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Introduction

The Institute of Gas Technology (IGT) has been in the forefront of
molten carbonate fuel cell (MCFC) development for over 25 years. During this
period, we have made a number of innovative materials and process discoveries.
Numerous cell designs have been tested and extensive tests have been performed
on a variety of gas manifolding alternatives for cells and stacks. Based upon
the results of these performance tests, IGT's development efforts started
focusing on an internal gas manifolding concept. This work, initiated in
1988, is known today as the IMHEX® concept. The merits of the IMHEX* process
were well documented in the laboratory and it's commercial potential became
evident. To speed the commercialization of this innovative technology, IGT
formed a new company called M-C Power Corporation (HCP). The sole mission of
MCP is to scale up stack components to commercial size, demonstrate system
performance, and field test under real-life conditions. Today, MCP continues
to be owned by IGT (majority owner), Asea Brown Boveri-Combustion Engineering,
Inc. (ABB-CE) and Ishikawajima-Hariraa Heavy Industries (IHI).

MCP and IGT are continuing the development of IMHEX« under U.S. Depart-
ment of Energy (DOE), Electric Power Research Institute (EPRI), Gas Research
Institute (GRI), and internally-generated funding. These same sponsors, to-
gether with San Diego Gas and Electric, the State of Illinois Department of
Conaerce and Community Affairs, Union Oil of California, Southern California
Gas Company, and the South Coast Air Quality Management District, are sup-
porting HCP in 20 kW subscale system testing and a dual-fueled 250 KW demon-
stration program. MCP has developed a comprehensive commercialization program
leading to the sale of commercial units in 1996. In this program, IGT is
responsible for component research and development to improve stack endurance
and performance. HCP's role is in the manufacture of stack components, stack
assembly, MCFC subsystem testing, and the design, marketing and construction
of MCFC power plants. MCP is the leader in the commercialization effort,
supported by IGT and an engineering subcontractor.

During the past 2-1/2 years, numerous subscale (1 ft ) stacks have been
operated containing between 3 and 70 cells. These tests verified and demon-
strated the viability of internal manifolding from technical (no carbonate
pumping), engineering (relaxed part dimensional tolerance requirements), and
operational (good gas sealing) aspects. Simplified fabrication, ease of
assembly, the elimination of external manifolds and all associated clamping
requirements has significantly lowered anticipated stack costs. Ongoing 1 ft
stack testing is generating performance and endurance characteristics as a
function of system specified operating conditions. Commercial-sized, full-
area stacks (10 ft ) are in the process of being assembled and will be tested
in November.



This paper vill review the recent developments the NCFC scale-up and
manufacture work of MCP, and the research and development efforts of IGT which
support those efforts.

Background

History

IGT has had a long and productive history in the development of HCFC
components, cells and stacks. The origin of this effort began in the early
1960's when the gas industry and IGT management envisioned a large market for
dispersed electrical generators powered by a clean fuel, natural gas, already
widely distributed by a national pipeline network. Such dispersed generators
would be neighbor-friendly, emit essentially zero pollution, have no Caroot-
cycle efficiency limitations, and would essentially eliminate the usual
transmission and distribution costs incurred by an electric utility. Today,
we realize how prophetic their vision was. Utilities and prospective end
users are showing increased interest In testing fuel cells. They are no
longer a laboratory curiosity. All three generic fuel cell types are finding
their respective unique place in the electrical energy generation mix today.
That is, no one fuel cell type can possibly serve the very broad range of
commercial, industrial, and utility applications. IGT is unique in that it
has been intimately involved in the development of all three of the most
advanced fuel cell types: PAFC, HCFC, and SOFC. The objective and purpose of
our research has been, and continues to be, aimed at providing low-cost
service to the utility customer. Based upon comprehensive technical and
business analyses, IGT has concluded that the MCFC system offers superior
performance at lower cost than the other fuel cell systems. The HCFC is also
Ideally suited for dispersed power generation and base load plants.

Our NCFC research and development efforts have has been aulti-
disciplinary and cover virtually every material, component and design con-
figuration used to advance development. We refer to our approach as the IGT
Quality Circle as shown in Figure 1. This diagram illustrates how technical
and economic aspects are taken into account early in the developmental pro-
cess. Technical and economic trade-offs are evaluated, taking into consider-
ation other issues which will impact design and performance goals. This
approach was instrumental in improving performance, and scaling up cell sizes
from 3 cm2 to 1000 cm2 (Figure 2) using cost-effective cell materials and
fabrication processes. Commercial size (10 ft ) cell components are being
prepared for stack testing later this year. This stack will incorporate
hardware designs that have been successfully demonstrated at the 1 ft level
containing as many as 70 cells. The 70-cell stack test was the world's
tallest HCFC stack and it fully demonstrated the "stackabllity" of the ZHHEX*
HCFC stack.

Stack Development

When single cells are scaled-up in size and stacked atop each other, the
three major concerns (Table 1) become gas manifolding, gas distribution, and
carbonate management. Evolution of the HCFC technology and system was led by
IGT. It involved the development of small single cells which resulted in 1 ft
stacks. Throughout this development process, many cell design variations were
evaluated. The same is true for stacks which also involved design, assembly



and testing. The areas of investigation are sunnarized in Table 1. Gas Mani-
folding and ft w field configuration experience, combined with an in-depth
assessment of world-vide fuel cell development efforts, resulted in IGT'a
selection of internal manifolding as basis for future developmental work.
This decision was made in 1986.

Table 1. HCFC STACK DEVELOPMENT

• Gas Manifolding
External
Internal

• Gas Distribution
Flat Plate
a. Ribbed Electrodes
b. Separate Kintex Ribs
Corrugated Plate

• Carbonate Management
Add Carbonate in Gas Passages
Add Carbonate to Electrodes
Carbonate Tapes

The chosen internal manifolding approach is similar to and is an adapta-
tion of the plate-type heat exchangers shown in Figure 3 which is commercially
available. The name of IMHEX® (Internal Manifolded Heat Exchanger) is used to
describe our approach to the development of internally manifolded MCFC stacks.
This heat exchanger technology is available in a wide variety of sizes and
lends itself well to large cell area stacks and factory assembled modular
units (Figure 4).

Internal manifolding can utilize either penetrated or non-penetrated
electrolyte matrices for forming the internal gas distribution conduits. In
the penetrated approach, the matrices form the seals in the manifold areas
via holes in the planar area. In the non-penetrated approach, supplementary
insulating gaskets are used to form the gas seals in the manifold areas. The
manner in which the gases are fed to the cells in a stack can take on several
variations, spanning the range of many smaller holes (Figure 5) to only four
holes (Figure 6). In both approaches, gas sealing in the manifold areas is
accomplished by extending the electrolyte matrices to the outer edges •>£ the
separator plate. Therefore, the electrolyte matrix seals around the cell
active area in the traditional "wet seal" manner as well as forming additional
"wet seals" in the gas manifold area.

The discussion which follows further addresses the penetrated
electrolyte matrices approach, with emphasis on how its selection ensures good
gas sealing, and eliminates carbonate creepage/pumping in the gas manifold
areas and undesirable carbonate creepage to the cell hardware.

In the penetrated alternative, the electrolyte matrix extends to the
very edge of the cell plane and is used as the wet seal as well as the seal
around each gas conduit port. As a result, good sealing is obtained all
around the cell plane. Another advantage is the elmination of additional
gaskets. The cell package can accommodate a wide range of carbonate addition



techniques, including the use of carbonate tapes. The carbonate tape and the
L1A1O2 matrix extend to cell edges and although the inter-cell separation
decreases in proportion to the thickness of the carbonate tape, when the tapes
melt (Figure 7), sealing and conformity of all cell components is maintained
at all tines. That is, during cell heat-up prior to carbonate tape melting,
sealing is maintained in the wet seals and around each gas conduit. This is
made possible because the carbonate tapes as well as the LiAl(>2 extend to the
respective sealing surfaces and contain a rubbery binder. Therefore, during
binder burn-out, which occurs before the carbonate nelts, gas flows are
maintained and sealing i£ obtained. Once the binder is burned off and the
cell temperature is raised to the melting point of the carbonate, the melting
carbonate is absorbed by the porous L1A102 matrix and the electrodes. As the
carbonate tapes melt, the inter-cell spacing decreases by the amount of the
thickness of the carbonate tapes. Therefore, at all stages of cell start-up
(from room temperature to 650'C), the cell sealing is maintained. The gas
access and egress from each cell is provided by conduits in which appropriate
blanking and slots exist in the fuel cell separator plate.

To date, most stack developmental work in the U.S. has focused on the
external manifold approach. The primary factors which led 1GT and MCP to drop
externally-manifolded stacks are the gas leakage and carbonate pumping
problems associated with the gas manifold area. The crux of the problem
centers around maintaining adequate gas seals at the external manifold —
manifold gasket — cell stack interface while preventing carbonate "pumping"
along the potential gradient from the bottom to the top of the stack. Because
the manifold is a fixed length and must be rigid and stiff, significant
problems are encountered by changes in cell stack height during heat-up,
carbonate impregnation and during cell operation. Many techniques for
insulating the metal manifold from the cell stack have been investigated with
varying degrees of success. There is difficulty in providing a sliding (to
accommodate movement of cells in the stack) seal, that is gas tight, and
electrically insulating and carbonate impermeable. This problem remains
unsolved. The problem becomes even more severe when larger stacks (both in
number of cells and larger planar area) are considered. When more cells are
used, the electrical potential driving the carbonate in the seal increases.
When the planar area of the cell increases, the linear tolerances of each
component and the horizontal alignment of each component during stack assembly
become extremely difficult to maintain in order to keep the mating surface
between the manifold, the manifold gasket, and the cell stack "smooth and
uniform" enough to form a seal. The sketch shown in Figure 8 shows what
happens at the manifold-gasket-cell stack interface when perfect alignment of
all cell components are not obtained. This mismatch can easily equal the
thickness of the gasket and will result in poor sealing. Proposed solutions
to this problem are either extremely expensive or will only provide a short-
term solution. Assuming that the gasket is 0.020" thick when compressed, this
requires extremely close tolerances to be maintained on the linear dimensions.
That is, if we consider a 9 ft2 cell, the linear dimensions (36" ±0.010") and
parallelism of each edge of every component would have to be better than
±0.010" in order to seal. Considering the welding, annealing and other
fabrication steps involved, such tolerances are most likely not possible at
any cost. Of course, one can use a thicker gasket but then the carbonate
pumping problem becomes more severe.



Also, when external manifolds are used, an additional problem occurs
when the number of cells in a stack Increases to the full size level (-600
cells). The problem is associated with the required stiffness of the manifold
and how the clamping force required to force the manifold onto the cell stack
is applied. Stacks containing 600 cells can be approximately 10 feet tall.
This requires that the rectangular external manifolds also be at least this
length. Because of thermal gradients, differential thermal expansions, and
the strength of materials used for the manifolds, a very elaborate and
expensive means of clamping the manifold to the stack is required to maintain
that tolerance required, ±0.010", if a 0.020" gasket is used. That is, all
along the 10' length of the external manifold, no more than a flexural deflec-
tion of ±0.010" is permissible. This seems impossible to maintain even if no
thermal gradients were present and if the stack were not required to thermal
cycle. Of course, the stiffness can be increased by using thicker gauge
materials for the manifold and using thick reinforcing bars to distribute the
clamping force. Both of these fixes are costly and still may not be adequate
if thermal gradients are present. Remember, this external manifold will be a
rectangular channel approximately 10 feet long, 3 feet wide, and 2-4 inches
deep for a 600 cell stack having an active area of -9 ft . Buckling, warping,
and ratcheting can be expected during heating or cooling or during operation,
due to thermal gradients. Maintaining the required close flatness (±0.010")
along any one of its dimensions will be very difficult to achieve.

M-C Power Corporation (HCP) Manufacturing Capabilities

As was mentioned in the introduction, HCP was formed for the sole pur-
pose of commercializing IGT's MCFC technology. Since its founding 3 years
ago, MCP has scaled up the 1GT technology and has built and operated a pilot
manufacturing facility producing commercial-sized fuel cell components. A 48-
inch wide continuous tape casting line (Figure 9) and a sintering oven
(Figure 10) can produce 3 MW of components per year. This rate could be
increased by at least a factor of four by an additional tape casting line and
three-shift operation. These MCFC component manufacturing and stack testing
facilities include state-of-the-art technology. It is probably the largest
and most sophisticated facility of its kind.

Technical Discussion

Merits of IMHEX«

During the past 2-1/2 years, the MCP/IGT team has conducted out-of-cell
tests and operated seven stacks to confirm the IMHEX® design concept.
Laboratory testing has proven that the IMHEX® internal manifolding approach
has the following desirable features:

1. Because the IMHEX® design has no external gaskets and/or seals, electro-
lyte pumping does not occur.

2. The IMHEX® design requires a holding force to be applied in only one
direction — the vertical direction. As a result, all cell wet seals
experience the same constant and uniform holding force as the active
area components. This feature is unique only to internally manifolded
designs and it substantially simplifies stack designs and reduces costs
compared to externally manifolded designs.



3. The uniaxial holding force feature, combined with inherent factors
associated with the IMHEX* design, results in excellent gas sealing
across the wet seals. Stack tests have shown that good sealing is
maintained at AP's across the seals of 2 psi (-52 in. H2O). Externally
manifolded designs lose their sealing qualities at 1-order-of-aagnitude
lower AP's. This is an extremely important property when considering
pressurized cell operation. In order to prevent manifold leakage or
cell leakage in an externally-manifolded stack operating at 50 psi, the
pressure differences (AP's) between the oxidant, fuel, and the vessel
gas must be controlled to less than ±0.2 psi. Based on the above-
mentioned test data, an IMHEX* design operating at 50 psi pressure would
only have to be controlled to 12 psi. This significantly reduces the
control system costs and it certainly improves reliability. That is,
the ability of the fuel cell stack to tolerate system upsets and/or
operating transients caused by changes in load demand.

4. Changes in stack height during start-up, steady state operation, and
thermal-eyeling are inherently accommodated. The rigid manifolds needed
for externally manifolded stacks, makes such accommodation difficult or
nearly impossible. Since every power plant is expected to be periodic-
ally thermal cycled for routine system maintenance, the ability of the
stack to freely expand/contract is a very important property because the
electrolyte matrix is known to exhibit brittle ceramic behavior at
temperatures below the melting point of new carbonates. Thus, the
IHHEX* design is expected to provide superior endurance and reliability.

5. Improved endurance and performance are possible because a superior means
of carbonate addition (tapes) is possible with 1MHEX*. Externally mani-
folded systems cannot use this method because the changes in inter-cell
spacing (Figure 6) during carbonate melting cannot be accommodated by
the rigid external manifolds.

Stack Tests

A summary of the seven stack tests made to date by IGT and MCP is shown
in Figure 11 and Table 2. Although the prime responsibilities of HCP is to
scale-up the HCFC technology and manufacture and market the commercial MCFC
system, they have participated in an increasing degree in the assembly and
testing of the stack tests to accommodate all aspects of technology transfer.
IGT provided the lead in the first four stack tests and HCP led the last three
tests. Also, the active area component production was scaled up from IGT's
batch process 18" wide components to 48" wide continuous casting components
made by MCP on commercial-scale equipment. Stack Tests MCP-1 and MCP-2 used
1 ft size components cut from production runs on the MCP continuous
production equipment.



Table 2. SUBSCALE STACK TESTING HISTORY

Stack

IGT-1
IGT-2
IGT-3
IGT-4
IGT-5
MCP-1
MCP-2

No. of
Cells

10
10
3
5

24
20
70

Power,
kW

0.4
0.6
0.2
0.5
2.5
1.9
8.7

Power,
Watts/cell

40
60
67
100
104
95
115

Hours of
Ooeration

430
850
580
340

1225
1350
1580

Start
Date

08/88
01/89
05/89
11/89
04/90
12/90
04/91

A number of significant points can be seen from Figure 11 that require
mention. The first being the steady improvement in performance with each
stack test. Performance advances are attributed to the continuous improvement
in active area component quality tolerances (mps, porosity, and thickness
uniformity) and the quality (flatness, bowing, and pressed definition) of the
sheet metal separator plates. The majority of this improvement is attributed
to the quality of the pressed separator plate. Both "fine-tuning" changes in
the forming die and improved weldments provided the two most significant
benefits. These improvements were substantial enough to eliminate the heat-
treating/flattening step necessary in the first four stack tests.

The next significant point to note is that the steady improvement in
quality continued to be achieved when the component manufacture and cell
assembly was transferred to the commercial-sized equipment at HCP. In fact,
the results of the 70-cell stack (MCP-2) show that the reference bench-scale
(100 cm ) performance routinely achieved was equalled and even exceeded. We
attribute this primarily to being able to produce components with tighter
tolerances on the large continuous production equipment. That is, the
continuous fabrication equipment produces better quality components than the
pilot batch processes used in the development work at IGT.

The operating performance of MCP-1 and MCP-2 are shown in Figures 12 and
13. In all cases, stacks are loaded when they reach the -650°C operating
temperature. The fact that data is not shown for some periods of time merely
indicates that during that particular time other diagnostics and/or load
conditions were being used. All stacks generally showed the same trends with
time — a slowly increasing level of performance. Because of the aggressive
testing schedule and the changes being made to improve component characteris-
tics based on test results, the test durations have been limited as shown in
Table 2. However, during this time, the performance was increasing and each
stack test was voluntarily terminated to make way for the next test. During
the coming year, additional stack endurance testing will take place, since the
majority design fine-tuning has been completed.

As mentioned earlier, the IMHEX* internal manifold design is expected to
significantly improve stack endurance because:

1) No carbonate pumping is possible

2) Carbonate losses due to creepage onto active area hardware is essen-
tially eliminated because of the placement of carbonate tapes.



3) Because carbonate creepage ia minimized, metallic corrosion la signifi-
cantly reduced.

The results of carbonate Inventory analyses for the terminated stacks
are shown in Figure 14. Two very significant conclusions can be made:

1) fifi carbonate pumping along the voltage gradient from the bottom to the
top of the stack was observed.

2) Essentially no. carbonate losses were observed.

These analytical results were substantiated by two further facts. Firstly,
metallic separator sheets were "dry" — no carbonate was observed (except in
wet seal areas where it is essential to have a carbonate seal) verifying no
creepage had occurred. Secondly, the downstream piping from the test stand
used for the first five stacks which had accumulated in excess of 3500 hours
of testing was completely sectioned and no measurable carbonate could be
detected. This verifies low or no carbonate losses due to creepage,
vaporization, etc. Again, this is due to the IMHEX* design and method of
operation. Supplementary 100 cm bench-scale cells have operated well for
5000 hours, were voluntarily terminated, and showed similar results — no
carbonate losses.

The excellent gas wet sealing mentioned earlier is shown in Figure 15.
As previously stated, this degree of sealing is due to the IMHEX* design where
only a uniaxial holding force is applied uniformly across the total planar
area of the cell including the internal manifolds.

MCP's Cpmm?ri7ifll-Scale Development

MCF's sole mission and the reason for its formation is to commercialize
MCFC technology. They, and their subcontractors, are presently developing/
implementing market strategies, developing product specifications, developing
system configurations to minimize risk and COE, and evaluating improved
alternative cell and stack manufacturing processes. Also, a manufacturing
cost study for a commercial-scale stack manufacturing and assembly plant has
been developed. The study confirmed the competitiveness of the IMHEX* stack
design and manufacturing process.

MCP's short-term goal is to design manufacture, and test approximately a
250 KW power plant by the end of 1993 (Figure 16). This stack will contain
250 cells, each having a planar area of 10 ft . These cells are similar in
design concept to the 1 ft stacks demonstrated thus far. The full area
active area components will be fabricated on the MCP tape caster (Figure 9)
and the MCP sintering furnace (Figure 10).

As can be seen in Figure 16, this 250 KW power plant is only the first
step in MCP's overall commercialization plans. Additional testing, verifica-
tion, and endurance work is planned with close help and cooperation from a
utility advisory group and a recently formed organization called ACCT-Alliance
to Commercialize Carbonate Technology. This alliance consists of utilities
that are interested in assuring that the power-producing systems being
developed meet their needs. To this end, they will participate in the
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analysis of field testing, will review designs and market plans, and will
provide recomendations froa the utility perspective. The goal is to design,
build and test MCFC power generation systems that are responsive to user
needs. ACCT currently has about 25 members. Figures 16 and 17 show the
commercialization schedule and the system demonstrations that are planned to
prove system performance under real-life conditions. Utilities and end-users
involved in the demonstration and field testing efforts will likely place
initial orders. MCP will take orde s as early as 1994, to start producing
power systems in 1995-96 and provide initial delivery in 1997.

The work reported herein is the result of many motivated people both at
IGT and MCP. Without the long support of the gas industry, A.G.A. (the
predecessor of GRI), GRI, EPRI, and more recently, DOE, this work, and our
contribution to the MCFC technology, would not have been possible.

(LMpaperA.doc)
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Figure 3. SUPERCHANGER PLATE AND FRAME HEAT EXCHANGER
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Figure 4. LARGE AREA PLATE AND FRAME HEAT EXCHANGER
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Figure 6. HEX STACK CONCEPT
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Figure 9. MCP FULL AREA TAPE CASTER
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Figure 10. HCP FULL AREA SINTERING FURNACE
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Figure 13. STACK MCP-2/70 (75% FUEL UTILIZATION)
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