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CONTRACT INFORMATION the host systems for SOFC customer test units has 
been funded with customer and Westinghouse 

Experimental field units are an integral part of moneys. DOE has participated in the customer 
the Cooperative Agreement between test unit programs by providing the cells and in 
Westinghouse and the United States Department part, the stacks or generator modules. Test units 
of Energy (DOE) for the development of tubular have been operated by the customer at no cost to 
SOFC technology. The design and construction of DOE with data shared with Westinghouse and 
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DOE. Cells and generator modules are returned 
to Westinghouse at the completion of the 
customer test program. 

OBJECTIVES 

The development of a viable fuel cell driven 
electrical power generation system involves not 
only the development of cell and stack technology, 
but also the development of the overall system 
concept, the strategy for control, and the ancillary 
subsystems. The design requirements used to 
guide system development must reflect a customer 
focus in order to evolve a commercial product. In 
order to obtain useful customer feedback, 
Westinghouse has practiced the deployment with 
customers of fully integrated, automatically 
controlled, packaged solid oxide fuel cell power 
generation systems. These field units have served 
to demonstrate to customers frst hand the 
beneficial attributes of the SOFC, to expose 
deficiencies through experience in order to guide 
continued development, and to garner real world 
feedback and data concerning not only cell and 
stack parameters, but also transportation, 
installation, permitting and licensing, start-up and 
shutdown, system alarming, fault detection, fault 
response, and operator interaction. 

BACKGROUND INFORMATION 

Westinghouse has practiced the deployment 
with customers of fully integrated, automatically 
controlled, packaged solid oxide fuel cell power 
generation systems since 1986 when a 400 Watt 
system was supplied to the Tennessee Valley 
Authority. Subsequently, Westinghouse deployed 
two 3 kW SOFC systems with The Tokyo Gas 
Company, Ltd. and The Osaka Gas Company Ltd., 
and most recently several 20 kW class systems. 
The 20 kW class systems utilize the multi kilo- 
Watt (MKG) generator module or stack developed 
under a cooperative agreement with the United 

States Department of Energy- Morgantown 
Energy Technology Center (DOE-METC). This 
generator module contains 576 tubular SOFCs of 
nominally 16 mm diameter with 500 mm active 
length arranged in four quadrants. Each quadrant 
contains eight bundles of eighteen cells. This 
construction is shown in Figure 1. Originally 
designed to use cells that employ a porous zirconia 
support tube (PST), the stack design has most 
recently been adapted to use the air electrode 
supported (AES) cell design. 

I 

Figure 1. MKG SOFC Generator Cross 
Section 

PROJECT DESCRIPTION 

The UTILITIES, a consortium of the Kansai 
Electric Power Company (KEPCO), Tokyo Gas, 
and Osaka Gas tested three MKG class SOFC 
stacks in fully integrated automatically controlled 
systems. The stacks utilized the porous support 
tube (PST) type of tubular SOFC. The 
UTILITIES’ systems are packaged dc generation 
systems that use one 20 kW class (MKG) SOFC 
stack per system enclosure. The most successful 
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of these achieved 7064 hours of operation 
generating electric power before planned 
shutdown in March 1994. The last 5200 hours of 
operation were without forced outage. Further 
details along with results may be found in the 
literature. (See for example references 1,2,4 
and 5)  

The Southern California Edison Company 
tested a sibling SOFC system, shown in Figure 2, 
for 6OOO hours before planned shutdown on May 
2, 1995. In late May, a Westinghouse field service 
team exchanged an AES generator module 
(stack)for the PST type then in place, and 
restarted the system on May 23 after completing 
revisions to the SOFC system to permit heling by 
either natural gas or reformate from a logistic fuels 
(diesel or jet turbine fuel) processor. 

Figure 2. SCE 20 k W  SOFC Power System 

The Joint Gas Utilities (JGU), a consortium of 
the Tokyo Gas Company and the Osaka Gas 
Company, sponsored a 25 kW SOFC cogeneration 
system that utilized two MKG class SOFC 

modules in a single packaged enclosure. A 
description of this unit and its performance can be 
found in references 3 and 6. The JGU unit did not 
perform satisfactorily and arrangements were 
made for its repair. The cogeneration system was 
modified to accept a single AES-SOFC module in 
place of a previously used pair of PST type 
modules. An extended factory test that was 
initiated on March 22, 1995 was suspended on 
May 11 after 1200 hours of operation because the 
integral reformers became deactivated. The 
reformer catalyst will be replaced and a restart is 
expected in August 1995. 

In addition to providing benchmark endurance 
data for high temperature fuel cell stacks, the 20 
kW systems will guide design and development of 
the next SOFC field unit of 100 kW class. 

The first 100 kW SOFC field unit is scheduled 
to be delivered to a consortium of Dutch and 
Danish utilities in late 1996, and will be operated 
at a test site provided by NUON, one of the 
sponsoring Dutch utilities. This unit will use the 
latest in Westinghouse’s tubular SOFC 
technology, AES cells of nominally 22 mm 
diameter by 1500 mm in active length. System 
final design is in process, and the first cells are in 
trial production at a second generation pilot 
manufacturing facility provided by Westinghouse. 

Testing of cells typical of the 100 kW unit has 
been initiated by Westinghouse. In addition, 
sibling cells will be tested by the Kansai Electric 
Power Company in an automated test apparatus 
purchased by KEPCO from Westinghouse. This 
test apparatus is capable of exercising up to four 
cells simultaneously under both steady conditions 
and transient conditions in a programmed thermal 
cycle. To date, KEPCO has exercised AES cells 
typical of the 20 kW class systems. 
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Table 1. 
Record of SOFC Field Unit Programs 
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RESULTS 

Table 1 provides a summary of the 1020°C. M e r  about 1700 hours, system 
performance began to decline. The last 4000 
hours of operation was not continuous, but was 
interrupted by three site power outages at the SCE 
test site, at 1900 hours into the test, and at 4550, 
and 5100 hours. The stoppage that occurred at 
the 5100 hour point coincided with the end of the 
year holiday season, and as a result no attempt was 
made to restart until 5700 hours into the program. 
Unfortunately, the electric air heater used for 
startup failed at this point and the restart was 
aborted. The spare heater was installed, but 
programmatic difficulties within SCE prohibited 
restart until 6400 hours into the program, in 
February 1995. From this date until the planned 
final shutdown, operation went smoothly although 
the power capability of the stack was declining. 

characteristics of Westinghouse SOFC field units 
to date. 

A 20 kW SOFC system unit was delivered to 
the Highgrove Generating Station of SCE in 
Grand Terrace (near San Bernardino), CA in 
March 1994, and in late May 1994 an MKG type 
PST-SOFC stack was installed. The unit was 
successfully started on June 7, 1994. On May 2, 
1995, the unit was shut down in order to pennit 
installation of a new stack incorporating the air 
electrode supported (AES) tubular cell 
technology. 

A record of the terminal power as a function of 
time for the program period is shown in Figure 3. 
For a program period of 8000 hours, the unit 
operated for 6079 hours. Shortly after startup, the 
unit suffered two unscheduled shutdowns. The 
first was due to inadequate natural gas pressure 
into the gas compressor, and the second was due 
to an inadvertent interruption of UPS sourced 
power to the unit. For the frst 1700 hours of 
operation, cell performance improved with time 
and SCE operators exercised the system over a 
range of operating parameters. The maximum 
power achieved was 18.9 kW at 85% fuel 
utilization and a generator control temperature of 

Figure 3. Power vs Time 
SCE 20 k W  SOFC Power System 

In late May 1995, a Westinghouse field service 
team removed the PST type stack and returned it 
to Westinghouse manufacturing facilities in 
Pittsburgh for post test evaluation. A replacement 
stack utilizing air electrode supported (AES) cells 
was installed. This new stack was fabricated as 
part of a project funded by the United States 
Department of Defense (DOD) Advanced 
Research Projects Agency (ARPA) administered 
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by the National Aeronautics and Space Agency 
(NASA) under contract NAS3-27022. 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 located externally 
to the SOFC system. The NASA contract also 
supported the development of a “brassboard” 
logistic fuels processor. This LFP has been 
developed by Haldor Topsoe, Inc. under a 
subcontract. 

temperature of 1050°C at 770 hours of operation. 
The achievement of higher power levels at lower 
values of fuel utilization was foiled by insufficient 
site natural gas pressure. The power curve as 
shown in Figure 5 is extrapolated from 215 to 240 
Amperes. 

The ARPNSCE AES SOFC system was 
successfully started on May 23, 1995 and will 
operate on natural gas fuel until such time as the 
LFP is ready for use. During the period June 12 
through June 29 the SOFC system was exercised 
using natural gas as fuel. Shown in Figure 4 are 
voltage versus current plots for generator control 
temperatures of 1020, 1035, and 1050°C. The 
generator control temperature coincides roughly 
with the temperature at the centroid of a quadrant 
of the active stack. In general the 20 kW class of 
SOFC systems can not operate on natural gas at 
generator currents less than approximately 100 
Amperes because there is concomitantly 
insufficient fuel pressure for the ejector type spent 
fuel recirculation pump to recirculate sufficient 
water vapor and COz to maintain the 0:C ratio as 
required. The system is controlled to maintain 
generator voltage above a pre-defined limit, which 
limits the maximum achievable current and power. 
Figure 4 shows that this limit coincides presently 
with a terminal voltage of approximately 116 
Volts. It can be seen that operation at higher 
generator temperatures has no benefit at current 
less than about 140 Amperes, and an increasing 
benefit at higher current. Figure 5 shows the 
power capability of the AES-SOFC stack as a 
function of current at the same three control 
temperatures. The curves are almost congruent 
over their common range. A power level of 25 
kW was achieved at 215 Amperes and 83% fuel 
utilization, 18% air utilization with a control 

Figure 4. Voltage vs Current 
ARPNSCE 25 kW AES-SOFC Power System 

Figure 5. Power vs Current 
ARPMSCE 25 kW AES-SOFC Power System 
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A plot of power versus time of operation for 
the ARPNSCE AES SOFC system is shown in 
Figure 6. One forced outage is shown. This 
outage was caused by the process air duct not 
being secured to the blower discharge nozzle 
following the PST/AES stack exchange operation. 
Note from Figure 7 that through 1200 hours of 
operation, the AES-SOFC stack continues to 
improve in performance. 

Factory test of the JGU-AES-SOFC 
Cogeneration system was initiated on 22 March 
1995. One anomaly apparent early in operation 
was that there was a much more marked spread in 
the control temperatures for the four quadrants, 
approximately 50°C, than had ever been observed 
in the past. Except for this quadrant to quadrant 
temperature anomaly, the stack appeared to be in 
excellent condition with good internal voltage 
balance and good internal temperature distribution. 

Figure 6. Power vs Time 
ARPNSCE 25 k W  AM-SOFC Power System 

Figure 7. 100 k W  SOFC Power System 

For approximately 500 hours the cells 
continued to improve and current was increased. 
A maximum power of 21.4 kW was achieved at 
180 Amperes, and 80% fuel utilization. Cell 
voltage improvement was observed until about 
850 hours into operation, after which it was 
observed the cells in three quadrants were 
declining in voltage. Various diagnostic activities 
were undertaken, and at approximately 1200 hours 
of operation the unit was shut down since it 
became clear that the reason for the voltage 
decline was a combination of deficient fuel flow in 
the hottest quadrant due to a fuel leak and 
reformer deactivation as evidenced by a change in 
the temperature distribution and an increased 
burden on the air heater to maintain temperature-- 
i.e. cooling of the cells. 

After shut down of the JGU unit, cold flow 
tests were conducted to confuln balance in air and 
fuel flows and corrective measures taken to ensure 
fuel flow balance and eliminate a fuel leaks from 
the reformers. In addition, the reformer catalyst 
has been replaced and the control algorithm 
designed to ensure adequate oxygen to carbon 
atom ratio in the reformer revised. 

The JGU 25 kW AES-SOFC Cogeneration 
system was moved from its site of manufacture, 
the Westinghouse Pre-Pilot Manufacturing Facility 
(PPMF) in Monroeville, PA to the new Pilot 
Manufacturing Facility (PMF) located at the 
Westinghouse Science and Technology Center in 
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mid July 1995. Factory test of this unit is 
expected to resume in August 1995, at the PMF. 

CONCLUSIONS 

AES cell stack V-I performance is in general 
agreement with expectations based upon single cell 
tests. 

The MKG class SOFC stack when equipped 
with AES cells can achieve a power output in 
excess of 25 kW, a 25% improvement relative to 
the capabilities of the PST-SOFC stack. 

As evidenced by opiration of the SOFC 
system at the Highgrove Generating Station of 
Southern California Edison, the SOFC system is 
maneuverable across the range of its control 
parameters and operation and maintenance by 
utility personnel is easily accomplished. 

As evidenced by operation of the SOFC 
system at the SCE site, automatic shutdown in 
response to faults and subsequent recovery to 
automatic operation is a normalized procedure. 

Southern California Edison’s operation of an 
SOFC system for six thousand hours of power 
generation represents a domestic record for high 
temperature fuel cells of 20 kW capacity class. 

FUTURE WORK 

Under the sponsorship of the Advanced 
Research Projects Agency of the Department of 
Defense, the 25 kW AES-SOFC system now 
operating at Southern California Edison with 
natural gas fuel will be switched to processed 
logistics fuel. This switch-over in fuel is scheduled 
to occur in July 1995. 

The extended factory test of the JGU 25 kW 
AES-SOFC Cogeneration System will be resumed 
in August 1995. 

The first field unit to incorporate the 22 mm 
diameter by 1500 mm long AES SOFC is a 100 
kW SOFC Power System shown in Figure 7. This 
unit is sponsored by a consortium of Dutch and 
Danish utilities designated as EDBEUAM. The 
unit will be tested at the NUON (one of the 
sponsoring Dutch utilities) district heating site at 
Westervoort, The Netherlands. 
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