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Driven by technological achievement and rational projection of commercial 
product cost, expectations for tubular SOFC commercialization are improving. 
Tubular SOFCs have surpassed seven years of operation and have recently 
demonstrated remarkable toughness with regard to thermal cycling. Customer 
owned systems with 25 kW stacks utilizing air electrode supported (AES) cells 
continue to operate directly on natural gas without degradation after multiple 
thermal cycles and over 4000 hours of operation. AES cell operation at elevated 
pressure corroborates theoretical estimates of performance gain without evidence 
of deleterious effect. The commercial class AES cell of 22 mm diameter and 1500 
rnm length is now in production for application to 100 kW, 50% efficient [ac/LHV), 
atmospheric pressure systems. This same cell applied to pressurized systems in 
combination with conventional turbo machinery (gas turbines) can yield an 
efficiency approaching 70% for power plants as small as 5 MW. Total installed 
system cost for commercial 5 MW SOFC/CT units for distributed power generation 
and on-site cogeneration applications should approach $1 OOO/kW. A major 
challenge is the formation of funded projects to demonstrate at the turn of the 
century prototype MW class SOFC/CT combined cycle power plants and to 
complete the development of commercial fuel cell manufacturing processes. 

I NTRO D U C TlON 

Zirconia electrolyte solid oxide fuel cells have been under development at 
Westinghouse for the past three decades with corporate support and support from 
the United States Department of Energy and its predecessor agencies. The Gas 
Research Institute contributed to the development of technology specific to the 
direct use of natural gas as fuel. Electric and gas utilities, Tennessee Valley 
AUthOriv, Tokyo Gas, Osaka Gas, Kansai Electric Power Company, Southern 
California Gas Company, Southern California Edison Company, and EDB/ELSAM, a 
consortium of Dutch and Danish power companies have funded the development 
and demonstration of SOFC field unit systems. Recently, the operation of the SOFC 
at elevated pressure has been under investigation with testing undertaken by 
Ontario Hydro Technologies (OHT) with support from OHT and a consortium of 
Canadian funding partners and with data analysis sponsored by the New Energy 
and Technology Development Organization (NEDO) of Japan in conjunction with 
Japanese Electric Power Companies. 
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I Westinghouse adopted the  tubular cell geometry because  it minimized cell edge 
effects a n d  limited thermal concerns to the  axial direction. Early work developed a 
cell design with multiple series connec ted  cells on a support tube with the  fuel 
electrode (anode) at the  interior. This early design was abandoned  In favor of a 
design characterized by a single cell per tube with a n  axial interconnection stripe, 
This latter design has the  benefits of making cell electrical interconnection easier, 
mitigating stack sealing difficulties, a n d  accommodating the direct use of natural 
g a s  fuel. 

ACHIEVEMENT 

The Seal-Less Generator - Westinghouse devised the  cylindrical cell with closed 
e n d  a n d  axial Interconnect strip In the  early 1980’s. This cell design’ evolved 
concomitantly with the  seal-less stack design. A Westinghouse SOFC stack employs 
a vertically oriented array of cylindrical cells Interconnected electrically with nickel 
felts. Each cell Is g a s  tight with air Introduced via a feed tube  to the  bottom or 
closed e n d  of the interior a n d  with fuel Introduced at the  bottom e n d  over the  cell 
exterior. Fuel a n d  air flow upward toward the open  e n d  of the  cell. The electrical 
current In the external circuit Is directly proportional to the oxygen Ions transported 
through the cell from air side to fuel side. Typically 85% of the  fuel has b e e n  
consumed electrochemically before spent  fuel reaches the o p e n  cell end.  Since 
the nickel felts are very compliant at operating temperature some relative motion 
between cells c a n  be accommodated .  Except for some constraint from the felts, 
the cells are free to expand axially. 

lnfeurd Nuturd Gus Reforming - Westinghouse 20 kW a n d  25 kW generator 
modules employ a hydraullcally Integrated, exhaust g a s  heated reformer that Is 
a p p e n d e d  to the stack to process natural gas. Spent a n o d e  g a s  Is extracted at the  
top of the stack a n d  mixed with fresh fuel In a n  ejector before being admitted to 
the reformer, Reformer 
temperature is autonomously controlled-no active temperature control is required 
for fuel reformation. The seal-less generator concept  with reformer a n d  ejector a s  
employed In 25 kW SOFC field units Is shown schematically in figure 1. Note that  no  
high integrity stack seals are required to separate  fuel from oxidant. The use of 
controlled flow Impedance baffles serves to distribute a n d  direct the flow of 
reactants. The seal-less generator concep t  with integral reforming has b e e n  verified 
by over 30,000 stack hours, 

The ejector primary fluid Is pressurized natural gas. 
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larger Air Elecfrode SuDoorfe d (AB) Ce I/$ - The evolution in size of the 
Westinghouse tubular cell is characterized most significantly by a progressively 
Increased cell length, from 200 mm to the present 1500 mm. The thickness of the 
porous support tube (PST) used early in this evolution has been reduced to zero. The 
power output per cell at atmospheric pressure has increased from 15 Watts in the 
mid 1980's to 210 Watts today. The air electrode supported cell simplified cell 
design, eliminated an expensive component, increased performance, and thereby 
reduced cost per kW. 

Cell Lona - evify - At the end of calendar year 1995, a pair of PST SOFCs surpassed 
60,500 hours of operation generating electrical power at 85% fuel utilization. The 
performance of the better of these cells shows a voltage degradation rate less than 
0.5% per thousand hours of operation. The newer AES cells have not had the 
opportunity to be tested for this extended time. Negligible degradation rates have 
been observed for AES cells tested for 6000 hours. 

Cell Durubilify - Typically, fuel cells have shown some deleterious impact of 
thermal cycles upon performance. The PST SOFC as used most recently in the 20 
kW class SOFC systems tested in Japan (1990-1994) had a limited tolerance 
estimated at less than ten cycles. Westinghouse and our suppliers of air electrode 
tubes have worked assiduously to solve this problem. In a recent test, a pair of AES 
cells were exercised in a thermal cycle test program spanning over 4000 hours 
during which the cells were heated from nominally room temperature to operating 
temperature (1000 degC), electrically loaded when hotter than 600 degc, and 
cooled at open circuit, In the same manner practiced in SOFC stacks. This pair of 
cells endured over 100 thermal cycles with NO deleterious impact upon 
performance as evidenced by loaded cell voltage at 85% fuel utilization. Two 25 
kW AES-SOFC stacks have operated for over 4000 hours each. One has endured 
four thermal cycles to ambient temperature and the other five without evidence of 
deleterious impact. 

Cell Processina Cos f lmmove meM - Cell manufacturing processes have been 
under continuous development. The PST cells used in 20 kW class field units were 
manufactured using the Electrochemical Vapor Deposition (ND) process for 
fabrication of the interconnection, the electrolyte, and the fuel electrode. The 
transition to an AES cell eliminated a component and associated processing. The 
AES cells manufactured for the 25 kW field units use a plasma spray process for the 
Interconnection. The 1500 mm long AES cells in manufacture for the 100 kW SOFC 
field units also utilize an interconnection applied using plasma spray. In addition, a 
few AES cells have been fabricated with a sintered (non EVD) fuel electrode and 
have been tested with excellent performance. Although not yet fully qualified, in 
the very near future we expect the AES cell production process to use N D  for the 
electrolyte alone. The N D  process is able to deposit very thin (circa 40 micrometer) 
absolutely gas tight electrolyte films over the porous cathode, reliably, uniformly, 
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and in acceptable cycle times. The primary disadvantage to the EVD process is the 
high capital cost of the EVD reactor. 

Pilof Munufucfurinu fucilitv - In order to complete manufacturing process 
development and verification, Westinghouse has completed a 35,000 square foot 
Pilot Manufacturing Facility located at the Science and Technology Center. The 
center-piece of the PMF is an EVD reactor capable of processing 108 cells 1500 mm 
long in a single batch. The PMF represents a Westinghouse investment of more than 
tweive million dollars. Capacity of this facility is four megawatts of fuel cell 
generators per year. 

Field Unifs - For the past decade, Westinghouse has practiced the deployment 
with utility customers of fully integrated, automatically controlled, packaged SOFC 
power generation systems. Table 1 presents a summary of the Westinghouse SOFC 
field unit experience. Over the past ten years, eleven stacks ranging in power 
output from 400 Watts to 27 kW have been exercised by customers in integrated 
systems, operating unattended for extended periods including nights and 
weekends generating approximately 500 Mega-Watt hours of electricity. To date, 
The UTILITIES have the record for the longest operating unit, 7064 hours, and the 
longest period of SOFC Operation without forced outage, 5200 hours. The UTILITIES' 
systems were tested at Kansai Electric's Advanced Energy Test Center on Rokko 
Island, Kobe, Japan. 

The SOFC system at the Southern California Edison Company's Highgrove 
Generating Station in Grand Terrace (near San Bernardino), California is a sibling to 
that of The UTILITIES. The SCE PST SOFC system was successfully started on the first 
attempt, without benefit of a factory test, on June 7, 1994 and was shut down as 
planned on May 2, 1995 after 6079 hours of operation, to permit the installation of 
an AES type SOFC stack. Except for the cell, the 25 kW class AES and 20 kW PST 
SOFC stack designs are virtually the same. 

The replacement AES stack was fabricated as part of a project funded by the 
United States Department of Defense (DOD) Advanced Research Projects Agency 
(ARPA) administered by the National Aeronautics and Space Administration (NASA). 
Under the NASA contract, the SOFC system was modified so as to be able to accept 
as fuel either natural gas or reformate from a logistic fuels (DF-2 diesel or JP-8 jet 
turbine fuel) processor (LFP) located external to the SOFC system. The NASA 
contract also supported the development of a 'brass-board" LFP. This LFP was 
developed by Haldor Topsoe, Inc. under a subcontract. 

The ARPA/SCE AES SOFC system was successfully started without prior factory test 
on May 23, 1995 using desulfurized natural gas fuel. The logistic fuels processor was 
subsequently made operational and the SOFC fuel was switched first to jet turbine 
fuel reformate and later to diesel reformate. Through December 1995 the 
ARPA/SCE AES-SOFC system has endured four thermal cycles to room temperature 
and has accumulated over 4400 hours of operation, 765 hours on jet turbine fuel, 
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740 hours on diesel fuel, and 2940 hours on desulfurized natural gas. Through this 
period of operation there is no evidence of performance degradation. In addition, 
the ARPA program objective of producing at least 27 kW dc internal to the stack has 
been achieved for both jet fuel and diesel fuel. 

The 25 kW SOFC Cogeneration System was built for the Joint Gas Utilities, a 
consortium of Tokyo Gas and Osaka Gas, did not start successfully in Japan in 1992. 
It used two 20 kW class stacks with PST cells, but was subsequently rebuilt to use a 
single AES SOFC stack. The JGU AES-SOFC system began an extended factory test in 
March 1995. After 1200 hours of operation it was moved to Westinghouse's second 
generation SOFC pilot manufacturing facility (PMF). In mid January 1996, the JGU 
system passed 4000 hours of operation on desulfurized natural gas without sign of 
degradation. During this period the unit achieved 25 kW of power output and 
endured five thermal cycles to ambient temperature. 

The first 100 kW SOFC field unit is scheduled to be delivered to a consortium of 
Dutch and Danish utilities (EDB/ELSAM) in early 1997, and will be operated at a test 
site provided by NUON, one of the sponsoring Dutch utilities. The system will provide 
ac power to the local utility grid in addition to supplying hot water to the district 
heating system. System final design is in process, and the first cells are in production 
at Westinghouse's PMF. 

The package design for the 100 kW SOFC Generation System is shown in figure 2. 
Overall dimensions as Installed Indoors are projected to be 2.75 m wide by 8.42 m 
long by 3.58 m high, The unit is fabricated in five major subsystem skids for ease of 
transport. The SOFC generator skid contains the SOFC stack and the start-up 
electric alr heater, The fuel supply system skid contains the natural gas desulfurizers, 
a small boiler to provide steam for natural gas reforming during startup, and the 
necessary gas handling and flow control devices. The thermal management skid 
contains the exhaust gas heated recuperator, which heats process air, and the 
process air mover. The electrical distribution system is contained in suitable 
cabinetry that Is integrated with the thermal management skid. The power 
conditioning system is a separate skid located apart but nearby to the SOFC system. 
The heat export system skid contains the exhaust gas heated hot water export 
system. The 100 kW system will startup using a mixlure of desulfurized natural gas 
and steam. A quantity of reducing purge gas (3% hydrogen/ 97% nitrogen) is 
required during shutdown to protect the fuel cell anode when at elevated 
temperature and to purge the system of fuel. No stored hydrogen gas is required as 
was the case for previous SOFC field units, 

The 100 kW class AES-SOFC generator module contains 1152 cells arranged in 
twelve rows, with each row containing four cell bundles. Each bundle contains 
three cells in parallel and eight cells in series. Separating the cell rows are stack 
reformers. These stack reformers are heated directly by the cells, primarily via 
thermal radiation, Natural gas at elevated pressure is used as the primary fluid in an 
ejector that circulates depleted fuel and mixes it with the fresh fuel in order to 
provide the oxygen required to suppress carbon deposition and to support the 
reformation of methane, A small pre-reformer located within the module boundary 
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is used to convert the higher hydrocarbons prior to fuel introduction into the stack 
reformers. 

The 100 kW AES-SOFC system will deliver 100 kW net ac to the grid at an overall 
thermal efficiency of 50% (ac/LHV) and recover 25% of the fuel energy in heated 
water yielding a total fuel effectiveness (at 100 kW ac) of 75%. The maximum power 
output for the system is 160 kW net ac. At maximum power, the fuel effectiveness of 
the system will approach 80%. 

Bevufed Pressure SOFC ODerufion - Under a cooperative agreement with 
Westinghouse, Ontario Hydro Technologies (Om has tested SOFCs at elevated 
pressure. Most recently, a single AES cell typical of that to be used in the 100 kW 
SOFC field unit and in future units was tested at pressures of 1, 3, 5, 10, and 15 
atmospheres. Operation at elevated pressure yields a higher cell voltage at any 
given current and thereby permits higher stack efficiency and greater power 
output. Test operation at elevated pressure corroborates theoretical estimates of 
performance gain without evidence of deleterious effect after several thousand 
hours of operation. Endurance testing is presently underway. 

SOFW Combust ion Turbine Combined Cvc/e ConceD f -- The use of the SOFC stack 
as a replacement for the combustor in a gas turbine has been postulated in the 
literature. Recently, Westinghouse has analyzed the performance of pressurized 
SOFC stacks used In conjunction with specific gas turbines. One intriguing concept 
uses SOFC stacks as both the high pressure combustor for a gas turbine driving a 
compressor and the low pressure combustor for a power turbine driving an 
alternator. Process air is compressed in a two stage inter-cooled compressor before 
being introduced to the high pressure SOFC stack. The SOFC stack produces dc 
electricity and high temperature exhaust gas (850 degC). The high pressure SOFC 
exhaust is passed through the high pressure turbine stage driving the compressor 
and then is used as the process air for the low pressure SOFC stack. The exhaust 
from the low pressure SOFC is expanded through a power turbine connected to an 
ac alternator. The low pressure turbine exhaust is ducted through the recuperator to 
heat process air. 

This concept has been analyzed using a twin shaft Heron gas turbine system rated 
at 1.4 MW. A pressurized SOFC submodule using 2496 AES cells of 1500 mm active 
length has been configured based upon the stack to be used for the 100 kW SOFC 
field unit. The MW-class submodule is rated at 575 kW dc. Multiple submodules can 
be placed in a cylindrical pressure vessel as shown in figure 3 to yield an SOFC 
generator module of desired capacity. As an example, if two generator modules 
each containing four SOFC submodules are deployed with the Heron turbine, one 
SOFC module operating at nine atmospheres pressure and the second at three 
atmospheres pressure then the resulting power plant can deliver 5 MW ac at a net 
efficiency approaching 70% (net ac/ LHV). If the low pressure SOFC is not provided, 
the same turbo machinery coupled with the same high pressure SOFC stack will 
provide approximately 3 MW net ac at over 60% efficiency. 
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Cost estimates based upon preliminary plant layouts and projected costs for SOFC 
modules after approximately one year of cumulative production in a commercial 
manufacturing facility indicate that the installed cost for a power plant will 
approach $1 000/kWe. 

FUTURE FIE1 D UN IT DEMONST RATIONS 

The EDB/ELSAM 100 kW SOFC field unit will be placed into operation in early 1997. 
A second unit could be operational later that same year. Two successfully 
operating 100 kW SOFC units would provide a broad basis upon which to conclude 
that the technological development of the tubular SOFC is sufficient. The second 
100 kW unit is viewed as the vehicle to verify the cells fabricated with a single EVD 
processing step. 

OUTLOOK 

The first MW class field unit, a 3 MW SOFCjCT could be operational in the year 
2000, pending the Identification of a customer to host and partially fund the unit. 

The expected success of the 100 kW field unit(s) coupled with success in refining 
the manufacturing processes and in fabricating the MW class field unit(s) will trigger 
the Investment decision for a commercial SOFC manufacturing facility. This decision 
Is expected in 1999 with cell fabrication in the commercial production facility 
commencing in 2001. Additional resources, both skills and funding, could 
accelerate this schedule by about one year while reducing the technical risk. 

Preliminary market analyses indicate a large market for highly efficient, 
environmentally benign, dispersed power generators of capacity class less than 50 
MW. This should ease the market entry of early SOFC systems and portends the 
development of larger power plants as customer experience enhances demand 
and cumulative unit production lowers cost. 

The most significant challenge at this time is not technical, but programmatic- 
projects for the needed field unit demonstrations, the remaining process 
development, and the business of commercialization must be organized and 
funded, 
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Figure 2, Package Design for 100 kW SOFC 
Power Systems 

Figure 3. Pressurized SOFC Module 

Figure 1. SOFC Seal-less Generator 
Concept with Integrated Reformer 


