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Abstract

In recent years, Westinghouse Electric Corporation has made great strides in advancing tubular solid oxide fuel cell (SOFC) technolo
towards commercialization by the year 2001. In 1993, Westinghouse initiated a program to develop a ‘MWe-Class’ (1-3 MWe) pressurize
SOFC (PSOFC)/gas turbine (GT) combined cycle power system for distributed power applications because of its (1) ultra-high efficienc
(63% net AC/LHV CH), (2) its compatibility with a factory packaged, minimum site work philosophy, and (3) its cost effectiveness.
Since then two cost studies on this market entry product performed by consultants to the US Department of Energy have confirm
Westinghouse cost studies that fully installed costs of under $1300/kWe can be achieved in the early commercialization years for su
small PSOFC/GT power systems. The paper will present the results of these cost studies in the areas of cell manufacturing cost, PSC
generator manufacturing cost, balance-of-plant (BOP) cost, and system installation cost. In addition, cost of electricity calculations will k
presented] 1998 Elsevier Science S.A.
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1. Introduction (PST) type with an active length of 30 cm and active area

of 113 cnf to an air electrode supported (AES) type with an
Over the past 10 years the Westinghouse SOFC develop-active length of 150 cm and active area of 834°chig. 1

ment team has made major progress towards reducingillustrates these two design types and Table 1 presents a

SOFC manufacturing costs ($/kWe). This paper describescomparison of their design parameters. As can be seen

the important technology breakthroughs, presents the resultsfrom Table 1 the cell power output has been increased by

of a cost study of a 3 MWe pressurized SOFC (PSOFC)/gasan order of magnitude over the last 10 years, resulting in

turbine (GT) power system performed in 1996 by Westing- one-tenth the number of cells needed for a given cell stack

house and two consultants (A.D. Little and Spencer Man- power output. Furthermore, the zirconia PST has been

agement) to the US Department of Energy and updated by

Westinghouse in 1997, and compares the cost of electricity Taple 1

(COE) of such a system with that of the most advanced typylar SOFC design parameter comparison

small (<5 MWe) gas turbine generator currently under

development.

1987 PST type 1997 AES type

Cell OD (cm) 1.52 2.23
Cell active length (cm) 30 150
Cell total length (cm) 42 168
2. SOFC technology status Cell active area (cR) 113 834
PST ID/OD (cm) 0.89/1.29 N.A./N.A.
Over the past 10 years, the Westinghouse tubular SOFCAaE 1b/0oD (cm) 1.29/1.49 1.76/2.20
design has evolved from a zirconia porous support tube IC length/width (cm) 30/1.1 150/1.1
IC thickness gm) 40 100
EL thickness gm) 40 40
I— FE thickness gm) 100 100
* Corresponding author. Maximum power @1 atm (W) 20 210
! Present address, Westinghouse Electric Corporation, Science and Tech-
nology Center, 1310 Beulah Road, Pittsburgh, PA 15235, USA. N.A., not applicable.

0378-7753/98/$19.00 [ 1998 Elsevier Science S.A. All rights reserved
PIl S0378-7753(97)02735-3



132 R.A. George, N.F. Bessette / Journal of Power Sources 71 (1998) 131-137

Interconnection
Contact
Electrolyte
Fuel
Electrode
Air Electrode
Porous
Supgport Tube
1987 PST Type 1997 AES Type

Fig. 1. Tubular SOFC design evolution.

eliminated, resulting in a lower cost and more reliable cell Westinghouse has been developing strategic partners for the
design. The 150 cm AES cell is now a proven design with supply of ceramic materials and components. Praxair Sur-
over 60 cells tested including a 48-cell bundle test, and over face Technologies, for example, is collaborating with Wes-
1300 cells manufactured in our $13 million Pilot Manufac- tinghouse to produce (1) doped LaGrabwder for plasma
turing Facility (PMF). The cell stack for the EDB/ELSAM  spraying the interconnection, (2) doped LaMmg@wder for
(a Dutch and Danish Utility Consortium) 100 kWe field unit  air electrode tubing making, and (3) sintered air electrode
contains 1152 of these cells. The unit factory test is tubes.
expected to begin in early October 1997 and the site test
in Arnhem, The Netherlands is expected to begin in Decem-
ber 1997. 3. MWe PSOFC/GT power system description

The cell scale-up to commercial size has been completed,
and the emphasis is now on materials cost reduction, devel- For the purpose of the cost study performed by Westing-
opment of low cost manufacturing processes, and supplierhouse, A.D. Little, and Spencer Management, Westing-
development. Since the air electrode tube constitutes 92%house performed a conceptual design of a 3 MWe
of the weight of the finished cell, the material cost reduction PSOFC/GT power system. Table 2 presents the top level
program is focused on the air electrode precursor materialssystem design parameters and Fig. 2 presents the system
(i.e. the raw materials which are used for synthesizing doped schematic. As shown in Fig. 2, the turbine compressor pro-
LaMnQOs). In particular, the focus is on qualifying lower vides the pressurized air to the PSOFC generator (in this
purity precursor materials, which will reduce the air elec- case three 600 kWe modules). Pressurized natural gas is
trode precursor materials cost in large volume by a factor of also delivered to the PSOFC generator where it first under-
four. Concerning the development of low cost manufactur- goes reformation to fHand CO within the cell stack, and
ing processes, the focus over the last 5 years has been th¢hen is electrochemically reacted with oxygen ions from the
substitution of lower cost ceramic processes, such as plasmaressurized air producing DC electricity and pressurized,
spray and sintering, for electrochemical vapor deposition
(EVD). Five years ago, all three thin film layers (intercon-
nection, electrolyte and fuel electrode) were deposited by
EVD. Since 1992 the interconnection has been deposited byThree MWe PSOFC/GT power system design parameters

Table 2

plasma spray in production (over 2500 cells produced with system power output (MWe AC) 3.0
plasma sprayed interconnections). In addition, over 20 cells System electrical efficiency (AC/LHV, %) 63
have been made in the laboratory with sintered fuel electro- PSOFC power output (MWe DC/AC) 1.88/1.80
des, and Westinghouse expects to initiate production of sin- ST Power output (MWe AC) 1.2
tered fuel electrode cells in the PMF by June 1998. It is GT pressure ratio el
e . . . _y s Number of PSOFC modules 3
anticipated that the first production line in the Commercial psorc module output (Mwe DC/AC) 0.63/0.60
Manufacturing Facility (CMF) will consist of the following ~ Number of cells per module 2496
thin film deposition processes: plasma spray for the inter- Cell diameter (cm) 22
Cell active length (cm) 150

connection, EVD for the electrolyte and slurry dipping/sin-

tering for the fuel electrode. Finally, for the last 2 years, Cell power output @6 atm (W DC) 250
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Air pliers and scale-up of known PMF equipment costs account-
ing for size and cost savings associated with the purchase of
multiple machines. In addition, no credit was taken for
ongoing work to reduce the capital cost of the EVD process
while maintaining its high levels of product quality and
equipment reliability. The equipment costs for the first
100 MWelyear cell production line was estimated at $45
million while the second and third production lines were
estimated at $40 million each.

In order to determine the building size, a layout of the
three cell production lines was performed. In addition, space
was allocated for SOFC module assembly and system
assembly assuming the output of the CMF to be skid-
mounted, fully packaged 3 MWe PSOFC/GT Power Sys-
tems requiring a minimum of site installation. The cost of
high temperature exhaust gas. The exhaust gas is then directhe manufacturing building and property was estimated
ted to the turbine expander which drives the turbine and the assuming both new construction and the purchase of an
AC generator. As shown in Table 2, 60% of the electrical existing building. It was concluded that utilizing an existing
power is produced by the PSOFC generator and 40% by thebuilding was advantageous to minimize the initial capital
turbine generator. Therefore, a PSOFC generator costinginvestment for the CMF as well as take advantage of an
$500/kWe of PSOFC output, contributes only $300/kWe abundance of vacant sites. Preliminary estimates require
to total system cost; similarly a gas turbine generator costing approximately 250 000 #tof 35 ft high bay space per pro-
$800/kWe of turbine generator output, contributes only duction line of 150 MWel/year of 3 MWe power systems for
$320/kWe to total system cost. a total floor space of 750000?ftThe building purchase

Westinghouse intends to commercialize PSOFC/GT price for an existing building of this size was estimated at
power systems initially in the power range 500 kWe to 5 $45/ft or $35 million.

MWe because of its unique advantages. Most significantly, In the cost study the manufacturing equipment was depre-
such combined cycle systems can achieve electrical effi-
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Fig. 2. 3 MWe PSOFC/GT power system schematic.

ciencies in the range 62-72%, unmatched by any other
technology especially in the above power range. This is a

Precursor
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Air Electrode Powder
Preparation

direct result of the synergism between PSOFC technology |

and gas turbine technology. The PSOFC generator basically Air gif;;t;ggg;asm
replaces the turbine combustor function during steady state I
operation because its exhaust gas temperature°C350 o P g
156CF) is a very acceptable turbine inlet temperature. In Closed End Extrusion
addition, pressurization significantly enhances cell perfor- I
mance (e.g. cell power output increases from 210 W @ 1 A Blectrode
atm to 250 W @ 6 atm), resulting in reduced stack cost on a Sintering
$/kWe basis. |

4. MWe PSOFC/GT power system cost study
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4.1. Commercial manufacturing facility o I
L . Nickel Platingof
As part of the commercialization plan for SOFC, a Com- Interconnection
mercial Manufacturing Facility (CMF) was sized and a con- |
ceptual design was performed. The CMF design consists of Fuel Electrode Fuel Electrode Slurry
. . . . ater, binders Slurry Preparation Dipping
three duplicate production lines, each with an annual capa- T
city of 100 MWe of SOFCs[{150 MWe of systems) assum-
ing three shifts/day and 330 production days/year. The e aode
process flow diagram shown in Fig. 3, the ‘1997 AES I

Type’ cell as specified in Table 1, and the above production
rates are the basis for the CMF manufacturing equipment
selection and sizing. The manufacturing equipment cost
estimates were based upon quotations from equipment sup-

Final Quality Check

Fig. 3. SOFC process flow diagram.
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ciated over 10 years and the building was depreciated overtinghouse design has relied on the electrochemical vapor
20 years. These annual costs were included as part of thedeposition (EVD) process. At temperatures near 2200
cell manufacturing cost. and vacuum pressures near 1 mmHg, anhydrous mixtures
In 1998, Westinghouse plans to perform a detailed design of yttrium trichloride and zirconium tetrachloride are sub-

and cost estimate of the CMF as input to the decision mak- limed and passed over the exterior of the air electrode-inter-
ing process in 1999 concerning construction of the CMF. connection assembly. Oxygen is provided to the tube
Assuming a positive decision to proceed with the construc- interior. The chlorides react chemically and electrochemi-
tion of the CMF, plant commissioning should occur in the cally with the oxygen passing through the tube wall to form

year 2001. the zirconium oxide layer on the tube exterior. Since the
film growth is partially governed by the mixed conductivity
4.2. Cell manufacturing process description of the material and electrical path resistance, thin portions
grow faster than thicker portions resulting in a uniform film
4.2.1. Air electrode fabrication of nominally 40um in thickness.

Air electrodes, which form the basic building block of the
tubular SOFC, are manufactured from a mixture of base 4.2.4. Application of a nickel contact by electroplating
carbonates which form the doped LaMn@iving the cell The other advantage of the Westinghouse tubular SOFC
its excellent durability, thermal cycle ability, and electrical besides its seal-less design is the metallic connections made
performance. The base carbonates are first weighed and balbetween cells through the use of nickel felt or nickel wool.
milled and subsequently calcined to provide a homogeneousThis electrical integration is made possible by nickel elec-
material. The calcined material is then crushed and milled to troplating of the interconnection to provide the metallic sur-
provide the correct particle size distribution. This material is face for nickel felt bonding. Cells are placed in a nickel
then mixed with water and binders to form a paste capable sulfamate bath containing a sacrificial nickel anode while
of being extruded. The paste is first extruded into a hemi- a cathode is inserted into the cell tube. Since yttria stabilized
spherical mold to form the closed end of the tube, the mold zirconia (YSZ) is an insulator at room temperature, only the
removed, and the extrusion continues in a smooth fashion doped LaCr@ material will carry electricity thereby defin-
allowing for the formation of the remaining cylindrical sec- ing its own mask. Current is passed through the system
tion with a finished length of 181 cm. Through this techni- resulting in a 5—1Qum thick nickel layer on the intercon-
que the closed end and cylinder remain a homogeneousnection. Both capital and material cost are small. A reliable
material significantly improving quality and yield of the contact has been achieved on all generators used in the field
finished product. The extruded tube section is then sinteredto date.
at approximately 150 to form the tubular building block.

4.2.5. Fuel electrode application by slurry dipping

4.2.2. Interconnection deposition by plasma spray The fuel electrode, or anode, of the cell is deposited

The interconnection is deposited on the air electrode tube through a slurry dip process. A mixture of nickel and yttria
using an atmospheric plasma spray process to obtain a gastabilized zirconia (YSZ) powders having the proper ther-
tight positive ¢) contact stable in a dual atmosphere. The mal expansion match with the rest of the cell components is
interconnection material is a doped LaGr@ade from base  first blended and then mixed with water and binders in the
carbonates much in the same manner as the air electrodegroper ratio to achieve a highly viscous slurry. Cells from
powder. The powder is fed to a plasma spray gun where in electrolyte EVD have a vinyl tape placed over the intercon-
combination with hydrogen and electricity, a plasma is nection and are dipped in the slurry containers. Cells are
formed which is sprayed onto the air electrode tube through then extracted at a slow rate allowing for flash drying to
a 150 cm by 1.1 cm window defined by a metal mask. The avoid slurry sagging which results in excessive thickness
cell is held vertically while the gun traverses axially. Appli- non-uniformities adversely impacting cell performance
cation requires approximately 4 min and lends itself well to and structural integrity. Through this process a uniform
automation through the use of multiple guns. This material 100um thick layer can be maintained with a standard devia-
and manufacturing process have been successfully demontion of less than 1Qum. The vinyl tape is subsequently
strated in two 25 kWe generators of 576 cells each, which removed and the cell is prepared for the sinter step. This
operated for greater than 5000 and 13000 h, respectively.slurry application process has been utilized in the previous
No significant voltage degradation was observed in either and the present Westinghouse manufacturing facility for
generator and the tests were ended because all the contradsoth 50 and 150 cm active length cells with high reliability,

tual commitments were fully satisfied. high yield, and low material waste. With only ball mills and
small pumps, the capital cost component and plant footprint

4.2.3. Electrolyte deposition by electrochemical vapor requirement are minimal.

deposition

To deposit a perfectly gas tight uniform layer over greater 4.2.6. Fuel electrode sintering
than 1000 crhwith an exceptionally high yield, the Wes- To complete the fuel electrode application step the cell is
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sintered at approximately 1300 in a dual atmosphere fur-
nace for 2 h. During this process air is delivered to the cell
interior while a reducing atmosphere is provided on the fuel
electrode side to avoid nickel oxidation. In a high volume
facility a continuous furnace system would be utilized to
decrease capital and operational costs. Fuel electrodes sin-
tered in this manner have been shown to have the same orj
better performance then the EVD applied fuel electrode and
have been thermal cycled from operating temperature
(1000°C) to room temperature over 30 times with no dele-
terious impact.

4.2.7. Cell manufacturing cost
Based on the processes described above and a detailed
cost build-up accounting for materials, labor, capital depre-
ciation, and factory maintenance costs, the cell manufactur-cost layer because of the EVD process. Changing the elec-
ing cost was estimated to be in the range $50—60/cell. trolyte deposition process from EVD to sintering would
Capital equipment was depreciated over a 10-year periodreduce cell cost by approximately 25% if a sintered electro-
and the building cost was depreciated over 20 years. Evenlyte could provide the electrical performance and process
though the building was sized and costed for three produc- yield of an electrolyte EVD process.
tion lines or 450 MWel/year of system capacity, the entire
depreciation for the building was included in the cell cost 4.3. PSOFC generator manufacturing cost
for the first production line. The material costs are based
upon supplier quotations for large volumes equivalent to  For the purpose of this cost study, a conceptual design
100 MWe of SOFCs per year. Labor and maintenance was performed of a 1.8 MWe PSOFC generator, consisting
costs are based upon extrapolations from our PMF experi-of three 600 kWe modules contained within a common
ence. pressure vessel as illustrated in Fig. 4. Each module consists
The above large volume cell cost is in the range $200— of 2496 SOFCs arranged in 26 bundle rows, each consisting
240/kWe of SOFC output. On a total system output basis of 96 cells, as shown in Figs. 5 and 6, 16 air plenum assem-
this reduces to $120-150/kW. The electrolyte is the highest blies which include 2496 alumina air feed tubes, 24 stack

Fig. 4. 1.8 MWe PSOFC generator.
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Fig. 5. Cell bundle row.
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2. Fuel Supply System which consists of the natural gas
desulfurization and delivery system, the purge gas sys-

BUNDLE ROW 13 tem, and skid and enclosure;

3. Instrumentation and Control;

4. Power Conditioning System which consists of the DC
buss, DC-to-AC inverter, the AC switchgear, and skid
and enclosure; and

5. Electrical Distribution System which distributes electri-
cal power to equipment within the system (e.g. valve
actuators, instruments, control computer, etc.).

RN
The total installed system cost was estimated to be in the
range $1250-1300/kWe of system output. This includes the
PSOFC generator cost, the assembled cost of each system
discussed above, the shipping and installation costs, and an
appropriate mark-up for supplier’s indirect cost and profit.
Fig. 6. 600 kWe cell stack. The conclusion of this cost study is that in large volume
) , ) production (e.g>50 units/year), a turnkey price (in 1997
reformer sections which are sandwiched between b“ndledollars) of $1250—1300/kWe (SYS) for a 3 MWe PSOFC/

rows, one _spent fuel re_cwculatlon loop and pre-reformgr, GT Power System should be readily achievable with attrac-
insulation, instrumentation, and one stack container. Fin- . margins remaining for the supplier.

ished cells are assembled into bundle rows with the use of
nickel felts and nickel paste. The stack is then assembled by
arranging the bundle rows and stack reformer sections in ang cost of electricity analysis
alternating pattern on a support board assembly which also
distributes the reformed fuel to each cell. The spent fuel

FUEL INLET

X ; i . A cost of electricity (COE) analysis was performed com-
_recwculatlon loop an(_j the air plenum assem_blles are then paring the COE of the 3 MWe PSOFC/GT Power System
installed. The stack is then surrounded by insulation and with that of the most advanced small gas turbine generator

inserted into the stack container completing the 600 kWe g tam The latter system called the Advanced Turbine Sys-
module assembly. Three of these modules are inserted iNt%am or ATS is currently under development in the US and

the pressure vessel as shown in Fig. 4 forming the 1.8 MWe has a target turbine inlet temperature of 2Z0This ATS
PSOFC generator. i . has a power output of about 4 MWe, a projected electrical
The total cost of the 1.8 MWe PSOFC generator is esti- officjency of 42%, and a projected total installed cost of

mated to be in the range $500-600/kWe of SOFC output 54t $800/kWe. For comparison, the PSOFC/GT system
and includes the ce!l cost..The cost of each generator COM-gescribed herein has a power output of 3 MWe, a projected
p‘?”e”t was determined either (1) from quotations bY SUP- glectrical efficiency of 63%, and a projected total installed
pI|er§ (e.g. for pressure vessel)_ or (2) by cost build-up ¢, of $1300/kWe. The major COE assumptions are (1) a
studies qf materlal costs, machining costs, and assembly; 5o, capital charge rate, (2) $3/MBTU natural gas cost, (3) a
costs. It is important to. remember that the total cost of plant capacity factor of 85% and (4) replacement of SOFC
$500-600/kWe (SOFC) is the cost per KW of SOFC output 1, dje rows every 10 years at a cost in 1997 dollars of $250/

only and does not consider the turbine generator output. The\y/a (SOFC). The COE analyses resulted in the same COE
PSOFC generator cost per kW of system output is in the (yithin 19) for both systems (4.8 cents/kWh). The rela-
range $300-360/kwe. tively high capital cost of the PSOFC/GT system is offset
by its relatively low fuel cost. For conservatism, a high
capital charge rate and low natural gas cost were used in
this analysis, which favor the economics of the ATS. Under

The mature installed cost to the customer for a 3 MWe o, o104 conditions of lower capital charge rates and/or
PSOFC/GT Power System is the sum of the PSOFC gen-pigher natural gas costs, the PSOFC/GT system would

erator cost, the balance-of-plant equipment and packagingh(,jwe a lower COE relative to the 4 MWe ATS.
cost, shipping and site installation cost, and the appropriate

mark-up of these costs to account for supplier’s indirect
costs and profit. The balance-of-plant is divided into a num- ¢ Summary and conclusions
ber of systems:

1. Thermal Management System which consists of the gas The PSOFC/GT Power System is the most fuel efficient
turbine-generator, recuperator, piping and valves, start- electrical power generation system ever conceived with effi-
up air heater, and skid and enclosure; ciencies in the range 62—72% depending upon the ratio of

4.4. PSOFC/GT power system cost
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SOFC-to-GT power output, and the type of GT selected. COE for the most advanced small gas turbine system
The broad application of this technology will significantly (ATS), which is also under development. In addition, the
extend the use of our fossil fuel resources. For a 3 MWe PSOFC/GT power system offers lower €@missions by
PSOFC/GT Power System with an electrical efficiency of virtue of its higher efficiency (33% less G@mitted per
63%, a total installed cost of under $1300/kWe should be kWh compared to the small ATS), NCemissions of
readily achievable after 2—-3 years of commercial pro- about 1 ppm compared 1010 ppm for the ATS, and no
duction. The projected cost of electricity (COE) for this SQ, emissions since sulfur compounds are removed from
machine compares very favorably with the projected the natural gas.



