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Cold combustion is a promised technology to mankind since the middle of
the last century. The fuel cell may at last become the energy machine of the
one to come after a long journey on a road bordered with expectations,
successes and disappointments. Ten billion people will need the cell for
their well-being. The progress and the state of art is assessed by means of
figures of merit for performance, normalized to standard conditions, life
and variability. State of art current densities for multi-kVV stacks operating
on atmospheric pressure air at 0.74 V cell voltage (50% efficiency, HHV) are
estimated to be 150 mA/cm 2 for MCFC, 160 mA/cm 2 for AFC, 230 mA/cm 2
for PEFC and 270 mA/ cm2 for SOFC. PAFC gives 260 mA/ cm2 at 0.66 V and
DMFC 100 mA/cm 2 at 0.37 V. Decay rates are about 1 %/1000 h for PEFC
PAFC and SOFC, compared to 2%/1000 h for AFC and 3 %/1000 h for MCFC.
Coefficients of variation for cell voltages amount to about 1 % for all
options, except for MCFC with 3-4 %. Improvement of cell performance
after 1975 is nil to moderate, except for SOFC with a consistent annual
improvement of about 10 %. There is room for further development of
terrestrial AFCs towards 300 - 400 mA/cm 2 considering the figure 800
mA/cm 2 for oxygen AFCs. Life and cost will decide the future of the fuel
cell. Prospects are not as good as they could be. The fuel cell community
lacks understanding of the basics of fuel processing, as demonstrated by the
widespread misbelief ("the CO2 syndrome") that CO2 cannot be removed
cost effectively from a hydrogen feed (which is practiced in every NII3 plant
around the world). The competition, read the gas turbine, has to be taken
very seriously. Emphasis has to be shifted from premature demonstrations
to R&D on fundamental problems, which have been around too long.
(Keywords: fuel cells, technology assessment, performance normalization,
life, variability, development curves,
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The magics of cold combustion at the two electrodes of the fuel cell were
revealed and demonstrated by Grove towards the middle of the last century
at the Royal Institution. The high efficiency of the direct conversion of
chemical energy of a fuel into electricity - work done on electrons instead of
heating up gases - n a s defined by the thermodynamic relation formulated
by Gibbs and Helmholtz. The environmental features "kein Feuer, kein
Rauch" were stressed by Ostwald, another famous 19th century scientist and
early Nobel prize winner. Many researchers and inventors have since then
struggled with unwilling matter to materialize this vision into practical
generators of electricity.
The intention was to update an earlier state of art report (1) with data from
the 1992 Fuel Cell Seminar, PCS 92, in Tucson, Arizona. It was found that
not much of real technical significance had occurred after the preceeding
seminar, FCS 90. Therefore the scope was expanded to cover developments
since the late fifties.
This is not a review describing programs, ongoing demonstrations and
research achievements. The paper is concerned only wif.h figures expressing
facts and realities of the fuel cell world. Technicalities behind presented
figures shall not be treated.
Figures of merit for properties like performance, variability and life were
derived from available sources in particular proceedings and notes from
fuel cell seminars in the linked States, fuel cell books and reviews. The
Fuel Cell Handbook (34), in the following referred to as the handbook, and

tin assessment report (2), the l'enner report, have served a^ particularly
important sources or" information.
Original data were normalized" for fair comparison. The normalization
procedure is admittediv quite rough but produces a more consistent picture
than an assembly of original data obtained under widely varying conditions.
Original data may be recalculated by running the normalization procedure
in reverse".
The fuel cell may, or may not, become the universal energy machine of the
next century in the footsteps oi the steam engine and the engines with
internal or external hot combustion.
The fuel cell should be given a fair chance. Ten billion people a few
generations ahead need the high efficiency and the environmental quality
of cold combustion. Realization of the fuel cell vision requires a much
stronger development effort with more industrial participation than today.
Governments have to take full responsibility for this to occur. Fuel cell
technology is a multi-facetted discipline compared to e.g. turbine
technology, which complicates assessment of this technology for proper
priority setting and resource allocation.
A look in the back-mirror shows that the recent fuel cell history is in a sense
a "follow John" game. Priorities formulated in the United States were
adopted in Japan and then in Europe. The thinking within the fuel cell
community seems sometimes to be governed by ttxioms considered to be
self-evident requiring no proof.
The COi syndrome is caused by such an axiom: "alkaline fuel cells, AFCs,
are not suitable for utility applications since costs for CCb removal are
prohibitively high". I he ammonia plants around the world, equivalent in
capacity to 100 nuclear power plants, prove that this syndrome is imaginary
trouble. All these plants remove CO? cost effectively from the synthesis gas.
I'he first diagnosis of the CO2 syndrome at KTH , the Royal Institute of
Technology in Stockholm, was carried out in 1983 together with ASEA (now
ABB) and the Swedish Stale Power Board (3). This study, which relied very
much on input from an effort to put up a big coal plant for co-production of

electricity, ammonia and district heat tor Stockholm, the so called
"Xynäskombinatet", has been followed by a series of similar studies at KTH,
the last one so far being reported at FCS 92. Tlie conclusion reached hi
st'ivn/; independent investigators is consistently the same: CO2 i no
economic burden to bi$ AFC pmcer plants tor coal, residual oil. natural gas
and biot'uels.
The similarity between ammonia plants and AI-'C power plants, which very
much facilitates economic appraisal of AFC technology, was exposed in a
recent paper together with Lavers (4). An in depth paper on this theme was
refused by Chemical Technology, which journal after all earlier had
published a series of five fuel cell papers (5) also high-lighting the CO2
syndrome. Similar difficulties in the reviewing process met another paper
from KTH on this theme (b). There are indeed many signs, also in the
handbook and the Penner report, that the fuel cell authorities in USA do
not like at all the CCb messages from Europe.
There is not only a CO2 syndrome , which needs treatment, but also a COi
paradox.
The paradox is used to describe the truth in a surprising way to get attention.
The CO2 paradox is on the contrary kept in secrecy to get as little attention as
possible.
A major reason for the selection of the molten carbonate fuel cell, MCFC,
for utility application, as testified by Figure lb below, is its CO2 tolerance or
its "rejection of CCV (see e. g. the handbook p. b I). The MCFC requires
separation of part of the CO2 from the anode gas, not "before" as with AFC
but "after", for transfer of the CO2 to the cathode, where the CO2 is reduced
electrochemically in the same way as oxygen in the other fuel cells and
taken up bv the electrolyte. The AFC fuel processor generates 100 "r CO2 for
final processing or disposal in case of fossil fuels, whereas the MCFC plant
exhausts a dilute CO2 stream, which is more difficult and expensive lo deal
with. The AFC power plant thus has a CC>2 advantage from an
environmental point of, see also (9).
Giner and Swelte compared the CO2 features of AFCs and MCFCs as early as
at FCS 76: "Investigations of the molten carbonate system application

indicates that the molten carbonate requirement is more difficult than the
alkaline: aboui four times more CO^ (per k\V of power output) has to be
transferred in the mollen carbonate application than in the alkaline
application, (liner and Swette concluded that "cost reductions for the
reformer and the fuel cell in an alkaline svstem (thanks to the high AFC
efficiency) mav compensate for the additional cost of the <. CVremoval
device".
The CO2 axiom is "ein Irrtum" as confirmed by Hoechst researchers (7', 8).
Reviewers have now become aware of this and are apparently somewhat
puzzled about this conflict within the fuel cell community (9, 10).
It is about time tor a reappraisal of the virtues of AFC power plants. The
handbook claims that AFC power plant efficiencies are below 35 ^ (p. 277),
whereas e.g. Hoechst systems analysts arrive to almost twice this figure (7).
Such discrepancies must be, can be and will be resolved.
US authorities maintain that Europeans do not understand how to deal
with systems: These systems aspects of the fuel cell-integrated fuel
processor were largely ignored in Europe", p. 277 in the handbook. There
are still some European fuel cell people, including an ex-developer from
the sixties', who do not accept the conclusions of the LS chapter oi the fuel
cell community regarding high costs and low efficiencies of AFC power
plants and the way of arriving to these conclusions.
There are other matters, perhaps not as flagrant as the CO2 axiom, which
call for critical analysis. A useful life of 40,000 operating hours has been a
dogmatic requirement since the early days of terrestrial fuel cell power. The
so called E-linc was invented to serve as a tool to prove the feasibility of this
goal relying on voltage decay data obtained during a lew thousand hours.
An invention has to work to be patentable. The E-line does not. Life cycle
cost is of course the only figure of merit with a cost engineering bearing in
this context.
Hi%h t'fficii'iicit's unJ cnvirunmciitiii ijiuiiitit's, frequently quoted in favour
of the fuel cell, should also be scrutinized and assessed for each particular
application. The environmental properties of a combined cvcie power plant
with a catalytic combustor should not differ much from a triply combined

cycle power plant with a solid oxide fuel cell. SOFC, serving as kind of precombustor for the gas turbine.
Emphasis on the thermal efficiency, read the temperature, of the waste heat
streams distracts from the fundamental issue, the electrical efficiency of the
fuel ceil generator. Pinch technology helps anyhow to maximize the
utilization of all heat flows generated in the process for improvement of
systems efficiency for power plants with high temperature fuel cells as well
as low temperature fuel cells.
Then there is the belief thai fuel cells will be cheap once in muss production.
The market is, however, more cost conscious than program makers. How
could the polymer electrolyte fuel cell, PEFC, now being launched in every
prestigious national program, compete with the 50 USD/kVV internal
combustion engine for the automobile, when materials cost alone for
present highly efficient PEFC devices surpass this level with a big margin?
History serves as a guide for what might be expected from the future. The
development curves, which constitute the backbone of the present study,
tell what gains might be expected which may, or may not, make one or
several of the present fuel cell options winning energy machines of the next
century.
This study is divided in three parts. The first part deals with the
methodological issues, how to derive normalized performance figures, etc.
The second part gives detailed analysis of each fuel cell option producing
figures of merit. The final part combines data for comparison and
conclusions.

Features for assessment

Guidelines for iissessrnent tind figures of merit iire derived for u
technology under development in n changing enznronment.

The fuel cell options
The tive major fuel ceil options exhibited on the meny of Table i are named
after the electrolyte. The electrolyte sets the operating temperature and
determines the materials to be used in electrodes and cell components.
In theory, generated electricity, equivalent to the free energy change A G
(or AF), is reduced with increasing temperature T in accordance with Cibbs
Helmholtz relation A G - AH - T A S , where A H is the enthalpy change
andA S» the entropy change in the chemical process. Electrode reactions
proceed swiftly at high temperatures with no assistance from added
catalysts. The lower efficiency of the fuel cell process may be compensated
for by sending the hot exhaust gas to a gas turbine. High reactivity thanks to
a high operating temperature also invites to corrosion and problems with
thermal cycling, however. Extremely high reaction rates of several amps
per cm2 are recorded for low temperature fuel cells relying on catalysts as
most chemical processes do.
Very roughly, negative charge carriers in the electrolyte, i. e. the hydroxyl
ion, the carbonate ion and the oxygen ion, give a 0.1 V advantage compared
to the protons of the acid electrolytes. Oxygen instead of air and
pressurization produce similar gains. Such differences may cause success or
failure on the market-place.
Materials cost will determine the overall cost picture for mass
produced generators. Fuel cells differ a great deal in this context as
illustrated by the cost data in Table 1 extracted from the Penner report. The
technology has not changed much since the publication of the Penner
report. The cost figures in Table 1 may not be endorsed by every fuel cell
man, however.
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Technical features of the fuel cell options will not be scrutinized in this text
only their behaviour from a user's point of view. The following sentences
reflect the author s views on the fuel cells in a candid manner.
AFC: catalytically beautiful - consequently given the Cinderella role.
PEFC: returned brightly from the shadows - a costly jewel.
PAFC: hard worker - with not much of a future.
MCFC: charismatically chemical - notoriously in quest of a better life.
SOFC: cold combustion at 1,000 C - a winning paradox?
The direct methanol/air fuel cell - the sleeping beauty ready for that catalytic
kiss to fulfill the dream of a chemo-electric cell generating electricity directly
from a liquid fuel in a tank - is developed with alkaline, acid and polymer
electrolytes.
The designs of the different fuel cells have with time become more and
more alike. Figure 1. This filter press design with bipolar configuration
consists in principle of two assemblies, the electrode matrix (or membrane)
assembly, EMA, the core of the fuel cell, and the separator assembly, SDA,
for cell separation, electrical connection between cathode and anode back to
back on each side of the bipolar collector, and gas distribution.
The simple and elegant features of the fuel cell, as pictured in Figure 1, is
hiding a number of difficult to solve problems, which may be given names
like thermal management, water management, electrolyte management,
leak prevention, mechanical and electrical integrity, etc.
Electrolyte management is issue Number One, being interrelated with most
other functions and with a major influence on the performance and the life
of the fuel cell generator. Electrolyte selection is the fundamental question
facing the fuel cell beginner. Once the choice is made the fuel cell man is
likely to stay with his electrolyte for the rest of his fuel cell life.
The perfect fuel cell electrolyte is not yet invented. Present options have
their pros and cons. Attempts are being made to find new electrolytes for the
existing fuel cells, e.g. so called super acids for PAFC. Such a fuel cell would
no longer be a PAFC, however.

The invention ot the alkaline accumulator around 19(X) bv Ihe competitors
Jungner and Edison was a clever choice of an electrolyte with qualities,
which still are superior with only one negative feature, using the words of
the handbook (p.262). The main, indeed onlv, disadvantage...is that...
hydrogen that contains CO2...cannot be used directly..."- Jungner later on
focussed his innovative talents on alkaline fuel cells represented bv the
zinc/ air batten'.

The trends
Space and defense interests sponsored the fuel cell in the sixties. Terrestrial
stationary and fractionary applications determine today s priorities and
resource allocations. Space programs are still heavy customers as
exemplified by the AFC contracts of the European Space Agency.
As was indicated above decisions are not always rational but sometimes
based on questionable "axioms and opinions. Such circumstances may also
explain the fairly rapid changes taking place on the fuel cell scene. The fuel
cell activities have, however, increased steadily over a number of years as
shown in Figure 2 featuring the number of contributions to a series of fuel
cell seminars beginning with PCS 76. Most of the input to the present
analysis comes from these seminars. Retrieval of fuel cell info requires
presence at such seminars with not much of factual information presented
in the printed abstracts.
Figure 3 shows what might be called target turbulence featuring the
applications, which have spurred the financial horses pulling the steadily
increasing R&D effort. Industrial and centralized fuel cell power have come
down to almost zero after peaks in the early and late eighties, respectively.
The interest in on site and dispersed fuel cell power is recovering. The most
notable feature of Figure 3 is, however, the steady increase for fuel cells for
transportation from zero in 1980 to a top position today.
The same kind of presentation pertaining to the major fuel cell options,
Figure 4, is much less turbulent. Fuel cell developers have apparently so far
been able to keep their programs in shape shooting on new targets.
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The steady decline for PAFC reflects this option approaching
commercialization with no more government support in the US. A most
notable featu-e is the revival of PEFC onwards from 1986 verv* much due to
the efforts of the Canadian development company Ballard. The SOFC,
distanced by MCFC in the early eighties, is now almost on par with its rival.
The trend curves in Figure 5, describing what kind of activities were
reported at these fuel cell seminars, tell about rapidly changing preferences
within the fuel cell community. A sharp peak in demo oriented
publications 1982-83 is followed by (necessary) R&D activities. Towards the
middle of the nineties another peak of publications on demos now in the
planning stage is to be expected.
These trend curves have to be judged from what they are: statistics based on
presentations to a series of fuel cell seminars in USA. However, most of the
fuel cell money is coming from public sources. There is pressure to make
results available to the general public. The preferences and the trends
disclosed in the curves should therefore be real and significant. There will
be more of ups and downs during coming years.
There may be a peak for transportation followed by a recession, when the
"electrochemical engine", ECE, is facing the economic realities of the
automotive world and the emergence of improved engines with external or
internal combustion. We may also see a breakthrough for a direct
methanol/air fuel ceil with a not yet invented cheap anode catalyst which
would make the cell irresistible in the automotive world. The old-timer
AFC may surprise with a quick come-back when the CC^ syndrome has
become a fuel cell storv.

Current density and cell voltage
Batteries deliver kVVhs and are rated by nominal capacities and nominal
voltages. Fuel cells are kW machines.
The voltage/current density curve is the signature of the fuel cell generator.
It is frequently linear in the operating region and may therefore be

Ii

characterized by the ordinate on the ceil voltage axis and the slope, here
called the pseudoresL-tance with the dimension ohm cms
Figure t> shows PERT data from FCS 90 (1) presented in a cell voltage/current
density diagram. The variation exposed in Figure t> would seemingly
prohibit singling out a representative figure of merit for the state of art of
PEFC technology as disclosed at FCS 90. 1 he variation is caused by
differences in operating conditions and cell qualities. The remedv is to
correct data to be valid under comparable conditions and to define a policy
for selection of a representative figure of merit such as the average of
available data. Such a procedure will be demonstrated with MCFC data
from FCS 90.
MCFC data from 15 different sources at FCS 90 were normalized to 150
mA/cm2, SOcl fuel utilization and atmospheric pressure. The average cell
voltage comes out as 0.72 V with a standard deviation of 0.05 V and a range
of 0.15 X. Tests with small single cells are here given the same weight as
data obtained for large stacks. Using the total electrode area of the stack as
weighting factor the average cell voltage becomes O.f>8 V. This figure was
used for the state of art indication in Table 2.
Figure 7 exhibits voltage/current density curves considered to be the state of
art disclosed at FCS 90 (1). AFC performance is based on laboratory results at
KTH, however. Table 2 presents the same information in a numerical
formate with performance reported as cell voltage at 300 mA/cm2.
Data delivered at FCS 92 do not deviate too much from FCS 90 data
summarized in Figure b and Table 2. More will be presented below to
support the thesis that fuel cell technology has reached saturation for most
options.
Since this study is much concerned with how to measure states of art', the
wide variation in data from different sources will be illustrated by one more
example. Srinivasan reported figures for pseudoresistances at FCS 92, which
are quoted in Table 3. For comparison Table 3 also exhibits same kind of
figures presented by Mogensen in a review paper at a fuel cell seminar in
Helsinki in 1993 (11) and data taken from the FCS 90 studv (1).

12
There is a span of a minimum of factor five between the figures of merit for
each fuel cell option in Table 3. It is impossible to reach a consensus from
these data which after all were delivered by men who are deeply involved
in fuel cell affairs and frequent speakers at fuel cell conferences. For each
fuel cell one figure of three is out of place. There are of course explanations
to these surprising discrepancies. Srinivasan s figures certainly refer to best
available figures under favourable conditions (hydrogen/ oxygen, high
pressure, etc). Information regarding terrestrial AFCs is meagre. Anyhow,
the signals from the three sources in Table 3 differ as flute and basoon.
Performance figures in the present analysis refer in general to multi kW
stacks. The earlier parts of the development curves to be presented below
sometimes have to rely on data for small stacks or even single cells,
however. Figures of merit are selected to represent the best performers.
Time-setting is another problem. The year for a given level of a technology
is the fabrication year, when available - not the year of the completion of the
test or the year of publication.
Development curves are S-shaped. After a slow start performance measured
as a relevant figure of merit is improving year after year, frequently in an
exponential way. The curve is flattening out, when the development effort
is reduced due to the advent of new technology receiving the attention of
the investors and the developers. Technical limits caused by natural laws
may sometimes put a plateau on a development curve, too.
Since the fuel cell is a kW machine most relevant figures for performance
are kW/kg or kW/dnv of generator hardware. For illustration such
development curves for US aerospace cells are reproduced in Figure 8, (12).
The gravimetric and volumetric power density curves run in parallell,
which indicates that the bulk density of these devices is essentially constant
(about 0.5 kf,/dnv) during the process of tenfold improvement shown in
Figure 8. Power density is stepped up by 18 % per year, a substantial rate of
learning.
It was pointed out above that different fuel cells are becoming more and
more alike with respect to design features. For evaluation and comparison
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of the development status of the different fuel cell options attention could
then be focussed on cell performance, i.e. the voltage/current density curve.
Figures of merit for cell performance may be derived in different ways.
MCFC developers frequently use the cell voltage at 150 mA/cm2, whereas
PAFC developers prefer mVV/cm2 under practical conditions, to take two
examples. The FCS 90 study (1) selected cell voltages at 300 mA/cm2 for
general comparisons as shown in Table 2.
A standardized approach will be used in this analysis. The figure of merit
for all five major fuel cell options will be the current density at a reference
cell voltage, in general 0.74 V, under standard conditions. This cell voltage
corresponds to 50 % efficiency related to the higher heating value, HHV, at
ambient temperature and pressure. For PAFCs, however, the reference
voltage has to be reduced to 0.6b V corresponding to 45 % efficiency because
of the low operating voltage of the PAFC. In comparisons with the other
options the PAFCs have to carry a fuel penalty because of the efficiency
difference.
The characteristic current density, CDn mA/cm2, obtained in this way is not
always representative for the operating conditions preferred for the fuel cell
option in question. However, high efficiency is after all the most
spectacular feature of the fuel cell. It is therefore logical to use current or
power density at a fairly high reference level of efficiency, why not 50 %, for
general comparisons. Such a figure of merit indicates precisely how much
fuel cell hardware of the options compared would be required for a desired
kW output at the reference efficiency.
Performance is very much influenced by the operating temperature and
pressure, the utilization of the reactant gases when inert components like
nitrogen and/or carbon dioxide are present, the rate of recirculation, the
efficiency of thermal management, etc. Frequently cell data at the operating
point is the only information given, sometimes only as mVV/cm2. Such
scanty data have to be utilized to estimate the current density at the
reference voltage under standard conditions.
First the course of the actual voltage/ current density curve has to be
established. Second this curve has to be transformed to be valid for the
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standard conditions. With linear approximations this may be done in three
ways: (1) keep the ordinate in origo, CV'o, constant and correct the slope (2)
keep the slop* constant and correct CY'o and (3) combination of (1) and (2).
CDn is then obtained from the standard curve. Comparisons by means of
experimental data indicate that approach (2) is to be preferred.
It is strongly emphasized that the normalization procedure as described
below is used only for putting original data in shape for general
comparisons and trend recognition. The following reference conditions
were selected for the present study: 80 C for AFC and PEFC, 200 C for PAFC,
650 C for MCFC and 1000 C for SOFC, all at atmospheric pressure. When
data were available reactant utilizations were set at 80 % for the fuel gas and
50 % for the air.
There is no substitute for data from direct measurement under the reference
conditions. Mathematical models may be derived for specific fuel cell
configurations, which correlate well with experimental data for the fuel cell
in question. In the absence of such data or models, normalization for the
present purpose in one way or the other is better than no data conversion at
all. The correction term may sometimes differ as much as with one third
from the measured figure but it is always a correction in the right direction.

The normalization procedure is carried out in four steps, see Figure 9.
Step 1.

The relation between the cell voltage, CV, and the
current density, CD, is expressed as a linear relation in
the region around CV 0.74 V (0.66 V for PAFC) Estimate
the ordinate in origo, the effective open cell voltage, CV'o,
and the slope of the linear regression curve.

Step 2.

Estimate the CV correction,^ t T , here in mV, by means
of the expression:
ACV = (Tn - Tg) + (U - 80) - lOOJog P
(Eqn 1)
where subscript a refers to actual conditions and n to
normalized conditions. The fuel utilization U is
reported in percent, the temperature T in degrees
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centigrade (not relevant for MCFC and SOFO and the
pressure P in bar.
Step 3.

Add CV to C\'o lo get a normalized CY/CD curve with
the same slope as obtained in Step 1.

Step 4.

Calculate CDn in mA/cm2 from the normalized
CV/CD curve at CV= 0.74 V (0.6b V for PAFC). This
could be done numerically or estimated from the graph.

Eqn 1 is a thumb-rule. The normalization procedure has to be exercized
with great care. The transformation has to be made in regions where the
voltage/current density curves are essentially linear. The actual
temperature should not deviate more than 20 C from the standard value.
The lowest actual temperature to be accepted has to exceed 65 C, preferably
70 C The correction for fuel utilization is particularly uncertain. This
correction is of interest mostly for MCFC data.
The constants used in Eqn 1, 1 and 100 mV respectively, should be
replaced by more exact figures estimated for selected applications whenever
such data are available. Wright delivered at FCS 86 such a set of constants
or "performance characteristics" describing how the cell voltage was
influenced by variation of the operating parameters around the rated
operating point for the PAFC stacks of Westinghouse. Wright's figures are
essentially in harmony with Eqn 1 except for the correction for fuel
utlization.
Checks of Eqn 1 against experimental figures indicate a reasonable accuracy
considered to be sufficient for the present purpose, Figure 10. The accuracy
varies from case to case depending on the degree of divergence between the
actual and the standard conditions and other circumstances like oxygen
utilization, rate of recirculation, etc, not accounted for by Eqn 1. Sometimes
deviations may be as large as one third. Nevertheless normalization in this
way helps to get consistent development curves, which are essential for a
general assessment of the trends and the status this technology.
Voltage/current density curves to get a figure for C\'o in Step 1 above are
not always available. This is particularly true for PAFC demonstrations of
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special concern for state of art evaluation. Voltage/current density graphs
for PAFCs are furthermore in general curved over the whole operating
region, which does not invite to linear regression. PAFC data have
therefore been taken from voltage/current density curves at or very near
standard conditions. The following figures for CV'o under standard
conditions were applied when original data were lacking: PAFC 0.75 V;
PEFC 0.9 V; AFC, MCFC and SOFC 1.0 V.
There is frequently uncertainty regarding the composition of the fuel gas. A
correction of 16 mV is applied for conversion to hydrogen from SRG (steam
reformed natural gas) in cases where SRG is specified.

Life
Figure 11 shows two plots of life versus time for US aerospace cells. The
nearly linear curve relates to AFC. The curve for aerospace cells", which
would mean AFC and PEFC, fits a semilogarithmic diagram. These curves,
taken from the NASA review (12), p. 59, and the handbook (35), p.164, teach
us several lessons. Most important: a strong development effort, as in the
NASA program of the sixties and seventies, is bound to produce rewarding
results -if not against Nature of things.
Life predictions for fuel cell generators are frequently obtained by
extrapolation. Extrapolation of the linear curve in Figure 11 indicates that
40,000 hours would be reached in the middle of the next century.
Extrapolation of a semiiogarithmic version of the curve for the "aerospace
cells", not shown in the graph, would point to 1988. The fallacies in life
prediction are evident, which is the second lesson of the exercize.
The fuel cell is considered "dead" at a certain end of life, eoi, performance.
The eol performance is frequently selected as 90 % of the beginning of life,
bol, p ?rformance, which in general means 10 % voltage reduction at a
specified nominal current density. This practice will be adhered to here.
Life has about the same economic implications as performance. Technical
improvement, which for example doubles the current density at a specific
cell voltage, say 0.74 V, implies doubling the output of kVVhs for given stack

17
hardware with a specified life. Doubling the useful life also doubles the
kWhs. Doubling cell performance and life at the same lime thus quadruples
the output of IclVhs, reducing the contribution of fuel cell replacements to
the cost of electricity, COE, with three quarters.
The useful life of a fuel cell generator is not always related to the endurance
of the electrodes. Long term tests with AFC space generators with
immobilized electrolyte were terminated after 25,000 hours because of
carbonate formation in the electrolyte with the carbon dioxide coming from
oxidized polymer frames. The ill-fated 4.3 MW PAFC demonstration in
New York came to an end because of electrolyte losses over the five
years of debugging and certification tests. The recent 11 MVV PAFC
demonstration in Japan apparently was in serious trouble after a few
thousand hours due to unexpected corrosion on vital stack parts (13).
Lifetimes for fuel cell generators in general and PAFC generators in
particular are frequently predicted by means of the so called E-line. The
same voltage reduction is expected for the time interval 10,000 hours to
100,000 hours as for 1,000 hours to 10,000 hours and 100 hours to 1,000
hours, see Figure 24 below.
Considering the complex nature of the processes going on in the electrodes
such life predictions are of no value except for promotion. Actual data
obtained with full size generators under real life conditions is what should
count. A minimum acceptable replacement cost for the fuel cell generator
should be estimated and the required life verified, instead of trying to make
the 40,000 hours dream seem real by mathematical manipulation.
Performance figures may be normalized by simple empirical relations as
done above. Life is a different issue. Pressurization of MCFC, highly desired
for improvement of performance, shortens life very much. PAFC
developers made the same experience as the MCFC developers when they
stepped up the pressure to gain voltage. Increase of the operating
temperature is detrimental in particular to low temperature fuel cells. In
some cases open circuit or a low current density will kill the cell, in other
cases a high current density. One particular decay process may dominate in
the beginning of the service to be superseded by other processes when the
end of life is coming nearer.
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Figure 12 illustrates these features with all life and endurance tests
published in the FCS 92 abstracts. Data have been normalized to percentage
change in relation to bol performance. The intention is not to compare the
fuel cell options, only to expose the different shapes of the life curves in the
real world. Most life curves at FCS 92 referred to MCFC and SOFC. This
should by no means be taken as a sign that the other fuel cell options have
no problems with life any longer.
With the line drawing in Figure 12 on the desk it is surprising that fuel cell
manufacturers still frequently stick to the E-line (E for exponential,
estimated, expected, but certainly not for experienced) for life statements not
only for PAFC, for which it was invented, but also for e.g. MCFC with
completely different aging mechanisms.
The trust in the E-line has created and maintained the hope that 40,000
hours would be within reach. Realistic thinking should have led to more
competitive approaches emphasizing life cycle cost.
The most authorative fuel cell assessment published so far, the Penner
report (2), is loaded with E-lines. Comments on p. 69 regarding results for
"1982-1983 DOE/NASA/UTC 0.34 m* electric utility PAFC stacks" illustrate
the attachment to the E-line: "The initial rate of decay of the cells in Fig.
2.14-2 is also high: about 8 mV/1000 h between 1000 and 2000 h of operation,
compared with about 3 mV/ 1000 h in Fig.2.14-1. Actually, the tangential
linear decay rates are inaccurate but nevertheless used by developers in
making comparisons."
In spite of this disapproval by the fuel cell authority linear decay rates will
be used in this study, not for prediction but for straightforward presentation
of observed behaviour after the initial period of stabilization up to the end
of the test. The rate of decay will be reported in percent of the initial
operating voltage per 1,000 hours. Since operating voltages differ between
the fuel cell options relative figures are more suitable for comparisons than
commonly used absolute figures in mV/1000 h or jiV/h.
The reasoning behind the E-line is summarized in the Penner report on p.
46: "First, the initial surface areas of the Pt crystallites are affected by the type
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of carbon support used, and these initial areas, in turn, influence the
changes that occur during the lifetime of the electrode under the cathode
conditions. Second, the relationship between the logarithm of the average
Pi BET surface area, which is inversely proportional to the crystallite size, is
a linear function of the logarithm of time. This fact has profitnd
consequences for long-term FC operation since, in good approximation, Pt
activity on a per cm2 of active area basis is independent of crystallite size in
the 5 * nm diameter range. Hence, at constant cell current, log (local current
density) should increase linearly with tog (time). Since log i **V from the
Tafel relation, the overall system efficiency will decay as a function of the
logarithm of hot time, all other factors being equal".
The local current densities calculated by means of BET data amount to a few
mA/cm 2 , where there is a linear relation between current density and
polarization not a logarithmic one as postulated in the Fenner report, see
standard texts in physical chemistry as (14).

Variability
Figures of merit for the performance of multicell stacks reflect the average
performance of the cells. The stack life is frequently governed by an off
standard cell or electrode at the poor tail of a distribution curve exhibiting
the life prospects for the cell components. Such a cell, first to signal its
condition with pole reversal, is frequently a poor performer from the verv
beginning.
I he fuel cell manufacturer has to put a great effort in quality assurance, QA,
to reach a high level of stack uniformity as demonstrated by HRC's 70 kW
MCFC stack described at FCS 92. The displayed cell voltages centered
around 0.78 V with a standard deviation of 0.025 V, corresponding to a
coefficient of variation of 3.3 %,
Tooi of IMI presented at FCS 92 a formula for the variance of cell voltages:
*2 - a (AM 10

(Eqn2)

20

where s is the standard deviation. A the electrode area in m2-. H the number
of cells and a, b and c constants, in the example quoted to be a=4.88, b=0.28
and c=1.28. Introduction of IHI design data for a 50 kW stack with 1 m2
electrodes results in a standard deviation of 27 mV, which figure was
reported in the IHI presentation at FCS 92.
The beginning of life variability for large US and Japanese MCFC stacks thus
seems to be consistent with a standard deviation of 25-30 mV or a coefficient
of variation of 3-4 %. This is not bad but it could be better.
The individual cell voltages in a fuel cell stack are governed not only by the
performance of the cell components but also by the design and the quality of
the whole stack assembly with respect to tolerances, electrical contact, etc.
Furthermore the mode of operation influences temperature and flow
patterns, etc. The position in the stack has also frequently a profound
influence with cells near the end plates differing from the average.
There are also variations in performance between different parts of one
single electrode. Cut out small samples, test them in half cells and data will
produce a mean and a standard deviation. The standard deviation should
increase with decreasing size of the samples. The electrode developer has
here the opportunity to improve the electrodes by careful study of the best
electrode specimens.
Larger electrodes are expected to yield a smaller standard deviation on
statistical grounds. However, inter-electrode variations are also caused by
differences between electrode batches due to differences between raw
material batches and other day from day variations which may very well
dominate the picture.
IHI's variance relation (Eqn 2) indicates that the standard deviation should
increase with electrode size and number of cells in the stack. These
observations show that other factors than electrode properties may
determine the degree of uniformity of such large MCFC stacks.
Introduction of the design data for the ERC 70 kW stack in ^qn 2 produces a
standard deviation of 67 mV, which is almost three times higher than the
figure estimated from the graph. One obvious explanation to the
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discrepancy must be that Eqn 2 is restricted to the specific conditions of the
[HI stacks.
PAFC and MCFC generators from the major developers/ manufacturers do not differ too much with respect to stack design and cell
features. Uniformity and quality will determine the outcome of the
competition between the demo plants. QA is the key to success. The
coefficient of variation for cell performance is the appropriate figure of
merit to be applied here.

Economic perspectives
Performance, life and quality may be assessed by means of demo plants. The
economic issues are different and in a sense much more costlv to resolve.
To get a perspective a few words will be spent on the economic dimensions
of an energy scenario for the next century relying essentially on biofuels and
fuel cells. The annual energy L apply is set at 250,000 TWh to be shared by 10
billion people. This could be satisfied by 50,000 fission reactors, to take one
hypothetical example.
Biofuels, photovoltaics and fusion seem to be the only options, which meet
the criteria for sustainable and environmentally acceptable energy
technologies (15). Only biofuels can produce electricity and synthetic liquid
fuels with no contribution to the greeen-house effect. The carbon for the
synthetic fuels of a fusion scenario has to come from minerals and will then
belong to the same category as fossil fuels from a green-house point of view.
In theory the CO2 could be recycled back to carbonates reacting with the
earth metal oxides formed in the synthetic fuel process. In the real world
this procedure would be more impractical than hydrogen carried aboard the
vehicle. All-fusion and all-photovoltaics scenarios are not likely to contain
a liquid automotive fuel ingredient.
The high efficiency of cold combustion for conversion to electricity, be it in
automobiles or in power stations, is of utmost importance in a world where
available land will set the limits.
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Photosynthesis begins with splitting of water at a potential around 1 V. Cold
combustion is recombination around 1 V. The catalyst structure
used for photosynthesis may also be used in fuel cells in the form of
pyrolyzed chlorophylle or biomass, 'green black", (lb).
Photosynthesis does not stop with generation of hydrogen atoms and
delivery of oxygen to the atmosphere. Reaction with carbon dioxide
produces biomass, which is not a suitable feed for today's fuel cells.
Hydrogen for the fuel cell and for the synthesis of the liquid fuels has to be
produced from the biomass in fuel processor systems or chemical plants.
Everything is recycled in this scheme with very little of noxious substances
like NOX formed, when fuel cells are. - Sun to electricity all the way through
thanks to the chlorophylle molecule!
This is nice but what about economics? Can ten billion people afford this
energy cake baked on biomass?
The present global energy consumption is equivalent to 169 million barrels
of oil per day or an average of 43.5 kWh per capita and day. The rich man
in'Amirstan' (rich country in Hindi) takes 200 kWh, whereas the poor
man in "Garibstan" gets 17 kWh. Equal distribution of 250,000 TWh means
69 kWh per capita and day. The formerly too poor man in this Utopia then
gets four times more than today, whereas the formerly too rich man has to
squeeze his energy bill to one third, which was the level in Sweden during
the good old days of the early fifties.
To get an idea about the cost dimension conversion efficiencies are assumed
to be 40 % for the power plants and 50% for the chemical plants producing
liquid fuels. Plant investments are assumed to be 1,500 USD/kW of
electricity and 1,000 USD/ kW of fuel. The cost of the biofuel feed is set at
0.01 USD/kWh (Swedish level before depreciation of the SEK). Under these
conditions and with an interest rate of 15 % the average energy bill comes
out as something like 3,000 USD per capita and year for electricity and liquid
fuel (no taxes applied). The production cost of one kWh of electricity will be
about the same as for one kWh of synthetic fuel, that is slightly above 0.05
USD. Transmission and distribution costs may come out about the same.
Heaven knows what taxes there will be in Utopia, however.
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Fuel ceil power plants, combined cycle power plants and various
combinations of thermal and chemo-electric blocks give the 40% and
require the 1,500 LSD/kH investment for power from biofuels - and from
coal in a transition period.
Coal is biofuel saved for use later on. Establishment of energy plantations
on the scale visualized above - what else can we do - will increase the
inventory of biomass in the Plant Kingdom with one fifth. This will put
CCV> of fossil origin in the atmosphere back to where it came from.

Systems features
Advanced power plants for biofuels and coal have much in common.
Designers are playing with solid fuel gasifiers, oxygen plants, catalytic
combustors and reactors for emission control, gas turbines, steam turbines,
nowadays also fuel cells, heat exchangers and more of heat exchangers for
production of electricity at minimum cost including externalities. \ e t
efficiency is most important in this game. Increased efficiency reduces not
only fuel costs but also costs for gasification, gas processing and emission
control on a kWh basis.
There are manv opportunities in this energy game that have not yet been
fully explored. For example, Tetzlaff and Waltz of Hoechst report that
pressurized operation on oxygen instead of air will step up the net efficiency
of an A1C plant for natural gas to bö %, which will more than pay for the
investment in the oxygen plant (7, 8). Ippomatsu of Osaka Gas delivered a
related SOFC exercize to FCS 90 with oxygen instead of air, removal of steam
and (Xb (!) after the shift, and recycling of anode gas back to the steam
reformer.
The terms topping and bottoming occur frequently in descriptions of
advanced power plants. A triply combined cycle could be topped with a
SOFC serving as precombustor for a gas turbine to be followed by a
bottoming steam turbine. A large share of the power from a plant with
high temperature fuel cells and bottoming turbine cycles is coming from
the thermal part of the plant. A plant for low temperature fuel cells with a
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steam cycle to recover the energy in the hot fuel gas leaving the gasifier
delivers most of the power as fuel cell electricity. The fuel cells
serve here in a bottomimg cycle and the steam turbines in a topping cycle.
Some of these schemes are basically thermal power, others are fuel cell
power, but quite a few lack a clear definition.
Coal should be utilized near the coal mine in big thermal or fuel cell power
plants whenever possible. Biofuels are produced in a globally distributed
system. The power plants should then preferably be dispersed in a similarly
distributed system. The concept of "distributed generation", attracting
interest today (17), is well suited for fuel cell power from biofuels. The
Indo-Swedish program for development of BPPs (biofuels power plants)
with fuel cell generators, described at FCS 92, is an attempt to realize this
vision.
The special system properties of the fuel cell like modularity, siting
flexibiliy, fuel processing requirements, absence of restrictions with respect
to size and application (stationary, tractionary and consumer) gives freedom
but also the difficulty of intelligent selection of the best options in a
multitude of opportunities. The existence of several competing fuel cell
options with many similarities but also large differences does not make the
task easier.
Much more of advanced systems analysis and optimization including use of
tools like pinch technology is required to resolve the cost issues of advanced
power plants with fuel cells, in particular those intended for solid fuels.
The inherent efficiency of the fuel cell generator is most important in
systems where fuel cells produce most of the electricity in a kind of
bottoming cycle. Preliminary studies, like those carried out at Hoechst (for
gas) and KTH (for different fuels) indicate that such plants may outperform
all other schemes under consideration to-day. Such studies must be carried
further in view of the necessity of conservation of energy resources during
the next century.
The entrepreneurs of the market economies do not judge the fuel cell as a
good business idea. The net present value of profits expected in the next
century are not attractive compared to short term ventures. There is only
one solution to this dilemma. The society has to pay the fuel cell R&D bill
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to one hundred percent. The societv could verv well be represented by
private companies concerned with survival after the time limits set by the
diminishing returns of annual discounted cash flows.

Cost engineering aspects
How to cut costs to facilitate the commercialization in applications and
markets with widely varying cost climates, be it a village power plant in the
village of Humbran in Punjab or the community of Aseie in the inland of
Northern Sweden, a retrofit plant for the nuke of Ingaiina in Latvia or an
electrochemical engine, ECE, for a lawn mover in Santa Monica in
California?
Cost reduction is associated with three learning effects: (1) learning with
respect to materials usage, (2) learning with respect to production and (3)
learning with respect to performance and life. Figure 13 illustrates the cost
reduction associated with these learning processes (excluding life) for
aerospace cells (12). The rate of learning escalates from initially some 10 %
per year to more than 50 %. The average rate in the period 1%5 to 1975 is 18
% the same figure as for learning with respect to size during the same
period exhibited in Figure 8. Table 4 illustrates learning with respect to
materials usage during the Swedish AFC effort in the early sixties. These
examples describe experienced learning.
Trustworthy predicted learning curves in fuel cell technology cannot be
produced today because of genuine uncertainty regarding efforts and
markets. As indicated above the big multinationals, which have to consider
risk and net present value, hesitate to use own funds for a lengthy and
costly fuel cell commitment instead of further development of in house
technologies. One example is the decision by ABB - with in house know
how on ail fuel cells except PAFC - to withdraw from all fuel cell research,
development and commercialization activities to focus on gas turbine sales
on a world-wide basis".
Materials costs and learning with respect to materials usage deserve a great
deal of attention when comparing fuel cell options for different applications
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in a situation when levels for performance and life seem to approach
saturation as found in the present study.

Commercialization
The fuel cell community is nowadays trying harder to break its isolation to
attract the interests of the society' and the business world.
Commercialization has been a leading theme during recent fuel cell
conferences. Many scenarios have been presented with more or less
optimistic market projections.
The fuel cell community has also become aware of the competition and the
levels of permissible user's costs. Quite pessimistic conclusions have
emerged from such analyses. Price tags have also been put on fuel cell
benefits, "monetizing externalities", which give positive contributions to
the balance of comparisons.
Figure 14 is reproduced from the Penner report as a typical example of
current forecasts. A few years later this projection was invalid.
Figure 15 illustrates how the predicted date for market entry is pushed
ahead as time goes by. The graph shows the predicted year for market entry
as a function of the year of the forecast. Present predictions evidently
promise to make PAFC, MCFCand SOFC commercial in the utility sector
before the turn of the century. Extrapolation of the pattern in Figure 16
indicates that new predictions, that may emerge at the turn of the century,
would point to a time of market entry towards the end of the first decade of
the new century and so on!
A developer has to be an optimist, a fuel cell developer very much so. The
author wrote a paper in 1966 with the title The fuel cell ready for its entry
on the market" (18). In fact it was ready for the market considered at that
time, Swedish submarines. The Swedish fuel cell finally lost in the
competition with the Swedish Stirling engine. Cold combustion is
unfamiliar culture compared to hot combustion, which contributed to the
outcome of this competition. The fuel cell is facing the same cultural
barrier todav.

The investor has to put the fuel cell on the market, not the developer.
Ciraphs like Figure lb do not demonstrate failures of developers but exhibit
investors' lack of vision. A natural law for technical evolution is that
innovation is a fruit of decision to invest, not result of invention.

Figures of merit and development curves

The state of art for each fuel ceil option and its development

since

the late fifties is established by means of figures of merit for
performance,

life and variability

under comparable

conditions.

The alkaline fuel cell
It is logical to begin with AFC not only because of the alphabet. The modern
history of the fuel cell begins with AFC. AFC has been the Number One
performer from the beginning up to the present. For irrational reasons,
touched upon above, the AFC is receiving less attention and R&D than the
other four major options.
Space and defense applications spurred the development of AFC during the
early sixties. One example was given in Table 4 from work done at ASEA
(now part of ABB) in Sweden, w hich resulted in a 200 kU prototype system
for submarines.
Figure lb is a development curve from UTC describing AFC developments
within the US space program, (32) p.3b. Similar progress was reported by
Allis Chalmers and Union Carbide at that time.
Small independent groups, in particular Britain s Bacon and Frost and
Germany's Justi and Winsel, paved the way for the companies which like
ASEA, entered this field. The Allis Chalmers team and the Bacon team were
the first to get headlines for the fuel cell, notably the AFC, when the new
fuel cell era was born.
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Figure 17 gives the AFC story. Data have been normalized to atmospheric
pressure and 80 C as described above. Data for the Russian Foton generator
are consistent with the upper envelope of the H2/O2 development curve
field, which is mostly based on data for US space shuttle generators and
subsequent advanced AFCs.
AFCs of the Bacon type with a concentrated alkaline electrolyte are not
exhibited in Figure 17 since Eqn 1 does not work over such a wide span of
operating conditions. Kordesch has recently reported (19) the same good
performance at 150 C. 1.0 V at 200 mA/cm2, as quoted by Moos in 1961, 0.9 V
at 360 mA/cm2, for the atmospheric pressure descendants of Bacon's high
pressure cell, see p. 346 in (26). However, the combination of high
temperature and concentrated alkaline electrolyte is bound to create a life
problem -as with MCFC.
A lot of AFC data was in circulation during the sixties but few qualify for
representation of the state of art for air cells because of RI-free conditions,
small cells or operating conditions not suitable for normalization. The
present state of art for multi kW air stacks is judged to be around 100
mA/cm2 up to 160 mA/cm2 for the Eloflux stacks, Schmitz FCS 92. The
Eloflux figure will be used to represent the state of art adhering to the
present assessment policy.
Performance is high for the oxygen runne.s, 800 mA/cm2 for the space
generators with heavy noble metal loadings and around 400 mA/cm2 for
the terrestrial or "submerged" oxygen runners with non-noble catalysts. No
progress at all is noted after the mid seventies, however.
The space generators have been subject to a strong development effort
resulting in a performance level, where "water, thermal and electricity
management" become limiting.
The terrestrial air version was aborted from most programs when PAFC was
launched in the late sixties for the utility market by UTC. Consequently, no
progress at ail is observed for kW size stacks from the sixties up to now.
Spectacular data have been reported for small laboratory cells in recent years
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but so far no opportunity has been given tor verification of such data on the
stack level.
In the early days the air runner was on par with its oxygen partner if data are
corrected with Eqn 1 for the difference in oxygen (partial) pressure. The
present level in Figure 18 of 800 mA/cm 2 is equivalent to a feasible level of
about 400 mA/cm2 on air to be compared with the indicated 80 - 160
mA/cm 2 .
This prediction is in harmony with a statement in the Penner report, p. 110:
"...could be used in a 80 °C system with cheap macro-cyclic cathodes
allowing perhaps 0.8 V at 300 mA/cm2. This performance is adequate for a
future transportation power source using stored hydrogen as fuel". The
prediction surpasses, however, the expectation formulated in the handbook,
i>. 201: "However if the alkaline fuel cell can be made to operate at 200
mA/cm 2 at 0.7 V, which should be readily attainable using recent
technology, much higher power densities might be made available using
lightweight hardware weighing an average of 2 kg/ m2, which will allow 700
W/kg for the fuel cell stack".
The micro-agglomerate studies by Bursell reported at FCS 90 indicate that
there is indeed room for a most considerable improvement of the AFC air
cathode. Figure 18 presents volumetric current densities for agglomerates of
different sizes compared to the electrode irom which the agglomerates were
taken. The trick is evidently to give each agglomerate "freedom" to do its
best in the "agglomerate community" of the electrode. If there were no
other restrictions or limitations these air electrodes could be evidently be
improved with a factor of thirty! To achieve one tenth of this potential
improvement should require a modest R&D effort compared to what has to
be spent on the other four fuel cell options.
Life requirements for space applications up to now have been one order of
magnitude smaller than the 40,000 hours deemed necessarv for utility
service. Stations on the Moon and the Mars will need more than so,
however.
Because of the CC>2 syndrome the AFC has so far not been taken seriously
for utility use. Earlier the AFC was considered the logical choice for
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fractionary applications for hydrogen fuel. Nowadays the PEFC has taken
over in this sector. Consequently but little work has been spent on
improvement of AFC lives to match utility specifications. Space generators
have been operated for 16,000 - 25,000 hours in the laboratory, however.
Inspection of life data over the years indicates that AFC developers have
been satisfied with lives around the 5,000 hour mark. Justi reported a two
year life with small laboratory cells operating at 30 C already in 1963, see (21)
p. 321. Nevertheless stacks relying on the Justi technology give less than
one fifth of this figure under normal operating conditions. Life statements
for all fuel ceils have to be taken with analytical skepticism. The state of art
figure selected in the present assessment will be a flat 5,000 hours and 2
%l 1,000 h decay rate.
The life issue has to be the major target for a future development program
for utility AFC generators with a near term goal on the level of 10,000 hours,
which should give a competitive life cycle cost with the cost structure
indicated in Table 5, reported at FCS 90. This goal could be reached and
verified within a four year period.
Individual cell voltages in a Siemens 7 kW AFC generator, displayed in the
Penner report, p. 116, indicate the average cell voltage of 0.78 V and the
standard deviation 6 mV, corresponding to a coefficient of variation of 0.8
%. The level of 5 % was reported by the author 30 years ago (18) with the
conclusion that further improvement was desired, which apparently has
taken place.

The polymer electrolyte cell, PEFC
The polymer electrolyte fuel cell with a thin proton conducting polymer foil
serving as electrolyte is known under several acronyms. General Electric
reserved the trade mark SPE (fuel cell) and those today who prefer a three
letter acronvme stay with PEM (fuel cell). Other acronyms are PEFC (used
here), SPFC, SPEFC, IEMFC and PEMFC
Popular child has many names. PEFC is a popular fuel cell today after many
years of ignorance after the victory with GE's SPE generator for the first US
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manned flight in space with Gemini in 1%4. The tribute to the
revitalization of the PEFC should go to the Canadian development
company Ballard. There are now many followers with the GE licencees
LTC's Hamilton Standards and Siemens topping the list.
PEFC of today is seemingly a single-facetted technology with not too much
of differentiating design features between the stacks described in the
literature. The SDA hardware, see Figure I, may be fabricated in metal or
graphite. The membrane has to be humid for maximum conductivity.
Water management and humidification of reactant gases are complicated
issues, which are tackled in different ways.
The chemical machinery of the PEFC is quite tricky, which explains part of
the variation in published data shown in Figure b. PEFC developers
sometimes find it difficult to explain anomalies that occur as was testified by
Siemens Grune at FCS 92: "Dramatic changes of the characteristics of a cell
during an extended life test were found after shutdowns and restarts. Each
of these curves (current densities differring as much as by a factor of two)
proved to be very stable over periods of weeks or months. In trying to
explain these and many other kinds of experience we made the assumption
that liquid electrolytes are still active in the cells." Sutton of the GM/LANL
Joint Electrochemical Engine Development Center came with the intriguing
report that CCh exerts a poisoning effect on the platinum sites, which
"requires a technical solution". The permissible level for CO. is set at 10
ppm or even down to a few- ppm.
The progress so far has to a large extent been governed by the appearance of
membranes with better conductivity and thermal properties. There was no
incentive to reduce the high loadings of noble metals in the exclusive
environment of the space programs. With automotive applications in sight
noble metal contents have been reduced drastically with little loss of
beginning of life performance. The price seems to be a considerable
reduction of the useful life of the generator. However, in automotive
applications a few thousand hours of useful life may be satisfactory.
Development curves were also published for the PEFC in the early days as
for AFC, Figure 19. The progress almost stopped when AFC was selected for
the Apollo spacecrafts. High performance, to be measured in amps/cm 2 or
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watts/cm 2 , has created the present world wide interest in PEFC R&D. This
kind of performance reflects to some extent the benefits of pressurization,
which takes their penalty in a loss of efficiency for the power that has to go
to the air compressor. Pressurization is anyhow essential for the PEFC to
keep the water balance in the electrolyte in shape.
Figure 20 shows the influence of the oxygen partial pressure on the
performance of Ballard PEFC stacks (20). Plotting current density versus log
pressure gives a reasonably straight line supporting the normalization Eqn 1
in case of this data set which includes air. The slope corresponds to 0.3
ohm-cm2 with the constant 100 mV of Eqn 1. This pseudoresistance fits
reasonably well with this region of the voltage/ current density curve.
The development curves in Figure 21 represent the state of art as defined for
this analysis: Best available, documented multi-kVV stack experience. To
avoid the confusion caused by exhibiting data from many sources as done in
Figure 6, information is here based mostly on data from Ballard, Siemens
and GE. The low Ballard FCS 92 figure for air, explained below, may be
related to the experiences made by Siemens reported at FCS 92.
Important note: PEFC data refer to cells with Nation R membranes.
Experimental Dow membranes may improve performance with as much as
50 %. There seems still to be a lack of "definition" deemed necessary for a
state of art evaluation of cells with Dow membranes according to the
principles set up for the present study.
There seems to be a "quantum leap" in the development curve in the mid
eighties, at least in relation to the" baseline" figure for 1984 taken from the
Penner report, p. 145. PEFC work at Ballard Technologies Corporation began
in January 1984.
A quantum leap should be associated with a technical break-through like
the appearance of a new membrane as in fact occurred later on. The
quantum leap in Figure 21, if real, may rather indicate that accumulated or
dormant technical progress is suddenly set free. The baseline figure is
probably not representative for the state of art at that time, however.
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The state of art for the oxygen runner is read out as 430 mA/cm 2 . A
corresponding air runner would then give 300 mA/cm 2 relying on Eqn 1.
Best figures for corrected pressurized air runners in Figure 21 point to 230
mA/cm 2 . A Bal lard PGS-102 3 k\V demonstrator tested by Oliveira as
reported to FCS 92 gave 140 mA/cm 2 corrected by Eqn I to standard
conditions. The unit had run bOO hours before the test.
There are not many published figures for atmospheric pressure air PEFCs.
Bloomfieid told FCS 92 that Analytic Power had stepped up from 50 to 200
mA/cm 2 at 0.7 V and atmospheric pressure. This level equals lbO mA/cm 2
at 0.74 V. There is some way to go to reach the goal formulated by GM: 1
A / c m 2 a t 0 . 7 V on air.
There are statements that the PEFC is capable of 100,000 hours. This opinion
is based on the experience with SPE electrolysers. On the same grounds
AFCs should also be capable of the same kind of endurance since alkaline
electrolysers used in the chemical process industries provide service during
many years. The impressive life of 20,000 hours is quoted for Siemens'
PEFC technology (21).
Scanning the literature for life data relevant for automotive oriented stacks
with reduced noble metal content does not provide much evidence.
Derouin et al from the Los Alamos National Laboratory submitted data at
FCS 92 for a small single cell, which indicate a performance loss during the
first 500 hours equivalent to 35 %j 1000 h, followed by stabilization at 3
%/ 1000 h. Other data indicate that the 3 %/1000 h level may be
representative for some of todays PEFCs. In spite of the uncertainty a flat
10,000 hours and 1 "II 1,000 h are selected as state of art figures in the present
assessment. This level requires the traditional heavy loadings of noble
metal catalysts.
The delicate cell structure of the PEFC puts pressure on the quality assurance
function. Evaluation of Ballard stack data reported by Oliveira at FCS 92
indicates a coefficient of variation of 7 % between individual cells. Siemens
data for a 20 cell stack with 1180 cm 2 electrodes indicate a coefficient of
variation of 1.4 % (21).
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Bal lard is delivering PEFC stacks tor development/demonstration
programs. The cost is high because of the small scale and associated
development efforts. Published cost studies differ very much. A level well
above 1,000 USD/kVV in mass production would not surprise in view of the
expensive materials used in the PEFC.

The phosphoric acid fuel cell, PAFC
The PAFC was selected as the most practical fuel cell to go with a processor
system for natural gas to be installed in the basement of the all gas home,
which was the vision or business idea of the Target program. UTC rejected
AFC for this application in spite of the AFC success story in space because of
the complexity of CO2 removal, which was not considered economically
feasible on this small scale.
The Target program was followed by the Gas Research Institute (GRI) 40 kW
units and the present 200 kW ONSI plants. The PAFC was proposed for
large scale utility application after the completion of the Target program, the
main argument being that the technology is here, only scaling up would be
required.
A few years ago PAFC progress reports were delivered from four major
developers in USA: UTC, Engelhard, Westinghouse and ERC. Three have
left the PAFC scene. UTC has merged its PAFC efforts with Toshiba. Fuji
seems now to have taken the lead among the Japanese companies to
challenge the UTC alliance.
There was PAFC optimism in the air at FCS 92. After many years of not too
successful demonstrations, stack life and systems reliability seemed to be
under control and the future bright again. Unfortunately, there is some
uncertainty regarding what the facit for the 11 MVV PAFC plant will be,
which will determine utilities interest in PAFC for dispersed power
production. The 200 kW on site demonstrations seem to be better off and
may ultimately result in a commercial break-through in selected niches.
The PAFC concept was a technical challenge with its strongly acidic
electrolyte operating in the neighbourhood of 200 C. PAFC technology was

brought to technical feasibility thanks to a sustained and well managed R&D
effort with technology transfer and international, read LS-Japanese,
cooperation, and also good government, manufacturer and user relations
with joint financing.
A consensus has also been reached with respect to stack design and
materials. There are, however, still three different principles for thermal
management: air cooling, cooling with a water/ steam mixture or a dielectric
fluid. On site systems operate at atmospheric pressure, whereas pressure is
preferred for MVV size units because of the necessity of a higher efficiency
for competition with turbine plants.
TAFC developers prefer to report performance with power densities in
tiiW/cm2 at cell voltages in the 0.60-0.70 V range for operation at
atmospheric pressure. Table b shows such data and forecasts reported at FCS
90 (1). Figure 22 describes the rapid progress in Japan after a delayed start.
There is some difficulty in getting data for operating plants because ol the
competition between the manufacturers. The development curve in Figure
23 for a reference voltage of O.bb V is based on published data. The state of
art level has been checked against data from a few operating plants, vvhich
seem to be in fair agreement with the level in Figure 23. There is also some
uncertainty regarding composition of the fuel gas and fuel utilization. Early
data refer mostly to hydrogen, whereas recent data are valid for reformate
and about 80 °o fuel utilization.
The spread of the data in Figure 23 may, as for the other development
curves, be attributed to real differences between the "brands", effects of
different stack sizes and shortcomings ot the normalization procedure
because of limited information about the course of the voltage/current
density curve in many of the PAFC references. Hopes of further
improvement of cell data expressed at FCS 90, see Table 6, have not yet
materialized, however.
It is somewhat embarrasing for an outsider with personal experience only
Irom an ERC 2.3 k\V PAFC system to deliver state of art data for
this technology with so much in house information guarded by the
competing organizations. Anyhow, an upper level of 2b0 mA/cm 2 is
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indicated by Figure 23, which should be valid for the standard conditions
used for PAFC at 0.66 V.
The 40,000 hours goal was formulated early in the history of the PAFC and
the E-line invented to prove its feasibility. There were also early
experimental indications that this goal was realistic. One GRI stack thus
accumulated 25,000 hours, (2) p. 29. 16,000 hours were recorded the "19821983 DOE/NASA/UTC 0.34 m* stack", (2) p. b9, also referred to above.
Figure 24 reproduces a 20,000 hour run with a Fuji short stack reported at
FCS 92.
A fairly large number of PAFC on site demos have been put in and out of
service over the years to be considered as fore-runners to the fifty-five or so
200 kW ONSI plants now in operation or on order. Life data for the sixtyfive 12.5 kW Target units in the early seventies and the forty-nine 40 kW
GRI units of the early eighties are expected to produce skewed distribution
histograms as derived for the MCFC stacks of different origin exhibited in
Figure 30 below. The same should be true for now completed
demonstrations with Japanese PAFC stacks. One single company, Osaka Gas,
has accumulated experience with 20 PAFC units in the range 50 to 500 kW
as of end of 1992 with plans for doubling as of end of 1993.
Unfortunately data have not been found which would permit the
establishment of life histograms as done for MCFC below so as to
demonstrate the progress made since the days of the Target program in a
comprehensive manner.The outcome of the Target runs seems anyhow to
be kept in secrecy. The longest 40 kW run seems to be impressive 10,064
hours. The 200 kW ONSI of Swedish Sydkraft, supervised by telemetry
from the IFC headquarters in South Windsor, had accumulated 9,000 hours
at the time of finalizing this manuscript mid-october 1993. Osaka Gas
reported at FCS 92 records from their PAFC stable of 10,573 and 10,849 hours.
Utilities are now waiting for the outcome of the 11 MVV PAFC
demonstration in Goi. At the time of the writing the Penner report, p.28, in
mid March 1985 the 4.5 MW fore-runner at GOI had accumulated 2,000
hours with the expressed expectation of 7,000 additional hours. The official
figure is now 2,400 load hours with a production of 5,428,000 kWh, the
handbook p. 72.
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How to extract a state of art figure from published information of the nature
indicated above? Adhering to the policy best performance - not average" a
flat figure of 10,000 hours is selected, which is equivalent to a decay rate of 1
%/1000 h.
Today's PAFC stacks are probably quite uniform at the beginning of their
lifes. Unfortunately there are no published figures for these semicommercial PAFC stacks. Westing house data at FCS 8b correspond to a
coefficient of variation of 1 %. The figure for the in house ERC 2.5 k\Y stack
is 2%.
The price for the ONSI200 kW systems is said to be 2,500 USD/ kW. A guess
is that the stack accounts for at least 500 USD/ kW of the total cost. A stack
life of 10,000 hours would then contribute about 50 mills/kWh to the total
cost of electricity. This may be acceptable for applications now being
earmarked for these plants.
If PAFC ever will become commercial is still an open question. Fuji's
Sakurai responded to this question at FCS 92: "Reliability has to be proven
before commercialization". This is true for all cell options.

The molten carbonate fuel cell, MCFC
During the sixties most of the MCFC work was done by small groups and
not by multinational companies, some of which at that time were
concerned with the AFC. The scene changed when LTC took up MCFC
R&D with significant progress as shown in Figure 25.
General Electric was inspired by US Department of Energy to compete with
UTC. GE generated design innovations of current interest before giving up
because of policy changes within the company.
There were no indications at FCS 92 that UTC is still active in MCFC.
Two US development companies, HRC and MC-Power, now stand up
against the strong Japanese MCFC program, which engages Japanese
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multinationals and tore-front institutes like Hitachi, Mitsubishi, IHI, CRIEPI
and others.
There is also cooperation of the same kind as between UTC and Toshiba in
the PAFC field with IHI involved in MC-Power (together with ABB for
some time). Pioneering work on MCFC was done in Holland and England,
which could be one reason for the Dutch involvement in MCFC R&D.
Germany has also jumped on the MCFC train and Russia feels it should do
so too.
MCFC developers frequently use the cell voltage at 150 mA/cm2 as figure of
merit. The development curve in Figure 26, however, relies on the current
density at 0.74 V for 80 % fuel utilization and atmospheric pressure.
A DOE review delivered by George at FCS 90 reported the consensus among
MCFC developers that improvement of performance was issue Number
One. Figure 26 bears no signs that such improvement is under way. The
MCFC developers are at present mostly concerned with scaling up for the
impressive demonstrations dictated by prestigious national programs.
Figure 27 shows cell performance plotted vs electrode area with data taken
from FCS 86, 88, 90 and 92. Cell areas center around 1,000 cm*, 5,000 cm2,
and 10,000 cm2. A step forward in cell area is taken between FCS 86 and 88.
There are no signs of significant improvement of cell performance during
the examined period. Performance goes down when cell areas increase
from 5,000 to 10,000 cm2. The few tests with 14,000 cm2 IHI short stacks
reported so far also seem to support this observation.
The average performance of the 5,000 cm2 class is around 140 mA/cm2 to be
compared with about 120 mA/cm2 for the 10,000 cm2 class. This could be
interpreted so that 15 % less active area is required for a generator with 5,000
cm2 class electrodes compared to a generator with the same output with
10,000 cm2 electrodes. This advantage for the smaller class is hopefully
balanced by a lower specific production cost for the larger electrodes. - From
a cost engineer s point of view there must be more urgent priorities for the
global MCFC effort than (marginal) gains expected with 1 m2 electrodes.
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A current density oi about 150 mA/cm* is singled out as the MCFC figure of
merit. This choice is based on the principles of best data and sufficiently
large stacks. The 5.000 cm2 class is sufficiently large.
Figure 28 is a reproduction of a collection of now "antique" life data, (30) p.
553, reported as VVh/cm^ generated during the life of the cell. Extrapolation
of the postulated exponential development curve gives a predicted life of
three years by 1975 at 100 m\V/cnv. Recent data reported in the same way
have been added to the original graph as shown in Figure 28. The expected
improvement of life, which would make MCFC technically and
commercially viable around 1975, did not take place. Cell areas and stack
heights have increased very much in the meantime but life remains on the
same unsatisfactory level.
FCS 90 gave a good picture also of the present life situation" for MCFC.
Such data for stack areas above 1000 cm2 are exhibited in Figure 29 with the
inverse of the decay rate plotted against life. With linear degradation,
inverse decay rates and lifes should fall on the straight line in Figure 29.
Some tests were terminated earlier than anticipated from the observed
decay rate. Such terminations could be "planned" or forced by malfunction
of the stack.
The distribution of data in Figure 29 is exposed in Figure 30 as histogram
together with similar data from FCS 86, 88 and 92. Life is here the recorded
time to the termination of the test or the life predicted to 10 ^o cell voltage
reduction estimated by means of the decay rate observed on the life graph.
The grand average is 2,000 hours. Data for FCS 92 point to a level of 2,500
hours for the average test time, which indicates that some progress is being
made. The skewed distribution is transformed into a normal distribution
with a semilogarithmic presentation.
A state of art decav rate of 3 %l 1,000 h (3,300 hours to 10 % reduction)
reflects the "positive attitude" of the present assessment.
As shown in Figure 25 variability was of concern for the MCFC developers
at LTC, who were able to reduce the spread of cell voltages considerably.
ERC data discussed above correspond to a standard deviation of 25 mV or a
coefficient of variation of 3.3 %. A standard deviation of 34 mV or a

coefficient of variation of 4.7 % is estimated from a graph for a 20 cell stack
delivered by the Dutch fuel cell developers to FCS 92. Design data for this
stack introduced in Eqn 2 predict 11 mV, which is one third of the observed
figure.
It should not be too difficult to produce a materials cost break down for a
MCFC generator as illustrated for AFC by Table 5. An assumed replacement
cost of 200 USD/kVV would require 20,000 hours for a contribution of 10
mills/ kWh to the cost of electricity. MCFC developers now prefer to
advertise a 20,000 hour life goal instead of the earlier favoured 40,000 hours.

The solid oxide fuel cell, SOFC
The AFC pioneer Edward Justi described the processes going in the fuel cell
as 'kalte Verbrennung' (25). Justi then apparently did not think of the solid
oxide fuel cell, where oxygen ions are travelling around at 1,000 C.
The SOFC has since its invention been closely connected with one single
multinational, Westinghouse. There has been a recession as with the low
temperature solid electrolyte option, the PEFC. BBC was also concerned
with the SOFC but stopped the project in favour of the somewhat related
sodium/ sulfur battery. After the merger with ASEA to form ABB the SOFC
returned to the ABB project file again to disappear after a few years.
Many followers are now active. A few like Mitsubishi have adopted the
Westinghouse tubular concept. Most of them are trying to do it in other
ways by flat plate and monolith designs.
The SOFC developers describe performance in several ways, e.g. the
maximum power density around 0.5 V, the short circuit current density, the
current density at 0.7 V, or the ampere rating of a single SOFC tube. The
development curve in Figure 31 shows current density at 0.74 V. The curve
is largely based on data from Westinghouse. Some recent data for single
cells and short stacks from other developers are included. The cell area for
tubular cells is calculated for the middle of the electrolyte laver.
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There are no signs that the steady improvement exhibited in Figure 31 is
coming to an end as with the other fuel cell options. Multi-klV SOFC
packages with very thin cell structures may ultimately come out from some
of the present speculative R&D efforts. The opinion expressed by Patil of
the US Department of Energy that the SOFC may, say around the year 2020,
be suitable as a power source for the automobile with a liquid fuel in the
tank, may be justified. Another 30 year period of SOFC R&D may
eventually result in a tenfold improvement of the power density to
automotive standards if the present trend persists.
The state of art figure relating to tubular cells is read as 270 mA/cm2 in
Figure 31. It would be premature to derive a state of art figure for SOFCs
with other configurations.
Laboratory SOFCs are in general very short-lived. When it comes to life and
reliability for full size generators one has again to rely on VVestinghouse
information. VVestinghouse' spokesmen claimed at FCS 92 that there is no
decay during the first 1000 hours, which is followed by a linear decay of the
order of 1 %/1000 h. Such stacks then have to be replaced after a 10,000 hour
run.
VVestinghouse claimed at FCS 90 that "hundreds of tubular solid oxide fuel
cells can be fabricated with constant and reproducible performance". This
statement may be interpreted that the coefficient of variation is of the order
of 1 % (?) Variability in short development stacks described by other
developers is quite high.
Cost predictions are particularly uncertain in this field characterized by
advanced and non-conventional production techniques. The VVestinghouse
team should have about the same in-house information about near term
and medium term production costs as the PAFC and MCFC developers.
Recent estimates from VVestinghouse (22) for various power plants are
given with a span of 200 - 400 USD/ kW. A major share of this span may be
attributed to the SOFC modules. The capital cost for a 300 MVV LN'G fueled
plant is qouted as 600 - 800 USD/kVV. Here a large fraction should be
attributed to the fuel cell part of the plant. On these premises an estimate
for the SOFC modules comes out as 400 - d00 USD/kVV, sav 500 USD/kVV.

42

The direct methanol/ air fuel cell, DMFC
The direct methanol/air fuel cell represents the fuel cell dream: a black box
fed with a liquid fuel from a tank. The DMFC, which may use alkaline or
acid, including polymer membrane, electrolytes was subject to R&D already
in the beginning of the sixties. Multinationals like Hitachi, Shell, Exxon
and Alsthom have spent many R&D dollars on this vision, which has not
yet become reality. Present catalyst requirements are about 100 mg/W,
equivalent to 1000 - 2000 USD/kVV of platinum. Nowadays there is a
renewed interest in the DMFC particularly in Europe, but there are also
signs of a growing interest in USA and Japan.
DMFCs operate around 0.40 V. An efficiency of 50 % corresponds to a cell
voltage of 0.62 V, which is within the operating range. We shall select 0.37
V, which is in the neighbourhood of maximum power density. Emphasis
with DMFC is more on power density than on efficiency. Since 0.37 V is
half of 0.74 V two DMFCs in series will match e. g. one PEFC in a general
comparison.
Even if the DMFC has received attention over the years only a few data are
published, which qualify for the development curve, in Figure 32 which
indicates that performance of the DMFC has not improved much over the
years. There are announcements from the sixties about prototype DMFC
stacks with high power densities but no voltage/current density curves
have been found which verify these statements. Cell concepts of current
interest like CO2 tolerant electrolytes (CS2CO3) or solid electrolytes (ion
exchange membranes, etc) were subject to R&D already at that time with
some success.
The key problem is still to find that electrocatalyst, which can tolerate carbon
monoxide and other species formed during the anodic oxidation of
methanol. This catalyst will surface sooner or later and then the world will
no longer be the same. There are indications, so far only verified in half cell
tests, that supplementing the noble metal catalyst with tungsten oxide (23)
and carbides or even lead compounds (24) may improve the performance of
the noble metal catalyst severalfold thanks to catalytic spill over.
Hopefully such indications may be substantiated before not too long.
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Miscellaneous fuel cell options
Cold combustion in low temperature fuel cells of gasoline, diesel oil and
natural gas attracted a great interest in the early days. Power densities
obtained in the laboratory set-ups were extremely low and the interest
shifted towards high temperature fuel cells for these fuels.
Ammonia and hydrazin were used in alkaline fuel cells with some
technical success. Hydrazin is quite active but expensive, toxic and unstable.
Indirect ammonia cells with ammonia cracked to a nitrogen/hydrogen
mixture was a more cost effective route and applied in the Swedish 200 kW
AFC demonstration. Ammonia crackers were also used in other AFC sets at
that time.
Ammonia is a cost-effective way of distributing the energy value of natural
gas to locations outside the reach of natural gas pipelines. Ammonia
should be seriously considered for dispersed power plants with simple fuel
processor systems resembling the earlier submarine system.
Methanol reforming as practiced today for PAFCs and PEFCs in fractionary
applications require a more complex processing system. Of course methanol
is a much more convenient fuel for fractionary applications than ammonia.
The alkaline fuel ceil is more like a battery, the alkaline storage batten, than
the other cell options. This is particularly true for the monopolar AFCs
from the golden sixties of the AFC. The sintered iron/air anode, which was
used in the Swedish first generation iron/air battery - hybride between AFC
and the alkaline battery - and soon also in nickel/iron batteries for electric
vehicles, was produced by the methods developed for AFC nickel electrodes.
Other hybrides between the AFC and the alkaline storage battery have also
appeared on the arena of electrochemical power sources. The metal hydride
anode, now challenging cadmium in consumer and electric vehicle
batteries, may also be married to the AFC air electrode. Such a battery may
be considered an alkaline hydrogen/air battery with hydrogen stored in the
anodes and not in a separate hydride container.
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The primary zinc/air cells, earlier described by Jungner and others as airdepolarized cells, which have been on the market for many years, also
belong to the category of alkaline metal /air batteries. The secondary zinc/air
versions are again knocking on the door with the advent of improved zinc
anodes and separator materials.
These fuel cell hybrides should be classified as secondary batteries, when
recharged electrically and as fuel cells when "filled up" with mechanical
exchange of the anode as practiced with the aluminum/air generator.
Charging requires either a cathode capable to take oxygen evolution or a
third electrode for this function.
Several presentations at FCS 92 were concerned with aluminium/ oxygen
fuel cells. The aluminium /oxygen and the aluminum/air batteries belong
to the fuel cell family, since the aluminium fuel is supplied to the generator
from an external infrastructure. The iron/oxygen and iron/air batteries are
related to aluminium batteries and AFCs from a technical point of view but
are evidently to be considered as secondary cells.
The seff-discharge of the metal anode with hydrogen evolution, a problem
with metal/ air batteries, is a useful phenomenon in another kind of hybride
system with iron or aluminium serving as hydrogen banks for fuel cells.
The AFC should the best option for such systems now under consideration.
The nickel/hydrogen batten' is another hybride with a reversible hydrogen
anode and a conventional alkaline nickeloxide electrode. The
nickel/hydrogen battery, with an excellent satellite record is also from time
to time considered for terrestrial applications.
The hydrogen anode of the nickel/hydrogen battery and the oxygen cathode
of a metal/oxygen battery constitute together a reversible AFC capable of
operating both in the electrolysis mode and the fuel cell mode for load
levelling on the Moon or Mars but also on the Earth in solar houses, etc.
The PEFC and SOFC offer the same integration of electrolysis and fuel cell
functions in one single chemoelectric cell.
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The zinc/ air button ceil proves that fuel cell technology is capable of finding
openings also on the consumer markets. There is a wind of change in
power sources for cordless appliances with metal hydride batteries and
rechargeable alkaline manganese batteries offering environmental
advantages. Fuel cells for the consumer market, both refill and throw away
versions, may show up unexpectedly relying on technology developed for
space, utilities and transportation and linked to uses where the competition
is old-fashioned chemoelectric cells and not advanced turbines and the like.
Imagine a device with a cigaret lighter exterior and a fuel cell inside
providing electricity by cold combustion instead of a flame.
These miscellaneous hybrides benefit from fuel cell technology, in
particular AFC technology. Figures of merit derived above are in general
applicable. Recharging air cathodes is a new dimension, however, requiring
technology on its own.
The gas diffusion electrodes match their battery partners very well except at
low temperatures. Cell voltages tend to be lower than for the established
batteries, which is a drawback in high power applications. Energy densities
are on the contrary at least doubled. A combisystem with a hybride like
metal hydride/air plus metal hydride/nickel gives satisfactory power and
energy resources to electric cars. Add an on board fuel cell charger and this
ECE (electrochemical engine) car will be quite competitive with the ICE car.

Concluding assessment

Figure* of merit are brought together to generate a map of fuel cell
technology

for tiHsessrnetit and

guuhtnce.

Are the figures of merit for performance, life and quality representative and
significant?
Yes and no.
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Yes, because the figures are based on measurements. In fact all data that
have come to the surface during this search and analysis have been
squeezed into figures of merit whenever possible. The study is in all its
simplicity an attempt to apply the principles of the "scientific method" for
technology assessment in a quite complicated field.
No, because the figures do not tell the complete story. For example, more
has to go into a competitive fuel cell than just an electrode couple with a
satisfactory power density.
The development curves are assembled in Figure 33. It is once more
emphasized that these curves are no least square type fittings. They are the
results of a fairly subjective drawing of envelopes to give the best available
state of art for large stacks. The impression of exactness in the absence of
data points is of course misleading as is evident from inspection of the
original curves.
Rapid progress is observed in the beginning of the development process.
The AFC and the MCFC experienced fast progress already in the fifties not
covered by Figure 33. Fuel cell developers proudly presented development
diagrams up to the mid-seventies, several of them being reproduced in the
present study. Not so any longer. The pace of development was reduced
very much in the eighties to levels characteristic of established products. Wished fuel cells were so too.
The shape of these development curves is described in a numerical formate
in Table 7, which exhibits the average annual improvement per decade. The
space AFCs have stopped at a very high level where other factors than
electrode performance become limiting. This could not be the explanation
to the absence of progress for terrestrial AFCs. .Accumulated or dormant
technology is waiting here for vitalization as happened to the PEFC in the
mid-eighties.
The constant and fast improvement of SOFC performance is of course the
second remarkable feature revealed by these presentations. The SOFC curve
is overtaking the MCFC curve in Figure 33 in the early eighties. Figure 4
shows that the ratio between SOFC and MCFC publications doubles at about
the same time.
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The history of fuel cell development was illustrated in the 1993 Spring issue
of Fuel Cell News by a graph showing kW ratings for units tested. This
graph is reproduced in Figure 34. 11 has been extended to include non-space
AFCs, which were ignored in the original presentation of the fuel cell
history, and the Siemens 34 kW PF.FC module, which makes the PEFC
curve even steeper. The graph shows a tenfold increase per decade for
largest units all categories up to 11 MVV with PAFCs following AFCs. There
will probably be no 100 MVV fuel cell plant at the turn of the century as
predicted by Figure 3b, however.
Comparison of the two development diagrams, Figure 33 and 34, shows that
emphasis within the fuel cell community seems to be on stack size, not on
performance.
The figures of merit for performance, CD n mA/cm 2 , obtained from the
development curves, are also tabulated in Table 7. These current densities
are very high compared to battery standards. The figures, thus corrected to
standard conditions, are not comparable with data in Figure 7 and Table 2,
which are based essentially on non-corrected FCS 90 information.
Life is a controversial issue. Published statements seem to be influenced by
unknown circumstances. How to explain the following sentences in the
Penner report: "The present stability of electrodes (MCFC) is adequate for
40,000 of operation for pressurized coal central power applications..."
amendment on p. 12. Or on p. 130: The established lifetime of AFCs is
15,000 h (working on H2), and the fact that the PAFC has a lifetime of 40,000
h appears to favor the latter." The "flat'figures for the decay rates in Table 7
are very modest in relation to such authorative statements but nevertheless
believed to be on the optimistic side.
Variability is also an area with little of specific data suitable for analysis.
Findings of the present search are, expressed as coefficients oi variation:
AFC and PAFC about 1 %, SOFC probably about the same and MCFC 3 - 5 %.
PEFC is an uncertain issue with indications of both low and high values,
\"o conclusions can be drawn from this limited material. It is felt that the
fuel cell companies have the capability to keep the variability on acceptable
levels around 1 ro, however.
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The fuel cell is a component in a system, a power plant. The fuel cell is the
most important component but the attractiveness of the plant is governed
by the properties of the complete system. The weight and volume of the
complete power plant including reactants for a specified mission are key
figures of merit for spacecrafts and submarines. Power density needs all
attention in automotive applications but not so in power stations.
The life cycle unit cost of the fuel cell hardware, LCUC, should be a fairly
relevant figure of merit for power plants of all kinds. With the present
fairly short stack lives for a 10 % voltage loss the LCUC figures for 50 %
efficiency conditions are obtained by the simple expression:
LCUC = SD/0.074CD n

(Eqn3)

where S is the stack replacement cost in USD/m2, D the decay rate in
°c/1,000 h, and CDn the current density in mA/cm2 under standard
conditions. For PAFC 0.066 is substituted for 0.074.
Capitalized cost is the correct approach when fuel cell lives amount to five
to ten years instead of the present one to two. Such LCUC data will show
that replacement after three years or longer has only a minor effect on the
capitalized cost at the interest rates used in the industry.
i

LCUC data presented in Table 8 refer to standard conditions with 50 % stack
efficiency, or 45 % for PAFC. The figures for stack replacement costs in
USD/ KW are in harmony with the estimates in the Penner report quoted in
Table 1. The Penner figures have been updated to current USD and slightly
modified in accordance with arguments put forward in the present analysis.
PEFC figures are very uncertain. Conversion to USD/ m2 has been done by
typical operating data. The input may be changed at will to fit any opinion
regarding stack lives, costs, etc
The realities of the market-place will be illustrated by one, just one,
example. A mobile gas turbine power plant (Russian origin Roskorturbo
GTE-1500) for natural gas/diesel oil has the following kW data; output 1,450
kW peak/1,200 kW base load, specific cost 500 USD/ kW, specific fuel
consumption 0.32 kg/kWh and exhaust gas temperature 770 K. The
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electrical efficiency is 30 % (LHV) or 27 % (HHV). Total co-generation
efficiency is 75 %.
A fuel cost of 10 USD/ MWh, 5,000 hours per year, 15 % and 20 years gives a
C.O.E. of 58 mills/kWh with 5 mills/kWh assumed for labor, insurances, O.
& M. etc. A fuel cell challenger with 50 % efficiency would under the given
conditions get a fuel credit of 17 mills/ kWh. The credit is reduced to 15
mills/ kWh for PAFC. The fuel credit balances the SOFC LCUC with some
margin. The cost for the balance of plant, BOP, together with other cost
elements for the SOFC option, see p. 39, seems furthermore to be on par
with the gas turbine reference. SOFC thus seems to be about competitive on
this particular market-place on the basis of the state of art figures and the
fuel cost used here. Higher fuel costs of course favor the contender,
What about a further developed AFC? Doubling performance to 320
mA/cm 2 and life to 10,000 hours would reduce the LCUC to 4.3 mills/kWh.
This would permit a BOP investment of 900 USD/kW at the break-even
C.O.E. of 58 mills/kWh.
The outcome of these very schematic analyses is governed very much by the
input of figures for cost and decay rate which are very uncertain.
Performance figures are more accurate, which does net help much in this
connection. The ranking of the fuel cell options, which appears in Table 8,
is, however, not in conflict with decisions taken by major fuel cell
developers. Westinghouse, deeply involved in SOFC and PAFC, dropped
the latter. International Fuel Cells seems to have dropped MCFC in favor
of PAFC. The results of these not very randomized pairwise comparisons
may be expressed by the ranking order SOFC, PAFC and MCFC - being
considered as business ideas by leading fuel cell manufacturers.
A straight-forward break-even analysis for the automotive applications with
the ICE at 50 USD/kW would not give the ECE much of a chance. The
contenders are AFC with on board hydrogen, PAFC and PEFC with
methanol reformers and DMFC. A cheap AFC with a simple CQ> cartridge
may be combined with an advanced fuel - hydrogen. Or, a conventional fuel
-methanol - may go into an advanced fuel processor for delivery of
hydrogen to an expensive fuel cell. To begin with, the combination of an
expensive fuel cell and an advanced fuel should be avoided.
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Fuel cost before tax is not a very relevant factor in this context since
governments ore anyhow forced to extract tax money from the
transportation sector in one way or the other even if specific fuel
consumption is reduced.
Hybride systems with small on board fuel cell chargers may show up in the
not too distant future. The PAFC and PEFC systems receive most of the
R&D money to-day. A DMFC charger with tripled or even quadrupled
performance, as also foreseen for AFC air runners, should be quite cost
competive with the reformer systems. The noble metal cost has then come
down to a few hundreds USD/kVV with the noble metal easily recycled.
Concern for the environment will anyhow determine the role of the fuel
cell in the automotive sector for the next decades.
What are the opportunities for further developments? Apparently
prospects differ a great deal for the fuel cell options considering the shape of
the development curves. Performance for all fuel cell options benefit from
oxygen instead of air and pressurization as shown in the space business and
with e.g. AFCs for terrestrial power plants (8, 9). This is also true for
automotive applications as demonstrated by PEFC. The opportunities to
make the fuel cell more competitive by "chemical flow-sheeting "should be
investigated further.
The electrolyte is the fuel cell parameter Number One. What about new
and better electrolytes? New solid electrolytes may be invented. The DOW
membrane for the PEFC proves that such innovations are indeed feasible.
What about new catalysts? New catalysts may be invented where there is
need for them, particularly for the DMFC but certainly also for all low
temperature fuel cells so as to reach the theoretical cell voltage of 1.2 V.
In spite of the potential of further improvement and verification another
down period in the long development history of the fuel cell may come
before not too long. Such recession may be caused by poor creditability,
"culture" differences and uncertainty regarding life, reliability and cost.
There are words in the editorial of the 1993 Spring issue of the Fuel Cell
News that reflect this kind of feeling: The next decade represents perhaps
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the last window of opportunity during which strengthening and expansion
of the fuel cell industry in this country can occur."
Things are taken in the wrong order. Better to strengthen R & D on
problems which need that kind of attention than to embark on premature
demonstrations. An open mind to investigate neglected opportunities and
a determination to understand and to deal seriously with problems that
have been around too long would help the fuel cell to do its job which
thermodynamics defined a long time ago.

Acknowledgements

This study was financed by the Swedish National Board for Industrial and
Technical Development (NUTEK), the Swedish Agency for Research
Cooperation with Developing Countries ( SAREC), Carl Trigger's
Foundation for Scientific Research and KTH. My co-workers Carin Myren,
Sara Thyberg Naumann, Juhani Kivisaari and Timo Kivisaari assisted me
in covering all lectures and posters at FCS 92.

References

References to seminar presentations are made in the text by the name
of the author or company Data for the development curves were
obtained from the sources below including fuel cell books to which
no specific references are given in the text. The references cited below
thus refer to specific passages in the text.

Lindström, O. The state of art in fuel cell technology as reflected in
the contributions to the 1990 Fuel Cell Seminar in Phoenix, Arizona."
Trita-KT 1991-6, ISSN 1101-9271. ("Trend part" in Fuel Cell News,
March 1991, 10-11)
Penner, S. S (ed) "Assessment of research needs for advanced fuel

52

3

4
5
6
7
8
9

10

11
12
13
14
15
16
17
18
19
20
21
22

cells".DOE/ER/300bO-ri, November 1985
Arve, B. and Johansson, L. "Power plant with alkaline fuel cells",
M. Sci thesis, Royal Institute of Technology, Stockholm, 1983 (Also in
ASEA Techn. iMemo 11515, 1985)
Lavers, VV. and Lindström, O. Nitrogen 1992, 1%, 3b-42
Lindström, O. CHEMTECH, 1988, 490-497, 553-559, 686-693, and 1989,
44-50,122-127
Thyberg, S, /. Electrochem. Soc, 1990,137, 2654-2656
Tetzlaff, K. H., Walz, R. and Winsel, A. Forschung und Technik des
Hoechst-Konzerns, Vol.2, 1989, 1431-1471
Tetzlaff, K. H. and Walz, R. 44th ISE-Meeting, Sept. 5-10, 1993, Berlin,
Abstracts, 475
PA Consulting group, "Environmental aspects of battery and fuel cell
technologies", Department of Trade and Industry, London, October
1992
Scott, D. H. "Advanced power generation from fuel cells implications for coal", IEA Coal Research, London, IEACR/59, July
1993
Mogensen, M. "Fuel cell technology", Proc. 1st Nordic Symp. on
Hydrogen and Fuel Cells, Helsinki, March 11-12, 1993
Crowe, B. J. "Fuel cells: a survey", MASA Rep. (SP-5115), Washington
DC. 1973
Yokota, Y. Fuel Cell News, Winter 1993, 6
Atkins, P.,W., "Physical Chemistry", Third Ed. Oxford University
Press, 1986, 796 ff
Lagerström, G., Lindström, O. and Lehnert, B , "Energy for
mobility",Volvo Seminar at EXPO 92, Seville, April 21, 1992
Kiros, Y., Lindström, O. and Kaimakis, T. /. Pcaver Sources, 1993, 45,
219-227
Lamarre, L. in cooperation with Rastler, D., Chapel, S. and Bloom, J.
EPRIJ. 1993, April /May, 8-17
Lindström, O.,4SE,4s Tidning, 1966, 58, 171-175
Kordesch, K. Ber. Bunsenges. Phys. Chem., 1990, 94, 902
Wilkinson, D. P. et al, 182nd ECS meeting, Oct. 11 -16, 1992, Ext. Abstr.
Vol. 92-2, p. 161
Strasser, K. Ber. Bunsenges. Phys. Chem, 1990, 94, 1000-1005
Westinghouse Electric Corporation "Solid Oxide Fuel Cell"
October 1992

53
23

Shen. P. K., Huang H. T. and I'seung, A. C C. Power Sources 13, 452453, Int. rower Sources Symp. Committee, Leatherhead,1991
24 Lindström. O. US patent 5,028,498 July 2, 1991
Fuel ceil hooks ivhich furnished data for development curves
frequently with no specific references thereto.
25
26
27
28
29
30
31
32
33
34

Justi. E. and VVinsel, A. "Kalte Verbrennung - Fuel Cells " Franz
Steiner Verelag GMBH, Wiesbaden, 1962
Young, G. J. "Fuel Cells", Reinhold, New York, 1963
Mitchell, Jr, W. Ed. "Fuel Cells" Academic Press, New York, 1963
Hart, A. B. and Womack, G. J. "Fuel Cells" Chapman and Hall,
London, 1967
Liebhafsky, H. A. and Cairns, E. J. "Fuel Cells and Batteries', John
Wiley & Sons, Inc. New York, 1968
Vielstich, VV. "Fuel Cells" Wiley-Interscience, London, 1970 (in
German 1965)
Berger, C. Ed." Handbook of Fuel Cell Technology" Prentice Hall,
New Jersey, 1968
O'M Bockris, J. and Srinivasan, S. "Fuel Cells: Their
Electrochemistry" McGraw-Hill Book Company, New York, 1969
Kordesch, K. "Brennstoffbatterien" Springer-Verlag, Wien, 1984
Appleby, A. J. and Foulkes, F. R. "Fuel Cell Handbook". Van
Nostrand Reinhold, New York. 1989

Direction of
electric current

Bipolar collector
*__ Cathode
Electrolyte in matrix
w—'Anode

v\\\\\\\\\N\\\\\\\\N\\N\\\\\\\

Hydrogen

Oxygen
or air

Figure 1. Priciple design of a bipolar fuel cell stack
with EMA (electrode matrix assembly)
SDA (separator distributor assembly)

200

/

150

/

100

/

50

i

1975

i

f

i

f

1980

i

i

i

•

1985

i

i

•

i

1990

i

.

i

1995

Figure 2. Number of contributions to nine fuel c e l l
seminars i n the United States

40 %

30 %

20 %

10 %

u

1975

1980

1985

1990

Figure 3 . Distribution between applications

1995

100 %

50 %

1975

.-

1980

1985

1990

1995

Figure 4 . D i s t r i b u t i o n between f u e l c e l l o p t i o n s

40 % ' T I

1

i V "
\
\

1

(V
r

\

\

\

30 %

1

1 1

1

1 1

i

i

i

1

O«iionttr>tleni

Mmnk

N
•nt

i/

20 %

10 %

• , i

u

N

/

1975

i

i

Ä

1

1980

1

Syituit itudii t
/

1 ,1

1985

y

1

1990

1 1

|
1995

Figure 5. Distribution between types of activity

1.0
0.9

0.8

-—.

0.7

0.6

\

0.5

1.0

0.5

1.5

2.0

Current density A/cm'
Figure 6. Non-normalized PEPC data delivered to FCS 90 (1) .

Cell voltage
1.1
AFC space HVO,,
1.0
0.9
0.8

0.7
0.6
0.5

0.1

0.2

0.3

0.4

Current density, A/cm'
Figure 7. State of art presentations mostly based
on FCS 90 (1)'

w/kq

W/dm"

300

150
/
/
/
/
/
.'

200

/

/

o

100

100

/

/
/

/
/

/
/

/
s

50

SS

1960

1965

1970

1975

1980

Figure 8. Improvement of US space power plants with time.
Dashed line field W / d m , solid W/kg

Cell voltage

Ref.
volt.

Current density
Figure 9. Normalization procedure

Measured
mV
150

°

/

100

•
50

/C

/
100
150
Estimated mV

50

Figure 10. Check of correction to standard
conditions by means of Eqn 1.

Life
hours
10,000

aerospace]
cells"
5,000

1960

1970

1980

Figure 11. Life plots for US aerospace fuel ce

Percentage change
+ 20

+ 10 %

- 10 %

- 20
0

1000

3000

2000

4000 hours

Figure 12. All life and endurance data presented at FCS 92.
Figure after asronym (SO for SOFC, etc)refers to
page number in abstracts booklet.
Cost in %
100
50
^^"aerospac
20
AFC

\

10
5

\
\

1980
1970
1960
Figure 13. Cost reduction with time
for space fuel cells

100.000

ion I[MW)

50.000

10.000

o

2000
1000

0.

500

Annual

200

14.000 MW

Start of EM-3205
Period. Ref. 19"2

100

320 MW. SiiOO/kW
$1200/kW

50
20

88

MAX PAFC
PRODUCTION, saasfkw

4 700MW.
S1200/kW

5000

XJ

o

(PAFC)
11.500 MW
S1000/kW
7000 MW,
SMOO/kW

20.000

i

90

92

94

96

98

00

02

04

I

i

06

i

08

i

10

Year
Figure 14. Example of market forecast, taken from the
handbook, p. 53

Predicted market entry
2000
MCFC

/
SOFC

1995

PAFC

f]

1

/

UMCFC

1990

/

|S0FC
PAFC

/
1985
1985

/

f

1990

1995

2000

Year for prediction

Figure 15. Dilemma of market-forecasting

SO

100
150
Power density, mw/cm2

200

250

Figure 16. Progress made with Pratt and Whitney H 2 /0- cells
in the Apollo program.

CD,, at 0,74 V
n
2
mA/cm
1000

100
1960

1970

1980

Figure 17. Development curve for AFC, H-/0-, # and H /air Q
2
2
2
80 C and 1 bar

mv vs
Hg/HgO
25um

50

100

150

mA/mm

Figure 18. Volumetric current density curves
agglomerates from AFC air electrodes compared
to electrode from which agglomerates were taken,

'61'63

60 '63

63

66

63

'66
200

Figure 19.

300

Progress made by GE in the development of the SPI
fuel cell (PEFC). Single cells at 1 bar.

Current density
A/cm

0.6

P

0.5

r

0.4

0.3
jhir

0.2
0.2

0.5

1.0
bar
(log pressure)

Figure 20. Influence of oxygen partial pressure
on PEFC performance at 0.74 V.

CD

n

mA/cm'

1000

100

10
1960

1970

1980

1990

Figure 21. Development curve for PEFC, H-/O-# and H2/air
80 C and 1 bar

O

O.I -

• NEDO Fund
* MCLCO Fund

0.7

^ahert •tack
\ -

^ ^ ^ - ^ ^ - - ' ' i t O r a l l
II eallj»-

uT«7u

N

|

-MW»l"t

«»"•««-

" * " * l l call
O.b -

* * I 4 rail

__J
•12

^

i
SJ

1

'14
(lacal y«ar

Figure 22. Progress in Japanese PAFC program

CD

at 0,66 V
2
mA/cm
1000

100
1970

19B0

1990

Figure 23. Development curve for PAFC, H2/air, 200 C, 1 bar.

900

UtMTING CONDITION
Current Oenstty: 0.24 å/ca»
Pressure:
6
gt
Avg.Ttaptraturt: 20ST!

tt

800

exptct H o t (In cast continuous Optra t ton
at constant load)

1I

700

1

txpoct lint (in cast Mikiy starts and stops
600

500

1000

100

100000

10000
OPERATING TIME, hrs

Figure 24. A 20,000 hour run with a Fuji short PAFC stack, FCS 92

20 cells
10 cells

10 cells

3000-h
•t»ck with
matchad
components
(EPRI/
OoE)

randomly

20 cells

8 c«U»
«•>

20 ctlU

high
»v»rlaw

Uat

lift
U.p« stack
(NUftrt
Moh*wk)

improved
components
components
(DoE)
(Do£>
•elected

20 cells

3500+h
2000-h
•tack with •tack with
improved
improved
electrolyte electrolyte
(EPRI/
manage*
DoE)
mem
(DoE)

2000-h
til* ftsck
(EPRI)

early»
1980

mid»
1980

mid1981

l»te1981

mid1982

late1983

mid1984

Figure 25. Results of UTC program for MCFC development. A low BTU fuel
(17%*H2 + CO)was used at 1200 F and 65 psi.

CD

at 0,74 V

n

mA/cm
1000

100

1980

1970

1960

1990

figure 26.'Development curve for MCFC, 1 bar

Current density
mA/cm
at 0,74 V
200

FCS
FCS
FCS
FCS

86
88
90 C
92

150

FCS 88 -92
100

50
10

100

10000
Electrode area, cm 2
1000

Figure 27. MCFC performance as a function of electrode
area.

~1

!

1

1

Original diagram

—T
1
1
1
Added data from PCS 86 - 92

PREDICTION FOR PRACTICAL BATTERIES
lOOnwfcm» FOR 3 YEARS BY 1975
lOOO

100-

10

10-

OIL

1920

1945

1950

1975

1980

1985

1990

1995

Figure 28.Assembly of life data for MCFCs reported as Wh/cm . Original
diagram by Liebhafsky and Cairns (30).

Inverse decay rate
(1/% per lOOOh)

0.8

0.6

2000

4000

6000

8000 hours

Figure 29. Inverse decay rate against time tc end
of life or termination of test. Data from FCS 9

Number of tests

Ö

-

92

i 90
4

.

88

2

92
90

90

n

S8 86
0

1

2

92

go

3 4 5 6 7 8
time to remination , 1000 hours

Figure 30. Distribution of times to end of life or
termination of test. Figures refer to FCS,

CD

at 0,74 V
n
mA/cm

1000 —I

100

O

• O'

(JO

10
1960

1970

1980

90

Figure 31. Development curve for SOFC

CD at 0,37 V
n
2
mA/cm
1000

100

1960

1970

1980

1990

Figure 32. Development curve for DMFC, H 2 SO 4 and 60 C,

mA/cm'
1000
AFC H 2 /O 2 0.74 V
PEFC
SOFC
PAFC
PEFC
V
AFC
MCFC
DMFC

100

H_/O, 0.74 V
0774^V
0.66 V
H_/air 0.74 V
H,/air 0.74 V
0774 V
0.37 V

10
1960

1970

1980

1990

Figure 33. Development curves for fuel cell options
"best verified state of art"

FUEL C E U DEVELOPMENT HISTORY
20 forgotten years
100,000

Largest
unit
tested
Kilowatts

0.1

1950

1960

1970

1980

"-

1990

**

2000

2005 2010

Year
Figure 34. History of fuel cell development according to Fuel Cell
News, Spring 1993, with added AFC history.

Table 1.

Typical features for fuel cell options
(Costs in 1985 USD/kW according to Penner. p. 131 and 143)

AFC, alkaline fuel cells

PEFC, polymer electrolyte fuel cells

(requires CO2 removal)

(pressurizing preferred)

potassium hydroxide solution

proton conducting membrane

80 C

80C

metal or carbon electrodes

carbon electrodes

bipolar and monopolar

bipolar

polymer or metal components

graphite, metal and polymer
components

materials cost without catalyst 10

materials cost with catalyst 800

stack cost with catalyst 70

stack cost > 1500 (?)

PAFC, Phosphoric acid fuel cells

MCFC, Molten carbonate fuel cells

(low cell voltage)

(requires CO2 transfer)

ortho-phosphoric acid

potassium/lithium carbonate melt

200C

650C

carbon electrodes

metal based electrodes

bipolar

bipolar

graphite stack components

metal components

materials cost 50

materials cost 50

stack cost with catalyst 200

stack cost 150-300

SOFC, Solid oxide fuel cells

Miscellaneous fuel cells

(advanced materials technology)

Methanol/air (DMFC)

ion conducting oxide

Glycol/air

1000 C

Aluminium/air

electrodes of cermets and ceramics

Aluminium/oxygen

monopolar and bipolar

Hydrazine/peroxide

ceramic tubes, monoliths and monoblocks

Ammonia/oxygen

materials cost 120

Redox cells

stack cost 300 (?)

Table 2. State of art performance based mostly on
presentations at FCS 90 (1). AFC data for lab cells.
Data are not corrected to standard conditions.
Fuel cell option

Cell voltage
at 0.3 A/cm2
Volts

AFC, space pressurized, K2/O2
— • —
PEFC,
AFC, terrestrial, H2/air
- • -/ pressurized
PEFC,
H2/air
PAFC
MCFC

sore,,tubular

plate
SOFC , flat plate

>i.o
0.87
0.83
0.7S
0.60
0.50
vO.50
vO.50

Table 3. State of art pseudoresistances, ohm • cm*

AFC

PEPC

PAFC

MCFC

SOFC

Srinivasan
atFCS92

0.05

0.10

0.20

0.40

0.40

Vfogensen
1993 x

2-3

0.5

2-3

2

05

0.05
(H2/O2,

0.2
(H2O2)

0.6

1.9

1.9

0.6
(H2/air)

0.6
(H2/air)

Lindström
1991

Table 4.

Learning experienced with AFC stacks at ASEA,
Sweden

Module Mark
1961
AQB

1963

1964

AQE

AQF

Electrode thickness, mm

1,7

1,7

1,0

Cell pitch, mm
(incl. endplates)

6,2

6,4

3,7

Electrode area/module volume, cm*1

0,670

0,720

1,080

Power density kW/dm 3 (1 ohm • cm2)

0,17

0,18

0,27

Cost direct mtrl, SEK/m*

2400

1800

900

Estimated production cost, SEK/kW

2600

1900

900

Table 5. Cost estimates for a 275 kW AFC stack

COST BREAKDOWN KTH AFC STACK, USD/kW
REFERENCE

TARGET

CATALYST, ANODE
CATALYST, CATHODE
DIRECT MATERIALS
DIR. AND INDIR. MANUF.
COSTS

31.00
3.00
17.00

15.50
3.00
17.00

21 .00

21 .50

TOTAL PRODUCTION COST
PROFIT (25 %)

72 .00
18 .00

57 .00
14 .00

DELIVERED COST F . O . B .

90 .00

71 .00

*) 1 USD = 5.50 SEK

Table 6. Progress in PAFC development presented
at FCS 90 (1) .

Cell
mA/cm2

performance

Volts

Conditions

mt*/cm2

US
240
360

0.683
0.660
0.660

160
240

Mitsubishi 150

250
300

0.630
0.643
0.660

267

0.705

Fuji

Westing-

house

Bar

C

80

1986
1990
1992

1

190

94
160
198

1

1987
205
1989
Commercial

188

4.8

190

1992

Table 7.

State of art for multi-kW stacks under standard
conditions

Performance

Decay rate

CD n (0.74 V)

D%/100h

AFCH2/O2

n

1

0

800

2

AFCH 2 /air

0

0

0

160

2

PEFCH2/O2

14

6

3

430

1

PEFCH2/air

30

5

2

230

1

10

4

260

PAFC (0,66 V)

MCFC

5

3

1

150

SOFC

10

9

8

270

Table 8.

Estimates of life cycle unit costs under standard
conditions at 0.74 V (except for PAFC)

Stack replacement
cost, USD/kW

Cell area
co»t,USD/m

Life cycle
2

unit cost
LCUC, milU/kWh

AFC

100

100

17

PEFC

>1000

>660

>39

PAFC (0.66V)

500

330

19

MCFC

200

200

54

SOFC

500

250

13

