3 ELECTRI C VEH CLE SYSTEMS

3.1 | NTRODUCTI ON AND SUMVARY

An electric vehicle is propelled by an electric motor draw ng
power from an electric storage battery. The motor and battery take the
place of the engine and fuel tank of a conventional car. The battery is
rechargeable: when it runs down, after perhaps 50 to 100 miles of driv-
ing, it may be recharged by a battery charger connected to a standard
electrical outlet. Recharging typically requires 4 to 12 hours

The technology to build electric vehicles has been available for
almost a century. Eighty years ago, in the early days of the auto-
mobil e, electric vehicles were as numerous in the United States as
gasoline and steam powered vehicles. By the 1920's, however, electric
vehi cl es had al nost vani shed fromthe vehicle marketplace, primarily
because of limted range and higher cost than conpeting gasoline-powered
vehi cl es.

Though the linmted range and |engthy recharge of the electric
vehicles are inportant drawbacks, they are offset by a major advantage:
i ndependence of the gasoline punp. Today, intense interest in electric
vehi cles has been reawakened by the increasing price and uncertain
availability of petroleum fuel for conventional vehicles. Furthernore
prograns of battery R& initiated in response to the petroleum problem
of fer prospects of nore conpetitive electric vehicles, with much |onger
ranges and |ower costs than previously possible.

I nproved batteries are plainly the key to nore capable and eco-
nom cal electric vehicles. Throughout the history of electric highway
vehi cl es, storage batteries have been heavy, expensive, short-lived, and
linmited in capability. The lead-acid storage batteries used in the typ-
ical electric car of the 1970's nmay be accurately likened to a gasoline
tank wei ghing a thousand pounds, costing over $1,000, requiring replace-
ment every 10,000 niles, and carrying only two gallons of fuel. This
sort of fuel storage would add some 50 percent to the enpty weight of a
subconmpact car, increase its operating costs by adding battery deprecia-
tion of perhaps ten cents per mile, and [imt its range to around 40
mles of urban driving.

Battery R& during the late 1970's has already increased energy
storage of the lead-acid battery by over 20 percent and nearly doubl ed
its useful life. For the future, even larger inprovements seem likely
though projections are uncertain and it is inpossible to predict confi-
dently which of several conpeting battery types will prove best. Longer
useful life is ordinarily the major problem it is relatively easy to
build batteries with increased energy storage if long life is not re-
qui red.
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Batteries under devel opnent for the near-term-that is, batteries
which nay be ready for nmss production during the 1980's--include
improved versions of the famliar |ead-acid battery and the Iess-common
nickel-iron battery, plus two batteries which have never before been
used in conmmercial electric vehicles, nickel-zinc and zinc-chlorine
Depending on which of these devel opments is successful, energy storage
per pound nmay be 35-100 percent greater than that of the best |ead-acid

batteries of 1980, and improvenents in operating life may be even great-
er.

More advanced batteries may al so be successfully devel oped, proba-
bly in tinme for mass production during the 1990's, though this is even
less certain. Again, there are a number of conpeting systems. The best
of them might provide up to 4 times the energy storage per pound of the
best 1980 batteries, or last the entire life of the vehicle they power.

The 100-mile electric car, a goal stated by both DOE and GM will
become a practical possibility during the 1980's if any of the near-term
battery devel opnents are successful. The weight and cost of the car,
however, will remain high. Depending on battery type, curb weight of a
four-passenger 100-nmile subconpact might range from 3000 to 4000 |bs, or
50 to 100 percent above that of a conparable conventional subconpact
car. Projected sticker prices (in 1980 dollars) range from $8000 to
$8500, or 60- 75 percent above the projected price of a conparable
conventional subconpact.

Life-cycle costs projected for near-term electric cars are much
closer to the life-cycle cost of the conparable conventional car, but
still above it. I ncl udi ng depreciation, maintenance and repairs, in-
surance, parking, electricity, and financing, life-cycle costs projected
for four-passenger electric cars range from 22.0 to 26.6 cents per mle
in 1980 dollars. The life-cycle cost projected for the conparable
conventional car is 21.4 cents per mle. The projected electric cars
benefit from longer useful life, fromlow costs per mile for electri-
city, and fromrelatively low maintenance and repair costs. Resultant
savings are outwei ghed, however, by battery depreciation costs plus
extra depreciation and financing costs due to the higher initial cost of
the electric vehicles.

If cars with nmore advanced batteries becone available in the
1990's, they nay be substantially lighter and |ess expensive than the
near-term cars, though still heavier and nore expensive to buy than a
conmparabl e conventional car. Life-cycle costs, however, could be less
than those of the conventional subconmpact, even if gasoline prices are
no higher than in 1980.

After battery performance, life, and cost, the biggest uncertain-
ties in these projections are the future prices of gasoline and electri-
city. If electricity prices remain constant, real increases in the
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price of gasoline from 10 to over 100 percent, depending on the battery
type, would be required to make the conventional car as expensive as the
near-term electric cars.

Maxi mum range in actual use is also uncertain. The hundred-nile
figure projected here is a nonminal figure for stop-start urban driving.
Depending on driving speed, battery age, frequency of stops, grades,
headwi nds, and use of air conditioning, actual maximm range could be
more or less than the nominal by a factor of two.

The 1980 state of the art in electric car technology is best exem
plified by the Electric Test Vehicle (ETV-1) built for DCE by Ceneral
Electric and Chrysler. This car is shown in Fig. 3.1. It is an at-
tractive four-passenger subconpact with sufficient speed for freeway use
and a useful urban driving range which may be about 60 miles. (Testing
is presently inconplete; two prelimnary trials showed urban ranges of
50 and 74 nmiles.) The initial price of the ETV-1 in full-scale mass
production is estimated by GE and Chrysler at $8500 (in 1980 dollars),
63 percent above the $5200 price of a conparable 1980 Chrysler sub-
compact with an internal conmbustion engine (ICE).

Figure 3.1 The GE/ Chrysler Electric Car ETV-1
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The near-term electric cars projected here nmight be generally
simlar in appearance and capability to the ETV-1. Like the ETV-1, they
would carry four passengers at speeds adequate for freeway use. Their
i mproved batteries, however, would give them much nore range at little
or no extra cost. Furthernore, their acceleration capability would be
about 30 percent higher. On level ground they could accelerate from O
to 40 nph in 10 seconds: this is conparable to the capability of many
di esel autonobiles, and considerably better than the ETV-1 capability

for accelerating from O to 40 nph in 14 seconds

The renmainder of this chapter details projections of the per-
formance and cost of future electric vehicles. It begins with batteries
because they are the crucial problem for electric vehicles. Next, it
describes electric drive technology: nmotors, controllers, and other
components. It then devotes three sections to conplete electric vehi-
cles: design objectives and requirements, the major tradeoffs between
performance and cost, and the characteristics of electric vehicles
chosen to be representative of future possibilities

3.2 BATTERIES

Backgr ound

The limted capability, high cost, and short life of the storage
battery have long been the principal obstacles to electric vehicles
conpetitive with conventional vehicles. In the early 1900's, when notor
vehicles were in their infancy and there were as nmany electric as gaso-
line vehicles in use, contenporary authorities praised the cleanliness
safety, ease of operation, and reliability of electric propulsion, but
bempaned the imense weight and linmted capability of the storage bat-

teries.” In explaining the dem se of the electric vehicle, historians

note in addition the rapid deterioration of storage batteries with use
the high overall costs of operating the electric vehicle, and the rela-

tively slow technol ogical progress in storage batteries relative to that
in internal-conbustion engines. Even today, golf car batteries are

still nmade in the sane general configuration as that of the early 1900’ s
by a procedure patented in 1881.

Most electric vehicles built in the 1970's are powered by |ead-

acid batteries designed for golf cars. These batteries physically re-
senmble the starting-lighting ignition batteries used in conventiona

autonobi | es, but are sonewhat |arger, and are designed for repeated deep
di scharges.  Four-passenger electric cars have typically required 1000-

1200 pounds of golf-car batteries costing $1000-1200 to achi eve perhaps
40 miles of urban driving between recharges. Since the batteries could

be recharged only about 250 times, replacenment was required after each
10,000 mles of driving. Thus battery depreciation alone has amunted
to around ten cents per nmle.

The basic cell of the lead-acid battery (and nost other batteries)
consists of two dissimlar materials imrersed in a liquid electrolyte
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During discharge, an electrochenmical reaction takes place between these
material s which causes an electric current to flow through an external
circuit, connected between them such as an electric motor. As the
original materials in the cell are consumed in the reaction, chemcal
energy is transforned into electrical energy. During recharge, the
electric current through the cell is reversed by electric energy from an
external source. This reverses the chemical reaction within the cell,

re-formng the original chemcal conpounds and thus storing electrical
energy in chemcal form

Rechargi ng does not return the cell exactly to its original condi-
tion. Wth repeated cycles of charge and discharge, fully-charged cells
depart further and further from their original state. This limts the
useful life of the cell: eventually, the quantity of energy stored and
t he maximum power output (the rate at which energy can be rel eased) wll

fall below acceptable levels, or the cumulative novement of material
within the cell my develop internal short circuits.

A battery is an assenmblage of interconnected cells. The standard
gol f-car battery conprises three cells. Electric vehicle batteries ord-
inarily require 48 to 72 cells. For convenience in handling and econony
of manufacture, the 3-cell golf car battery rather than the single cell
has usually served as the basic nodule from which conplete vehicular
batteries are assenbled. By proper interconnection, the conpleted bat-
tery may operate at an output voltage as high as the sumof all its cell
voltages, as low as the voltage of a single cell, or at various inter-
mediate levels. For electric vehicles, all cells are usually connected
in series to give battery voltages in the range of 72-144 volts.

It should be noted that many batteries are not designed for re-
charging. Such batteries, called primary batteries, are widely used in
flashlights, transistor radios, and other devices where battery life and
cost are acceptable without recharging. Batteries not designed for re-
charge can be light, cheap, and powerful; but replacement costs woul d

generally be intolerable if primary batteries were used for vehicular
propul si on.

In conventional batteries, all the active nmaterials remain in the

basic cell during the conplete cycle of charge and discharge. In one
pronising new devel opnment, however, one of the active materials is

stored separately and is noved to and from the cell by mechanical punps
(the zinc-chlorine system under devel opment by Gulf and Wstern Indus-

tries) . The systemis electrically recharged, however, without physical
introduction of new active material from external sources. This is a

critical distinction because it determ nes whether the electric utility
system or some other system would be required to deliver energy to
autonotive propul sion batteries.

In this report, only electrically rechargeable batteries are
considered. Thus the alumnumair battery being investigated by
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Lawence Livernore Laboratories is omtted. It woul d be recharged by
repl acenent of its aluminum plates, with periodic removal of the elec-
trolyte containing spent alumnum A nmajor new chenical reprocessing
industry and refueling infrastructure would be required to recycle the
spent alumnum into new alum num plates. Simlarly, fuel cells are also
om tted. In a fuel cell, active material such as hydrogen and oxygen
are conmbined to release electric energy. These fuels are stored outside
of the cell, however, and are not regenerated by forcing electricity in
the reverse direction through the cell. Again, a new chenical industry
and refueling infrastructure would be required to refuel electric
vehicles using fuel cells.

To recharge the storage batteries considered in this report, elec-
tric energy from an ordinary electrical outlet is passed through a bat-
tery charger into the battery. The battery charger converts ordinary
alternating currents to the direct currents required by the batteries
It provides the direct current at a voltage appropriate to the state of
battery charge and to the rate of recharge desired

The useful life of a battery, the nunber of tines it can be fully
charged and discharged, depends strongly on how it is recharged. |If the
battery is deeply discharged, nuch of its charge can be restored without
harnful effects quite rapidly--50 to 75 percent in the first hour, if
sufficient electricity is available and a high-power charger is avail-
able to supply it to the battery. Conpleting the charge, however, nust
generally be done slowy. For lead-acid batteries, at least 4 or 5
hours is required to reach full charge even after a shallow discharge
To avoid the expense of very high-capacity electric outlets and high-
power chargers, it is customary to install equipment which requires al
night (8 hours or nmore) to recharge a deeply discharged battery.

Measures of Performance and Cost
For evaluating the performance and cost of batteries for vehicular

propul sion, 5 measures are in conmon use.

0 Specific energy is the electrical energy in watt-hours which
can be delivered by each pound or kilogram of battery.
Because specific energy depends on discharge rate, it is
customary to neasure specific energy during a three-hour
di scharge, which is roughly the time required for ful
di scharge in continuous driving of a passenger vehicle.

H gh specific energy is vital for vehicle batteries because
it determines vehicle range. If specific energy is in-
creased, the range of the vehicle using the battery will be
increased a little nmore than proportionately.

0 Specific power is the maxinum power in watts which can be

delivered by each pound or kilogram of battery. Since the
capability of a battery dimnishes rapidly as it approaches

the fully discharged condition, it is necessary to state
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carefully the conditions under which specific power is
measur ed. It is customary to measure specific power when
the battery is half discharged, and to make the measurenent
on a conservative basis which indicates about 10 percent

| ess than the maxi num which could actually then be obtained
Specific power is inportant because it determines the maxi-
mum el ectrical power available in a vehicle for acceleration
or climbing hills.

The life of a battery is ordinarily stated in terms of the
nunber of deep discharge and subsequent recharge cycles the
battery can withstand. Life is tested by repeated cycles of
di scharge and charge which each withdraw 80 percent of rated
battery capacity. Rated capacity is the maxinum energy
which a new battery can supply in a three-hour discharge
Battery life is considered ended when the battery is no

| onger capable of delivering 80 percent of its rating during
discharge. Cycle life depends on many factors, such as bat-
tery tenperature and the manner of charging and discharging;
and it slowy dimnishes with the passage of time even in
the absence of use. Relatively little is known about the
life of batteries which are subjected to shallow rather than
deep discharges, or discharges of varying depth. For lack
of better information, it is customary to assume that the
total energy deliverable by a battery during its life is un-
affected by the depth of discharge. For vehicles, this
means that the total nileage which can be driven on a set of
batteries is independent of the distance driven each day.
Battery life is critical for vehicular applications because
it determines the frequency of battery replacement and thus
affects total battery costs during the life of the vehicle.

Enerqy efficiency is the electrical energy delivered by a
battery expressed as a percentage of the electrical energy
required for recharge. It is inportant because it deter-

m nes the anount of propul sion energy the battery can deli-
ver froma unit of recharge energy. Sone batteries require
el ectric energy from external sources for heating or refrig-
eration. It is customary to include this energy with energy
for recharging in estimating efficiency because it affects
total electricity requirenents in the same way as other

| osses within the battery.

Specific cost is the cost of each kilowatt-hour of battery
capacity. It is inportant because it determnes the initial
and replacement cost of a battery of a given storage capa-
city. Like all other costs in this report, battery costs
are measured in nid-1980 dollars and are based on nature
mass production and high-volune retailing.
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To conpare possible future batteries and to conmpute their inplica-
tions for electric vehicles (vehicle driving range, energy use, and
cost) , it is necessary next to project specific values of these five
battery nmeasures for a representative set of future batteries.

Projections of Performance and Cost

The followi ng projections are based on published3 reports which are
generally the product of the DOE battery R&D program There al so exi st
substantial independent prograns of battery devel opnent, such as the GM
work in l|ead-acid, nickel-zinc, and high-tenperature lithium batteries.
Publi shed results are insufficient, however, for use of industry-sup-
ported research here.

Batteries under devel opnent by the Departnent of Energy are div-
ided into two groups: “near-ternf and “advanced.” Near-term batteries
are those considered nost likely to becone available for use in denon-
stration electric vehicles before 1985. Advanced batteries offer higher
performance potential but successful developnent is far less certain and

devel opment schedul es are specul ative. It appears quite likely that at
| east one of the near-term batteries will be successfully mass-produced
for vehicular propulsion by 1990. It is too early, however, to deter-

mne which of the batteries will succeed, so all four near-term batter-
ies are included in the projections presented here. Advanced battery
devel opments are far less predictable, but there is a reasonable possi-
bility that some kind of advanced battery will follow the near-term
batteries into mass production before the year 2000. To illustrate this
possibility, projections are presented for batteries representative of
| ow and high levels of advanced battery performance. The four types of
near-term batteries are |ead-acid, nickel-iron, nickel-zinc, and zinc-
chlorine. An inproved zinc-chlorine system and a high-tenperature
lithiumnmetal sulfide system were taken as representative of the |owest
and highest levels of performance to be expected from advanced bat-
teries.

Specific energies projected here for the near-term batteries are
1.6 to 2.5 times larger than those of prenium golf-car batteries of the
1970's.  Specific energies projected for the advanced batteries are 3
and 5 tines those of preniumgolf-car batteries Because electric car
ranges are roughly proportional to specific energy, these increases im
ply dramatic inprovements are coming in useful range.

Maj or inprovenments in life are also expected. For the near-term
batteries, cycle lives are projected to be 1.6 to 6 times longer than
those of prenmium golf-car batteries. For the advanced batteries, pro-
jected cycle lives are 4 to 6 times longer. Wth these life increases,
batteries mght be replaced only once or twice during the life of the
vehicle they power. In sone cases, they might last the entire life of
the vehicle. Even though the specific costs of the projected batteries
equal or exceed those of golf-car batteries, the long lives projected
woul d drastically reduce expenditures necessary for replacement bat-
teries, and total battery cost over the life of the vehicle.
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Table 3.1 summarizes the ranges of perfornmance and cost projected
for near-term and advanced batteries. It includes corresponding data
for premum golf-car batteries commonly used in electric vehicles during
the 1970 s. It also includes data for a battery representing 1980 capa-
bility. This battery, the C%obe Union EV2-13, was developed for the DCE
Electric Test Vehicle ETV--1 It embodies substantial advances over the
golf-car batteries of the seventles, commerci al production is expected
during 1981.

Tables 3.2 and 3.3 provide nore detail to support Table 3.1. In
Table 3.2, individual projections are advanced for the four near-term
batteries. These projections are based on the devel opnent goals adopted
by DCE, but include downward adjustnents in specific energy and life
reflecting two considerations: progress for some of the near-term
batteries, notably |ead-acid and zinc-chlorine, seens to be nore rapid
than for the others; and devel opment goals have been set higher than
probabl e achieverments in order to pose a significant technical challenge
and elicit the best possible results. In Table 3.3, the nmaxi num per-
formance now contenplated for advanced batteries is illustrated by a
lithiumnmetal sulfide system A reasonable mninum |evel of performance
for advanced batteries is illustrated by an inproved zinc-chlorine
system In general, performance goals adopted by DCE for advanced bat-
teries, including sodiumsulfur, metal-air, and other systens in
addition to lithiummetal sulfide, lie between these exanples in Table
3.3, The long lives and low costs in the table are both optinistic and
specul ati ve.

The lead-acid battery projected in Table 3.2 is based on vast ex-
perience: | ead-acid batteries today provide starting, lighting, and ig-
nition for hundreds of nmillions of passenger cars and tens of nillions
of motor trucks; and they provide notive power for tens of thousands of
forklift trucks. The battery sought for on-road electric vehicles would
bring together the high energy, high power, and |ow cost of the start-
ing-lighting-ignition battery with the extrenely long service life
(1500- 2000 deep discharges) achieved in notive power batteries for in-
dustrial lift trucks. The construction of a battery representing the
state of the art in 1980 is illustrated in Fig. 3.2, which shows the
battery that was especially devel oped for the ETV-1 car built by Ge and

Chrysler. Li ke nost other lead-acid batteries used in electric vehi-
cles, this battery has three cells and weighs about 60 pounds. Each
cell includes a set of positive and negative electrodes--in this case

lead grids supporting the active materials, spongy lead and lead di-
oxide. The plates are imersed in a dilute solution of sulfuric acid,
the electrolyte for the electrochenical reaction in which lead sulfate
is formed as electric energy is delivered to an external circuit. Six-
teen to twenty such batteries are usually required in a four-passenger
electric car. They are typically placed on a supporting tray, connected
in series, and loaded into the vehicle they are to propel from under-
neat h. In the 1970's, it was necessary every few weeks to renove the
cap for each of the 60 cells in a vehicle battery pack, add distilled

19



ind useq jou sey 13T

‘uorjonpoad ojur

‘T-ALT °TOTYDA IS99 OTa11097d H0d 2Y3d 103J padoTaaap Li933eq poaoadur 8yl ST STYTL

9

‘uotionpoid ssew ULAIS ‘SIBTTOP (86T UT °SSeId UYM3-Qf =Yl urt
sa119338q 103 (90Tad Lio3ldey L3rjuenb-s8iey ay3 o031 pappe jusdaad gf jo dnjaew Surpniour) =o1ad TrEI=Y

j
*9T240 yoee Buranp a8aeyosIp Jo yideap juadaad g uomm
(wex30TTy 10) punod 1ad s3jem url ‘a81eyd jo 93B3S Jusd1ad (¢ B SPUOIIS (7 uomw
(swea3oTTy 10) punod iad sanoy-3jem ur ‘siex Inoy-22a1y3l 3yl e a3aeyosip uomq
"€ "39Y ‘g°¢ ‘Z°¢ sPIqel :921nog
09 0002-000T (00€-0ST) 9€1-89 (0ST-00T) 89-S% 0007 4q padueApy
06-S¢ 00ST-00% (0ZT-0TT) %5-0S (sL-08) ve-€e 0661 44 Wwis-iedN
- 00s (z11) 18 LT - mmH|N>m
GS 0s¢ o @t (0€) ¥1 086T-0L6T AeD-3T0D
WPI/SIBTITOP 0861  ¢SITIAD 231BYDSTQ (33/K) q1/M (33/uM) qT/uM (A313uEnb ur) ad&y
q.uwoo 013Toedg dsaq ‘o311 N.uwaom 0T 3Toadg H.%wumam 913To3adg AITTTqETTRAY A1333eg

SAIYHLLYVE NOISTINdOYd NI SINIWIAOUIWI QALOAL0dd

T°¢ 4T4VL

20



06

06

06

SG

mszx\m

¢€3s0)
913Toadg

*1338aeyd mowzaucHo
*SIBTTOP 0861 UT ‘SSeTO 2zTS UMY (f 22Uyl UTl S9TIa3Ieq 103

ao1ad Ki103de3 A3T3uenb-a3ieT syl o3l pappe 3jusdiad ¢ jo dnjiew Surpnyour) ao1ad Hﬂmume

*andutr £819us 03 aarjeTa1 jndino L3asus oﬂuuuwamc

*93aeyosTp Jo yidap juadiad Qg uomm

(wea8oTTy 10) punod iad s3jeM ur ‘231eYd JO 93BIS JUIdIad (¢ 3B 298 (7 uomN

(uea8oTTy 10) punod 1ad sinoy-3ieM UT ‘d3el INOY-331Yyl aYyl 3Iv 33IeYdSIpP uoma

omm 00sT 01T 0s <L %€ SUTIO0TYD-oUuTyZ
17 oovy 0ST 89 0L (43 QUTZ-T3OIN
S9 009 0Z1 %S 09 Lt UoaT-T3OIN
08 008 0¢T 1A 0s 144 PTOV-pEaT]
,ue19d /M ar/M 3/UM qT/uM
AOUSTOIIIH SOTDAD 3BIBYISI( ¢ 19mod ¢“AZx2ugm L1933eg
¢ ‘ [4 T
£31sug -deaq ‘@317 OT3T0adg 913Toadg

(0661 A€ dIINAOYd-SSVW d9 OL
SETYILIVE NOISTNdO¥d WIHL-YVIN YOd ISO0D ANV HONVWEOLdHd AIWNSSV

¢°¢ d19VL

21



103 (@o1ad £10310e3 A31juenb-931eT 9yl 031 poppe Juadiad (¢ jJo dnyiew Furpnyour) 20Tad TTERISY

09

09

S
¢3s0)
dT3Toadg

umi/s

*19818YD S9pnToul

9

"S1BTTOP (86T UT ‘SSBTD 22IS UMY 0G-0f 9Y3 UT S3TI213eq

19

*andut A819us@ 03 9aTIETS1 IndIno AZadous OTAIISTI

(ueaSoTTy 10) punod iad sijem ur ‘98aeyd> 3JO 33eIS JUadIAd (G 3IB 09S (7 104

Vi

*231eyosTp Jo yidep jusdiaad pg i04g

€

[4

(wex8oTTy 10) punod iad sinoy-3jeM UT ‘d3ed INOY-331y3l 3yl le 231BYISIP 104

0¢ 000T 00¢ 9¢T
ooo 000¢ 0ST 89

- qucwouwa /M a1/
€AOUDTOTIIA _soTd4) 9daeydsiq N.uwsom
A3a3ug 2 -daaq ‘o311 9T JTOadg

(0007 X9 dIONAOYA-SSVW A9 OL)

0ST 89

00T Gy

3/uym qT/4M

¢A3aouy

HUﬂMﬂumam

SHIYELIVE ~ozSTNd0dd TADNVAQV Y04 IS0D ANV HONVIWHO4¥dAd dIWNSSV

£°¢ dT9VL

SPTITNS
TB3I9W~UNTYIT]

SUTIOTYD-OUTZ

A1933eyg

22



GLOBE- UNI ON | NC.

EV2-13 LEAD-ACID
ELECTRI C VEH CLE BATTERY
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o Left-Hand and Right-
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2. Single-Point Watering
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4. H gh-Efficiency, Com
puter Designed Radial
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5. Optinized Active Mterials
6. Submicro Polyethylene

Envel ope Separators with
G ass Mt

Figure 3.2 Current dobe-Union Lead-Acid Electric Vehicle Battery

wat er as necessary to each cell, replace the caps, and clean off the
accunul ation of acid misture and dirt which appeared on the battery
surface. Future batteries, however, wll have single-point watering and
venting systens which will greatly reduce the | abor of maintenance. The
interim state-of-the-art batteries devel oped for and now being tested by
DOE al ready have such a system and in addition appear to be close to
all the projections of Table 3.2 for lead-acid batteries excepting spe-
cific energy, where they offer about 20 percent less. 5 Further develop-
ment toward the DOE advanced |ead-acid battery goal (27 watt-hours per
pound) should bring the energy level up at least to the figure of Table
3.2 (23 watt-hours per pound) during the 1980’s.
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The nickel-iron battery was invented by Thomas Edison at the turn
of the century. Though it failed to achieve his express intention--
maki ng electric vehicles superior to gasoline vehicles--it has found
continued use in railway carriages, mne |oconotives, and other applica-
tions requiring a rugged, durable, long-life battery. The devel opnent
probl em for on-road vehicular applications is to increase power and
energy density and to |ower costs, w thout undue sacrifice of life. The
ni ckel -iron and nickel-zinc batteries of Table 3.2 are generally sinilar
in arrangement to the lead-acid battery. Both the nickel-iron and
ni ckel -zinc batteries enploy nulti-plate cells with an aqueous electro-
lyte at room tenperature--though in this case the electrolyte is alka-
line rather than acid (a solution of potassium hydroxide). Both batter-
ies enploy nickel positive electrodes, but the nickel-zinc battery sub-
stitutes zinc for iron negative electrodes to achieve higher energy and
power output per pound of battery. A practical nickel-zinc battery has
l ong el uded devel opers primarily because of problens inherent in this
substitution. On repeated cycles of charge and discharge, zinc elec-
trodes tend to change shape/ |ose capacity, and grow needle-like den-
drites which penetrate the separators between adjacent positive and
negative plates, thus short-circuiting cells.

The zinc-chlorine battery of Table 3.2 differs substantially in
construction from the other near-term batteries. One of its active
materials, chlorine, is stored separately from the electrode stack, and
must be conveyed to and from the stack by a system of punps and pl umbing
through which the electrolyte, an aqueous solution of zinc chloride con-
taining gaseous chlorine, is circulated. The chlorine is stored as a
solid, chlorine hydrate, which forns when water containing chlorine is
chilled bel ow 50 degrees. to acconplish this, the battery charger in-
cludes a refrigerator to chill a working fluid. During charging, the
chilled working fluid is punmped through a heat exchanger within the bat-
tery, where it absorbs heat from the electrolyte. The electrodes in the
cells of this battery are based on graphite structures which offer very
long life. During charging, zinc is plated onto the negative electrodes
while chlorine is evolved at the positive electrodes. The chlorine is
carried out of the cell stack by the circulating electrolyte through the
heat exchanger where chlorine hydrate is formed. During discharge, the
process is reversed. Because the battery may be fully discharged with-
out harm all the zinc may thus be periodically removed from the graph-
ite substrates. In this way, the usual problens of zinc electrodes,
cumul ative shape change and dendrite buildup during cycling, may be
el i m nat ed. It appears that the punps and plumbing, rather than the
el ectrodes, may ultimately limt the life of the battery. It seens pos-
sible, and even likely, that sufficient life can be achieved so that the
battery may be sealed in a container with terminals for input and output
of electricity, and operated without servicing for the entire life of
t he vehicle.
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The zinc-chlorine systemis relatively new and may be devel oped
wel | beyond the levels of performance projected in Table 3.2. Accor-
dingly, an advanced zinc-chlorine systemis projected in Table 3.3,
where it is representative of the mninum performance which .advanced
battery devel opnents, if successful, may bring in the 190s.

The lithiummetal sulfide systemin Table 3.3 is an exanple of the
hi ghest performnce which advanced battery systenms may bring. Its char-
acteristics are drawn from the nost optimstic |ong-term devel opment
goal s which have been published in recent years. The cells of this bat-
tery utilize lithiumalumnum negative plates and iron sulfide positive
plates imersed in a nolten salt electrolyte. The battery nust be nain-
tained at approxinmately 700 F, which neans that a housing with excep-
tionally effective insulation is required. It is highly desirable that
heat loss through the housing be low so that additional heat beyond that
evolved in the cells during ordinary use will be unnecessary. |f sup-
plenentary heating is necessary, it will be supplied by the battery
charger, decreasing effective battery efficiency. |In addition to superb
insulation, the housing rmust also ensure safe containnment of battery
materials, even in crashes. The assuned specific energy in Table 3.3
includes a wei ght allowance f7r housi ng, which may anmount to 20 or 25
percent of total cell weight. The high energy of the battery is due to
the high chenical activity of lithiumand sulfur. The principal diffi-
culties in battery devel opment are also due to this high activity, which
presents serious problens of corrosion and containment, especially at
the elevated tenperature of operation. Extraordinary materials are
needed to contain the nolten electrolyte, to separate and space the
plates within each cell, to collect and conduct electric currents within
each cell, and to insulate the conductors where they pass through the
cell container. These materials nmust nonethel ess be inexpensive to pur-
chase and fabricate.

In general, achieving a long operating life appears to be the
maj or problemin battery devel opment There is little theory to guide
i mprovenents intended to conbat the gradual changes and degradation
associated with charge-discharge cycling. Experimental approaches are
difficult and very time-consumng, since it may take years of testing to
determine the effect on battery life of a given design change. Though
increases in energy density are highly desirable, it is long life which
is critical to achieving acceptable depreciation costs for propulsion
batteries in on-road vehicles

Total Costs of Stored Electricity

The total costs of stored electricity include both battery depre-
ciation and purchase of recharge electricity. For the near-term batter-
ies projected here, depreciation costs far exceed recharge electricity
costs despite assuned cycle lives well beyond those of recent years
Both costs, in cents per kilowatt-hour of battery output, are shown in
Table 3.4. Since four-passenger electric cars may require roughly 0.4
kWh of battery output per mile driven, the table inplies that total
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costs for near-term batteries will be roughly 5 to 12 cents per nile,
including depreciation, whereas costs of recharge electricity alone
woul d be only 1.5 to 2.2 cents per nile.

Uncertainties
The battery projections and assunptions advanced here are to be
viewed with caution. Such projections have usually been over-optimstic

inthe past. In early 1967, for exanple, the US Senate Conmittee on
Commerce and Public Works held joint hearings on “E ec%ric Vehi cl es and
CGher Aternatives to the Internal Combustion Engine.” At the hear-

ings, a procession of experts spoke optimstically about netal-air and
sodi umsul fur batteries, which were then in vogue:

! .zinc-air rechargeable batteries should offer advantages in
performance, weight, volume, and naterial costs...continued
devel opment. ..should lead within the next couple of years to truly
econonically feasible batteries for electric vehicles.” Dr.
Stewart M Chodosh, Battery Manager, Leesona Mos Laboratories.

“In our judgnent the zinc-air battery project is well ahead of

every other advanced project and stands a good chance of success.”
Charles Avila, President, Boston Edison Conpany.

“We are expecting commercial availability of these zinc-air
batteries in the early 1970s.” Dr. Frederick de Hoffman, Vice-
Presi dent, GCeneral Dynamics.

“W believe that, within the next decade, research and devel oprent
now being conducted by Ford and others will naeke it possible to
produce marketable electrical vehicles nuch superior to any that
can be built today.

“Qur sodiumsulfur battery is now in an advanced stage of |abora-
tory developnment. Its technical feasibility and excellent perfor-
mance have been denonstrated.. .“ Mchael Ference, Jr., Vice-
President, Scientific Research, Ford Mtor Conpany.

Now, however, thirteen yaslater, neither of these battery systens is
commercially available. Moreover, neither is considered a near-term
devel opnent by the Departnent of Energy. The sodiumsulfur battery re-

mai ns anong advanced devel opnents which nay eventually become avail able,
while zinc-air systems have alnost dropped from view, even in the re-
search comunity.

3.3 DRI VE TRAIN

Backgr ound

The electric drive train converts electric power from the battery
to mechani cal power at the driven wheels of the electric vehicle. [Its
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maj or conponents are ordinarily an electric mtor, an electrical con-
troller, atransmission, and a differential, as illustrated in Fig. 3.3.
The nmotor converts electrical power to nechanical power. The controller
regul ates the amount of power flowing from the battery to the motor, and
thus the speed and acceleration of the vehicle. The transm ssion and
differential performthe same functions they perform inconventional
vehicles: reducing the high rotation speed of the notor shaft to the

| ow rotation speed of the driven wheels, and dividing the nechanical
power between the twodriven wheels.

Conventional direct-current nmotors have been used in the great
majority of electric vehicles, past and present. Such notors have only
asingle nmoving part, a rotating set of electromagnets called the arma-
ture. The armature revolves within astationary set of el ectromagnets
called the field. Electric current flows tothe armature through a set
of carbon brushes which slide on a segnmented copper cylinder called a
commutator. The brushes are fixed to the frame of the notor and are
motionl ess, while the conmutator is mounted on the armature shaft and
rotates with it. The comutator reverses the direction of current flow
through the armature nmagnets at appropriate nmonents to obtain continuous
armature rotation.

The sinplicity of the electric notor leads to very high relia-
bility and long life. Only the brushes require periodic naintenance,
usually an inspection at intervals of 500 to 1000 hours of operation (a
year or two in autonotive use) and replacenent when required.

Unli ke the internal-conbustion engine, the electric nmotor is
reversible and self-starting. Furthernore, it develops high torque at
zero speed, provides its full rated output with high efficiency over a
wi de range of speeds, and can deliver twoto three tines its continuous
output rating for short periods of time. Al this nmakes it so well
suited to vehicular propulsion that an electric notor of 20-30 horsepower
rating is the rival of internal conbustion engines with much higher
ratings, in the 50-75 hp class. The weight of such a notor, roughly 4-5
pounds per horsepower of short-term output capability, falls between
that of gasoline engines (3-4 pounds per horsepower) and I|ightweight
di esel engines (5-6 pounds per horsepower). Its cost in nmass production
woul d be less than that of either gasoline or diesel engines.

For vehicular use, however, the electric notor is inconplete wth-
out an electrical controller to vary itsspeed and power output in ac-
cord with the wishes of the driver. Depending on its design, the con-
troller may be nore expensive than the notor, and al most as bul ky al-
though lighter in weight.

Early electric vehicles enployed |arge manually-operated rotary

switches ascontrollers. The switches connected the cellsof the pro-
pul sion battery in different arrangements tochange the battery voltage
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applied to the notor, and sonetines included resistors to limt notor
current, Only a few selectable |levels of power and speed were thus
available to the operator. Wth the substitution of large relays called
contractors for the manual | y-operated switch, this type of controller can
be operated by a conventional accelerator pedal. Such contactor con-
trollers are widely used in electric lift trucks, where they have proven
i nexpensive and reliable.

About twenty years ago the advent of high-power seniconductor
switches made a new type of controller possible, the chopper controller.
The chopper interrupts the flow of electric current periodically to
reduce its average value to a desired level. Sem conductor sw tching
makes this interruption possible at such high rates, hundreds or
t housands of times per second, that to the user the flow of power to the
electric notor appears snooth and continuous. Choppers capable of
handling the full flow of power from battery to motor are large and
expensive, but give snooth control of notor speed fromits maximm rated
speed all the way down to zero. Choppers of nuch nore limted cap-
ability are used to control only the current flowing in the notor field
winding. They are nuch smaller and |ess expensive, but allow notor
speed to be varied onI%/ through aspeed range of perhaps three to one
wi thout sacrifice of efficiency. Control does not extend all the way
down to zero speed.

Whet her they are built wth high-power choppers, field choppers,
or both, controllers require a main contactor to disconnect the battery
entirely when the vehicle is at rest. They ordinarily include sensors
to detect overheating of the mptor or excessive input currents and sone
means to reduce power input to the notor to protect it against danage
whi ch might otherwise result. Unless reverse movenment of the vehicle is
acconpl i shed by a transm ssion, additional contractors may be required to
reverse the rotation of the motor. Finally, nodern controllers are re-
quired to provide regenerative braking, which entails additional cir-
cuitry. The conventional electric notor can operate with equal effi-
ciency as a generator, allowing the kinetic energy of a vehicle to be
converted to electricity during deceleration rather than lost as heat in
ordinary friction brakes. The electricity is returned to the battery,
where it is available for subsequent use.

A transmission is ordinarily required to reduce the shaft speed of
the electric nmotor to a level conpatible with the |Iower rotation speed
of the driven wheels. Electric notors can be built to run efficiently
at very low speeds, but this increases notor weight and cost so nuch
that it is preferable to add a transmission to a higher-speed notor.

Mul tispeed transmi ssions increase notor speed and efficiency during
periods of |low driving speed, but sone designers have not considered
these benefits sufficient to offset the extra expense and operating com
plexity involved.
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A differential is usually included to distribute an even flow of
power fromthe transmission to the two driven wheels of the vehicle. It
is made necessary by vehicle turns, which cause the driven wheels to
revol ve at unequal speeds. A few electric vehicles have dispensed with
the differential, substituting instead separate drive motors for the
driven wheels. Cenerally, however, it appears that a single notor with
differential is |ess expensive and equally effective overall

The objectives of drive train design are to provide adequate pro-
pul sive power with high efficiency, high reliability, |ow weight, and
low cost. Existing technology is already close to neeting all these ob-
jectives. Efficiency is so high, near 80 percent overall, that little
is left to be gained. Mtors are already highly reliable and with the
experience gained from mass production, controllers wll probably becone
equal ly reliable. Drivetrain weight is conparable to that of conven-
tional internal-conbustion vehicles. Drivetrain cost remains higher
than that of conventional vehicles due largely to the cost of the con-
troller, but the differential is far less than that between the costs of
the gas tank and the propul sion battery.

In short, the electric drive train is not a major obstacle to
successful electric vehicles. I nprovenents in drivetrains, especially
those leading to lower cost, renmain desirable, but inprovements so great
they would offset the drawbacks associated with the propulsion battery
do not appear possible.

Exanpl es of the State of the Art

The drive train developed by General Electric for DOE's electric
test vehicle ETV-1 is built around a sophisticated chopper controller
and a conventional DC motor. Its transmission is a sinple chain drive
which offers a fixed speed reduction, and its differential is a standard
conponent of the front wheel drive assenbly built by Chrysler for its
Omi and Horizon nodel s.

The controller enploys separate choppers to control notor armature
current and motor field current. The armature chopper, a device capable
of handling currents as large as 400 anmps, controls the notor at vehicle
speeds from zero to 30 nph, which correspond to notor speeds from zero
to 2500 rpm At speeds above 30 nph, the armature chopper is bypassed
and nmotor speed is controlled by the field chopper, a much smaller de-
vice which supplies currents of 5-10 anps to the field electronmagnets
A third chopper unit with 200-anp capability is used to control battery
charging current during regenerative braking. The two high-current
choppers utilize special high-current transistor nodules devel oped
especially for this application. The transistors enable higher chopping
frequencies and sinpler control circuits than the SCRs (silicon con-
trolled rectifiers) which have been used in nost chopper controllers for
electric vehicles. The low current chopper is used not only for con-
trolling motor field current, but for controlling battery current (at
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levels up to 24 anps) during recharging from 120-volt outlets. Overall
operation of the controller is directed by a mcroconputer.

The DC nmotor used in the ETV-1 is a conventional design which was
tailored specifically for this application (see Fig. 3.4). It is only
17 inches long and 12 inches in dianmeter, but can provide 20 horsepower
continuously at any speed between 2500 and 5000 rpm at an efficiency of
al most 90 percent. operating at this rating, the notor requires an
electrical input of 96 volts at 175 anps. For short periods it can be
operated at input currents up to 400 anps, with correspondi ngly higher
power outputs. Total notor weight is about 200 pounds.

Figure 3.4  The 20-hp DC Mdtor Devel oped by General Electric for
the DOE Electric Test Vehicle ETV-1
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Taken together, the motor and controller would be nore expensive
than the conventional internal-conmbustion engine they would replace. In
a mass-produced version of the ETV-1, their extra cost would be about
$800, as conpared with $1470 for the propulsion battery and a total
extra co_t of about $2900 in relation to the conparable 1980 Dodge sub-
conpact . The cost of the controller would be about equal to that for
t he notor.

A different approach to drivetrain design is exenplified by the
conversion of a conventional |CE car developed by South Coast Technol ogy
with support from the Departnent of Energy. The conversion is based
on the Vol kswagen Rabbit and utilizes the entire transaxle assenbly of
the basic car, including the clutch. It adds a conventional DC notor
simlar to that of the ETV-1, but enploys a sinple controller which
includes only a single inexpensive chopper. The chopper controls only
the field current of the motor, and thus varies notor speed only through
a range of about 1800-3600 rpm

Qperation of the South Coast car is simlar to that of a conven-
tional ICE car with nmanual transmssion. Wth the transmission in
neutral, the operator starts the notor by turning a key sinmilar to an
ordinary ignition key. During the second or so required by the notor to
reach its mninum speed, a resistor is switched into the circuit by the
controller to mnimze inrush current. To drive the vehicle, the opera-
tor shifts gears and engages the clutch nuch as in a conventional vehi-
cle. As in the conventional vehicle, the notor “idles” during stops.
Resultant |oss of energy is small in ordinary driving, where stops are
relatively infrequent.

Despite its sinplicity, the controller provides regenerative
braking. Just as weakening the field current increases power flow to
the notor, field strengthening reduces it. The field control can not
only reduce nmotor current to zero, but reverse it. Then the notor acts
as a generator, decelerating the car by converting its kinetic energy to
electricity flowing back into the battery. Regeneration is only pos-
sible, of course, at speeds down to the mninmum speed of the motor, but
by downshifting regeneration can be achieved at vehicle speeds down to
about 10 nph.

The arrangenent of the South Coast Rabbit's drivetrain is expedi-
tious for a conversion because it makes maxi mum use of existing com
ponents within the basic car. It also illustrates, however, how
effectively mechanical conponents--the manual multispeed transm ssion and
clutch--may be used to reduce the conplexity and cost of the electrical
controller, and the cost of the overall vehicle. Despite the extra
effort required for their operation, nanual transm ssions might be
prefered by many future buyers of electric cars, just as they are now
preferred by an increasing nunber of buyers of conventional cars.
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Future Drivetrains

Drivetrain R&D for electric vehicles is concentrated on the
devel %pment of inproved brushless notors and their associated control-
|ers. Brushes areundesirabl e because they require maintenance and
linmit the speed at which the notor can operate. H gher operating speed
generally leads to proportionate increases in maxi num power output from
a notor of given weight. Thus brushless nmotors might atoncerequire

| ess maintenance and weigh less than conventional designs. Brushless
motors may also be substantially cheaper, partly because they weigh

| ess, partly because they are amenable to designs which are especially
suited to |owcost, high-volume production.

Brushl ess motors are of two general types: DC machines with ex-
ternal electronic circuits to replace the comrutor and brushes of the
conventional design; and AC nmachines with external electronic circuits
to convert the DC output of the battery to the AC power required by the
ot or . In general, the number of high-power sem conductor devices re-
quired for brushless nmotors exceeds the number required for chopper con-
trollers like that of the ETV-1. Unless |ower-cost electronic conpon-
ents and designs can be devel oped, then, savings in the weight and cost
of the brushless motors may be offset by increases in the weight and
cost of the electronic controllers they require.

Transmissions for electric drivetrains are nost likely to be
spin-offs of devel opnents intended primarily for conventional |CE vehi-
cles. Innovations likely to appear soon are the continuously-varia,,b | e
transmission and the automatically-shifted multispeed gearbox. A con-
ti nuously-variable transmission would relieve the requirements placed on
the electric controller for varying motor speed. So would the automatic
gearbox, but with higher overall efficiency of operation. Wth such
transmissions, cars with simple and inexpensive controllers like that of
the South Coast Rabbit could be satisfactory for many nore notorists,
including notorists unable to use a manual transm ssion.

Future motors and controllers may well be no nore expensive than
the ICE system they supplant. It cannot confidently be predicted yet
whether this will conme about through inprovenents in high-power chopper
controllers, through the advent of advanced brushless nmotors, or through
the conmbination of nore sophisticated transmissions with a sinpler DC
motor and field controller designs. It appears, however, that at |east
one of these devel opments will succeed.

3.4  VEH CLE DESIGN

Basi ¢ Consi derations
The major functions of the notor vehicle are to nobve passengers

and other payload swiftly, safely, confortably, and conveniently, at
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mninum cost. The nmjor conponents integrated into an electric pass-
enger vehicle for this purpose include:

0 The payl oad conpartment, which provides confortable seating
shelter from the elenents, protection in crashes, space for
parcel s and |uggage, convenient controls for the operator of
the vehicle, and such amenities as heating and air condi-

tioning.

0 The drive train, which provides propul sive power for accel-
eration and cruising.

0 The battery, which supplies electric energy to the drive
train.

0 The supporting structure and chassis, including wheels,

brakes, suspension, steering, and other itens necessary to
carry the payload and passenger conpartnent, the drive
train, and the battery on streets and highways.

The conponents of a conventional |ICE vehicle differ only in that the
fuel tank supplants the battery, and the drive train includes the ICE
system rather than an electric notor and controller. In practice, how
ever, the difference between the weight, bulk, and cost of the gasoline
tank and the battery is so great that they become the central problem of
el ectric vehicle design.

In every vehicle design, a basic compromise is struck between
capability and cost. In conventional vehicles, extra speed and payl oad
capacity are generally associated with higher cost. In electric vehi-
cles this remains true, but a new dinension is added: driving range.

To increase the range of an electric vehicle with a given battery
technol ogy neans that the size of the battery must be increased. Since
the battery is a major contributor to vehicle weight, the power output
and weight of the drive train must be simultaneously increased to avoid
reductions in acceleration and top speed. Wth substantial weight in-
creases in the battery and the drive train, the supporting structure and
chassis must also be made heavier. Al of this leads to an increased
initial price for the long-range vehicle, higher energy use in opera-
tion, and increased operating costs.

In the conventional vehicle, the gasoline tank is a very small
part of total car weight and cost. I ncreasing range, payload capacity,
or propul sion power is inexpensive because it does not involve propor-
tionate increases in a heavy and expensive propul sion battery. Further-
more, range is less inportant because refueling can be acconplished in
mnutes rather than hours.
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In electric vehicles, the cost of additional payload capability,
accel eration capability, and range is so high that it is worthwhile only
if frequently used. Accordingly, rear seats, high acceleration, and the
maxi mum feasible ranges with given battery technology are not always
offered in electric cars, since auto occupancy is usually only one or
two persons, nodest acceleration suffices to keep up with alnost al
traffic, and daily travel by the average autonobile in the United States
is under 30 niles.

Electric vehicles also tend to be snmaller than conventional vehi-
cl es because nobst auto buyers work under budgetary limtations. Buyers
who could afford an $8,000 electric subconmpact instead of a $5,000
conventional subconpact might not be able to afford a $12,000 standard
size electric instead of a $7,500 standard size conventional car.

Because the cost of providing capability is so high in electric
vehicles, extraordinary efforts are justified to maximze drive train

efficiency and mnimze the weight of the vehicle payload conpartnent _
supporting structure and chassis. Expensive lightweight materials, for
exanple, might add nore to the price of a conventional car than the
value of the gasoline they would save over its life, whereas those sane
expensive materials might result in |lower overall costs for the electric
vehicl e.

Exanpl es of Electric Vehicle Design

The state of the art in the design of electric passenger cars is
illustrated by the electric test vehicle ETV-1 conpleted in late 1979 by
CGeneral Electric and Chrysler for the US Department of Energy. The cen-
tral feature of the ETV-1, shown in Fig. 3.5, is the large propulsion
battery. The battery is accommdated in an enlarged central tunnel ex-
tending from the rear luggage conpartnent between the four passenger
seats to the front notor conpartnent, which houses the entire drive
train(controller, motor, transmssion, and front wheel drive axle) . The
curb weight of the car is 3,320 pounds, while battery weight is al nmost
1,100 pounds. Thus the battery weighs about one-third of the total car
wei ght without payload. Nevertheless, range in urban driving is ex-
pected to be only 50-75 miles. The ETV-1 is conparable to the Chrysler
Hori zon and Omi nodels in overall size and passenger acconmmodations,
but offers about 40 percent |ess |uggage space. It also offers rela-
tively low acceleration capability: Oto 30 nph in 9 seconds. A notor
rated at 20 horsepower (continuous duty) suffices for this and for top
speed in excess of 60 nph. TO minimze energy use and thus nmaxim ze
range, the ETV-1 was carefully designed for |ow aerodynamic drag, which
is 30 to 50 percent below that of npbst other passenger cars on the road
CE and Chrysler have estimated the price of the ETV-1 in mass production
(3000000 units per year) would be about $8,500, about 60 percent greater
than the price of the conparable 1980 Dodge Omi, $5, 200
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In cars designed fromthe ground up for electric propulsion, |ike
the ETV-1, designers have maxi mum freedom in acconmodating the heavy,
bul ky battery and in maximzing range for a given battery size through
high efficiency. Mst electric vehicles in operation today, however,
are conversions of conventional ICE vehicles. In snall quantities, con-
versions are far cheaper than all-new designs. They benefit to the max-
i mum extent from the |ow cost and proven design built into nmass-produced
conventional vehicles and their conponents, The conversions suffer,
however, in the conpronise necessary to acconmodate the weight and bul k
of the battery. They also do not benefit from use of the |ightweight
materials which are not cost-effective for conventional cars (at today’s

fuel prices) but would be desirable in electric cars.

The state of the art in conversions is illustrated by the electric
Rabbit built for the US Departnent of Energy by South Coast Technol ogy,
a small business located in Santa Barbara, California. The battery pack
in the conversion consists of 18 golf car batteries whi 061 .Fre t he same
size as the 18 special batteries included in the ETv-1. 10 To accomo-
date the battery pack, the rear seat of the Rabbit has been sacrificed,
the rear floor modified, and the batteries placed in the area fornerly
occupi ed by the rear seat, the gasoline tank, and the spare tire. As
shown in Fig. 3.6, the batteries occupy nost of the floor space between
the front seats and the rear wall of the car. Mjor modifications were
made to the rear suspension of the Rabbit in order to accommopdate the
extra weight of the batteries, 1,170 pounds. A battery |ayout |ike that
in the ETV-1 was considered, but rejected because of the nuch higher
costs of the nore extensive nodifications which would have been re-
quired. As in the ETV-1, the entire drive train is in the front engine
conpartment. The electric notor is nounted on the standard Rabbit
transaxle in place of the gasoline or diesel engine, driving the front
wheel s through the existing clutch and four-speed transmission. Because
the motor is smaller than the engine it replaces, there is anple room
above it for the controller. In Fig. 3.7, an under-hood view of the con-
verted Rabbit, the controller is the large box slightly to the left of
center.

The curb weight of the South Coast Rabbit, 3,120 pounds, is
slightly less than that of the ETV-1, but it offers only half the seat-
ing capacity. Thirty-seven percent of its curb weight is battery weight.
Its acceleration capability (and notor size) are conparable to those of
the ETV-1; it achieves zero to 30 nmph in about 10 seconds. |Its aerody-
namc drag is like that of efficient conventional cars now on the road,
around 50 percent higher than that of the ETV-1. Wth golf car batter-
ies, its urban driving range is 35 to 40 niles, whereas the nore effi-
cient ETV-1 with its specially-built batteries achieves 50-75 mles.

Met hod of Projection
Wth future batteries storing nmore energy per pound, the range of
a car like the ETV-1 could be substantially increased. Alternatively,

the car could be designed for a smaller battery at considerably reduced
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a. Cover in Place

b. Cover Renoved

Figure 36 The Battery Compartnent of the Electric Rabbit Built
by Sout h Coast Technol ogy
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Figure 3.7 The Engine Conpartment of the Electric Rabbit

Cost. As batteries inprove, the spectrum of possible conprom ses
between range and cost will wden, making explicit attention to this
possibility nore inportant.

The nethod of projection used for this report specifically ac-
counts for the spectrum of possible conproni ses between range and cost.

Its results--tradeoffs between range and cost for projected future
batteries --are given in the next section. The method is based on four

assunptions:

L Payl oad and associ ated passenger conpartnent weight my be
determned from the best current practice in the autonobile
i ndustry.

2. The weight of supporting structure and chassis will be pro-

portional to the weight of payload, passenger conpartnent,
drive train, and battery. Again, good current practice in-
dicates the constant of proportionality.

3. Drive train weight will be proportional to required power
output. Power output, in turn, Wl be proportional to
vehicle weight including a typical payload. Required output
will be determned by acceleration requirenents.

4, Battery weight will be varied over a range of practical
possibility.
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Wth these assunptions, the weights of the major conponents of the
electric car may be estimated using a sinple mathematical nodel de-
scribed in the Appendix. The conponent weights form the basis for esti-
mating initial vehicle price. They also determne total vehicle weight,
which is essential for estimating range, energy use, and operating
costs. Conputer nodels inplenenting this approach have been and are
being widely used for investigations of future electric vehicles. They
are made available by the Cal Tech Jet Propul sion Laboratory, a DCE con-
tractor, on a conputer system which is accessible in nost cities of the
United States.

The third assunmption above sizes the drive train of the electric
vehicle, and thus its speed and acceleration capability. For projec-
tions given here, the drive train was required to produce 28 horsepower
of output for each ton of vehicle weight including a standard 300-pound
payl oad. This capability approximately suffices for acceleration of

0-40 nph in 10 seconds on level ground, a capability substantially above
that of present electric vehicles such as the ETV-1 and the Rabbit con-

version by South Coast Technology. Efficient cars with this capability
generally offer top speeds in excess of the 55 nph limt, plussuffi-

cient hill-clinbing ability to enter freeways safely from up-hill on-
ranps and to nmaintain safe speeds on nost highway grades

The adequacy of the 28 horsepower per ton drive train requirenent
follows fromthe “road load” of an efficient electric car. Road load is

the power required to overcone the rolling resistance of a vehicle's
tires and wheels, its aerodynanmic drag, the force of gravity (while
ascending grades), and the inertia of the vehicle during acceleration.

The power required to overcome rolling resistance and aerodynanic
drag is nodest at |egal speeds in conparison with those for climbing
grades and for acceleration. The power to overcome rolling resistance
is proportional to speed and to vehicle weight. The power to overcone
aerodynanmic drag rises rapidly at speeds above 30-40 nph (see Fig. 3.8).
Depending on vehicle weight, aerodynamic drag will equal tire rolling
resistance at speeds in the vicinity of 40-50 nph. For a vehicle weight
of about 3,500 pounds during cruise, like that of the ETV-1, the total
power requirenent at constant speed on a level road would be under 10
horsepower at 45 nph.

Ascendi ng an up-grade at constant speed requires additional power
tolift the car. Gadients are usually neasured in percent, where a one
percent grade corresponds to a one-foot increase in elevation for each
hundred feet of travel. H ghway gradients, on which safe speeds nust be
mai ntained, are usually less than 2 or 3 percent, and on interstate
freeways do not exceed 6 percent. The extra power required to overcone
each percent of gradient is approximtely equal to the power required to
overcone tire rolling resistance on level ground. Maintaining 45nph on
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Figure 3.8 Road Load for Near-Term Subconmpact Cars

a grade of about 3 percent would increase by a factor of 2 the power re-
quirement for overcoming rolling resistance and aerodynamic drag al one

in a typical 3,500-pound vehicle.

Overcoming inertia during acceleration adds even higher power re-
quirements at the acceleration capability assumed here for future vehi-
cles (0-40 nph on level ground in 10 seconds). Conputer simulations
have shown that this requires about 28 horsepower per ton, or a total of
al nost 40 horsepower for a 3,500-pound vehicle. This is to be conpared
with around 10 horsepower for level cruising at 45 nph, and 20 horse-
power cruising at the same speed on a 2-1/2 percent gradient. The pre-
ci se horsepower requirenent per ton would vary a little with changes in
road load for overcoming tire rolling resistance and aerodynanic drag.
The changes are uninportant, however, because most of the power required
for the acceleration is used to overcone inertia, not to overcone tire

and aerodynam ¢ | osses

42



Accel eration capability of O30 nph in 10 seconds, like that of

the ETV-1, is usually adequate for keeping up with traffic. Figure 3.9
shows several measurements of the speed required to keep up with other

vehicles in light, noderate, and heavy traffic. Even in light traffic,

speed typically reaches 30 nmph in about 10 seconds after a stop, and in
moderate or heavy traffic even slower increases of speed suffice.

The accel eration requirenment of 0-40 nph in 10 seconds used in
this report is about the capability of many contenporary diesel cars and

| ow- performance gasoline cars such as VW Beetl es. It is baselgon a con-
sideration of wup-hill on-ranps to freeways, which are common. To
enter the freeway at a reasonable speed for safe merging with traffic,
40 nph or above, the power requirenent for the typical up-hill on-ranp

is about the same as that for the 0-40 nph acceleration on |evel ground
in 10 seconds.

Val ues assumed in this report for g resistance and aerodyna-
mc drag are consistent with today’s tires and vehicle designs. Wile
bias-ply tires of recent years had rolling resistances of roughly 1.5
percent of the load they carried, radial-ply tires have brought this
down to 1.2 percent and below. The figures assuned here, 1.18 percent
and 1.08 percent for cars with near-term and advanced batteries, re-
spectively, are to be conpared with the value of 1.11 percent for the
tires selected for the ETV-1. Aerodynanic drag coefficients of US pro-
duction cars have usually exceeded 0.5, though increased attention to
body design has given the VW Rabbit a drag coefficient of about 0.46 and
the new Chevrolet Citation about 0.42. The figure assumed here, 0. 35,
is better than that of almst any car now in production, but above the
0.30 reported for the ETV-1.

3.5  THE TRADECOFFS BETWEEN RANGE AND COST

The characteristics of future electric vehicles will depend
strongly on resolution of a basic tradeoff between range and cost. For
a vehicle with given technology, payload, and acceleration capability,
both range and cost are determ ned by the size of battery selected. The
larger the battery, the longer the range and the greater the useful ness
of the electric car. But a larger battery also is nore costly to buy
and replace; and its extra weight necessitates increased expenses for a
heavier basic vehicle with a nore powerful drivetrain.

In the future, the tradeoff between range and cost wll be
increasingly inportant because inproved batteries will widen the
spectrum of possible choices. In the past, there was little freedom of
choice about battery size because capabilities of golf-car batteries
were so limted. Designers usually put as much battery as possible into
their vehicles, often as nmuch as 40 to 50 percent of curb weight, but
battery power and energy output renmined so |ow that acceleration and
range were inadequate.
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In the future, designers will probably work with batteries
provi ding nuch higher specific energy and specific power. Wth nore
energy and power per pound, the largest possible battery will no |onger
be required to give reasonable acceleration and range. Wth a |arge but
still manageabl e battery, near-term vehicles mght achieve twice the
range attainable with the mnimm battery acceptable from the standpoint
of acceleration power. For vehicles with advanced batteries, the
maxi mum design ranges mght be three tinmes the mnimm or even nore.

These spectrums of future possibilities are examned by using the
projection nethod of Sec. 3.4 to show how sticker price, life-cycle
cost, curb weight, and energy use of future electric vehicles mght de-
pend on urban driving range. Cenerally, the projections show that with
near-term batteries electric vehicles may offer ranges in excess of 100
mles, or life-cycle costs conpetitive with those of conparable conven-
tional cars, but not both at once. Vehicles with advanced batteries,
however, might simultaneously provide both conpetitive costs and ranges
as great as 200 miles. Neither near-term nor advanced batteries lead to
initial prices for electric vehicles conpetitive with those of gasoline
vehicles even at the shortest possible design ranges.

Depending on battery size, projected four-passenger cars with
near-term batteries could offer:

0 50-170 mle urban range

0 0.32-0.56 kilowatt-hour-per-nmile energy use (input to
battery charger)

0 $6,500-$11,000 sticker prices (in 1980 dollars)

0 20.2-30.8 cents per mle life-cycle costs

The initial and life-cycle costs of the conparable ICE vehicle are pro-
jected to be $4,470 and 21.4 cents per mile. The naxinum battery weight
assuned for these projections was 36 percent of vehicle test weight.

The mnimum battery fraction, depending on battery type, was in the
range 20-24 percent of vehicle test weight. The lead-acid batteries
gave the least range--50 to 100 mles--but also the least life-cycle
cost, lower than that of the conventional vehicle for design ranges up
to 70 mles. The car with the near-term zinc-chlorine battery gave
life-cycle costs close to those of the conventional counterpart at its
m ni mum design range of 95 nmiles, and at all other ranges up to its 170-
mle maxi num gave the lowest life-cycle costs of the near-term alterna-
tives.
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Depending on battery size, projected four-passenger cars wth
advanced batteries would offer:

0 65-260-m [ e urban range

0 0.26-0.41 kilowatt-hours-per-nile energy use (input to
battery charger)

0 $5, 700- $9, 500 sticker price (in 1980 dollars)

0 17.8-23.5 cents per mle life-cycle costs

The conparabl e conventional car was projected to offer a sticker price
of $5,140 and a life-cycle cost of 21.7 cents per mle. At all design
ranges, the sticker prices of the advanced electric cars exceed this
price, but their life-cycle costs are less at ranges up to roughly 200
mles. Battery sizes for the advanced zinc-chlorine car ranged from 17
to 35 percent of curb weight. For the car with the very high-power,

hi gh-energy advanced lithiummetal sulfide battery, battery fractions
ranged from about 9 to 25 percent. The initial cost of the conparable
advanced ICE car is higher than that of the near-term |ICE car because it
i ncorporates expensive lightweight materials. The life-cycle cost of
this car is also higher than that of the near-term car; gasoline savings
provided by its higher fuel econony are insufficient to offset the extra
depreciation costs due to its higher-cost, |ighter-weight construction
(see Fig. 3.10).

The uncertainties in these projections are greatest for the cars
with advanced batteries. On the one hand, advanced batteries mght be
devel oped earlier than projected here, during the 1980's; on the other,
they may not be successfully devel oped until the next century, if ever.
When they do reach mass production, they may well have |esser capabili-
ties, higher prices, and shorter useful lifetimes than those assumed for
these projections

The projections are less uncertain for cars with near-term batter-
ies. It appears likely that at |least one of the near-term battery
devel opments will be successful. Wich one, however, is less clear; it
may not be the one offering |owest cost or highest performance

The projections for the conparable |ICE vehicles are also uncer-
tain. Projected life-cycle costs are based on 1980 gasoline prices
($1.25 per gallon) even though substantial increases in real gasoline
prices are probable for the future. An increase of $1.25 in gasoline
price per gallon (to a total of $2.50) would add four cents per nmile to
the life-cycle costs for the conparable ICE cars. Each additional $1.25
increase would add another four cents per mle. Furthernore, assuned
advances in |ICE car technology are very nodest; they do not include
turbo-charged diesel engines, engine restart systens which elimnate
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Figure 3.10 Design Tradeoffs for Four-Passenger Electric Cars

47

LIFE-CYCLE COST, 1980 cents per km

ENERGY USE, MJ per km



iding during stops, continuously variable transm ssions, Brayton or
Stirling cycle engines, or any of the other innovations which my sub-
stantially reduce fuel consunption and life-cycle costs (though they

general ly increase sticker prices). O her advances may al so be
achieved, such as lower-loss tires or lighter structures, but these tend

to benefit electric and conventional vehicles equally.

3.6  REPRESENTATI VE FUTURE ELECTRIC VEH CLES

Though short-range electric vehicles are cheapest to own and oper-
ate, many notorists will probably prefer the extra utility afforded by
| onger range, despite the extra cost. If electric vehicles are marketed
in large quantities, competing nodels will probably offer a variety of
ranges.

In this section, several representative future electric cars are
sel ected from the spectrum of possibilities developed in Sec. 3.5, for
more detailed description and for subsequent use in estimating inpacts
of wide scale vehicle electrification.

For near-term vehicles, 100 niles appears to be a representative
future range capability. This is the adopted goal of DOE devel oprment
prograns for the late 1980's, and has also been stated as a goal in GMs
announcenents about its electric car devel opment efforts. It is further
supported by market data to be discussed in Chapter 6, which indicates
that the average notorist purchasing an electric car for urban use as a
second car would prefer an urban range capability of 85-95 niles, given
the tradeoffs between range and price projected in Sec. 3.5. For other
applications, which involve nore long-distance driving, nore range would
probably be desired.

For near-term four-passenger cars with 100-nile range:

0 Sticker price would be $8,100-8,500, 75-80 percent greater
than the $4,740 price of the conpetitive |CE car.

0 Life-cycle cost would be 22.0-26.6 cents per nile, versus
21.4 cents per nmle for the conmparable ICE car.

0 Electricity input to the battery charger would be 0.4-0.45
kKilowatt hours per mle.

For the electric vehicle with advanced batteries, nore range would
be appropriate because it entails less ‘expense than in the near-term
car, For cars with a given range, an advanced battery can be lighter
and | ess expensive than any of the near-term batteries. Increasing
battery size (and car range) by a given amount is therefore less
expensive for the advanced-battery car, because a smaller portion of its
total cost is affected. One hundred-fifty mles appears to be a
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reasonabl e expectation for the representative car with advanced bat-
teries. Preferred ranges of 125-150 nmiles are indicated by the narket
data in Chapter 6, given the range-versus-cost tradeoffs of Sec. 3.5.

For advanced four-passenger electric cars with 150-mle range

0 Sticker price would be $6,800-7,050, 32-37 percent above the
$5, 140 price of the conparable ICE car.

0 Life-cycle cost would be 19.4-20.1 cents per mle, 8-11
percent |ower than the 21.8 cents per nmile projected for the
conmparabl e | CE car.

0 Electricity input to the battery charger would be about 0.3
Kilowatt-hours per mile.

Further details of these representative near-term and advanced cars are
given in Table 3.5.

The basic factors behind the higher sticker price of the represen-
tative electric cars are the weight and cost of the battery, which far
exceed the weight and cost of the gasoline tank they supplant. The con-
tribution of battery weight to vehicle weight is illustrated in Fig.
3.11 for the lightest and heaviest of the representative near-term
electric cars. For conparison, weight is also shown for the conparable
ICE car. Battery weight is the major contributor to the extra weight of
the electric cars. Mirreover, the extra structure and chassis weight
required to carry the weight of the battery also contributes signifi-
cantly to the total extra weight of the electric cars. For the cars
with the nickel-zinc and zinc-chlorine batteries, for exanple, extra
structure and chassis weight is about 250 Ibs. Roth battery and extra
structure contribute to the extra initial costs of the electric vehicle.

Mre details of the projected initial and life-cycle costs of re-
presentative future cars are presented in Table 3.6. The ngjor differ-
ences between the electric cars and the conparable ICE cars included in
the tables are:

0 Cost of the battery and replacements, which add far nore to
initial and life-cycle costs than those of the gasoline
t ank.

0 Cost of capital, which is higher for the electric car be-

cause of the higher initial price and the higher average
value of the electric car through its life.

0 Costs of repairs and maintenance, which are projected to be
muich less for the electric vehicles.

0 Costs of energy, which for the electric vehicles are about
half as much per mile as for the conparable |ICE vehicles
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TABLE 3.5

REPRESENTATI VE FUTURE ELECTRI C CARS

ETV-1
(1980) Near-Term (by 1990) e Advanced (by 2000)
Li-MS

Pb-Acid Pb-Acid Ni-Fe Ni-Zn Zn-Cl, Zn-Cl, (lithium—

(lead- (lead- (nickel- (nickel- (zinc- (zinc- net al
Battery Type aci d) aci d) iron) zinc) chlorine) (ICE)* chlorine) sul fide) (ICE)*
Battery Specific
Energy, Wwh/1bt 16.9 22.7 27.2 31.8 34.0 -- 45.4 68.0 o
Nomi nal ~ Range
(urban), ni 60 100 100 100 100 - 150 150 --
Curb Weight, Ib 3260 4090 3290 3030 2960 2010 2300 2260 1810
Battery System
Wight, Ib 1140 1580 1050 890 840 600 400
Sticker Price,
m d-1980 dollars 8480 8520 8400 8130 8120 4740 7050 6810 5140
Life-Cycle Cost,
1980 cents/mi 26.1 23.9 24.9 26.6 22.0 21.4 19.4 20.1 21.8
Electricity Use,
kWh/mi 0.38 0.40 0.44 0.38 0. 45 -~ 0.31 0.30 -
Fuel Econony, npg
(urban driving) -- - 33.0 -- 35.6
Assunpti ons: Source:
Electricity Price $0.03 per kilowatt-hour General Rescarch Corporation. Performance
Gasol i Pric ; and cost estimates for all vehicles were

soline Price $1.25 per gallon made with the ELVEC and EVWAC conputer

Electric Vehicle Life 12 years nodels.  Costs are in nid-1980 dollars and
ICE Vehicle Life 10 years are based on mass production of all vehicles

10. 000 miles

SAE J227a, Schedule O for electric cars,
Federal Urban Driving Cycle for ICE cars

Annual Travel
Uban Driving Cycle

Accel eration Capability  0-40 nph in 10 seconds
Passenger Capacity Four persons plus |uggage
* . .

Internal conbustion engine

LEnergy delivered by the battery in a full discharge over three hours,
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The savings on repair and maintenance are based on data show ng
that the ICE systemin conventional cars has accounted for sone 60 to 178
percent of all labor hours and parts sales for repair and naintenance
For electric notor-controller systens, which have many fewer noving
parts and components with much longer lives, it was assumed that very
little service would be required. The sane assunption was extended to
the propul sion battery, though there is little relevant experience
Especially for battery types which have not been in service, reliability
is uncertain. It is also possible that mintenance costs for future |CE
cars will be considerably reduced, despite conplex pollution controls,
by electronic ignition and control systens, long-life spark plugs
t anper-proof controls, and inproved quality control

The fuel prices for the projected ICE cars are 4 cents per mle at
the md-1980 price of gasoline ($1.25 per gallon). Each rise of $1.25
per gallon adds 4 cents per mle to the ICE life-cycle cost projections.
Major shifts in relative attractiveness of electric and conventiona
cars could result from gasoline price increases. For the projected
life-cycle costs of conventional cars to equal the life-cycle costs
projected for the near-term representative electric cars, these price
i ncreases for gasoline would be required:

0 63 percent for lead-acid battery cars (to $2.05 per gallon)

0 88 percent for nickel-iron battery cars (to $2.35 per
gal | on)

0 105 percent for nickel-zinc cars (to $2.55 per gallon)

0 15 percent for zinc-chlorine cars (to $1.44 per gallon)

The percentage increases required to equalize costs are very sensitive
to details of projected battery life and cost. The individual figures
given above are uncertain; but overall, it appears likely that price
increases for gasoline of 75 to 100 percent are probably required to
raise life-cycle costs of conparable ICE cars to equal those of future
cars with near-tern bhatteries

It is noteworthy that the advanced cars are projected to be cheap-
er on a life-cycle basis than the conparable ICE cars (Table 2.6) des-
pite the assunption of |ow 1980 gasoline prices. This is the result of
the low weight, long life, and nodest cost projected for the advanced
batteries. Even if these projections materialize, however, |ower oper-
ating costs may seem uninportant to many notorists in relation to the 35
percent higher sticker prices and the range limtation (assum ng gaso-
line is readily available).

If petroleum alone were used to generate recharge energy, the
energy requirenents of the near-term electric cars would be equival ent
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to those of conventi onal cars getting 26 to 30 npg (nmiles per gallon) in
urban driving. The advanced-battery cars would increase this equival ent
fuel econonmy to 37 to 38 nmpg. This is no nore than conpetitive with the
proj ected conventional cars offering the same passenger space and
acceleration, built with the sane naterials, using conventional |CE
drivetrains, which night get 33 to 36 npg in urban driving. |f coal
alone were used to generate electricity and produce synthetic gasoline,
however, the near-term electric cars would offer the equivalent of 44 to
50 npg, and the advanced battery cars 64 to 67 npg. This results from
the inefficiencies of using coal rather than petroleum to produce
gasoline. Table 3.7 summarizes these projections.

The ‘conparable |ICE cars” discussed here do not necessarily ex-
hibit the ultimate or even likely future potential of ICE propulsion, a
subj ect beyond the scope of this analysis. Instead, they are included
only to show how conventional autonotive technology of the 1980's might
compare with the electric vehicles projected here, assuming both offer
the same passenger accommodations and acceleration capability. Mre ad-
vanced technology may lead to nuch higher fuel econonies than the 33-36
mpg projected here. Some possible innovations (nuch inproved tires
aerodynamics, and structures) would benefit both electric and |ICE vehi-
cles. Qhers, notably lighter, nore efficient ICES and continuously
variable transmissions, could inprove considerably the desirability of
| CE vehicles relative to electric vehicles.

In an electric vehicle, around 40 percent of the energy input to
the battery charger may be used to overcone road load, as illustrated in
Fig. 3.12. On the other hand, the electric energy input to the charger
represents only 28 to 30 percent of the energy available from the com
bustion of the fossil fuels used to produce it. In an | CE vehicle the
situation is reversed: petroleumis refined and delivered to the gaso-
line tank with high efficiency, but in the internal conbustion engine

AV AN

Use of regenerative braking in electric vehicles can greatly
reduce | osses which would otherwise appear in friction brakes, even
though friction braking must still be included (Fig. 3. 12). For safe
and predictable braking, regeneration alone is unsatisfactory because it
is effective only on the driven wheels, front or rear, rather than all
four wheels. Wthout regeneration, the 100-mle range of the car de-
scribed in Fig. 3. 12 would be reduced to about 81 mles.

So far, all ranges and energy uses which have been projected here

for future electric vehicles are nomnal design values: they would be
achieved only with a battery in good condition (during perhaps the first

two-thirds of its useful life), and only in the given urban driving
schedule, on level roads wthout winds. Near the end of battery life
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TABLE 3.7

EQUI VALENT FUEL ECONOM ES OF FOUR- PASSENGER ELECTRI C CARS
RECHARGED FROM PETRCLEUM OR COAL RESOURCES

Equi val ent MIles per Gllon*

Near - Term Cars ol Coal
Lead-aci d 29 50
Ni ckel -iron 26 45
Ni ckel - zi nc 30 53
Zinc-chl orine 26 44
(Conparable ICE car)ft (33.0) (33.0)

Advanced Cars

Zi nc—chl ori ne 37 64
Lithiumnetal sulfide 38 67
(Conparable ICE car)ft (35.6) (35.6)

Assumed Conversion Efficiencies (taken from Ref. 16):

Crude oil to gasoline 89 percent
Crude oil to electricity 28 percent
Coal to gasoline 55 percent
Coal to electricity 30 percent

Efficiencies include losses and energy inputs in extraction of

the energy resource fromthe ground, transportation and conver-
sion to its fixed formfor vehicular use, and delivery to the
vehicl e.

Source:  General Research Corporation

Equi valent niles per gallon is the urban fuel econony of an ICE car
requiring the sane use of petroleum (for gasoline) or coal (for syn-
thetic gasoline) as would be needed to generate recharge electricity
for the electric car.

TThe conparable ICE cars offer the same passenger conpartments and
accel eration capability as their electric counterparts, are built
with the same materials, and use conventional I|CE drive trains. Their
fuel econonies are projected for urban driving.
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Figure 3.12 Energy Use in Uban Driving (in Watt-Hours per Mle,
with Component Efficiencies in Parentheses)

range in nomnal urban driving would be reduced wup to 20 percent. Non-
nom nal driving conditions, furthernore, can considerably affect the
range and energy use. On the one hand, range in the Federal Urban

Driving Cycle, range in the Federal Hi ghway Cycle, range in the nom na
urban driving cycle, and range at a constant speed of 55-60 nph are al

quite close together. On the other hand, changes in battery tenperature
can affect range by a factor of two; |ow constant speeds in highway
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driving can nore than double range; 15-nph headwi nds or tailwinds in 55-
mph hi ghway driving can decrease range sone 20 percent or increase it 60
percent; and on |ong upgrades range can be sharply reduced. Energy use
varies alnmost as widely. This is sumarized in Table 3.8.

TABLE 3.8
EFFECT ON RANCGE OF CHANGED DRI VI NG CONDI TI ONS

Energy Use,
Driving Condition Range, m kKWh/ mi
Urban Driving
SAE J227a, Schedule D 100 0.40
Federal Urban Driving Cycle 113 0.37
Battery Tenperature = 32°F 65
Battery Tenperature = 10°F 123
H ghway Driving
Federal Hi ghway Cycle 106 0.38
Constant 60 nph 98 0.41
Constant 50 nph 133 0.34
Const ant 40 nph 179 0.29
Constant 30 nph 235 0.24
Constant 55 nph 115 0.38
with 15 nmph headw nd 79 0.50
with 15 nph tailwnd 164 0.29
on 3 percent upgrade 37 0.85

Sour ce: CGeneral Research Corporation

All ranges estimated by the ELVEC simulation for a four-
passenger car with near-term |ead-acid battery and design
range of 100 miles.
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The nominal driving schedule used to estimate design range,
Schedul e D of SAE Recommended Procedure J227a, is the nost demanding of
four schedul es recomended by the Society of Autonotive Engineers for
electric vehicle testing. Each cycle of the schedule requires 122
seconds and traverses about 0.95 mile. Starting fromrest, the cycle
requires a 28-second acceleration to 45 npg, a 50-second constant speed
cruise, a 10-second coast, and a 9-second braking to zero nph, followed
by a stop. The Federal Urban Driving Cycle used for evaluating pol-
lutant emissions and fuel economy of conventional cars is far nore com
pl ex. It lasts 1372 seconds and is based on actual records of vehicle
operation in an urban area, both on city streets and on a freeway. It
remains to be deternmined which of these cycles is the better indicator
of actual EV range and energy use in average urban driving.

Battery tenperature can have a major effect on battery output and
vehicle range. Available battery capacity may change as nmuch as 6
percent for a 10°F change in battery tenperature, depending on battery
design and on initial battery tenperature. The results in Table 3.8
are based on this high assumed sensitivity to tenperature, and may re-
present upper bounds on the magnitude of likely range changes in the
future. Insufficient data was available to estimate associated changes
in energy use. Because of this potential sensitivity, batteries in
electric vehicles for cold climtes are very likely to be housed in
insul ated conpartnents, with heating available from the source of re-
charge power. In ordinary operation a considerable anount of energy is
lost asheat in the battery. Supplenental heat from an external source
will probably be necessary only for cars left idle for |long periods, or
in very cold weather. The electrolyte of a discharged battery freezes
at tenperatures well above 0°F, a condition which nust be avoided to
avoid battery damage. High electrolyte tenperatures nust also be
avoi ded; they reduce battery life.

In highway driving near 55 nph, electric car ranges are typically
like those attained in nonminal urban driving. The effects of |ower
speeds on highway range can be dramatic, however, as can the effects of
winds, A 3-percent grade affects range even nore drastically. The case
in Table 3.8 is extreme because a 3-percent grade 37 miles long inplies
a total ascent of almst 5900 feet. Though freeway grades are occasion-
ally steeper (up to 6 percent) , they are very seldomlong enough to in-
volve so great a change of elevation.

Heating and cooling of passenger conpartnents pose special pro-
blens for electric vehicles. | CE vehicles utilize waste engine heat,
which is sufficient for passenger confort in all but the coldest cli-
mates, where an auxiliary gasoline heater is often added. Electric
drive is so efficient, however, that relatively little waste heat is
available. Wder use of auxiliary gasoline heaters would be one pos-
sible remedy. Another would be efficient use of electric heating, which

58



m ght be used to heat occupied seats directly rather than the entire car
interior. Aternatively, a heat punp mght be enployed. Since a heat
punp is reversible, it could also act as an air conditioner to provide
cooling on hot days. Full-time use of an air conditioner or heat punp
with the capacity typical for conventional vehicles would reduce the
range of an electric vehicle roughly 15 percent. On nost days, of
course, this would be acceptable since the full 100-mile range would be
required relatively infrequently.

So far, conparisons between representative future electric and |CE
vehicles have been linmted to the case of four-passenger cars. Ceneral-
l'y, however, the conparisons remain valid for larger cars and for Iight
trucks (pickups and vans). For exanple, the sticker price of the four-
passenger car with zinc-chlorine battery was 71 percent above the stick-
er price of the conparable ICE car (Table 3.5). The sticker price of
the five-passenger version of this car is also 71 percent higher than
that of the conparable five-passenger ICE car. Wthin a few percentage
points, simlar car comparisons also hold true for other key vehicle
characteristics such as curb weight, life-cycle cost, and energy use
and for other vehicle sizes and types. A conplete set of descriptors
for conparable zinc-chlorine EVS and conparable ICE vehicles is given in
Table 3.9. These and sinmilar projections for EVS with other batteries
denmonstrate that conparisons drawn between four-passenger electric and
| CE cars generally prevail for the other vehicles as well.

Under detailed exam nation, electric light trucks conpare a little
less favorably to their ICE counterparts than do electric four-passenger
cars. Here, as in the four-passenger car, a 300-pound payload was
assumed throughout. Had the light trucks been |loaded to their maximm
design payload of 1190 pounds, the electric trucks would have conpared
even less favorably to the ICE trucks because their range would be sub-
stantially reduced. The range of the ICE trucks is simlarly reduced by
| oadi ng, but shorter range is less inportant for |CE trucks because
refueling is so much faster.

It is possible that small, |ow perfornmance two-passenger cars may
play a significant role in future urban travel. At present, little nore
than 1 percent of cars sold in the US seat only two passengers, and nost
of them are sold as sport cars for high performance. Drastic changes in
gasoline price and availability, far exceeding those of the 1970 s,
woul d probably be required to effect a major market shift to |ow perfor-
mance two-passenger cars.  Should this happen, however, there is no
reason to expect that electric cars built with the technol ogy described
here would gain any relative advantage in price or capability over |CE
cars of this same small size. Like the larger electric cars, two-
passenger electrics would be 70 to 80 percent nore expensive to buy, and
equal ly limted in range
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Two- passenger electric cars may nevertheless play a prominent role
among the first electric cars to cone to market. So long as electric
cars are purchased by only a fewpercent Of motorists, who will probably
differ sharply from the average notorist, a large proportion nmay be two-
passenger cars. The first GM electric car may well offer only two

seats--but it needs to appeal to only 2 to 3 percent of new car buyers
in order to succeed.
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