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RECENT ADVANCES 1IN FUEL CELLS AND THEIR APPLICATION
TO NEW HYBRLD SYSTEMS

E. J. Cairns and H. Shimotake
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9700 S. Cass Avenue '
Argonne, lllinois

INTRODUCTION

In our rapidly- advanclng technological soc1ety, there 1s an 1ncreaslng need for
versatile sources of electrical energy. Some of the desired characteristics of these
power sources are: )

1. High specific energy (watt-hours/1lb)
2, High specific power (watts/lb)

3. Fast refuel (or recharge) -

4, Fast response'to load changes

5. Cleanliness (no pollution)

6. Low cost

7. Silence : :

Some fuel cells have some of the deslred characteristics, and some secondary
cells have others; no known power source possesses all of them. One possible solu-
tion is to take advantage of the desirable characteristics of both fuel cells and
secondary cells by using a composite power source containing both of .these devices.
In considering the characteristics of fuel cells, 1t becomes clear that some fuel
cell systems can provide high specific energy (greater than 500 watt-hours/lb for
cells operating on air), none can provide very high specific power (all fuel cell
systems are below 30 watts/lb), most can be refueled quickly, some will respond
quickly to load changes (systems using reformers respond slowly), most can be made
to operate at a very low level of emission of pollutants, none are low-cost yet,
and many are quiet. Some of the shortcomings of fuel cells can be compensated for
by an appropriate secondary cell having a reasonable specific energy (greater than
40 watt-hours/1b), a high specific power (greater than 150 watts/1lb), and fast charge
acceptance (15 minutes for full charge). In their present state of development, ~
neither fuel .cells nor high specific power, fast-recharge secondary cells are low-
cost devices. In applications where the other characteristics are essential, how-
ever, a prite-premium is justified as for remote power and milltary and space appli-
cations.

The recent advances in fuel-cell development will be summarized below, in order
to include the best performance, endurance, and cost estimates in considering some
applications. Because fused-salt secondary cells show the most promise for high
specific power and high specific energy applications requiring fast tharge accep-
tance, the secohdary cells considered will be of this type. Specifically, the Li=Te"
and Li-Se cells, with which the authors have the most experlence, wlll serve as the
basis for the calculations. .

RECENT ADVANCES IN FUEL CELLS , Co o
In considering the areas where improvement in fuel cells is needed, the three

most prominent are: a) Electrocatalysts, primarily as they affect cost and perfor-

mance, b) Electrode structure, as it affects cost, endurance and weight, and c) En-
glneering, as it affects endurance, weight, and volume. Of course, improvements in
these three areas are desired whlle maintaining at least the present level of per—

formance.

The fuel cells which are expected'to find.the most widespread .application are
those operating on air. For this reason, only cells with air cathodes will be dis-
cussed here. In addition, because of the trouble and expense involved in storing
hydrogen, either as a liquid or as a gas, only fuel 'cell systems using fuels normally
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stored as liquids will be considered. These fuel cell systems can be classified as
indirect (those using a reactor to produce hydrogen which is then consumed in the
fuel cell), and direct (those in which the unaltered fuel is fed directly to the
cell). :

Indirect Fuel Cells

Indirect fuel cell systems can be arranged sc that: a) only very pure
hydrogen is fed to the anode (most expensive), or, b) hydrogen of almost any degree
of purity (including the untreated reformer exit gas) is fed to the anode. Some of
the indirect fuel cell systems which have been investigated are diagramed in Figure
1. The indirect systems which use very pure hydrogen at the anode (parts a and b
of Figure 1) are the most well-developed and make use of high-performance fuel cells.
Furthermore, because of the high reactivity of hydrogen and the absence of chemical
and electrochemical complications due to impurities, a great deal of progress toward
the elimination of expensive platinoid-element electrocatalysts has been made for

T2

these cells.

The amount of platinoid element e}ectrocatalysts ngcgsgary in hydrogen
fuel cells has b eg reduced from 35-50 mg/em” a few years ago='='+~ through inter-
mediate loadings—’* to values as low as 0.5-2 mg/cm“(on each electrode) in low- tem-
perature alkaline systems®< and 0,5-4 mg/cm* (on each electrode) in low-temperature
acid systems.ﬁ-gglg This decrease in the amount of platinum required has been made
gossible largely by the use of electrocatalyst supports such as high-area carbon,
5,7,8,9, resulting in very small platinum crystallites having a high specific area.

It is not only possible to minimize the amount of platinum in hydrogen
anodes, but for alkaline-electrolyte cells, the platinum can be eliminated by using
nickel (high—area,llJ——-or Raney formli’lﬁb or nickel boride‘r]ai’-‘]-g High area nickel
has disadvantages, however, such as the irreversible loss of activity after being
used at too high a potenti (oxidation of the nickel occurs). Nickel boride,
formed in various ways, seems to be less sensitive to overvoltage excursions
than nickel, and may be an acceptable hydrogen anode electrocatalyst for operation
near 80°C at a modest performance penalty.l2

It is also possible to eliminate platinoid elements from air cathodes
for alkaline electrolyte systems. Some of these cathodes use silver/,17,18 o spinels
such as C00A1203, Zor phthalocyanines such as cobalt phthalocyaninel2 instead of
platinum, providing an additional saving. It should be noted, however, that the
advantage of- the more flexible electrocatalyst requirement for the-alkaline electro-
lyte cell is at least partially offset by the need for €Oy removal from the air (or
periodic electrolyte replacement). ’ i T

Almost as important as the advances in electrocatalyst use are the im-
provements in electrode structure, particularly at the air cathode. 1In the lgs
few years, the trend has been'tgﬁards very thin electrodes (0.006 to 0.03" 202
with relatively high porosit 4, providing for limiting current densities of several
hundred ma/cm? on air at only moderate air flow rates —J§J2-(l.5—3 times stoichio~
metric). Thin, highly porous electrodes are also essential in those systems which
remove product water by evaporation through the porous electrodes.

The requirement of minimum cell internal resistance has led to.the use
of thin, porous, absorbent matrices to hold the electrolyte, resulting in inter-
electrode distances of 0.010" to 0.030". The use of thin electrodes (about 0.020"
each) and thin absorbent electrolyte matrices (0.020") allows the construction of
relatively compact fuel batteries, with cell stacks of about seven cells per inch.~
This stacking factor corresponds to stack power densities in the range 7-8 kw/ft3 for
160 w/ft2 cells. The density of the stacks is estimated to be about 140 lb/ft3,
corresponding to 18 1b/kw for future fuel cell stacks. The weights and volumes
should be increased by 10 to 20 percent for cells with liquid electrolytes.

The present state of fuel cell engineering can be appreciated by consult-

ing thizpapers describing the design, development and operation of the GM Electro-

vansli 22 which is powered by Union Carbide hydrogen-oxygen cells.23 This is a
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remarkable achjevement, especially when one considers the relatively sophisticated
control system“ and the high performance of the vehicle. The most notable disad-
vantage of this fuel-cell powered vehicle is the excessive weight of the fuel

cells (3,380 1b!) made necessary by the peak power requirement (160 kw) of five
times the nominal rating (32 kw). This weight penalty could be minimized by use

of a fast charge, high specific power secondary cell. This point will be discussed
in more detail below. -Despite the disadvantages, the Electrovan proves that fuel
cell engineering has progressed to the point that vehicles can be powered by hydrogen
fuel cells and can retain reasonable performance and range.

The combined ‘effect of improved use of electrocatalysts, thinner, hlgh—
porosity "electrode structures, and small interelectrode distances yields the perfor-
mances shown in Figure 2, The upper curves correspond to alkallns electrolyte cells,
using thin matrices and moderate catalyst loadings (9-10 mg Pt/cm®) Onlgﬁln, PTFE-
bonded electrodes.3,3,20 Replacement of the Pt at the anode with Ni_B yields
slightly lower voltages as shown. The next lower curve corresponds fo the substi-
tution of H S0, for KOH as the electrolyte. The poorer performance of oxygen cath-
odes in aci iectrolytes is responsible for this decrease in cell voltage. The
next lower set of curves with the somewhat higher slopes corresponds to the use of
liquid-electrolytes, with larger interelectrode distances and consequently a higher
internal resistance.ls2:1Y The lowest curve of Figure 2 corresponds to the use of
dual 1on exchange membranes.z_ The higher internal resistance of this arrangement
is evident. :

Based on the results shown in Figure 2, it seems reasonable to adopt the
uppermost curves for design purposes, assuming a catalyst loading of 1 mg Pt/cm? (or
its cost equivalent of Ni,B and Ag or CoOA120 ) on each electrode. Only a small per-
formance penalty would be paid 1f the platinuf in the cathode were replaced by silver
or Co0Al,0 and the platinum in the anode by nickel boride. 15,16 This performance -
is what would be expected from the cell in any indirect system supplying Eure hydro- ’
gen (or hydrogen with non-adsorbing inerts, such as N ) to the anode.

- A five-kilowatt indirect system using a KOH electrolyte and an air scrub-
ber has been constructed by Englehard (Eeformer) and Allis-Chalmers (fuel battery)
and has been tested at Fort Belv01r *£L. This system operates on a sulfur-free
hydrocarbon fuel (JP 150, a Udex raffinate), 27 and uses a silver-palladium alloy
diffuser to purify the hydrogen (an expensive method). The operating point was
0.83 V at 135 ma/cm?. A second 5 kw indirect system using 4 silver-palladium
diffuser, but methanol as the fuel to the reformer, was constructed by Shell Re-
search, Ltd. 28 :

For indirect systems involving the use of unpurified-gases (H CO co

Ah CHA‘ H20), as in case c of Figure 1, acid electrolytes must be used if L%e anode

is porous, in order to reject the CO and CO,. The strong adsorption of CO on plat-
inum, and the low rate of electrochemical oxidation of the .CO make platinum an un-
suitable anode electrocatalyst at temperatures below about 130°C, as shown by the
lowest curve in Figure 3. At higher temperatures, with H,PO, as the electrolyte,
Pt will provide adequate performance as shown by the uppet curve of Figure 3. At
150°C, about 110 ma/cm? can be obtained at 0.75 V using 90% H, and 10% CO with an
anode containing 2.8 mg Pt/cmz. supported on boron carbide.Z2 “At 85°C, Pt-Ru alloys
show mnderate activity with CO-containing reformer gases and H,SO, as the electro-
lyte,as 1nd1cated in Figure 3, but the electrocatalyst loadings used (34 mg

Pt- Ru/cm2) must be considered to be about an order of magnitude too high.to be
practical. - For the present, 1t appears that the oxidation of reformer gases con-
taining more than a few ppm of CO requires the use of acid electrolytes at tempera-
tures near 150°C. The improvements in -CO tolerance shown by Pt~Ru alloys are en-
couraging, however, and it is expected that alloy catalysts will be improved further,
making the use of unpurified reformer gases practical at temperatures below 100°C.

The same thin, highly porous electrode structures found to be useful with
hydrogen/air cells arée also useful in reformer gas/air cells. The lower performance
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obtained from the latter cells is priﬁarily related to electrocatalytic problemé
at both electrodes, and not electrode structure problems.

. Engineering work resulting in the construction of fuel batteries or
complete fuel cell systems operating on reformer gas is just beginning. Several
systems are probably being built, and only one low~temperature battery has been
reported.gi Significant performance losses were observed, with only 20 ppm of
CO in the feed to the fuel battery, which used 9 mg Pt/em? electrodes and HZSO
electrolyte at 65°C (see Figure 3). It is likely that the indirect systems built
in the near future will use fuel cells which operate at temperatures above 100°C,
and will have performances like that shown by the uppermost curve in Figure 3.

The molten carbonate cell, operating at temperatures in the range 600 -
750°C 1s capable of consuming reformer gases containing relatively large amounts’
of CO (10-20%) with excellent performance. At an operating temperature of 750°C,
it is conceivable that the cell and reformer might be integrated in such a manner
that the reject fuel cell heat is used by the endothermic reforming reaction, in-
creasing the overall system efficiency. Furthermore, the carbonate cell employs
relatively inexpensive electrocatalvsts such as nickel at the anode and copper
oxide (or silver) at the cathode,=2"21 making this an economically attractive
system, During the last few years, considerable improvements in performance=2
and operating life have been made, bringing this system to the point where
it is ready for an increased engineering effort. . A reasonable design point for
a molten carbonate system would be 200 ma/cm® at 0.75 V, as shown in Figure 4.
The life expectancy for a single cell gs now more than six months,22 and 36-cell
modules operate for about 1000 hours.32

An interesting recent approach to the indirect fuel cell is the integra-
tion of the fuel cell and the reformer, placing the reforming catalyst in the fuel
compartment of the cellZ2 (case d of Figure 1). This is best done when the anode
is a non-porous hydrogen diffusion electrode (Ag-Pd activated with Pd black on both
sides) .36=38 These electrodes are expensive, their materials costs being equiva-
lent to that of about 20 mg Pt/cm? for a 0.001" thick electrode activated on both

at the same temperature (200-250°C, 85% KOH electrolyte), the reject heat from the

fuel battery can supply the endothermic heat for the reforming reaction. In addi-

tion, since the fuel cell reaction extracts hydrogen directly from the reforming

zone, the response of the reformer to the demands of the fuel cell is relatively I
rapid. Start-up is not very fast, however, and external heating energy must be !
supplied. )

{
sides. !
Because of the fact that the fuel battery and integrated reformer operate 1

The best-performing integrated system is that operating on methanol,gg”lg J
the performance of which is given in Figure 5. The corresponding indirect hydro~ ;
carbon cells show poorer perfgrgance and short catalyst lifetimes, even at the
higher temperature of 250°C.§—'—— as shown in Figure 5. These systems, especially
the methanol system, could gain popularity during the interim period before direct
methanol or hydrocarbon cells show high performances at capital costs comparable /t
to those for present hydrogen-air cells. : ‘

In choosing among the various indirect systems, the operating require- 4

ments of the application will probably dictate the optimum combination of reformer,
hydrogen purifier (if any) and fuel battery. For fast start-up, a low-temperature ‘
fuel battery is desirable. This may require the use of pure hydrogen (as from a J
silver-palladium diffuser), but it is possible that a cell using a Pt-Ru anode
electrocatalyst could be started quickly from room temperature on unpurified re-
former gases. Where steady operation without shut-down is needed, the molten car-
bonate system probably offers the lowest capital cost and highest efficiency. A /
reasonable compromise system with medium start-up time and medium cost, using no ,
scrubbers or purifiers would be a cell with 2-3 mg Pt/cmZ at the anode, H,P0,
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electrolyte, and 3-4 mg Pt/cm at the cathode.3 This seems .to be the simplest system
in concept, and could be the simplest in practice. -

Direct Fuel Cells

The direct -fuel.cell which shows the highest performance on a liquid fuel
is the hydrazine cell. This cell has received more engineering attention than any
other except for hydrogen-oxygen.40,41 Typical performance curves for hydrazine-air
cells are shown in Figure 6. Both platinoid element electrocatalystsﬁ—’—— (Pt and Pd)
and nickel- based electrocatalysts3~ (high—-area nickel and nickel boride) have been
used successfully with hydrazine hydrate as the fuel. Because hydrazine reacts with
acids, an alkdline electrolyte is necessary. This means that the CO, must be removed
from the air fed to the cathode. As in the hydrogen cells, thln, porous electrodes
are used, and the electrolyte is usually held in a matrix.

Several’ complete hydrazine fuel cell systems have been built for vehicle
applications, including a 20 kw system for an Army M-37 truck. 4l Because nickel
boride can be used at the anode and silver or a spinel at the cathode, the hydra-
zine cell looks promising from a capital cost viewpoint, but the high cost of hy-
drazine will probably restrict this cell to special applications. Strong points are
the admirable performance obtained with relatively simple systems and the use of non-
platinoid electrocatalysts.

) All other non-hydrogen direct fuel cells show poorer performance than
hydrazine cells, and require unreasonably large amounts of precious-metal electro-
catalysts. These other systems must still be considered to be in the research stage
and should not be.included in any de51gns 1nVOIV1ng cost as an important criterion
for the near-term future.

] Several ddvances in the direct use of carbonaceous fsels are notable,
however. A few years ago, large amounts of platinum (* 50 mg/cm®) were necessary
in order to obtain current densities near 100 ma/cm“ from propane at cell potentials

of 0.2 to 0.3 vqlt.ééf It has been reported recently that electrocatalyst loadings
as low as 5 to 10 mg Pt/cm? can be used with propane, while still obtaining current
densities of lOOVma/cm2 at cell potentials of 0.4 volt.}%»=='== Some of the recent

data are summarized in Figure 7. The liquid hydrocarbons which yield the ‘highest
performance are propane and butane; the higher molecular weight fuels give decreas-
ing performance with increasing molecular weight. 44,47-49,54 some of the problems
which Temain to be solved are the cycling behavior of the anode reaction rate when
phosphoric acid is used as the electrolyte,55 and the conservation of water, in
addition to the obvious problems of electrocatalysis and corrosion.

No presently-known hydrocarbon cells will start up from room temperature,
so external heat for start-up must be provided. No appreciable amount of fuel bat-
tery or systems work has been done yet, but the time is approaching when this’ will
be appropriate.

The direct methanol cell has not shown the progress that might have been
expected of it a few years ago. This cell still requires electrocatalyst loadings

of 20 to 40 mg/cm? of platinoid electrocatalyst556 57 at the anode. Even with these
loadings, the performance is still relatively modest, as shown in Figure 8. 1In spite -
of this disadvantage. some engineering work has been completed, resulting in-a battevy
delivering300watts?2» and a compact system delivering about 100 watts at a regulated

voltage.2X

Summary of Fuel Cell Performance

The present state of affairs, with respect to cell ch01ces, reflecting all
of the recent advances discussed above incorporating new, low electrocatalyst loadings,
and improved performances on air (in some cases estimated by the authors)

* All asterisks in thé figures identify those current density-voltage curves which have
been converted from oxygen performance to air performance by the authors, based on pub-

lished data.
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summarized in Table I. The performance values for the indicated electrocatalyst load-
ings may be slightly optimistic. The systems which are expected to have the lowest
capital cost are the molten carbonate (indirect) and the hydrazine (direct), followed

by the reformer gas (indirect) and.the integrated methanol reformer-fuel cell. The
hHydrazine system is the most well-developed, followed by reformer gas (indirect), the
other direct cells being farther behind. Direct hydrocarbon and direct methanol cells
still contain too much expensive electrocatalyst and require a great deal more engineer-
ing work before they can compete with the other systems.

The current status of .the systems just discussed is also presented in
Table I, together with the authors' estimates of the specific power of the fuel cell
stacks and systems (including reformers and plumbing but not fuel and tank) which could
be constructed using the present research and engineering results. The specific power
values for some of the systems of Table I, together with the specific energy values
(watt-hr/1b) of the fuel plus tank allow the direct calculation of specific power
(watts/1b) versus specific energy (watt-hr/lb) curves for fuel celd systems contain-
ing various weight fractions of fuel cell and fuel. These results are summarized in
Figure 9. This figure is particularly useful in selecting fuel cell systems which must
meet specific power and energy requirements. This will be discussed in more detail
below.

SECONDARY CELLS WITH FUSED-SALT ELECTROLYTES

In order to augment the characteristics of fuel cells to form a high~performance
hybrid system, it 1is necessary that the secondary cell have the ability to deliver
large amounts of power per unit weight, on a repeated basis, with no damage to the
cell. Specific power values above 100 watts per pound are necessary for many appli-
cations, and values as high as 500 watts per pound are desirable. Furthermore, it
is necessary that the secondary cell have ‘the ability to accept charge very rapidly
without detrimental effects. This feature is important in vehicle propulsion and
other applications where fast recharge is essential. A full charge should be achiev-
able in 15 minutes or less for some applications.

The lithium-tellurium and lithium~-selenium cells possess both of the character-
istics discussed above.86,87 These cells are still in the early stages of develop-
ment, but laboratory-model cells have indicated that these systems have the required
fast charge-discharge characteristics and high specific powe:s.éi-ég

The lithium-tellurium cell makes use of molten lithium as the‘anode (negative
electrode), fused lithium halides as the electrolyte, and molten tellurium as the
cathode (positive electrode)., The minimum operating temperature is set by the melt-
ing point of the tellurium (449.8° C),_§ hence thermal insulation must be provided
to prevent excessive heat loss. Under normal operating conditions, the internal
heat generation will be sufficient to maintain operating temperature, while on

stand-by, the cell temperature may be maintained by means of a small heater. /,
[
7

The overall cell reaction is the electrochemical transfer of lithium through
the electrolyte into the tellurium, resulting in the formation of a lithium-tellurium
alloy at the cathode., On recharge, the lithium is electrochemically extracted from
the cathode alloy and returned to the anode compartment. The electrode reactions
on discharge are:

Li» Lit + e o5
Lit + e + Te (excess) » Li (in Te) (2)

Typical steady-state current density-voltage curves for two Li-Te cells opera-
ting at 470°C are shown in Figure 10. The open circuit volta%e of 1.7-1.8 volts 1s
in good agreement with the values reported by Foster and Liu.88 Current densities
in excess of 7 amp/cm2 were obtained on both charge and discharge. Because of the
fact that the open circuit voltages of the cell are in good agreement with the
published reversible emf values, and because the voltage-current density data lie .

5
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on straight lines, it is concluded that there are no significant activation or
concentration overvoltages present. Furthermore, since the slopes of the voltage-
current density curves agree with the measured cell resistance, the only appreciable
irreversibilities in the operation of the Li-Te cell at current densities up to

8 amps/cm are those associated with ohmic losses. The ohmic losses arise from the
electrolyte resistance and the resistances associated with current collection from
the electrodes, primarily the tellurium electrode.

) .The maximum power density obtained from the cells, whose results are shown
in Figure 10, was 3.5 watts/cmz, indicating that high power densities can be ob-
tained. The use of charging current densities up to 7 amp/cm? shows that fast re-

‘charge rates can be used. In addition, operation at even higher power densities

can be achieved for short periods of time. Figure 11 shows the cell performarce
for short discharge times (within one minute after start of discharge from the
fully-charged condition), corresponding to a cathode composition of about 5 a/o

*Li in Te. The geak power here was 5 watts/cmz; the short-circuit current density
-was 12.7 amp/cm

The Li-Te cglls were charged and discharged repeatedly over periods of up to
300 hours at temperatures of 450 to 500°C with no signs of degradation. The charge-
discharge coulombic efficiencies at the l-hour and 45-minute rates were 85 to 91 per-
cent,

A lithium-selenium cell was also operated using the same cell parts as for the
lithium~tellurium cell, The operating temperature was reduced to 350°C, since the
melting point of Se is only 217°C. The current demsity-voltage curve for this cell
is shown in Figure 12.

Based on the voltage-current density curves of Figure 10, secondary batteries
can be designed. The designs include bipolar current collectors and rigid paste
electrolyte_g of minimal thickness (~ 1 mm). A realistic design, allowing for 5
cells per inch corresponds to a specific energy of 80~100 watt-hr/lb for the Li-Te
battery at a 1.5-hr discharge rate, and a specific power of 300 watts/lb at the 1/5
hour rate. The curve of specific power vs specific energy on which these points lie.
is shown in Figure 9, together with several other curves corresponding to various
cell spacings. The method used for calculating the Li-Te battery curves in Figure
9 is explained in detail elsewhere.88 These curves and those for the fuel cell
systems are used in preliminary design calculations. The important features of
Figure 9 are the high specific power values obtainable at reasonably high specific
energies, since high-performance hybrid systems depend upon the secondary cell for
high peak-power capability.

FUEL CELL-SECONDARY CELL HYBRID SYSTEMS®

As can be seen by inspection of Figure 9, fuel cell systems have the ability

to deliver low to moderate specific powers for long periods of time, but are not
able to provide specific powers in the range of 100 watts/lb or higher. - In fact,
sustained power densities in excess of 30-35 watts/1lb are not possible with pre-

sent-day air-breathing fuel cell systems. Furthermore, air electrodes in general
cannot support heavy overloads for even a few minutes because of oxygen diffusion )
limitations. This situation results in the necessity of designing fuel cell systems
around the peak power requirements of the anticipated application. The disadvantage
of this practice is that the fuel cell system then is very heavy and bulky, and has

a significantly higher capital cost than would be required 1f the design were for

the average power demand.

By combining a fuel cell system with a high specific power secondary cell, a
hybrid system is obtained. The hybrid system is designed to take advantage of the
high specific power secondary cell to supply the peak load requirements, while the
fuel cell system is designed to meet only the time-average power requirements.
This results in a total system which is lighter than either a fuel cell system or
a secondary battery designed to do the job alone. In vehicle applications of the
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hybrid system, it is possible to take advantage of the fast-recharge characteristics
of the secondary cell by using regenerative braking. This practice can recover a

large fraction of the energy expended in acceleration, providing an extended vehicle
range. Thus, fuel cell-secondary cell hybrid systems provide the following features:

1) The high energy:weight ratio of fuel cells.
2) The high power:weight ratio of bimetallic cells.
3) The high charge-discharge rate of bimetallic cells.

These features permit the design of compact portable power sources, particularly
well-suited for applications where power profiles having high peak to average power
ratios are encountered. These points will be illustrated in the following section -
by means of practical designs relating to applications in automobiles, homes, and
submarines.

Automobile Power Sources

The electric propulsion of automobiles has been viewed as a potential means
for reducing air pollution and other urban irritants.f= However, because of range
limitations due to the low specific energy of present batteriesﬁé, it is unlikely
that an economically competitive electric automobile with a range of more than 40
miles powered by presently-available secondary cells will be available in the near
future.

Fuel cells have also been proposed for automobile propuision, but the
severe limitation of a low overload capability requires that the fuel cell system
be sized according to peak power requirements, resulting in a heavy, bulky system,

The hybrid design provides a combination of the high specific power
capability of secondary cells and the high specific energy of fuel cells. This will
be illustrated by the following calculations for an automobile suited for urban driv- 14
ing where an air pollution problem exists and where the fuel cell fails to meet the
requirements of the frequent stops and starts in the driving pattern which require a
high specific power. For this driving pattern, a light automobile, like the Volks-
wagen (1960) was chosen. Pertinent data for the Volkswagen (1960)12 are listed be-
low:

Unladen car weight 1,600 1lb

Laden car weight (passengers inclusive) 2,000 1b

Engine brake horsepower 36 hp at 3, 700 rpm
Engine weight* (transmission inclusive) 250.1b

*
Numbers have been rounded off.

As a design specification for the electrically-powered automobile, the
weight of the power source was set at 400 1b or 25% of the unladen car weight, in- J
cluding fuel and tank. . /

The traction required to drive the automobile consists of tire resistance
f' air resistance F_, gravity resistance Mg sin a, where M is the mass of the car
and sin a is grade, and acceleration dv , where v is the car velocity and t ig time.
The total traction required is therefore:

[

= dv » 3}
F = Fg + F, + Mg sina +M T _ (3

The power requirement is obtained by multiplying each term by the car
velocity: .

P, =P, +P_ +Mgvsina + My g: )
The tire resistance for passenger-car tires, with various percentages of synthetic
rubbers lie in the range 1.2 to 1.4% of the load carried, and increases to 1.6-2. 0% ,

at 70 mph.Ld The air resistance varies with the square of the car velocity and may
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be expressed by

: 2
F =C_.A

v
a D £F 2g (3)

where C_ is the drag coefficient of the car (0.6 for a Volkswagen), Af is the
frontal“area of the car (20 ft< for a Volkswagen) and p is the air density

(2.38 x 10-3 1bs—sec2/ft ). From the above equations, it follows that for a
Volkswagen at 30 mph on a 1% grade, having a typical acceleration of 15 to 30 mph
in 4 seconds requires 26.6 hp, 20.9 hp of which is required for acceleration.

The traction requirements at various speeds calculated from Equation
3 are plotted together with the performance of the Volkswagen (1960) using four
standard gear ratios in Figure 14, illustrating the power requirements for this
automobile.

The 51mp11f1ed urban driving proflle presented in Figure 13a has been
adopted for the present design purposes.

] ‘The power profile calculated from fhis figure and Equation 4 1is shown
in Figure 13b. This power profile shows that in typical urban driving, the power
requirement at the wheels consists of

continuous power: 5 hp (3.75 kw)
pulse power: 25 hp (18.8 kw)

By providing a 25 hp electric motor, the design will essentially produce the per-
formance -of the Volkswagen as.can be seen from.the curve labeled as 25 hp-in Figure
1&. Table .I1 summarizes the design specifications for the urban auto which will
perform according to the driving profile of Figure 13a.

The design calculations for the urban automobile powered by the hydra-
zine/air fuel cell - Li-Te secondary cell hybrid system are summarized in Table III.-
The weight, energy, and power capabilities of this hybrid system are compared to
those for other power sources in Table IV. Note that no fuel cell system used alone
could meet the specific power requirement of \58 watt/lb. However, if the car is re-
designed to allow more weight for the fuel cell, it is possible to build an auto-
mobile powered solely by fuel cells as shown in column 3 of Table IV and demonstra-
ted by the Electrovan. The lead-acid battery may be the least expensive power source
at present, however, no lead-acid batteries can meet the specific energy required for
a practical range (column 4, Table IV)., The silver-zinc and lithium~tellurium systems
are both very attractive with respect to the power-to-weight ratio. In particular,
the fast charge-acceptance capability of the lithium-tellurium cell presents inter-
esting possibilities including regenerative braking,/4 which is not practical for
cells unable to accept charge very rapidly. In the present analysis Ag-Zn batteries
show only a marginal range. In summary, Table IV clearly illustrates the superior
features of the hybrid system over the other systems.

Power Source for the Home

In many areas, the largest component of the consumer's cost of electri-
city is the cost of transmission from the power generating station. For the home
owner purchasing power from a large utility, this cost is approximately 50% of the
consumer price for the electricity. While this cost seems to be a large fraction of
the total, it is still acceptable when the ‘economics of central power generation are
considered. At present, or in the near future, it is unlikely that any type of fuel
cell will be economical enough to be used for supplying electrical power to homes,
replacing available power lines. However, because of the very rapid progress made
in the last few years, some fuel cells, particularly molten carbonate cells, are be-
coming attractive in special situations such as areas which are not already serviced

by power lines. Under these conditions, fuel cells and hybrid systems may be suitable

and economically attract;ve, with the advantage that the transmission of a fuel such
as natural gas is much more economical than transmission of electricity!
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The energy and power requirements for a home exhibit a cyclic profile,
as shown in Figure 15. Four peaks appear, corresponding to breakfast time, lunch
time, afternoon work, and the evening hours. A detailed listing of the power and
energy demands,Z2 i1s shown in Table V. Because of the high ratio of peak power to
average power shown in Figure 15, it is to be expected that a hybrid system will have
an advantage over a fuel cell system. It is seen from Table VI that the hybrid system
weighs less than half that of the fuel cell system. A lower system weight means in
general a lower initial investment and a lower maintenance expense. In addition, one
may take advantage of the high flue temperature of the molten carbonate cell in the )
hybrid system by using it to maintain the operating temperature of the Li-Te cell, The]
heat balance shown in Figure 16 indicates that under the given conditions assuming 30%
fuel cell efficiency,2+ and using an after-burner to combust the residual hydrogen in
the flue, the flue gas from the after-burner will have a thermal energy of approximatel
12,000 BTU/hr. This energy can be used to operate an ammonia absorption refrigeration
unit to produce approximately 6000 BTU/hr refrigeration, which is more than enough to
run several refrigerators and dehumidifiers but not sufficient to provide central
air conditioning (which requires 36,000 BTU/hr refrigeration for an average home).
The additional energy for central air conditioning and heating would be supplied by
direct combustion of natural gas, and would be independent of the hybrid system.

Submarine Power Source 1

The use of fuel cells for propulsion of combat submarines is rather un-
likely in view of the almost unlimited submergence capability of nuclear-powered sub- 1
marines. However, many unique features of fuel cells make them attractive for special-
purpose submarines. Some of the attractive features are: 1low fuel and oxidant weight
requirements resulting in smaller displacement vehicles with greater depth capability,
quiet operation, and simplicity. From the point of view of buoyancy and weight-dis-
placement ratio, the high energy density of fuel-cell systems makes them very attrac-
tive in applications where weight-to-energy and volume-to-energy ratios are critical.
Although secondary cells are superior from the standpoint of power-to-weight ratio, i
they are only suited for missions of a few hours' duration. As the mission length
increases to days or weeks, the weight of the battery pack increases much more rapidly
than that of fuel cell systems.

gower source for a small submarine requiring 103 kw of power for pro- }

pulsion and 10” kw as pulse power for sonar can make good use of the fast-charge

fast-discharge capabilities of the Li-Te cell, as shown by the results in Table VII.
Other Applications p
As 1llustrated in the preceding three examples, the hybrid system sur-

passes the other energy and power sources, including the system with a fuel cell

alone or storage batteries alone in applications where periodic high peak energy

demands exist. Since the bimetallic battery is capable of being charged and dis- //

charged at high rates, it can be combined with a regenerative braking system which 7

recovers a part of the energy which would otherwise be wasted. These unique features

of the hybrid system make many possible applications for the fuel cell much more

attractive. For example, industrial trucks, commuter buses, commuter trains, passen- #

ger boats, speed boats, submarines, hydrofoil boats, portable communication units, .

and electrolytic machining equipment are all potential applications of fuel cell-

high rate secondary cell hybrid systems. ’
CONCLUSIONS
The recent advances in fuel cells have placed them in a much more competitive /J

position than they were just a few years ago. The previous requirements for large
amounts of platinoid metal electrocatalyst have been drastically reduced to the
point where platinoid elements can be eliminated from hydrogen-air cells using
alkaline electrolytes, and only l-4 mg/cm® of platinoid elements are required .
when acid electrolytes are used in hydrogen-air cells. The direct use of unpuri- 4
fied reformer gases (containing more than about 20 ppm CO) is presently only
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feasible with low-loading (< 5 mg platinoid,metal/cmz) electrodes at temperatures
above 130°C. The direct use of hydrocarbon fuels is not yet practical, although
very encouraging progress has been made, reducing the electrocatalyst loadings by
a factor of about 10 from the 6riginal requirements of a few years ago. Molten
carbonate. cells have improved significantly in both performance and endurance, to
the point where they can compete with other fuel cells on a performance basis, and
are most attractive from an economic viewpoint.

The choices’among the most advanced fiuel célls are governed by the specific
requirements of each application. For simplicity and high power density, direct
hydrazine cells are attractive; for use with conventional carbonaceous fuels, in-
direct systems operating either on pure or impure hydrogen appear to be-the best
at present. In choosing between acid and alkaline electrolytes, the gain in system
weight due to the necessary air scrubber for the alkaline electrolyte is counter-
balanced by the lower performance of the air electrodé in the acid system, so that
the choice should be based on system simplicity (acid) or system cost (alkaline).

Since fuel cells are still relatively low specific power devices (maximum of
30 watt/1b for a system), the specific power requirements of many applications cannot
be satisfied by fuel cell systems, unless a method is available for providing the
peak power. Design calculations indicate that a fuel cell-high rate secondary cell
hybrid system should provide the ability to meet the demands of high peak-to-average
power profile with a system weight lower than that available using either fuel cells
or ‘secondary cells alone. -These hybrid systems provide an attractive opportunity
for the early use of fuel cells in high specific power applicatioms.

Work performed under the auspices of the U. S. Atomic Energy Commission,
operated by the University of Chicago under Contract No. W-31-109-eng-38.
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TABLE II

Design Specifications for Power Sources

For a Light Urban Automobile.

Design Requirement

Unladen car weight

Laden car weight

Maximum speed on level road
Acceleration O to 30 mph

Brake horsepower (pulse)

Power source (pulse)

Brake horsepower (continuous)
Power source (continuous)

Weight allowance for power source*

System specific power (peak)

4

Exclusive of motor, controls and gear train.
24

controls will weigh 90 1b.=—

1600
.2000
60

25
23.2

4,65

400
58

The motor

1b
1b
mph
sec

hp

hp
kw
1b
watt/1b

and
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TABLE III

<A

Hybrid System for the Urban Automobile

Fuel Cell

System N2H4-H20/Air
Continuous power required
Specific power of fuel cell
Weight for 4.65 kw

Baftegx
System Li-Te
Power Requirement

Design specific power (with
3.6 cell per inch from Fig. 9)

Specific energy
Weight for 18.55 kw
Energy stored

Fuel and Tank
Weight allowance

Energy available
Total energy availabe

System specific energy
System speclfic power (peak)

Range in the typical urban driving
(from Figure 13a)

*
Specific energy of fuel and tank for the NZHA'HZO/Air fuel cell is

taken as 680.2 watt-hr/1lb.

4.65 kw

30 watt/1b (From Table I)
155 1bs

23.2 kw - 4.65 kw = 18.55 kw
300 watt/1b

58 watt-hr/1b
62 1b

(58) (62) = 3.6 kw-hr

400 - 155 - 62 = 183 1b
ok
(183) (680.2) = 125 kw-hr

3.6 + 125 = 128.6 kw-hr

(128.6) 10)3 _ -
oo = 322 watt-hr/lb
3
(23.2Q0° - _
00 58 watt/1b

(128.6 kw-hr)(3.75 miles/kw hr)
= 48] miles
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TABLE 1V

Comparison of Various Electric Power Sources for an Urban Automobile

i __Hybrid Fuel Cell . Lead-Acid
Svstem z%gaigggéAir NZHA'HZO/Air
Weight
Fuel cell and

fuel, 1b 338 970 -

Battery, 1b 62 - 400
Total, 1b 400 970 © 400
System Power, kw 23.2 23.2 23.2
System Energy, kw-hr 128,6 66 0.96
Range, miles 481 246 3.6
Recharging time <15 min <15 min > 8 hr

=Zn

400
400
23.2
28
105
>8 hr

Based on a typical urban driving profile shown in Figure 13 a,

3.75 miles/kw-hr is gbtained.

TABLE.V

Power Requirements for a Home

Continuous Loads

Thermal BTU/Hr

76
Heating—

80,000
Home appliances -
Pulse Loads
Cooking 10,000
Household.chores -
Clothing dryer 15,000

Home appliances -
TV and Radio -
Lights ' -

Electric, Watts

1,000

2,000

3,000
600
1,000

Duration, Hr

Li-Te

400
400
23.2
56

210

<15 min

24
24

0.5
0.5
0.5
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TABLE VI

Designs of Power Sources for a Home

Design Requirements

Electric power and energy requirements:

Continuous power 1 kw
Pulses integrated over 24 hr period . 22.5 kwh
Energy of largest pulse 16 kwh
Peak pulse power 6.6 kw

Calculations are made for both hybrid system and
fuel cell system.

Hybrid System

Fuel cell system: Molten carbonate cell with a reformer.
Cell operating temperature 650°C
Fuel: Natural gas (methane) from gas supply line

24 + 22.5

Average power requirement: ——32————— = 1.95 kw
Specific power of the fuel cell system (Table I) 10 watt/1b

~ (reformer inclusive)
Weight:

Battery system: Li-Te
Peak power requirement

Energy storage requirement (from Figure 15) 8 kwh

From the definition of specific energy, ¢

4.65 _

o
P

By finding the intersection of the above equation and the Li-Te line in
Figure 9, we have the following points for the Li-Te battery with 2.1

cells per inch.

specific energy 136 watt-hr/1lb
specific power
welght required )
combined weight 195 + 59 = 254 1b

Fuel Cell System
Fuel cell:
" Fuel:
Power requirements:
Specific power:
Weight:

g

is watt-hr/lb and cp is watt/lb.

(1.95)(10)3/(10) = 195 1b
4,65 kw

*
E and specific power, op

or cp = 0.58 °g

68 watt/1b
(8) (10)3/(136) = 59 1b

molten carbonate cell with a reformer
natural gas (methane)

6.6 kw

= 10 watt/lb (reformer inclusive)
(6.6) (10) /(10) = 660 1b.
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TABLE VII

Designs of Power Sources for Small Submarines

Design Requirements

Search, rescue, salvage or research missions with sonars

Continuous power requirement:
Total propulsion energy:
Pulse .power requirement:

Total pulse energy:
Total mission energy requirement:

Hybrid System
Battery

System

Power requirement

Energy requirement for a sonar pulse

Specific power (for the Li-Te battery
with 8.5 cells per inch)

Weight for 10,000 kw

Specific energy (from Figure 9)

Energy stored

1,000 kw, 48 hours

4.8 x 10 kw-hr

10,000 kw for 10 seconds :
1,000 pulses at 100 second intervals
2.78 x 10% kw-hr

7.58 x 10% kw-hr

Li-Te
10,000 kw ,
27 .8 kw-hr

500 watt/1b
20,000 1b
20 watt-hr/1lb

(20,000) (20) = 400 kw-hr

The stored energy is more than sufficient
to produce several pulses without recharge.

Fuel Cell

System
Energy requirement
Power requirement

Ammonia (Rlssociator)/Air

From the definition of specific energy and power

7.58 x 10 _ 0.158 x 10
OE GP

7.58 x 107 kw-hr
7.58 x 10° _
%8 = 1,580 kw
or op = 0.0208 Op

By drawing the above relation on the coordinates of Figure 9,
we find the line intersects with the ammonia (dlssoc1ator)/alr

line at the following points

Specific energy
Specific power

605 watt-hr/lb
12.5 watt/1b

These numbers correspond to the fuel cell system consisting of
43 w/o fuel cell and 57 w/o tank plus fuel

Weight required

Power available

7
7.58 x 107 _ 5
Toe 1.25 x 10° 1b

1.25 x 10° x 12.5 x 1070 =

1.56 x 10° kw

This power is sufficient to meet the mission requirement.

Total system weight

=(0.2 + 1.25)10° = 145,000 1b




System

Weight
Fuel cell, 1b

Battery, 1lb
Total, 1b

System Powér, Mw
System Energy, Mw-hr

342

TABLE VIII

Submarine Power Source Designs

'beria ) 'Fhei Ceil Ag-Zn

Li-Te
NH,/Air and NH./Air Ag-Zn Li-Te
3/al 3
Li-Te
125,000 398,000 - -
20,000 - 1,080,000 525,000
145,000 398,000 1,080,000 525,000
10 10 10 10
75.8 75.8 75.8 75.8
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ELECTRIC POWER REQUIREMENT,
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Fig. 15 Flectric power requirements for a home.
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Fig. 16 Schematic diagram of a home hybrid power source.




