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Mechanical 6 Electronic Engineering Division
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INTRODIXTIOtII
Over the past thirty-five years, the transportation eector

ha~ accounted for approximately 25% of the total gross energy
consumption in the United States. Transportation’s share of
petroleum use in this time frame has ranged from 50-55% (l).
Therefore, the use of fuel cell power plants that could possibly
operate more efficiently thm internal combustion engine~ in this
type of application has been examined. In addition, theu~ fuel
cell power plants can operate on methanol produced from
indigenous, non-petroleum sources and thereby reduce U.S.
dependency on petroleum resources, Fuel cell power plant use in
city buses and automobiles has been explored and feasibility
determined from both performance and cost viewpoints,

SELECTI(J1! OF FUEL CELL SYSTEMS
Fuel cell systems for transportation applications have been

selected on the basis of state-of-development, performance (both
present and projected), and fuel considerations, In the last 25
years, rest of the development work by research organizations and
industrial fires has focused on five types of fuel cells,
clasbifiud according to the electrolyte used (2-6), In terns of
the overall s~ate-oi.-devulopmenl of systems, the ranking is as
follows:

1, Phosphoric Acid
2. Alkaline
3. Proton Excharl~c’ Flcmbranc
4. Moltc’n Cur’bonate
5. Solid oxid@



the next 5 to 10 years They orc freti]c in t.heir present form.
snd pC?rhSp6 not suited to mobile spplicet~on L, Their high
tcwqwratures of operation would bc o safety hazard in ● vehicle,
They ●re ●ttractive for utility ●pplications because they ●re s
Source of high-trade heat for co~eneration use, a feature that i6
not needed in propulsiorl applications, in any event, their
perfomnance is presently lest than or equal to that of phosphoric
acid systems, thereby removing any incentive to pursue them for
transportation applicat~(,nc at present,

The ●lkaline fuel cell has shown spectacular performance
operatint on hydrogen/oxyBerl for space applications. However, it
is severely handicapped in terrestr~al applications unless
extremely pure hydrogen is acceptable as a fuel Schemes to use
processed organic fuels in alkaline cells have been tried, but
such methods will not be practical in the near future, if ever.

The fundamental reason for the emergence of phosphoric acid
technology is the ability of tb~sc fuel cells to operaf.a at high
efficiencies on a variety of processed hydrocarbon fl,els. The
proton exchange membrane (PEPl) technology also shows promise for
being able to operate on these types of fuels. The fuel cell
performance characteristics used in the studies discussed below
are summarized for these two systems in Fig. 1. The phosphoric
acid fuel cell system is an unpressurized stack and methanol/steam
reformer, with a pre-mixed methanol/water fuel. The fuel is
apprc)cimately 58% methanol by weight. The reformer system is
similar for the PEtl power plant. in advanced systems, water
recovery from the power plant would be used to supply the steam
for reforr,ing removing the need for a pre-mixed fuel, The near
term phosphoric acid curve is a composite of data from existing
power plants, and represents perfomnance which catl be easily
attained. The two advanced technologies, including PEfl, are
extrapolated from subscale demonstrations and observed
improvements in performance. Both of the advanced performance
curves represent modest 5 year expectations.

The fuel cell systems discussed ehove use pure hydrOgQn or a
hydrogen-rich mixture as the fuel, Hydruzen can be supplied in
its pure form as a gas, compressed gas, or a liquid,
Hydrogen-rich fuel may be deriv~d from the catalytic decomposition
of hydr~carbons or other hydrogen-containing compounds, Intsrest
in acid electrolyte fuel cells is due to numernus organic hydrogcln
compounds that may be readily reformed i~,t.o hydrogen-rj.ch mixtur~s
that can be used as fuel by these systems, Hydrocarbon fuels th~t
have beer. used arc natural gas, naphtha, methanol, and jet fuel.
Methanol decompo’.;es at relat;.vcly low tcmper~tures (200°C) using
inexp~nsivc~ cat’~lysts (CUO-ZrIO) arid ? simple appartitus, This
mak~s it an at~.r~ctivc sourct~ of hydrogen for fuel cells. ‘1)1 e

othr hca”;ier }lyd[.ocarbons, including die~ol fuel, requirme complcIx
equipment an< much h~g}ier temporut.urcs for reformi~~g, This I@ads
to hi~h(r weiglltfi und volunws, which ar~’ cr!tictjl parwhf,tl’rs in
trarirportat~ ori appl~cut~ons.



cnrbonatec that eventually precipitate in the electroclec and
de~troy ●lectrochemical performance, Thus, ●lkaline fuel cells
●re ncjt ●ble to use hydrot~r~ derived from hydrocarbons but require
pure hydro~en as fuel, At the present time, it doe~ not appear
feasible to supply hydrogen through the transportation
infrastructure.

The indicated state-of-development and the overall results of
fuel considerations leave only the phosphoric acid fuel cell as a
choice for near-term use. The phosphoric acid fuel cell
represents the only technology that has demonstrated full stack
operation on reformed fuel, By the 1990’s, sufficient
improvements in performance and power density will be realized to
consider an advanced phosphoric acid system for future
applications, Also, a PEH fuel cell system should be considered
at the same time, The potential of the PEP! fuel cell for
transportation applications in temns of high power density,
low-temperature operation, rigid and contained electrolyte, and
cold start capability dictates its consideration even though the
system technology development is immature for terrestrial
operation on reformed fuel.

FUEL CELL PROPULSION SYSTEMCONSIDERATIONS
One of the prominent aspecLs of contemporary phosphoric acid

fuel cell systems is that the systems are designed to produce
power at a steady-state condition, or at most, at a few fixed
operating points. The transportation application, however,
requires rather large and rapid changes in power source output to
meet the duty cycles. The limiting faster in fuel cell systems
for meeting transients is the reformer. It is doubtful that
existing reformer systems will be able to respond adequately to
the severe transient load requirements of transportation duty
cycles, particularly in urban operation. To quantify the degree
of the problem, the time constant for changes in the catalyst bed
temperature in response to changes in fuel flow in a Los Alarnos
20-kW methanol reformer experiment was 15 min (7). This is
certainly not satisfactory for vehicle requirements where a
fast-resFanse reformer is required for very Inrge power s~ings.
Such fa~’t-response reformers are being developed, but, pending
their availability, transient requirements will have to be met by
using fu~l cell/battery hybrid power sources where the battery
supplies power to meet peaking demands.

The rmtor/controllers, transmissions and differentials used
in the fcllowing simulations were selected from equipment
available off-the-shelf or fro:: thos~ being developed by DOE under
the Electric and Hybrid Vehicl~ program.

NEAR-TEPu FUEL CELL BUSES
One possible near term application for a fuel cell puwcr~d

vch.icle ;r the 40-ft city bus. Simulations have be(’r~ conducted to
determine the feasibility of this application (7,8), With the
r~str~ction that current. techrlology be used, a hybrid fu~l
ct\]l/battery systrrn is the necessary solution to tho fu~l cell
f’lect,ric bus propulsion system, The reasons for this conclusion
ar~:



14 Con:cmp@rary refomrr dcrignc are not suited to trans)cnl
opera~ion on veh~culnr duly cycle~.

2. Availnblc powrr derlfiitieL in fuel cells srr not ●dequ~lc
to provide peak pow(’r rcquirenwnt~ without excessive
weight and volume penalties.

Ttw pcrfonnancc, which dcternrines the power requirements, is
that specified by the Urban tluss Tran~porlation Administration
(UHIA) While Book. The fuel cell power in the hybrid system is
taken as the average power over the duty cycle, inciudin~ bat~ery
chargint capability. For the performance cycle selected, the fuel
cell power is 59-kW. The peek power requirement is 143-kW; the
battery pack is capable of supplying the difference. The fuel
cell system used is an unpressurized phosphoric acid stack and a
methanol/steam refomner. The battery used is a Globe EV-1300
lead-acid electric vehicle battery selected for its peek power
capability (9,10).

The bus operation was simulated over the selected UMTAduty
cytle starting with fully charged batteries. The summary of
performance is given in Table 1.

NEARTliRH BUS PERFORMANCE

Energy, kWH
Propulsion

Fuel Cell
Battery

Auxiliary
Recharge

Final SOC
Recharge Time, h:min
HPG Hethanol

Normal

15.5
18.2

6,0
56.4

0,37
5:50
1.67

Battery Cut-Out

14.0
15.9

6.0
53,4

0.41
5:36
1,08

The simulation results indicate tha~ charging of the battery
with the fuel cell is an inefficient process due to the fact that
the natural current drawn is quite low. Not much is gained in
temns of charge recovery for the amount of fuel used. It would be
possible to USP the battery pack only for peaking and not for
cruise conditions. In this mode of operation, the battery would
be disconnected from the sy:;tem except when power augmentation Is
required. The batteries would rrot be recharged by the fuel cell
during the short idle periods, A comparative simulation in this
mode is cu~arizecl in Table 1 ur~der Battery Cut-Out operation,
This is clearly a bftter way to run the system,

ADVANCEDFUEL CELL BUSES
Advanced buse:: mu~t meet the original DOT composltc duty

cycle fro: the UH1’AWhi~e Book, Advanced buses do not utilize
batteries for peakint,, the fuel CCI1l power source providing
allOpropulsion Hr)d auxiliary power. The pcrfornmnce lQVCIG shown
for the advanced phosphor~c acid ar)d PEM fuel cells in Fig, 1 are
fissum(,d, The sys~ems are lifih~cr urld t}m-cfore the m:lximlm power
requjrc!m~;iLs are rcduc~d. T}~is leads to mc~re cfflcicnt tjnergy



USC’. 7hc perfonn@rIcr for a bus usinc ● ●dvanced phoc;)horic acid
fuel cell power plant to m(’ct th~ individual D(H duty cycles !s
summarized in Table 1] ,

TABLE 11

ADVANCEDPHOSPHORIC ACID BUS PERFORMANCEEIJERCIES ltJ KWH

Qcle Phase Fuel Cell EnerKy Fuel Erler~y use
CBL 0.385 1.01
Arterial 1.s3 4,00
Commuter 8,91 23.58
Total Auxiliary 0.7 1.84

The total fuel energy use over the composite duty is 99.7 kWH,
giving a methanol mileage of 2,68 mpg.

Performance data for the PE?i fuel cell powered bus are given
in Table III.

TABLE 111

PEM FUEL CELL BUS PERFORFIAIJCEENERGIES IN KWH

Cycle Phase Fuel Cell Ener~ Fuel Energy Use——
CBD 0.36 0.786
Arterial 1.47 3.19
Commuter 8.6 18.86
Total Auxiliary 0.7 1.53

The total fuel energy usage is 79 kWH for a fuel consumption of
3.38 mpg of methanol.

FUEL CELL BUS COST ANALYSIS
Using life-cycle cost analysis, preliminary economic

feasibility of fuel cell powered buses was exmined along with
selected trade-offs for key operating parameters. In addition to
the conventional diesel power/trive t~ain, two distinct
configurations of fuel cell powered buses were considered. The
first was a near-tern fuel celllbattery hybrid power system with
the bus systel, Cized for the DoT duty cycle used in the
simulations above, Most of the analysis centsred around this
configur{~tion. The second was a pure fuel. cell bus using
near--t-err, fuel cell operating parameters. The focus of the
analysis was on cost targets or goals for the fu”l cell powered
buses. Secause there is limited data on potential costs of fuel
cell power systems, and wl)at data there is ha? been of the cost
engineering and exploratory type as op;)osed to actual full scale
production rlata, tlie cost target approach allows evaluation of
feasibility without requiring detailed and fin,, cost information.
Thus , allcwable costs were postulated, cost goals that must be met
if the fuel cell powered buses are to be comp~ftitive with the
conventional diescll powc’red buses, TWCItypes of cost mc’asures
were cxk~ined; a total doll~rs per mile operating cost computat~on
that included fuel, nmintc!nancc, fixed overhead, and capital
components; arid a dollar system cost oxIJre5sc?d as a]lowab]c
pow(’r/drive train costs. C[mlparin~ the cocts of the two systoni~
on a per mile basis was dv(’med 8 Jogical ap;)roach. Thusl the



“break-even” cost for s furl cell powered system would be when the
cost per tnile for thr fuel cell bus is the same ●r for . dies{.]
buc . Thr cost pc$ mile includec s11 the COSLS Sssociatecl w~th t}ic
opvration of ● city bus system; initial COSt of thr buscc,
meintenahcc cost, fwl cost, and system overh~ad costs.

The quest~on addressed by the economic evaluation of the city
bus W&S: What arc the fuel cell efficiencies and costs that would
allow the fuel cell to bc ar] economic power source for city
busec? zhe economic evaluations focused on two aspects: first,
the effect of the bus cost, fuel cost, fuel economy, and
maintenance cost on the operatin~ costs of buses; and second, the
maximum fuel cell propulsion system costs that would allow a fuel
cell powered bus to be competitive with the present diesel driven
buses. Because the fuel cell drive train systems for a bus have
not been clearly defined as yet , many of the parameters needed to
define the economics of a fuel cell powered bus are uncertain.
Also contributing to the uncertainties are the unknown future
costs of diesel and methanol fuels. Therefore, the economic
analysis used a range of values and focused on the “break-even”
costs for a fuel cell system and not on what the expected costs of
a fuel cell powered bus will be.

To establish benchmarks from which comparative analysis can
examine the fuel cell powered bus option, a set of computations
was made for the conventional diesel powered bus to provide
information on the total operating costs per mile when the bus
purchase prices (dollar capital cost) change along with a selected
key parameter. Using base-case parameters, that is, $140,000
cost, 3.5 mpg, and $1.10 per gallon figures, maintenance and fixed
(overhead) costs, and all other financial and operating
assumptions, the total operating cost per mile would be $3.21.
For comparison with the base case, fuel efficiency, fuel price,
fuel costs per mile, and maintenance costs were changed, one at a
time, all other assumptions remaining unchanged. As a function of
chafiges in these parameters, changes in the bus purchase price
with the total operating cost per mile maintained at $3.21 and
changes in the total operating cost per mile with the bus purchase
price held tit $140,000 were obtained. Substantial changes to
base-case parameters result in large changes in bus cost.
However, these same substantial changes cause only small
variations in the total operating cost per mile. Therefore, th-
impartant item from this simple life-cycle cost look at
conventional diesel powered buses is the relative insensitivity O(
the total expenses, cost per mile, to rather substantial changes
in several key operating parameters.

A similar analysis was made for a
fuel cell base case assumed a methanol
and a fuel efficiency of 2.0 mpg, If I
$140,000, the total operating cost per
Alterr,atively, at a $3.21 total operat
basa case), the fuel cell bus could ‘ue

fuel cell powered bus. The
cost of $0.50 per gallon
he bus cost is held at
mile is $3.11.
ng cost per mile (diesel
priced higher than the

$140,000 diesel powered hiJs at approxim?,:ely $155,000. Again, as
a function of chnngos in key parumrt?rs, cha,~~es in the bus
put-chnsc price with the total operating cost per mile maintained
at $3.21 and chnnges in tht total upcratinq cost pet’ mile with the



.

buc purchase price held st $140,000 wor{ obtained. The resultc
●re similar to thocc obtained for th( diesel powered bu~ and,
.Eain, thr total o;)eratint cost prr m!]c is r~lativcly insens~tive
to substantial changes in key opcratint paramoterc.

This information can be used to evaluate direct tradv-offs
between “allowable”’ fuel cell system costs and the key fuel cell
operatinE parameters. One set of relationship~ was constructed
#<dressing “allowable” or target fuel cell costs as methanol fuel
efficiency varied, Total fuel cell system and the fuel cell
(including fuel processing) itself costs in dollars per kilowatt
are presented in Table IV. To obtain the tareet fuel cell cost,
the costs of the three other principal components; the motor, the
controller, and the battery, were removed from the powerldrive
train cost. The component costs for these items were set at
$1S,000, $23,000, and $33,000 yielding low-, mid-, and high-cost
targets for the fuel cell cost. Thus, target costs were developed
for the bus with both the fuel cell/battery hybrid and pure fuel
cell power plants. In the case of the pure fuel cell power plant,
battery costs were removed from the component sum. The pure fuel
cell system cost targets are measurably less than those for the
hybrid fuel cell systems,

TABLE IV

FUEL CELL COST TARGETS FOR VARYINGFUEL EFFICIENCIES
(MPG of Methanol)

Hybrid System (With Battery) ~
1.0 2.0 .

Total Fuel Cell System ($) o 45,000 55,000

$/kW
System o 763 932
Low-Cost Components o 588 678
Hid-Cost Components o 373 542
High-Cost Components o 203 373

Pure System (Without Battery) mpg
1.0 2.0 3.0

Total Fuel Cell System ($) o 45,000 55,000

$/kW
System o 375 438
Low-Cost Components o 258 342
Mid-Cost Components o 208 292
High-Cost Components o 142 225

These $/kW figures prc)vide only the first estimates of
possible ~llowances. As more data becomes available, it does
provide a reasonable ft-amcwork under which to carry out further
assessments. Basically, the results indicate that at low fuel
efficiency values cost targets are nonexistent. At the base or
reference fuel efficiency values, the cost target approaches
$600/kN for the fuel cell (plus reform(r) in a bus powered by a



hybrid fuel cell Bystem under low-cost driv[, trait, component
ass~mptions. The t.rgrtc drop by approximately s factor of two

for the pure fuel cell propulsion system, Obvioucly, any factor
resultin~ in ●n improvement in fuel cell perfomarlct increases the
cost goals commensurately. A number of arguments can be presented
retardint sets of force~ that will operate to raise or lower cost
targetz. The utilities have spoken of cost targets of $1000/kW,
considerably above thu propulsion cost targets generated. It is
premature at this stage of technology R&D and preliminary economic
evaluation to offer any final judgement as to the true market
prospects for a fuel cell powered bus.

FUEL CELL/BATTERY HYBRID SYSTEMS FOR PASSENGER CARS
The passenger car is obviously the application where the

greatest impact on fuel conservation may be realized. For the
purpose of specifying a power plant, a baseline model based on the
vehicle requirements of the Advanced Electric Vehicle Powertrain
is used (11). These basic requirements are:

60 mph top speed
0-50 mph in 20 seconds
30% gradeability
Drivability

The drivability of the vehicle depends upon having a high
transmission step ratio without causing loss of power after an
upshift during acceleration, Simulations show that the 0-50 mph
in 20 seconds acceleration power is insufficient to meet parts of
the Urban Drive Schedule (UDS). The power necessary to accelerate
to 60 mph in 20 seconds is closer to the desired value, assuming
constant power acceleration. The power plant power outputs
necessary for 0-50 mph in 20 seconds, 0-60 mph in 20 seconds, and
60 mph top speed are given in Fig, 2. Also shown in Fig. 2 are
lines of constant power plant weight ranging from 15 lbs/kW
(projected PEH) to 25 lbs/kh’ (projected phosphoric acid) to 55
lbs/kW (currently achievable phosphoric acid). These values are
derived from the performance levels shown in Fig, 1. The base
electric vehicle weight is marked on the graph along with The
Advanced Powertrain Vehicle weight with Globe EV-1300 batteries, a
reasonable upper limit.

The conclusions drawn from these data are that it is possible
to meet performance specifications wiih a 15 lbs/kW fuel cell
power plant, the projected weight for PEM/rnethanol fuel cells. At
25 lbs/kk/, the projected best, weight for PA/methanol technology,
it is also feasible to meet good performance characteristics.
However, at 55 lbs/kW, the currently available PA system weight,
fuel cell power plant weights will be tou high to be feasible for
automobile applications.

The volumes of the fuel cell power plants at the
intersections of the 0-60 mph in 20 seconds curve, the point at
which a fuel cell could provide the total power, are given in
Table V, assuming that 15 lbs/kW represents a PEH fuel cell and
that 25 lbs/kW represents a PA fuel cell, At 15 lbs/kk!, the
required power is 41.3 kW and, at 25 lbs/kW, the requir~d power is
48.5 kW. In the Escort-sized vehicle, the volume available for
the rower plant is 12.5 ft3. Thus, it may be possible to



Confitur? o full-power PEPI fuel CQ1] for this size of car, but
even proj~cted PA tecl;rmloCy wil] not br ●ble to meet thr corrrp]etc
powrr rcquirenwnts. in ●dditiorl, mcthano) fuel processors, as
prescvltly configured, can not respond to transient requirement.~.
Therefore., until present Llivclopni(nt efforts on rapid response
refonucrc r~su]t in systems t.ha! curl meet transient response
requirements, it will be necessary to meet peakinE demands with
batteries in a fuel cell/battery hybrid power plant configuration.

TABLE V

FUEL CELL POWERPLANT WEIGHTAND VOLUME
FULL POWER

Fuel Cell
Power Plant Vehicle Weight, Total Power Plant Power Plant

lbsWeir.ht, lbs/kW _ Weight, lbs Volume ftz

15 (PEFl) 3099 619 14.9
25 (PA) 3692 1212 29.1

The general approach to assessing a hybrid power plant
configuration is to provide a fuel cell power plant which
furnishes an average power generation determined by cruise or
average duty cycle power requirements and to satisfy peak power
demands by means of batter~es. Conceptually, the fuel cell will
recharge the batteries whenever the power demand is less than the
fuel cell nominal power. Simulation studies show that the fuel
cell recharging scheme is inefficient in a design where the
parallel i~edances of the battery and fuel cell are closely
matched S0 that each source can deliver maximum current during
peak operation. As a consequence of this design criterion, there
is not a sufficient volta~e difference between the fuel cell and
battery to result in a high current flow to the battery during
idle periods. However, some energy is supplied to the batteries
by the fuel cell in the natural mode of operation, that is, duri~g
zero-load idle times and this mode of hybrid operation is
employed. Furthermore, the strategy of not using the batteries
during nominal power conditions was found to be the best approach
to parallel operation. The study results indicate that battery
disconnection during nominal c~ise optimizes the trade-off
between fuel cell efficiency, fuel cell transient demands, and
battery energy range.

The zero-power phases of the duty cycle are divided into
coasting and idle, during which fuel cell rechar~ing is feasible,
and braking, during which regenerative braking is employed.
Regenerative braking accounts for significant battery recovery,
k’hich far exceeds natural fuel cell recharging,

The determination of relative fuel cell and battery powers
includes the considerations discussed below. The batteries
considered are the Delco Rcmy DR150 nickel-zinc (12) and the Globe
EV-1300 lead-acid.

1. l’he short duration peak power of batteries is better tharl
thu projected maximum power of fuel cells on both a weight and



Battrries (50% DOD)
NiZrl (DR15U) .099 kW/lt~ 10.2 kbJ/f L3

Lead-Acid (EV-1300) .0735 kh’tlb 10.4 kW/ft3
Fuel Cells

PA .04 kW/lb 1.67 kWlft3
PER .067 kW/lb 2.78 kW/ft3

2, Fuel cells may be operated at powers above nominal rating
provided that fuel processing devices arc able to follow the
necessary transients, In this study, it is assumed that the fuel
cells are able to follow modest transients, such as power
reduction at idle and at low speed cruise conditions.

3. Resistive braking is necessary in an
electrically-propelled vehicle. The ability of batteries to be
regenerated by this method should be utilized because the
recovered energy on the UDS is significant.

4, There is an inherent lower limit to the battery size due
to the required operating voltage to match impedance with the
parallel fuel cell and with the controller input VOltage range.

There is a trade-off of nominal fuel cell power versus
battery peak power which gives an optimum cystem where the nominal
fuel cell power is the average duty cycle power. At this point,
the following effects are evident from simulation studies.

1, The battery capacity is sharply increased at this p?int,
compared to the cases in which the battery supplies more power
(less nominal fuel cell power). At fuel cell rl.minal powers shove
the avei”.~ge UDS power, increases in battery capacity are marginal.

2. Fuel cell peaking transients are nominal and fuel cell
losses due to load drops at idle, when the fuel cell oper~tes at
excess fuel conditions, are r,inimized.

3. wit?] the known and projected weights and volumes of the
fuel cells and batteries, a feasible packaging configuration is
achieved at this point.

4, The average power of the batteries is approximately the
same as the average power of the fuel cell over a wide range of
vehicle weights.

5, The nominal fuel cell power is greater than the average
vehicle cruise power, but less than the top speed cruise power.

Basic vehicles are formulated with hybrid power sources where
the fuel cell systems are based on the average UDS power and the
batteries are sized to meet maximum peak-over-average power, and
configured to give a nominnl 120 V system. The four fuel
cell/battery systems considered arc PA/lead-acid, PA/nickel-zinc~
PEM/lead--acid, and PIIM/nickel-zinc,

The maximum volume pow~t- plant is found by utilizing all of



t?w ●vailable 12,5 ft3 in th[ Cer for batterle$, fur] Ccl]

cysten, tnd fuel, Tho totbl volwm of batteries ●nd ~UC?~ CC?]] for
thv l’A/kliZn syctem is ]3,] ft~ wit},out fuel. i!ecauw this i6 S%
greater than tt~c total vo]umf avuilabl(,, it is not possi~le to
packate the pA/UiZn systgm irl this vchiclc. The prOblem with
systems usint Mi2n batteries jr. t}tat iflstead of th[ 60 CP]]S
needed in the lead-acid systcm 75 ce]ls are neces~ary to match t},e
aystenl voltage resulting in a 1.37 ft3 volume penalty. The dut~
for the other thre~ configurations are given in Table V1. AlSO
given in Table VI are the datb for pEt! hybrid systems with fixed
10-gallon methanol fuel tanks. in both PEM systems, particularly
the lead-acid system, there is erlough available volume to allow
for larger fuel tanks. Ten gallons of fuel provides for adsquate
fuel cell range irl both cases.

TABLE V]

BASIC FUEL CELL/BATTERY VEHICLES, UDS

SYSTEH FUEL CELL FUEL CELL BATTERY METHANOL BATTERY
POWER, RANGE, RANGE, MILEAGE, ENERGY,
kld MILES MILES MPG kWH/?fILE——. — . —--

PA/Lead-Acid 10.1 157 252 29.3 .034)
PEH/Lead-Acid 10.1 199 448 34.4 .0195
PEH/KiZn 10.1 458 897 34.8 .0193
PE!’f/Lead-Acid,

10 Gal 9.88 351 463 35.1 .0197.
PEtl/NiZn,

10 Gal 9,95 349 901 34.9 ,0192

The effects of reducing the fuel cell weignt below the values
used in this study are small due to the dominance of the battery
weights, which are fixed because of voltage requirements. For
example, in the case of PA/lead-acid, a 20% decrease in fuel cell
specific weizht (to 20 lbs/kh’) results in a 1.4% increase in
methanol mileage and a 1,2% decrease in battery energy
consumption. In the case of PEI’f/NiZn, a 33% decrease in fuel cell
weight to 10 lbs/kW results in a 0,9% increase in methanol mileage
and a 1.0% decrease in battery ener~y consumption.

The battery weight, set by the voltage requirements, makes up
a large fraction of the total vehicle weight (somewhat more that
20% in the PEH/NiZn system). Table VI also shows that the DR150
NiZn battery has a capacity of approximately 900 miles of
operation in the PE?I fuel CCI1 system, Furthermore, the voltage
requirement results ir~ a battery w}lich easily meets peak power
requirements. ThP battery capacity could be reduced, with
corresponding weight and volume reductions, to meet the peak power
requirements and to reduccl battc,ry ran~e to more nearly motch the
fuel cell range, Table V1l demorlstrat~r the effect of reducin~
battery capacity on vehicle performance, This also assumes ttlat
some means is available for imp[.dance mate.hinu with th~ fuel CQ1l
because the battery pack voltaEe will be lower. The fuel tar~k
size is held constant at 10 Eallons und this, alon~ W~t.h boitt’ry

voJume reductions, leads to systems that all fit in th~ volunw
available in the vehicle, Effic.iencicn ur~ also .m]~rovud bc’cousr



of the reduced wcighl of the vehiclv.

TAhLt. V]]

FUEL CELL/BAl’TERY VEHICLES U]T}{ f?~[)UCE[) BATTERY CAPACITY, Ul)S

SYSIEH FUEL CEL1 FUEL CELL BATTERY PIE’1’HANJL BATTERY ,
POWER, RANGE, RANGE, HILEAGE, ENERCY,
kW tlI !.ES HI LES HPG kWH/PiILE

PAILead-Acid 9.61 305 151 30.5 0.0334
PA/ldiZrI 9.24 315 261 31.5 0.0322
PEH/Lead-Acid 9.34 369 343 36,9 0.0182
PE1’1/NiZn 8.99 381 458 38.1 0.0177

Cost iofomnation is generated for all systems analyzed
above. The focus is to provide comparative information for the
various fuel ce]l/battery systems in terms of initial cost. and
operating cost which could form a basis for system selection,
Only fuel cell/battery costs are considered and all other costs
for the total vehicle syst,em are assumed to be constant,

In developing a cost for the life of the hybrid power plant,
n number of factors are considered, These include:

- initial cost of the fuel cell
- initial cost of the battery
- fuel cost per mile for the fuel cell
- battery recharge cost per mile
- fuel cell replacement cost
- battery replacement cost

No salvage cost benefits were assumed for either the fuel cell or
the battery,

Projected fuel cell system costs were based on production
runs of 100,060 units/year (13,14). The fuel cell installed cost
was estimated to be 1.7 times production cost. Thus, the initial
costs ~sed are $425/kW for PA and $280/kW for PEM, Initial
battery costs are based on projected manufacturing costs per kWH
(delivered to th~ consumer) of $180/kWH for the lead-acid battery
(9) and $200ikWH for the nickel-zinc (15). The cost of methanol
per gallon is set at $1.10 (16). For battery recharge cost, the
cost of electricity is assumed to be $0,08/kWH (15). Battery
recharging efficiency, on an ener&y basis, is set at ?0%.

Replaccmctnt costs for the fuel cell and the battery are based
on an assumed passenger car life of 100,000 miles, A reasonable
value for ttm fuel cell operating lifetimo is 5,000 hours for both
the PA and PEP! fuel cells (13,14). The avera~e speed over the WS
is 19,6 mph, Using this value and the preceding assumptions, the
fuel cell will not have to be replaced during the lifetime of the
automobile for any of the cases analyzed,

Battery replaccmont cost is basc~d oi) battery range and cycle
life, Battc*ry range, in m~les, is obtained by operating the
lxittcry in t))c })ybrid system until it reaches 80% DOD, This
includes th{l additional capacity ob~nir,~d from fuel c(!11 char~~rig
and rcgcnerat~ve braking. Battery cyclr life in hybrid opvrat.ion



Using the factors above, a total cost per mile for the power
plant can be generated for the systems analyzed in Tables V1 and
VII, A summary of the data derived for the five hybrid systems
using a 120V battery system is given in Table VII1.

The PA/!ead-acid system is the most costly both in terms of
initial cost and of operating cost over the 100,000 mile lifetime
of the vehicle. Of the four PEH systems, the nickel-zinc hybrids
are approximately $1500 more initially and have a slightly higher
total cperating cost. This is obviously due to the cost of the
battery. Under the scenario used, no fuel cell or battery
replacement is required indicating the pcwer plant lifetime is
adequate. Thus , initial cost is a major factor and its reduction
should be the target of future development.

TABLE VIII

SWMARYOF 120V BATTERYHYBRID SYSTEM POWERPLANT COSTS

SYSTEM FUEL CE1.L BATTERY METHANOL RECHARGE OPERATING
COST, COST, COST, COST, TOTAL COST,

$/mile $/mile $/mile

PA/Lead-Acid 4293 ~]61 0.038 0.004 O*11
(0.13*)

PEH/Lead-Acid 2828 2161 0.032 0.002 0.08
PEM/NiZn 2800 35?8 0.C32 0,002 0+10
PEM/Lead-Acid

10 Cal 2766 2161 0.031 0,002 0.08
PEH/NiZn

10 Cal 2786 3578 0.032 0.002 0.10

*One battery replacement using measured cycle life

A summary of the cost data derived for the four hybrid
systemo usinr, battery packs sized to meet the UDS peak power
requirements is shown in Table IX.

Initial costs for the PEM systems art’ opprox!m~t.ely $1500
less than t.hoscfor the PA systems, most of which is fuel crll
cost , Total operating costs are lower for those sy~tc’ms bccuuse
of the lower powvr plant weithts, WhiCh t’esu]t irl im) ~.oved
performance, Based on total operating cost and the ability to
oper’ate for the life of the vehicle without. batttjry replaccmont,
the PltM/Ni2rl }Iybrid is tile preferred syrtom,



.

sufficient to rule out tht’sl systvrrm i!t favor of ttm 120V hybridi. .

SUtlMARYOF REDUCEDCAJ’ACITYBAT’J’KRYHYBRID SYSTEM POWKR PLAN’I COZ7
~

SYSTEtt FUEL CELL BATTERY METHANOL RECHARCE OPERATING
COST, Cosl’, COS7, COST, TOTAL COST,

$ 4 $/mile $/mi lQ $/mile

PA/Lead-Acid 4084 1532 0.036 0.004 0.10
(0.13*)

PA/hliZn 3927 1737 0.035 0.004 0.10
(0.11**)

PEH/Lead-Acid 2615 1479 0.030 0.002 0.07
(0009**)

PEtl/WiZn 2517 1676 0.029 0.002 0.07
* Two battery replacements using measured cycle life
** One battery replacement using measured cycle life

SUtfMARY
Fuel cells possess a number of attributes that make them very

attractive for transportation applications. Their high efficit icy
and ability to use non-petroleum fuels addresses the petroleum
dependency problem. Their operational simplicity, safety, and low
pollution, although not discussed, are features that make them
desirable for use in commercial applications. The fuel cell
system chosen for a given application must be selected ori the
basis of performance and type of fue! required. Based on the
State-of-development, fuel considerations, and the inherent
restrictions imposed by vehicular applications, only acid fuel
cells, phosphoric acid ar~d proton exchange membrane, operating on
reformed methanol and air are beint considered at the present time,

From simulations of city bus operrrtion, using a fuel
cell/battery hybrid power plant, a sys~em can be designed using
currcmt technology that will provide adequate operation, The use
of new fast-respon~t. r(folmicrs, which are presently being tested,
in advanced fuel cell power plants should lead to pure fuel cell
systems that produce much better pcrformarlcc in bus operations.
In the intprim, the use of available brjttcrics with better
charge/discharge character~stics in hybrid systems should prov~d~’
improved bus performance,

For hybrid power systcrns for passe’ntcr cars, the conclusiort
is that th{l optimum, syst~m is where t}w nor~nal fuel cell pcw:r
equals the averagc~ duty cycle power rclquircrrmnt , at lc’ast for the
UDS, Uith this chuice anr.1 u~in~ kr)wn and pr(~ject.t’d w(’~fjhts arid
Volumos of the furl cellri and bnttor’ic}sj fv~slble packag~n~
configurations tt]~t givLI quite soti~factory ;Irrforrrwncc nr~
aChi@ved,



paseer~t,~r car Caiioo drter-minatio;l of tctel oporatinr, cost ●llowb
system sel~ction, lnitia) COGt will Pr(’Jb&b]y b{’ o key factor
becsucc lifr cyclv costs ar[. not usually uced in pafisent,clr car
operation to dcterfnin~ economic feasibility, Developmental areas
adclressint, this will bc similar to thosa for th(’ bus power plant,

Finally, simulation studies indicate that i’. is feasible to
use fuel cell or fuel cell/battery hybrid power plants in city
buses and passenzer cars. Improvements in technology should
enhance this feasibility of using fuel cells in transportation,
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