oxygen enrichment of the combus-
tion air. This alleviates the need for high-temperature regenera-
tive heat exchangers. The oxy%en plant required corresponds to
12,000 tons per day (10.9 x 10° kg per day) of contained oxygen
at 80 percent purity with a total compressor power requirement
of 110 MW. For the Task I Study this oxygen was treated as a
purchased item ($9/ton), whose cost was added to the coal fuel
cost.
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One case, Case 22, considers a gas turbine bottoming plant
instead of a steam bottoming plant. The cycle configuration for
this Case is shown in Figure 2.8-3. The gas turbine bottoming
plant consists of a high-temperature gas turbine and a lower-tem-
perature gas turbine operating in series. Specific additional
design data for this case is listed on Figure 2.,8-3. An expen—
sive and somewhat uncertain particulate removal process has been
included near the inlet to the high-temperature turbine to reduce
particles picked up in the refractory storage heat exchanger and
ducts to the 30 ppm level required by gas turbine inlet specifi-
cations. A liquid cooling loop that probably would be required
for control of wall temperatures in combustor, MHD generator,
and diffuser has been neglected here in cost estimates. Perform-
ance calculations, however, have included the effects of heat
losses from those components.

Direct combustion of the coal fuel in a single high-temper-
ature MHD combustor has been considered for all cases. The MHD
generator channel operates with ash laden combustion gases so that
ash is continuously deposited and coats the channel walls.

The assumed degree of slag removal in the combustion process
has been specified for each case. Additional slag removal also
occurs from the MHD generator exhaust gas immediately upon exit

MHD A-C
Power Power i
T T T T T T T N
Electric High Tem Low Temp.
Inverter Generator ir Turbgée Compressor Air Turbine Compressor
4
HT Air
2400°F 1000°F A
Gas bt 10 atm 10 atm
Cleanup By-Pass Air
—

T\ wed |
(for
tempering) 1000°F

High Low Temp.
Coal Temperature LJ\/VAJN/\F g:ZCk

—MuD-Generator A\ VAN LAAAAAAA— >
2500°F Regenerator Recuperator
10 atm

High Temperature
Combustion Air

Heat Absorption From MHD Exhaust

MHD High Temperature Low Temperature
Combustion Air Turbine Air Turb.ne Air
High Temperature Regenerator MW 1120 1180 -
Low Temperature Recuperator MW 375 860 220
Total MW 1595 2740 220

Figure 2.8-3. MHD—-Gas Turbine Power Cycle
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from the MHD diffuser. The slag extracted here is assumed to be
discarded. The solubility of seed in slag is limited and practi-
cally all of the seed remains in vapor form at these high exit gas
temperatures.

Fuel rich combustion in the high-temperature MHD burner with
a fuel/air equivalence ratio of 1,07 has been assumed in all
cases for the purpose of emission control of nitrogen oxides.
Additional secondary air is added near the exit of the radiant
furnace to bring the flow to fuel/zir equivalence ratio of 1.0
for afterburning and complete oxidation of the fuel,

‘Seed recovery is combined with removal of sulfur oxides when
this is necessary to satisfy sulfur emission control standards,
Seed and remaining fly ash precipitated from the stack gas, and
collected from the boiler and air heater in the bottoming plant,
are processed as necessary and recycled. The processing of seed
converts recovered potassium sulfate to potassium carbonate and
produces elemental sulfur as a by-product. Because of uncertain
market conditions, no economic credit is taken for the byproduct
sulfur. This processing of recovered seed is schematically
shown in Figure 2.8-4. The principle of the process is first to
reduce recovered K504 to K3S. This reduction is accomplished
by reacting K3S04 with CO and H2 provided by purchased low-Btu
(LBtu) gas. The K2S produced in the reduction process is further
reacted with water vapor (H,0) and carbon dioxide to form potas-
sium carbonate (K2C03) and hydrogen sulfide (H2S). The hydro-
gen sulfide produced is fed to a Claus plant where elemental sul-
fur is produced as a byproduct.

The energy content of the LBtu reducing gas is significant
for systems operating on high sulfur fuels. For systems fueled
by Ill #6 coal (3.9 percent sulfur) the heating value of the re-
ducing gas is approximately 5 percent of that of the coal flow.

The K,CO3 from the process is recycled to the MHD burner.
The amount of fly-ash relative to recovered seed is so small
that it can be directly recycled together with K2CO03 without in-
curring a serious build-up of ash.

The removal of sulfur from the combustion gas primarily as
K2S04 requires removal of 2.44 weight units of potassium for
each weight unit of sulfur removed and thus imposes a lower limit
on potassium seed flow for any given sulfur flow, a limit that
can be governing when high sulfur coal is the fuel. For example,
when Illinois #6 coal (3.9 percent sulfur) is burned, seed frac-
tions less than approximately 1 percent K by weight in the combus-
tion gases will not permit attainment of the EPA limits on SOy
emission unless the K2504 process is supplemented by some other
sulfur removal process. For the Montana sub-bituminous (0.8 per-
cent sulfur), North Dakota lignite (0.7 percent sul fur), and
solvent refined coal liquid (0.8 percent sulfur) fuels, this effect
does not provide practical limitations.
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ANALYTICAL PROCEDURES AND DESIGN ASSUMPTIONS

Working Fluid

Thermodynamic equilibrium calculations for the fuel-oxidizer
and seed mixtures were conducted to establish the thermodynamic
operating conditions of the working fluid for the MHD generator
and the bottoming plant. For the MHD generator, the electrical
properties of the working fluid are based upon thermal equili-
brium conditions. The nitrogen oxide levels formed in the com-
bustor are assumed to be frozen during rapid transit through the
MHD nozzle-generator-diffuser, then brought to equilibrium again
at témperatures near 2960 F (1900 K) during a 2-second dwell in
the radiant furnace before final freezing caused by decreasing
reaction rates in the cooling gas.

The parametric assumptions of fuel type and its heating
value, oxidizer type, and its preheat temperature, seed material
and its concentration, together with assumed combustion effici-
ency establish the initial gas stagnation conditions. In these
calculations it has been assumed that the three different moist
coals have been dried before burning by flue gases extracted from
the bottoming plant. Illinois #6 bituminous coal has been as-

sumed dried to 2 percent moisture content and Montana sub-bitumi-
nous and North Dakota lignite to 5 percent.

MHD Combustor

MHD combustor design has been based upon data and results
from experimental work with MHD coal and o0il combustors at Avco
Everett Research Laboratory. The combustion reaction has been
assumed to reach thermal equilibrium at combustor temperature.
Combustor heat losses have been estimated at approximately 0.4
MW per square meter of combustor surface. For all coal fueled
cases, a combustor residence time of 50 milliseconds has been
gselected in accordance with results from experimental work. The
coal feed is pulverized coal designated as 70 percent through
200 mesh. The injection of the pulverized coal into the combus-
tor is accomplished at flame holder type structures that create
shear layers with recirculation zones for turbulent dispersion
and rapid and homogeneous mixing of the injected coal with the
preheated oxidizer.

The combustion chamber has a vertical arrangement with the
generated combustion gases delivered to the MHD generator from
the lower part of the burner. Seed is injected at the gas exit
from the burner to avoid possible loss of seed in the slag ex-
tracted from the bottom of the burner.

The combustor design for burning of liquid solvent refined
ccal has been based on a combustor residence time of 15 milli-
seconds, which is in line with combustor residence times used in
experimental MHD combustors using heavy fuel oils and fuel oil-
pulverized coal mixtures.

14



MHD Generator

MHD Channel. The procedure for MHD channel calculations is
outlined in the accompanying diagram (Figure 2.8-5). It is as-
sumed that the flow is developing rather than fully developed.
The flow is divided into an inviscid core occupying most of the
channel area and a boundary layer confined to the immediate vi-
cinity of the channel walls. Boundary-layer displacement thick-
nesses are calculated from momentum integral equations for both
electrode and insulator walls, taking into consideration shape
factor, compressibility and wall cooling effects.,

The performance characteristics, in particular the Hall vol-
tage and effective conductivity, are sensitive to nonuniformities
in the flow. Nonuniformities in velocity, electrical conductivity,
and Hall parameter in the vicinity of both the electrode and in-
sulator walls are trea%ed. Performance degradation due to finite
segmentation and Jy x B forces are also considered.

The plasma is assumed to be in chemical equilibrium at the
local conditions, except in nitrogen oxide concentrations, at all
points in the flow field. Since the plasma consists of combus-
tion products, the electron density is assumed to be in Saha
equilibrium at the translation temperature of the plasma. In
the analysis, both the thermodynamic and the transport properties
of the gas mixture are required. The thermodynamic equilibrium
properties of the combustion products, considering up to fifty
of the most important species, are calculated as a functicn of
temperature and pressure. The electrical conductivity o and the
Hall parameter wt are evaluated as a function of temperature and
Pressure using Frost's approximation with the effects of electron
attachment to OH and other species included and accounting for
magnetic field strength effects. The viscosity u is evaluated
using Wilke's mixture rule and the first approximation of the
Chapman-Enskog expansion with Lennard-Jones' potentials for the
individual species, except for H20 where an experimental correla-
tion is used.

In general, the calculations performed for each case illus-
trate that MHD generator specific power output, expansion effi-
ciency and length are most strongly influenced by electrical
loading parameter and air preheat temperature. It should be
noted that inlet stagnation pressure which specifies the total
isentropic enthalpy available for energy extraction is essentially
a dependent variable which should be determined by the choice of
electrical loading parameter, the preheat temperature, and other
parameters. Because of this effect, the inlet pressure tends to
vary among the cases studied more than most other desigr. parame-
ters.

The power output from the generator is almost unaffected by
the variation in magnetic field between 5 and 7 tesla. The main
reason for this is that the pressure ratio and thus available gas
enthalpy for energy extraction is specified to be constant. The
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reduction in field strength is compensated for by increased length
without incurring serious heat and pressure losses for the rela-
tively large generator capacity considered here. The power out-
put could have increased with increased field strength if the
ground rules under which the study was conducted had permitted an
appropriate increase in pressure ratio. Due to programmatic limi-
tations, few cases have been included in which major changes have
been made in two parameters simultaneously.

The effect of seed variation on power output is also insig-
nificant. This can be explained by the relative insensitivity
of performance to length as indicated above, and by tue relative
insensitivity of conductivity to seed concentration in the range
considered from 0.5 to 1.5 percent.

The diffuser p.rformance is estimated assuming a 70 percent
diffuser efficiency and a two-dimensional subsonic expansion,
since data covering the high inlet blockage conditions charac-
teristic of the MHD application are most complete for this type
of diffuser. However, available evidence indicates that three-
dimensional diffusers can be equally effective. A three-dimensional
diffuser expansion would have the advantage of reducing the dif-
fuser length by roughly a factor of two.

In a high-blockage situation, boundary-layer bleed and me-
chanical pumping to exhaust plenum pressure should be advanta-
geous., However, no credit was taken for this possibility or
for the beneficial effects of boundary layer cooling as the gas
flows from the MHD duct into the relatively cold-walled diffuser.

MHD Magnet. The required magnetic field for the MHD gener-
ator 1s provided by a superconducting magnet. A saddle-shaped
magnetic field coil has been selected and the axial magnetic field
along the channel has been tailored to the MHD channel operating
requirements. The actual magnetic field distribution and axial
profile have been calculated and utilized in the MHD channel per-
formance calculations. Magnet design data for the base Case 1
are listed in Table 2.8-1 and for base Case 24 in Table 2.8-2,
The magnetic field profile rises sharply at the inlet end of the
channel where it reaches its peak value. It then tapers off
towards the channel exit where it drops off more rapidly. This
decrease of the magnetic field from inlet to exit lowers the
axial electrical field (Hall field) and Hall parameter within

the MHD generator, which are important to generator design and
operation. For Case 1 with an average magnetic field strength
of 5 tesla, the axial electrical field within the channel is
quite low and varies between 1.1 and 2.7 kv/m. For Case 24,

with an average magnetic field strength of 6 tesla the axial
electrical field varies between 1.2 and 4.0 kV/m, which still

is within the range where experimental MHD channels have been
successfully operated.
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Table 2,.8-1

MAGNET FOR BASE~-CASE MHD GENERATOR
CASE 1-2000 MWE PLANT SIZE

Channel Specifications

Inlet 1.4297 m x 1.4297 m
Exit 3.653 m x 3,653 m
Active Length 25m
Field: 1Inlet 2.496 T

Bo max. 5.992 T

Exit 3.12 7
ve? = zzf aB2 41 11,600 m3T2

Magnet Design Data

Warm bore (circular) Inlet 2.87 m
Exit 6.50 m

Active length 25 m
Ampere turns 50.8 x 106
Ampere meters 34.2 x 108
Stored energy 15,200 megajoules
Current density, winding, average 2.0 x 107 A/m2
Dewar O.D.

Inlet end 9.3 m

Exit end 13.6 m
Dewar length, overall 31 m
Conductor weight 900,000 kg
Main structure weight 1,900,000 kg

(design stress 25,000 psi)

Internal structure &
miscellaneous weight 180,000 kg

Dewar weight 750,000 kg

Total 3,730,000 kg
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MAGNET DESIGN DATA FOR BASE CASE MHD GENERATOR

Channel Specifications

Table 2.8-=2

CASE 24—-SRC AS FUEL

Inlet 1.067 m sq.
Exit 3.499 m sq.
Active length v20 m
Field: Inlet 3.21 T
Peak 7.72 T
Exit 2,40 T

Magnet Design Data

Warm bore (circular):

Active length

Field: Inlet
Peak
Exit

ve2 = 20 am2 @1

0
Ampere turns

Current density, average
Dewar 0.D.

Inlet end

Exit end
Dewar length
Conductor weight
Main structure weight
Intermediate structure &
miscellaneous weight

Dewar weight

Inlet

Exit

Total

2.60 m
6.36 m
20 m
3.2
7.9
2.4

13,200 m3T2

76.4 x 106
2.0 x 107 A/m2

9.8 m

13.7 m

28 m
1,036,000 kg
2,100,000 kg

200,000 kg
750,000 kg

4,086,000 kg
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High- Temperature Preheater

The high-temperature regenerative type air preheater sub-
system design is based upon information and experimentc’' results
obtained in the development of such preheaters for MHD power sys-
tem applications at Avco Everett Research Laboratory.

The thermal performance of the preheater has been calculated
by computer techniques. This matihematical treatment is based
upon two differential equations related to the flow of heat with-
in the matrix and from the fluid to the matrix and vice versa.
Preheater cycle time periods, materials, temperature gradients
and temperature fluctuations within the refractory matrix, as
well as the geometry, dimensions and height of the matrix have
been selected, based upon experimental work along with detailed
analysis of thermal stresses of refractory matrices and system
requirements for high temperature regenerative preheaters.

For all cases except 9, which excludes a high-temperature
preheater, a total of 6 preheater units has been assumed with
2 units on blow-down for heating of air, 3 units on reheat with
hot combustion gases and one additional spare unit. The cycle
time periods selected are four minutes on blow-down and six
minutes on reheat.

The matrix for preheat temperatures of 2000 F (2367 K) and
2500 F (1644 K) consists of bricks with 1 1/2-in. hole diameter.
One exception to this is Case 22 using a preheat temperature of
2500 F (1644 K) and gas turbine bottoming plant, in which case
a hole diameter of 1 in. has been selected for the matrix bricks.
The l-in. hole diameter has also been employed for the higher
preheat temperatures of 3100 F (1978 K) and 3600 F (2256 K) with
direct firing of the preheaters. For the one case with indirect
firing, Case 10 (with 3100 F preheat temperature), a smaller hole
diameter of 1/4-in. has been selected for superior thermal per-
formance. The fuel gas for indirect firing is procuvced by vola-
tilization of a small part of the coal by mixing it with a small
fraction of high temperature MHD combustion gases. In this way,
rapid devolatilization of the volatile matter of coal is attained
and a residence time of 100 milliseconds is adequate for volatili-
zation to occur. The exit fuel gas temperature is 1880 F (1300 K)
which is below the dew point for potassium seed. The remaining
char, with ash and condensed seed from the volatilization process,
is fed to the MHD burner where it is burned together with the
main coal fuel feed.

Design data for the high temperat.re air preheater for the
first base case, Case 1, and Cases 2 and 3, are listed in Table
2.8-3., <imilar data for the second base case, Case 24, are listed
in Table 2.8-4.
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Table 2.8-3

AIR PREHEATER
CASES 1, 2, AND 3

Case 1 Case 2 Case 3 /
Plant Size MWe 2000 1200 600
Air preheat
temp (°F) 2500 2500 2500
Air pressure (atm) 10.5 10.5 10.5
Number of Heaters | 6|2 blowdown 6|2 blowdown 62 blowdown
3 reheat 3 reheat 3 reheat
1 spare 1 spare 1 spare
Heater bed
dia. (ft) 30 24 17
Heater bed
height (£ft) 40 40 40
Heater total
height (ft) 75 70 60
Heater bed
weight (tons) 1400 900 450
Heater total
weight (tons) 2400 1650 1000
Pressure drop
Air side (atm; 0.01 0.01 0.01
Gas side (atm) 0.06 0.06 0.06
Table 2.8-4
AIR PREHEATER
CASE 24-BASE CASE WITH SRC AS FUEL
Air preheat temperature (°F) 3100
Air pressure (atm) 16 ~
Number of Heaters 6] 2 blowdown )
3 reheat
1 spare
Heater bed diameter (ft) 30 \\\
Heater bed height (ft) 40
Heater total height (ft) 75 .
Heater bed weight (tons) 1600 ‘
Heater total weight (tons) 2600
Pressure drop
Air side (atm) 0.01 .
Gas side (atm) 0.10
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COST BASIS
Combustor

The combustor and channel inlet expansion nozzle are cooled
by boiler feedwater in all cases except for Case 22, which has
a gas turbine bottoming plant., Cooling is contemplated in this
latter case by utilizing a closed loop with an organic coolant
(e.g., Dowtherm), together with an external heat exchanger. (In
this case, the heat transferred to the coolant from the combus-
tor is considered to be lost to the surroundings, whereas in the
former case it is utilized for boiler feed water heating.)

Cooling of the combustion chamber and inlet nozzle permits
the use of steel as the basic construction material. A metal
tubular construction for the outer walls of the combustion chamber
and nozzle is contemplated. The inner walls are lined with re-
fractory which in time will be partly replaced by ash during op-
eration.

MHD Channel Assembly

The MHD channel assembly includes the channel and diffuser.
The channel walls consist of water (or Dowtherm) cooled inconel
bars with refractory insulation in between, and a plastic back-
ing structure reenforced with stainless steel ribs. The channel
becomes lined with slag during operation. The diffuser walls are
made of water-cooled steel tubes backed by insulation and struc-
tural steel.

Superconducting Magnet

Cost and weight estimates for magnets are based on the use
of air-core saddle-coil magnets with windings of copper-stabilized
NbTi superconductor maintained at liquid helium temperature by
closed-loop refrigeration equipment. The typical magnet has a
warm bore of circular cross section, increasing in diameter
toward the low-field end to conform approximately to the increas-
ing cross section of the MHD channel toward the exit (low-field)
end. The windings themselves also diverge toward the exit end.
The windings are enclosed in a close-fitting liquid helium con-
tainer. Main structural members supporting the windings against
gravity and magnetic forces are of aluminur alloy, operating at
the same temperature as the coils. The structural members include
shells enclosing the windings and carrying the major longitudinal
magnetic forces together with ring girders or the equivalent
clamped around the outside of the winding and shell assembly and
carrying the radially-outward magnetic forces. The windings and
structure are mounted in a vacuum jacket (Dewar) made of alumi-
num alloy. Multi-layer thermal insulation and intermediate tem-
perature thermal shielding are provided to reduce heat transfer
from the room-temperature jacket walls to the cold region.

22



All magnet designs incorporate full cryogenic stabilization
with relatively low current densities (2 to 3 x 107 A/m2) and
moderate structural stresses of 20,000 to 35,000 psi (15 to 25 x
106 kg/mz). To conserve superconductor, it is assumed that the
windings are "graded," i.e., the amount of NbTi contained in the
conductor in portions of the windings exposed to lower fields
is reduced in inverse proportion to its current-carrying capacity,
which increases with lowering field. For those magnets designed
for the higher fields at the front end (above 6T), the end-turn
configuration is spread out in order to reduce field concentration
in the winding.

Ccosts of stabilized superconductor are based on recent ven-
dor estimates for large cross-section, low-current density com-
posite conductor (built-up type), adjusted in accordance with
design magnetic field levels. Costs of aluminum alloy structure
and vacuum jackets are likewise based on vendor estimates on
large welded assemblies. Costs of magnet coil winding and assem-
bly labor, accessory systems and installation are engineering es-
timates based on past Avco experience in MHD magnet work.*

High-Temperature Preheater

The design of the high-temperature preheater subsystem which
forms the base for the cost analysis and determines the materials
requirements is based upon data and information developed in Avco
MHD preheater development work. This includes construction and
operation of experimental preheaters, materials investigations, and
design studies of large scale preheaters for commercial MHD power
plant applications, as well as information gathered from other
industrial and special applications of high-temperature regener-
ators,

A regenerative heat exchanger with a stationary refractory
bed was selected because most data and information are available
for this type of preheater design. Refractory type regenerators
with stationary beds have also been used for several years with-
in the steel and glass industry for preheating air to about 2500 F
(1644 K) by waste heat recovery from high-temperature combustion
gases containing some contamination of dust and alkalies. Di-
mensions of these large industrial regenerators are typically
heights of 125-150 ft (38-46 m) and diameters of about 30 ft (9m).
High-temperature switch-over valves for cyclic operation of such
regenerators are manufactured in sizes up to 6 £t (1.8 m) inter-
nal diameter.

Cost data have been obtained from refractory manufacturers,
high-temperature valve manufacturers and steel fabricators in

*The estimates for the magrnet system provided by Avco during

Task I include some cost elements that should be included in
Balance of Plant. The Avco estimates have been accepted as sub-
mitted, however, because it appears that actual double counting
has not exceeded 15 percent of total installed magnet cost.
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the preparation of cost estimates. Estimates for materials -nad
costs comprise the total high-temperature preheater subsystem
and include all regenerator units with their refractory matrix,
refractory lining and insulation, steel vessels and structure.
In addition for the one case, Case 10, with indirect firing, the
analysis includes also the cost of the coal devolatilizer for
production of the fuel gas required, as well as the auxiliary
burner equipment for separate burning of this fuel,.*

Present costs obtained for checker bricks of high purity
magnesia and alumina are in the range of $0.25 to $0.35/1b
($0.55 to $0.77/kg) in bulk. These checkers with hole sizes
(1 t6 2 in. [2.5 to 5 cm]) similar to those used in directly
fired regenerator matrix design have been used for industrial
regenerators up to temperatures of 2600 F (1700 K). Cored bricks
of high purity alumina have been used successfully in experimen-
tal MHD preheaters with clean combustion gases up to higher pre-
heat temperature of 3100 F (2000 K), and also in wind-tunnel
heaters at these high temperatures. According to rough estimates
obtained from refractory manufacturers, costs in bulk of such
cored bricks would be in the order of $1.00/1b ($2.20/kg) for
high purity alumina or magnesia. The use of magnesia and alumina
is limited to maximum preheat temperatures of about 3100 F (2000 K)
because of their thermal properties. The selection of refractory
materials is determined by several other factors in addition to
thermal stability of the materials such as chemical stability,
thermal fracture resistance and mechanical strength. For the
very high preheat temperature of 3600 F (2256 K), zirconia ma-
terial has been specified for the upper portion of the matrix
operating at temperatures higher than 3000 F (1922 K). Bulk unit
cost for this high temperature zirconia material has been esti-
mated to $3/1b ($6.61/kg) from information gathered.

With the above data as basis, a cost of $0.50/1b ($1.10/kg)
has been applied for refractory matrix material of magnesia or
alumina for preheat temperatures of 2000 F (1367 K) and 2500 F
(1644 K)., For the higher preheat temperature of 3100 F (1977 K)
the same unit cost ($0.50/1b) has been applied to the part of the
matrix designed to operate below 2500 F. For the portion of the
matrix operating above this temperature, the use of more costly
magnesia or alumina materials at a unit cost of $1/1b ($2.20/kg)
has been assumed.

For the highest preheat temperature of 3600 F (2256 K), the
matrix has been divided into three temperature zones with differ-
ent materials and unit material costs. For the temperature zone
below 2500 F (1644 K), magnesia or alumina material is assumed

*The estimates for the high-temperature air heater costs pro-
vided by Avco during Task I have been multiplied by the factor
0.61 to remove from those estimates cost elements that should
be included in Balance of Plant. This factor was obtained from
af?reakdown of air heater costs provided by Avco during Task II
efforts.
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with a unit cost of $0.50/1b ($1.10/kg), for the middle tempera-
ture zone from 2500 F (1644 K) to 3000 F (1922 K), more costly
magnesia or alumina materials are assumed with a unit cost of
$1/1b ($2.20/kg), and for the higher temperature zone above

3000 F (1922 K), zirconia material is assumed with a unit cost

of $3/1b ($6.61/kg).

The one case with indirectly fired regenerators utilizes
a cored brick design with a relatively small 1/4-in. (0.64 cm)
hole diameter which has a superior thermal performance compared
to the brick designs with larger hole diameter of l1-in. (2.5 cm)
and 1-1/2-in. (3.8 cm). For this specific case with cored
bricks, the refractory material unit cost has been assumed to
be $1/1b ($2.20/kg) for the complete matrix.

Other preheater types and concepts besides regenerators with
stationary beds are under development or have been proposed.
These include regenerators with moving refractory beds of the
rotary and falling types, as well as more advanced and novel con-
cepts involving coal ash as the intermediate heat transfer medium.
Moving type bed systems would be more compact than fixed ones
and hence could be less costly. The possible use of coal ash as
the heat transfer media would obviously result in substantial
savings of matrix costs.

Seed Recovery and Processing

The estimated costs associated with processing of seed using

LBtu gas as the fuel source are listed in Table 2.8-5. Seed make-

up costs related to the loss of seed in slag or otherwise are
also included in this table.

RESULTS

The results of the Task I study cover a total of 30 systems
cutlined in Table 2.8-6. These systems were treated as a coal-
fired base case, Case 1, with 22 parametric variations, and a
semi-clean fuel fired base case, Case 24, with 6 parametric vari-
ations. Detailed results for the two base cases, Cases 1l and 24,
are summarized in Tables 2.8-7 and 2.8-8. Table 2.8-9 gives the
detailed cost distributions for all systems studied and Table
2.8-10 gives the distributions of output powers and auxiliary
losses.

Although most of the parametric variations involve relatively
small changes in the systems, a few such as Case 9 using oxygen
enrichment of combustion air, Case 10 using separately fired high-
temperature air heaters, and Case 22 using the air turbine bot-
toming system represent major departures. In addition to those
major system changes, the parametric variations for the coal-
fired systems include variations in nominal power output from
2000 MWe down to 600 MWe (Cases 1, 2, 3), the use of three dif-
ferent coals (Cases 1, 4, 5), variations in slag rejection during

REPRODUC ALY OF THE 25
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Table 2.8-5

ESTIMATED COSTS FOR CONSTRUCTION AND OPERATION

OF SEED RECOVERY EQUIPMENT

Power Plant:
Plant Fuel
Plant Size (MW)

Seed Concentration
(¢ K)

Processing Plant:

Direct Construc-
tion Cost (106$%)

*Fuel Cost ($/hr)

Operation + Main-
tenance Cost ($/hr)

Sulfur Produced
{tons/hr)
**Seed Make-up Cost:

For 80% or 90%
Combustor Slag
Removal ($/hr)

For No Combustor
Slag Removal ($/hr)

Il1.
2000

#6

1.0

8.0
1115

60

20

62

186

Il1.
1200

1.0

6.0
705

38

12.6

38

114

#6

Il1.
600

1.0

4.0
355

19

19

57

#6

Il1.
2004

0.5

5.0
560

38

10

31

93

#6

Ill.
2000

8.0
1115

60

20

93

279

#6

Montana
2000

1.0

2.0
121

30

65

195

N.D.
2000

2.5
174

30

3.1

67

201

SRC
2000

1.0
37

20

0.6

54

54

*Based upon $2.08/MBtu for synthesis gas as the fuel source.

**Based upon $0.05/1b K20 for potassium sulfide as seed make source.
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PARAMETRIC VAR

Parameters Common Elements: Direct Col
Case 1% 2 3 4 5 6 7 geo 9 B
Power Qutput (MWe) 1895 [ 1180 | 599 | 1870 | 1867 | 1888 | 1888 | 1426 | 199
{ Combustion
| Coal L #6 o | Mont | N.D. [11L. 6
Oxidizer Air
Combustor slag rejection (percent) 90—t > 80 0 90
Preheater
Firing Direct
Oxidizer temperature (°F) 2500 >
MHD Generator
| Type Faraday
g Inlet pressure (atm) 0 8.9 | 8.7 7 6.5 Oty 7
| Average magnetic field (T) 5
| Potassium seed (percent) 1.0
Electrical load parameter 0.8
Heat Exchangers
Gas (Aplp) 0.15
Air (Aplp) 0,10
) Steam Bottoming Cycle
E =] Turbine inlet temperature (OF) w(w/wo#
&, 8 Turbine inlet pressure (psi) 3500
= L Maximum feedwater temperature (OF) 232
i Air Bottoming Cycle
S & Turbine intet temperature ©F) o Pl o ] - f - | =] -
E g Pressure ratio -~ -- -- -- -- -- .-
o Heat Rejection (in. Hg) wer
E; é e T 1.5
O é Actual Powerplant Output (MWe) 1895 1180 | So9 (1870 | 1ge7 [1ems | 1ae8 | 1426
g Q Thermodynamic Efficiency (percent) 5248 (52,0 [5243 | 49,6 | 48,6 [52,7 | 52,7 | 81,6
= g Powerplant Efficiency (percent) 9.2 (48,5 | 48,7 (47,9 | 46,5 49,1 | 40,1 | 47,2
QOverall Energy Efficiency (percent) 4803 (6706 (6748 [ 47,8 | 46,3 [4B,1 | 48,1 | 4641
Coal Consumption (Ib/kwh) 0465 10,67 | 0,66 (0,80 | 1,07 [0,66 | 0,66 | 0,60
Plant Capital Cost ($ million) 2090 11239 | 715 | 2060 | 2107 | 2092 | 2001 | 2018
Plant Capital Cost ($/kWe) 1102 11069 | 1193 [ 1101 | 1128 [1108 | 1107 | 1ers
Cost of Electricity, Capacity Factor = 0. 65
Capital (mills/kwh) 36a9 (33,2 37,7 | 34.m | 35,7 (35,0 [ 35,0 | «e,7
Fuel (mills/kWh) 602 | 643 [ 603 | 6u1 | 6.3 | 6,3 | 6.3 | e.e
Maintenance and operating (mills/kWh) 208 | 249 | 302 [ 2.9 | 2,9 | 2,8 | 2.8 | 3.6
Total (mills/kWh) $3.9 62,4 16703 |63 | %6y9 | ea,) | 4t | 55,0 | w3.1 i
Sensitivity
Capacity factor = 0,50 (total mills/kWh) 5501|8302 | 59,6 (55,2 |%,5 |ss.4 56,6 69,5 | %34
Capacity factor = 0,80 (total mills/kwh) Y608 35,6 13946 (36,0 (37,7 (37,0 [ 37,0 | «5.9 | 3640
Capital & = 20 percent ( A mills/kWh) 70 [ ewe | 75 | 70 [ 7a | 10 | 1.0 | mue | el
Fuel A =20 percent ( Amills/kWh) 1.2 1.3 1.3 1.2 1.3 1.3 1.3 1.3 1,3 T
Estimated Time for Construction (years) r . . r ’ ’ ’ r 1
Estimated Date of 15t Commercial Service (year) 1997 (1997 11997 | 1997 [ 1097 | 1097 | 1907 | 1997 | 1093
*Base case 1. DCT = Dry cooling tower Mont = Montana
**Base case | configuration, reducid Yower output, HT = High temoerature N.D. = North Dakota

+ Base case 2. 11, = lllinois WCT = Wet cooling tower




3 I m g
Table 2.8-6 FOLDOUL FRam 4%
IATIONS FOR TASK I STUDY (OPEN CYCLE MHD)

| Combustion, Avco Combusters, and Refractory Storage HT Air Preheater Common Elements: SRC Fuel, Avco Combustor,
and Refractory Storage HT Air Preheater
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 ¢+ 25 26 27 28 29 p

1994 | 2017 | 2073 | 1738 | 1929 | 1799 | 1701 | 1895 | 1895 | 1883 1901 | 1870 | 1999 | 1889 1932 1754 | 2005 1931 | 1937 | 1942 1919

>
Air —p
> 0 —> l
:
Indirect Direct .
3100 > 2000 | 2500 > 3100 | 2500 | 3600 | 3100 >
I A -
> Diagonal Faraday > [Faraday & |
11.5 | 13.0 16 6 8.7 e > 15 9 20 15 T ;
> 6 5 & 6 7 5 13 6 —»> 5 7 6 —t—pp !
> 0.5 |15 | 1.0 » | os |15 |
!
— 0.85 0.7 0.6 0.8 —5 g
|
—f ,'
|
> |
;
+ -- |1000/1 > 1
> -—- 3500 5> |
+ -- 232 ' !
]
1
o - - - - v we ~ .- - . -- 2400 -- .- -- e -- -- -- -- 1
10 '|
> T | wer |
>
1,0 1.5 1

1994 2017 2073 1738 1929 1799 1701 1895 189% 1883 1901 1870 1999 188e 1932 1754 2005 1931 1937 1942 1919
55.5 | S56.1 57,7| “s,6 | 53,7 | s0,2| «v,6 | 52,8 | 52,8 | 52,5 | 53,0 |S2,1 55,5 S2,n.| 58,2 [53,0 [ 60,4 | 58,2 58.4 | SB,s | 57,9
51.8 | 5244 | S3,9| 45,1 50,1 W68 | 66,2 | ©9,2 | 9,2 | 48,9 | 50,6 |47,6 | S1,9| 49,i 56,8 [ 51,6 | 58,9 | 56,8 5649 | 57,) 56,4
5048 | Slo® | 52,8 | 46,3 | 49,2 | 45,9 | 3,6 | «B8,3 | 48,3 | 48,0 [ 49,9 [4s,3 | 50,9| 48,1 46,3 | 40,2 | 48,0 | 44,3 bbet | 46,5 | 44,0
0,62 | 0,62 0.,60| 0,71 0,664 0,69 | 0,73 | 0,65 0,65 0,66 0,63 |[0,68 0,62 0,66 0,71 0,79 | 0,69 | 0,71 0.71 0,71 0,72
2186 | 215¢ 2lny 2052 211s 2059 | 203 2028 2024 2089 210% 2089 | 2304 21%3 lase 1783 1883 1870 1852 1873 18%9
1088 1087 1048 1181 1096 1146 1197 1069 1067 1109 1107 1117 1152 1140 965 101e 939 968 956 964 LTY )

3e,3 | 33,7 | 13,y 37,3 | 34,7 | 36,2 | 37,A | 33,8 | 33,8 35,1 | 35,0 [35,3| 36,6] 36,0 ;30,5 |32,1 | 29,7 | 30,6 | 3042 | 30,5 | 30.6

5.9 5,9 S.7 6,9 6.1 6,8 7.0 6,2 6,2 6.3 5.9 L 5.9 6,9 10,8 11,9 10,4 10,8 10,8 10,8 10,9
2.9 2.7 2,6 3,0 2,7 2.9 3,1 2,8 2,8 2,8 2,7 2.8 3.2 2,8 2.8 3,0 3,0 2.8 2.8 2,8 2.0

3.0 | 62,3 | wla | er 1| w35 | 45,6 | @70 | 42,8 | 42,7 ee ) | 43,7 | a6, | <S8 45,1 | a6 ] | 47,0 | 63,1 [ 44,2 |43.8 [ ce,0 | 4e,d

5602 | 5342 | 52,1 59,2 | 56,7 | 57,4 | 60,2 | 53,8 | 53,7 | 55,5 | 55,0 |Se.l | 57,5 Se,7 [ Se,l [S57,6 | 52,9 | 56,3 |s3.7 [se,0 | 54,4

gt

6.1 35,4 3,7 19,6 36,5 T 40,2 36,0 35,9 37,0 16,6 37,6 38,1 37,8 37,9 40,4 37,0 38,0 17,6 37,8 3.1
6.9 6.7 6,6 7.5 6.9 7.2 7.6 6,8 6,8 7,0 7,0 7.l 7,3 7,2 6,1 6,6 5.9 6,1 6oV 6,1 6ol

142 142 1,1 lek 12 1.3 lob 3.2 1.2 1,3 1.2 1.3 142 1.3 242 2,4 2.1 2,2 242 2,2 2.2

1993 1999 1999 199% 1997 1997 1997 1997 1997 1997 1997 1997 1999 1997 1999 1998 2003 1999 | 1999 1999 1999
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Table 2.8-7

SUMMARY SHEET

OPEN-CYCLE MHD BASE CASE 1

CYCLE PARAMETER
Power Output (MWe) w5
Combustion
Coal 1llinois No. &
Oxidizer Air
( slag rejection (pe L]
Preheater
Firing Direct
Oxidizer temperature (°F) 2500
MHD Generator
Type Faraday
Inlet pressure (atm) 9
Average magnetic field (T 5
Potassium seed (percent) 1.0
Electrical load parameter 0.8
Heat Exchangers
Gas Qplp) 0.15
Air (Apip! 0.10
Steam Bottoming Cycle
Turbine inlet temperature (OF) 10001000
Turbine inlet pressure (psi! 3500
Maximum feedwater temperature (F) n
Air Bottoming Cycle
Turbine inlet temperature (9F) =
Pressure ratio -
Heat Rejection Wet c00ling tower
MAJOR COMPONENT CHARACTERISTICS
Unit or Module
Size () Weight (b Cost Units iotal Cost  SAW
Major C WxliorDixH 0 10%  8x10% Required (82109 Output
Combustor 9diax 27 long 0.051 5.00 1 5.00 264
Inlet area 22 12
Nozzleigenerator/ diffuser Exit area 4100 n;}m long 292 1.9 1 1% an
Magnet and dewar &4 dia x 100 long LY ] 4.0 1 “.00 an
Radiant turnace 80 x 60 x 100 0.9 315 1 305 166
Superheater/ reneater B0x387x70 9.50 2.n i an 1ne
Economizer B0x327x19 L0 1.64 1 164 o
High-temperature air heater 34 dia x 75 high a8 2m 6 124 654
Low-temperature air heater B0x365:296 3% 12.26 1 12.26 647
Seed recovery system A 1 800 an
Steam turbine-generator set Wx 17425 45 200 1 2008 1055
Inverters 8660 . 8 60 LR /[]

28

N

REPR(

PERFORMANCE AND COST
Y efficiency 528
Powerplant efficiency percent) 0.2
Overall energy efficiency (percent) a3
Plant capital cost (8 x 108 200
Plant capital cost ($/kWe) ne
Cost of electricity (mill/kWh) o9
NATURAL RESOURCES
Coal (IbXWh) 0e
Water (galkWh)
Total oz
Cooling oz
Processing 9
Makeup 0
NO, suppression 0
Stack gas cleanup 0
Land lacres/ 100 MWe) Ln
ENVIRONMENTAL INTRUSION
Wwiod-stu
Input
50, 12
NOx 03
HC 0
co 0
Particulates 0.1
Btukwh
Heat to water 2068
Heat, total rejected 3652
Lb/AWh
Wastes
Furnace solids 0.054
Fly ash 0.008
' THR
POOR

H

08 x10?
02 x10?

o.08x10?

wioey

2@ 10
0.27x 10
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1 TYNIDINO

X

116100004424

m

¥00d S1 T

FHL JO ALl

Steam Boftomeng (ycie
Turtne intet tempetSture O
Turtene inlet pressure Pl
Vavmun tesomater temperature (%
Air Bomoming Cycle
Turtane inlet temperature %51
Pressure rato

est Begection

Table 2.8-8

SUMMARY SHEET

OPEN-CYCLE MHD BASE CASE 24

Direct
3w

0
0w

m

Wet cooling tower

MAJOR COMPONENT CMARACTERISTICS

Ut or Madule

Sire ‘M Weght 1y Cost Umts. Total Cost

Mapt Compunent
Comtwstor S Toaa 1l long

inbet area 220
Lxt area 4100

Magnet and dewar CEFERAL
Radart furnace LI RERL Y
Superhedter reheat. Bl Sese?
* comomurer LI R RN N}

oz rie grner gor ot wer

Migh terperature &t hemer Maan D hgn
Low temperature bt Nester LR A RPN
Semd recovery Systen

Steam turene genecator et Wil

1 vertent

WaliorDiaw i 10h @ aith Reuires 8 . 10%

o2 22 1 n

"3-1')0“1'1 19 1 1%

s0 amw
o a
LR LA 159
1.5 ' 10

1 om
1
1
1
5 267 s 16 00
1
|
i
1

24

e wn wn
Lo 1™
“n e e
we v e

N
058
ia

5 5
0s2

668
S04

PERFORMANCE ANO COST

Thermodynamic efficiency (percent
Powerplant efficiency (percent)
Overall energy ethaency ipercent!
Plant capital cost (8 x 10%

Plant capital cost (BAWel

Cost of ehectricity imilsAWN)

NATURAL RESOURCES

582
58
“3

an

o
o

ENVIRONMENTAL INTRUSION

roL
nput
S0 08
NDy 03
e 0
co 0
Particulates o0
BlukWh

Heat to water 2040
Heat, total rejecten 2%
Wastes None

e@xi0?
0z

a6 10t




Table 2.8-9 (Page 1 of 3)

CAPITAL COST DISTRIBUTIONS FOR OPEN-CYCLE MHD

MAJOR COMPONENTS
PRIME CYCLE
MHD GEN=DIFFUSER
MAGNET
HIGH TEMP AIR PREMEATER
LOW TEMP AIR PREMEATER
SEED RECOVERY SYSTEM

COMP WITW STEAM TURB DRIVE

BOTTOMING CYCLE
SLAGGING BOILER

STEAM BOILER (SUPER-REMEAT
=B0IL=-ECON)

STEAM TURB-GEN
AIR TURB.COMB.GEN-CLEANUP

CASE ND.

PRIMARY WEAT INPUT AND FUEL SYSTEM

COMBUSTOR SYSTEM
SUB=TUTAL OF MAJOR COMPONENTS

BALANCE OF PLANT
COULING TOWER
DC TO AC [NVERTERS
ALL OTHER
SITE LABOR
SUB-TUTAL OF BALANCE OF PLANT
CONTINGENCY
ESCALATION COSTS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL cOSY

MAJOR COMPONENTS COST
BALANCE OF PLANT

CONT INGENCY

ESCALATION COSTS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL cOSY

30

Mug

s/xwE
$/KWE
$/KWE
s/KwE
$/KWE

$/KWE

1 2
T.9 5.2
66,0 36,0
1244 0.9
12,3 0,4
8.0 6,0
13,4 11,7
3.1 2.1
26,4 15,5
20,1 13,1
0. 0.
29,2 18,7
174,7 123,8
8.2 $5.0
86,6 6l.6
$37,1 330,95
178.0 109,55
809,9 506,06
196,9 126,0
395,17 21e,}
S13.,1  266,4
2090,3 1238,
92,2 104,7
427,3 429,)
103,9 10s,80
208,80 103,2
270,7  225,7
1102.9

3.3
23,0
5.5
5.0
40
10,5

1e3
sl

2.0
37.0
102,0
60.2
202,0
1247
126,08

153,7

T14,7

136,2
«71,0
121.4
200,4
256.7

43,0
124
9.3
2.0
12,9

4.0

20,9

21,7
o.

31,2
165,2

8,2
Té.l
541,3
179,7
80%,2
194.1
3%0,0

2060,1

88,3
«30,7
103,8
200,68
270,4

39,0
12.4
10,0

2.3
12,8

3.9
23,6

21,6
0,

“2,.%

176,0

8,2
5.7
549,80
182,8
8ls,5
190,5
39,9

sir,2

2107,1

94,3
«37,3
106,3
213,68
21,0

45,0
12.4
12,2

13,4

,.l
26,2

20,2

0.

29,2
175,7

8,2
86,6
537.1
178,0
809,9
197,.1
39,1

513,86

2092,4

93,1
“20,9
104,4
209,80
212,0

7.9
45,0
124
12,2

8.0
13,4

24,2

19,4

Ce

29.2
174,9

0.2
86,6
37,1
178.0
809,9
197.0
395,80

2090,7

92.6
20,9
104,)
209,606

27,7

10649,8 1193,6 1101,0 120,46 1108,0 1107,2

7.9
45,0
12.4

T.9

11.9

20,4
0.

23.0
166,1

8.2
61.0
537.1
178.,0
T84,
190.1
32,0

95,2

2017,7

116,%
550,1
133,
207,9
347,46

141%,2

T.9
42,0
0,
16,3

11,4

6.9

28,4
0.

30,7
165,9

8,2
85,7
542,1
148,0
T786,0
190.0
e,

494,9

2016,5%

83,3
393,7
5.4
91,7
240,5
1012,

9
51,0
1607

27,0

16,9

Gb

8.2
105.0
537.1
170.0
820.3
203.8

409,06

53,1

2163,8

9.7
415,46
102.2
205 ,4
264,)
1005,1
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Table 2.8-9 (Page 2 of 3)

CAPITAL COST DISTRIBUTIONS FOR OPEN-CYCLE MHD

MAJOR COMPONENTS
PRIME CYCLE
MHD GEN=DIFFUSER
MAGNET
HIGH TEMP AIR PREMEATER
LOW TEMP AIR PREWEATER
SEED RECOVERY SYSTEM

COMP wWiTu STEAM TURB DRIVE

BOTTOMING CYCLE
SLAGGING BOILER

STEAM BOJLER (SUPERREHEAT
«B801L=-ECON)

STEAM TURB.-GEN
AIR TURR.COMB-GEN=CLEANUP

CASE NO,

PRIMARY WEAY INPUT AND FUEL SYSTEM

COMBUSTOR SYSTEM
SUBTOTAL OF MAJOR COMPONENTS

BALANCE OF PLANT
COULING TOWER
DC TO AC INVERTERS
ALL OTHER
SITE LABOR
SUBRTOTAL OF BALANCE OF PLANT
CONTINGENCY
ESCALATION COSTS
INTEREST DURING CONSTRUCTION

TOTAL CAPITAL COSY

MAJOR COMPONENTS COST
BALANCE OF PLANT

CONTINGENCY

ESCALATION COSTS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL COSY

s/kwE
$/KWE
s/KwE
s/anE
$/KWE
$/KNE

7.9
40,0
16,0
1261

8,0
18,9

249
26,1

13,3
ol

0.2
109,90
37,1
178.,0
0,1
202,.7
407,46

520.2

2152,1

19,6
13,1
100,95
202,0
81,9

T.0
1.0
16,0
11.0

8,0
19,6

1.7
29,4

12,1
O«

30,2
193,1

0.2
107,
37,1
178.0
830,46
204,7
“ll.6

33,4

2173,

9.2
400,7
.0
190,85
257,

T
48,0
12,4

5.5

8,0
12.4

LI}
21,8

29.2
176,3

0.2
0,1
$37.1
178.0
192.4
193.3
300,.5%

503,7

202240

100,3
50,0
110
1200
20,9

14

T.9
50,0
12,4
12.0

8,0
13,3

24,3

19,9
Oe

294
108,0

0,2
15,3
37,1
178,0
000,6
199,)
400,5%

519,)

2115,.7

9,8
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Table 2.8-9 (Page 3 of 3)

CAPITAL COST DISTRIBUTIONS FOR OPEN-CYCLE MHD

MAJOR COMPONENTS
PRIME CYCLE
MMD GEN=DIFFUSER
MAGNET
HIGH TEMP AJR PREMEATER
LOW TEMP AIR PREMEATER
SEED RECOVERY SYSTEM

COMP WITW STEAM TURB DRIVE

BOTTOMING CYCLE
SLAGGING BOILER

STEAM BOILER (SUPERSREMEAT
«BOIL=-ECON)

STEAM TURB-GEN
AIR TURB.COMB.GEN-CLEANUP

CASE NO.

MM

PRIMARY WEAT INPUT AND FUEL SYSTEM

COMBUSTOR SYSTEM
SUB=TUTAL OF MAJOR COMPONENTS

BALANCE OF PLANT
COULING TOWER
DC TO AC INVERTERS
ALL OTHER
SITE LABOR
SUB-TOTAL OF BALANCE OF PLANT
CONT INGENCY
ESCALATION COSTS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL COST

MAJOR COMPONENTS COST
BALANLE OF PLANT

CONTINGENCY

ESCALATION COSTS

INTEREST DURING CONSTRUCTION
TOTAL CAP[TAL COSY
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Table 2.8-10

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

CASE ".0.
PRIME CYCLF POWFR OUTPUT Mo
BOTTOMING CYCLE POWER OUTPUT M
FURNACE POWFR NUTPUT MW
BALANCF OF PLANT AUX, POWER REQ'D. Mw
FURNACE AUXx, POWEP REQeD, Me
TRANSFORMER LOSSES My
INVERTER LOSSES MW
NET STATIOM QUTPUT Mw
CASE 110,
PRIMF CYCLF POWER OUTPUT LU
ROTTOMING CYCLE POWER OUTPUT MW
FURNACE POWER OUTPUT Mw
PALANCE OF PLALT AUX, POWER RFQ'D. MW
FURNACF AUX, POWER REG'D. M
TRANSFORMER LOSSES Mw
INWVERTER LOSSES Mw
NET STATION OUTPUT MW

CASE ' 0,

PRIME CYCLE POWFR OUTPUT Mu
BOTTOMING CYCLE POWER OUTPUT M
FURNACE POWER NUTPUT M
BALANCE OF PLAMY AUX, POWER REQ'D, Ll
FUSNACE AUX, POWER REO'D,. M
TRANSFORMER LOSSES M
INVERTER LOSSES e
NET STATION OUTPUT L]

OPEN-CYCLE MHD
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combustion over 0-90 percent (Cases 1, 6, 7), reduction in com-
bustion pressure to simulate an approximately 25 percent decrease
in electrical load (Cases 1, 8), variations in air preheat tem-
perature from 2000 F to 3100 F (1364 K to 1978 K) with corres-
ponding changes in combustion pressure (Cases 1, 11, 13), vari--
tions of electrical load parameter over the range 0.6-0.85 (Cases
1, 14-16), variations in average magnetic flux density in the
generator over 5-7 tesla (Cases 1, 17, 18), a "diagonal" genera-
tor connection (Case 19), variations in potassium seeding frac-
tion over 0.5-1.5 percent (Cases 1, 20, 21), and heat rejection
through dry cooling towers.

The variations studied among systems using the semi-clean
fuel are generally similar, but less extensive. Because the
lower ash content of this fuel shouid permit higher temperature
operation of refractory storage heat exciiangers, the maximum oxi-
dizer preheat temperature studied here is 3600 F (2256 K).

DISCUSSION OF RESULTS

A review of the results tabulated in the lower part of Table
2.8-6 shows that for open-cycle MHD systems the estimated capital
costs per kilowatt power capacity are relatively insensitive to
all variations studied except the fuel. Estimated capital costs
for coal fired systems are within 1110 * 100 $/kWe and those for
systems using the semi-clean fuel are within 955 * 16 $/kWe.

(An exception, Case 8, is only apparent because that system is
operating below its capability.) These increments are well with-
in the uncertainties that must be expected from estimates of ad-
vanced systems, and are too small to discern reliable trends.
The major components cost typically is under 10 percent of the
total capital costs. Balance-of-Plant costs typically are about
40 percent of the total costs. The remainder, about 50 percent,
is composed of contingency, escalation, and interest. Thus even
a 50 percent change in total equipment cost of the major compo-
nents would cause only a 10 percent change in capital costs per
kilowatt capacity.

The overall efficiencies for coal burning plants range from
43.4 to 52.8 percent. The variations in overall efficiencies are
determined largely by changes in oxidizer preheat temperature
(and combustion pressure) and the MHD generator efficiency, which
is governed to a large extent by the electrical load parameter.
Thus low electrical load parameter (Case 16) gives relatively
poor efficiency,and high oxidizer preheat (Cases 11, 12) gives
high efficiency. For the large unit sizes and high magnetic flux
densities studied in Task I, changes in magnetic flux densities
have little effect on overall efficiencies.

Since the calculations in Table 2.8-6 were completed, it was
discovered that a failure to account properly in the overall en-
ergy balance for the energy required to dry the coal has resulted
in significant errors in estimated efficiencies for Cases 4 and
5, using Montana sub-bituminous and North Dakota coals, respec-
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tively. For Case 4 the overall energy efficiency should be re-
duced approximately one percentage point, and for Case 5 approxi-
mately two percentage points. The capital costs are correct as
given.

The capital cost of electrical inversion equipment, approxi-
mately $60/kilowatt of inverted power, is an important item among
equipment costs. This charge could be reduced by as much as a
factor of 2 by electrical redesign to reduce the number of inde-

pendent electric circuits (presently 50), increase circuit volt-
ages and decrease circuit currents.

The differences between plant and overall efficiencies for
the coal burning systems are associated with the heat losses in
generating from coal the LBtu gas used in seed reclamation. In
calculating plant efficiency, the systems are charged for the
higher heating value of the gas used. Tn calculating overall
efficiencies, the systems are charged for the higher heating
value >f the coal from rhich that gas is made.

Estimates of total costs of electricity for almost all sys-
tems studied, both coal fueled plants and those burning semi-
clean fuel, fell in the range 42 to 48 mills/kwh, about 50 per-
cent above the corresponding estimates for steam systems. The
single exception, Case 8, is for a system running well below its
capacity and shows that operating procedures may have a large im-
pact on overall costs.

The dominant factor in total cost of electricity for all the
open-cycle MHD systems is the cost of invested capital. This
conclusion holds even though substantial maintenance costs have
been estimated for the major components (combustor, nozzle-
generator-diffuser, radiant furnace, high temperature air heater)
in contact with the highest temperatures of the gas flow.

RECOMMENDED CASE

Ccase 1, using coal fuel and air oxidizer, an exhaust fired
high-temperature air heater providing 2500 F air preheat, and a
magnetic flux density averaging 5 tesla in the MHD generator is
the recommended starting point for Task II conceptual design,
This type of system exhibits good technical performance and
good prospects for possible future improvements. It also offers
some fall-back positions such as the indirectly fired air heater
or semi-clean fuel firing should technical problems prevent
achievement of calculated performance for the system presently
specified.
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29 CLOSED-CYCLE INERT GAS MHD

DESCRIPTION OF CYCLE

The closed-cycle inert gas MHD system was conceived about
fifteen years ago as a method through which the advantages of
open-cycle MHD generation might be retained while its principal
disadvantages, very high-temperature requirements and a very
chemically active flow, could be ameliorated.

In the closed-cycle system, as the name indicates, the MHD
generator working fluid is circulated in a closed loop. The
heat input to this working fluid must then be through an input
heat exchanger rather than through combustion. Because it need
not be the result of combustion, there is more flexibility in
the choice of the generator working fluid, and it usually is
chosen to be helium or argon with cesium rather than potassium
seeding.

The working fluid is, except for small molecular impurity
levels, a mixture of atomic gases without rotational and vibra-
tional modes that interact ruvadily with thermal electrons.
Therefore, it is possible in closed-cycle systems to maintain
the conduction electrons in the flow at a higher temperature
than the bulk gas and, since electron density tends to be gov-
erned by electron temperature rather than gas temperature, to
gain substantially higher electron density and electrical con-
ductivity than would exist at the same temperature in a combus-
tion gas flow. This process occurs automatically when some of
the generated open-circuit voltage is used internally in the
generator.

Although the closed-cycle inert gas generators provide use-
ful power conversion at lower peak temperatures (3000 F [1922 K])
than open-cycle MHD (4500 F [2756 K]) they still provide major
technical challenges. The input heat exchanger remains a diffi-
cult development because it works up to the highest temperature
of the cycle. 1In addition, the working fluid must be kept free
of contaminants in order to take advantage of nonequilibrium
effects. The electrical stability of the flow in the generator
poses problems because the gas is subject to electric fields ap-
proaching breakdown conditions. Many of the materials problems,
however, are simplified by the approximately 1500 F (833 K) reduc-
tion in working fluid temperatures from those of open-cycle MHD.

The design and cost estimation of the closed-cycle inert gas
MHD systems has been a joint effort by General Electric, Foster
Wheeler, and Bechtel. The principal items designed and costed by
personnel from each of these companies were as follows:

General Electric refractory storage input heat exchangers

MHD nozzle/generator/diffuser

superconducting mavnet/Dewar (except Case 102;
see below)
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electrical inversion equipment
steam turbine/compressor
recuperative heat exchanger
argon precoo’.er

Foster Wheeler coal handling auxiliaries
steam generator except Cases 101,
combustor system 102; see below
Bechtel site labor and materials:}
cooling towers except Case 101;
balance of plant see below

In addition General Electric has performed the system integration
function.

Twenty-four different closed-cycle inert gas MHD systems
have been studied during Task I: a topping cycle base case plus
16 parametric variations and a parallel cycle base case plus 6
parametric variations.* The first base case, Case 1, illustrated
in Figure 2.9-1, is a topping cycle fueled by an "over-the-
fence" semi-clean fuel derived from coal, in this case a solvent
refined coal iiquid. Case 2 is a larger plant, 1200 MWe nominal
rather than 600 MWe. In both these systems, and in all the
others studied here, except a variation of Case 102, the fuel is
burned in an atmospheric pressure furnace and the combustion
gases ducted to the refractory storage heat exchangers that
transfer the input energy to the argon flow used as working fluid
for the MHD generator. Cases 4 through 6 utilize Intermediate-Btu
gas fuels, also "over-the-fence" fuels, made from Illinois #6,
Montana sub-bituminous and North Dakota Lignite coals, respec-
tively. Cases 7 through 14 consider changes in peak temperatures
and pressures, in magnetic flux densities in the MHD generators,
and in the machine efficiency (turbine effectiveness) of the
MHD nozzle/generator/diffuser combination. Case 15 is a system
using dry cooling towers for heat rejection. Case 101 is a
direct coal-fueled variation using a larger refractory storage
heat exchanger with a checker matrix of 1 in. x 1 in. holes for
gas flow. Case 102 is a larger,more efficient and less expensive
direct coal fueled system. Both cases 101 and 102 require stack
gas-cleanup equipment that is not needed for the other variations
on the first base case.

Neither Case 101 nor 102 was among those originally se-
lected for Task I analysis. Case 101 was added after the pre-
liminary analyses had shown that the achievement of overall
energy efficiencies exceeding 40 percent in closed-cycle inert
gas MHD would require both direct coal firing and combustion gas
pressure drops in the input heat exchangers below the large
values originally selected. Case 101 has those features. Case

*The principal design parameters of all cases studied in Task I
are listed in Table 2.9-5.
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102 was added after completion of Task I in order to permit
studies of the effects on overall system performance of improved
MHD generator efficiency, increased generator inlet temperature,
higher magnetic flux density, reduced pressure losses in the
argon loop, and better steam cycle integration. This case fea-
tures direct coal fueling (at atmospheric pressure), a "turbine
effectiveness"” of 0.78, and compact MHD generator and diffuser
erected for vertical down-flow of the seeded argon working fluid
through the generator. This arrangement permits a more compact
layout for the entire system and reduced capital costs. Case
102 also uses a simplified steam cycle. In addition, a paramet-
ric variation of Case 102 has been studied in order to illustrate
the effects of pressurized combustion and reduced sizes of MHD
generators and diffusers on system capital costs. The cost
achievements are the combustors, input heat exchangers, and com-
bustion gas ducts.

Because of time pressures, the costing of on-site labor and
materials, cooling towers, and balance of plant for Case 101 has
not been done by Bechtel, but has been done at General Electric
in the Systems and Plant Integration Team by combining with in-
cremental adjustments portions of the Bechtel estimates for Cases
1 and 16. Similarly, the estimation of furnace performance and
costs for Case 101 has not been done by Foster Wheeler, but has
been done at General Electric by incremental adjustment of the
Foster Wheeler estimate for Case 16.

For Case 102, furnace design, performance and costs have been
estimated at General Electric by adjustment of Foster Wheeler esti-
mates for Case 16. The superconducting magnet and Dewar for Case 102
have been designed and costed at Intermagnetics General Corporation.

In all other respects, and for all other cases, design and
cost estimation has been done as indicated in the preceding table.

In these topping cycles, the MHD nozzle/generator/diffuser
operates as an equivalent gas turbine-generator of a simple
Brayton cycle. The MHD nozzle/generator/diffuser channel con-
sists of a convergent -divergent accelerating nozzle, MHD gen-
erator, supersonic diffuser, transition section, and subsonic
diffuser. For the base case, the generator inlet conditions are
argon at 3000 F (1922 K) and 10 atm with 0.15 percent cesium
injected upstream of the generator.

In any design, the generator exit conditions should be kept
within the constraints of system design flexibility as well as
efficiency. For example, it is desirable to have sufficient
steam turbine shaft power to drive the compressors, and the
pressure ratios across the MHD generators have been chosen suffi-
ciently low to make that balance possible. With a "turbine
effectiveness" of the nozzle/MHD generator/diffuser combination
of 0.7 and a peak temperature of 3000 F (1922 K), as in Case 1,
this constraint permits performance near the optimum, but with a
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turbine effectiveness of 0.8 this constraint imposes a signifi-
cant penalty,approximately one percentage point, on overall sys-
tem efficiency.

The generator-diffuser exit gases serve to supply energy for
the bottoming steam cycle. The specific steam bottoming cycle
determines how much of the energy can be extracted from the MHD
generator exit gases. To achieve a highly efficient steam plant,
the feedwater must be heated by extracted steam in condensing
feedwater heaters. Feedwater temperature of 510 F (539 K) pro-
duces approximately 45 percent steam cycle efficiency. The use
of large amounts of thermal regeneration within the steam cycle
and the consequent high final feedwater temperature, however,
do not permit the MHD working fluid to be cooled to low tempera-
ture by the feedwater, but result in waste of heat from the
seeded argon. A steam system employing a lower final feedwater
temperature (232 F [384 K]) and a somewhat degraded steam cycle
efficiency (= 40 percent) permits more energy to be transferred
to the feedwater from the MHD exhaust and typically results in a
more efficient total system. The most efficient system studied
here, Case 102, uses a steam cycle with a final feedwater tem-
perature of only 99 F (311 K) and no regenerative feedwater
heating.

For the base case, Case 1, the argon transfers heat to the
feedwater and steam to a gas temperature of 262 F (401 K). From
262 F (401 K) to 79 F (299 K), the gas is cooled in a pre-cooler
rejecting heat to a wet cooling tower. Almost all of the 0.15
percent cesium seed will condense in the steam boiler-feedwater
heater section. About 70 percent of the cesium condenses when
the argon temperature is reduced from 600 F (589 K) to 450 F
(506 K). Of the remaining cesium, an additional 95 percent is
removed by reduction of the argon temperature from 450 F (506 K)
to 262 F (401 K) resulting in a net residual cesium content of
20 ppm. The condensed cesium is collected into a reservoir,
pumped, purified in a filter, and re-injected upstream of the
MHD generator channel.

The pre-cooled argon is compressed and the high-pressure
argon is fed back into the refractory storage heat exchanger.
No intercooling stages are used for the base case MHD steam
topping plant. The utilization of intercooling stages results
in less effective utilization of waste heat and results in a
reduction of overall efficiency.

The refractory storage heater array transfers the heat from
the low-pressure combustion gases to the high pressure argon.
In the design of the regenerative heat exchanger system, the
following factors are significant:

l. Pressure drop in the combustion gas flow and the cor-
responding air compressor power.
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2. Maximum ceramic temperature and combustion gas tempera-
ture determined from passage dimensions and height of
exchanger. Both pressure drop and potential ash clogging
of passages require that a minimum size passage be ex-
ceeded.

3. The heat exchanger matrix should be of sufficient heat
capacity to minimize temperature fluctuations during the
exchange cycles. As the matrix size is determined by
heat transfer limitations, the heat capacity is more
than adequate for the cycling utilized here.

4. Residual combustion gas impurities must be removed be-
fore the argon blowdown cycle.

5. The argon must be recovered before the heat exchanger
matrix is reheated.

To meet all of these requirements and produce a continuous
exchange of energy, multiple heat exchangers are required. A
typical heat exchanger matrix that can be used for the base case
MHD steam topping plant consists of eight heat exchangers plus a
network of valves and ducting. No spare units have been in-
cluded in these Task I designs.

The cycling of these heat exchangers is shown schematically
in Figure 2.9-2. To minimize air compressor power, four heat
exchangers are simultaneously heated by the combustion gases.
Two heat exchangecs are simultaneously cooled by the high-pres-
sure argon. During the cycle one heat exchanger always has the
residual exhaust gases being removed by a vacuum system and
another heat exchanger has the residual argon being removed and
returned to the compressor inlet after purification. Part of the
main stream argon flow is diverted after the compressor entrance
stage and recirculated through the argon purification loop back
to the compressor inlet.

Heat is recovered from the high-temperature combustion
gases which exit the refractory storage heat exchanger matrix to
pre-heat the air leaving the air blower and entering the com-
bustor.

The second base case, Case 16, is a system with the recuper-
ative MHD Brayton cycle operating in parallel with a steam plant,
as shown schematically in Figure 2.9-3. For this system, the only
coupling between MHD cycle and steam cycle is the refractory
storage heat exchanger in which the exhaust combustion gases
from the reheat phase are utilized by the steam cycle boiler.

As the overall efficiency of the parallel cycle is the weighted
average of the MHD cycle and the steam cycle, there is a large
incentive to maximize the efficiency of each cycle. This is
less true for the MHD topping plant where reductions in the
steam cycle efficiency resulted in a greater overall efficiency
because of the clouse coupling between the MHD and steam cycles.
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Figure 2.9-2. Heat Exchanger Cycling Sequence

To maximize the efficiency of the MHD cycle, two compressor
intercooling stages are utilized. To reduce cost, the 85 percent
effective recuperator utilizes six regenerative ceramic heat
exchangers whose operation is similar to the heat exchangers
transferring the energy from the combustion gases. To reduce
pressure drop, four regenerators are simultaneously heated up by
the low-pressure, high-temperature argon leaving the MHD
generator-diffuser and two regenerators are simultaneously
cooled by the high-pressure, low-temperature argon leaving the
compressor.

The regenerative heat exchanger, in the base case, accepts
the combustion gases from direct coal firing which exit the ex-
changer between 1900 F and 2000 F. The latter temperature is
above the softening point of ash of some coals. The same number
of heat exchangers and same cycling arrangement are utilized for
the parallel cycle as for the MHD topping cycle. Because the
bottom of the parallel cycle heat exchanger is at about 2000 F,
the problem of support of the weight of the heat exchange matrix
is more difficult than in the heat exchangers of Case 1.

The combustion gases exhausted from the refractory storage
heat exchangers are cooled in the steam boiler to a temperature
of 540 F (556 K), 30 F (17 K) above the final feedwater tempera-
ture. The exhaust gases then flow to the combustion air pre-
heater, where they are coolea to stack temperature.
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Case 3 is a low power (100 MWe nominal) stand-alone MHD
plant using recuperative heat exchangers rather than a steam
bottoming cycle. Althcush it is listed here among the topping
cycles, it actually bears greater similarity to the MHD section
of the parallel cycles.

For both topping and parallel cycles, the principal varia-
tions involve changes in power levels (Cases 2, 3), in fuels
(Cases 4-€, 17, and 18), peak temperatures (Cases 8-11) or MHD
generator/diffuser outlet temperature (Case 19), MHD generator
"turbine effectiveness coefficients" (Cases 12-14, 21) and magnet
flux densities (Cases 7, 10, 20). Dry cooling towers also are
included as alternate heat rejection apparatus (Cases 3, 15, 22).
Case 101 provides a coal-fired topping cycle with low combustion
gas pressure drop in the input heat exchangers. Case 102 pro-
vides a coal fired topping cycle with low combustion gas pres~
sure drop, higher MHD generator "turbine effectiveness coeffic-
ient", a compact MHD generator/diffuser, and a simplified and
less expensive steam cycle.

ANALYTICAL-PROCEDURE AND DESIGN ASSUMPTIONS

The cycle calculations consider the MHD system as a Brayton
cycle with the combined equivalent turbine-generator efficiency
represented by the MHD nozzle/generator/diffuser efficiency
(turbine effectiveness). The range of generator-diffuser effic-
iencies is from 0.60 to 0.80 with the base case using a nominal
value of 0.70.

In the cycle computations the following addition assumptions
are made:

® Ratio of electrical output of transformer to steam
turbine shaft output is 0.985

® Ratio of electrical output of transformer to MHD gen-
erator electrical output is 0.985

® Ducting, MHD generator and heat exchanger thermal
losses are neglected.

The design pressure drops have been specified as design
parameters for the principal heat exchangers. Additional allow-
ances for pressure losses in ducting bring the total Ap/p around
the argon loop to values in the range of 0.15-0.20 except for
cases 101 (0.12) and 102 (0.10). The principal characteristics
of the refractory storage heat exchangers used to transfer heat
from combustion gases to argon and for argon-argon recuperators
are given in Table 2.9-1. All systems fueled by SRC cr IBtu gas
except Case 3, i.e., Cases 1, 2 and 4 through 15 use heat ex-
changers with 1/4-in. diameter gas passages. The systems fueled
by coal directly, Cases 101, 102, 3, and 16 through 22, use
1l in. x 1 in. square gas passages in the input heat exchangers.
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The argon-argon recuperators for Cases 3 and 16 through 22 also
use 1 in. x 1 in. square passages.

The pressure ratios for the MHD nozzle/generator/diffuser
train are limited to values that permit steam turbine drives for
the argon compressors. Most of the topping cycles are so
balanced that the argon compressor absorbs all the steam turbine
power. The remaining topping cycles, Cases 8, 9, 13 and 14,
have small turbine driven a-c generators that could be eliminated
with little effect on overall system performance by selecting
somewhat higher MHD pressure ratios.

. The designs and performances of the combustor systems and
the steam generators are described in Section 6. The argon com=
pressors are axial flow machines and correspond in inlet volu-
metric flow to two of the larger gas turbine compressors that
are now commercially available. The steam bottoming cycles used
are conventional 3500/1000/1000 single reheat supercritical cycles
with final feedwater temperatures of 99 F (311l K) for Case No.
102, 232 F (384 K) for all topping cycles except Case 102, and
510 F (539 K) for all parallel cycles, corresponding to cycle
efficiencies (ratio of a-c electrical power out to the thermal
power transferred to the steam) of approximately 0.388, 0.40
and 0.45, respectively. The actual heat rates for the turbine
designs selected were calculated for each case. Because the
efficiency of the a-c electrical generators is taken at 0.985,
the ratios of turbine shaft power to steam thermal power are
obtained by dividing the steam turbine efficiencies by 0.985.
Those are the ratios of main interest for the balanced systems
in which the steam turbines drive compressors only. In any
case, a requirement for 1 MW of compressor shaft power causes a
loss of only 0.985 MW nf a-c electrical output at the generator
terminals.

The designs of the inversion equipmert are based on com-
mercial experience with d-c links and are described in Appendix
A.

The closed-cycle MHD gas heating system is similar to the
preheat system used in steel blast furnaces. In the steel in-
dustry, ceramic heat exchangers have been used for over a
century. Their heat source is the low-Btu gas exhaust of the
blast furnace, which has a dust loading of 5 to as high as 50
grains per standard cubic foot of gas (7000 grains = 1 pound).
Currently this dust level is reduced in a series of scrubbers to
about 0.005 grains/ft3 prior to firing the stoves. Three or
four stoves are cycled over 1 l/2-hour periods to produce hot
air a: about 2,000 F (1367 K). High hot air blast temperatures
reduce the efficiency of the iron ore reduction in the blast fur-
nace. Until about 1936, no gas cleanup was used and once a
month a stove had to be cooled down and cleaned. This practice
limited its life expectancy. During the next two decades, the
dust loading was reduced to 0.2 grains/ft3 and the gas passage
size in the stoves was reduced from 4 1/2 in. square to 2 in,
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square. The stoves were cleaned every two years, the top few
feet of the 100-ft high ceramic matrix was replaced, and the
life expectancy of a stove was 15 to 20 years. Currently, the
gas is cleaned to a 0.005 grain/ft3 dust level and the gas
passages are 1 in. square (smaller sizes cause alignment
problems).

The most severe operating conditions for a closed-cycle
MHD heat exchanger would be in the direct coal fired application.
If direct coal firing were used in the 600 MWe or 1200 MWe de-
signs with 90 percent ash removed from the combustor, then the
ash concentration in the combustion gases would be 0.3 grains/ft3.
In the 600 MWe designs and the designs of cases 16 to 22, four
heat exchangers are simultaneously heated up by the combustion
gases. With the above ash loading, a heat exchanger with 1 in.
square holes would be completely filled up with ash in 3000
hours, in the unlikely event that all the ash deposited in the
heat exchanger. Systems using direct coal firing need periodic
cleanup, which is assumed here to be done during scheduled shut-
downe, approximately once a year.

The effect of variation of parameters on the regenerative
heat exchanger design is illustrated in Table 2.9-1. It is
assumed, based on experience in the steel industry, that a 1 in.
by 1 in. checkerboard matrix is adequate for operation with the
coal combustion gases for Cases 101, 102, and 16 through 22. If
eight heat exchangers are cycled as shown in Figure 2.9-2, then a
matrix 26 ft diameter by 70 ft high can transfer the heat to the
argon for Case 1 with a maximum matrix temperature of about 3250 F
(2061 K), permitting the use of alumina. If the passage dimensions
were to be increased as for the 2 in. by 2 in. checkerboard matrix,
the size, cost and maximum temperature would increase. In this
case, the utilization of more expensive ceramics such as zirconia
in the upper portion of the matrix would be regquired.

If the matrix passage dimensions are reduced, on the other
hand, as for the case of 1/4-in. diameter holes, significant
reductions in size and cost can occur. However, that requires
relatively clean gas and a major extension from current steel
industry practice.

The internal support of the heat exchanger matrix for the
MHD closed-cycle topping cycles appears to offer no major prob-
lems. The combustion gas exit temperature is about 1060 F
(811 K) and steels have good strength properties in this range.
For the parallel cycle, support of the heat exchanger matrix is
a problem as the combustion gas exit temperature is about 2000 F
(1367 K) and there is a much more limited range of structural
materials compatible with the combustion gases. The strengths
of the superalloys are marginal at this temperature and among
commercial alloys only 22H or Mo-Re appear useful.
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Nominal Ceramic xmi
Heat Matrix High Te. |
Cases Heat Exchanger Cycle Input Passage Gas'
i
16-22, 101 8 Heat Exchangers }
4 in Reheat (20 minutes) 4,5%x 102 | 1" x 1" 3253 & !
1 in Purge (5 minutes) (Btu/hr) 51% void 1,139
2 in Blowdown (1G minutes) .
1 in Argon recovery (5 minutes)
-- Same as above 4.5 x 109 | 2" x 2" 3434
(Btu/hr) 51% void 1.1 &
1,4-8,12-15 Same as abov:> 4,5 x 10° 1/4" Dia. holes 3200
(Btu/hr) 45% void 1.3 a
9-11 Same as above 4.5 x 10° | 1/4" Dia. holes 3800
(Btu/hr) 45% void 1. 36
3 Same as above 0.8 x 10° 1" x 1" 3253
(Btu/hr) 51% void I B |
- 6 Heat Exchangers \
2 in Reheat (10 minutes) 4.5 x 109 | 2" x 2" 3460
1 in Purge (5 minutes) (Btu/hr) 51% void 1.33
2 in Blowdown (10 minutes)
1 in Argon recovery (5 minutes)
2 11 Heat Exchangers 5
6 in Reneat (30 minutes) 9 x 10° 1/4" Dia. holes 3200
1 in Purge (5 minutes) (Btu/hr) 45% void 1.3 a
3 in Blowdown (15 minutes)
1 in Argon recovery (5 minutes)
-- Steel Industry Practice -
4 Heat exchangers with external 1.5 x 109 0 >5000
combustion chamber: 1 hr (Btu/hr) Checker- \
blast, 1/2 hr reheat board ]
102 14 Heat Exchangers
8 in Reheat (40 minutes) 6.1 x10% | 1"« 1" 3400 o
1 in Purge (5 minutes) (Btu/hr) 35% void ‘
4 in Blowdown (20 minutes)
1 in Argon recovery (5 minutes)
16-22 6 Heat Exchangers !
(Recuperators) 4 in Reheat (20 minutes) 4.8 x10° | 1" x1" 2000
2 in Blowdown (10 minutes) (Btu/hr) 51% void 2,65
3 Same as above 0.7 x 10° 1" x 1" 1800 S‘
(Recuperators) (Btu/hr) 51% void
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ble 2.9-1

AS MHD SYSTEMS

T EXCHANGERS FOR CLOSED-CYCLE

~
FOLLOUT FRAME . —

r—

71 ft Height

86 ft Height

inal Maximum Material
perature Ceramic Matrix Overall Weight (1b) Costs per Total Material
Inlet Temperature Dimensions Dimensions per Exchanger Exchanger Cost ($106)
F 3100 F 26 ft Dia, 30 ft Dia. 5,013,000 lbs $4, 432,000 35.5
atm 70 ft Height 93 ft Height
F 3260 F 26 ft Dia, 30 ft Dia 6,580,000 lbs $5, 856,000 46.9
tm 94 ft Height 117 ft Height
F 3100 F 24 ft Dia. 28 ft Dia., 2,268,000 lbs $2,008, 000 16.1
tm 25 ft Height 43 ft Height
F 3900 F 24 ft Dia. 28 ft Dia. 2,930,000 1lbs $7,567,000 60.5
atm 25 ft Height 43 ft Height
F 3100 F 146 ft Dia. 16.5 ft Dia. 631,000 $ 541,000 4,33
atm 49 ft Height 60 ft Height
3 3260 F 26 ft Dia. 30 ft Dia. 6,580,000 $5, 856, 000 35.2
iatm 94 ft Height 117 ft Height
:
z 3100 F 24 ft Dia, 28 ft Dia. 2,268,000 $2,008, 000 22.1
S tm 25 ft Height 43 ft Height
F 2822 F 28 1/2 ft Dia,
140 ft Height
F 3200 F 21 ft Dia. 24 ft Dia. 3,724,000 $3, 523,000 46.5
60 It Height | 90 ft Heigh*
B F 1830 F 26 ft Dia. 30 ft Dia. 4,710,000 $3, 700, 000 22.2
~atm 61 ft Height | 84 ft Height
r 1700 F 13 ft Dia. 16 ft Dia. 1,595,000 $1,184,000 7.10
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Another possible problem at high teuperatures is self-
support of the ceramic heat exchanger matrix. Multiple regener-
ative heat exchangers of maximum matrix heights of about two-
thirds of that utilized in the steel industry (see Table 2.9-1)
are considered for the MHD closed-cycle system. For the maxi-
mum argon temperatures of the base cases (3000 F [1992 K], the
matrix support should present no problem with the maximum tem-
peratures not much higher than that in the steel industry. For
the higher temperature cases (3500 F [ 2200 K] and above), the
problem of matrix creep stress limitations needs further evalua-
tion.

The recuperators utilize a multiple regenerative heat ex-
changer reheat and blowdown cycle similar to the combustion gas
heat exchangers. The use of metal recuperators is both too
costly and too marginal in stress performance in event of
transients resulting from removal of electrical load. However,
the use of ceramic regenerative recuperators operating at a

maximum temperature about 1000 F (556 K) less than the combustion

gas regenerative heat exchangers should present few material
problems of any significance.

The cesium inventory is assumed to be sufficient to be con-
tinually supplied to the MHD cycle for a period of 20 minutes
without recycle. The total transit time of the argon within the
MHD loop is less than one minute.

Both argon cleanup and cesium cleanup are needed. The
purity considerations are illustrated in the schematic of Figure
2.9-4. The argon purification process can utilize charcoal bed
purifier, cryogenic combustion product impurity removal or com-
binations of the charcoal and cryogenic purifiers. The cesium
purification probably would be a combination of mechanical fil-
tration and chemical reduction of carbonates, sulfates, hydrox-
ides, oxides, and carbonyls formed by reactions between cesium
and impurities in the argon as the argon flow is cooled during
passage through the MHD generator and steam generator. An
alternate possibility is the use of a small tfraction of sodium
in the cesi m to getter impurities. Neither the argon cleanup
system nor 1e cesium cleanup is well defined at this time,
They are not expected, however, to have major impacts on either
costs or technical feasibility.

The heat exchangers, valves, pumps and blowers required for
pumping and argon reclamation from the input heat exchangers
have been identified and costed as conventional equipment in the
balance of plant. The corresponding power requirements are in-
cluded in balance-of-plant auxiliary powers.

The MHD gererator-diffuser size characteristics for Cases 1
and 102 are show: in Table 2.9-2. For all cther cases, the gen-
erator-diffuser is :caled on the basis of fixed inlet flow rate
per unit area from that for Case 1. In the design it is assumed
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Table 2.9-2

MHD GENERATOR SIZES FOR CASES 1 AND 102

Dimensions
Component length- (ft) Cross-Section (ft x ft)
Case 1 Case 102 Case 1 Case 102
® Nozzle 13.5 10.1 Inlet 9.75 x 9.75 5.02 x 5.02
® Generator 50 33.5 Inlet 5.25 x 5.25 5.02 x 5.02
e Diffuser
Section 1 22 21.7 Inlet 11.75 x 11.75 10.86 x 10.86
Section 2 52.5 32.6 Inlet 11.25 x 11.25 10.40 x 10.40
Section 3 105 10.9 Inlet 11.25 x 11.25 10.40 x 10.40
Exit 21.75 x 21.75 22.21 x 22.21

Construction
Insulation and Structure
2-in. ceramic foam insulation

l-in. fiberfrax
1l 1/2-in. steel

Electrodes
rod diameter = 1/4 in.
thickness = 0.2 in.
area = 50 perceut face

that 50 percent of two faces of the generator channel consist of
electrodes. Even though the average magnetic field for all cases
except Case 102 with 10 atmosphere inlet pressure is 3T, the
field will vary from a maximum of 5T down to a minimum of 1.25T
over the generator length. The cases with 20 atmosphere inlet
pressure require higher fields (average 6T). The overall lengths
and weights of all the nozzle/generator/diffuser trains are given
in Table 2.9-3 together with the argon and cesium inventories.

COST ANALYSIS

The major components, in the case of factory constructed
items, or the partially fabricated materials from which they are
made, in the case of field constructed items, are costed as
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delivered to the construction site. Where possible, cost esti-

mates are based on quotations or budgetary estimates made in

accordance with commercial practice. The costs of field erection

or construction, including both labor and construction materials, /
are included in balance-of-plant estimates of the architect/

engineer.

Table 2.9-4 gives the figures used to estimate the costs of
the parts delivered to the construction site for the refractory
storage heat exchangers, MHD train, and superconducting magnet.

RESULTS

The principal design parameters and results of the perform-
ance calculations for all 24 cases studied here are included in
Table 2.9-5. Tables 2.9-1, 2.9-2, 2.9-3, and 2.9-4 give size,
weight and cost information on the MHD nozzle/generator/diffuser
trains and the refractory storage heat exchangers. Tables
2.9-6 and 2.9-7 summarize for the two base cases studied, the
semi-clean fuel fired topping cycle—Case 1, and the direct coal
fired parallel cycle—Case 16, the performance and cost, charac-
teristics of major components, consumption of natural resources
and environmental intrusion. Table 2.9-8 gives calculated cost
distributions for all cycles studied. Table 2.9-9 lists power
outputs and auxiliary power demands for all systems studied in
Task I.

DISCUSSION OF RESULTS

A review of the results tabulated in the lower part of
Table 2.9-5 shows that the calculated total cost of electricity
runs near 60-65 mills/kWh for the SRC fueled topping cycles and
near 70-75 mills/kWh for the coal fueled parallel cycles,
approximately 2 to 2.5 times electricity costs from advanced
steam cycles. For the SRC fueled topping cycles, capital costs
are in the range 1350 + 60 $/kWe except for the cases 9 through
11 using higher generator inlet temperatures and more expensive
input heat exchangers, which have capital costs of 1516-1535
$/kWe. Capital costs for the coal fueled parallel cycles are
still higher, mainly because of increased balance of plant.

The SRC fuelg¢d low power recuperative MHD system, Case 3,
has electricity costs and capital costs of 80 mills/kW-hr and
1825 $/kWe. The coal fired topping cycle, Case 101, has elec-
tricity costs and capital costs of 62 mills/kWh and 1551 $/kWe.
The other coal-fired topping system, Case 102, with its higher
efficiency and more compact plant, has electricity costs of 46
mills/kWh and 1109 $/kWe. In all cases capital costs are the
dominant factor in costs of electricity. Typically, contingency
escalation and interest provide about 50% of total capital
costs, the balance of plant provides 35-40 percent, and the
major components 10-15 percent.
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Table 2.9-3

SIZE AND WEIGHT-MHD GENERATOR-DIFFUSER & FLUID INVENTORY

Overall | Maximum Total Argon Cesium
Length Width Weight Inventory | Inventory¥*
Case (No.) (ft) (ft) (Million 1b) (SCF) (1b)
1,4,5,6,101| 243 21.75 1.4 750,000 8,000
(square)
2 341 30.75 2.8 1,000,000 16,000
3 131 12.8 0.82 250,000 2,500
7 165 16.4 .95 750,000 8,000
8 273 24.5 1.77 750,000 10,000
9 216 19.4 1.1 750,000 5,000
10 125 13 0.5 750,000 6,000
11 192 17.2 .875 750,000 5,000
12 273 24 .4 1.8 750,000 10,000
13 218 19.5 1.13 750,000 7,000
14 235 21 1.3 750,000 7,500
15 243 21.75 1.4 750,000 8,000
16,17,18 313 28 2.33 750,000 9,500
19 320 28.6 2.43 750,000 10,000
20 222 19.8 1.2 750,000 9,500
21 308 27.4 2.3 750,000 9,500
22 313 28 2.33 750,000 9,500
102 108 22,2 1.36 1,000,000 10,000
*20-minute flow
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CLOSED-
PARAMETRIC VA
Parameters i i o iy
Case 1 101 102 2 3 4
Power Output (MWe) 583 600 930 1168 | @8 586 5
Combustion
Coal and conversion process ILI..‘JI» :::’::‘ l.l,‘.:uc:u “‘I;H.Iﬁ‘r. lllll“:’- \In_
Oxidizer Alr
Combustion slag rejection (percent) 0 op 90 0
MHD Generator
Inlet pressure (atm) 10
Inlet temperature (OF) 3000 =+—p» | 3121 | W
Outlet temperature (%F) i 4—pp | 1770 | e B
Turbine effectiveness 0,7 =P | 0.78 | F
Type Faraday
Average mugrietic field (T R e (
| Cesium seed (percent) 0.18
Inert gas A
Heat Exchangers -
Input
Combustion gas ( Ap/p) 0.30—+ 0.11 | 0.09 | 0.30 ] 6.31] 6.0
Argor: (Apip) 0.05 4o | 0.004 | 000
Steam generator/precooler
Argon (Aplp) 0 085 +—Pp | 0.05 | 0085
Regenerator/precooler (Ap/p) - - . .- 0.08
Regenerator effectiveness (percent) - -- = 0, HS
Argon Compressor Efficiency (percent) L
Steam Bottoming Cycle
Turbine inlet temperature (°F) 1000/ 1000 > -~ hoooprocol
Turbine inlet pressure (psi) 3500 —> -- 3500 =
Maximum feedwater temperature (%F) g | pn | e | - | 292 o
Heat Rejection (in. Hgl \‘c;l"')l" — |I-(‘”r u\!'( T 1
Actual Powerplant Output (MWe) S8y 600 | 930 | tles o sue
Thermodynamic Efficiency (percent) 80,1 | so.n | 55,9 |%0.2 | 2.0 | s0.1 |¥
Powerplant Efficiency (percent) a8 [ 41am | ce.0 [41.8 [ 38,6 | 370 |8
FODU B Y oF THE Overall Energy Efficiency (percent) 200 [ o1an | cns0 22,8 | 2708 | 2ess |2 .
B’EP v PAGE 1S POOR Coal Consumption (Ib/kWh) 0,98 | 0.7 | 0,69 [0.97 | 1006 | 1ez0 |2
QRIG[NAL v Plant Capital Cost ($ million) wr | enn | tens [reer | rez | ver
Plant Capital Cost ($/kWe) 1360 [ 1881 | 1109 | 1606 | 1m28 | 1307 |1
Cost of Electricity, Capacity Factor « 0.65
Capital imills/kWh) o207 | 00.0 | 3501 [eaes | 8207 | e103 |o
Fuel (mills/kWh) 1,0 6.9 | 6.3 |1s,0 17,2 | 10 |2
Maintenance and operating (mills/kWh) 3.2 | see| ez | 2.0 | S| e0d
Total (mills/kWh) 80,7 |ei,e | 48,8 [02.0 [ 00,5 | #3,7 |e
Sensitivity
Capacity factor = 0.50 (total mills/kWh) 16,8 | a0 | sr.6 [ re.t |ee.s | 1re |1
Capacity factor = 0. 80 (total mills/kwWh) $2,0 [ 81,0 | dma2 [ 99.1 [ener | w5 |
Capital & = 20 percent (A mills/kWh) 0 | sl 7.8 | aiw l33cs | o3
Fuel A = 20 percent (A mills/kwh) 3.0 | e | 1ay | %0 | e | aee
Estimated Time for Construction (years) . v . 1 . .
Estimated Date of Ist Commercial Service (year) 2000 | 2000 | 2000 |2008 | 2000 | 2000 |2 i
*Base case 1. DCT + Dry cooling tower N. D, = North Dakota
**Base case 2. 1Bty * Intermediate Bty SRC ~ Solvent refined coal
1L, = IHlinois WCT « Wet cooling tower

Mont + Montana
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F‘able 2.9=5

YCLE INERT GAS MHD
TATIONS FOR TASK I STUDY

Common Elements

Paralivl Cycle

Coal Combustor,

e Uwels 44 Woira R M benangors
gt e it s et - o and Refractory Storage Input Heat Exchanger
6 7 [ " 10 1" 12 " 1 15 V6o 17 18 4 19 20 21 22
r‘! 587 582 560 576 s20 561 670 582 578 582 934 948 960 B94 931 940 923
bt N [, e » 1l 86 | Momt N.D, |1, 46 >
N e | sne Direet | Divect| Direct | Direet
g
>
> w0
» 20 10 e 20 10 s 29 W e
2900 | 1500 4—pp wu00 | 3000 >
» 150 | 2100 | 1700 | 2100 | 1800 > 2000 » | 2300 | 2000 >
> 0.6 0.4 0.7s5 0.7 » |08 0.7
>
4> “ 1 —t—p " 1 S 6 1 —t—tp
5%
L
>
>
0.11 >
>
>
o a -
>
= - 0.08 —N
3 - - 0. 85 »
>
>
>
>
>
T 510 &
DCT pwer & pCcT
>
1.9 1.5 L0
a7 582 $60 578 520 sos 70 582 578 82 534 948 960 854 931 e
50,1 | 5041 | «7,0 | 80,2 | S2.4 | 8343 | 48,8 | 50,6 | 52,3 [Si.6 | 46,0 | 45,9 [ 48,0 “3,0 | 5,0 5,2
1.0 1,8 8,9 1, LU “5.) M0 “h,0 “1,5 “lls . 38,9 35,9 35,2 | 1,0 AL 38,4
26,9 | 32,9 | 0.6 [ 32,2 | 35,0 | 35,4 | 2,0 | 35,9 | 33,9 33,1 [ 37,1 | 3.5 | 3503 | 35,2 | 37,0 | 39,1 | de.é
Tof6 | 0,98 | 1,06 | 0,98 | 0,90 | 0,89 1,10 |[O,88 | 0,93 |O,96 |O,05 1,08 1,40 0,90 | 0,85 | 0,01 0.87
Tsb tad] e (23] 799 ”m s 162 120 19 172 [RA1 ) 1756 1896 | 1714 1700 1782
1%07 1397 | 1390 1518 1538 152% 1290 1Mo 1337 1384 18eq 1832 1827 1898 | 18s1 inls 1886
1,3 o9 w0 «1,9 “8,5 wh, «0.n .. 42,3 o3, 8.5 51,9 57,8 60,0 | 98,2 57,4 59,8
10,0 | le,® | 15,0 | 1e,0 | 18,7 | 13,0 [ de,e | 13,6 | 1e,l 14,8 1.8 1.9 a2 LI 7.0 T.4 0.0
s 1.2 Tk 3.2 1.5 3.0 2,9 3,2 N2 3,2 LR 5,3 5.3 5.7 L) LN 5,5
/
63,6 | 80,3 | 8).1 6.l 65.7 | 4%.% | 80,3 | 50,0 | 99,6 |[60,0 M, | M2 1,3 3.8 | 71,4 | 70,2 7,0
1,3 | e | e,y [ mi,e | omied | e0,9 | a,e | miLe |73, (76,8 [00.8 | 80,2 | 90,2 | 93.5 | 90,8 | 89,1 | 92,8
89,0 | 5108 | ez |96, | Se.0 | 55,7 [ 92,1 [ee.e |S1.1 52,2 [%9,7 | 59,3 | 56,4 | el.S | 59,5 (S84 | 60,0
L) L] e 9.0 LI 9.0 8,2 [ ) L) e 11,7 .6 118 12,0 1.8 11.% 1.9
1.8 3.0 3.2 1.0 2.7 . 3.3 2.7 2.0 1.9 1e# L6 Lot Tt 1,6 18 UML)
1] . [y . 3 L] . s s Y A " ’ ’ ' 1 T
2000 2000 1997 200% 2008 2005 2000 2000 2000 2000 2000 1000 2000 2000 1000 2000 2000

-
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Table 2.9-4

BASIS FOR COST ESTIMATES

Regenerative Heat Exchanger/Recuperator
Materials

Alumina (80% theoretical density)
Steel
Insulation
Zirconia
Mo-Re 1
Incoloy 800H
Super 22-H
Factory Fabrication

MHD Generator-Diffuser
Materials
Insulation
Steel
Tantalum/Tungsten

Factory Fabrication

Inventory
Argon
Cesium
Magnet
Materials
Aluminum
Steel
Superconductor
Faciory Fabrication

$ 1.20/1b
0.42/1b
0.90/1b
5.00/1b
3.00/1b
2.63/1b
4.75/1b
1.0 Steel Cost

$ 0.90/1b
0.42/1b
60.00/1b
1.0 Steel Cost

$ 5.75/100 SCF
50.00/1b

$ 1.00/1b
2.00/1b
3.42/1b

1.0 (Steel and
Aluminum
Cost)
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Table 2.9-6

SUMMARY SHEET

CLOSED-CYCLE INERT GAS MHD BASE CASE 1

CYCLE PARAMETER PERFORMANCE AND COST
Power Output (MWel 0 Thermody efficiency Percent) 51
Combustion Powsrplant efficiency (percent ‘l:
Coal and conversion process 1llinols No. 6 Ovorsi onergy eficioncy porcent r
Solvent refined cosl Plant capital cost (8 x 109 ™
Oxidizer Alr Plant capital cost ($xWe) e
C 3109 rejection (per 0 Cost of electricity (milis’kWh) 67
MHD Generator
Inlet pressure (atm) 10 NATURAL
Iniet temperature °F) 300 Cosl (IVAWR) o
Outiet temperature (°F) 1840 L
Turbine effectiveness a7 Belae (i)
o Foratey Tc: [¥.]
Average magnetic fleld (1) 3 I .z
Ceslum seed percent) als Processing 0
Inert gas A Makeup 0
NO, suppression 0
Hest Exchangers Stack gas cleanup 0
Input
Combustion gas (App) 0% Land lecrey 100 M) L
Argon (Bgip) 0.0
S ENVIRONMENTAL INTRUSION
Argon (Bp/p) 0.08 wieh-a wh
Argon Compressor Elficiency (percent L3 ot Ouput
S0, e o.684x 10
Steam Bottoming C NOy ('}.] 0201102
Turbine iniet temperature (°F) 100071000 W 0 0
Turbine inlet pressure s 3500 co .
Maximum fesdweter temperature ©F) m Particulates 0% 0.088 £ 102
Heat Rejection Wet cooling towsr BtukWh
Hest 1o weter 3097
Heat, total rejected 810
(] TERISTICS wastes None
Unit or Module
Siae () WA. Cost  Units mg “w
Major C WillrDixW & Waith Reuired 1 Ouput
Furnace 2 dla x 130 high wu ne 1 ne s
Primary hest exchanger 2 dla x O high 2.0 20 ] 160 n4
MHD nozzie‘enerstortdiftuser z":m"f}-nm L4 2 1 21 s
Magnet and dewer 14l i T long 21 1 1 mr o e
Argonstesm boller 50 dla x T3 high w X} 1 153
Inverters - - SLé 1 L ms

ORICINA L 1

55

®,



Table 2.9-7

SUMMARY SHEET

CLOSED-CYCLE INERT GAS MHD BASE CASE 16

CYCLE PARAMETER
Power 1 (Mwel
Combustion
Coal and conversion process
Oxidizer

Combustion slag rejection (percent)

MHD Generator
Inlet pressure (atm)
Inlet temperature (°F)
Outlet temperature (°F)
Turbine effectiveness
Type
Average magnetic lield (N
Cesium seed (percent!
Inert gas

Heat Exchangers
Input
Combustion gas (Ap/p!
Argon (Bpip)
Steam generator/precooter
Argon Aplp!
Regeneratoripreccoler Bp/p)

L] lpe

Argon Lompressor ENiciency ipercent)

Stsam Bottoming Cycle

Turtane inlet temperature ©F)

Turbine inlet pressure (psi)

Maximum feedwater temperature ©°F)

Heat Rejaction

Majpor Component
Furnace
Primary heat exchanger
MHD nozrieigeneratoridithyser
Magnet and dewar
Argon/argon recuper ator
Flue gas/steam boiler
Steam turbine -generator set
Inverters

56

L)

11linois No. &
Direct

Air
L

0.7
Faraday

0.15
Argon

03
0.05

0085
0.08
o8

1000/1000
3500
510

Wet cooling tower

MAJOR COMPONENT CHARACTERISTICS

Unit or Module

Size (M
WillorD«H

80 dia x 130 hig?
30 dia x 90 high
Iniet area 16 W

Exit area T84

" }!l)bﬂ

33 gie x B8 long
30 6l = 88 high

LERLES
Wil

251
5.01

2
3.00
0.8

n
wn

et

ni
a“

o

55
in

4o
an

ne

Units

Rovires 8 1

%3
»2

“w

5%
n?
o
a7
ne

"nw
Ouput
n?
n1

PERFORMANCE AND COST

Thermadynamic efficiency percent)
Powerplant efficiency (percent)
Overall energy efficiency (percent)
Plant capital cost (8 x 109

Plant capital cost (WRWe)

Cost of electricity (millskWhi

NATURAL RESOURCES

Coal (IbkWh)

Water igal/iwh)
Total
Cooling
Processing

NO, suppression
Stack gas clesnup

Land (acres/ 100 Mwe)

ENVIRONMENTAL INTRUSION

/1088ty
_Input
1.2
0?

0
0
Particulates 01

8&%8 %

LbAwh
Wastes
Furnace solids 004
¥
NG BUst foum cyciomes } omsi0?
Fly ash

Btu/kwh
209
5787

LoAwh
Ouput

Linto?

oes10?

0

0

amsi0?

LV Osy

1enic®
0
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Table 2.9-8 (Page 1 of 3)

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE INERT

MAJOR COMPONENTS
PRIME CYCLE
MHD GEN=-DIFFUSER
MAGNET

HIGH TEMP RECUPERATOR (REGEN)

RECUPERATOR
PRECOOLER

COMP W1Tw STEAM TURB DRIVE

SEED SYSTEM
BOTTOMING CvCLE

STEAM BOILER

STEAM TURB-GEN

CASE NO.

PRIMARY WEAT INPUT AND FUEL SYSTEM

COMBUSTOR SYSTEM

HEAT [NPUT EXCH(REGENERATIVE)

sUB=TOTAL OF MAJOR COMPONENTS

BALANLE OF PLANT
COULING TOWER
STACK-GAS CLEAN-UP EOQUIP,
DC TO AC INVERTERS
ALL OTHER
SITE LABOR
SUB=TUTAL OF BALANCE OF PLANT
CONTINGENCY
ESCALATION COSTS
INTEREST DURING CONSTRUCTION

TOTAL CAPITAL COST

MAJOR COMPONENTS COST
BALANCE OF PLANT

CONT INGENCY

ESCALATION COSTS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL COST

Mug

Mug
Mug
MUy
Mus
Mug
Mug
Mg
Mug

s/euk
$/¢nE
$/¢uE
S/KWE
s/xul

$/¢uf

2.7
17.7

Oe

Oe

18.1
O

23.6
16,0
90,6

4.0
0.
Sle0
195,80
58.5%
309.9
80,1
137.4

169,3

187,46

155.3
531.4
137,3
235,60
290,)

S
32.0
Oe
Oe
T2
27.8

17.8

665
22.0
158.4

8.0
0.
98.1
391.7
117,0
61440
154,06
310.7

02,9

164]1,4

135.6
$26.2
132.4
26640
LLTN

leb
3.0
T2
Oe

1.8

lo.'
4.3
3.8

64,0
19,2
2243
26,2

161,68

359.8
72%.4
21648
25242
274,0

135040 1604,9 1825.8

URI

.

2.7
17,7
0.
0.
3.6
18.1

8,6

18,7
16,0
85,2

4.0
0.
S1.6
191.4
57.9
304,.9
78,0
133,9

166,9

767,0

145,3
$20,0
133,1
228,
201,2
1307,.9

2.7
17,7

0.

0.

18,1

18.8
18,0
85,5

4.0
0.
1.6
191.4
57,9
04,9
Ts.1
134,0

165,0

767,%

165,7
sle.e
133,0
22243
201,2

2.7
17,7
0.
0.
3.6
18,1
0.

18,9
16,0
85.6

0.
S5l.6
191.4
57.9
306,9
78,1
134,0

16%,1

Te7,7

145,7
519,2
133,0
228,2
281,1

1307,8 1307,2

11

i {
i A L

" 7] ;i

’O0R

7

1.3
15.8
0
0.
2.4
18.1

23,0
16.0
Bo.l

4.0
O
S1.6
195.8
58.%
309.9
79.2
135,9

167,4
70,5

167.9
532,3
135,0
233,4
287,5
1337,1

E

GAS

34
19.5
0.
0.
3.6
13.8
0.

0.
43,4
195.8
58,5
301.7
9.2
135,v

167,46
78,6

1e0,)
$39,0
161,%
262,7
299.0
1390,4

MHD

201
16,0
Oe
Oe
3,0
18.7
Oe

117
0.0

2542
0.8
13643

4.0
0.
49,06
195.8
58.5
307,.9
88,8
1524

187,80
873,33

236,7
$34,8
154,93
266,8

36,1

1.0
12.8
O
0.
3.2
1449
0.

18,4
60,8
117,2

4.0
0.
30.9
19%.8
58,5
209.2
81,3
139,5

171.0

799,0

225,2
555,7
156,2
268.0
330,1

1516,7 1535,2

57

—



Table 2.9-8 (Page 2 of 3)

CAPITAL COST DISTRIBUTIONS FOR

MAJON COMPONENTYS
PRIME CYCLE
MHD GEN=DIFFUSER
MAGHET

HIGH TEMP RECUPFRATOR (REGEN)

RECUPERATOR
PRECOOLER

COMP wiTy STEAM TURB DRIVE

SEED SYSTEM
BOTTOMING CYCLE

STEAM BOILER

STEAM TURB=GEN

CASE “O,.

PRIMARY MEAT INPUT AND FUEL SYSTEM

COMBUSTOR SYSTEW

HEAT INPUT EXCH(REGENERATIVE)

SUB=TUTAL OF MaJOR COMPONENTS

BALANCE OF PLANT
COULING TOwWgR
STACK.GAS CLEAN.UP FOQUIP,
DC TO AC INVERTERS
ALL OTHER
SITE LABOR
SUB=TUTAL OF BALANCE OF PLANT
CONT INGENCY
ESCALATION COSTS
INTEREST DURING CONSTRUCTION

TOTAL CAPITAL COSY

MAJOR COMPONENTS COST
BALANCE OF pLANT

CONTINGENCY

ESCALATION COSTS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL COST

58

Mug

s/ewf
$/¢nt
$/¢wE
$/¢KWE
$/¢wE
$/¢ut

1

le7
1244
0.
0.
3.8
12,0
0.

1642
60,8

111.9

4.0
0.
23,9
195,8
50.5%
20242
78,8
13,2

74,0

220,3
555.8
158,2
266,2
328.0
1525,2

12

21.0
0.
0.
7.5

211

0.

12.0
O

“1.5
1640

12246

“0
0.
5941
195,08
58.5
31744
88,0
181,0
18640

065.0

182.9
47348
131,3
22%.2
277.%
1290,3

CLOSED-CYCLE INERT GAS MHD

13

242
15.0
0.
O

1448
0.

2.5

20.9
16,0
Bl.8

4.0
0.
47,7
195,08
50,5
306.0
7.0
133,1
163.9

Te2.4

140,86
52642
133,46
228,8
281.9

14

16.5
0,
0.
3.0

16,6

0.

0.7

2144
16,0
85,0

0,
50,2
195,8
58.5
308,5
7,7
135,0

166,46

173,68

147,0
$33,.4
136,1
233,%

287,08

15

2.7
17.7
0.
0.
3.6
18,2

2442
16,0

1.1

4.2
0.
2.1
197,2
9.4
2.9
80,8
138,68

170.8

94,2

19,3
$37.5
138,0
23,1
2933

1310,9 1337,6 1364,2

1s

25.5
22,2
0.
11,6
15.7

14,0

6,7

26,3
35.2
159.6

8,0
53,5
72,6

383,68
135,9
653,86
162,6
326,8

23,7

1728,4

171,0
T00,1
174,2
3%0,1
53,9
1849,2

17

2%.5
22,2
0.
11.6
15.8

14,46

Seé

28.80
35.2
163,3

8.0
3.5
72,6

384,7
1365
855.3
163,7
329,0

426.5%

1737,8

172,2
6%1.1
172,7
¥ée,9
59,0

1092,7

hob
25.5
2242

0.
11,8
15.7

0,

14,0

32.2
35.2

167,86

8,0
53,5
T2.6

87,2
137.3
658,06
15,2
332,0
430.5%

1754,0

174,68
(LIS
172,2
346,0
LY Y

18027,7

15.3
12.1

29.%
1%.2

166,2

8.0
53,5
53.06

303,68
135.,9
636,08
159,80
11,0

4l6,.2

1695,0

183,
T09.7
178.7
59,0
“65.9
1096,6

24,0

2242
0.
0.4

15.0
0.

14.0

2643
35.2
153,80

8.0
53.5
T2.6

383,
135.9
653,68
161,%
324,58
“20,7

1714,1

165,)
70243
173,55
348,
45241

1041,9

-
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Table 2.9-8 (Page 3 of 3)

MAJOR COMPONENTS
PRIME CycLE
MHD GEN=DIFFUSER
MAGNET

HIGH TEMP RECUPERATOR (REGEN)

RECUPERATOR
PRECOOLER

COMP WiTw STEAM TURB DR]VE

SEED SYSTEM
BOTTOMING CyCLE

STEAM BOILER

STEAM TURB-GEN

CASE NO,

Mug
Nug
MMy
Mug
MMy
Mug

Mug

Mug

PRIMARY WMEAT INPUT AND FUEL SYSTEM

COMBUSTOR SYSTEM

HEAT InPUT EXCH(REGENERATIVE)

SUB-TUTAL OF MaJOR COMPONENTS

BALANCE OF pLANT
COULING Towgr
STACK-GAS CLEAN-UP EQUIP,
OC TO AC INVERTERS
ALL OTHER
SITE LABOR
SUB-TUTAL OF BALANCE OF PLANT
CONTINGENCY
ESCALATION coSTS
INTEREST DURING CONSTRUCTION

TOTAL CAPITAL cOST

MAJOR COMPONENTS COST
BALANCE OF pLANT

CONTINGEfICY

ESCALATION COSTS

INTEREST DURING CONSTRPUCTION
TOTAL CAPITAL cOST

Mug

s/
$/<WF
$/KwE
$/¢Wr
$/¢wE

$/CNE

21

244)

2242
0.
9.2

13,3
0.

13.4

25,7
35.2
154,.4

8.0
$3.5
69,4

383,06
135.9
650,4
161,0
32)3,4

419,13

1708,5

164,2
691.6
171.1
363,9
45,9

101e,7

22

2548
2242
Oe
1lee
16eé

leol

4l

2643
3%.2
159.8

10.6
5345
73.0
LYY
137,7
660,7
L840l
32947
2748

1741.0

173.1
T1%.%
177.7
357.1
483.0

177
0.
0.

101
0.

112
3%.2
97,4

40
2642
Slet

191.3
60,0
341,11
877
176.2

220.5

93:,0

162.3
5¢0.5%
146,2
293,.7
380,80

100643 19%1,.8

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE INERT GAS MHD

102

25,9
0.
°'

20,0
0.

19.¢
46,2

132,1

5.3
54,2
59,1
204,85

70,1
393,2
105,1
180,3
222,1

1032,7

142,0
22,6
112,90
193,7
230,
1109,9

59

F\



Table 2.9-9

POWER OUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS: /
CLOSED-CYCLE INERT GAS MHD

CASE "C, 1 2 3 4 H 6 7 8 9 10
PRIME CYCLE POWFR OUTPUT MW 648,8 1299,3 100,7 648,8 6%8,8 648,8 64n,8 531,0 621,1 570,7
BOTTOMING CYCLF POWER OUTPUT MW 0. Oe 0. 0. 0. 0. O 103,0 1442 Oe
FURNACE POWER CUTPUT MW 0. 0. 0. 0. 0. 0. 0. 0. 0. Oe

BALANCE OF PLANT AUX. POWER REQ'De MW 20e5 39.0 2.5 20.0 20.0 20,0 20.5 2045 2045 2045

S FURNACE "AUX, POWER REQeD, MW 35,3 72,5 8,2 32,7 32,2 31,8 36,3 45,2 29,6 21,2
TRANSFORMFR LOSSES Mo 3.2 6.5 0,5 3,2 3,2 3,2 3,2 3,2 3,2 2.9
INVERTER LOSSES MW 6,5 13,0 1.0 6,5 8,5 6.5 6,5 5.3 6,2 5.7
NET STATION OUTFUT My 583,3 1168,3 88,5 586,64 586,9 587,3 582,33 559,8 575,8 520,64
CASE MO, 11 12 13 14 15 16 17 18 19 20
pr= PRIME CYCLE POWFR OUTPUT MW 553,6 753,2 597,64 628,0 654,5 931,0 931,0 931,0 678,1 931,0
% BOTTOMING CYCLE POWER OUTPUT MW 0. 0. 46T 13,2 0s 110,0 127.0 14040 321.0 107.0
FURNACE POWER OUTPUT M 0. 0. 0. 0, 0. 0. [ 0. 0, 0.

BALANCE OF PLANY AUX, POWER REQ'D. MW 2045 20.5 20.5 20.5 27.0 «0,7 “0.8 40,7 40,7 40.7

FURNACE AUX., POWER REQ'D, MW 16,8 51,0 30,7 32,8 35,5 52,2 S4eé 56,0 52,5 52,2

TRANSFORMER 1.0SSES My 2.8 3.8 3.3 3.2 3.3 5.2 5¢3 Seb 5.0 Se2

INVERTFR LOSSES MW 55 7.5 6,0 6,3 6.5 9,3 9.3 9.3 6.8 9.3

NET STATION OUTPUT MW 508,0 670,64 581,6 578,464 582,2 933,6 948,2 959.,6 B894,1 930,68
CASE *.0, 21 22 101 102

PRIME CYCLE POWER OUTPUT MW 890,2 935,8 644,7 1016,0

BOTTOMING CYCLE POWER OUTPUT MW 155,0  95.0 0. 0.

FURNACE POWER OUTPUT Mo 0. 0. 0. 0.

BALANCE OF PLAMT AUX, POWER REQ'D. MW 40.7 40,7 20,0 45,9

FURNACE AUX, POWER REQeD, MW 49,9 52,2 15,0 24,4
TRANSFORMER LO5SES Mw 5e2 5.2 3,2 Sel
INVERTER LOSSES L] 8,9 9.4 6.4 10,2
NET STATION OUTPUT MW 9405 923.4 600.,0 930,5 \\
o
%
60
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The thermodynamic and power plant efficiencies of the SRC
fueled topping plants are higher than those of the coal fueled
parallel cycles, but the energy lost in the production of the
semi-clean fuel overbalances that advantage. Thus the overall
efficiencies of the SRC fueled topping cycles are in the range |
26 to 36 percent, while those for the coal fueled parallel cycle
are in the range 35 to 39 percent. The SRC fueled low power re-
cuperative cycle, Case 3, has a low overall efficiency of about
28 percent. Only the coal fired topping cycles, Case 101 at
about 42 percent and Case 102 at 46 percent, have overall effi-
ciency above 40 percent.

Among the parameters varied, the turbine effectiveness
(Cases 1, 12, 13, 16, 21, and 102) produced the greatest effects
on efficiency. Increase in the peak argon temperature also tended
to increase system efficiency. The design pressure drop for com-
bustion gases passing through the refractory storage input heat ex-
changer is an important parameter affecting both efficiency, through
changes in required furnace auxiliary power, and capital cost,
through changes in heat exchanger size and cost.

Pressurization of the combustion system provides significant
gains. Estimates made for a modification of Case 102 in which the
combustion system is pressurized to 4 atmospheres by a balanced
gas turbine/air compressor set operating with turbine inlet tem-
perature of 546 F (559 K) indicate savings of approximately 6 per-
cent in total capital cost relative to the corresponding system
with atmospheric combustion. These savings result primarily from
use of fewer refractory storage heat exchangers (10 instead of 14)
and smaller combustion gas ducts; there is little net change in
equipment costs for the furnace system. In addition, gains in
overall system efficiency totaling approximately 3 percent (1.4
percentage points) result from a 1 percent improvement in furnace
efficiency (lower stack temperature) and a net saving of nearly
18 MWe in auxiliary power (fans). Thus furnace pressurization to
4 atmospheres for Case 102 should result in a system providing
948 MWe at a capital cost of $1015/kWe and an overall efficiency
of 47.4 percent.

The relatively high compression power requirements of the
argon working fluid are a disadvantage of this system. The argon
compressors for the 600 MWe (nominal) systems studied here differ
very little in power requirements from the air compressors for the
2000 MWe (nominal) open-cycle MHD systems. At the higher values \\\
of MHD "turbine effectiveness," the closed-cycle inert gas MHD
topping systems must operate significantly below optimum pressure v
ratios in the argon loop to get sufficient steam power to drive ¢
the argon compressor. This problem can be alleviated by higher
peak argon temperatures and by lower final feedwater temperatures
in the steam bottoming cycle, both of which have been used in Case
102, and possibly by some argon comprussor intercooling. A less
attractive alternative is the provision of some auxiliary electric -
motor drive for the argon compressor.
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It seems clear in retrospect that this first attempt at
total system design did not begin with the system configurations
most likely to be successful. The parallel cycle and the low
power MHD recuperative cycle appear not to be attractive. The
MHD topping cycles can have attractive overall energy efficien-
cies, but not when fueled with the semi-clean fuel because of the
0.78 fuel conversion efficiency factor for producing this fuel
from coal. The system providing the best possibility for attrac-
tive overall efficiencies and cost of electricity is the coal
fueled topping cycle. Success with this system probably will re-
quire MHD "turbine effectiveness" exceeding 0.70 and careful inte-
gration of both the steam cycle and the furnace with the topping
cycle. Further, the working fluid gas must be kept "pure" to take
advantage of the nonequilibrium effects. The design of the MHD
equipment also must permit an economical plant layout and reduced
balance-of—plant costs.

RECOMMENDED CASE

Case 102, the coal-fueled MHD topping cycle is the recommended
starting point for future system study. This system provides the
highest efficiency, lowest capital cost, and lowest total cost of
electricity among the closed-cycle inert gas MHD systems analyzed
here. Further study of this system should include consideration of
pressurized combustion, which provides significant gains in lowered
capital costs and increased efficiency.
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210 CLOSED-CYCLE LIQUID METAL MHD

DESCRIPTION OF CYCLE

The closed-cycle liquid metal MHD system is similar to the
closed-cycle inert gas system in its recirculation of the gener-
ator working fluid and in requiring a heat exchanger which oper-
ates at peak cycle temperature. However, it differs greatly in
getting electrical conduction in the working fluid by means of a
liquid metal flow, which provides an electrical conductivity that
is essentially independent of the fluid temperature.

Of the many ways tried thus far to use the high conductivity
of liquid metals in MHD power generation, the one that works best
appears also to be the simplest. The liquid metal is pressurized
and heated to peak cycle temperature (1300 F [978 K]) in an input
heat exchanger. It then flows to the entrance of the MHD genera-
tor where pressurized (and possibly also heated) gas (helium) is
injected as a uniform dispersion of bubbles occupying over half
the volume of the flow.

The bubbles and liquid flow together as a two-phase mixture
through the generator and its magnetic field. The liquid pro-
vides the necessary electric conductivity and, because it has
much greater heat capacity than the bubbles, maintains the gas
temperature nearly uniform as the bubbles expand through the gen-
erator. The bubbles provide the compressibility needed to convert
heat to energy of directed motion in an expansion engine. After
leaving the MHD generator, the gas and bubbles are separated, the
liguid is recycled directly to the input heat exchanger, and the
energy in the gas is transferred to the bottoming cycle prior to
recompression and return to the generator entrance.

The closed-cycle liquid metal MHD generatours have provided
the lowest temperature MHD generators and the most efficient ma-
chines demonstrated to date. Materials problems are less diffi-
cult here than in the inert gas systems. These favorable features =
are offset by inconveniently low output voltages, by cycle effi- .
ciency problems associated with losses from the large recirculat-
ing power in the circulating liquid metal flow and with pinch-
point problems in the steam generator transferring heat to the {
bottoming cycle, and by cost problems associated with circulation \\\
and processing of the four working fluids used (combustion gases,
helium, liquid metal, and steam).

The design and estimation of the closed-cycle liquid metal
MHD systems has been a joint effort of Argonne National Labora-
tory (the system advocate), Foster Wheeler Energy Corporation,
Bechtel Corporation, and the General Electric Company. The prin-
cipal items designed and costed by personnel from each of these :
companies are as follows: '
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® Argonne National Laboratory

MHD mixer/generator/separator
Superconducting magnet/dewar

® Foster Wheeler Corporation

Coal handling auxiliaries except
Atmospheric fluidized bed furnace Case 101;
Air preheater see text
Steam boiler below

Hot gas cleanup for gas turbines (Case 10)

® Bechtel Corporation

Site labor and materials except Case 101;

Cooling towers
Balance of plant see text below

» General Electric Company

Electrical inversion equipment
Steam turbine/helium compressor
Combustion gas and helium turbines
Helium recuperators

Helium precoolers

Coal gasification equipment
Liquid metal pumps

In addition, General Electric has performed the system integra-
tion function.

Eighteen different MHD power cycles have been analyzed in
the Task I Study.* The power level for the base case, Case 1,
illustrated in the schematic of Figure 2.10-1, is set at a nomi-
nal 600 MWe. Unlike the other types of MHD systems, these liquid
metal systems are best suited for relatively low magnetic flux
densities and low power outputs, and the 600 MW (nominal) systems
studied here have 13 or 14 generators operating mechanically in
parallel but electrically in series, each usually producing ap-
proximately 50 MWe at 30-35 volts. The magnetic flux densities
are in the range 1 to 2 tesla. Most of these systems use atmos-
pheric fluidized bed (AFB) furnaces for heat input and sulfur
emission control, and the 600 MW (nominal) systems use three AFB
tower modules.

Case 2 is similar to Case 1 except that its lower power level
(300 MWe nominal) requires only 7 MHD power modules instead of 13
and it produces d-c electric power at a lower voltage, 210V in-
stead of 390V. Case 3, a 1200 MWe nominal system, uses 14 some-
what larger MHD power modules, each producing 87.5 MWe at 35V. The
magnetic flux density is slightly lower, 0.97 tesla rather than

*The principal design parameters of these eighteen systems are
included in Table 2.10-5,
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1.13 tesla, for this case. Cases 4 and 5 are similar to Cas:- 1
except that the fuels burned in the AFB furnaces are Montana sub-
bituminous and North Dakota Lignite, respectively.

Cases 6, 7, and 8 are similar to Case 1 except that the fuels
used are low-Btu gases made from Illinois #6, Montana sub-bitumi-
nous and North Dakota lignite coals, respectively. These gases
are burned in pressurized furnaces at 10 atmospheres pressure.
Because the pressurizing gas turbines and steam turbine generator
used in these cases produce substantially more power than is re-
quired to operate the integrated gasifiers and furnaces, each of
these cases gains substantial power, more than the output of the
MHD generator, from the furnace turbine generator.

Case 9 is similar to Case 1 except that the fuel is high-Btu
gas burned in a pressurized furnace. The furnace turbine genera-
tor for this case provides only about 10 percent of the total
power output.

Case 10 is similar to Case 1 except that the furnace is of
pressurized fluidized bed (PFB) type burning Illinois #6 coal.
The furnace turbines produce about 24 percent of the power output
for this case.

Cases 11 and 12 differ from Case 1 mainly in their higher
peak temperatures, 1400 F (1033 K) and 1500 F (1089 K) instead of
1300 F (978 K), and in the use of lithium instead of sodium as
the liquid metal. Sodium carryover past the separator to the
steam generator becomes a significant problem at temperatures
above 1300 F (978 K) because of the relatively high vapor pres-
sure of sodium at such temperatures.

Case 13 differs from the base case primarily in use of a
higher peak pressure at generator inlet, 100 atmospheres (10.1
MN/m2) rather than 50, and a slightly lower pressure ratio across
the MHD generator.

Cases 14 and 15 explore the effects of changes in electric
load parameter and thus of changes in "effective turbine effici- ‘
ency" of the MHD mixer/generator/separator chain.

Case 16 is similar to Case 1 except that dry cooling towers
are used rather than wet towers for system heat rejection.

Case 17 is a variation in system configuration that uses a
recuperative heat exchanger and helium turbine in place of the
boiler and steam turbine bottoming cycle. The AFB furnaces also
are simplified in this variation because of elimination of the
steam reheat.

Case 101 is a variation in which a larger pressure drop is L
used in the separator together with lower estimates of separatcr

losses to gain a system of higher efficiency and lower cost that
does not require the expensive mechanical pumps for liquid metal
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recirculation used in the base case. This case was not one of the
original points selected for analysis. It was added in the course
of performing Task I following evaluation of preliminary results
for the other points. Because of pressures on time, the costing
of on-site labor and materials, cooling towers, and balance of
plant for Case 101 has not been done by Bechtel, but has been done
at General Electric by the Systems and Plant Integration Team by
making incremental adjustments to Bechtel estimates for Case 1.
Similarly, estimation of the costs of the AFB furnaces for Case
101 has not been done by Foster Wheeler, but has been done at
General Electric by incremental adjustment of the Foster Wheeler
estimate for Case 1. Among the closed-cycle liquid metal MHD
systems, only Case 101 was handled in this manner.

ANALYTICAL PROCEDURE AND DESIGN ASSUMPTIONS

The scheme of the systems programming was to model at an
adequate but simple level to facilitate efficient computer usage
and thus enable thorough parametric studies. Consequently, two
levels of analysis were used:

a. The MHD generator model
b. The integrated systems model

In the integrated systems model the MHD generator was modeled by
defining an isentropic efficiency. Using the isentropic effici-
ency in conjunction with the model for the ideal device, the duct
(MHD generator) performance was determined including the power
output and the thermodynamic state points of the fluid mixture.
The isentropic efficiency and the duct configuration corresponding
to that efficiency at the operating conditions in guestion were
determined through the use of the MHD generator model. Discus-
sions of the generator model and the integrated systems model

follow.

MHD Generator

The equations and model used to analyze the two-phase liquid-
metal MHD (LMMHD) generator have been described previously. (See,
for example, ref. 1.) The major points are summarized below.

The following basic assumptions are used in the solution:

1. The walls of the fluid channel parallel to the current
flow are perfect insulators. (In practice a thin coat-
ing of electrically-conducting metal may be required to
protect the insulator, but the coating thickness is
negligible compared with the liquid-metal thickness.
The coating may be included in the model.)

2. The fluid channel walls perpendicular to the current

flow (electrodes) are perfect electrical conductors
(compared with the fluid).

67

——



3. The velocity of the liquid phase along the generator
axis is constant.

4. The effect of slip between the liquid and gas phases
is ignored, or the liquid and gas have the same (con-
stant) velocity. It is felt that by proper design,
including high velocities and possibly the use of
surfactive agents, the slip can be made relatively
small. (Slip may be included.)

5. The magnetic flux density is constant between the gen-
erator electrodes and zero outside of the electrodes
(i.e., no field overhang).

6. There is no variation of the fluid or flow properties
perpendicular to the axis of the generator (i.e., the
flow is quasi-one-dimensional).

7. The distance between the electrodes is constant.

8. The electrical conductivity of the two-phase fluid is
given by a least-squares-fit of a fourth-order poly-
nomial in powers of the void fraction to experimental
data.

9. There is no contact resistance between the electrodes
and the working fluid,

10. Heat transfer to the surroundings is negligible.

The conservation equations of mass, momentum, and energy;
the perfect gas equation of state; and the slip equation (if slip
was included) were solved simultaneously in finite-difference
form. vVvalues of the terminal voltage, load factor (ratio of ter-
minal voltage to generated voltage), aspect ratio (ratio of gen-
erator length to electrode spacing), and inlet and exit void
fractions were preselected; and from these the magnetic field
strengths and channel dimensions calculated. The finite-differ-
ence calculations were continued downstream of the generator en-

void fraction reached the desired exit value, at which point the
calculation was terminated. End losses were accounted for by an
empirical relation, assuming that 90 percent of the normal dissi-
Pation can be eliminated by vaning or tailoring of the magnetic
fields. Finally, an adjustment in the generator exit tempera-
ture was made to account for the dissipation in the fluid due

to the end losses.

The ability to reduce the end losses by 90 percent from
those calculated with no vanes or field extension is a key point,

tion of vanes and the existing field extension by 88 percent. A




generator has not been tested with an optimum field extension
profile, but it is expected that a 90 percent reduction is attain-
able without the use of insulating vanes.

The choices of aspect ratio and load factor in the generator
are adjusted to yield an efficiency of around 80 percent at reas=
onable generator dimensions. Increasing the aspect ratio above
the nominal 7.5 selected increases the efficiency and the gen-
erator length, the latter more quickly than the former. Increas-
ing the load factor above the 0.93 selected decreases the gen-
erator efficiency and length. The efficiency as a function of
load factor goes through a peak around 0.93 because as the load
factor is increased the ohmic losses internal to the generator
and the power density decrease while the end loss remains about
constant.

Integrated Systems Model

The integrated systems model for the LMMHD-Steam Cycle is
considered as six major subsystems or components. These are:
Mixer
MHD generator (duct)

Nozzle-separator-diffuser

Steam bottoming cycle and interface

Compressor

Fluidized bed and associated interfacing heat exchangers

The analysis of the last three has been conventional. The model-
ing of the mixer, MHD generator, and separator assembly, illus-
trated in Figure 2.10-2, is described here. All of the components
have been analyzed assuming a steady-state, lumped (no space-
dependent variation) model.

Mixer. For the mixer the following assumptions were made:

1. The mixture at the exit of the mixer is homogeneous
and at the mixed mean temperature of the fluids.

2. Make-up liquid metal is added in the mixer in the amount
carried over in the gas stream at the separator exit.

MHD Generator. The following assumptions were made in anal-
yzing the LMMHD generator:

1. The flow is steady.
2. The generator is described by a lumped control volume

(i.e., spatial dependence of the thermodynamic variables
is neglected).
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3. The gas phase is an ideal gas.

4. Heat transfer to the surroundings is negligible.
5. Viscous dissipation is neglected,

6. The mixture is homogeneous and slip is negligible.

7. The mixture conserves entropy as a two-phase mixture
with no mass transfer between phases.

8. The specific heats of the gas and liquid phases and the
volume expansivity of the liquid are all constant.

9. The liquid metal is a pure (simple compressible) sub-
stance.

10. Deviations from the ideal device will be accounted for
by defining an isentropic efficiency.

The scheme used in this case is to analyze the ideal device and
to account for deviations from the ideal through the use of an
isentropic efficiency. Then using the conservation of mass, the
first and second laws of thermodynamics, the ideal gas equation
of state, and the appropriate thermodynamic property relation-
ships for the homogeneous mixture of two pure substances, there
result mathematical expressions relating characteristics of the
flow at generator entrance and exit and the generator output.

Nozzle-Separator-Diffuser. A conceptual design of a nozzle-
separator is shown in Figure 2.10-2. After exiting the MHD gen-
erator the mixture is accelerated in the nozzle and flows tan-
gentially onto a rotating drum where the liquid and gas phases
are separated. The liquid is then collected ia diffuser vanes
to regain a pressure sufficient to return the liquid to the
mixer. The gas flows out the helium outlet at very nearly the
mixer temperature to continue to the bottoming-cycle interface,
compressor, etc.

In modeling this device, the nozzle and diffuser are treated
as nonideal devices with deviations from the ideal (isentropic) s
behavioi accounted for through the use of isentropic efficiencies. N
Isentropic efficiencies of 90 percent have been used for both N
devices. The separator performance and, in particular, the losses
incurred in separation must also be included in the analysis,
Losses for the specific device shown in Figure 2.10-2 have not
been analyzed in detail, but it is expected that this new device
should yield better performance than a more conventional flat
plate separator. Two values of separator loss coefficient, de-
fined as -

. _ separator outlet kinetic enerqgy flux
separator loss coefficient=1 - separator inlet kinetic energy flux ‘

have been used, 0.24 for Cases 1-17 and 0.10 for Case 101.

71




The designs and performances of the combustor systems and
the steam generators are described in Section 6. The helium com-
pressors are conventional axial flow machines that represent a
modest extrapolation from current commercial practice. The steam
bottoming cycles used are conventional 3500/1000/1000 single re-
heat supercritical cycles with final feedwater temperatures of
117 F (321 K) corresponding to cycle efficiencies (ratio of a-c
electrical power out to the thermal power transferred to the
steam) of approximately 0.375. The actual heat rates for the
turbine designs selected were calculated for each case.

MHD Component Designs

Mixer. The liquid flows straight through the mixer at about
constant velocity to minimize pressure drop, and the gas is in-
jected by a series of tubes. A homogeneous two-phase flow is
formed about one foot before the generator duct inlet.

The mixer is brazed directly to the generator duct housing.
To minimize losses due to circulating currents, it is proposed
that the mixer be flame sprayed over its entire surface with an
electrical insulator such as Al1203. A thin coating of tungsten
or molybdenum would then be applied over the insulator for pro-
tection and to serve as a brazing surface at the cost of a high-
resistance electrical path.

Generator. The principal generator parameters are given in
Table 2.10-1. The decision to use 13 generators for the base
case came from the desire to have a roughly square exit channel
for optimum fit into the circular containment structure, shown
in Figure 2.10-3, and the need to attain a reasonable voltage
level for the inverters. The terminal voltage of 390 volts for
Case 1 is obtained by connecting 13 generators electrically in
series.

The generator duct is rectangular in cross section, with the
distance between electrodes remaining constant while the flow
area increases to maintain a given two-phase velocity. Previcus
designs for the generator duct have been visualized as thin me-
tal cans that are integral on two sides with the electrodes,
with the remaining sides electrically insulated from the con-
tainment pressure housing. Ideally the electrodes should be
separated by an electrical insulator to prevent added ohmic
losses. Since at present there are no known insulators compati-
ble with high-temperature liquid metals, thin metal walls are re-
quired to provide protection with minimum ohmic loss. The struc-
tural % -...ing required to contain the pressure in the duct while
maintaisning electrical isolation of the electrodes can evolve
into a rather complex design. Thus a new approach has been pro-
posed, namely, generator duct containment by the use of pyrolitic
graphite.

The use of pyrolitic graphite (P5) as electrode, insulator,
and containment is withcut any known precedent. Theoretically
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Table 2.10-1

POWER MODULE PARAMETERS

Case 1 Case 2 Case 3 Case 11 Case 12 Case 13 ' Case 17
Na-1300 F Na-1300 F Na-1300 F | Li-1400 F Li-1500 F | Na-100 Atm Gas Turbine
Nominal power output 6UC Mwe 300 Mwe 1200 Mwe 600 Mwe 600 MWe 600 MWe 600 MWe
{total) power/unit MWwe | 47.1 7.3 87.46 43.73 43.7 47.3 68.03
Generator length (ft) 22.7 22.7 30.9 22.47 227 15.43 32.0
Electrode spacing (ft) | 3.067 3.067 4.17 3.031 2,931 2.081 4.32
Electrode height (ft) 1.280-3.025| 1.189-2.809| 1.75-4.13] 1.199-2.845| 1.17-2.95| 0.930-2.0%58 | 2.85-4.19
Field strength (tesla) | 1.13 e 0.97 1.15 1.18 1.95 0.92
Voltages 30 39 35 30 30 35 35
No. of power modules 13 7 14 14 14 14 9
OD of graphite housing
ID of Cu electrodes 6 6 7 5.5 5.5 5 7,
(ft)
Nominal refrigqg.
power kw 329 177 545 330 325 210 370
0D of cryostat (ft) 8.25 8.25 9.0 TS 7 R 8.0 9.0
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the desired features are there. PG is an excellent material for
high-temperature service, actually increasing in mechanical
strength with increasing temperature up to 4500 F (2756 K) while
also exhibiting high resistance to thermal shock. The anistropic
properties of PG permit electrical conductivity approaching that
of aluminum in one plane, while acting as an electrical and
thermal insulator comparable to ceramics in the normal direction.
Pyrolitic graphite is especially intriguing because of its method
of manufacture, i.e., being deposited in layers from a hydrocar-
bon gas. This process allows additional materials such as refrac-
tory metals or ceramics to be alloyed with the carbon, and also
deposition temperatures can be varied (3181 to 4081 F [2023 to
2523 K1) to control the desired mechanical, thermal, and electri-
cal properties. Although standard commercial grades of PG offer
an electrical resistivity between 300 and 500 micro-ohm-cm in the
conductive direction, carefully controlled PG has been produced
with a resistivity of 39 micro-ohm-cm. It is noteworthy that the
electrical resistivity of PG, unlike most metal conductors, re-
mains fairly constant with temperature increase up to 3000 F
(1922 K).

The geometry of the generator duct could be machined into a
cylindrical block of pyrolitic graphite with the conducting plane
parallel to the direction of the generated current. Normal to
this plane the graphite is an insulator. The cylinder could be
made in longitudinal halves separated by an electrical insulator
to ensure against any generated cross currents, Graphitc is not
compatible with liquid metals, so a layer of tungsten oOr molybde-
num must be flame sprayed or chemically vapor deposited on the
duct surface and the ends of the housing. The mixer and nozzle-
separator-diffuser units can ther be brazed to the generator
housing for leakproof seals. The graphite provides an integral
housing and the desired electrical properties but is not strong
enough to withstand the high pressures involved without struc-
tural backup. This backup is provided by the bus bars formed
into flanged half rings extending the length of the generator
and electrically insulated from the graphite except in the
current-carrying areas, as shown in Figure 2.10-3. The two bus
bars with an insulating interface are bolted together to provide
the necessary structure and also act as compensation for the in-
duced currents generated in the liquid metal.

Nozzle-Separator-Diffuser. After the MHD generator it is
necessary to separate the Tiquid and gas components of the flow.
This is accomplished by impinging the mixture tangentially onto
the inner surface of a cone, as iadicated in Figure 2.10-2, caus-
ing the cone to rotate. The large centrifugal force concentrates
the gas in the center of the cone. This method of separation ap-
pears to have significant advantages over a conventional flat-
plate separator. The sligat taper of the cone forces the liquid
to move toward the exit diffuser at a controlled rate. A single,
approximately 90-degree large radius bend is used after each
nozzle to direct the mixture tangentially to the rotor.
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In principle, the nozzle-diffuser system can be used to al-
low the gas to "pump" the liquid back to the mixer pressure thus
eliminating the need for a separate liquid pump. In the nozzle
the gas-liquid mixture is accelerated so that the liquid acquires
sufficient kinetic energy to overcome the separator and pipe
losses and recover the mixer pressure in the diffuser.

DESIGN AND COST BASIS

A liquid-metal MHD power module is shown in Figure 2.10-2.
In costing these components, definitive information is available
only for the magnet system. The other major components are in a
first-iteration conceptual stage with other alternatives of me-
chanical design and resolution of detail yet to be considered.
The estimated cost of these components was determined by approxi-
mating their weights and applying appropriate rates for cost per
pound for raw materials and fabrication based on a recent cost
study for fusion power plants, as tabulated in Table 2.10-2.

Table 2.10-2
RAW MATERIAL AND FABRICATION COSTS USED FOR

ESTIMATING COSTS OF
MIXER/GENERATOR/SEPARATOR TRAIN

Price
Component ($/1b)
Generator
Copper raw price 1.50
Copper fabrication 2.50
Total 4.00
Graphite raw price 4,00
Graphite fabrication 2.00
. Total 6.00
Mixer
Raw inconel 3.00
Fabrication 9.00
Total 12.00
Separator
Incoael + SS 3.00
Fabrication 6.00
Total 9.00
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Recent procurements by the Argonne National Laboratory of
fully stabilized Nb-Ti superconducting saddle magnets indicate a
cost of about $1.50/k amp-ft ($4.92/k amp-m) for conductor ma-
terials and winding. The 7-meter-long, l.l13-tesla magnet for the
base case designed for a current of 5000 amps and a current den-
sity of 5000 amps/cm2 requires approximately 1300 turns for a
1.83 meter bore or about 125,000 k amp-ft (38,100 k amp-m). The
cost of the winding and conductor was thus rounded out to $200,000.
The weight of the windings, assuming the mean density to be that
of the copper stabilizer (8.9 gm/cm3) was determined by the em-
pirical formula for "crescent" saddle magnets:

M(metric tons) _ v a7 ; .
L (meters) 2.83 (107/3) B D + [B/6.3(f) (107/3)1;

where B is in tesla, D is the bore diameter in meters, J is am-
peres per square meter, and f is the winding factor. The weight
of the restraining structure was calculated by M. (kg) = 2.36 x
10-3 Wp, where Wp is the stored energy of the field in joules.
The resultant weight, Mg, appears rather optimistic and was
therefore utilized as the weight per meter length of the magnet
instead of the total weight. The cryostat diameter, and thereby
its weight, was estimated by the relationship B = ug Jcf, where

¢ is the maximum winding thickness in meters and u, is the per-
meability of free space. The cost of the cryostat and structure
was conservatively assumed to be $300,000. Summing the weights
of the winding, structure, and conductors; the total cost per
pound for the assembly is $14.7 for the base case. The magnet
costs for the other cases were calculated as the magnet weight
times $14.7/1b ($32.41/kg). A single complete refrigeration unit
including liquefier, purifier, 500-liter Dewar, and local trans-
fer lines in the 25 watt heat load range for 4.2 K liquid helium
service is currently priced at $150,000. Although a central re-
frigeration plant consisting of several large refrigeration units
run off large compressors would be more economical than individual
units for each power module, the cost of a single unit was assumed
for each module.

The base case was estimated as outlined and the remaining
system cases scaled accordingly. The resulting power module
weights and costs for all cases are given in Tables 2.10-3 and
2.10-4, respectively.

In the above costs neither indirect costs nor projected com-
ponent replacement cost:s due to limited lifetime have been in-
cluded. With the recognition of periodic component replacement
requirements and with appropriate design to accommodate the ne-
cessary maintenance, an additional cost for the power plant could
be the price of one set of spare components to maximize plant
availability and allow repair of the worn component at nominal
cost without requiring plant shutdown during the repair operation.
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Table 2,10-3

POWER MODULE WEIGHTS

Case 1/2 Case 3 Case 11 Case 12 Case 13 Case 17
Na-600/300 Na-1200 Gas
MwWe Mwe Li-1400 F | Li-1500 F | Na-100 atm| Turbine
Magnet 17,000 24,700 16,800 16,700 18,200 26,700
Magnet structure 3,000 6,200 2,900 2,000 3,200 6,500
Cryostat 14,000 17,800 14,600 14,000 9,200 18,200
Generator copper 42,600 59,000 42,200 40,700 26,000 58,500
Generator graphite 54,200 115,000 56,500 54,500 36,000 104,000
Mixer 7,000 12,000 8,500 10,500 13,500 16,000
Separator-Nozzle—
Diffuser 11,000 18,000 13,200 16,500 21,000 25,000
Total Weight
per unit 148,800 252,700 154,700 155,700 127,100 254,900
No. of units
(Power modules) 13/7 14 14 14 14 9
Total weight
(m tons) 877.3/472.6 | 1605.2 982.7 989 807.4 1040.8
...
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Table 2.10-4

POWER MODULE COSTS

Case 1/2 Case 3 Case 11 Case 12 Case 13 Case 17
Na-600/300 Na-1200
MWe MwWe Li-1400 F Li-1500 F Na-100 atm | Gas Turbine
Magnet & cryo-
stat refriger-
ation $ 650,000 $ 885,000| $ 654,000 (| $ 602,000| $ 600,000| $ 905,600
Generator 521,000 937,000 531,000 512,000 334,000 814,300
Mixer 85,000 146,000 204,000 252,000 163,000 194,000
Separator
nozzle—diffuser 100,000 164,000 290,000 363,000 191,000 228,000
Supports, insu-
lation assem-
bly & instru-
mentation 200,000 200,000 200,000 200,000 200,000 200,000

Total cost

per unit $1,556,000 $2,312,000 | $1,879,000 | $1,929,000 | $1,488,000 | $2,401,900
No. of units
(power modules) 1377 14 14 14 14 9
Total cost
(millions) $20.2/$10.89 $32.37 $26.31 $27.0 $20.8 $21.6
>
..




RESULTS

Table 2.10-5 summarizes the principal design parameters and
results of calculations of efficiencies and overall costs "Hr all
cases studied here. Table 2.10-6 summarizes for all cases the
void (helium) fractions in flows at the generator entrances (a3)
and exits (a3p), the mass flow rates of helium (MG) and liquid
metal (ML), the machine efficiencies of the mixer and MHD gen-
erator combinations, and the powers produced by the MHD genera-
tors or absorbed in the helium compressors and liquid metal pumps.

Table 2.10-2 gives material and fabrication costs used in
estimating costs for the mixer/generator/separator train. Tables
2,10-3 and 2.10-4 give estimated weights and costs for the mixer/
generator/separator power modules of all systems. (The same MHD
power module is used for Cases 1, 2, 4-10, 15 and 16. Case 2 re-
quires 7 MHD power modules; the others in this group use 13.)

Table 2.10-7 summarizes the principal design parameters and
calculated outputs for the base case, Case 1.

Table 2.10-8 gives detailed breakdowns of calculated costs
for all cases studied.

Discussion of Results

Table 2.10-9 details the auxiliary power losses for all cases
studied.

A review of the results tabulated in the lower part of Table
2.10-5 indicates that these systems might be divided for discus-
sion into four groups: (1) the atmospheric fluidized bed fired
Cases 1-5 and 11-16; (2) the pressurized furnace and pressurized
fluidized bed fired Cases 6-10; (3) Case 17; and (4) Case 101.

The first group, which includes the base case, show a total
cost of electricity near 90 mills/kWh (except for Case 12 at 11l1),
which is about 3 times that for advanced steam cycles. Of this
cost, 75 to 80 mills/kWh usually is contributed by capital charges.
The thermodynamic efficiencies of these systems range over 0.43 to
0.47 and the overall (coal pile to bus bar) efficiencies range
over 0.34 to 0.39, with only the higher temperature lithium cy-
cles Aoing much better than 0.36. Thus, despite their higher
costs, these systems are little or no more efficient than more
conventional steam systems.

It appears that within this group only the higher peak tem-
peratures (and consequent shift to lithium liquid metal frcm
sodium) of Cases 1l and 12 and the lower furnace efficiency of
Case 5 (North Dakota lignite) produce significant changes in costs
or efficiencies. This fact reflects the fixed system configura-
tion and the care that has been taken to select most parameters
of this configuration near optimum values.
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Table 2.10-5

PARAMETRIC VARIATIONS FOR TASK I STUDY
CLOSED-CYCLE LIQUID METAL MHD

Parameters Canse 1+ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 101
Mr oum‘ (Mw.‘ 488 FiR) "2 485 ELL] 1148 1203 1230 57 662 485 ans LA o LY 477 500 556
Furnace, Coal, and Conversion Process AFB AFB | AFB | PF PF P¥ PE[rrmy, | AFE
Dieet P | rvees| trece] 'Lim | Lo | Lime | ‘in | iveet | oirect »
Topping Cycle
Duct inlet temperature (°F) 1300 » | 100 | 1500 | 1300 —p | 1200 | 130
Liquid metal Na — Li d—pp Na >
Inert gas He >
Pressure (duct inlet) (atm) 50 > 100 50 >
Pressure ratio ] > 3.3 2.8 | 1 » | oros | ze
Magnetic field (1) Lisdpp | 007 | 113 > s | s | oves | o » |0 | Ly
Electric load parameter 0.9 TS 0.1 | 002 | o0 >
Input heat exchanger pressure drops
He ( Ap/p psi) 0. 028 >
Na, Li (Ap psi) 10 —>
Compressor efficiency 0. 88 >
Steam generator/precooler
He (Aplp psi) v, 025 > v2s
Steam Bottoming Cycle
Turbine inlet temperature (OF) o0p/ion > 1000/ 100
Turbine inlet pressure (psi) 3500 » 4500
Maximum feedwater temperature (°F) 17 > 1
Heat Rejection (in. Hg) weT TS et | wer | wed
1.8 1.9 1.5 1.5
PF Parameters
Excess air (percent) 15 10
Pressure ratio 10 ] .
Furnace gas exit tamperature (9F) . . = =< .- 1500 1200 - - - -
Regenerator effectiveness - et -
Rasifier
He Bottoming Cycle
Reqenerator effectiveness 0.85
Total Aplp (psi) 0,01
Turbine inlet temperature (°F) 1180
Turbine pressure ratio 2.8
Actual Powerplant Output (MWe) .8 243 o2 s 8 [ 11es [1203 |12%0 571 s62 . e 9 o1 | ose om 500 sse
Thermodynamic Efficiency (percent) U3 VT IS DT (NS PR IS PRI PRI P PRI LT IS U S P IS PR L D BRSPS S P (RS TR (S PN (S DR S PO N (O]
Powerplant Efficiency (percent) You2 | deal | 36e2 081 3.9 [avee 300 | 00 [ 3e02 [ ees | ares | ovels | anie | asee | de.n | 3t w | 2e.e | e
Overall Energy Efficiency (percent) 36,2 36,0 | Y82 [ 35,1 [33,0 [av.e |93,0 | a3, [ 17,0 | ve.e 3.3 | oae,s | an.e | vs.e | de.n | 9. | 20.e | de,
Coal Consumption (I/kWh) 0,07 [o.00 | 0,07 [ 1.00 [1.es [ogee [1.00 | aaer | ees |o,ar | 0,08 | ouez | o.en | o.ee | 0. | 0uee | 1air [ o0uue
Plant Capital Cost ($ million) 1180 | 582 | 2098 [ 11e2 [1ies | 1ess |1vrr [ ae2e | a0o1s 1208 | 1230 | qery | tisi | 1160 | 1100 | 1107 | 12ey | 1100
Plant Capital Cost ($/kwe) 2020 | 2v06 | 2367 | 2637 |2a2e |1aad [1av) | den2 [ 1777 | 1e21 290 | s03e | 2983 | 2022 | 2020 | 2000 | 2660 | 2010
Cost of Electricity, Capacity Factor = 0,65
Capital (mills/kWhi 76,0 | 75,0 | 01,2 | 17,0 | te.r [as.e |en.S | ee.9 | %6,z [s7,e 0000 | ooy | Tese | raes | e | e | rrey | e
Fuel (mills/kwh) 8,0 | 8,0 | 8.0 | W3 | mee | 0. | mes | ®ee [ 23,9 | 8e0 el ot | ea 2 | na | w2 1002 | ree
Maintenance and operating (mills/kWh) LY 2 I PN N Y TN VS O NS P D P A PR (S PO N X ) et | 0| en ot | 62| o3| oa | 200
Total (mill: /kWh) 09,0 | 89,6 | 93,0 [ ne,s |se,4 |s0,0 [se.8 |se,0 [as,2 [es,0 o2 |110,0 | 06,8 | wn,e | 09,0 | w1, RN ELE)
Sensitivity
Capacity factor + 0.50 (total mills/kWh) 1 fla,e frrees [rise pia,r [ rz,e | rage | re0 [103.0 [er.e friee? Jren,n [riegn [ fiiy [tea [tis,o | oee,
Capacity factor « 0.80 (total mills/kWh) LA PURN IR 7P U O £ DU 6 70 N (LT T (Y PR I T O UL LB TS I S PV I TN B YOI BN ORI IR T VE I AR TN IR TIPS TV B AT 90
Capital A = 20 percent ( A mills/kwh) 1. | 15,2 | 1ea2 |15 [1sy | e, b | owe |z s | 1eeo vz | veae | aser | asee | aser L ases | 1000
Fuel & =20 percent ( Amills/kWh) tes | tew | des | over foaer | e | ae? | ne? [ osa2 | des [P Y I 1o | 1o ] e | 2.0 ] 1ae
Estimated Time for Construction (years) . ’ v . . . . . ’ . . . . . . . . .
Estimated Date of 15t Commercial Service (year) 1991 | teel | 1ees | teer |deel [ geel [ieel [ 1eel [ 1ee1 | 1em) [haad IATON SEECTN TN TS IEXTS TN KU
*Base case AFB = Atmospheric fluidized bed Mont  + Montana
OCT = Dry cooling tower N.D. - North Dakota
HBtu - High Btu PF = Pressurized furnace
i1, = IMinols (PFBIg = Pressurized fuidized bed (recuperative)
LBtu = Low Biv WCT = Wet cooling tower

REPROD U
ORICGINAL, PAGL IS POOR
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Table 2.10-6

SUMMARY OF RESULTS

MHD Compressor Liquid Metal
Case a, a3p MG iL MHD Gen Power Power Pump Power
Number (1b/s) (lb/s) Efficiency (MWe) (MW) (MWe)
1,4-10
15, 16 0. 652 0. 850 527.1 88285.8 0. 80 612 412.9 75: 9
2 0. 652 263.5 44142.9 306 206. 4 37.9
3 0. 652 1054.0 176571.5 1224 825. 7 151..7
11 0. 650 449.1 52023.5 609.2 394.9 74. 4
12 0.634 439.8 51118.5 610.9 382.2 76.0
13 0.670 572.3 44237. 3 0. 80 609. 9 403. 4 70.0
14 0. 652 534 89465. 3 0.78 604.5 418.2 76.9
101 0.661 548. 7 88320.5 0. 80 612.0 428. 4 --
17 0. 780 0. 850 1443.1 122553. 7 0. 80 612. 3 884 64. 4
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Table 2.10-7
SUMMARY SHEET
LIQUID METAL MHD BASE CASE
CYCLE PARAMETER PERFORMANCE AND COST - - )
Power Output (MWe) - Thermodynamic efficiency (percent) a8 5 :3
Furnace, Coal, and Conversion Process Atmospheric fuidized bed Powerplant efficiency (percent) %.2 : %
1llinois No. 6 Overall energy efficiency (percent) 3.2 .
Direct Plant capital cost (8 x 10% 1180 ~
Tapping Cycle Plant capital cost ($/kWe) %2 e
Dudt inlet temperature (OF) 1300 Cost of electricity (mills/kWh) 0.0 -~ =
Liquid metal Na
Inert gas He NATURAL RESOURCES
Pressure (duct inlet) (atm) 50
Pressure ratio 4 Cosl Unkwh) 0.87
Magnetic field (T) 1.2 Water igal/kWh)
Electric load parameter 0.9 Total 0.39
Input heat exchanger pressure drops Cooling 0.39
He lpip psil 0.025 Processing 0
Na, Li p psi! 10 Makeup 0
Compressor efficiency 0.88 NO, suppression 0
Steam generator/precooler Stack gas cleanup 0
He (Bplp psi) 0.025 Land (acres/100 MWe) 9.0
Steam Dotivming CyCie
Turbine inlet temperature (9F) 1000/ 1000 ENVIRONMENTAL INTRUSION
Turbine inlet pressure (psi) 3500
Maximum feedwater temperature (OF) n w,w"?'“ ﬁ
Heat Rejection Wet cooling tower S0, L1 1.0 x 102
NOx 0.274 0.26x1072
MAJOR COMPONENT CHARACTERISTICS We 9 >
co 0.214 0.2 x102
Unit or Module Particulates 0.1000 0.09x 1072
Size () Weight (Ib) Cost Units  Total Cost  $/kW Btukwh
Major Compoaent WxliorDix W x10%  $x10% Required ($x10% Output Heat to water o2%
Atmospheric fluidized bed turnace P¥x3lxi% a8 183 3 5. 00 13 Heat. total rejected 6014
MHD mixerigenerator 6 dia x 2 long 0.12 0.6l 3 1.88 16.2 L/kWh Lb/ Day
Nozzie/separator/diffuser 9 diax 13 long 0.01 03 13 390 8 Wastes
Magnet and dewar - - 0.65 13 845 17.4 Furnace solids 0.153 1.787 x 306
Helium/steam boiler 6 dia x 165 high 178 126 1 126 5.9 Fine dust from cyciones 0.088 1.034 x 5%
Inverters = - 9 1 97.20 200.0 Fly ash 0.044 0.520 x 1®




CASE NO,
MAJOR COMPONENTS
PRIME CYCLE
MHD GEN-DIFFUSER MM
MAGNET Mug
LIOUID METAL PuMp MM
HELIUM RECUPERATOR Mug
PRECOOLER MuS
COMPRESSOR LT
BOTTOMING CYCLE
STEAM BOILER MMg
HELIUM TURB.COMP Mug
PRIMARY HEAT INPUT AND FUEL SYSTEM
FURNACE MODULES Mug
HIGH TEMP AIR PREHEATER Mug
LOW TEMP AIR PREMEATER Mg
PRESSURIZING GAS TURBINE Mug
(COMP=GEN=HEAT EXCH)
GASIFIER (INCLUDING BOOST Mug
STEAM TURB-COMP
SUB-TOTAL OF MAJOR COMPONENTS Mug
BALANCE OF PLANT
COULING TOWER Mug
DC TO AC INVERTERS Mug
ALL OTHER Mug
SITE LABOR Mug
SUB=TUTAL OF BALANCE OF PLANY Mug
CONTINGENCY Mug
ESCALATION COSTS Mg
INTEREST DURING CONSTRUCTION LLT]
TOTAL CAPITAL COSTY Mug
MAJOR COMPONENTS COST $/¢uE
BALANCE OF PLANT $/KWE
CONTINGENCY $/KME
ESCALATION COSTS $/XNE
INTEREST DURING CONSTRUCTION $/KWE
TOTAL CAPITAL (OST $/KME

Table 2.10-8 (Page 1 of 2)

CAPITAL COST DISTRIBUTIONS FOR
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15,9
9.2

10.5
0.
0.4

15,5

1.2
0.

87,5
0.
2.0
Oe

160,2

4o
107,0
200,80

73.2

465,3
125.1
214,06

264,464

1229.7

330,1
9%9,0
257.0
42,6
244,9

25%,2

CLOSED-CYCLE LIQUID METAL MHD

12

18,0
0.4

10,4
0,
0,2

15,5

10,5
0,

212,46
0.
1.9
0.

0.

205.9

4.
107,0
280,80

73.2

65,3
150,2
257,80
3M7.06

126
0.6

16,5
0,
0,7

15,8

1243
°0

50,8
0.
2,1
0.

4.
108,0
200,8

3.2

466,
117.1
200,8

267,464

14

11.8
0,4

20,3
0.
0,5

16,4

12,0
0,

4,7

12¢,1

4.0
108,5%
200,80

73,2

(I3 M ]
110.,0
202,46

269,64

16476,9 1150,8 11%9,6

S08,.4
957,68
309.2
$30,5
53,5
3039,2

263,)
953.0
239,46
10,0
506,40
2353,¢

263,
98,9
266,4
«22,0
520.9
2622,4

11.0
0,4

20,0
0,
0,5

16,4

12.8
0,

55,0
Oe
2.1
0.

0.

134,80

4,
107,2
200,08

73,2

65,5
120,1
206,0
293,80

1180,1

277,58
990,95
267,2
42,1

1s 17
11.0 13.%
0.4 8.l
20,0 35.4
0, 16,0
0,5 1.0
16,3 0.
12.06 0.
0, 20,0
55,0 59,4
0. Oe
2.1 2.0
0. O
0. Oe
13,7 15,9
Se6 6.9
107,2 109,86
201,9 203,7
7602 5.2
468,9 475,46
120,7 126.5%
207,10 21v,0
255,1 287.)
1106,6 1243,1
282,7 08,5
903,080 93,9
283,3 8,7
436,86 42s,7
535,% 825,68

11.0
0,6
0.
0.
0.5

19,2

16,7
0.

62,5
0.

119,5%

4
122,¢
280,80

73.2

80,7
120,0
206,0
253.7

11799

213,77
060,0
214,07
368,5
53,9

2620,7 2489,7 2464,) 2110,8
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Table 2.10-8 (Page 2 of 2)

CAPITAL COST DISTRIBUTIONS FOR CLOSED-CYCLE LIQUID

MAJOR COMPONENTS

PRIME CYCLE
MHD GEN=PIFFUSER
MAGNET
LIOUID METAL PUMP
HELIUM RECUPERATOR
PRECOOLER
COMPRESSOR

BOTTOMING CYCLE
STEAM gOILER
HELIUM TURB-COMP

CASE NP,

Mug

PRIMARY WEAT INPUT AND FUEL SYSTEM

FURNACE MODULES
HIGH TEMP AIR PREMEATER
LOW TEMP AIR PREMEATER

PRESSURIZING GAS TURBINE
(COMP=GEN=HEAT EXCM)

GASIFIER (INCLUDING BOOST
STEA¥ TURB-COMP

SUB=TUTAL OF MaJOR COMPONENTS

BALANCE OF PLANTY
COULING TOWER
DC TO AC INVERTERS
ALL OTHER
SITE LA%OR

SUB-TUTAL OF BALANCE OF FLANT
CONTINGENCY

ESCALATICN COSTS

INTEREST DURING CONSTRUCTION

TOTAL CAPITAL COST

MAJOR COMPONENTS COST
BALANCE OF PLANT

CONTINGENCY

ESCALATION £0STS

INTEREST DURING CONSTRUCTION
TOTAL CAPITAL COS'

Mug
Mug
Mug

Mug

Mug
Mg
g
Mug
Mug

Mug

s/cuf
s/euf
$/Kwf
$/CHE
8/¢ul

$/¢<uf

11.8
8.4
28,0

16.6

12,0
0.

$5.0
0.
2.1
0.

136,80

b
107,2
200,80

73,2
65,5
12041
206,0

253.0

1180,1

277,5
9%0.5
267,2
62401

$22.9%

1645
0.
0.2

10,1

.l’

0.

27,5
0.
1.0
0.

Je

72,0

242
3.6
15144
39,7
266,9
63.9
91,6

1068

581,06

299.0
1017,7
263,)3
377.6

439,)

2629,7 2397,0

2043
12,1
5.9

0.

25,6

25,2

0.

110.0

0.

264,

8.0
i16,%
56l.7
166,46
931,2
235.0
“72,3

6l2.4

2694,9

2%1,1
950,2
261,9
406,0
30,1
2567,3

11.8
8.4

20,0
0.
0.5

16,6

12,6

0.

56,0
0.
2.1

L

0,

136,64

4,3
107,2
281 .8

73,6
666,9
120,3
208,)

256,42

1182,0

27,1
92,6
248,0
€2%.4
$26,1
2637,2

11.8
8.4

0.0
0.
0.%

le,o

12,6

0.

56.3
0.
2.1
0,

0.

13641

43
107,2
201,8

73,4
66,9
120,86
208,9

25449

1185,4

278,06
95,7
266,9
23,6
52,8

2420,5

11,8
8.4

20,0
0.
0,5

18,6

107,2
01,3

78.1
90,9
les,5
209,1
35642

1656,3

306,4
“27,7
146,80
251,9
310,3

1463,

11.9
8,4

28,0

13,1
0e
n.

65,7

216,80

373,46

4.
107,2
339.0

76,1
$27.4
180.2
309,1
380,09

1770,8

310,3
30,0
169,7
256.9
LT

1671,7

RFPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

METAL MHD
L} 9 10
11.8 11.0 11.8
0.6 L) 0,46
28.0 28,0 28,0
0, O, 0.
0.% 0.5 0.5
16,4 Ineé 16,4
12,6 12,8 12,8
0. 0. [
13,3 20,2 7.4
0. 0. 0,
0, 0, 0,
67,9 T.8 26,7
261,5% O 0.
400,46 105,7 61,7
6, Gy L% ]
107,2 107,2 107,2
339.8 274,0 27440
Té.l 66,2 66,2
827,46 451,71 451,7
185.6 111.,5% 122.7
318,46 159,9 210,5
392,2 1R6,0 259,)
1823,9 1014,7 1205,9
325.6 IR5,1 244,2
“20,8 T9l1,1 82,1
150,9 195,2 108%,)
250,9 200,0 317,9
10,9 325,17 391,.¢
1603,0 1777, 1821,1
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CASE "0,
PRIME CYCLE POWER OUTPUT MW
BOTTOMING CYCLE POWER OUTPUT MW
FURNACE POWER OUTPUT My
BALANCE OF PLANT AUX, POWER REQ'D, Mw
FURNACE 'AUX, POWER REQ1'D, L]
TRANSFORMER LOSSES L]
INVERTER LOSSES MW
NET STATION ouTtpuT MW

CASE NO,
PRIME CYCLE POWER OUTPUT Mu
BOTTOMING CYCLE POWER OUTPUT Mw
FURNACE POWER OUTPUT My
BALANCE OF PLANT AUX, POWER REQ'D, Mw
FURNACE AUx, POWER REQ'D, LT
TRANSFORMER LOSSES MW
INVERTER LOSSES MW
NET STATION OUTPUT Mo
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Table 2.10-9

POWER OUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS:
CLOSED-CYCLE LIQUID METAL MHD

536.2
0.
0.
111
26,0

2.7
10,7

485,7

$34,9
0.
0.

Il.1

25,2

10,7

“85,2

2
268,1

0.

0,
5.7

5.4

242,68

12
534,9

0.

0.
11e1
24,5
2.7
10,7

85,9

1072.3
0.
0.
218
51.9

5.6
2144

971,8

539.9
0.
0.
11e1
26,4

207
10,8

488,9

536,2
0.
0.
112
26,6

2,7
10,7

85,0

5
536,2

0

0.
1041
24,2
2.7
10,7

88,5

15
536,2

O

0,
1.1
26,0
2.7
10,7

485,7

Iy 7
536,2 534,2
0. O
639,1 &95.1
11.1 11.2
0. 0.
5.9 [Y%4
10,7 10.7

1167,6 1203,2

16 17
536,2 547,9
0. 2043
0, 0.
20.2  11.1
26,0 34,7
2.7 249
10,7 11,0
&76,6 SOR,6

8
536,2

0.
722.0
113

0.
6.3
10,7

1229,9

101
612,0

Oe

0.
1le1
26,6
3.1
12,2
559.0

9
53642

0.
59.5
10.9

0.
3.1
10,7

571,0

10
$36,2

0.
160,4
11.1
9.1
3.5
10,7

662,2
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The second group, Cases 6-10, slow generally lower overall
efficiencies and lower costs in mills/kWh or $/kWe than the first
group. The lower efficiencies may be attributed largely to losses
in either the integrated (Cases 6-8) or nonintegrated (Case 9)
gasifiers. The lower costs occur because these systems consist
effectively of gas turbine cycles operating in pa>illel with the
MHD-steam cycles. The power generated by the furrace gas turbine
is relatively inexpensive. MHD technology, however, is not likely
to gain significantly from this ~ffect, for it appears that opti-
mization of this type of system for lowest total cost of elec-
tricity would result in little or no power production in the
liquid metal MBD generator.

The results for Case 17 have been disappointing because the
expected lower overall efficiency (0.28) for this case has not
been accompanied by expected lower costs. The larger mass flow
of helium in Case 17 relative to Case 1 (about a factor of 2.7)
results in a doubling of compressor power and a helium turbocom-
pressor that is somewhat more expensive than tne steam driven
compressor of Case 1., Similarly, the helium recuperator is some-
what more expensive than the steam generator of Case 1. The re-
duction in balance of plant costs associated with the change from
steam to helium turbomachinery is significant, but not large
enough to overcome those increases and otlier effects of lowered
efficiency and lowered output energy per unit mass of helium
circulated.

The results for Case 101 show that slightly improved effici-
ency (0.37) and significantly reduced cost of electricity (78
mills/kWh) result from improved separator efficiency and elimina-
tion of the expensive mechanical pumps for circulation of the
liquid metal.

The costs of d-c to a-c inversion of the liquid metal MHD
generator output deserve special attention. The estimate used
here, $200/kWe, is apprux.mate and not well based on experience
with any current conventional technolegy. This estimate indi-
cates the minimum cost that migyht result with reiatively conven-
tional .'ectronic inversion devices and carefully palanced cir-
cuitry in the near future. The true significance of this esti-
mate, however, is that use of that forseeable technology in this
application would not be economically feasible. Thus liquid me-
tal MHD shares with other technologies (e.g., batteries, thermi-
onic energy conversion) producing d-c power at voltages under
1 kV and having output devices with high short circuit current
capability a need for new inversion techniques,

The high cost of inversion of low voltage d-¢ powor from
systems having high chort =ircuit current capacity arises in
large part from the need to protect the inversion apparatus from
gerious damage in the infrequent cases when part or all of the
apparatus fails to commutate currert at an a-c current zero.
Commutation failures are most often caused by current surges re-
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sulting from switching operations or lightning strikes orn the
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a-c lines, but they might also be caused by component failures

within the inversion equipment. To prevent damage in such events,

the design used here segments the inversion equipment into inde-
pendent modules of about 4 kamp load current, each of which is {
protected by a d-c circuit breaker of about 40 kamp peak inter-
ruption current capability. Because each of these modules con-

trols only a small power flow, near 1.5 MWe, the cost per kilo-

watt inverted is high.

There have been suggestions that the d-c circuit breakers
are an unnecessary expense because the MHD generator would choke
and the helium compressor would stall before damaging currents
could develop if all or a large part of the inversion equipment
failed to commu’:ate. This argument is correct as far as it goes,
but it does not apply to commutation failures affecting only a
small fraction of the inverters. The many modules used here and
the large number of d-c breakers are needed to protect the system
against the full range of probable failure modes.

RECOMMENDED CASE

Because even the best closed-cycle liquid metal MHD systems
identified thus far appear to have efficiencies no better than
those of steam systems and projected total electricity costs no
less than 2 to 2.5 times those of steam systems, it seems pre-
mature to go to detailed system design at this time. Work on
improved systems, however, might start with a configuration like
that of Case 101.
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211 FUEL CELLS-LOW TEMPERATURE

DESCRIPTION OF CYCLE

Figure 2.11-1 is a schematic of the base case for low- /
temperature fuel cells. The base case was a solid polymer elec-
trolyte (SPE) fuel cell., This case used high-Btu gas as the fuel
entering the plant, but this fuel was converted to hydrogen be-
fore it entered the fuel cell. In the fuel conversion process,
the shift reactor converts carbon monoxide to carbon dioxide
(with the addition of water). The methanator converts the small
remaining amount of carbon monoxide to methane because even small
quantities of carbon monoxide are harmful to the performance of
the SPE fuel cecli.

The hydrogen fuel (containing 3 percent by volume of methane)
enters the anode side of the fuel cell, where most of the hydro-
gen is consumed. The fuel purge, containing mostly methane (on
a mass basis), is returned to the reformer to satisfy part of the
thermal energy reguirements of the reformer. Except for the use
of fuel purge, no integration was assumed between the fuel cell
and the fuel conversion system.

Air is used as the oxidizer on the cathode side of the cell.
The air passes through a blower and into a humidifier-cooler,
where it is preheated and saturated to the correct water vapor
pressure for use in the fuel cell, The air passes through the
fuel cell, where oxygen is consumed and product water is added;
the air is then discharged to the atmosphere.

The coolant stream, which is water in the case of the SPE
cells, is cooled by evaporation of a fraction of the water and
by warming up the cooler air stream. Thus the humidifier-cooler
serves to remove most of the fuel cell waste heat.

High-Btu gas was selected as the fuel for the base case, as
high-Btu gas is a possible future fuel to be pipelined to fuel
cell plants. 5

SPE Fuel Cells

The base case and most of the parametric variations from the |
base case were with SPE type cells. \\\

Parametric variations included the substitution of hydrogen
for the high-Btu fuel. This eliminated the need for the fuel
conversion system, as hydrogen was assumed to be piped into the
power plant from a remote hydrogen plant. Since the piped-in
hydrogen was assumed to be dry, a humidifier had to be added to
the incoming fuel stream.

Another variation for the SPE cell was the substitution of
oxygen for air as the oxidizer (Case 8). Case 8 is unique in
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Figure 2.11-1. Low-Temperature Fuel Cell (base case)
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that the operating pressure and temperature were increased and
the mass flow of oxygen was the stoichiometric rate (there was
no purge of the oxidizer stream from the cathode compartment to
the atmosphere). In that case, the coolant water was cooled by
flashing a portion of the cooling water stream, and all of the | /
product water, into low pressure steam (about 59 psia (407 kN/m2)

with a saturation temperature of 292 F [418 K]). This steam,
which represents most of the fuel cell waste heat, is available
for integration with the hydrogen plant, if it could be located
at the power plant site. A potential exists for utilizing the
waste heat from a low-temperature fuel cell, thereby reducing
the cost of electricity. This possibility was not explored in
the parametric variations.

The base case current density, temperature, and electrolyte
thickness were chosen as typical of the SPE cells. Variations
above and below these values were examined in the parametric
variations.

Phosphoric Acid Fuel Cells

Four parametric variations were calculated for phosphoric
acid cells (Cases 12 through 15). For the phosphoric acid cases,
the methanator shown in Figure 2.11-1 was eliminated, as the
phosphoric acid cell is less sensitive to carbon monoxide.

The phosphoric acid cell was assumed to operate at 375 F
(464 K) and near atmospheric pressure. To achieve good perform-
ance levels, the acid concentration in the matrix was held at 98
percent. This reguires a vapor pressure of about 6 psia (41 kN/
m2) in the reactant streams; consequently, as shown in Figure 2.11l-1,
a humidifier was used, followed by a heater to provide the cor-
rect temperature. The coolant was changed to an organic fluid
to permit operation near atmospheric pressure at 375 F (464 K).
This permits thin-walled cooling passages within the fuel cell
and reduces costs (compared with using water as a coolant).

ANALYTICAL PROCEDURE AND ASSUMETIONS | A°

Hydrogen Purity

gsite reformer (as in the base case, Figure 2.11-1) was assumed

to be 96 percent hydrogen by volume, on a dry basis, and satur-

ated with water at 165 F (374 K). The hydrogen produced in a

remote plant and piped into the power plant was assumed to be W
completely dry, and 98 percent hydrogen, at a temperature of ¥
59 F (288 K).

The purity of hydrogen produced from high-Btu gas in an on- k\\\

SPE Fuel Cells

The performance data used for the SPE cell were generated
using the best demonstrated cell resistance. This has the effect
of optimizing cell performance within the demonstrated capabil-
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ity. No allowances for diffusion losses were included; these
losses could amount to as much as 0.5 percent of *he required
fuel flow rates. Air flow rates were established at 2.5 times
the stoichiometric oxygen requirement. Above this rate no fur-
ther performance improvement is noted on test. This value may
be found to be in excess of optimum when the blower energy is
examined more closely.

The hydrogen purge rates were set to hold the minimum hydro-
gen mole fraction within the cell at 48 percent on a dry basis.
An examination of test data with a wide variation in mole frac-
tion at the inlet shows that the mole fraction of hydrogen may
be reduced in the cell by a factor of two without affecting mea-
sured cell performance.

The concentration of carbon monoxide in the fuel in the or-
der of 10 ppm was assumed to have no effect on performance of
the SPE cells; this has been confirmed by test data.

A primary assumptior made for the SPE cell (also for the
phosphoric acid cell) is that there will be no improvement in the
performance over the best that has been experimentally demon-
strated. The only assumption of improvement over present day
practice is a decrease in platinum catalyst loading. Present-
day minimum catalyst loadings (total of both anode and cathode
loadings) are in the range of 1.2 to 1.5 g/ft2 (13 to 16 g/m2)
while some of the performance data for this study were from SPE
cells with 8 g/ft2 (86 g/m2). The assumed catalyst loading for
this study was taken to be 0.2 g/ft2 (2.2 g/m2). This assump-
tion is based on platinum surface areas now available (about 20
mz/g), compared with the maximum surface areas that have been
produced experimentally on substrates (about 150 mz/g). The re-
duction to 0.2 g/ft? is considered feasible, without a degrada-
tion in performance or life, assuming that further research and

. development in this area is carried out. The effect of changes

in catalyst loading on costs is covered in the following section
"Design and Cost Basis."

The efficiency of the inverter (including transformer losses)
was assumed to be 98.2 percent for output power levels less than
60 W, and 98.5 percent for greater than 60 MW, to accou:rt for
increased transformer losses in smaller sizes.

Phosphoric Acid Fuel Cells

Data that were available on phosphoric acid fuel cells were
from General Electric Company tests that were performed in 1968
and earlier. It is understood that more recent proprietary de-
velopment by other organizations has improved both the perform-
ance and life from these earlier tests. Because precise recent
data weie not available, performance characteristics of the SPE
cell were used, even though that performance is somewhat better
than what is understood to be the performance now forecast for
phosphoric acid cells.
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The analytical procedures used were similar to those used
for the SPE except that the reactants were humidified to a par-
tial pressure permitting operation of the cells at 98 percent
acid concentration. No provision was made for methanation as it
is understood that 0.5 percent CO can be tolerated at 375 F
(464 K). No performance penalty was taken for the effect of the
CO. Considering the 1968 General Electric data and the very low
purge rates used in this study, this is an optimistic assumption.
Further development tests may well show that the CO may have to
be reduced by methanation or partial oxidation.

Catalyst loading for the phosphoric acid cells was assumed
to be the same as for the SPE cells.

DESIGN AND COST BASIS

Hydrogen and Oxygen Costs

For this study, the cost of hydrogen piped in from a remote
plant was $2.53/million Btu ($2.40/billion J). For this piped-
in hydrogen the composition was taken to be:

Composition, percent

By Volume By Mass

H, 98 84.27
CH4 1.6 10.95
N, 0.4 4.78
100.0 100.00

The higher heating value of hydrogen is 61,031 Btu/lb (142 MJ/kg),
and of methane is 23,890 Btu/lb (55.6 MJ/kg), giving a higher
heating value of the mixture of 54,047 Btu/lb (125.7 MJ/kg). This
value was used in determining the cost of piped-in hydrogen.

Rather than making a detailed analysis of how the anode
purge gas could be used to satisfy part of the heat requirements
of the reformer, a cost credit for the purge gas was allowed as
follows. The dry-basis composition of this purge gas is

Composition, percent by mass

H, 8.84
CH, 57.48
N, 33.67

and the higher heating value of this mixture is 19,130 Btu/1b
(44.50 MJ/kg). This heating value was multiplied by a cost
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credit of $2.00/million Btu ($1.90/billion J) and by the dry-
basis purge flow rate to calculate the purge flow cost credit.

For Case 8, where oxygen was used as the oxidizer, the oxy-
gen cost used was $9.00/ton ($9.92/Mg). This cost was provided
by NASA,

Reformer System

The reformer system consisted of the four elements (reformer,
shift reactor, COj scrubber, and methanator) shown in Figure
2.1i-1. Capital costs for the reformer system were determined
from the data in Table 2.11-1, provided by the Foster Wheeler
Energy Corporation.

Table 2.11-1

CAPITAL COSTS FOR REFORMER SYSTEM

Capacity On-Site Ooff-Site Total
Standard Investment Investment* Investment
ft3/day lb/hr ($ millions) ($ millions) ($ millicns)
25 x 106 5,427 6.25 1.25 7.50
50 x 10° 10,850 9.98 2.00 11.98

100 x lO6 21,710 17.29 3.46 20.75

*Includes water treatment and waste disposal equipment, initial
charge of catalyst and chemicals, etc.

A reformer system with a capacity of 100 x 106 standard ft3/
day (2.8 x 106 standard m3/day) is about the largest plant that
can be built; plants larger than that would be built in modules.

For purposes of this study, interpolations were made using data
from Table 2.11-1.

For the phosphoric acid cell cases, the reformer system
costs were reduced by 8 percent to account for the fact that the
methanator is not needed to remove carbon monoxide for the phos-
phoric acid cells.

The efficiency of the reformer system (ratio of Btu/hr of
product out to Btu/hr of high-Btu gas in) was calculated to be
0.70.

Fuel Cell

The cost of the fuel cell stack was expressed on the basis
of dollars per square foot of active cell electrolyte area. For
the two types of low temperature cells studies, the overall fuel
cell stack costs were:
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elements of the fuel cell stack:

weights of the fuel cell stack.

e For the SPE cell, $15.12/ft2 ($163/m2)

e For the phosphoric acid cell, $14.40/ft2 ($155/m2)

These costs do not include catalyst cost but do include ma-
terials, manufacturing, and assembly labor for the following

Electrolyte
Anode
Cathode

Frame
End plates

Cooling passages

All other parts that make up the fuel cell stack

Table 2.11-2 gives data on electrolyte areas, and sizes and

Table 2.11-2

DATA FOR FUEL CELL STACK

Total Active Total Cost Volume of | Weight of
Area of Cell|Cost per of Fuel Fuel Cell | Fuel Cell
Case Electrolyte |Unit Area | Cell Stack* Stack Stack
Number (££2) ($/£t2) | ($ millions) (££3) (1b)

1 315,600 15,12 4.77 2362 100,000

2 157,800 15.12 2.39 1181 50,000

4 315,600 15.12 4.77 2362 100,000

5 315,600 15.12 4.77 2362 100,000

6 315,600 15.12 4.77 2362 100,000

7 252,200 15.12 3.81 2000 80,000

8 827,200 15.12 12,5 6200 300,000

9 735,200 15.12 11.1 5501 240,000
10 309,100 15.12 4.67 2350 100,000
11 324,000 15.12 4.90 2500 104,000
12 315,600 14.40 4.54 2950 145,000
13 315,600 14.40 4.54 2950 145,000
14 733,500 14.40 10.56 6900 335,000
15 252,200 14.40 3.63 2400 116,000

* Not including catalyst
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Catalyst Cost

The cost of platinum catalyst was assumed to be $5.50/g, a
cost near the 1974 market value of platinum. As discussed pre-
viously, the platinum loading was taken to be 0.2 g/ft2 (2.1 g/m2)
of active electrolyte area (this loading is the sum of the anode
and cathode loadings).

The total catalyst cost can be calculated by taking the pro-
duct of the surface area from Table 2.11-2, the cost of $5.50/g
and the loading of 0.2 g/ft2.

Inasmuch as the platinum loading of 0.2 g/ft2 has not been
demonstrated experimentally but rather is a projection from pres-
ent practice, it is uscful to predict the effect of changes in
catalyst loadings. Figure 2.11-2 shows the effect of loading on
the catalyst capital cost and on cost of electricity. Two cases
are shown. Case 1 is for a relatively low power density (net out-
put: 152 W/ft2 [1640 W/m2]) and Case 8 is for a high density (243
W/ft2 [2620 W/m2]). From the figure it can be determined for
Case 1 that an increase in loading from 0.2 to 1.2 g/ft2 will
increase the cost of electricity by about 1.2 mills/kWh.

Catalyst and Electrolyte Replacement

The useful life of a low-temperature fuel cell is generally
limited by degradation of the catalyst or electrolyte. After a
period of some years, the electrolyte and catalyst must be re-
placed. The estimated costs for replacement are given below.

The replacement cost is divided into two elements. First,
there is the reprocessing of the platinum., 1In this process there
is a processing charge and a loss of platinum, which is estimated
to be 2 percent of the platinum submitted for reprocessing. The
estimated costs are:

Processing = $0.46/g

Loss (0.02 x $5.50/gram) = $0.11/g
Total reprocessing cost = $0.57/g

This reprocessing cost is estimated to be the same for the SPE
and the phosphoric acid cell.

The second cost element is the materials and labor charge
to disassemble the cells, replace the electrolyte and other parts,
and reassemble the cell. The estimated costs for the SPE cells
are:

Electrolyte material = $2,15/ft2
Labor = $5.00/ft2
Total = $7.15/ft2 ($77.00/m2)
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Figure 2.11-2, Effect of Change in Catalyst Loading

It was not possible to estimate accurately the labor and
materials costs but a crude analysis led to about the same cost
for the phosphoric acid cells as for the SPE cells.

The catalyst and electrolyte replacement costs are therefore
estimated to be $0.57/g of platinum, plus $7.15/ft2 ($77.00/m2)
of active electrolyte area, for both types of cells.

The period of time between replacements is difficult to es-
timate because of the lack of experimental data over long periods
of time under operating conditions. For the phosphoric acid cell
the period of 40,000 hours of operation was chosen, as this is
believed to be the goal of present development. For the SPE cell
a period of 100,000 operating hours was selected because long-
term tests have been conducted at 180 F (355 K) for up to 34,000
hours, with no sign of performance deterioration. For those
cases operating near 180 F, the extension of time by a factor of
three should be realistic, For the higher temperature Case 8
(300 F or 472 K), there was less justification for selecting
100,000 hours. However, there have been life tests at this ele-
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vated temperature for up to 800 hours, using a newly developed
electrolyte material. In these tests, degradation of the elec-
trolyte polymer (the normal failure mode for earlier electrolyte
materials) was carefully monitored and no products of degradation
were found.

In order to determine the effect of changes in replacement
period, Figure 2.11-3 was prepared. This figure can be used to
determine, for example, the cost effect of reducing the 100,000
hour period for Case 8 to some lower number, say to 30,000 hours.
At a 30,000-hour replacement period, the contribution of catalyst
and electrolyte replacement to the cost of electricity will rise
to 1.0 mills/kWh, compared with 0.3 mills/kWh at the assumed
period of 100,000 hours for Case 8.

Oxygen Case

In Case 8, oxygen was used as the oxidizer. One reason for
this is that the fuel cell plant is assumed to be located near
the plant that converts coal to hydrogen, and this hydrogen plant
also needs an oxygen supply. Thus, one oxygen plant could supply
both the hydrogen plant and the fuel cell power plant.

A unique characteriitic of Case 8 is that it is the only one
in which steam can be produced conveniently and in large quanti-
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Figure 2.11-3, Effect of Fuel Cell Life
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ties. In the SPE cell, there is no vapor pressure suppression
(as in the phosphoric acid cells), and product water collects in
the cell at the cell operating conditions of 115 psia (793 kN/m2)
and 300 F (422 K). This water can be collected and flashed into
steam at about 292 F (418 K) and a saturation pressure of about
59 psia (407 kN/m2). In addition, the separate stream of cooling
water circulating through the cell can be partially flashed to
steam to join the product water steam. The water not flashed to
steam is returned to the cooling water loop. Thus, almost all of
the waste heat from the fuel cell appears as the latent heat of
steam, which could be used in fuel conversion or other processes.

A complete integration of the fuel cell and the hydrogen
plant was beyond the scope of this contract. However, some Op-
portunity for integration does exist, and an approximate evalua-
tion indicated that about one-third of the steam produced could
be used in the hydrogen plant. To approximate the cost savings
of integration, it was assumed that a cost credit could be allowed
for one-third of the steam produced by the fuel cell. The credit
allowed for each 1000 pounds of steam used was 1.35 multiplied
by the fuel cost in dollars per million Btu. This is a typical
figure for industrial steam, saturated and at pressures under
100 psi (690 kN/m2). For a fuel cost of $2.00/million Btu, the
credit amounted to $2.70/1000 1lb of steam ($5.95 per 1000 kg),
and this is the figure that was used.

Table 2.11-3 shows the effect of allowing this steam credit.
The table also shows a cost breakdown, and illustrates the effect
of an increase in catalyst loading from the 0.2 g/ft2 (2.2 g/m?2)
assumed in the study to 1.2 g/ft2 (13 g/mz) that is typical of the
minimum loading for present commercial units. It can be seen
from the table that the steam credit is relatively large, and
that integration between the fuel cell and the hydrogen plant is
essential from a cost standpoint. If a use could be found for
any part of the remaining two-thirds of the steam, an even fur-
ther cost savings could be realized.

The steam credit was allowed only in Table 2.11-3, and not
in the other cost data presented later.

Current Inverters

Costs for the d-c and a-c inverters were based up-n present
solid state technology that has been developed for high voltage
d-c power transmission projects.

Total inversion equipment costs in 1974 dollars, including
installation, are as follows for various plant ratings:

Dollars per kW at High

Plant Rating in MW Voltage Terminal
25 69
50 58
200 44

ORIGINAL . 15 POOR
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Table 2.11-3

FUEL CELL COST BREAKDOWN
(Case 8, Solid Polymer Electrolyte [SPE] Cell with Oxygen)

Effect Effect of Cost
Results of Change Credit by Using
for in Platinum | 1/3 Steam Generated
Case 8 Loading by Fuel Cell
Platinum Loading 0.2 1.2 0.2
(g/£t2)
Capital Charge, 0.14 0.86 0.14
Catalyst
(Mill/kwh)
Capital Charge, 7.56 7.56 7.56
Other
(Mills/kwh)
Fuel Cost 15.93 15.93 15.93
(Hydrogen)
(Mills/kWh) *
Oxygen Cost 3.67 3.67 3.67
(Mills/kWwh)
Maintenance and 4.10 4.10 4,10
Operating Charge
(Mills/kWh)
Credit for Steam 0.0 0.0 (3.58)
(Mills/kWh) **
Totals (Mills/kWh) 31.40 32.12 27.82

*Includes credit of 0.83 mill/kWh for fuel purge flow returned
**Steam credit of $2.70/1000 pounds of steam supplied

This equipment cost includes arrestors, valves and control equip-
ment, converter transformer, auxiliary power and motor control
center, capacitors, smoothing reactors, etc. Voltages are
assumed to be 600 V on the d-c side, and 230 kV on the a-c side
(except for the nominal 25 MW system, for which the a-c side is
at 69 kv).

RESULTS
Results for the study of low-temperature fuel cells are

tabulated in Table 2.11-4, which includes the major cycle input
parameters.
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Table 2.11-4

PARAMETRIC VARIATIONS FOR TASK I STUDY
FUEL CELLS—-LOW TEMPERATURE

Parameters Case 1* 2 4 5 6 7 8 9 10 11 12 13 14 15
Power Output (MWe) 48 24 48 48 48 48 201 48 48 48 47 47 47 47
Coal and Conversion Process 1. ¢64—p | Mont | N.D. |1l s64—pp | [11. #6 [T11. #6 Il 46 | 111, #8
HBtu HSw | HBtu H, 3 H, HBtu | H,
(on site)
Oxidizer Air o, Air —>
Fuel Cell Type SPE —p | Pho &
Current Density i) 250 > 350 300 100 | 250 > 100 | 350
Operating Temperature (maximum) (°F) 170 300 | 170 375 —
Electrolyte Thickness (inches) 0.005 $ |o0.002 | 0.010 | 0.020 —
Actual Powerplant Output (MWe). «8 24 “n “8 “8 “8 01 “8 %8 %8 “7 47 %7 “7
Thermodynamic Efficinecy (percent) 0. 0. 0. 0. 0. 0. 0. 0. [ 0. n. 0. ce 0. !
Powerplant Efficiency (percent) 25,2 | 25.1 | 25.2 | 25.2 | 3843 | 34,6 | 5141 | 41,3 | 39,1 | 3647 | 2948 | 37,9 | 40,8 | 33.9
Overall Energy Efficiency (percent) 1207 | 1207 | 1207 | 127 | 2303 | 2101 | 3101 | 2502 [ 239 | 2244 | 15.0 | 23,1 | 24.9 | 20.7 f
Coal Consumption (Ib/kWh) 2.50 | 250 | 3.01 | 3.91 | 1.36 [ 1.50 | 1.02 [ 1026 | 1.33 | 1,41 | 2.10 | 1.37 | 1.27 | 1.53 ‘
Plant Capital Cost ($ million) 30 16 30 30 16 14 “9 26 16 16 27 15 25 14 1
M 634 687 634 634 325 295 262 542 329 335 570 317 527 287 r
Cost of Electricity, Capacity Factor = 0.65
Capital (mills/kWh) 20e1 | 21.7 | 20.1 | 20.1 | 10.3 9.3 7.7 | 1741 | 10.6 | 10.6 | 18,0 | 10,0 | 16.7 9.1
Fuel (mills/kWh) 32.9 | 33.0 | 32.9 | 3209 | 21.2 | 23,4 | 19.6 | 19,6 | 20,7 | 2241 | 2846 | 21,4 | 19.9 | 23.9
Maintenance and operating (millskWh) “a7 | Sel Ga7 | Gl | 4lT | 6.7 | 4l 506 | 40T | a8 | 5.5 [ 5.5 7ol 543
Total (mills/kWh) 57,7 | 59.9 | 57.7 | 57.7 | 3642 | 37,6 | 31,3 | 42,1 | 35,9 | 37,5 | 5241 | 36.9 | 43.7 | 38.3
Sensitivity
Capacity factor =0.50 (totai mills/kWh) 65.0 | 67,8 | 65.0 | 65,0 | %0.6 | 41,5 | 34,8 | 48,6 [ 40,3 | 41,9 | 58.¢ [ 41,2 | 56,0 | 4243
Capacity factor =0.80 (total mills/kWh) 53,2 | 5609 | 53.2 | 53.2 | 33,5 | 36.9 | 29.2 | 3841 | 33,1 | 34,7 | 4Re0 | 34,2 | 39,7 | 35.8
Capital N = 20 percent (Amills/kWh) 00 | 03| w0 | 400 [ 201 | 1.9 | 1.5 | 3.6 | 240 | 201 | 3.6 | 2.0 | 3.3 | 1.8
Fuel A = 20 percent (Amills/kWh) 66 Geks 6e6 6.6 “e2 “.7 3.2 3.9 4.l bok | 5.7 4.3 4.0 4.8
Estimated Time for Construction (years) 2 2 2 2 2 2 3 2 2 2 2 ? 2 2
1st Commerci i 1986 | 1986 | 1986 | 1986 | 1986 | 1986 | 1992 | 1985 | 1985 | 1985 | 1982 | 1982 | 1982 | 1782
*Base case HBtu = High Btu  N.D. = North Dakota
. = Ilinois Phos = Phosphoric acid
Mont = Montana SPE = Solid polymer electrolyte
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Capital cost distributions are given in Table 2.11-5.

A summary giving major cycle characteristics for the low
temperature fuel cell base case is given in Table 2.11-6. /

Auxiliary losses and power outputs are shown in Table 2.11-7.

DISCUSSION OF RESULTS

A number of observations can be made from the results shown

When high-Btu gas is used as the fuel, the overall energy
efficiency is extremely low (12.7 percent for the base case),
because of the double penalty of converting coal to high-Btu gas,
followed by converting high-Btu gas to hydrogen. Further, the
cost of fuel is very high (32.9 mills/kWh for the base case) be-
cause of the high cost of high-Btu gas.

When hydrogen is used as the fuel, the overall energy effi-
ciency rises, and the fuel cost drops (see Cases 6 and 13, for
example).

The highest overall energy efficiency (31.1 percent) and the
lowest cost of fuel (19.6 mills/kWh were obtained with hydrogen
and oxygen (Case 8). (Note that the energy efficiency does not
include the energy required to produce the oxygen, but the fuel
cost does include the cost of oxygen; this is consistent with the
approach taken in the open-cycle MHD system.) If the steam pro-
duced in the hydrogen-oxygen cell can be utilized in the hydrogen
plant, the cost of electricity could be reduced to 27.8 mills/kWh,
as shown in Table 2.11-3.

The fuel cell costs of electricity, for those cases where
hydrogen was the fuel, were characterized by very low capital
costs and very high fuel costs., This would normally place the
fuel cell in a peaking plant category from an economic stand-
point. However, it should be pointed out that these economics
are a consequence of assuming the hydrogen to be purchased "over
the fence" at a certain cost per Btu. Therefore, the capital
charges associated with the equipment that converts coal to hy-
drogen are included in the fuel costs, and consequently appear
to be a variable cost. If the capital cost of the hydrogen plant \(
were included with the capital cost of the power plant, and if
the fuel cost were only the cost of coal to the hydrogen plant, !
then the cost of electricity would not change, but the cost dis- ‘
tribution between capital and fuel would be more characteristic
of a base load plant.

There was very little cost difference between the SPE and
the phosphoric acid cells; for example, the costs of electricity e
of comparable Cases 6 and 13 were 36.2 and 36.9 mills/kWh, re- ‘
spectively.
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Table 2.11-5 (Page 1 of 2)

CAPITAL COST DISTRIBUTIONS FOR LOW-TEMPERATURE FUEL CELL

MAJOR COMPONENTS

PRIME CYCLE
FUEL CELL STACK
HUMIDIFIFR-COOLFR
CATALYST

(LOADING  GRAM/SQ.FT,)

FURNACE AND FUEL PPOCESSING
FUEL PROCESSING
FUEL FREHEATFR-HUMIDIFIER

SUB-TOTAL CF MaJC® COMPONENTS

BALANCE OF PLANT
COOL ING TOWFR
DC TO AC INyFRTFRE
ALL OTHER
SITE LABOR
SUR-TOTAL OF BALANCF OF PLANT
CONTINGENCY
ESCALATION COSTS
INTEREST DURING CONSTPUCTION

TOTAL CAPITAL (OST

MAJOR COMPONEMTS COST
BALANCE OF PLANT

CONTINGENCY

ESCALATION C2515
INTEREST DURIMSG CORSTECCTION

TOTAL CAPITAL (CST

CASE NO,

MMs

MMS

Mus
Muwg
LT
pvg
My
Mug
MMy

Mug

T

s/<nf
s/¢nE

$/¢nF

s/¢nl
ALl

(YA

4ol

0.1

0.3
0,2)

10,5
o.
15.7

Oe

3.0
1.9
0.4
S5e3
by
248

2.3

30.3

328.6
110,9

R7,9

58.9
“8,5

634,8

2.4
0,0
0.2

0,2)

5.8
0.

8.4

0.

1.8
1.0
0,2
2.9
2.3

"s

16,4

352,4
123,7

95,2

63,9
52,5

687,17

48

0.1

0.3
0,2)

10,5
°.
1547

0.
3,0
1.9

30,3

328,06
110,9

87,9

58,9
4R,5

h34,R

4.8
0.1

4e8
0.1
0.3

0,2y (0,2)

10.5
0.
15.7

0.

3,0
1.9
0.4
5.3
4,2
2.8

2,3

30,3

328,86
110.9

87.9

58,9
“n,5

634,.8

ied &

o.
o.;

5.5

Oe

’.o

114,8
110,9

45,1

30,3
24,9

325,9

OOR

3.8

0.1

0.3
0.2y

0.
0.3

hob

14,1

93.4
11,4

40,9

27,5
22,6

295,17

12.5
0.

0.
0.

13.4

O«
9,0
7.3
1.6
17.7
6ol
5.7

5.6

48,6

66,9
88,5

n,!

28,2
27.9

262.5

11.1
040

0.8

o.
0,3
1242

0.

3,0
2,3
0,5
5.8
3.6
2.4

2,0

26,0

254,86
121,0
75,1

50,
41,6

542,5%

4ol
0.0
0.3

0,20

o.
0.3
55

Oe

3,0
2,0
0,4
5.5
2,2
15
1.2

15.8

114,0
114,0

45,6

30,6
25,1

329,3

11

49

Ol

Oet
0,2

0.

2.0
0,4
5.9
2.2
15

16,0

117,8
114,7

46,5

31,2
25.6
338,.7
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Table 2.11-5 (Page 2 of 2)

CAPITAL COST DISTRIBUTIONS FOR LOW-TEMPERATURE
CASE "0, 12 13 14
MAJOR COMFONFPTS
PRIME CYCLE
FUEL CFLL Stack a4} 45 45 10.6
HUMIRTIFIFR=COOLTR Ve 0.l 0.1 0.0
CATALYST Muy 0.3 0,3 0.8
(LOADING GRAF/SI.FT,) (0.2) (0.2) (0.,2)
FURNACE anl FurL pPROCLSSING
FUEL PROCESSING Mvg 843 0. 0.
FUEL PRE4IATFR-HUMIDIFIER 0. 0. Ve
SUR=JOTAL OF YaJClk CNMPONENTS Mg 1342 4“9 11.5
BALANCE OF PLANT
COOLIHG TOWEk uvg 0. De 0e
CC TO AC [MyERTFRS MVg 3.0 3.0 3.0
ALL OThER MMt 2.0 20 243
SITE LaPDR Mvg 0.5 0,5 0,5
SUN=TOTAL OF RaL ArCr 'F PLANT Mue 545 5¢5 5.9
CONTINGENCY rvg 3.7 2.1 3,5
ESCALATIOL (2STS MV 245 leb 243
INTEREST CURI%G CONSTRELCTION Mvg 241 1.1 1.9
TOTAL CAPITAL ¢OSY Mvg 27.0 15,0 2%,0
MAJOR COMPORENTS COST $/¢n! 27R.7 103,5 24147
EALANCE OF PiAvT $/¢nt 11602 11642 123,46
COMNTINGFNCY $/¢w! 79,0 4e,a0 73.0
ESCALATION €D5TS s/¢at 53,0 29.5 49,0
INTCREST PURIEG CONSTRUCTION $/<nl 43.5 2442 4043
TOTAL CAPITAL (DOST $/CaT 570,6 317,46 527.4

FUEL CELL

3.6
0.1
0.3

10,2)

LEPY
118,2
39,9
26,7
22.0

2R7,9
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Table 2.11-6

SUMMARY SHEET
FUEL CELLS-LOW-TEMPERATURE BASE CASE

CYCLE PARAMETER PERFORMANCE AND COST
Net Power Output tWiWe! 438 Thermodynamic efficiency (percent)
Coal T Iiinois No. 6 Powerplant efficiency (percent) 2.2
Overall energy efficiency (percent) 1217
Prime Plant capital cost (6 x 1081 ")
Oxidizer Nir Plant capital cost ($/kWe) 64
Fuel cell type Solid polymer electrolyte Cost of electricity ( mill /kWh) 5.1
Current density (AMt2) 50
Operating temperature (°F) 170 NATURAL RESOURCES
Electrolyte thickness (inch) 0.005
Coal (IbkWH) 2.5
Water (gal/kWh!
Total
Cooling {Hy plant cooling tower) 0.05
Processing (Hp plant) 0.31
Fuel cell cooling and air humidification 0.33
Land (acres/100 MWe) 8.3
ENVIRONMENTAL INTRUSION
Lo/108-Bty
Input
50
NOx (from Hp process) 0.1
MAJOR COMPONENT CHARACTERISTICS W
co 0
Unit or Module Particulates 0
Size (f) Weight (Ib) Cost Units Total Cost  $/kW BiukWh
Major Component WxLorDx H & 100 (s x10% Required (s x 100 Output — e
Fuel cell stack 10x40x6 0.10 48 1 48 100 Heat, total rejected 10,128
Humidifier -cooler 10x 40 x 10 0.02 0.1 1 0.1 2.1
Wastes None

SO0T

LkWh
Output
0
5.7x107
0
0
!
- e e e e ‘



ey

s
Table 2.11-7
POWER OUTPUT AND AUXILIARY POWER DEMAND
FOR BASE CASE AND PARAMETRIC VARIATIONS:
FUEL CELLS==LOW TEMPERATURE
CASE NO. 1 2 4 H) ) 7 8 9 10 11
PRIME CYCLE POWER OUTPUT MW 52,1 26,0 52,1 52,1 52,1 s2,1 208, 52,1 52,1 52,1
BOTTOMING CYCLE POWER OUTPUT MW O O¢ 0. 0. Oe 0. Oe Oe 0. O
FURNACE POWER OUTPUT MW 0. 0. 0. 0, 0. 0. 0. 0. 0. 0.
BALANCE OF PLANT AUX, POWER REQ'D. MW 3.4 le7 o4 3.4 Jeb 3.6 4eb 3.2 3.3 3.6
FURNACE AUx, POWER REQ¢D, Mw 0. Oe 0. 0. 0. 0. 0. 0. 0. 0.
TRANSFORMER LOSSES MW (A 042 0.4 0.4 0.4 0.4 1.0 0.4 0,4 0.4
INVERTER LOSSES MW 0,5 0,3 0,5 0,5 0,5 0,5 2.1 0,5 C.5 0.5
NET STATION OUTRUT M 47,8 23,8 47,8 47,8 47,8 47,6 200,53 4B.0 47,9 47,6
CASE * 0, 12 13 14 15
PRIME CYCLE POWER OUTPUT MW 52,1  S2.1 S52.1 52,1
BOTTOMING CYCLE POWER OUTPUT Mw Qe 0, 0. 0.
FURNACE POWER OUTPUT MW 0. 0, 0. 0.
BALANCE OF PLANT AUX. POWER REQ'D. MW 3.8 3.8 3.8 3.8
FURNACE AUX, POWER REQ'D. M 0, 0. 0. 0,
TRANGFORMER LOSSES " Os4 044 0.4 Ned
INVERTER LOSSco MW 0,5 0.5 0,5 0,5
NET STATION OUTPUT MW 47,6 47,6  4Te6 47,4
onnromiLry OF THE
REPRODL POOR
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RECOMMENDED CASE

Because of a sizable advantage
hydrogen-oxygen case with an SPE ce
further study.

in cost of electricity, the
11 (Case 8) is recommended for
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212 FUEL CELLS-HIGH TEMPERATURE

DESCRIPTION OF CYCLE

While most of the fuel cell effort was devoted to low- /
temperature cells, a brief investigation was made of high-temper-
ature, solid electrolyte fuel cells.

Figure 2.12-1 shows a schematic of the high-temperature fuel
cell base case. In this system, the low-Btu gas fuel is preheated
before it enters the cell. After passing through the anode side
of the cell, the gas passes on to a combustor that provides hot
gas to the boiler and reheater for.the bottoming cycle.

The cathode side of the cell is supplied with air from a
blower and air preheater. Hot air leaving the fuel cell is cooled
in the fuel preheater and then joins the anode stream in the com-
bustor.

The bottoming cycle uses conventional temperatures of 1000 F
(811 K) for superheating and reheating, and a pressure at the tur-
bine inlet of 3515 tsia (24.2 MN/m2),

Three variations of this base case were studied (the para-
metric variations are listed later in the "Results" section).
The first variation was a change in the type of coal supplied to
the gasifier. The next two variations were made to determine the
effect of changes in the current density and the electrolyte thick-
ness.

ANALYTICAL PROCEDURE AND ASSUMPTIONS

The solid electrolyte for the high-temperature fuel cell was
zirconia (2rOj). Cell operating temperature was 1832 F (1273 K).
In order to maintain a temperature near this level throughout the
cell, a large amount of air was circulated through the air side
of the cell (see Figure 2.12-1). At this temperature, no catalyst
is needed.

The low-Btu gasifier providing fuel to the cell is basically
the same as the other gasifiers in this study. One difference is
that the gasifier was free standing; that is, there was no inte-
gration between the fuzl cell system, or its bottoming cycle, and N
the gasifier.

The high-temperature fuel cell requires low-pressure gas.
Because the gasifier operates at elevated pressures, the low-Btu
gas was expanded through a turbine at the end of the gasification
process. This expansion cooled the gas, and moisture had to be
removed before the gas left the gasifier.

As shown in Figure 2.12-1, the fuel was preheated by high-
temperature air leaving the fuel cell. Because of the high tem-
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! 15/600/9.48 \
—€ 16/1798/300 _ Fuel : Boiler - Reheater
Blower ) Air Conbustor AW,
16/1866/123
16/208/6.48
High- Temperature *~135|5/1000/3.7
Fuel Cell » 690/1000/ 3.3
Circulation 552.2MW
Loop Generster
\Steom
Fuel Extraction Points Turbines
For Feedwater Heaters
Preheater
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Condensate
o Pump
‘ Wet Cooling
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Note
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Figure 2.12-1.

High-Temperature Fuel Cell Base Case
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peratures, a heat storage regenerator with a refractory matrix
was used, similar to the units described under sections of this
report on open-cycle MHD and closed-cycle inert gas MHD. Within
the preheater, the fuel changed to a new equilibrium composition
at the high-temperature discharge.

The stream leaving the anode side of the fuel ceil is not
completely depleted of fuel; enough hydrogen and carbon monoxide
remain to burn in a combustor for the bottoming cycle. For the
cases studied, the constituents leaving the fuel side of the fuel
cell and entering the combustor were:

Constituent Percent by mass
Hap 0.9
N2 39.1
Hzo 16.2
co 15.2
CO2 28.6
100.0

Performance data for the high-temperature fuel cell were ob-
tained primarily from General Electric tests. Reference 1 de-
scribes the work on which the test data were based and gives a
number of references to literature used in this study.

DESIGN AND COST BASIS

The following materials were assumed for the cost estimates:

Porous tube support Zr03

Fuel electrode Ni and zirconia
Interconnections Cobalt chromite

Electrolyte Calcia-stabilized zirconia
Air electrode Indium oxide doped with tin

Cost data were taken from Reference 2. This document gave
a "most probable" cost of $13.42/ft2, which was estimated to
escalate to $15.83/ft2 ($170/m2) by mid-1974.

The performance estimates of Reference 2 showed much higher
performance than was estimated from the General Electric tests
(Reference 1 ). For example, the power density used in Cases 1
and 2 was 117 W/ft2 (1260 W/m2) (based on the General Electric
data), while the Reference 1 data projected a power density of
688 W/ft2 (7410 W/m2). If this higher density could be achieved,
a sizable reduction in fuel cell capital cost could be realized.
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RESULTS

Results for the study of high-temperature fuel cells are |
tabulated in Table 2.12-1, which includes the major cycle input
parameters.

A breakdown of capital costs is given in Table 2.12-2.

A summary giving major cycle characteristics for the high-
temperature fuel cell base case is given in Table 2.12-3.

Auxiliary losses and power outputs are shown in Table 2.12-4.

DISCUSSION OF RESULTS

Several observations can be made from the results shown in
Table 2. 12-1|

The overall energy efficiency was moderate (a maximum of
34.3 percent). Increasing the current density to 700 amp/ft2
(7500 W/m2) caused a large drop in efficiency.

The principal drawback appeared to be the very high capital
cost ($974/kW for the base case). Largely because of this high
cost, the cost of electricity was also relatively high (45 mills/
kWwh for the base case).

The largest contributions to the capital cost were made by
the gasifier ($202 million for the base case) and the balance of
plant ($226 million). The balance of plant was costly principally
because of the large amount of high-temperature piping.

RECOMMENDED CASE

The high-temperature fuel cell cace that is recommended for
further study is Case 1. A variation on that case that should be _
considered is the integration of the high-temperature fuel cell A
system with the low-Btu gasifier.

REFERENCES

1. White, D.W., Progress in High-Temperature, Zirconia-Electrolyte ‘\\
Cell Technology at General Electric, Report 68-C-254, Corporate
Research and Development, General Electric Company, Schenectady,
New York, July 1968. |

2. Project Fuel Cell Final Report, R&D Report 47, Office of Coal
Research, Department of the Interior, Contract 14-01-0001-303,

Westinghouse Electric Corporation, Pittsburgh, Pa., 1970.
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Table 2,12-1

PARAMETRIC VARIATIONS FCR TASK I STUDY
(Fuel Cells-High Temperature) **

__ Parameters Case 1] 2 3 i
Power Output (MWe) 1332 111 | 632 824
Coal and Conversion Process 1. #6 | Mont [ 111, #6 _
L Btu LBtu L Btu
Oxidizer Ar >
Current Density (A/ft2) 200 mdetp | 700 feip
Electrolyte Thickness (inches) 0. 020 —p |0 005
Steam Bottoming Cycle
Turbine inlet temperature 1F) 1000 —
Turbine inlet pressure (psig) 3500 >
Reheat temperature (OF) 1000 >
Maximum feedwater temperature (OF) 510 >
Heat rejection (in. Hg) wWCT >
15
Actual Powerplant Output (MWe) 1112 | 1111 632 | 82¢
Thermodynamic Efficiency (percent) N 0. 0e 0.
Powerplant Efficiency (percent) .5 | 3643 | 2405 | 27,9
Overall Energy Efficiency (percent) 345 | 343 | 2445 | 27,0
Coal Consumption (Ib/kWh) 1,00 1,11 | 1,29 | 1416
Plant Capital Cost ($ million) 1083 | 1087 [ 875 | n
Plant Capital Cost ($/kWe) e | 918 | 910 | s
Cost of Electricity, Capacity Factor ~ 0. 65
Capital (mil's/kwh) 0.8 | 30,9 | 28,8 | 27,2
Fuel (mills/kWh) 902 | A.S| 1148 | 1044
Maintenance and operating (mills/kwh) S | 9540 wun | ay
Total (mills/lkWh) C8e0 | 4bhee | 45,6 | 42,9
Sensitivity
Capacity factor = 0. 50 (total mills/kWh) ce,r | 55,2 | 58,8 | 8y,
Capacity factor =0.80 (total mills/kwh) 1B [ 3747 | 39,1 | 6,6
Capital /\ = 20 percent (/\ mills/kwh) el | ea2| 5.8 | e
Fuel \ = 20 percent (\mills/kWh) A | 2ee | o2
Estimated Time for Construction years) . 6 s 5
Estimated Date of st Commercial Service (!ear) 998 | 1998 | 2005 | 200%
Ill. = Illinois
“B LBtu = Low Btu
ase case Mont = Montana
**Zirconia, 1832 F Ooperating temperature WCT = Wet cooling tower
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Table 2.12-2

MA JOP COMFONENTS
PRIME CYCLT
FUEL CFLI STACK
AlR PREMFATER
HOTTOMING CyCLF
STEAM RACTLER
STEAM TUIRCEN

FUEL PROCESSI*C

GASIFIFP (1MCLUMING BOOST

STEav TURB=COMP

FUEL PRf4FATER

SUDLTOTAL OF ~a 0k COFPOUENTS

RALANCE OF PLANT
COULING TOweR
NC 10 AC MyERTERS
ALL OTHER
SITF LARQS
SURTOTAL OF FaLanct of PLANT
CONT INGENCY
ESCALATION CD5TS

INTEREST NURIMNG CONSTPUCTION

TOTAL CAPITAL (O%T

mA DR COMPONENTS COST
BALANCT OF PLANT

CONTINGENCY

ESCALATION COSTS

INTFREST DURING CONSTRUCTION

YOTAL CAPITAL rOST

CASE "D,

vy

Hvs

Mug

Mwg

Hug

My

Hug

3/¢af
YA
'YLk
s/7¢wk
YAl

L YA

REPRODUC
ORIGINAL |

CAPITAL COST DISTRIBUTIONS FOR HIGH-TEMPERATURE

1 2 3
7401 740l 10.2
242 242 1.6
16.5 1645 10.9
20,3 20,3 20,3
202.,0 204.0 15740
9.0 90 6.9
324,77 328,77 20649
3.5 3.5 3.5
19.6 19.0 “e2
154,3 1564,3 AT
L «8,9 25,9
226,3 226,3 109,2
1102 11046 63.2
1R9,1  1R9,8 90,6
232.9 233.8 105.5%
10P03,2 1087,1 575,46
292,101 294,00 3274
20%,5 203,86 172,80
99,1  99.,% 100,0
17041 170.7 163,46
209,5 210,3 168,9
974,55 978,] 910.5%
| OF TH)

| )
v 15 | kkJIl

FUEL CELLS

146

13.0
20,3

175.0

8.0
232,.8

3.5
11.5
1071
35.2
157,.3
78,0
111.9

130,2
710,2

202.4
190,9

96,7
135.7
157.9

LIS
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Table 2.12-3

SUMMARY SHEET

FUEL CELLS-HIGH-TEMPERATURZE BASE CASE

CYCLE PARAMETER
Net Power Oulput (MiWe 1R
Coal Type 1llinois No. 6
Prime “ycle
Oxidizer Air
Current density (AT2) 200
Electrolyte thickness 0.®0
Boftomning Cycle (Steam)
Turbine inlet temperature °F) 1000
Turbine inlet pressure Psig) 3500
Reheat temperature (°F) 1000
Hest reyection Wet cooling tower
MAJOR COMPONENT CHARACTERISTICS
Unit ar Module
Size 1) Weight (Ib) Cost Units Total Cost  $/kW
Mapr Comporent WxllorDix W 109 $x10% Required ($x10% Output
Prime C
Fuel cell stack Ex2931030 1.58 1.4 10 741
Air preheater 2Q 2.7 1 2.2
Fael prehemer 9.6 1 9.
Bofloming Cycle
Furnace-boiler 80x 77282 5.8 16.5 1 16.5
Steam turbinegenerzlor e llx2s 4w 203 1 20.3

PERFORMANCE AND COST

Thermodynamic efficiency (percs ~%
Powerplant efficiency (percent)
Overzll energy efficiency (percent)
mmmmn‘o

Plant capital cost ($/kWe)

Cnst of electricity ( mills/kWh)

NATURAL RESOUR .ES

Coal (IbkWh)

Water Wh)
Total
Cooling
Processing

NO, suppression
Stack gas cleanup
Land (acres/100 Mwe)

315

974
6.0

1.00

ozn
0.187
0.0%

ENVIRONMENTAL INTRUSION

Wwi10%-Bty
_ingut_
$0; 0.2
NOx v
HC 0
co 0
Padiculates
Heat to water
Heat, total rejected
Whwn
Wastes
Ash 0113
Sultur 0033

Btukwh

40

e e ——————————————

L/0ay

3.02 x 106
1.01 x 108




Table 2.12-4

POWER OUTPUT AND AUXILIARY POWER DEMAND

FOR BASE CASE AND PARAMETRIC VARIATIONS:
FUEL CELLS—HIGH TEMPERATURE

CASE NO.
PRIME CYCLE POWER OUTPUT MW
BOTTOMING CYCLE POWER OUTPUT MW
FURNACE POWER OUTPUT MW
BALANCE OF PLANT AUX. POWER REQ'D. MW
FURNACE AUX, POWER REQ'D, MW
TRANSFORMER LOSSES MW
INVERTER LOSSES MW
NET STATION OUTPUT MW

RFPRO’
oun

1
55045
55540

80.8
6343
Oe
59
55
11116

55045
55540
80,8
6344
Oe
5.9
5¢5
11115

At THR

8066
55040
5940
53¢3
0.
3.6
0.8
63149

269,0
55240
67,7
5743
0.
4ot
2,7

82443
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Section 3
SUMMARY OF RESULTS-CONVERSION SYSTEMS

The okjective of the Task I Study of Advanced Energy Conver-
sion Systems for coal or coal-derived fuel was to develop a tech-
nical-economic information base on the ten conversion systems
under investigation. A large number of parametric variations were
studied in an attempt to identify system and cycle conditions which
demonstrated the potential of the energy conversion concept. This
information base provided a foundation to aid selection of the
energy conversion system which will be subjected to the more in-
depth investigation in the Task II, conceptual design portion of
this study. A General Electric Company recommendation is given
as to which systems appear, from the results of the Task I Study,
to have a potential of competing against the conventional utility
system. This recommendation is presented for perspective. The
ultimate selection of cycles for continuing study in Tasks II and
II1I, however, was the responsibility of the ECAS Interagency
Steering Committee.

since the objective of the Task I Study was to generate a
data base and not to "rank order" the conversion systems, the
results will be presented in a summary basis in the order of
investigation. The technical approach and assumptions are given
in Section 1 and Appendix A of Part 1 of Volume II. Different
scenarios or assumptions could be proposed for comparison of the
conversion systems,; e.9., economics of changes during construc-
tion, fuel costs, and method of calculating cost of electricity;
however, these variations were not within the scope of the study.
The technical-economic data are presented in a format that will
permit these variations to be made.

ENERGY CONVERSION SYSTEMS

The parametric evaluation of the ten energy conversion sys-
tems under investigation in the Task I effort involved changes in
the heat input technique, fuel, cycle conditions, bottoming
cycles, and heat rejection technique. For each parametric point
variation, technical-economic information was generated. For the
"base" case configurations, additional information on environ-
mental intrusion, natural resource requirements, size and weight
of major components, etc., was generated.

The characterizing parameter most often presented for ad-
vanced conversion techniques is the thermodynamic efficiency.
This is only a portion of the total story since fuel conversion
losses and auxiliary power demands must be extracted to achieve
an overall coal pile to electrical bus bar efficiency. The ef-
ficiency of the ten energy conversion systems along with import-
ant parametric variations is shown in Figure 3-1. The power
plant (not including off-site fuel processing inefficiency) ,
overall coal pile to bus bar efficiency, and the specific coal
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consumption are given on this figure. A comparison is also pre-
sented which demonstrates the standard steam conditions (3500 psi/
1000 F/1000 F [2.41 x 107 N/m2/811 K/811 K]), conventional furnace
with stack gas cleanup and mechanical draft wet cooling towers.
This is the system presently employed in a steam power plant. ¢The
values which are plotted are representative of a specific system
and do not necessarily represent the highest efficiency or lowest
cost.

The open-cycle MHD system burning coal directly is the only
system which resulted in efficiencies approaching 50 percent. A
group of cycles fit in the 40 percent to 45 percent efficiency
range category: advanced steam, supercritical CO2, liquid metal
topping, and inert gas MHD (topping). In the same range with the
standard steam plant, the mid thirties, are the open-cycle gas
turbine-combined cycle, closed gas turbine with organic bottoming,
liquid metal MHD and inert gas MHD (parallel). The remaining con-
version systems are less efficient than would be expected from a
standard steam plant of current design. It should be noted that
both the low-temperature fuel cycle and the open-cycle gas turbine
recuperative with organic bottoming had power plant efficiencies
in the 40 percent range. Both these cycles have a clean fuel re-
quirement, however, and the reduction from power plant to overall
efficiency resulted from the processing efficiency in the produc-
tion of high-Btu gas as consumed by the conversion cycle.

The capital cost estimates for the energy conversion concepts
are shown in Figure 3-2 representative points. The total capital
cost is divided into specific elements: major components, balance
of plant, contingency and interest, and escalation during construc-
tion. The capital costs for the standard steam plant are projected
to be approximately 700/kW. The cycles which were lower than the
standard steam plant in capital costs were the plants with short
construction times and simple construction. These are the gas
turbine cycles, both open and closed, and low-temperature fuel
cells. The more complex systems featured significant balance-of-
plant costs and long construction times (resulting in high
interest and escalation charges during consutrction). The super-
critical CO2 cycle employs a combination of high temperature and
high pressure in the major components and had the largest cost
for that item. The closed-cycle MHD systems, inert gas and liquid
metal, had th2 highest balance-of-plant costs.

Neither the efficiency nor the capital cost projects the
total picture for technical-economic evaluation. The combination
of the two values aloung with the fuel cost gives a more realistic
evaluation of the attractiveness of the various concepts for repre-
sentative points. This velue is the cost of electricity and is
shown in Figure 3-3 for the various conversion systems. The cost
of electricity is subdivided into contributions of capital charges,
fuel cost, and operating and maintenance charges. Once again, the
as-analyzed standard steam plant is supplied as a reference: cost
of electricity = 30 mills/kWh. In plants with very high capital
costs—MHD, supercritical CO2, liquid metal topping, etc.—the
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capital charge far exceeds the contribution from either fuel or
Operating and Maintenance (0&M). This makes the cost of elec-
tricity relatively insensitive to efficiency for these concepts.
On the other side of the scale are the low capital cost plants—
open-cycle gas turbine—recuperative and low-temperature fuel
cells. These concepts, because of a requirement for clean fuels,
have high fuel costs and low capital charges. The only cycle which
was consistently lower than the standard steam plant on a cost
of electricity basis was the open-cycle gas turbine-—combined
cycle. This system demonstrated a balance between “he capital
and fuel charges. The employment of semi-clean fuel resulted in
a less expensive on-site capital cost but with the penalty of
higher fuel charges.

The economic comparison presented in Figure 3-3 was for a
65 percent capacity factor. Another approach to presentation of
this information is through use of a "screening curve." This
curve is presented as a function of hours of plant operation per
year. A screening curve representation is shown in Figure 3-4
for the conversion systems. These curves show the cost of opera-
tion of the plant on a $/kW-year basis vs the hours of operation.
The "Y" axis intercept, at zero hours, shows the capital charge
which is incurred if the plant is not operated. The scope is
representative of the operating charges including both O&M and
fuel. The plants with high efficiency generally have small
slopes and are characteristic of baseloaded plants. These
screening curves demonstrate the economic data for a plant oper-
ating with a range of capacity factors. However, no evaluation
was made of the energy conversion system's technical ability to
operate in an "other-than-baseload" mode. The capital costs for
control equipment necessary to operate in the peaking or mid-
range mode was not included in the evaluations.

Five specific bands have been placed on this curve to re-
present classes of economic attractiveness. Two dashed lines
also appear. The dashed line through the origin represents a
30 mill/kWh electrical charge. The second dashed line represents
the standard steam plant. The intercept of the dashed first line
(which passes through the origin) and the characteristic line for
a specific conversion system indicates the number of hours per

year the plant must operate in order to produce 30 mill/kwh
power. The intercept with the standard steam line occurs at

approximately a 65 percent capacity factor.

The band around the standard steam condition line contains
the advanced steam cycle and the closed gas turbine cycles. All
of the concepts could generate approximately 30 mill/kWh power
for a capacity factor of approximately 65 percent.

The only band which is significantly better than the stand-
ard steam plant band over the whole range of capacity factors is
the combined gas tu'bine cycles. These cycles have the lowest
yearly operating costs in the study.
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The band directly above the standard steam condition plant con-
tains the open-cycle MHD, metal vapor topping, and high-temperature
fuel cell. The open-cycle MHD is an example of a system with very
good operating efficiency, therefore, low slope. However, its capi-
tal charge ("Y" axis intercept) prevents this system from producing
electricity on a cost competitive basis with standard steam plants.

The upper band features the closed MHD cycles and super-
critical CO;. The extremely high capital cost of these systems
makes their projected operating costs over three times those ex-
pected for the standard steam plant.

The remaining band has a much greater slope and is more
characteristic of peaking plants featuring low capital cost znd
high operation costs. The low-temperature fuel cell and open-
cycle gas turbine recuperative fall into this category. It is
interesting to note, however, that in spite of the high operating
charges for this class of cycles, at capacity factors less than
50 percent, they will produce electricity at a lower cost than the
standard steam plant.

These screening curves represent the concepts evaluated
under the ground rules established in this study. If these
ground rules change, the comparison is no longer valid. For
example, higher fuel costs would be reflected in greater curve
slopes. This effect would of course be less pronounced on the
more efficient cycles. The fact remains, however, that no matter
how efficient a cycle is, the effect of high, fixed capital
charges cannot be neglected. Within the economic constraints, a
limit is therefore placed on the initial capital investment which
can be justified to achieve an efficiency increase.

RECOMMENDAT IONS FOR TASK II STUDY

As previously stated, the objective of the Task I study was
to develop a data kase which could be utilized by the Interagency
Steering Committee for selecting the advanced energy conversion
systems to be evaluated in more detail in Task II. However, the
General Electric Company was requested to provide recommendations
for systems to be evaluated in Task II. The recommendations pre-
sented herein are based upon the Task I results.

The criteria employed for the selection process were:
® Performance

High power plant efficiency

Low specific coal consumption

® Economics

Low capital cost
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Low cost of electricity
] Established basis for high plant availability
@ Potential adaptability for base locad operation

0f equal significance are some critiera which were not em-
ployed. They included:

® Technical barrier problems

L Likelihood of developm:2ntal success

° R&D plans and resources required

L] Expected year of first commercial service

In some cases, the criteria not employed are at least as
important as those employed. However, the information basis re-
quired to evaluate the conversion concepts with respect to this
latter group of criteria will not be generated until Task II and
III of the program. They will be employed in the final evalua-
tion of systems in Task III.

The General Electric recommendations of advanced energy con-
version systems for Task II study are given in two parts: a
positive group and an optional group.

Positive Recommendation

° Advanced Steam

Direct combustion of coal in an atmospheric fluidized
bed. This cycle is the present standard of industry
for baseload power and with the inclusion of a new
furnace system (atmospheric fluidized bed [AFB])
represents a firm, reliable, advanced cycle base.

] Open-Cycle Gas Turbine Combined Cycle—Water Cooled

With semi-clean fuel. This system had the lowest
cost of electricity and a good power plant efficiency.
The semi-clean fuel offers an alternative to gasifi-
cation for gas turbine cycles.

] Open-Cycle Gas Turbine Combined Cycle—-Air Cooled

With integrated low-BTU gasifier. This system had
the second lowest cost of electricity and offers the
potential for good overall efficiency. The inte-
grated gasifier permits utilization of coal in a gas
turbine with on-site fuel processing control.
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] Open-Cycle MHD

Direct coal fired. This system offers the highest

efficiency of any concept in the study and the pos- /
sibility of direct combustion of coal in an open

cycle machine.

Optional Recommendation

If additional systems are to be studied in Task II, a recom-
mendation is made that these systems be selected out of the
following three groups.

L Closed-Cycle Gas Turbine

This system offers low cost of electricity because
of low capital costs. The specific coal consumption
was not as good as a standard steam power plant.

Supercritical CO2
Inert Gas MHD

Metal Vapor Topping

Each of these systems offers potential efficiencies in
excess of 40 percent. However, their high capital
costs resulted in their not being competitive on a
cost-of-electricity basis. Of these three concepts,
the metal vapor topping cycle had the lowest capital
cost.

Fuel Cell=—Low Temperature
Open-Cycle Gas Turbine Recuperative

Each of these two systems had a competitive cost of
electricity compared to the steam reference cases.

However, the systems required clean fuel, thus making

them more suitable for peaking duvty in terms of over-

all energy utilization. \



Appendix A

POWER CONDITIONING SYSTEMS
FOR MHD AND FUEL CELL APPLICATIONS

INTRODUCTION

Power sources employing MHD or fuel cells generate direct
currents at relatively low voltages where transmission is not
practical. Power conditioning systems are required which convert
the d-c to a-c and raise the voltage to subtransmission or trans-
mission voltages. These systems must be compatible with electric
utility practice in both operation and reliability. This Appendix
describes such a system that is derived from high-voltage d-c (HVDC)
power transmission technology.

HVDC TECHNOLOGY

Early devices for conversion employed the mercury arc valves
and approximately 6300 MW of such capacity are presently in oper-
ation. With the commissioning of the Eel River Converter Station
in 1972 (refs. 1 and 2), the solid-state era in HVDC was initiated.
Today a total of 6800 MW of solid-state transmission capacity are
installed or are committed and under way.

The HVDC technology is sufficiently mature that it is accepted
by the electric utility industry. Development continues in the
United States by General Electric and in Europe; Russia is devel-
oping its own system and much academic work proceeds from Japan.

A sound basis exists for expansion of solid-state HVDC tech-
nology into the power conditioning field for such systems as MHD,
fuel cells, photovoltaic systems or storage battery energy storage.
Commercial activity in the solid-state HVDC transmission field will
continue to advance the technology.

In HVDC transmission systems, current and voltage levels are
selected for most efficient use of available semi-conductors with
due respect to construction and operating costs of connected d-c
lines. For instance, the Eel River 320 MW system, a back-to-back
asynchronous tie, utilized two circuits at 80 kV and 2000 amperes
each. The Square Butte Project, now under construction from North
Dakota to Minnesota, spans a distance of approximately 450 miles
and will operate at *250 kV and 1000 amperes. Systems are under
consideration for ratings up to 600 kV and 2000 amperes. 1In the
past, as many as four thyristor cells have been used in parallel,
as ‘" Eel River, but the present trend is toward larger cells.

Another branch ot the technology has evolved using silicon
diode rectifiers for low voltage and high current. Systems
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supplying 25,000 A at 1,100 V are not unusual for electrochem. al
application. Power conditioning systems might utilize technology
from this field as well as the HVDC field.

HVDC control systems are the culmination of exter.sive devel-
opment aimed at high reliability and maximum performarce. Exten-
sive use has been made of military and Space program experience.
Redundant functions are provided with indication of loss of re-
dundancy and on-line replacement of suspected circuit modules.
These systems have an excellent record of reliability in the com-
mercial power system environment and are immediately adaptable for
power conditioning systems.

HVDC System Operation

The elements of a typical HVDC transmission system are shown
in Figure A-1 and the current/voltage characteristics are shown
in Figure A-2. The rectitier (a-c to d-c converter) is operated
as a feedback control system to maintain constant d-c output within
the limitations of the supply voltage. The constant current exists
from zero voltage up to a maximum determined by system a-c voltage,
converter transformer design and transformer tap position (ref. 4)
and the converter firing angle limitation (ref. 4) built into the
control system. The inverter normally operates in the constant
extinction angle mode, where d-c voltage and power factor are max-
imized consistent with reliable operation. In addition, a current
control mode is provided for the case when rectifier a-c system
vcltage is too low to allow the rectifier to control current.

Figure A-1b shows the rectifier and inverter characteristics
and the operation point where these characteristics intersect.
Power is varied by changing set point of the rectifier current
controller. Because of the shape of the curves, there is little
disturbance to either d-c voltage or firing angles when current
is changed. Transformer load tap changers ¢#:¢ used in automatic
circuits (not shown) which hold firing angles and d-c voltage
within optimum ranges.

A d-c system requires an inductance in the circuit to minimize
ripple current-control rate of rise during faults, and to isolate
the converter waveform from the remainder of the circuit. D-C cir-
cuit breakers are not needed since the control function is accom-
plished electronically in the control system of the rectifier.

HVDC systems are based on line commutated inverters (refs. 3
and 4). Because of the substantial technical and cost data base
available from work on these systems, the power conditioning sys-
tems for MHD and Fuel Cell applications used in this study as-
sumed line commutated inverters.
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Converters for Power Conditioning

In the power conditioning system, the MHD or fuel cell equip-
ment replaces the rectifier. There is no practical way in which
these sources can control current or voltage. It is therefore
necessary that a d-c circuit breaker or equivalent control be
interposed between the power source and the inverter. As in the
HVDC transmission system, an inductance is also required.

Figure A-2a is a one-line and block diagram of a power con-
ditioning system, and Figure A-2b is a representative volt/ampere
characteristic. A small range of voltage adjustment is available
electronically in the inverter. The range of current control is
determined to a large extent by the current/voltage characteristic
of the power source and is rather limited. For a given source
characteristic, the range can be extended by increasing trans-
former load tap changer range or by increasing the firing angle.
The latter deteriorates the power factor and both are costly.

Disturbances in the connected a-c system can cause inverter
malfunctions commonly known as commutation failures. The result
is a collapse cf the inverter voltage and, under some circumstances,
a direct connection of the power source to the a-c voltage of the
associated converter transformer. In HVDC systems, the direct
current is controlled by the rectifier and can be reduced or cut
off automatically to allow recovery of the inverter. In the MHD
or fuel cell system, such control is not available and current
will increase to such a level that recovery is impossible. A d-c
circuit breaker is required which can interrupt the fault current
from the MHD generator, to allow recovery. Stress on the circuit
breaker is severe because of large, short-circuit currents and the
requirement for an inductance in series with the power source.

D-C breakers are not currently available as a commercial
product. However, several development projects are under way.
These are directed at HVDC but will be similar to those required -
for MHD.

High power converters such as those used in HVDC power
transmission and proposed for power conditioning systems must be
connected to a-c systems having short circuit capacity in MVA at
least three times the MW capacity of the converter. The converter
generates current harmonics on the a-c side which are detrimental
to a-c system operation. Filter circuits connected to the line
side of the converter transformers are employed to absorb these
harmonic currents. Another aspect of HVDC systems is that con-
verters absorb reactive power equal to approximately 60 percent
of the real power level. The harmonic filters provide some of
the reactive power and the remainder must be supplied from the
a-c network.
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Sample Systems

Figure A-3 describes a representative power conditioning
system. There are 1000 electrode pairs, each capable of produc-
ing 200 A at 7000 V. These electrode pairs must be electrically
isolated from each other. It is therefore proposed that each
electrode pair be provided with its own breaker, inductance and
converter bridge. Four bridges would share a control system.

1000 Electrode pairs

nalualia

DC
Breaker

1000 DC Breakers

1000 Reactors 70 mH

1000 Bridge 7 kV, 200 A per electrode pa.r
250 Transformers with LTC

250 12 Pulse control circuits

v 7kv, 200" per
Illectrode pair

70 mH

1420 ™MW Total capacity

Bridge

A R
() fi

— YT WA g T

T o ”

o
500 kv
Switchyard

; '

Figure A-3. MHD Converter System 1.4 MW Module

~ O ——

If groups of 20 electrode pairs are connected directly in
parallel the system consists of 50 converters of 28 MW capacity
and requires 50 transformers instead of 250. The mode of opera-
tion is the same as that described for the 1.4 MW module._ A cir-
cuit diagram, being slightly different, is described by Figure A-4.
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v

Figure A-4. MHD Power Conditioning System 28 MW Module

Efficiency for the 28 MW module system is estimated at 98.5
percent, while the 1.4 MW module is estimated to be slightly less.

Pricing

The following background applies to the price estimates:

1. The price is for terminal equipment only and does not in-
clude installation or civil work.

2. Control system price and performance are based on equip-
ment currently in production for use in HVDC systems.
Prices for transformers, valves and switchgear are based
on HVDC current commercial equipment. DC breaker price
estimates are based on estiwated costs of equipment
presently being developed.
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3. Thyristor prices are based on costs of forced, recircu-
lated, air-cooled, air-insulated units similar to HVDC
equipment now in the installation phase.

A "module" consists of an electrode pPair or group of pairs,
transformer bank, inductor, d-c breaker, thyristor valves and a
control system which operates the module as a unit. Estimated
costs for three equipment ratings and two different module sizes
are given in Table A-1.

Table A-1

ESTIMATED COSTS ($ PER KW RATING) FOR INVERSION EQUIPMENT

Equipment Rating
50 Mw 300 Mw 1400 MW
1.4 MW/Module 335 305 300
28 MW/Module 125 75 65
REFERENCES
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