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AN ELECTRIC AUTOMOBILE POWER PLANT SURVEY

This survey paper deals with material recently published as

a result of considerable government, corporate and public
interest in electric cars. Much of this interest stems from

a concern over air pollution. However, a comprehensive study
recently completed by the Commerce Department's Panel on Elec-
trically Powered Vehicles (Ref. 1) points out that the tech-
nology for electric vehicles is not now adequate to permit
production of an economically feasible electric car.

This survey paper discusses some of the incentives claimed for
electric power train development, the competitive requirements
and the status of current technology, the direction of research
and development efforts; and it leads to a conclusion regarding
the likelihood of success based on current published trends.
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Somé incentives which are claimed to warrant con-
siderable research and development on electric
power trains, and which could ultimately lead to
their production for small cars are:

(a) The ability to enter and operaﬁe in environ-
mentally conditioned space with no emissions;

(b) Potentially lower maintenance and higher
reliability:;

(c¢) lower and diminishing electric energy costs
in the face of level or possibly rising
gasoline fuel costs;

(d) Nearly competitive initial and lower opera-

ting costs. -

SLIDE 2

Some of the incentives claimed (Ref. 2) for electric vehiCLes
are shown on this slide.

The first of these may seem strangely worded, but as shown on
this slide, substantial reduction in conventional engine ’
emissions are commercially feasible in time. Whether these
projected levels are actually achievable is less important
than the trend which is unmistakably toward lower emissions
from the ICE, so much so that it really becomes the 100%
emission-free character of the electric system which is im- -
portant. ’




For instance, the effect of emission controls in Los Angeles

is shown on this slide.

As you can see, by 1980, the emis-

sions are likely to be back to where they were in the '40s,
in spite of a 4% per year increase in the number of vehicles.
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The ability to enter and operate in an environmentally con-
ditioned space with no emissions is thought by many city planners
(Ref. 3) to be a prerequisite to the construction of certain
types of buildings and facilities in the downtown business dis-
trict. Cost benefit analyses have not yet justified the added
cost of emission-free power trains compared to the cost of venti-
lating the facilities; nevertheless, construction based on no
ventilation is being planned, as shown in this slide.

This shows Philadelphia‘'s Market East project (Ref. 4), where
concourses are available which are environmentally controlled,
and which could be used for vehicles if these vehicles had no
emissions.
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An incentive based on potentially lower maintenance and higher
reliability is much more difficult to document, since electric
automobiles of performance and utility comparable to.conventional
automobiles are not available.

Claims of reduced maintenance and high reliability for electric
power trains are therefore generally based on studies of com-
parable gasoline and electric industrial trucks (Ref. 5). Ilet's
spend a few moments looking into this comparison for the insight
it might give.

This slide from "Industrial Trucks®, Lead Industries Assoc.,
shows what I mean.

SO, TOTALING UP -- for a 4000 1b. Truck Rating
‘ g Typical Example

= » Gas Electric
Cost to own, $/year 840 560
Cost to operate, $/yeaf 1285 1163
Cost to maintain, $/year. 4835 1938
TOTAL, $/year 6960 3661
3661
SAVING, $/year | 3299 in favor of

electric truck
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From: "“Industrial Trucks", Lead Industries Assoc.

SLIDE 5

First, it should be understood that electric trucks are claimed
to last twice as long as gasoline trucks. Therefore, in spite
of the 30-50% higher initial cost of the electric exclusive of
batteries, the cost to own per year is somewhat less than gaso-
line.

The cost to operate is strongly based on the number of hours
used per year, which for such applications, is in the order of
4000 hours per year. This is an extremely important point, be-
cause depreciation on the batteries is the most SLgnlflcant por-
tion of the electric's operating cost.




But the key to these claims is the cost to maintain the gas and
the electric. Apparently, according to these figures, most of
the savings claimed result from reduced maintenance, averaged
over the life. First year maintenance costs (4000 hours of
operation) for both types of power trains are much lower than
the average and quite comparable to each other. It is in the
later years that the electric shows an advantage.

Relating this to the incentives for electric power trains for
automotive applications, we must recognize that in the course

of its entire life, an automotive power train operates for about
100,000 miles or approximately 4000 hours, and this is comparable
to the first year of operation of an industrial truck.

COST OF OPERATING AN AUTOMOBILE

CENTS PER MILE

2.8¢ ~21¢ | 1.7¢

1.4¢ \1.2¢

|

ORIGINAL VEHICLE MAINTENANCE | GAS & OIL GARAGE - INSURANCE STATE &
COST DEPRECIATED /| ACCESSORIES | (EXCLUDING PARKING A FEDERAL
PARTS & TIRES TAXES) & TOLLS TAXES

: ——

TOTAL COST - COST OF

HIGHWAY

S L e @y

11¢ per mile

An analysis of automobile operating costs by the Bureau of Public Rocds of the Federal Highway Administration,
- U.S. Department.of Transpottation. . ’ ] .
U.S. DEPARTMENT OF TRANSPORTATION

: . FEDERAL HIGHWAY ADMINISTRATION
Rev. January _1958 WASHINGTON, D.G. 20891
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The Department of Transportation (Ref. 6), on the other hand, re-
cently published "Cost of Operating An Automobile." Their data
indicates that the individually handled repairs and maintenance
for individually owned autos are much less significant than those
of the fleet-serviced industrial trucks. In fact, a most signifi-
cant point is that depreciation is 25% of the total cost.




To be a little more precise, let's look at a plot of the data
contained in this Department of Transportation publication, as
shown in‘this slide. As you can see, repair, maintenance,
tires, etc., per year for the average $3000 vehicle increases
rather slowly over the first five years of life before leveling
out, and this was based on data prior to 5-~year, 50,000-mile
warranty automotive service. . g
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It would appear then that the gains in reduced cost of mainte-
nance, which is an important incentive in the choice of power
trains for an industrial truck are not likely to be as signifi-
cant in the automotive application.




lower and diminishing electric energy costs based on the average cost
of residential electricity in the U.S. are shown in this slide (Ref. 7).
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Gasoline fuel costs, however, can be considered level or possibly rising,
as shown on this slide.
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This slide from another comparison of Industrial Trucks by

the Electric Storage Battery Company (Ref. 8) indicates that

for forklift truck type duty cycles, 1.6 kwh of consumed battery
power is required to do the same amount of work as 1.0 gallon
of gasoline. Even at 50% electric efficiency, and at the rates
indicated on the previous slide, the electric shows a clear
advantage for this type of stop-and-go operation. However,

much of the significance of this energy cost saving advantage

is lost in the duty cycle of the average automobile running at
fairly constant -speeds.

GASOLINE CONSUMED IN GALLONS PER HOUR
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A further point is that the more rapid depreciation of the
battery, ‘compared to the rest of the vehicle, must somehow be
factored into the operatlng costs. These costs are strongly
dependent on the battery usage per day. 1In the previous ex-
ample of the gasoline vs electric industrial truck on two
shifts, the total costs/hr are close, as shown on this slide.
On one shift, they are almost identical. If an appropriate
plot were made of 1 hr/day operation, the electric would ex-

ceed the gasoline costs, and this is precisely the duty cycle
typical of an automobile.
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As was indicated in the Department of Transportation analysis
of the cost of operating an automobile, depreciation is 25%
of the total cost. It follows then that the public sale of
cars with electric power trains depends in large measure on
the ability to produce them at competitive initial costs.
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As shown on this slide, again from Electric Storage Battery Co.,
the cost of electric industrial trucks (without battery) is
about 30% higher than the gasoline equivalent, so that much de-
velopment attention must go toward reducing the cost of the elec-~
tric drive components. .

In summary, relative to incentives: --Electric power trains have
special advantages, and may be competitive in many applications,
particularly those involving high usage per day. The currently
successful applications are at low peak power and low energy drain
rates in stop-and-go operation for 8 - 24 hours per day.
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Let me get on now to a discussion of the technical and economic
competition between an internal combustion engine-automatic
transmission (ICE-AT) and an electric power train for automobiles.
This slide shows the band of weights per peak hp as a function of
hp for a variety of production engines with automatic transmissions.
Most of the more rugged power trains fall near the upper limits of
the band. -

rd

PRODUCTION ENGINES WITH AUTOMATIC
TRANSMISSIONS

POUNDS/PEAK HP

100 200 300 | 20

PEAK HP

SLIDE 13
The typical ICE-AT for small foreign cars weighs about 7 to 10

lbs/peak hp at 40 hp. For full-size conventional cars at 200 hp,
the ICE-AT weighs 3 to 4 1lb/peak hp.
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This slide lists these weights of automotive power trains with
automatic transmissions for small foreign cars, and their list
price baséd on available data reduced by 25% to correct for
current limited production. The result is a list price of §$12
to $15/hp at a 40 hp rating. Full-size conventional cars at
200 hp in current large production have a list price of $4 to
$5/hp. The relative list price per peak horsepower of the power
train for full-size conventional cars is therefore of the order
of 1/3 that of small cars. The high initial cost anticipated
for electric power trains is more in line with the power train
costs of small cars than of full-size cars, and represents an
important factor in choosing an initial passenger car applica-
tion for electric power trains. Much current work and this
paper are therefore focused on power trains for small cars.

published  Published
Published Data on < Weight in List Price
Alternate Power Trains Ibs/peak hp $/hp

Small foreign car
40 hp ICE-AT*

Full-size car
200 hp ICE-~AT

*ICE~-AT - internal combustion engine-automatic trans-
mission.

#For comparison purposes, the published list price is
shown reduced by 25% to compensate for current limited
production. '

SLIDE 14
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y Published - Published
Published Data on- Weight in '~ List Price

Alternate Power Trains ILbs/peak hp $/hp
Small foreign car 7 - 10 " 12 - 15

40 hp ICE-AT*

Full-size car
200 hp ICE-AT

**A hypothetical electric power train ‘ .
DC electric motor 3.5 - 4 4.5 - 6

DC controls ‘ - «7 - 1.3 4.5 - 7.5
Iead-acid battery : 8 -10 4.2 - 4.8

TOTAL ooooo.oooooo.o.ooo.oooooo 12.2 - 15.3 e o 13.2 - 18..3

*ICE-AT - internal combustion engine-automatic transmission.

**Based only on peak power capability of the Pb-acid battery.
Battery range 5-15 miles and 200-400 cycles life at room
temperature.
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Published Published

Published Data on '~ Weight in List Price
Alternate Power Trains Ibs/peak hp - $/hp
Small foreign car-

40 hp ICE-AT* 7 -10 12 - 15
Full-size car 3 - 5 4 —

200 hp ICE-AT
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**a hypothetical electric power train

DC electric motor 3.5 - 4 4.5 - 6
DC controls 7 - 1.3 4,5 - 7.5
Lead-acid battery - 8 - 10 4.2 - 4.8

TOTAL .oooooooooo.oooo':oboo.ocuo. 12.2 - 15-3 oo 13.2 - 18.3

***Potential electric power trains

Electric motor 1 - 4 1.5 - 6
Controls : .7 - 1.5 4.5 - 10.5
Battery 5 - 15 8 - 30
TOTAL cccccccccscccsccccncaccces 6.7 = 20.5 .. 14 - 46.5

*ICE-AT - internal combustion engine-automatic transmission.

**Based only on peak power capability of the Pb-acid battery.
Battery range 5-15 miles and 200-400 cycles life at room
temperature. '

***Based on published, predicted, characteristics of potentially
available components now in research and development. Battery
range of 50-150 miles, and thousands of cycles.

SLIDE 16
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Let's next discuss why we must anticipate higher initial costs

for electric power trains. A hypothetical near term DC elec-

tric power train in the 20-50 hp size, such as might be appropri-
ate for small cars, indicates a motor weight of 3 to 4 1lb/hp,

and a list price of about $4 to $6/hp, as shown on these additions
to the previous slide. Controls weigh about 1 1lb/hp, and would
have a list price in quantity production of $4 to $8/hp (Ref. 9).

For the purposes of illustration, let's consider an unrealistic
battery system based solely on the peak power capabilities of
lead-acid batteries. This battery would have a list price of $4
to $5/hp, and weigh 8 to 10 1b/hp for 5 to 10-second discharge
intervals (corresponding to acceleration intervals) at room tem-
perature (60° to 80CF). The combined weight of this hypothetical
DC system is then 12 to 15 lb/hp with a combined list price of
$13 to $19/hp. These results would be much less favorable if
this hypothetical system were designed for any reasonable range
or performance in the actual environment. If the energy density
of lead-acid batteries, which is something in the order of one
hundredth to two hundredths of a horsepower per pound, cauld be
substantially improved, this type of system could be reasonably
competitive. This low energy density limits the range of the
vehicle and the cycle life of the battery. In addition, at lower
temperatures, the weight/hp of Pb-acid batteries is almost doubled.

For potential electric power trains shown here, the AC motor and
inverter controls promise reduced weight compared to the DC
system. It is anticipated that eventually the AC motor can be
built at about 1 1b/hp, but the inverter controls ~- the more .
expensive part of the system -- are likely to be in the order of
1% 1b/hp (Ref. 10). At relative values per pound comparable to

a DC machine and its controls, the AC system seems unlikely to re-
duce costs in the low horsepower sizes for small cars.

As has been reported in the literature recently (Ref. 11), Na-S,
Li-Cly, and probably a host of other batteries urder study, are
projected to provide an energy density of at least one-tenth
horsepower per pound and provide a reasonable range for vehicles
using them, while simultaneously achieving a power density at
least as high or higher than lead-acid batteries. Papers de-
scribing this research, however, indicate many technical problems
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to be solved before they can be considered in a production status.
Estimates, range from a few years to 10-15 years before they can

be considered operational. In addition, proponents of these ad-
vanced research batteries readily admit that they cost too much.
These energy sources are projected to contain materials and/or re-
quire manufacturing techniques which may, according to their pro-
ponents, result in the quantity production prices shown.

It is obvious, then, that the new battery systems at best are
just competitive and possibly may result in much higher costs
than the already marginal lead-acid battery system. This is an
extremely important point, and one which I would like to leave
with you, because there is a strong tendency to drive toward
meeting performance requirements without adequate consideration
of the economics of commercial production.

Further, let me remind you again-that even if we can meet the
competitive requirements for small cars, it will be necessary
to reduce these costs by a“factor of 3 in order to consider
competing with the internal combustion engine-automatic trans—
mission for full-size passenger cars. '

Another tack being taken to augment the potential power level
deficiencies of some of these batteries are all-electric hy-
brids. These are combinations of high-energy density batteries
or fuel cells with high-power density batteries combined to take
advantage of the best features of each. Such combinations which
are being studied include lead-acid and zinc-air, Li-NiF and
Bipolar Ni~-Cd, Ni-2Zn and zinc-air, and others. 1In these cases,
the lead-acid, Ni-2Zn or Bipolar Ni-Cd batteries provide peak
power requirements, while zinc-air and Li-NiF, batteries provide
the energies for recharging the peak power batteries, as well as
power for cruising. In the main, as currently envisioned, these
still do not circumvent the high cost associated with the indi-
vidual battery, and therefore may not be competitive for cars
except for special applications. '

Heat engines are also being studied in combination with batteries
to overcome energy level deficiencies by recharging the batteries
and/or providing some additional power to the wheels in the
manner of this, the Woods Dual Power Car (Ref. 12).
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Runs on Gasoline Power Alone

HILE 1he 1wo powes b mployed in the of this cat are electricity
gawline, vac suppkmenting and sugwenting the other, i may be rua ea
pwline power
At any pusition of the electric lever the gasoline lever may be advanced, which instantly
sans ihe gasohiae mator.
As the gasoling Sever is pushed forward it causes the cas 10 be operated more o Ik
mm a1 2 cenan poiot i will operate a9 8 snsight gasoline car, acither chargi
hasging 1be haiwry. Wub a dlight vasiation of the relative pusition of ths 1wo nn
the baucry may be charged at will,
Here you have o gas car with the clevtric’s simplicity, lsuriousness, case of control,
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Runs on Electric Power Alone
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This vehicle, built in 1917 in limited quantities, exhibits
many of the characteristics considered desirable in today's
hybrid engine studies. Because of the production availa-
bility of small internal combustion engines, the heat engine-
electric hybrid may be able to achieve adequate performance
at reasonable cost in the near term for small cars. However,
its advantage over conventional power trains is strongly de-
pendent on the requirement for some emission-free range, and
the initial price penalty we are prepared to pay for this
capability.

One system at the 40 peak horsepower level analyzed for the
Department of Housing and Urban Development's "Minicar" re-
sulted in a weight of about 18 lb/peak hp (Ref. 13). This
is substantially heavier, and was more expensive than what
could be accomplished with the straight internal combustion
engine and automatic transmission.

SLIDE 18
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One of the requirements for the power train in this study is
to allow the vehicle to operate in mixed traffic on streets
and urban expressways to 55 mph without impeding traffic flow.
As shown on this slide, this requirement may be expressed in
terms of intersection flow (Ref. 14). This curve relates the
acceleration capability to the traffic flow through an inter-
section. As you can see, in order to reach the knee of the
curve for reasonable green light time, an acceleration average
of 3 to 4 mph/sec is required. A vehicle accelerating at

4 mph/sec would reach 40 mph from a standing start in about
10 seconds.
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Simplificd theorctical effect of acccleration at a
traflic light controlled junction (t == green light time)
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An average acceleration of 4 mph/sec to 40 mph for a 2500 1lb.

vehicle results in a minimum acceleration power requirement as
shown in Curve A of this slide (Ref. 15). This is in addition

to the aerodynamic and road load power shown as Curve B. The

combined power required at the wheels for operation on a level
surface is then Curves A + B. If the vehicle must accelerate

up a 3% grade, the required power is shown on Curves A+B+C.

By assigning a percent of the gross vehicle weight to the

power train, its weight per unit hp requirement may be deter-
mined. For instance, as shown on the scale at the right of the
slide for a power train 1/3 the weight of the vehicle, the per-
formance characteristic (A + B) establishes a requirement of

17 1b/hp.

MINIMUM POWER REQUIREMENTS FOR LOW SPEED
URBAN MIXED TRAFFIC OPERATION
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Recently, the University of Pennsylvania (U.of P.) also estab-
lished other requirements for an urban vehicle power train,

shown on this slide,

along with a preliminary and qualitative

evaluation of a variety of alternate power trains at the 40-hp
In addition to the acceleration requirement just men-
tioned, the range of the vehicle was set at between 50 and
preferably 100 miles, which allowed home-to-work. travel, as

level.

well as intra-Central Business District operation.

The U, of P.

also indicated that in order to reduce costs and make the ve-
hicle most competitive, it was preferable to consider power
trains which were available in mass production, and that any
power train to be considered had to be capable of being modified
to the lowest levels of emissions which might likely be estab-
This was tentatively set at about 10% of the 1965 full-
size passenger car emission.

lished.

- Very Iow
Accelera- - Emission Some Provision
tion Range * Mass Modifi- Emission- For
POWER 0-40 mph 50-100 Produced cations Free Heat & Air
PLANT 10 sec Miles Components Possible Range Conditioning
ICE P.S. Poso PoSo - L4 P.U‘ P.sO
Diesel P.S. P.S. P.S. .S. P.U. P.S.
Stirling P.S. P.S. P.U. .S, Q P.S.
Rotary P.S. P.S. P.S. «S. P.U. P.S.
Steam P.S. P.S. P.U. .S. Q P.5.
Turbine P.S. P.S. P.U. .S. P.U. P.S.
All- ' |
L] - L] - L ] [ ] L] L] * L ] PQU.
Electric P.S P.U P.S P.S P.S
BHybrid .
ICE- P.S. P.S. P.S. P.S. P.S. P.S.
Electric '
P.S. = Probably Satisfactory
P.U. = Probably Unsatisfactory
= Questionable

SLIDE 21
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In addition, the representative of the Planning Commission

of the City of Philadelphia, who exercised a strong influence
on the study, insisted that emission-free range might be re-
quired. Provision for heat and air conditioning was also es-
tablished as a requirement. Estimates were made of the weight
of alternate power trains and their relative prices in large
scale production. When you consider that Green on this chart
stands for "Probably Satisfactory", Yellow, "Questionable",
and Red, "Probably Unsatisfactory", it becomes clear that the
hybrid electric-power train has a minimum number of negative
features associated with it, the prime one being that it costs
more than the internal combustion engine-automatic transmission
alternative. On the other hand, the only drawback to the ICE
is the requirement for some emission-free range.

B ,
This is a tabulation of recently announced electric vehicle
characteristics as published by the respective developers
(Ref. 16-21).

As you can see, the first four of these vehicles are small
in size and light in weight. The Mars II contains 1900 1lb.
of batteries to achieve its very respectable performance

and range. The Electrovair utilizes silver-zinc batteries

to show that performance comparable to some conventional cars
is technically feasible, even though it is economically im-
practical. :
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PERFORMANCE CHARACTERISTICS
GENERAL FORD WESTINGHOUSE| AMER., MTRS. MARS II GM
ELECTRIC " COMUTA*" "MARKETTE" "AMITRON" Y"ELECTROVAIR"
Dimensions: 18x5.7/5.0-8 Std.R10
: Renault
Length 130" 80" lle" 85" 167.5" 183.3"
width 56" 49,5" 54.5" 69%" 60" 69.7"
Height 59¢ 56" 60.5" 46" 55.5" 51.2"
Wheelbase 53.5" 76" go" 108"
Turning Circle 18' 11 : © 37
Curb Weight 2300 1b 1200 1b 1730 1b ! 4160 1b 3400 1b
Seating C cit 2 adults +(2adults + 2-passenger |3-passenger > pass- 6-passenger
g tapa Y 2 children | 2 children pa g P 9 enger °~P g
920# Com- |4-12v 85 |12-~6V 217amp Bipolar 1900 1b 680 1b
Energy Source bination amp hr hr Pb-acid Ni-CD + Pb-acid Silver-zinc
Pb-acid + | Pb-acid @ 7924 . Li~NiFjp 30 Kwh
o Ni-cd 1 hr rating . -
5 | controls Solid Statelsolid state| ReSiggance voltage S5
: 8 Solid State Switching Inverter
b _ Two 24V DC| Two 36V DC DC, 15 hp | 100 hp peak
v | Motor ‘ DC 5 hp peak motor 4-5 Continuous| AC induction
ea hp peak ea
Maximum Speed .} 55 mph 25 mph 50 mph 60 mph 80 mph
100-200 mi : 50 mi 70~-120 mi :
Range @ cruising |40 mi @ per : 150 mi (n?rmal 49-80
speed of 25 mph charge city miles
. 130-35 mph g ~driving) ‘
"In town" 40-50 mi Slightly 50 mi  |70-120 mi
. less than
Range .
maximum
Transaxle Yo Silent Manual,
Transmission to front clutch chain 4-speed
Wheels drive forward
Acceleration 3.75 mph | 0-25 mph 0-40 mph 0-60 mph
sec 1l2 sec 10 sec 16 sec

March 1968




”

In summary, let me emphasize again that research and develop-
ment must be oriented toward improved performance with cheaper
than current state-of-the-art components, and that improved
pexrformance will not by itself, provide the competitive edge
over the internal combustion engine-automatic transmission.
This is reinforced by the increasing likelihood that the
emission characteristics of the internal combustion engine can
be improved to meet national stapdards for a healthy environ-
ment at reasonable cost. In spite of the many incentives, which
may ultimately lead to production of electric power trains for
automobiles, no electric power train has been described in the
literature which is projected to be competitive in all respects
with the ICE, except for special purpose applications and re-

quirements.
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