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PREFACE 

The Electric and Hybrid Research, Development, and 
Demonstration Act of 1976 (Public Law 94-413) required that data 
be developed characterizing the state-of-the-art of electric and 
hybrid vehicles. The Energy Research and Development 
Administration, which was given the responsibility for 
implementing the Act, established the Electric and Hybrid Vehicle 
Research, Development, and Demonstration Project within the 
Division of Transportation Energy Conservation to manage the 
activities required by Public Law 94-413. 

Specifically, the Act states that "11ithin 12 months after the 
date of enactment of this Act, the Administrator shall develop 
data characterizing the present st'ate-of-the-art with respect to 
electric and hybrid vehicles. The data so developed shall serve 
as baseline data to be utilized in order (1) to compare 
improvements in electric and hybrid vehicle technologies~ (2) to 
assist in establishing the performance standards under subsection 
(b)(l)~ and (3) to otherwise assist in carrying out the purposes 
of this section". 

The National Aeronautics and Space Administration under an 
Interagency Agreement (Number EC-77-A-3l-l0ll) was requested by 
ERDA to develop data in support of the state-of-the-art 
characterization. The Lewis Research Center, which was made the 
responsible NASA Center for this project, was supported by the Jet 
propulsion Laboratory. In addition to data developed by NASA, 
additional vehicle performance data were provided by the U.S. Army 
Mobility Equipment Research and Development Command (MERADCOM) 
under a separate Interagency Agreement with ERDA. Information on 
regenerative braking was provided by the Lawrence Livermore 
Laboratory, which is conducting a separate study on the subject as 
required by Public Law 94-413. Information on the use of electric 
buses throughout the worl9 was provided by the Department of 
Transportation from a survey they funded with support from ERDA. 

This report presents the data obtained from the electric and 
hybrid vehicles tested, information collected from users of 
electric vehicles, and data and information on electric and hybrid 
vehicles obtained on a worldwide basis from inanufacturers and 
available literature. The data and information thus obtained have 
been evaluated and compiled to present the state-of-the-art of 
electric and hybrid vehicles at the time of preparation of this 
document. 
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EXECUTIVE SUMMARY 

On September 17, 1976, the Congress of the United States, 
recognizing the need for the Nation to reduce its dependence on 
foreign sources of petroleum, enacted Public Law 94-413, "The 
Electric and Hybrid Vehicle Research, Development and 
Demonstration Act of 1976." Under Section 7 of Publ ic Law 94-413, 
by September 17, 1977, the Administrator of the Energy Research 
and Development Administration (ERDA) is required to develop data 
characterizing the present state-of-the-art of electric and hybrid 
vehicles and report the results to Congr~ss. 

To assist in conducting this state-of-the-art 
characterization, ERDA requested support from the National 
Aeronautics and Space Administration (NASA). E'resented in this 
report, prepared by NASA, are details of this characterization. 
The approach and results are summarized herein. 

APPROACH 

Three sources of data were used in preparin~ this report: 

(1) Controlled' tests of a representative sample of 
commercially available and experimental electric and 
hybrid vehicles 

(2) Information and data from the literature and vehicle 
manufacturers 

(3) The experience of users, both fleet operators and 
individual owners 

Information was collected on r,"er one-third of an estimated 
2000 American-built electric vehicles of all types currently 
operating in the United States and Canada. Detailed information 
also was obtained on the operation of 44 electric and hybrid 
buses. Additional data were collected from the literature on 
several hundred other vehicles in operation abroad. Table 1 
summarizes the number and types of vehicles on ~Ihich data were 
obtained for this report according to th~ sources used. 

Vehicle Tests 

The purpose of this study was to characterize the general 



TABLE 1. - ELECl.'RIC AND IIYBRID VEIlICIE INFO~w..TION AND Jll\TA SQnll\RY 

Source Type of vel1ic1e Nl1lliler of 
vehicles 

Vehicle tests Persooal electric vehicles 10 
CcInl=cial electric vehicles l2 
Hyprid vehicles· 2 
Conventional vehicles c5 

Total 29 

Infol:lll'ltion and personal electric vehicles 66 
data collection CcInl=cial electric vehicles, excluding puses 40 

Electric l:>uses 14 
Hybrid vehicles, including puses 

Totala 18 
I38 

User expedem:e • Electric and hybrid buses (foreign) 16 
surveys Electric vehicles (darestic) 

TotalP 11 
27 

ilrncluOOs fored.gn and darestic. 
P.Represell.tative of aPout 2000 cc.11Tel:Cially mmufactured vehicles presently 

operdting in the United states. 
"rncludes one vehicle tested on a dynaIrareter at NASA Jl?L. 

state-of-the-art of electric and hybrid vehicles and not to 
present the specific performance of particular vehicles. 
Therefore, vehicles were selected for test and evaluation that 
were judged to collectively represent the current 
state-of-the-art. The number of vehicles selected for testing was 
limited by the funding available within the ERDA budget for this 
project, the availability of vehicles, and the time available to 
complete the work. 

Test results are presented for 29 vehicles, of which 22 were 
all electric vehicles, 2 were hybrid vehicles, and 5 were 
conventional vehicles. Six of the electric vehicles were 
evaluated previously by NASA Lewis in J.975 and 1976 as part of 
ElROA's ongoing electric vehiCle assessment activities. The united 

. states Army Mobility Equipment Research and Development Command 
(MERADCOM), under a separate Interagency Agreement with ERDA, 
provided test data on four of the electric vehicles tested~ and 
the Special vehicles Division of the Canadian Department of 
Industry, Trade, and Commeroe supplied test results for one 
electric vehicl~r which was tested by the Land Engineering Test 
Establishment of the Canadian Department of National Defence. The 
remaining vehicles Were acquired and tested by NASA from a 
priority liot approved by ERDA. In addition, five 
spark-ignition-engine-powered vehicles were tested~ these were the 
conventional counterparts of five of the vehicles. Test vehicles 
are summarized in table 2 by type a,nd origin. Although only a few 
hybrid vehicles have been built and development efforts have been 

2 

-----~--------_______ ~_-"-__ . __ ~_,./L__ 



TABLE 2. - SUMMARY OF ELECTRIC AND HYBRID VEHICLES TESTED 

Electric vehicles Hybrid vehicles 

Personal Commercial Personal Commercial 

Total number tested 

10 12 1 

Origin: 
u.S. manufacture 9 7 1 
Foreign manufacture 1 5 0 

Designed and built as 3 3 0 
electric vehicles 

Heat-engine vehicles 7 9 1 
converted to electric 
and hybrid vehicles 

minimal, two hybrid vehicles were tested to provide some 
preliminary insight into their characteristics. 

1 

0 
1 

0 

1 

All-electric vehicle tests were conducted at test tracks in 
accordance with the ERDA Electric and Hybrid Vehicle Test and 
Evaluation Procedure, ERDA-EHV-TEP. Most of the performance tests 
in this procedure are those contained in the Society of Automotive 
Engineers Electric Vehicle Test Procedure, SAE J227a (Feb. 1976). 
The SAE procedure was selected since it is presently the only 
recognized and widely accepted procedure for testing electric 
vehicles used in the United States. The tests include 
measurements of range at constant speed, range when operating over 
prescribed driving schedules, acceleration, maximum speed, 
gradeability (hill climbing ability), and braking. The driving 
schedules of interest for this evaluation were schedule B, 
characterized by a cruise speed of 32 kilometers per hour (20 mph) 
and representative of fixed route stop-and-go operations; ,schedule 
C, characterized by a cruising speed of 48 kilometers per hour (30 
mph) and representative of variable route stop-and-go operation; 
and schedule D, characterized by a cruise speed of 72 kilometers 
per hour (45 mph) and intended to represent suburban driving 
patterns. 

Because the objective of the tests was to characterize the 
state-of-the-art rather than to test individual vehicles, the 
vehicles tested are identified in this report by numbers preceded 
by the code letters P or C depending on \qhether the vehicle is 
intended as a personal or commercial vehicle. As only two hybrid 
vehicles were tested and their characteristics are quite 
dissimilar, these vehicles were not coded. 
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Information and Data Collection 

Beca~lse. the number of electric and hybrid vehicles that cCluld 
be evaluated experimentally was.limited, data from the literature 
and from designers and manufacturers ~Iere collected and evaluated. 
The latter were sOlicited bymeans ~f notices placed in the 
COmmerce Business Daily and in the Electric Vehicle News. The 
information obtained from I:hese sources provided data on 138 
vehicles. 

Information obtained for each vehicle included manufacturer, 
dimens'ions, weight, type and size of battery, electric motor, 
controller, transmission, hybrid vehicle engine type, and 
performance. Much of the performance data reported in the 
literature was not obtained from well controlled tests1 but, in 
combination with the experimental results obtained for this study, 
the data present a more complete picture of the state-of-the-art. 

User Experience Surveys 

Domestic fleet operators and individual owners of nearly 800 
electric vehicles were surveyed by NASA JPL to obtain user 
experience info·rmation. Also, domestic and foreign electric and 
hybrid bus operators were interviewed by the Trans Systems Corp. 
und\3r contract to the Department of Transportation. Other foreign 
experience was obtained from the literature or from limited 
personal contacts. These data not only permitted a comparison of 
performance obtained on the test track with that obtained in the 
j:ield, but also prov ided informat ion on ope rat ing costs, 
naintenance requirements, reliability, and durability. User 
experience is also the only source of information on user 
acceptance of electric and hybrid vehicles as forms of 
transportation. 

RESULTS' 

Electric Vehicles Performance 

Electric vehicle performance differed greatly from one 
manufacturer's vehicle to another. This result was expected 
because of the great variety of vehicle chaSSis, propulsion 
systems, and components that are in use. Three of the vehicles 
tested had automatic transmissions, ten had manual transmissions, 
and nine others had no transmissions. Even among well-engineered 
piston-engille cars, considerable performance variations exist. 
For example, according. to 1977 EPA figures, the fuel economy of 
one American small car varies by 50 percent depending on the 
choice of engine and transmission. 

Range. - Range tests were performed at several constant 
. speeds between 40 and 7'2 kilometers per hour (25 to 45 mph) and at 
the vehicle's maximum speed. For almost all the vehicles tested, 
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the range decreased approximately linearly with increasing speed. 
'rhe majority of the personal vehicles had ranges of 42 to 94 
kilometers (26 to 59 mil at 40 Idlometers per hour (25 mph). The 
range decreased to 40 to 55 kilometers (25 to 34 miles) at the 
maximum test speed (72 km/h). The best ranges were 163 to 188 
kilometers (101 to 117 miles) at 40 kilometers per hour (25 mph) 
-and 87 to 129 kilomet~rs (54 to 80 miles) at maximum speed. Four 
vehicles were tested at maximum speeds of 77 to 89 kilometers per 
hour (47 to 55 mph) and demonstrated ranges of 36 to 87 kilometers 
(22 to 54 miles). 

Ranges of 56 to 121 kilometers (35 to 75 miles) at 40 
kilometers per hour (25 mph) were observed for most commercial 
vehicles. All but three had ranges of 44 to 65 kilometers (27 to 
40 miles) at their maximum speed. Two were tested at speeds 
exceeding 80 kilometers (50 mph) and had ranges of 35 and 92 
kilometers (22 and 57 miles). The constant speed range test 
results and literature data are summarized in figure 1. All 
constant speed range data f~om the track tests and from the 
literature are enclosed within the shaded bounded region in the 
figure. The two lines plotted are linear least squares fits to 
the data of (1) the four best performing (for range as ~ function 
of speed) test electric vehicles, and (2) the rest of the track 
test vehicles. During the range tests over prescribed driving 
schedules it was determined that only one vehicle tested could 
accelerate to 72 kilometers per hour (45 mph) in 28 seconds as 
required for schedule D, the suburban driving cycle. Sev~n of 
nine personal vehicles had ranges of 32 to 67 kilometers (20 to 42 
miles) on the schedule B test, while the other two traveled 117 

150 

o 

E ... 
1 
CL 

'" 1: 
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c 
8 
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'" '" 

o 25 50 75 
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Figure 1. - Electric vehicle range as function of speed. 
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and 12~ ~il.omete):s (73 and 80 miles). Four of five personal 
vehicles tested to scpedule C covered 32. to 48 kilometers (20 to. 
30 miles) while the sixth had a range of 123 kilometers (77 
miles)'. Commercial vehicle performance ranged between 34 and 103 
kilometerl;! en and 64 miles) on schedule Band 33 to 89 kilometers 
(20 to 55 miles) on schedule C. Tests were always terminated when 
the vehicle.coulCl not deliver the necessary acceleration. At this 
point, the vehicle is still full.y operable, but at. a reduced 
.accelerationcapability. It is estimated that itcouldj:.ypically 
·tr.avel 10 to 15 percent further before overall performarice would 
be seriously impaired. 

T!;le track test results ,Were generally lower t!;lan those found 
in the literature. Where direct comparisons could be made for 
specific vehicles, the constant ,speeCl range test results were 
approximately 25 percent lOwer for most cases and 50 to 60 percent 
lower in a .few. Part of the Clifference can be ascribed to the 
test procedure used, which requires testing the vehicle at its 
grol;!s vehicle weight andte):minating the test when any test 
requirement could not be met. This procedUre therefore measures 
minimum range capability. Range values measured for the urban 
driving schedule. tests tend to be greater than those reported by 
users ofelect):ic vehicles. Detailed test results and a 
discussion of reasons for the differences can be found in section 
3.5.1. 

. Energy consumption. - Energy consumption measurements made on 
the test trac.le. were lower than those reported by users of electric 
vehicles. Figure 2 shows that track data ranged from 0.14 to 0.38 
watt hour per kilometer per kilogram (0.10 to 0.28 Wh/mile-Ibm) 
when-measured as a function of vehicle weight. Field experience 
fell within the range of 0.34 to 0.68 watt hour per kilometer per 
kilogram (0.25 to 0 •. 50 Wh/mile-lbm). In general, the lower 

. boundary oe field experience is set by 'the performance of electric 
bUses, which have the lowest energy consumption of all vehicle 
types in operation. Tests were conducted on four gasoline fueled 
vehicles \:0 compare their energy consumption with that of their 
electric vehicle counterparts'. When measured over the same 
electric vehicle driving schedules, the energy consumptions of 
both types of vehicles were essentially the same when the energy 
contents of the gasoline uS.ed by the conventional vehicles were 
compared with those of the fuels used to generate the electrical 
energy used by the electric vehicles. Assuming the cost of 
gasoline is $0.60 per gallon and that of electricity is $0.05 per 
kilowatt hoU>:, fuel c.osts -fqrboth types of vehicles were 
approximately the same. 
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o 
Gross vehicle weight. Ibm 

o 2000 4000 6000 
Gross vehicle weight. kg 

Figure 2. • Energy consumption · comparison of track tests and field 
experience for cars and vans. 

Braking. - Regenerative braking increased range, generally by 
5 to 15 percent. In several cases, increases of 20 to 26 percent 
were measured on the schedule C cycle . The overall average 
increase in range measured was 13 percent. Some systems were not 
designed to function within the test speeds used, and th! 
regenerative braking system therefore did not improve the 
vehicle's range. 

Acceleration , maximu speed, and grddeability. - In general, 
the acceleration, maximum speed, and grade climbing capability of 
electric vehicles were lower than those conventional vehicles. 
Table 3 directly compares four conventional vehicles with their 
electric counterparts. 

While the conventional vehicles accelerated from 0 to 40 
kilometers per hour (0 to 30 ~ph) in 6 to 10 seconds, the electric 
vehicles required 14 to 34 seconds. Maximum speed for the 
electrics ranged from 56 to 90 kilometers per hour (35 to 56 mph), 
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Tl\BU: 3. •• TlllICK PERFOR-lllN:E llM2\. FOR CXlNVEN.CICNAL VEHICLES lIND ~m 

ELOCTRICAL COlJN'I'ERl'ARTS 
. 

Vehicle I ~1;ional. Elecl:rlr-al .Conventional. Electrical. COnventional Elecl:rical. 
cede, vehicle ccunteJ:part: vehicle COtmteJ:part: vehicle ccunteJ:part: 

Ao:::eleration - tllre to M!IxilIUll speed Gradeability - grade that 
:reac1'1 48 lan/Il (30 nphJ, s . 

km/h 
can be climbed at 40 km/h 

.. n!?h lan/h Il!?h (25 npj>,\, perrent 

l?-2 8 34 >129 >80 64 40 16 3 

"2-7 7 17 >129 >80 90 56 19 6 

. C-2 6 23 >97 >60 35 35 19 4 

. C-3 10 14 ; .' >97 >60 72 45 13 7 

the gasoline-fueled commercial. vehicles attair.d speeds in excess 
of 97 kilometers per hour (60 mph), and the personal cars topped 
129 kilometers per hour (80 mph). Only three electric vehicles 
tested were able to meet or exc.eed the legal interstate highway 
limit of 88 kilometers per hour (55 mph), and eight vehicles liere 
unable to achieve the legal interstate minimum speed of 64 
kilometers per hour (40 mph). However, all but three vehicles met 
or exceeded the normal urban (off freeway) speed l~mit of 56 
kilometers per hour (35 mph). Electric vehicles can climb steep 
grades at very low speeds, but most of the vehicles tested have 
difficulty climbing more than a 5 percent grade (the maximum grade 
on an inte~state highway) at 40 kilometers per hour (25 mph). 
Clearly' improvements in hill climbing capabilities are required. 
Complete acceleration, maximum speed, and gradeability data on all 
vehicles tested can be found in section 3.2. 

\. 

pa~load. - Many electric vehicles have limited payload 
capabil~ty. Personal vehicles frequently are designed for only 
two passengers. Commercial vehicles have more space and weight 
capacity. The payload,. capability of the electric delivery 
vehicles tested ranged' fom 168 to 800 kilograms (370 to 1770 Ibm), 
with most exceedin~ 400 kilograms. payload capabilities to 2000 
kilograms (.4400 Ibm) are reported in the literature. Of the 
vehicles tested, three could not carry their rated payloads 
withput exceeding the manufacturer's recommended gross vehicle 
weight. Electric. buses are capable of carrying the same passenger 
loads as their conventional counterparts, although in some cases 
exceptionz to local ordinances regUlating axle loads have been 
reqUired. 
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User Experience 

Appreciable field operating experience has been accumulated by 
electric vehicles, although they are a statistically insignificant 
portion of the nation's transportation system. within the United 
States nearly 17UO automobiles, 450 delivery vans, and 13 buses 
are in service. To date they have traveled over 5 million miles. 

Uses. - Personal vehicles are used mainly in suburban areas 
for short trips such as commuting, shopping, and errands - with 
daily use ordinarily less than 20 kilometers (12 miles). .' 
Commercial vehicle applications include postal delivery, water 
meter reading, and intrafacility errands at large laboratory or 
industrial complexes. Buses, which are in rather limited use in 
the United States at present, have heen operated mostly on short 
collection and distribution routes in neighborhoods and auto-free 
shopping areas where their quiet, nonpolluting characteristics are 
particularly important. 

The annual use of electric vehicles is low, ranging from 4000 
to 5000 kilometers for delivery vans to 13 000 kilometers for 
automobiles, and to 53 000 kilometers for electric buses. This 
compares with an average annual use of 18 000 kilometers for 
comrentional automobiles and 50 000 kilometers for diesel-powered 
transit buses. 

with the exception of a demonstration program being conducted 
by the U.S. Postal Service (USPS), domestic fleets are small. 
Automobiles usually are individually o~med. Delivery vans and 
buses are generally in fleets averaging three vehicles. ~leets in 
the USPS program are larger, ranging from 5 to 99 vehicles at a 
single location. 

Daily routines for the electric vehicles vary from repetitive 
performance of specific routes on a daily basis to random and even 
intermittent day-to-day use. Applicatioqs arc generally 
characterized by limited range and low speed over relatively level 
terrain. Over 95 percent of the vehicles surveyed reported an 
average daily mileage of less than 32 kilomters (~O miles), 
although some users regularly operated their vehicles for 48 to 64 
kilometers per day (30 to 40 mUes/day). 

Range. - Maximum range in the field is determined by the use 
patterns (speeds, stops, local topography, etc.) and by the 
driving style of the operator, which can account for significant 
differences in range. Fleet operators derate the manufacturer's 
rated maximum range by as .much as a factor of 2 in order to assure 
that a vehicle can complete its assigned route. Cold weather 
operation also can severely limit range. if the vehicle is allo~led 
to cold soak. However, if the vehicle is stored indoors and then 
operated continuously wl_h only short stops, 1 to 2 hours maximum, 
weather has little effect. 
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The majority of the vehicles in use are recharged daily, 
generally overnight. However, some vehial~s are charged much less 
frequently and some are charged during use as well as·overnight. 
Foreign manufacturers. favor the use of battery exchange systems to 
increase the daily range.ofcommercial vehicles, including buses • 

. Reas~>nablY sophisticated hardware has been built .to facilitate . 
battery exchange. '. 

- Estimates of total life cycle costs of electric vehicles have 
been based ona limited number of field tests7 uncertainties 
related to battery and repaircosts,llowever, lead to a range of 
results which are too broaCito be definitive. Battery costs are 
the greatest sout:ce of difficulty because'of their high initial 
cost and uncertain li:J;e. Survey results indicate that battery 
life for TIlostvehicles has been of the order of. 250 to 300 cycles. 
Only one of" the vehicles surveyeCl, a USPS van, has been reported 
as getting mqre than 1000 cycles from a set of batteries. As 
replacement b?ltteries for the vehicles surveyed CO!?t from $400 to 
$3500; the battery can significantly influence life cycle costs. 
The initial cost of electric vehicles is about twice as much as 
their conventionally powered counterparts. The major maintenance 
cost is ass6ciated~lith the labor. involved in battery charging and 
maintenance. These costs can. run as low as $0.02 per kilometer to 
as much as $0.22 per kilometer, depending on the battery design, 
duty cycle, fleet size, and ef"ficiency of maintenance procedures. 
Costs of electrical energy are roughly equivalent to the costs for 
gasoline or diesel fuel to operate conventional vellicles. The 
life cycle costs of electric vehicles appear to be relatively 
high, but they are determined largely by the lifetime of the 
electric Vehicles <lnd propulsion batteries. The costs are 
uncertain at this -time. . . 

Reliability. - Reliability and durability are often cited as 
factors offsetting the high initial costs of electric vehicles. 
User experience to date shows lower vehicle reliability for 
electric vehicles than for conventional vehicles. The nature of 
the problems reported and the experience with mature electric 
vehicles suggest that the'Se current problems would not necessarily 
be representative of vehicles produced by a mature industry. The 
failure rates indicated by available data on United States 
electric vehicles are shown in figure 3. Conventional vehicles 
normally experience about one out':'of-service disabilty per 4800 
kilometers (3000 miles). Xn contrast, during the track tests, one 
disability every 500 kilometers (300 miles) was common. Figure 3 
'reveals a similar pattern, one to two failUres per 1000 kilometers 
for the vehicles shown. HoweVer, where mature, carefully 
engineered designs are involved, results are comparable to or 
better than conventional vehicle results •. The Harbilt vans. used 
by the USl?$ are reported to have failure rates averaging one in 
10 000 kil~)meters (6000 miles), while. the Volkswagen 
Electrotransporters used in ~ermany reportedly have failure rates 
of f"our in 10 000 kilometer~. TheSe examples illustrate the 
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Figure 3. - Electric vehicle reliability. 

potential for high reliability if sufficient development is 
condUcted before introducing a vehicle into service. 

Hybr id Vehicles 

Because so few hybrid vehicles have been built, only two were 
tested. A Volkswagen hybrid taxi was tested on a dynamometer over 
the Federal Test Procedure for heat engine automobiles and 
compared with a conventional Volkswagen Microbus operating over 
the same procedures. The Kordesch vehicle, the second vehicle 
tested, is a series hybrid in which a small engine-powered 
alternator continuously recharges the battery. Testing was done 
at a track in acco~dance with the electric vehicle test procedures 
to evaluate this hybrid approach. 

The volkswagen hybrid taxi was operated in two modes: 

(1) In the continuous run mode, the heat engine is initally 
started and operated at idle while the vehicle runs on battery 
power. After warmup is complete, the heat engine supplies the 
motive power and the battery supplies the peak power. The battery 
is recharged from the heat engine during low load periods. 

(2) In the on-off mode, the taxi runs on battery power alone 
at speeds up to 42 kilometers per hour (26 mph), at which point 
the heat engine automatically starts. The heat engine and motor 
then power the vehicle until the vehicle speed drops below 32 
kilometers per hour (20 mph) when the engine shuts off and again 
resumes the electric mode. 

11 



The test result.s. show that the fuel economy of the hybrid 
taxi operating in the continuous run mode is slightly lower than 
that of the conventional Microbus. This may occu~ because the 
engine in the Microbus is the current 2.0-liter Volkswagen 
production engine and the hybrid taxi heat engine is an older 

· 1.6-liter engine. ' 

The on-off mode transfers a sUbstantial part of the vehicle's 
· energy requirement to the battery which reduces the on-board fuel 

consumption about 50 percent by substituting 0.15 kilowatt hour per 
kilometer (0.25 kWh/mile) of electrical energy for gasoline. In 
the on-off mode the range o.f the vehicle is limited by the battery 
rather than th(J fuel tank capacity. 

The Kordesch hybrid was tested as an all-battery powered 
· vehicle and at th~ee different alternatot power settings. The 
test results show that a small on-board motor-generator can 
increase the range of an electric vehicle. At 56 kilometers per 
hour (35 mph) the range of the Kordesch hybrid when operated on 
battery power oilly was less than 37 kilometers (23 miles). When 
operated as a hybrid at the same conditions, the range was 56 
kilometers (35 miles). At these conditions the on-board petroleum 
fUel economy was 34 kilometers per liter (80 mpg). This is 
significantly lower than for a conventional car of comparable 
size; however, at other conditions the fuel economy can be worse 
than that of the conventional vehicle. At all test conditions the 
total energy consumed (from gasoline and electricity) is 
significantly greater than that for a conventional vehicle. 

No hybrid veh:i.clesare known to be in commercial operation in 
the United states today. The.re are a number of hybrid buses in 
operation in Europe and Japan and a few vans in Japan. It is 

'reported that about 200 buses have been ordered and should be in 
service in Germany and France in 1978 to 1980. No data or details 
.are .available on the experience with these hybrids. 

Hybrid vehicles generally have been built as single units for 
experimental purposes. Although several United States companies 
offer hybrid vehicles for sale, no cases are known of vehicles 
being sold on the commercial market. The capabilities of the 
hybrid vehicle still are largely unexplored. Most of the vehicles 
built to date were aimed at minimizing emissions rather than 

. maximizing fuel economy. The Volkswagen hybrid taxi tests show 
. that in an on-off mode a hybrid can shift a significant amount of 
a vehicle's energy requirement to electricity. The Kordesch 
hybrid further confirms this for some operating conditions. 
Further effort will be required to fully evaluate the potential of 
hybrid p~opulsion systems. 
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Electric and Hybrid Vehicle Component Technology 

Wide variations in performance of similar electric vehicles 
reveal the need for extensive propulsion system optimization. The 
series arrangement of electric vehicle propulsion system 
components requires optimization of all components to achieve 
maximum system efficiency and performance. Few components have 
been designed specifically for the unique requirements of electric 
and hybrid vehicle. Designers have adapted whatever components 
most closely fit their requirements. 

Separately excited DC motors are replacing series motors in 
scme newer electric vehicle drive systems. This permits using 
smaller power-switching components in the controller and 
simplifies regenerative braking, which is almost universally used 
in foreign vehicles and is gaining favor in U.S. vehicles. AC 
drives are experimental and infrequently encountered. 

Standard automotive transmissions and differentials have been 
used. They were designed for vehicles having much greater power 
and speed capabilities than electric vehicles. Relatively little 
attention has been paid to achieving high efficiency at lower 
speeds where electric vehicles operate. virtually all vehicles 
which are conversions retain the multispeed transmission of the 
original conventional vehicle for convenience. These are not well 
matched to the needs of electric vehicles. 

The lead-acid battery is the only one available for electric 
and hybrid vehicles today. Although problems of unsatisfactory 
life are now being encountered in the field, they appear solvable 
based on good experience with the semi-industrial type in one USPS 
van and elsewhere. Better charge control and improved designs for 
reduced maintenance are required. Six advanced batteries have 
reached the point in development where at least one test of each 
has been conducted in a vehicle. Gains of 50 to 150 percent in 
vehicle range were reported1 this verifies the promise of these 
systems, if life and low cost can be achieved and technical and 
application problems can be solved. None of these advanced 
batteries is expected to be available in production quantities for 
at least several years. 

Battery chargers generally operate at high efficiency, but 
the lack of an accurate state-of-charge indicator prevents the 
charger from shutting down at the optimum time. Most often they 
overcharge, with the potential for damage to the battery which 
wastes energy and requires more battery maintenance. Charger 
reliability needs improvement. During the track tes~ program more 
charger breakdowns were experienced than failures of any other 
component. 

Present tire designs are optimized for performance at speeds 
well beyond the present capability of electric vehicles. Tire 
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energy efficiency only recently has become an important design 
consideration. New tires, designed for J,ow rolling resistance at 
electric vehicle·speed ranges, can increase range. Their use, 
however;. must be coupled with changes in the suspension system to 
preserve riding quality. 

Hybrid vehicles require smaller heat engines to operate for 
longer times at· near maximum power than do the conventional 
vehicles. current spark':'ignition engines can be adapted fer 
hybrid use. A small, li.ghtweight diesel engine also may be a good 
candidate. The gas turbine and Stirling engines have potential, 
but they require much development. 

A wide range of technology advancement opportunities exist 
for improving the performance of electric and hybrid vehicles • 

. Predictiolls of range gains asa result of component improvements 
are difficult because of component interaction and the lack of 
relevant test data. Because performance over a driving cycle is 
required, bpth steady-state and transient data are needed. 
However, the assessment of the presently available components 
clearly indicates that substantial performance improvements should 
be possible when components are developed specifically to m'1!et the 
unique needs of elect.ric and hybrid vehicles. 

CONCLUDING REMARKS 

Data characterizing the state-of-the-art of electric and 
hybrid vehicles were obtained from controlled tests of a 
representative sample of vehicles, from information and data taken 
from the literature, and from surveys of users. 

Electric Vehicles 

Several thousand electric vehicles, built by a wide variety 
of manufacturers ,are in use throughout the world. Vehicle 
applications include private passenger cars, commercial delivery 
vans, and bUSes. The greatest use of commercial vehicles is in 
England, where more than 40 000 vehicles are in routine use. 

Based on the results of tests conducted for this report, 
supplemented by information obtained from the aforementioned 
sources, electric vehicles may be characterizied as follows: A 

,substantial number of electric vehicles have been built by 
converting conventional heat engine vehicles to ,:lectric vehicles. 
A lesser variety, but greater number, have been built "from the 
ground up". All have limited range, acceleration, maximum speed, 
and hill climbi.ng capability compared with conventional vehicles. 

The electric vehicle industry in the United States is not a 
matureil1dust.r.y. Fewer than 33 percent of the .. manufacturers in 
businesS' today were building electric vehicles 3 years ago. Most 
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are small organizations with little mass production or marketing 
experience. 

Components used in electric vehicles were usually designed 
and buil t for other purposes. These "off-the-shel fll components 
have been used because funds for research and development were 
usually ~ot available. 

Where appropriate consideration has been given to electric 
vehicle capabilities and these capabilities have been matched to a 
suitable application, results have been very successful. This was 
found to be particularly true for the delivery vans in England, 
the USPS vans, and many buses. Failure to understand that, in 
some instances, electric vehicles lack the range and performance 
capabilities of conventional vehicles has resulted in mism~cches 
between vehicles and applications and in user dissatisfaction. 

A focused research and technology program will produce 
substantial improvements in electric vehicle performance, leading 
to an expansion of their mission applicability. Higher capacity, 
longer life batteries are in the early stages of development. 
Such batteries will increase vehicle range and should also reduce 
vehicle operacing costs. Improvements in performance of virtually 
all drive train components are required and should be attainable. 
Improving vehicle maximum speed and acceleration remain 
challenging problems. The present high life cycle cost and 
inadequate reliability of electric vehicles will be improved as 
the production of new. improved vehicles is increased. 

Based on the information presented in this report, it is 
apparent that electric vehicles are meeting with success in an 
increasing number of ,_'plications. Improved vehicles will find 
even broader applicat ;'-~s. As their usage increases, the nation's 
consumption of petrol"'i"m will be reduced. 

Hybrid Vehicles 

In the hybrid vehicle, electric propulsion is combined with a 
heat engine. In theory, this approach reduces on-board fuel 
consumption by substituting battery energy and at the same time 
extending the range of an all-electric vehicle. The very limited 
amount of data available in the literature and from this study 
does not permit an adequate assessment of this potential. While a 
hundred different electric vehicles have been produced and several 
thousands are in service, only about 20 hybrid vehicles have been 
built and operated. Instead of being designed to save on-board 
petroleum fuel, these few vehicles generally were designed to 
reduce vehicle emissions. 

A hybrid vehicle is heavier and its initial cost is high 
because it requires a heat engine and an electric propulsion 
system. Buses, because of their size, allow easier packaging of a 
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. hybrid system, . and their initial cest is less impertant than the 
initial cest .of a persenal vehicle. Hybrid buses have met with 
seme SUccess abroad. 

, 
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1. 0 INTRODUCTION 

On September 17, 1976, the Congress of the united States, 
recognizing the need for the Nation to reduce its dependence on 
f"reign sources of petroleum, enacted Publ ic Law 94-413, "The 
Electric and Hybrid Vehicle Research, Developmen,t and 
Demonstration Act of 1976." The intent of Congress, as expressed 
i.n the Act, is to facilitate through programs of research and 
development and through demonstrations the introduction and 
acceptance of electric and hybrid vehicles into the 'cransportation' 
system of the united States. The Act specifically directs "the 
conduct of research and development in areas related to electric 
and hybrid vehicles, including -

(1) energy storage technology, including batteries and their 
potential for convenient recharging; 

(2) vehicle control systems and overall design for energy 
conservation, including the use of regenerative 
braking; 

(3) urban design and traffic management to promote maximum 
transportation-related anergy conservation and minimum 
transportation-related degradation of the environment; 
and 

(4) vehicle design which emphasizes durability, length of 
practical lifetime, ease of repai~, and interchange
ability and rep1aceability of parts." 

A companion effort to the research and development activities 
is a vehicle demonstration project. public La~l 94-413 authorizes 
that up to 7500 vehicles be purchased or leased in two separate 
procurements for the conduct of demonstration projects. The 
purpose of these projects is to determine the economic and 
technological practicality of electric and hybrid vehicles for 
personal and commercial use in urban areas and for agricultural 
and personal use in rural areas. 

One of the requirements of Section 7, Demonstrations, of 
Public Law 94-413 is that the Administrator of ERDA must develop 
data characterizing the present state-of-the-art of electric and 
hybrid vehicles within 12 months •. The Electric and. Hybrid Vehicle 
project Office within the ERDA Division of Transportation Energy 
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Conservation has requested the assistance of the National 
Aeronautics and Space Administration in developing these data. 
Under Interagency Agreement No. EC-77-A-3l-l0ll dated April 2, 
1976, NASA, with the Lewis Research Center as the responsible 
Center supported by the Jet propulsion Laboratory, has undertaken 
the development of the necessary data. Specific tasks performed 
include the following: 

(1) The testing of a representative number of electric 
vehicles and heat engine - electric hybrid vehicles to 
obtain performance data 

(2) The collection and analysis of data and literature 
information from builders and users of electric and 
lIybrid vehicles including government agencies, trade 
associations, private industry, and individuals in the 
United States and abroad 

(3) The analysis of component and propulsion system 
performance from measurements made during some of the 
vehicle tests 

(4) The organization and synthesis of data and information 
from tasks (1), (2), and (J) into a characterization of 
the state-of-the-art 

Electric vehicles have been in use since the latter part of 
the 19th c~ntury. A car of that vintage is shown in figure 1-1. 
However, the convenience and low operating cost of the internal 
combustion engine eventually forced the electric vehicle from a 
competitive position in the mass transportation market. It was 
not until the late 1960's and early 1970's that problems created 

Flgur.l-l. -1915 Baker ,:lICIrlc car. 
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by petroleum combustion-induced pollution; dwindling petroleum 
resources, and high fuel costs led to a renewed interest in 
electric vehicles for private and commercial transportation. A 
modern electric car is shown in f igure 1-2. 

Rgure 1-2. - Endura by Globe-Union, Inc. 

Numerous studies have been conducted in the past several 
yeats addressing the question of replacing the internal combustion 
engine with some type of alternative engine (refs. 1 to 15). Most 
of these studies have dealt primarily wit~ reducing emissions 
through the use of other types of heat engines, although some of 
the studies have attempted to assess the state-of-the-art of 
electric and hybrid vehicles and their propulsion systems. One 
such study, conducted in 1974 by the Aerospace Corporation (ref. 
3), presents a summary of available information ·on the 
technological status v ~ electric and hybrid vehicle power systems 
as alternatives to the conventional internal ccmbustion engine. 
Anotner study (ref. 15), conducted in 1975, includes a 
comprehensive review of electric and hybrid vehicle technology and 
an evaluation of l: n (~ feasibility and potential societal benefits 
of replacing l ~e convention~l internal combustion engine with one 
or another al' ernative powerplant during the next decade. 
Although several of these studies contain excellent reviews of 
electric and t. ybr i d vehicle technolo9Y, Public Law 94-413 requires 
that a cu r rent review be ~ade. 

Presented j n th i s report are data from vehicle tests, results 
of surveys o f the experience of users of electric vehicles, and 
information from the literature and vehicle manufacturers, all of 
which are presented t o display significant performance and design 
character~stics of the electric and hybrid vehicles and their 
components. The repor t emphas izes vehicle performance, 
reliability, maintenance, and driveability, but comfort, 
serviceability, and other characteristics of electric vehicles are 
also addressed. 
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Four other. ERDA fun):'ied studies which relate to this study 
are: (1) an evaluation ,by Purdue University of the potential 
impact' of 'a demonstratidh program on the future of elect;: ic and 
hybr id vehicles, (2) a study by Lawrence Livermore Laboratory to 
determine the effectiveness and feasibility of regenerative 
braking'systems on. electric and other automobiles, (3) the 
formulation, by both Arthur D. Little, Inc., and the General 
Research Corporation (GRC), of standards and specifications for 
the purchase of vehicles, and (4) a safety evaluation by the 
Department of Transportation in response to Section l3(b) of 
public La\1 94-413. Results of these studies are expected to be 
,published in the fall of 1977. 

In this report are presented highlights of the test results, 
evaluations, and data analyses. In section 2, DATA BASE, are the 
definitiom; of electric and hybrid vehicles, brief discussions of 
the relate.d components, and an identification of the sources of 
the data and information presented in subsequent sections of the 

. report. Electric vehicl,.e track test results are summarized and 
compared with user exP?rience and liter~ture data in section 3 as 
applicable. Section 4 contains data on electric vehicle 
propulsion .. system c:pmponents. In section 5 the status of hybrid 
vehicle technology is described and discussed. Additional detail 
on the electric vehicle tests presented in the main body of the 
report is given in appendix .A. Appendixes B, C and D, 
respectively, contain additional information on hybrid vehicles, 
batteties and user experience. 
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--2. 0 INFORMATION AND DATA BASE 

In part, the objectives of the present study were to develop 
test data and evaluate technical performance and to collect 

---service dat'L9JL.exist!..ng electric and hybrid vehicles. Satisfying 
these objectives required assembling a large, varied amount of 
information from many souroes,. Disoussed in this seotion of th'e 
report are the sourceso'f the data obtained • Pr ior to the 
disoussion of data souroes there is a briefdesoription of 
eleotric and hybrid vehicle systems and some comments on energy 
considerations in 'these systems. This background mater ial is 
presented as an aid to understanding the evaluations and 
comparisons of data in the report. 

- -

2.1 ELECTRICA~D HYBRID VEHICLE SYSTEMS DESCRIPTIONS 

The electric ana hybrid vehicles reviewed in this report are 
existing vehicles which are capable of being (or have been) 
licensed for on-the-road use. Beoause there have been numerous 
interpretations of the terms electric vehicle and hybrid vehicle, 
their definitions, as specified in Public Law 94-413, are 
presented herein: 

"'Electric vehicle; means a vehicle which is powered by an 
electric motor drawing current from rechargeable storage 
batteries, fuel cells or other portable sources of electrical 
current, and which may include a nonelectrical source of power 
designed to charge batteries and components thereof~ 

'Hybrid vehicle' means a vehicle propelled by a combination 
of an electric motor and an internal combustion engine or other 
power source and components thereof." 

Thus, electric vehicles, in general, are powered by batteries 
and are qriven by one or more electric motors. Their propulsion 
systems norrna:l,;Ly consist of a battery, motor speed controller, 
motor, an interface between the motor and whee;Ls (a transmission 
and/or differential), other appropriate controls, and a battery 
charger-. A schematic diagram of the power train for such an 
electric vehicle is shown in figure 2-l(a). The battery charger 
ma;y::.or may not be located aboard the vehicle. However, on-board 
cl:;l·a~gers that are petroleum based are excluded. Further 
didcussions of electric vehicles and components are given in 
subsequent sections of this report. 
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Figure 2-1. - Schematics of elecirlc and hybrid power trains. 

For the purpose of this study, a hybrid vehicle was 
considered to be a vehiCle which is fueled with two energy forms, 
one of which is a petroleum fuel and the other is electricity (or 
some other nonpetroleum fuel) which substitutes for petroleum in 
providing the total energy requirement of the vehicle. With this 
mode of operation, a hybrid vehicle offers the potential for 
rePucing petroleum fuel use and combustion emissions compared with 
a cori~entional internal ~ombustion engine powered vehicle. 
Although other types of hybrid vehicleS nave been built (such as 
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heat engine - flywheel systems), this report is limited to a 
discussion of hybrid vehicles using a heat engine and a battery. 
This is the only type of hybrid vehicle for which data are 
available that meets the definition in public Law 94-413. A 
schematic diagram illustrating a hybrid vehicle power train is 
shown in figure 2-1 ( b) • 

The major difference between electric and hybrid vehicles is 
in the primary energy source used. The electric vehicle is fueled 
entirely through electrical charging of its battery from an 
exteraal source. Therefor~, its energy source may be oil, coal, 
nuclear I hydraul ic, or solar depend i ., on t.le fuel used by the 
central station pO~lerplant supplying ~he electricity. As a 
result, the electric vehicle offers the opportunity to make a 
major shift in the transportation energy base from petroleum to 
other fuel sources. 

The heat engine hybrid vehicle sUbstitutes electricity for 
some of the fuel used by a conventional automobile. Therefore, it 
provides a partial shift of the transportation energy base, the 
extent of which depends on the details of the system. 

When Public Law 94-413 was being formulated, Congress 
recognized the potential benefits of the concept of regenerative 
braking. This technique is simply one of recovering some of the 
kinetic energy of the vehicle during braking and converting it to 
usable energy stored in a battery, or hydraulic accumulator. The 
Act specifically directs that a study be conducted to determine 
the effectiveness and feasibility of regenerative braking. This 
study has been conducted by Latqrence Livermore Laboratory and the 
results appear in reference 1. 

2.2 SOURCES OF VEHICLE DATA AND INFORMATION 

This study draws on three major sources of data: (1) the 
results of track and dynamometer tests of electric and hybrid 
vehicles, (2) information collected from the users of vehicles, 
and (3) data obtained from literature, manufacturers, and 
independent designers and builders. 

Track and dynamometer tests were required to provide data 
which could be used to measure and compare vehicle peformance 
directly in a consistent manner. The test conditions and methods 
reported in the literature for obtaining vehicle data were found 
to vary widely, thus making it difficult to clearly define vehicle 
performance from this source alone. In addition, little, if any, 
data were found in the literature on propulsion system and 
component performance that could be used to guide future research 
and development efforts. 
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The literature and field experience of electric vehicle users 
expanded the information base from just over twenty to seve~al 
l;housand vehicles. The information provided an opportunity to 
compare field performance with that measured on a test track or a 
dynamometer. Also, it introduced information on maintenance 
requirements, reliability, durability, and driver acceptance, 
which were nol: obtainable in brief track tests. 

2.2.1 Vehicle Tests 

Vehicles were tested in a series of well-defined and 
controlled operations on test tracks. In general, the tests 
included measurements of range at constant speed and over 
prescribed driving cycles, acceleration, gradeability 
(hill-climbing ability), braking, and energy use. 

For this study, track tests of electric vehicles were 
conducted in accordance with a standard test procedure, the 
"Energy Research and Development Administration Elect;:ic and 

-Hybrid Vehicle Test and Evaluation Procedure (ERDA-EHV-TEP}." 
One hyb'rid vehicle was tested on a test track and one hybrid 
vehicle was tested on a dynamometer to obtain both fup.l economy 
and emissions data for direct comparison with its int~rnal 
combustion engine counterpart. The Federal Test Procedure for 
emissions measurements was used for this latter test. 

In 1977 NASA. tested for ERDA tlqelve electric vehicles and one 
hybrid vehicle at test tracks and one hybrid vehicle on ~ 
dynamometer at the Jet propulsion Laboratory. Five conventional 
spark-eng~ne vehicles were also tested for comparison wi.l:h their 
electric and hybrid counterparts. The United States Ar,it)' Mobility 
Equipment Research and Development Command (MERADCOM) fo-;sted four 
electric vehicles for ERDA using the same test proceoure as NASA. 
The total number of vehicles tested was limited by the funds 
available for this phase of the study. Data from six earlier 
vehicle tests conducted by NASA for ERDA in 1975 and 1976 are also 
included in the results. t~hile these earlier testis were made with 
slightly different procedures, the results were still considered 
uSeful for this report. Results from tests by the Canadian 
government of a Canadian built electric van are also included. 
Al though this test was not sponsored by ERDA, the tests followed 
the same test procedure as that used by NASA. Table 2-1 
summarizes the number, types, and origins of the vehicles tested. 
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TABLE 2-~. - SUMMARY OF ELECTRIC AND HYBRID VEHICLES TESTED 

Electric vehicles Hybrid vehicles 

Personal Conunercial Personal Conunercial I· 

Total number tested 

10 12 1 1 

Origin: 
U.S. manufacture 9 7 1 0 
Foreign manufacture 1 5 0 1 

Designed and built as 
electric vehicles 

3 3 0 0 

Heat-engine vehicles 7 9 1 1 
converted to electric 
.md hybrid vehicles 

Appendix A provides detailed information about the various 
tests which were conducted for this study. The information 
presented includes descriptions of the various test tracks, test 
procedures, instrumentation, and the data obtained. 

The United States Postal Service also has tested electric 
delivery vehicles (refs. 2 and 3). Their procedures were 
considerably different from the ERDA procedure used for this 
study. These data are included in this assessment where 
appropriate. A few tests have been conducted by other 
organizations. These data, where available, are tabulated as 
literature data and are discussed as appropriace in section 3.4. 

2.2.2 User Experience 

Surveys were conducted to obtain information and data on the 
operation of electric and hybrid vehicles under field conditions. 
The Department of Transportation (DOT) and the Jet Propulsion 
Laboratory (JPL) each conducted surveys. DOT surveyed United 
States and foreign electric and hybrid bus operations, while JPL 
investigated the use of passenger cars and delivery vans in the 
United States. Foreign cars and vans were surveyed primarily 
throuqh a limited literature review. Most of the information 
obtained was on electric vehicles as only a few hybrid passenger 
cars built by individuals and six hybrid buses were found to be in 
use. 

The DOT electric and hybrid bus survey covered nineteen sites 
in the United States, the United Kingdom, Germany, France, Japan, 
and Australia. All the sites surveyed except Australia were 
visited. During the visits tne operation of the buses was 
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observed and discussed with t.he users. In total, the survey 
covered 16 different types of buses and data were obtained for a 
total of 5!l buses that had traveled a total of almost 3 million 
kilometers (1.8 million mile:;;) $ince 1972. Information obtained 
included vehiCle characteristics, route descriptions, costs, 
maintenance, and energy consumption rates. 

In the JPL survey, about 30 sites were visited and mail 
surveys of electric vehicle users were also conducted. 
Altogether, data were obtained on eleven different types of 
commercially manufactured vehicles. 

There have been about 3000 electric vehicles sold in the 
united states since 1960, most of which are still in operation. 
In addition, there are many hundreds, possibly thousands, of 
conversions of conventional vehicles into electric vehicles. 
These have mainly been built by individuals or small firms. 
Although some data have been obtained on these conversions, most 
of the surveY data presented are for the 3000 commercially 
manufactured vehicles. 

In general, the surveys have provided good data on the 
vehicle characteristics and energy consumption but only 
qualitative information on vehicle reliability, performance in 
use, or operating costs. 

2.2.3 Literature Data 

Additional data were obtained from the literature and from 
contacts with vehicle manufacturers, distributors, designers, and 
builders. Other information was obtained from trade magazines, 
papers presented at topical meetings, and vehicle surveys 
conducted for ERDA. NASA also solicited data through 
adl1ertisements in Commerce Business Daily and Electric Vehicle 
News. Figure 2-2 shows the data request which appeared in the May 
1977 issue of Electric Vehicle News. A recent survey (ref. 4) 
conducted by the Aerospace Corporation, under contract to ERDA, 
was yet another source of the literature data. Additional 
in:i;ormation was obtained from two preliminary pO"ler train design 
stUdy contracts for a state-of-the-art electric vehicle conducted 
by Booz-Allen and Hamilton, Inc. (ref. 5) and Rohr Industries, 
Inc. (ref. 6), both suppor.ted by ERDA through NASA. The 
information obtained from all the aforementioned sources are 
presented in section 3.4, LITERATURE DATA. 

2.3 SOURCES OF COMPONENT DATA 

The component data that are presented in section 4 of this 
report largely were obtained from the Rohr and Booz-Allen and 
Hamilton study contracts (refs. 5 and 5). These data were 
supplemented by data from seve~al manufacturers, chiefly in the 
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form of catalogue sheets an{ t echnical literat ure . Several of the 
electr i c vehicle s in the c urrent tes t progr m were equ i pped with 
additional instrumentation to obtain component data . The r esults 
ar e reported where applicable. Hybrid vehicle componen t da a are 
presented in section 5 as part of the overall hybrid veh icl e 
d i scussion. 

, 
ERDA Wanls 

Eleclric and Hybrid 
Vehicle Dala 
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Figure 2-2. - AdVertisement that appeared In May 1977 Issue 0/ the 
"Electric Vehicle News. " 
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3.0 ELECTRIC VEHICLES 

Information and data on electric vehicles were obtained from 
three sources: (1) vehicle tests conducted in a consistent 
manner, (2) surveys of the owners and operators of electric 
vehicles currently in private or commercial use, and (3) 
literature from vehicle manufacturlers and individual designers and 
builders. This material is presented in sections 3.2, 3.3, and 
3.4, respectively. Section 3.1 gives the theoretical background. 
The information and data presented in these sections (3.1 to 3.4) 
are summarized in section 3.5. 

3.1 THEORETICAL BACKGROUND 

Some thp~retical relationships have been developed to describe 
electric vehicle performance in terms of range, speed, maximum 
speed, acceleration, gradeability, and energy co~sumption (see, 
e.g., ref. 1). A detailed discussion of these theoretical 
relationships is beyond the scope of this report. However, it is 
useful to present the basic functional relationships as an aid to 
interpreting and understanding the test data presented in section 
3.2. 

3.1.1 Range 

The electric vehicle range at constant speed is given by (ref. 
1) 

(3-1) 

where 

R = 3.6V ( 

V\C l 
C3 2) +CV+-V 

2 Mv 

range, km 
speed, m/s 
specific battery energy density for I-hour discharge, Wh/kg of 
battery weight 
battery fraction, MB/MV 
driveline efficiency 
tire friction coefficient, N/kg of vehicle weight 
driveline viscous friction coefficient, N-s/m-kg of vehicle 
weight 
0.5 PCDA 
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p atmospheric density, kg/m3, 1.225 at sea level 
Cn aerodynamic drag coefficient, dimensionless 
A vehicle frontal area, m2 
ma battery mass, kg 
MV vehicle mass, kg 
b coefficient relating average battery specific power density to 

discharge time 
3.6 conversion factor 

The sUbscripts B and V refer to the battery and vehicle, 
respectively. For the batteries used in the electric vehicle 
tests reported in section 3.2, a representative value of b is 
-O.713~ therefore, -lib ~ 1.4. 

,['he dd.veline losses may be taken to represent the total of 
all losses between the battery and the wheels. This would include 
losses. in the controller, motor, and gear train (transmission, 
drive shaft, differential, axles, and wheel bear ings). with this 
definition of driveline efficiency, C2 in equation (3-1) becomes 
zero since the portion of the driveline viscous losses represented 
by C~ is included in the driveline efficiency no' This 
defin~tion has the advantage of simplifying the interpretation of 
the .test results and avoids the problem of assigning a portion of 
the driveline losses to the viscous loss coefficient C2' The 
resulting loss term Cl + C3v2/Mv may be interpreted as the 
resistive acceleration Ra due to tire friction and aerodynamic 
drag. Equation (3-1) may then be written as 

(
Elfn O\1.4 

R = 3.6V VR 1 
a 

Some observations regarding equation (3-2) are as follows: 

(~) Range is proportional to the energy delivered to the 
wheels (Elfno,Wh/kg). 

(3-2) 

(2) Range is inversely proportional to the resistive 
acceleration (Ra , N/kg) , which is the sum of the tire friction 
(el) and the aerodynamic drag (C3v2/Mv). 

(3) For the variety of vehicles tested, the range at any given 
speed is not expected to correlate with any single parameter but 
rather with Elfnn/Ra' 

(4) The rate at which range decreases ao a function of speed 
depends on the relative behavior of driveline efficiency and 
resistive acceler;;ttion with speed. For example, a vehicle with a 
high aerodynamic drag (CoA) and a driveline whose efficiency (nO) 
increases relatively little with speed would be expected to show a 
relatively fast degradation of range with speed. 
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~4~O----------~~5~O-------------6~O------------~7~O------------~M' 

Vehicle speed, km/h 

Figure 3-1. - Range as function of speed for three hypothetical vehicles. Energy to wheel~! Elf, 6.6 watt-hours 
per kilogram. 

A plot of range as a function of speed is shown in figure 3-1 
for three drag (CoAl and driveline efficiency (nol assumptions to 
illustrate the sensitivity of range degradation with increased 
speed to these parameters. For this illustration, the specific 
battery energy density multiplied by the battery fraction Elf 
equals 6.6 watt hours per kilogram. At a vehicle speed of 40 
kilometers per hour, vehicles a and b in figure 3-1 have the same 
ratio of driveline efficiency to resistive acceleration (no/Ra = 
3.03 kg/Nl~ hence, they achieve the same range. However, it is 
assumed for this illustration that vehicle b has a higher 
aerodynamic drag coefficient (CoAl than vehicle a. Thus, as speed 
is increased, the aerodynamic drag will increase faster for 
vehicle b than for vehicle a. The driveline efficiency of both 
vehicles also increases with speed. The curves of figure 3-1 
depict a situation where as speed is increased, the aerodynamic 
drag of vehicle b increases at a faster rate relative to the 
improving driveline efficiency than does that of vehicle a~ thus, 
vehicle b exhibits a faster range degradation with speed. At 72 
kilometers per hour the ratio no/R~ equals 2.73 for vehicle a 
and 2.42 for vehicle b. Vehicle c ~llustrates a vehicle \qith a 
lower driveline efficiency than vehicles a and b , but the behavior 
of vehicle c's drag losses relative to driveline efficiency as 

33 



j." , 

speed increased is similar to that of vehicle a. For vehicle c, 
the ratio nD/Ra equals 2.27 at 40 kilometers per hour and 2.12 
at 72 kilometers per hour. 

In the case of a driving schedule', the computation of range is 
"more compl icated than for the constant-speed case. For each cycle 
of a specific driving schedule, the vehicle is required to 
accelerate to some speed, cruise at that speed for a pel: iod of 
time, coast for a short time, brake to a stop, and remain idle fOl: 
a, given period of time before starting the next cycle (see section 
3.2,.1.1). Because of these complications, the equation for range 
Qv,er a driving schedUle cannot be solved explicitly as in the 
const.ant-speed case. Instead, the solution must be found through 
numerical integration over one complete driving cycle to determine 
the" cycle range and the fraction of the battery "used up" in one 
cycle. NOW, howe~er, consider the fact that range for a given 
driving cycle will depend primarily on the acceleration and 
constant-speed phases and that the constant-speed phase is 
characteristic of the specific schedule being'considered. It is 
concluded that the range for a given driving schedule would depend 
on the same factors as in the constant-speed case. Thus, it may 
be e,Kpected that the test ranges over a given driving schedule 
would 'tend to correlate with (81L11 D/Ra) where the factors n D and 
Raare evaluated at the maximum speed during the schedule cycle 
(i.e., 32.2 km/h (20 mph) for driving schedule Band 48.3 km/h (30 
mph) for driving schedule C). This correlation is evident in 
section 3.2 where schedule range is plotted against this 
parameter. " 

3.1.2 Energy Consumption 

The energy consumption (kWh/km) at constant speed may be 
expressed as 

, ' ~~~VR )' , , t,' 1 -Y a 
Energy consump l.on = 3600 V nBnCn

D 
where nB is the battery efficiency and nC: the charger 
efficiency. 

(3-3) 

The term in parentheses is equivalent to the pO~ler required at the 
wheels to drive t.he ,vehicle at a speed V divided by the 
vehicle'S overall energy throughput efficiency from the wall plug 
to the wheels 'Tlanc'TlD' ' 

For the variety of vehicles tested the energy consumption at 
any given constant speed would not be expected to correlate with 
any single parameter but the MVVRa/nB'TlC'TlD' The battery ana 
chaz;,~e,r, ,e, fficiencies were, not ,determin,ed during vehicle test.ing, 
but I' hey would not be expli>ctedto vary as greatly between vehicles 
as CliO the other factors. li'OI:' this reason, even in the absence of 
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prec ise knowledge of n Band n C' energy consumpt ion would be 
expected to correlate reasonably well with MvVRa/n D, the power 
required from the battery to drive the vehicle at a speed V on a 
level surface. 

The ~lay in which energy consumption varies with speed depends 
pr imar ily on the relat ive behav ior 0 f n D and Ra as speed is 
changed. Since nD and Ra will, in general, increase at 
different rates as speed is increased, energy consumption will 
tend to be a minimum at some speed. For example, a vehicle with a 
high aerodynamic drag (CDA) and a driveline whose efficiency 
increases relatively little with speed will tend to have a minimum 
energy consumption at relatively low speeds. Vehicles with lower 
drag and better driveline efficiency will tend to show minimums in 
energy consumption at higher speeds. 

To illustrate this point, energy consumption as a function of 
vehicle speed for three hypothetical vehicles is shown in figure 
3-2. Vehicle d has a relatively high aerodynamic drag coefficient 
so that drag tends to increase faster than driveline efficiency as 
speed is increased and the minimum energy consumpt~on occurs below 
40 kilometers per hour (25 mph). Vehicles e and f illustrate 
cases having progressively lower drag coefficients. Vehicle f is 
one whose driveline efficiency is improving rapiily with speed; 
thus, the minimum energy consumption occurs at a ~igher vehicle 
speed, aftet which aerodynamic drag begins to preaominate. As 
sho~m in section 3.2, the vehicles tested exhibited a range of 
energy consumption behavior similar to the hypothetical cases 
shown in figure 3-2 • 

. 4 

s co .c 
~ 
C 
0 

== Co .3 s 
:J 
~ 
c 
8 
E! 
'" ,\j 

.2 
40 

f 

50 60 70 
Vehicle speed, km/h 

Figure 3-2. - Energy consumption as function of vehicle speed for three hypothetical vehicles. Vehicle mass, 
2000 kilograms; 'IlB'IlC • 0.7. 
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The energy consumytion for specific driving schedules cannot 
generally be determined explicitly. However, using reasoning 
analogous to that used for the range over a driving schedule 
(section 3,1.1), it may be expected that energy consumption would 
be functionally similar to that of the constant speed case. In 
other wot"ds, the energy consumption for specific driving schedules 
should correlate reasOnable well with MVVRa/nn where, as in the 
driv ing schedule range case i" the factors' n nand Ra 'are 
evaluated at the maximum speed during the schedule cycle. Here 
again, this correlation. is evident in section 3;,2 where energy 
consumption for specific driving schedules is plotted against this 
parameter.' , , 

3.1.3,Ac:celeration and Gradeability 

The acceleration of an electric vehicle on a level surface 
with no wind may be expressed as 

Aoceleration = Pn~nD - (C1 + ~ v2) (3-4) 

where E'n is the average specific:~ower. density (W/kg) provided 
by the battery during the acceleration period, This is not the 
maximum power density of the batter.y because limitations are 
typically imposed by the controller on the rate that current may 
be drawn from the battery. The factors Pn, nn, V, and Ra all 
change nonlinearly with time and distance as the vehicle 
accelerates~ this makes it difficult to determine acceleration 
capability without numerical integration. 

Gradeability is, defined as the percent grade that a vehicle 
can climb at a constant speed. If the angle of the grade is a, 
the grade negotiable by an electric vehicle at some constant speed 
V may be expressed as 

sin e = ~ [PD~nn - (C1 + ~ v2) ] (3-5) 

whe;:e g, gravitational acceleration, equals 9.8 meters per square 
second. The percent grade is approximately equal to 100 sin a. 

Thus, gradeability at any constant speed can be computed from 
the measured acceleration at tha.t same speed on a level surface, 
whiph is hOI? g,ra~eability at speeds (except n~ar zero) was 
determined 1n th1s study. At speeds approach1ng zero, the 
gradeability will be maximum and can be computed from the maximum 
tractive force of the vehicle measured at speeds approaching zero 
(about 1 km/h); that is, 

100 Maximum 'tractive force 
(Percent. gradeabilitY)max = Mvg 

36 

" 

I 
! 



Also, note that 

(
p fn 

Tractive force = Mv DV D -

Tractive force tests were made in this study and the results were 
used to compute the maximum gradeability. 

3.2 ELECTRIC VEHICLE TRACK TESTS 

As a part of this study NASA conducted a track test program 
to obtain performance data on 12 electric vehicles. In addition, 
the u.S. Army's Mobility Research and Development Command 
(MERADCOM) track-tested four electric vehicles. NASA also 
conducted track tests on four conventional internal combustion 
engine vehicles (identical wherever possible to their electric 
vehicle counterparts) and one hybrid vehicle. The number of 
vehicles tested for this study was limited by the time available 
to conduct the track tests, the availability of vehicles, and the 
funding limitations. Thus, in order to present the maximum amount 
of performance test data available, test results from six electric 
vehicles tested by NASA in 1975 a"d 1976 and one electric vehicle 
tested by the Canadian Department of National Defence were 
included. 

In this section, electric vehicle performance data are 
presented for the following: range, energy consumption, 
regenerative braking, acceleration, gradeability, maximum speed, 
payload, braking, and driveability. Additional data are also 
presented on electric vehicle reliability, operating 
characteristics, and safety. Wherever possible, comparisons are 
made between the theory presented in section 3.1 and the test 
results. The test results obtained for four conventional vehicles 
are presented in appendix A and are compared with their electric 
vehicle counterparts in section 3.5. The hybrid vehicle test 
results are pres~nted and discussed in section 5.0. Details of 
the test procedures used, vehicle characteristics, and test data 
are presented in appendix A. A summary discussion of the test 
methods, test vehicles, and test results follows. 

3.2.1 Tests Methods 

3.2.1.1 Test procedure. - The vehicles discussed in this 
section were tested in accordance with the ERDA Electric and 
Hybrid Vehicle Test and Evaluation Procedure (ERDA-EHV-TEP). The 
procedure is similar to the SAE J227a Electric Vehicle Test 
Procedure with the addition of braking tests, further 
instrumentation requirements, test set-up procedures., and other 
modifications to improve testing consistency and to decrease the 
length of time required to test a single vehicle. 
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The tests conducted provided the follo~ling data: 

(1) The range at 
different test speeds. 
measured maximum speed 

constant speed ~las measured at two to four 
The specific test speeds were based on the 

of the vehicle and determined as follows: 

- .. 
Measured vehicle Test speed maximum speed 

km/h mph km/h mph 

40 - 55 25 - 34 Maximum, 40, 48 Maximum, 25, 30 

56 - 70 35 - 44 Maximum, 40, 56 Maximum, 25, 35 

71 - 87 45 - 54 Maximum, 40, 56 Maximum, 25, 35 
88 - 103 55 - 64 Maximum, 40, 72 Maximum, 25, 45 

(2) The range for stop-and-go driving was measured using the 
driving schedules shown in figure 3-3. These schedules are 
identical to those in the SAE J227a, Electric Vehicle Test 

Test parameter SAE schedules 

B C D 

Max. speed. V. km/h Imph) 32 (20) 48 (30) 72 (45) 
Accel. time. tao S 19 18 28 
Cruise time. tcr• s 19 20 50 
Coast time. tco' s 4 8 10 
Brake time. lb' s 5 9 9 
Idle time. tl' s 2S 2S 2S 
Total time. s 72 80 122 

Approximate number of' 
cycles per mile 4-5 3 I 

t , +- . ,tco , 'IJJ " I' I, 

Time 

figure 3-3. - SAE J227a driving cycle. 
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Procedure dated February 1976. The tests, which are 
representative of fixed-route urban (B), variable-route urban (C), 
and variable-route suburban (D) driving, are terminated when the 
vehicle's acceleration falls below that necessary to reach the 
cruising speed in the required time. All vehicles were tested to 
the schedule B maximum speed of 32 kilometers per hour (20 mph) 
and, where the vehicle had the necessary acceleration capability, 
to the schedule C maximum speed of 48 kilometers per hour (30 
mph). Only one vehicle tested under this program had sufficient 
acceleration to meet the schedule 0 requirements. 

(3) Energy con'gumption ~las determined for each range test by 
measuring the electric energy to the battery charger that was 
required to rechargE! the battery after completing the vehicle test 
and dividing this b:! the measured vehicle range. In many cases 
the battery was overcharged to equalize the cells. Usually this 
value was analytically corrected to a value representative of a 
10-percent overcharge. 

(4) Acceleration capability was measured with the battery 
fully charged, 40 percent discharged, and 80 percent discharged. 

(5) Gradeability is the grade (in percent) that a vehicle 
can negotiate at a given speed. Maximum gradeability (which 
occurs at a speed of about 1 km/h) was determined from the 
measured tractive force (see appendilc A). Gradeability at. higher 
speeds was determined from the vehicle's acceleration capability 
and computed for various speeds. 

(6) Maximum vehicle speed was determined by driving the 
vehicle around the track twice at full power and averaging the 
speeds measured. The I-percent track slopes allowed by the test 
procedure can cause variations in ~ehicle speed of +8 kilometers 
per hour (+5 mph). For test purposes the maximum speed used for 
the range tests was defined as 95 percent of the lowest vehicle 
speed at any point on the track when the vehicle is traveling at 
maximum power. The vehicle range and speed were measured with a 
calibrated fifth wheel as shown in figure 3-4. 

(7) payload was determined by subtracting the vehicle curb 
or delivered empty weight from the manufacturer's recommended 
gross vehicle weight. 

(8) Braking tests were conducted under the ERDA procedure 
which is similar to Federal Motor Vehicle Safety Standard 105-75. 
The tests include stops from 48 kilometers per hour (30 mph) and 
from the vehicle's maximum speed, braking in curves with wet and 
dry pavements (see fig. 3-5), wet brake recovery tests, and 
parking brake tests. Two or more tests usually were conducted 
under each specified condition. For range tests, if the two 
results did not agree within +5 percent, the test was repeated a 
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Figu re H. - Test Yehlcle with filth wheel Installed. 

FIgure 3-5. - Test vehicle braking In curYe. 

third time and the three valu s w re averaged. For tnose vehicles 
with regenerative braking, the driving schedule range tete wer 
conduct d with and without the regenerative brak i ng where 
posRibl '. 

Other v hicle a d component par am tere such as battery 
~urrent and power al 0 were m asured fo selected vehicles. 
Coastdown te s of e ch vehicl we re conducted to d termine 
aerodynamic and friction l oss ~ fficiente. 

o 



The track tests, in general, do not expose the electric 
vehicles to as severe an environment as would be encountered in 
service, except for the batteries which were substantially 
discharged during each test. The vehicle batteries were recharged 
after each test by a procedure that assured a fully charged 
battery with all cells equalized. Although this procedure 
increased the total energy consumption, it assured maximum range 
and/or performance and more reproducible results. The vehicles 
were tested at ambient temperatures of 50 to 320 C (400 to 900 F) 
and when the wind ~las less than 16 kilometers per hour (10 mph) in 
accordance with the test procedure. All test tracks were 
relatively flat with slopes of less than the allowable 1 percent 
(1 meter change in elevation per 100 meters length). The vehicles 
were driven by experienced test drivers and were maintained by 
competent electric vehicle test engineers and mechanics • 

. Four conventional vehicles were tested by NASA Lewis under a 
procedure that simulated the electric vehicle test procedure. 
Fuel consumption, speed, and distance traveled were measured for 
constant speeds and for the ~AE J227a driving schedules B, C, and 
D. Acceleration and coastdown data were also obtained. The data 
were taken with the same payload in the electric vehicle and its 
conventional counterpart in order to allow a direct comparison. 

3.2.1.2 Test sites. - Four test tracks were used to support 
the tests. Extremes of temperature and weather prevented using 
only one track the year round. The Dynamic Science track in 
Phoenix, Arizona, was used during the winter and early spring. 
The Ohio Transportation Research Center (TRC) in East Liberty, 
Ohio, was used in the spring and summer. MERADCOM used the 
Aberdeen proving Ground in Aberdeen, Maryland, and the Canadian 
government used a Canadian test track (see appendix A). 
Additional test track data were obtained from earlier NASA vehicle 
tests for ERDA at TRC and the Dana Corp. Technical Center track at 
Ottawa Lake, Michigan. 

3.2.1.3 Test limitations. - The range test results were very 
consistent. It was seldom necessary to repeat tests a third time 
because the results of the first two tests run under the same 
conditions rarely differed by more than +5 percent. Where 
differences in range did occur, they were usually because of 
problems with the vehicle or its battery or because of high winds. 

The variations permitted by the test procedure include 
ambient air temperature, wind velocity, track slopes, and track 
surfaces. The procedure allows vehicles to be tested in winds as 
high as 16 kilometers per hour (10 mph). It was expected that 
winds of this velocity would cause a decrease in range, especially 
for the vehicles having large cross-sectional areas. To verify 
this, two commercial vans were tested under a variety of wind 
conditions. In most instances the range decreased with 
increasing wind speed, but the reduction in range was less than 10 
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percent under wind conc;!itions falling within the procedure's 
specifications. '.Che reduction in range was less with passeriger 
cars •. 

During the test perioc;! (1 to 2 months) for anyone vehicle, 
the ambient temperature did not usually differ by more than U 
Celsius degrees. '.Chesechanges in ambient temperature did not 
affect the test results since the vehicles were stored indoors 
overnight and the large thermal mass of the battery caused it to 
be relatively unaffected by ambient temperature during the short 
(1 t04 hour) vt;lhicle tests • 

.. With one exception, on loy one vehicle of any given design was 
tested, so variations in performance from vehicle to vehicle of 
the same type were not measured. 

3.2.2 Selection of '.Cest vehicles 

Table 3-1(a) lists the electric vehicles that were tested by 
NASA, ME~DCOM, and the Canadian government. All the electric 
vehicles were powered by lead-acid batteries of various designs. 
The four conventional internal 'combustion engine powered venicles 
and the hybrid vehicle that were tested by NASA are listed in 
table 3-1(b). The conventional vehicles were identical wherever 
possible with their electric counterpart except for (1) the use of 
a conventional propulsion system instead of an electric propulsion 
system, (2) the weight differences due to the differences in 
propulsion systems, and (3) in one case, the presence of a 
transmission in the conventional vehicle. 

The vehicles'to be tested were recommended by NASA Lewis and 
the selections were approved by ERDA. Vehicles were selected to 
provide as broad a spectrum as possible of vehicle types and 
sources. Vehicle availability played an important role in the 
selection. For example, no Japanese government vehicle was 
available for testing, although a commercial Japanese vehicle was 
tested. 

3.2.3 Electric Vehicle Track Test Results 

Track tests were conducted under the same general test 
procedure but, for various reasons, not all the tests described in 
the test procedure were performed on every vehicle. Where tests 
were incomplete, it was usually due to either the owner's 
reluctance to allow the tests to be conducted or to vehicle 
breakdown. 

The test results for the electric vehicles are summarized in 
table 3-2. Since the tests are to characterize the 
ltstate-of-the-art" rather than '1:0 evaluate individual vehicles, 
the vehicles tested are identified only by code numbers. 
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3.2.3.:1, Range. - A plot of the test results showing the 
electric vehicle range at various constant speeds is shown in 
figure 3-6. Superimposed are two curves1 one gives the average of 
the four best vehicles, and the other the average of the remaininq 
vehicles. These average curves are compared in section 3.5 with 
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Figure 3-6. - Vehicle range as function of speed. 
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the literature results. A~ expected from theory (see section 
3.1-1), vehicle range decreased with increasing vehicle speed. 
The wide variation of results shown in figure 3-6 is due to the 
differences among vehicles in the energy available from the 
battery, the weight of the vehicles, and the various losses due to 
tire friction, aerodynamic drag, and driveline inefficiencies. As 
discussed in section 3.1-1, range is a function of all these 
parameters and the manner in which they vary relative to one 
another at different speeds. 

As shown in figure 3-6, four vehicles achieved substantially 
higher ranges than the others. According to equation (3-2), given 
in section 3.1.1, these vehicles must have high battery energy per 
unit of vehicle mass Elf and/or a high ratio of driveline 
efficiency to resistive acceleration nn/Ra' Conversely, those 
vehicles which have poor range performance have relatively low Elf 
and/or low n o/Ra' 

To aid in interpreting the test results, estimates were made 
of the tire friction and aerodynamic losses for all the ,vehicles 
tested. Inputted values for the vehicles' driveline efficiencies 
were determined using these estimates and the measured constant 
speed range. Tire friction losses were estimated from the data 
available for the tires on the test vehicles (i.e., tire type and 
pressure) and tire friction coefficient information available in 
the literature (e.g., refs. 2 and 3). Aerodynamic drag losses 
were calculated from estimates of the values of the aerodynamic 
drag coefficient Cn based on the vehicle's shape (i.e., 
streamlined or boxy, see refs. 4 and 5) and the measured frontal 
area for each vehicle. The calculated tire friction coefficients 
CI, the aerodynamic drag coefficients Cn, and the aerodynamic 
loss coefficients C3/MV are shown in table 3-3. 

The resistive acceleration was calculated for the vehicles at 
speeds of 40, 56, and 72 kilometers per hour (25, 35, and 45 mph) 
using these calculated loss coefficients. The driveline 
efficiency of each vehicle was then calculated from equation (3-2) 
and the constant speed range measurements. The driveline 
efficiency so calculated is an indication of what the efficiency 
of the controller, motor, and geartrain would have to be for the 
predicted range to match the measured range. 

The calculated constant speed range parameters are listed in 
table 3-4. The specific battery energy density was either 
computed from measured data or taken from manufacturers' 
literature. The vehicles are listed in the table according to 
their measured range at constant speed from highest to lowest. In 
a few cases, measured range I,'as not available at the speeds 
indicated in table 3-4 but was estimated from the range results 
shown in figure 3-6. 
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~LE ,3-3. - CALCULATED TIRE FRICTION AND AERODYNAMIC 

LOSS COEFFICIENTS FOR ELECTRIC VEHICLES TESTED 

Vehicle Tire £riction Aerodynamic Aerodynamic 
code coe££icient, drag loss 

Cl " coe£ficient, coe££icient, 
N/kg CD C3/Mv' 

10-4/m 

P-l 0.ll3 0.5 3.95 
P-2 .099 .5 3.96 
P-3 .105 .5 3.35 
P-4 .093 .6 4.47 
P-5 .105 .6 10.58 
P-6 .122 .5 3.45 
P-7 .105 

! 
3.29 

P-8 .105 3.35 
P-9 .105 3.35 
P-10 .108 .6 7.36 
P-ll .095 .3 2.04 

C-l 0.ll3 0.6 5.01 
C-2 .122 4.69 
C-3 .104 Cal 
C-4 .llO 4.41 
C-5 .105 4.50 
C-6 .ll7 4.40 
C-7 Cal Cal 4.40 
C-8 Cal Cal 7.36 
C-9 .105 .6 5.10 
C-10 .063 .6 3.62 
C-ll Cal Cal Cal 
C-12 .107 .5 3.47 

aNot available. 
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The driveline efficiencies shown in table 3-4 re'present the 
inputted driv,eline efficiencies of the vehicles based on a best 
estimate of the other loss factors. There is almost a two-to-one 
variation in driveline efficiency for the vehicles tested. This 
variation contributed significantly to the wide variation in range 
that the vehicles achieved during testing. 

An alternative to correlating the test result with the 
vehicle characteristics is described in reference 6. The 
coast down test data for each vehicle can be used to determine a 
"resistive acceleration." This resistive acceleration includes, 
in add ition to the t ire and aeroClynamic drag, the losses in the 
differential, the wheel bearings, and any portion of the 
transmission that is not disconnected d'uring the coastdown. These 
data can the~ be used to calculate the road energy at the speed of 
interest or i~r an entire driving schedule. A motor driveline 
efficiency can then be calculated by dividing the measured or 
estimated battery output energy by the road energy. This motor 
driveline efficiency differs from the driveline efficiency used in 
this report in that it does not include the inefficiencies of 
those portions of the drivetrain that remain connected during 
coastdown tests. This motor driveline efficiency was not used to 
correlate the test data because different portions of the drive 
train are included in its determination depending on a particular 
vehicle's configuration. 

The measured range of the test vehicles for driving schedules 
Band C are shown in figure 3-7 as a function of vehicle test 
weight and payload weight. The results include the effects of 
regenerative braking where it was available on the vehicle. As 
expected, the range was lower than the constant-speed ranges 
because of the acceleration losses. 

The test range (a::: indicated in section 3.1) should correlate 
with the performance parameter ElfnD/Ra where the driveline 
efficiency and resistive acceleration are calculated for the 
maximum speed of the schedule (i.e., 32 km/h (20 mph) for schedule 
Band 48 km/h (30 mph) for schedule C). The measured schedule 
range as a function of this performance parameter is shown in 
figure 3-8 for schedules Band C without regenerative braking. 
The data appear to correlate reasonably well with range, 
increasing as the performance parameter increases. Thus, as might 
be expected, the same factors which affect vehicle range at 
constant speed also influence the range over a cyclic driving 
schedule. 

Although the data in figure 3-8 appear to approach a 
performance parameter of about 10 at zero range, the curves 
aqtually would tend toward zero. However, as the performance 
parameter is reduced, a minimum \'(luld occur where the vehicle 
either could not meet the acceleration requirement or would not 
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have enough energy to complete one driving cycle. It is expected 
that the acceleration requirement would be more severe. Thus, an 
electric vehicle would require some minimum performance parameter 
(greater than 0 but less than 10) to achieve any range at allover 
a driving schedule. 

3.2.3.2 Energy consumption. - Energy consumpti:m was 
determined for each vehicle by measuring the electrical input 
energy to the battery charger required to recharge the battery 
after each test. The amount of electrical energy needed to 
recharge the battery depends not only on the amount of energy 
discharged during the test, but also on the charger and battery 
efficiencies, which were different for each vehicle. These 
component efficiencies were determined for some of the vehicles. 
Since the values did not show much variation, it was assumed in 
correlating the data that the charger and battery efficiencies 
would not vary greatly among the vehicles. 

To insure a full charge, the batteries were generally 
overcharged to varying degrees. For example, the batteries were 
always equalized at each recharging1 that is, charging was 
continued until all cells were brought up to full charge. To 
compare the energy consumption values for all vehicles on an equal 
basis, the energy consumption data were corrected ~o a constant 
overcharge level of 10 percent. Corrected energy consumptions for 
the schedule Band C tests are plotted in figure 3-9 as a function 
of vehicle test weight and vehicle payload, r.espectively. Energy 
consumption is seen to depend on vehicle weight as most of the 
data fall within an area bounded by lines with slopes of 0.17 to 
0.28 watt hour per kilometer per kilogram (0.12 to 0.2 
~lh/mile-lbm) • Energy consumption appears to be independent of 
payload since the vehicles were designed primarily on gross weight 
rather than on payload. 

The electric vehicle energy consumption at constant speed is 
plotted against test speed in figure 3-10. As shown, the energy 
consumption varies considerably among the vehicles, and the 
sensitivity to speed is also quite different for the different 
vehicles. In section 3.1.2 the energy consumption was shown to be 
proportional to the weight of the vehicle and the ratio of 
resistive acceleration to the driveline efficiency. It also was 
shown that the way energy consumption varies with speed depends 
primarily on t:he relative rates of increase of resistive 
acceleration and driveline efficiency as speed is increased. How 
these parameters affect the shape of the energy consumption curves 
is shown in figure 3-2. 

As was discussed in section 3.1.2, energy consumption would 
be expected to correlate with MvRa/nD' which is equivalent to the 
power required from the battery to drive the vehicle at cons~ant 
speed. Energy consumption is plotted against this performance 
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parameter in figure 3-II(a) for all the constant speed range 
tests. The data correlate well with this parameter. The energy 
consumption is proportional to the mass of the vehicle and the 
resistive acceleration, and it is inversely proportional to the 
driveline efficiency. A similar plot is shown in figure 3-II(b) 
for driving schedules Band C without regenerative braking. Here 
the resistive acceleration and driveline efficiency are calculated 
at 32 and 48 kilometers per hour (20 and 30 mph), respectively, 
the maximum speeds for the driving schedules. The energy 
consumption generally is greater for the driving schedule tests 
when co~pared with the constant speed tests at the same power 
level. This situation corresponds to the higher energy 
requirements for acceleration to the maximum speed of the driving 
schedule. 
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3.2.3.4 Regenerative braking. - Regenerative braking is a 
method of converting the vehicle k'inetic ~nergy that is normally 
lost in braking to a different form of energy that can be stored 
(flywheel, hydraulic, or battery). This energy then can be 
converted back into a form usable for powering the vehicle. Thus, 
a vehicle's range during stop-and-go driving should be increased 
with regenerative braking. The amount of increased range depends 
on how efficiently the regenerative braking system can store the 
kinetic energy and convert it back to propulsive energy. 

The regenerative braking system used on seven of the vehicles 
tested converts/the drive motor into a generator that charges the 
battery during braking. One other vehicle uses a hydraulic 
regenerative braking system, which consists of a hydraulic motor 
coupled to the electric drive motor shaft. When the vehicle's 
brakes are activated, the hydraulic motor is converted to a pump 
and pumps fluid under pressure into an accumulator. The high 
pressure fluid is then available for powering the vehicle. 
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TABLE 3-5. - EFFECTS OF REGENERATIVE BRAKING 

Vehicle Driving Range Improvement 
code schedule in range, 

Without regenerative With regenerative percent 
braking braking 

kID miles kID miles 

P-3 B 52 32 53 33 2 
C 37 23 45 28 21 

P-6 B 105 65 117 73 12 
C 94 58 123 77 31 

P-7 B 48 30 53 33 10 
C 44 28 48 30 9 

C-3 B 68 42 72 45 5 
C 47 29 48 30 .7 

C-5 B 51 32 57 35 11 
C 44 28 57 36 29 

Although nine of the vehicles tested had regenerative 
braking, only five could be tested both with and without 
regenerative braking. The regenerative braking could not be 
deactivated in the other four vehicles. rne results of 
comparative testing are snown in table 3-5. Compared in the table 
are the range of each vehicle over driving schedules Band C 
without and with regenerative braking. The percent improvement in 
range also is shown. In all cases there wa's some range 
improvement when regenerative braking was used. The range 
improvement was generally higher for driving schedule C, since the 
maximum speed is higher (48 km/h compared to 32 km/h for the 
schedule Bl, thereby making more kinetic energy available for 
recovery. 

In some instances, full advantage could not be made of the 
regenerative braking system due to the constraints in the vehicle 
designs. For example, in vehicle C-3 the system is designed so 
that regenerative braking and the hydraulic braking system are 
applied simultaneously as a safety feature. At least half of the 
available energy is lost in the front brakes, and much more can be 
lost if the balance between the two braking systems is not 
precise. 

3.2.3.5 Acceleration. - The acceleration rates of the 
electric vehicles tested were expected to be lower than those of 
the conventional automobiles. The amount of torque delivered to 
the wheels is limited in an electric vehicle by the amount of 
power or torque that can be provided by the electric system. 
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Vehicle TL ... required to reach indicated 
COde speed iriJmV'h ClTl?h}, s , 

. l 32(20) 48 (3D) 

P-1 . 14 dZ9 
P-2 9 34 
P-3 7 IG' 

P-4 9 22 
P-5 8 -
P-G 8 /'~,l 14 
pi7 0 17 
P-8 7 IG 

p-9 11 20 
: P-I0 7 45 

'i P-11 - -
,. i 0-1 G II 

0-2 9 23 
0-3 7 14 
C-4 8 19 

o-fl' 4 9 
0-6 9 16 

0-7 10 17 
0-8 7 22 
~9 6 13 

0-10 7 15 , 
0-11 12 21 

.0-12 - 51 
. • 

"As ca!pIlred with typical internal c:arbustion 
engine vehicle acceleration tines cf 3 s to 
32kny'h, 5 B to 481an/h, and 15 s to 97 kny'h 

bJGO II1?h). . . , 
--rest data sUWlied by nimufacturer. 

Vehicle 
code 

Test speed, kny'h (Itl?h) 

1 (O.G) 10 (G) 20 (12) 40 (25) 

Gradeabilitya, percent 

P-1 18 18 5 G 
P-2 37 26 15 3 
P-3 - 26 13 6 
P-4 22 12 14 4 
P-5 - 14 12 3 
P-6 - - - -
P-7 - 30 16 6 
P-8 - 24 15 9 
P-9 35 18 12 7 
P-10 - 33 12 2 
P-11 - - - -
0-1 - (b) 19 11 
0-2 14 15 13 4 
0-3 14 - 15 7 
0-4 - 13 12 4 
0-5 - - 24 7 
0-6 46 - - -
0-7 - - 18 -
0-8 - 22 - -
C-9 - 18 17 7 
0-10 17 15 J2 7 
0-11 - 45 - -
0-12 - 7 3 1 

. aGracle clinbed at indicated speed, rreasured 
with fully charged batt:el:y. 

~ot available. 

Also, the test vehicles were heavier than their conventional 
counterparts due to the weight of the batteries. Therefore, even 
though the .electric vehicle and a similar conventional vehicle 
would have the same £l-iction and aerodynamic loss coefficients, 
the previously mentioned factors would tend to lessen the ell~ctric 
vehicle's acceleration capability (see section 3.1.5). 

The times required for the electric vehicles tested to 
accelerate to 32 and 48 kilometers per hour (20 and 30 mph) 
compared with a typical conventional automobile are shown in table 
3-6. The times required to reach 32 kilometers per hour (20 mph) 
range from 4 to 14 seconds as compared with about 3 seconds for 
the. conventional automobile. The times to reach 48 kilometers per 
hour (30 mph) range from 9 to 51 seconds as compared with about 5 
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seconds for the conventional automobile. 
the personal and commercial vehicles was 
results. 

No difference between 
apparent from the test 

3.2.3.4 Gradeability. - The percent grades that the 
electric vehicles tested can cli~b were calculated from the 
acceleration and tractive force data and are listed in table 3-7. 
The wide variation in gradeability among the vehicles is due to 
the differences in the electric drive systems and the ability to 
transmit power to the wheels. For reference, over normal terrain 
Federal interstate highways are limited to a 5-percent grade. 
Non-Federal mountain highways, however, may have grades as high as 
10 or 12 percent. The gradeability of most electric vehicles at 
very low speeds is exceptional. High gradeability at low speed 
primarily is due to the torque/speed characteristics of the DC 
series motors used in most electric vehicles; the torque available 
is highest at low motor speeds. This high torque could be used at 
higher speeds if a variable ratio transmission were used, but it 
requires careful matching of the gear ratio and motor 
characteristics. 

3.2.3.6 Maximum speed. - The data obtained on maximum speed 
from the electric vehicle track tests are shown in table 3-8. The 
maximum speed shown is the average speed that can be maintained by 
the test vehicle for two laps around the track without overheating 
the motor components. As shown in the table, almost a factor of 2 
variation in the maximum speed was measured for the test vehicles. 
Maximum speed is shown to be primarily a function of the battery 
power delivered to the wheels and the aerodynamic losses of the 
vehicle. Those vehicles in which large amounts of power can be 
delivered to the vehicle relative to the aerodynamic losses of the 
vehicle would be expected to have high maximum speeds. 

3.2.3.7 payload. - Payloads for the electric vehicles tested 
are stated in table 3-9. The payload was taken to be the 
difference between the manufacturers' recommended gross vehicle 
weight and the curb weight (empty weight) of the vehicle. A 
passenger vehicl'e must be able to carry 68 kilograms (150 Ibm) per 
person plus about 25 kilograms (55 Ibm) for luggage. The payload 
capability of many of the passenger vehicles was limited to one or 
two people. As would be expected, most commercial vehicles have 
greater payload capabil ities than passenger vehicles. 

3.2.4 Braking and Driveability 

Braking tests were conducted on some of the test vehicles in 
accordance with the ERDA test procedure. The test results are 
shown in table 3-10. All but one of the twelve vehicles tested, 
despite their relatively high gross weights, passed all the moving 
braking tests. Most vehicles did not pass the parking brake test 
as delivered but did pass the test after the parking brake-was 
adjusted. 
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The driveability of the electric vehicles tested was 
noticeably different from that of conventional automobiles. The 
most noticeable characteristic was the poor acceleration (see 
table 3-6). The limitation on acceleration (and maximum speed) 
fOI: most vehicles 110uld cause dr iver concern about the 1 ack oJ; 
ability to move out of a tight traffic situation. The tested 
vehicles also were more difficult to steer, having a tendency to. 
underste~r as compared with conventional automobiles. None of the 
vehicles had power steering. Some of the vehicles tested did have 
vacuum-assist brakes powered from an electric vacuum pump. Those 
vehicles that did not have power braking required a noticeably 
higher foot pedal pressure to stop than conventional vehicles 
without po\~er braking. This was due to the greater weight of the 
electric vehicles. 

3.2.5 Track Operating Experience 

Most of the vehicles tested by NASA at test tracks in 1977 
during the vehicle checkout, range, acceleration, and braking 
tests accumulated about 1000 kilometers (600 miles); a few 
accumulated 1600 kilometers (1000 miles). Vehicles tested by NAS~ 
in 1975 and 1976 accumulated less mileage. 

Each vehicle tested experienced some degree of difficulty 
that would have prevented routine operation of the vehicle on 
public roads. Since many of the vehicles tested were one of a 
kind, or were from very limited production runs, it is not 
surprising that difficulties were encountered during testing. 
Many of the vehicles tested had been operated less than 300 
kilometers (180 miles) before delivery to the test track and never 
had operated under the conditions prescribed in the test 
procedure. On the other hand, the vehicles that had undergone 
relatively extensive development testing prior to the track tests 
experienced fewer problems. 

The types of problems encountered with the track vehicles 
we·ce as follows: 

Problem Number of 
occurrences 

Motor failure 6 
(or overheating) 

Controller 
malfunction 

Battery charger 
failure (or 
malfunction) 

Eatteries 
Fuses and circuit 4 

breakers 
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Various other vehicle problems, for example, brake drag and 
cooling fan feilures,also occurred. 

The large number of failures encountered, several per 1000 
kilomete,:s (6'20 miles), revealed the lack of maturity of most of 
the electric vehicles tested as compared with conventional 

'automobiles', In the opinion of the test personnel, most of the 
vehicle problems that were encountered could be solved by 
improvements in' the manufacturing process, assembly, qual ity 
control, and/or proof testing of the vehicles. 

3.2.6 Safety 

Electric vehicles present unique safety requirements 
primarily because the average driver lacks experience with the 
high voltage components and batteries. These safety requirements 
include 

(I ) protection against high voltages that exist at numerous 
places within most vehicle systems, which present the 
potential of electrical shock hazards 

(2) protection against high currents and temperatures that 
may result from shorting two exposed contacts within the 
system 

(3) Prevention of the accumulation of hydrogen gas that is 
, generated dUring the charging of lead-acid batteries 

The electric vehicles tested operated in voltage ranges of 48 
to 216 volts. These voltages could be hazardous under certain 
conditions. Many of the disconnects on the vehicles tested were 
either difficult to reach or difficult to separate and reconnect 
safely. Some vehicles had no disconnects. The hazards presented 
by th$se voltages when servicing or repairing the vehicle may be 
reduc~d by supplying proper disconnects to completely isolate the 
battery from the system. Of course, the disconnect must be 
designed for easy operation without exposure to high voltage. 

Electric shock hazards also can be reduced by using plug-in 
electrical connec~ors with no exposed high voltage surfaces and by 
using batteries with a minimum number of exposed terminals. 
Battery chargers should be supplied with fault interrupters on 
both the input and output sides of the charger. 

Dropping, or accidentally touching a condl1ctive metal object, 
such as a tool, across exposed battery terminals can produce a 
high current surge that can cause high local heating. This high 
local heating may melt a portion of the conducting material and/or 
cause serious burns. For example, during one track test, when 
removin~ the battery pack the case ruptured when the terminals 
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inadvertently were shorted. The probability of high current 
accidents can be reduced by using protected terminals and well 
designed disconnects. Tools and batterr handling equipment also 
must be insulated. 

Adequate ventilation must be provided around the battery 
wnile charging so as to eliminate the possibility of an 
accumulation of explosive mixtures of hydrogen. Ventilation must 
be provided within the vehicle as well as within the garage in 
which the vehicle is housed. 

3.3 USER EXPERIENCE 

This section documents the results of surveys to gather data 
and information on the experience of individuals and organizations 
who have operated electric vehicles under field conditions. In 
some instances vehicles have been introduced into normal service, 
while in other instances they have been part of a planned 
demonstration program to acquire field data on electric vehicles. 
Electric automobiles, delivery vans, and buses operating in both 
tne United States and foreign countries have been included within 
the scope of this phase of the study. 

The purposes of this study were as follows: 

(1) To determine the performance of present state-of-the-art 
equipmenL in actual day-to-day use 

(2) To compare the experience in field operations with 
results obtained under controlled test track conditions 

(3) To identify the problems experienced by users and define 
equipment limitations in order to assist in formulating a 
responsive electric and hybrid vehicle research and 
development program 

In addition, although intended as a market survey, the study also 
noted consumer acceptance of the electric vehicle concept. 

Information concerning domestic operation of electric 
passenger and commercial vehicles was obtained by the Jet 
propulsion Laboratory through site visits, telephone contacts, and 
survey questionnaires mailed to electric vehicle users (appendix 
D). Experience with the operation of passenger buses in the 
United States, the United Kingdom, Germany, France, and Japan was 
obtained through a survey conducted by Trans Systems Corporation 
under contract to the Department of Transportationl the survey 
results were primarily based on site visits (ref. 7). Time and 
funding limitations prevented surveying foreign cars and delivery 
vans to tne same depth. Information on this latter group was 
based on field visits conducted by the ERDA and NASA staffs, the 
published literature, and some telephone contacts. 
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3.3.1 WhO Uses Electric Vehicles? 

Electric vehicles are presently providing transportation 
services throughout the United States and numerous foreign 
countries (ref. 8). Two user surveys in the united states 
:~dentified nearly 450 electric vans, 1700 electric automobiles, 
and 13 electric buses that are either presently in operation or 
\qere in operation within the past fe~1 years (appendix D and ref. 
7) • 

In the United States, the largest number of electric vehicles 
in operation are CitiCars, small two-passenger vehicles 
manufactured by the Sebring-Vanguard, Inc., which were purchased 
primarily by individuals for use as second cars. Experience, with 
electric vans was obtained from a large program being conducted by 
the United States Postal Service (USPS) to evaluate electric van 
use for local mail delivery and from a demonstration program being 
conducted by 64 electric utilities under the leadership of the 
Electric Vehicle Council (EVC). Use of electric vehicles for bus 
transportation has been quite limited and centers mainly on the 
Electrobus, a 20 to 30 passenger vehicle that has been providing 
service in several localities since 1973. 

Overseas the electric vehicles have been used in Great 
Britain for more than 20 years, primarily as delivery trucks for 
the dairy industry. Today this fleet includes nearly 40 000 
vehicles (ref. 9). Foreign electric utility industries havp. been 
active in electric and hybrid vehicle development. In Germany, 
the GES consortium has 50 electric vans and 22 buses in operation. 
In addition, about 44 electric buses have provided transit 
services in England, France, and Japan (ref. 7). 

3.3.1.1 United States experience. - Table.3-11 summarizes 
the users of electric passenger and commercial vehicles within the 

'lYPE> of Postal Other Transit Water Qlld _areas Private owners 
vehicle service govermv>nt agencies eleetric 

agencies ut:l.lities 

Vehicle name (ntmoer in use) 

AutmobUa EVA llit:J:o (3) EFP MARS II (33) EVE Islander Sebr.lng-VangIlatd 

Zagat:a Elear (6) 
(25) Citicar (1500) 

B&Z Electra Zagato Blear 
King (100) 

Van Harbllt (31) Otis 1'-500 (2) Bat:b:alic (112) 

lIM General CIlA (1) 
D1-SE Elea-
true!( (295) 

Bus Elec:trobus (1) Elect:robus (6) 

Batt:J:onic (6) 
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United States. For eacn type of user , the vehicle manufacturer , 
model, and approximate number of vehicles in operation are 
indicated. 

Automobiles: 

As shown in table 3-11, electric automobiles in use in the 
United States include the CitiCar, Elcar, EVA Metro Sedln, Mars 
II, EVE Islander, and Electra King. Four of these vehicles are 
built from the ground up as electric vehicles. The EVA Metro 
Sedan and the Mars II are conversions of small imported 
conventional sedans to electric vehicles. The numbers of electric 
passenger vehicles shown on table 3-11 are based on car 
registration data and surveys of electric vehicle owners. It is 
estimated that the number of CitiCars (fig . 3-12) presently in use 
is nearly 1500, by far the largest number, whil e Elcars number 
around 100, the second largest group (appendix 0). 

Figure H2. - Two CitiCars being charged. 

The Mars II vehicle, produced by Electric Fuel Propulsion 
Corporation of Michigan, is a conversion of a Renaul RIO. 
Electric Fuel propulsion is reported to have produced 80 electric 
vehicles from 1967 to 1977, 45 of which were the Mars II 
conversions. Thirty-three of these conversions were purchased by 
24 utility companies as part of an electric vehicle evaluation 
program (app ndix 0). 

Twenty-five "Island r" v hicles were built by the 
Electromotion Company of Massachusetts to meet the specifi~ 
requirements of the Sea Pines plant tion Company of South 
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Carolina. Sea Pines Plantation is a 5200-acre resort and leisure 
community which purchased the vehicles for rental to individuals 
for transportation about the resort and to nearby facilities in 
tne area. Seven of tne 25 vehicles were used by the Plantation 
Company for its own personnel and delivery requirements, whil e the 
remainder were rented to the public. 

The other user s of electric automobiles have been government 
agencies. For e xample , ERDA has been evaluating three EVA cars 
which are being used to transport personnel in the Washington, 
D.C. area. The Fermi Laboratory of Stockton, California , has 
purchased six Elcars for personnel transportation within its 
laboratory facilities. 

Identification of the total number of electric vehicles in 
use is complicated by the fact that a large number have been 
"homebuilt" by individuals for their own use or experimentation. 
These are estimated to number between several hundred and several 
thousand within the United States. Because of the specia l-purpose 
nature of these vehicles, they have not been included in the user 
assessment presented in this section. 

Co.nmerc ial Veh icles - Vans : 

Tne USPS electric vehicle program constitutes the largest 
planned demonstration of electric commercial venicles in the 
United States. Two different vehicles have been involved in the 
program. Thirty-one Haroilt electric delivery vans have operated 
since 1973 out of a single post office in Cupertino, California. 
In 1974 the USPS ordered 352 additional delivery trucks built hy 
AM General (fig . 3-13). To date, 295 of tnese have been used f o r 
postal delivery service in 22 offices throughout the United State s 
( re f. 10). 

Figure 3-13. - AM General DJ-5E Electruck at a charging station. 
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Another program involving delivery vans has been conducted by 
the EVC. The EVC, which was formed in 1968 by the Edison Electric 
Institute , initiated its Work Vehicle Program in 1970 to develop a 
battery-powered van for use in short-range multistop missions. 
One hundred and seven vehicles were produced by the Battronic 
Truck Corporation under this program in 1974 and delivered to 
utilities for evaluation (ref . 11). In addition to these 107 
vans, individual utilities purchased another 5 Baltronic vehicles, 
making a total of 112 Battronic vans operating at 6 utilities. A 
Battronic van is shown in figure 3-14. 

-

D . 
" -. 

figure H4. - 8attronlc van In Electric Vehicle Council's Work Vehicle Program. 

Other efforts with vans in the United State~ have been much 
more limited. Two Otis vans have been operated at NASA Lewis in 
Cleveland, Ohio, since March, 1975 (memo from R. J. Denington, 
NASA Lewis, to D. Richie, Jet Propulsion Laboratory). The Copper 
Development Assoc iat ion, an industry group, has des igned an 
experimental battery-powered van that was tested for 2 years in 
routine daily use by the water Department of Birmingham, Michigan 
(re f. 12). 

Buses: 

Use of electric buses within the United States has not been 
extensive. Three Electrobus vehicles currently are operating in 
Long Beach, California, three on Roosevelt Island in New York, and 
one is being operated by the National Capital Park Service to 
carry personnel between agency offices in Washington, D.C. 
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Battronicalso has developed a bus that has been operated in 
several cities~ including a Model Cities Demonstration program 
using six vehicles in Lansing, nichigan. However, the Battronic 
buses are .no, longer in service in Lansing. 

Summary of united states Experience: 

SUmmarized in figure 3-15 is the present electric vehicle 
usage in the United States in terms of kilometers traveled. 
Modern electric automobiles are est.imated to have traveled over 6 
million kilometers (3.7 million miles). The greatest percentage 
of th.is travel has been ass.ociated with privately owned vehicles 
used for personal transportation. Electric vans, by comparison, 
have lo.gged ilpproximately 1.3 million kilometers (0.8 million 
miles), whil~ buses have operated an estimated 250 000 kilometers 
(155 000 miles). 
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Both the vehicle duty cycle and the total vehicle usage are 
very modest when compared with other transportation modes in the 
United States (fig. 3-16). Annual mileage for electric vehicles 
is low, typically 5000 kilometers (3000 miles) per vehicle each 
year, compared with an average 18 000 kilometers (11 000 miles) 
per year for the American automobile and 94 000 kilometers (58 000 
miles) per year by interstate buses. The total annual travel for 
electric vehicles has been increasing rapidly and is presently 
estimated to be approaching 8 million kilometers. This compares 
with over 640 million kilometers (400 million miles) recorded each 
year by rapid rail or subway cars, over 2.4 billion kilometers 
(1.5 billion miles) by transit buses, 1.4 billion kilometers (0.9 
billion miles) by interstate buses, and 1.6 trillion kilometers (1 
trillion miles) per year by private automobiles. 

1OOX103 
6Ox103 

o Interstate bus 

E oS! 
"" 80 's .,; 50 
u .,; 
:;: :8 
'" .<:: OHeavy rail > '" ... > 
'" ... 
CL gt 40 
'5l 60 '0 
Q; '" > Q; 

e > - e 
'" -u cu 30 o Transit bus c u 
.19 c 
.!!! .l9 

'" 40 .!!! 
'0 m m o LIght rail :l 

c :l 20 c c o Trolley coach 
'" c 

'" '" E cu 

E Private automobile cu 20 .iC cu 0 .iC 10 

o All electric vehicles 
0 0 

104 106 108 1010 1012 1014 
Total annual distance traveled, mile 

I I I I I 
104 106 108 1010 1012 1014 

Total annual distance traveled, km 

Figure 3-16. - Vehicle travel In the United States. 
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3.3.1.2 Foreign experience. - Table 3-12 summarizes foreign 
activity with electric automobiles, commercial vehicles, and 
buses. The number of vehicles in service is shown in parentheses. 
The 320 vehicles built by Japanese firms for E~po 70 in Osaka, 
Japan, are no!;. included in this.table because they are no longer 
in service.· There is a great deal Of prototype and developmental 
activity in process overseas. These exprimental vehicles have not 
been included in the table, unless operating experience and 
in-service data. were available. 

'I2\JlLE 3-12. - roREIGI/ USEPS OF =0 VEHICLES 

'l'yJ!C> of Great Britain Franco l>ost Gel:!rany Japan Netherlands - Italy 
vehicle 

Vehicle nane (nlllriJer of vehi~.s in use) 

I\ut:aroblle Enfl.el.d (63) EDF (90) Passenger ~litkar (35) volvO (2) Elcar (500) 
cars (Ul) 

Van Lucas CF (14) Pestafet:t.e _es (30) Vans and Saab/l\G1\ (3) Fiat (2) 

Milk floal:!J" SOVEL WI Electro- trucks Vespa (7) 
lIR-19 (356)C (35 000) (400) trans-

Dollvexy· porter (20) Minibuses 
(5000) COB (30) (21)C 

Chloria. (1) = (43) 

Bus Lucas (1) SOVEL 3Tl M.A.N. (20) Isuzu (2) 

Chloria. (1) 
(5) 

Dornior (3) Mi 1:S1lbishi . 
C!:a!pt:cn (2) M3roedes (2) m 13 (1) 

Ribble (1) Hino (1) 

Mi 1:S1lbishi 
ME 460 (4) 

Rawasald (4) 

"Manufacturers inclu:le Harbilt Electric Vehicl<>s, Ltd.; craq>ton Electricars, Ltd.; lloss Asto; Smith's Elec
tric Vehicles, Ltd.; W&E Vehicles. 

"Manufacturers inclu:le D<rll1aI:!JU, SUzuki, 'll:lyo Kogyo, and Ninsan. 

bufacturers 1nclwe D<rll1al:!Ju, Suzuki, 'll:lyo Kogyo, Mil:!Jubishi, Toyota, and Ninson. 

Automob iles: 

~he largest foreign manufacturer of electric automobiles is 
Zagato, an Italian firm that has produced approximately 500 small 
two-passenger electric vehicles known as Elcars for sale primarily 
to individual owners in Europe and the United States. A larger 
version of the Elcar recently has been announced with a van model 
also being offered. 

In Great Britain, the United Kingdom Electricity Council 
contracted with Enfield Automotive to supply 20 cars for 
demonstration use by area electricity boards (USPS data sheet on 
their electric vehicles provided to Jet propulsion Laboratory). 
Since February 1967 these vehicles have been in operation 
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throughout England and Wales. A total of 80 Enfield car s have 
been produced and are in use in various locations throug hout the 
world. Enfield Automotive, howeve~, is no longer in bus iness . 

French efforts include the work of the Electricite de France 
(EDF) Group who have been testing converted Renault R4 and R5 
automobiles (see fig . 3-17) in French cities for severa l years 
(ref. 13). About 90 vehicles have been built to date. Fifty-four 
were used during 1973 and 1974 by EDF employees to make customer 
service calls in Paris and its suburbs. 

Figure 3-17. - Renault R4's on charge in France. 

For several years after World War II Japan had approximate ly 
4000 electric vehicles in use throughout the nation. As gasoline 
became more plentiful in the 1950's, electric vehicles decreased 
in popularity until, by 1976, there were only 111 electric 
passenger cars registered in Japan (T. J. McGean and Louis 
Schmidt, discussion and review of Jet Propulsion Laboratory files, 
June 1977). In the late 1960's concern over air pollution, 
traffic congestion, and petroleum scarcity caused renewed interest 
in electric vehicles. By 1970, 30 prototypes of different sizes 
and configurations had been developed by private industry. 
Considerable impetus was given to this effort by the decision to 
ban gasoline-powered vehicles from t he 1970 World Exposition held 
in Osaka. As a result, 320 electric cars and trucks were built 
and operated at the Expo 70 site (ref. 14). The Japanese 
government has given further support t o electric vehicle 
development by establishing a National Research and Development 
Program under the Ministry of Tr de and Industry (MITI). 
Approximately $19 million has been allocated over the period from 
1971 to 1977 for the development, testing, and demonstration of a 
variety of automobiles, vans, trucks, and transit buses. A second 
phase of the project has been under way since 1975. This program 
is discussed further in section 3.4. 
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Figure 3-18. - A Witcar station in Amsterdam. 

One interesting e xperiment has been the Co-op Association 
Witkar program in Amsterdam (based on trip notes of R. Kirk of 
ERDA, Washington, D.C.). Since March 1974, 35 small 390-kilogram 
(860-lb) electric vehicles have been available for rent from five 
stations in the urban center. One station is shown in figure 
3-18. Payment of a one-time fee of 50 guilders (approximately 
$20) provides a membership in the association and a magnetically 
coded plastic membership card. When this card is inserted into a 
computerized vehicle management system it serves as a Witkar key. 
Rental fees are automatically computed and members are billed 
monthly. There are presently 4200 members of the Witka~ system . 
The rental fee is 1 guilder (40 cents) for 10 minutes of use. 
Trips are typically about 1 to 3 kilometers (0.6 to 1.7 miles). 
The Association plans to expand from 5 to 10 stations with 100 
vehicles in operation in the near future. 

Commercial Vehicles - Vans: 

Great Brit in, the world leader in the use of electric 
delivery vehicles, has been using them commercially for over 20 
years. The dairy industry has 35 000 electric "milk floats" (fig. 
3-19) in daily servic. Electric vehicles are also ~sed for 
delivery service, street cleaning, and refuse collection as well 
as mobile can eens . There are many established vehicle suppliers 
in Great Britain who are engaged in manufacturing and testing 
electric delivery vans, buses, and personnel carriers. Figure 
3-2 shows one of these vans . 
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Figure 3-19. - A "milk float" In England. 

Agure 3-20. - A Harbllt Postal Service van at charging station 
in the United States. 

In West Germany , the GES (Gesellschaft Fur Elektrischen 
Strassenverkehr M.B.H.), a subsidiary of the largest utility 
company RWE (Rheinisch-westfalisches Elektrizitatswerk, A.G.) , has 
been cooperating with a consortium of electrical equipment, 
battery , and machinery companies to develop electric vehicles 
suitable for short-haul delivery in urban areas . A fleet of 20 ~~ 
Electrotransporters has been in service since late 1973 , some of 
them are shown in figure 3-21. Fifty additional vehicles are 
scheduled to be available by September 1977. Thirty Daimler-Benz 
vehicles have been in regular service since the end of 1975 with 
the addition of 30 more planned . GES ' s primary aim has been to 
collect technical and economic data on these in-service vehicles 
in order to evaluate their performance and measure their potential 
large-scale applicability. Exc~pt for the initial tests at the VW 
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(a) Part of a fleet. 

(b ) Battery pack being removed. 

Figure 3-21. - Volkswagen Electrotransporters. 

facility in Wolfsburg, the VW vehicles have been operated in and 
around Dusseldorf. Twelve of the vehicles were assigned to the 
Public Works Department, while the remaining ones were used by the 
local RWE electricity supply authority. The Electrotransporters 
have been used primarily to transport materials and people for the 
inspection and maintenance of stations. The Daimler-Benz vehicles 
have been used primarily for postal delivery service. The 
Daimler-Benz testing pro3ram has been aimed towards increasing the 
battery c pacity, and thus the payload and range of the vehicle, 
in order to reduce the operating costs. 

In Japan Daihatsu tested 19 electric delivery vans in an 
experimental program in 1976. The vans were operated in Senboku, 
a new town in Japan situated 20 kilometers (12 miles) south of 
Osaka. The vans were used in a central delivery system which was 
successful in reducing delivery times and doubling productivity 
(ref. 15). 
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The Asabi-Shinbun Press in Tokyo, Japan, is experimenting 
with a fleet ( r battery and hybrid electric vans made by Daihatsu 
and TOyO Kogy rhe vans are used in delivery areas where 
res ident:~ ar" .ill sleeping" The hybr id trucks leav ing the 
Setagay~ faci Ity operate on batteries as they pass through a . 
housing c.;omplc '., shift to internal combustion engines for the tr1p 
into Tokyo, ar,J then shift back to batteries for quiet deliveries 
through the residential neighborhoods (ref. 16). 

In addition to the electric passenger automobiles, 
approximat,'ly 377 vans, trucks, and minibuses were also registered 
in Japan c,'; of the fall of 1976 (personal communication to H. W. 
Merritt from Chikako Kimura, International Association of Traffic 
and Safety Sciences, Tokyo, Japan, 1977). Their use is as 
follows: 

Electric company seY~vice 60 

Telephone and tele'graph corporation service 20 

Milk delivery 12 

Newspaper delivery 220 

Osadano industrial area, Ksyoto 35 

Local governments 30 -
Total 377 

Electric trucks have been used for 40 years in France for 
dome~tic refuse c~llection, ~nd 400.trucks presently are in 
serV1ce. The Soc1ete SaVEL 1S a maJor supplier of these vehicles. 
Other ongoing activities include a 'demonstration of 20 small 
three-wheeled COB vans assigned to maintenance and repair staffs 
of the French utility EDF in the Paris area. The COB is an 
original design rather than a conversion of a conventional 
vehicle. 

There have been two advance prototype vehicle programs in 
Italy. Since late 1973, ENEL, the Italian electric utility, has 
sponsored a development program with Fiat. The objective was to 
design and construct two identical vehicles" one with a DC series 
motor, the other with a DC shunt motor. A Fiat 850 T light truck 
was used as the basic chassis. The vehicle with the shunt motor 
has outperformed the one with the series motor with regard to 
range, speed, and climbing ability. Although the two vehicles 
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hav bee n tested e xtensively , neither one has been released for 
9 neral use (ref. 17) . The second Itali·an prototype is a 
commercial three-wheeled vehicle patterned after the conventional 
V spa Ca r (fig. 3-22) . Preliminary road tests have demonstrated 
that h vehicle has good maneuverability , easy handling , and g~~d 
accelera+;ion . 

Other overs as activities have includ d e xperimentation with 
thre Electromotion vans by SAAB in Sweden . This work , in 
~ooperation with the Swedish firm AGA , is aimed at developing a 
prototype for an electric Swedish Post Office delivery truck. 

Figure 3-22. - The lIall~n Vespa electrocar. 

Buses: 

There has been much more activity overseas with electric 
buses than in the United Stales. Forty-four electric buses have 
been operating throughout Europe and in Japan since 1972. During 
this period the buses have accumulated 3.1 million kilometers (1.9 
million miles) in passenger service. 

The most extensive developm nts have occurre in west 
Germany . A fl et of 20 M. A •• SL-E Elektro-Buses, one of wh ich is 
shown in figure 3-23(a) , provides to tal public transporta ion 
along thre rou tes in Ous£eldorf and its suburb Monch ngladb ch. 
Batteries ure c&rri~d in trailers b hind the buses and are 
exchanged a stations in th maintenance terminals (fig. 3-23(b». 
Battery exchange is accomplished automatically dur ; ng as-minute 
rest period drivers are g . Jen betw en runs. 

Similar bus s ystems have be n d veloped in Japan. 
Mitsubishi, Hino, nd Isuzu buses operate with automatic ba t ry 

76 



III In roule Ie battery Irailerl . 

." £)Cchlnglng ballerles. 
FIgure 723. - The M.A. N. SL-E Eleklro-Bus In Dusseldorf. Germany. 

ex=hanges in Kobe, Nagoya , and Osaka, respectively. The four 
Mitsubishi buses in Kobe operate along five different transit 
routes and have accumulated approximately 322 000 kilometers (200 
000 miles) since September 1975. Another Mitsubishi electric bus 
provides transit service along a 23-kilometers (14-mile) route in 
Kyoto. A fleet of four hybrid diesel-electric buses has operated 
in Tokyo since November 1972. The.e buses have traveled a total 
of nearly 402 000 kilometer. (250 000 miles) in transit service. 
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A fleet of five SOVEL electric buses has ~ een operating in 
Tours, France, since January 1976. These buses operate on 
10-minute intervals over a figure eight route that serves a 
railroad station , public parks, and municipal offices. Nearly 
100 000 kilomet rs (62 000 miles) have been accumulated . 

The South Yorksh re Public Transport Ex cutive in Sheffield, 
England, is currently op rat ng four electric battery buses. This 
fleet includ s one Lucas Midi-Bus, the Chloride "Silent Rider,· 
and two Crompton Midi-Buses that have be n modernized from an 
earlier experim nt sponsor d by the Departm nt of Industry. The 
Midi-Buses operate on a c ntral-city shopping route , whereas the 
1 rger Silent Rid r provid s commuter service. A Lucas bus is 
shown in figure 3-24. 

figure rtll. - A Lucas bus In England. 

Runcorn, a new town on England's west coast, is served by an 
electric battery bus which operates on 80 kilometers (50 miles) of 
exclu ive busways. This bus, built by Ribble Motor Services, 
Ltd., under a project sponsored by the Department of 
T ansportation , carries the batteries on a trailer. 

Innovations in hybrid and externally powered electric 
v hicle have b en und r way in West Germany and France. Dornier 
has developed a hybrid trolley-battery bus that is used in 
Esslingen. Thi bus us s existing wired routes but can operate 
independentl y on its battery supply. Daimler-B nz also developed 
a hybrid diesel-battery bus, two of w~ich are now being tested in 
We"el, Germany. 
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3.3.2 How Are Elt_eric Vehicles Used? 

The characteristics and the limitations of present electric 
vehicles have resulted in the following patterns of use: 

(1) Daily distance traveled (fig. 3-25): For vehicles 
recharged once a day, daily distances range from a few kilometers 
to maximums of 70 to 80 kilometers (44 to 50 miles). Typical 
distances traveled vary from 10 to 65 kilometers (6 to 40 miles) a 
day. Distances up to 350 kilometers (217 miles) a day are 
achieved by battery replacement and recharge during the day. 

(2) Recharging: The vehicles generally are used during the 
day and the batteries recharged overnight. In some foreign buses, 
the batteries are removed several times each day and recharged 
during these intervals. 

mi km mi km 
250 50 80 Ribble bus 

crompton bus 

70 
1'1, A. N. bus 

200 40 COA van 

Sovel bus 
Long Beach Electrobus 

1i! 
]1 

30 ~ 150 
B 
c: 
J2 
~ 

200 'Ei 
:z:-
'n; 
'C 
Q) 

Mitsubishi 20 NASA Lewis-Oils van '" 100 E ME460 bus 30 Q) 

~ 

Lucas bus CiliCar (privately owned) 

100 Isuzu bus USPS - Harb\lt van 
50 Chloride 10 PP&L-Ballronlc van 

bus USP -AM General DJ-5E 

ERDA - EVA car 

0 0 0 
Multiple charges each day Charged once a day 

Figure 3-25. - Typical daily distance traveled for electric veh leles. 
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(3) Distance between stops: For those vehicles in highly 
routinizedserv:!.ce, the scheduled stops range from 1 to over 25 
stops per kilometeJ: (2 to over 40 stops/mile) (fig. 3-26). 
Accordingly, distances between scheduled stops range from 0.04 to 
1 kilometeJ: (0.02 to 0.6 mile). Although the uses of private 
electric automobil.escannot be characterized as simply, their 
distances between stops are those typical of the urban commuting 
or shopping service in which they are used. 

(4) Speed: 'The urban applications ordinarily do not require 
speeds above the vehicles' capabilities of 50 to 80 kilometers per 
hour (30 to 50 mph) • For some applications average speed is very 
low - for example, 1 to 3 kilometers per hour (less than 2 mph) in 
postal delivery and 11 kilometers per hour (7 mph) for some buses. 
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Figure 3-26. - Frequency of stops. 
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practice Tou bus 

Figure 3-21. - Grades encountered by electric vehicles. 

(5) Topography: The maximum road grades over which the 
electric vehicles are driven (as shown by fig. 3-27) vary greatly 
with the locality, values of 5 percent or less being quite common 
and values as high as 10 percent being not unusual. 

(6) Climate: Despite the adverse effects of low temperature 
on battery performance, electric vehicles are in use in all 
regions of the united states. 

(7) Annual distance traveled: As shown in figure 3-28, 
electric automobiles travel up to 5000 kilometers Q year (3000 
miles). Buses and vans travel as much as 12 000 to 15 000 
kHometers a year (7500 to 9300 miles). These distances are 
increased to the order of 40 000 kilometers (25 000 miles) a year 
for buses having battery replacement during each day. 
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(8) Fleet usage: Electric vehicles typically have been 
operated in small fleets (where a fleet is defined as a group of 
vehicles operating out of a single maintenance area). Figure 3-29 
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Figure 3-29. - Fleet characteristics for domestic electric vehicle 
operations. 

3000 

shows the characteristics of fleets operating in the United 
States •. 

The largest fleets have been in the USPS program where fleet 
sizes have ranged from 5 to 99 vehicles. The EVe project with 
Battronic vans has been characterized by small groups of from 1 to 
6 vans. The electric utility program involving Mars II 
conversions 'assigned 33 cars to 24 separate utilities with the 
largest fleet being 8 vehicles. For private automobiles, 
typically only I or occasionally 2 vehicles are owned rather than 
a fleet. 

The transit industry similarly has tended to use only a few 
electric buses per location. The largest electric bus fleet in 
the united States was the 6 vehicles operated briefly in Lansing, 
Michigan. 

3.3.3 Factors Which Influence Electric Vehicle Acceptability 

In addition to the electric vehicle range discussed 
previously, the following factors influence the electric vehicles 
acceptability: (1) battery life, (2) status of vehicle ' 
development, (3) environmental, and (4) comfort, that is, 
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driveability and amenities. A-detailed. discussion of batteries 
may be found in section 4.7 and appendix C; a brief discussion of 
battery life is presented next. The status of electric vehicle 
development is discussed in section 3.3.4, Reliability and 
Maintainability. 'J)he other factors, environmental and comfort, 
are discussed h9rein. 

3.3.3.1 Battery life. - Battery life has been the user's 
biggest problem with electric vehicles in the United States and 
Canada. Of the vehicles surveyed, only those involved in the USPS 
program have accumulated sufficient use and maintained adequate 
records to define battery cycle life. 'J)he USPS OJ-SEts have been 
experiencing a battery cycle life of about 300 cycles. The 
manufacturer is believed to have identified and solved the problem 
and expects to be able to achieve a cycle life of 1500 cycles in 
the USPS application. However, the 300 cycles is representative 
of the life reported by most other users of American-built 
vehicles. With the exception of the USPS Harbilt vehicles, none 
of those surveyed have been able to get much over 9654 kilometers 
(6000 miles) out of a set of batteries. At the daily average 
mileage of most electric vehicles this represents a cycle life of 
250 to 300 cycles. Many users have reported much shorter battery 
life. However, the Harbilt vehicles offer considerable t· 
encouragement as they have all accumulated more than 15 OeD 
kilometers (10 000 miles) without any total battery replacements 
(a few vehicles have had one or two cells replaced). I ) 

3.3.3.2 Environmental effects. - Environmental effects can t 
shorten battery life. Very high ambient temperatures increase 
water lost by the battery and the water loss reduces battery 
capacity, which increases the depth of discharge on each cycle and 
reduces battery life. 

Very low ambient temperatures severely reduce battery 
capacity. For example, Hydro-Quebec of Montreal, Canada (appendix 
0), found that at -50 C (230 FI their batteries had only 65 
percent of the energy content delivered at 200 C (68 0 F). At even 
lower temperatures the energy deficit would be worse. Not only is 
the battery's capacity diminished in cold weather, but the energy 
demanded from the battery also can increase in winter. Snow on 
the road surface adds to the power needed to move the vehicle. 
Othe~ battery loads from a heater, windshield wipers, and lights 
also increase in winter, especially in the northern states. For 
example, in Evansville, Indiana, the USPS found that electric 
vehicle consumption of electrical energy (kWh) increased in 
January almost 50 percent over that in warm weather; in some 
instances, their vehicle could not complete the assigned routes of 
8 to 10 kilometers (5 to 6 miles). In Merrill, Wisconsin, the 
useful range .ofa Battronic bus dropped 50 percent in subzero 
weather (below -180 C (00 F). 
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The key to mitigating the problem of high and low temperature 
operation is to control battery temperature. For high ambient 
temperatures, the batteries need augmented cooling. For low 
temperatures, both battery thermal insulation and a means to heat 
the battery are needed. Inasmuch as battery charging warms the 
battery, continuation of battery charging up to the time of 
vehicle use would help substantially in very cold weather. 

Hills also impose an added drain on the battery, a factor 
contributing to reduced range and shortE>h<;!d battery life. 

3.3.3.3 Comfort, driveability, and amenities. - Passenger 
compartment heating in most electric vehicies is provided by 
fossil-fueled heaters to avoid excessive battery drain. In the 
case of the M.A.N. electric buses operating in l'1est Germany, fuel 
consumption for heating consumes as much fuel as a diesel powered 
bus. Inadequate heating of passenger compartmenb, of electric 
vehicles was frequently reported as a problem by users. 

User experience with electric vehicles in ice and snow is 
varied. Some users have found the heavier weight and lower 
acceleration capabilities to be well suited to operation under 
these conditions. Other users have reported vehicle handling 
problems serious enough that the vehicles are not operated when 
roads are icy. It is evident that careful attention to weight 
distribution is essential to preserve vehicle handling 
characteristics. 

Because of the limited range provided by current batteries, 
most electric cars are designed to minimize weight and power 
consumption. As a result, there is a tendency to skimp on 
accessories related to passenger comfort. These accessories 
include air conditioning, heater and defroster, power assisted 
steering or braking, and suspension. None of the vehicles 
surveyed were equipped with air conditioningl a concern in warmer 
parts of the nation. 

Power-assisted steering and braking usually are not provided. 
This is not a problem on the small cars because of their low 
weights. On commercial vehicles and buses it makes driving the 
vehicle more difficult. The Electrobus is equipped with 
power-assisted brakes, but like the other electric buses surveyed 
it has a truck type of suspension using leaf springs instead of 
the more comfortable air suspension used on conventional buses. 
Air suspension is not used because the air compressor consumes 
significant energy and also adds additional weight to the vehicle~ 

Ride quality is also a problem for some vehicles. 
Respondents to two separate surveys of electric vehicle owners 
cited poor ride or suspension characteristics as a major complaint 
(ref. 18 and appendix D). 
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.3.3.4 Reliability And Maintainability 

Because they have fewer moving parts, it is often claimed 
that electric vehicles are more reliable and less expensive to 
maintain than conventional vehicles. ~he data collected on user 
experience with electric vehicles in the united States do not 
support these contentions as measured by failure rates and repair 
costs experienced in the field. These higher-than-desired failure 
rates and costs probably can be attributed to lack of experience 
in the electric vehicle indust,ry rather than being inherent in the 
nature c1f the electric vehicle concept. Where electric vehicles 
have a long history of operating experience, for r~xaml?le, in Great 
Britain, their reliability and maintainability have been 
excellent. 

3.3.4.1 Design maturity. - Electric vehicles have been 
produced by U.S. manufacturers in such small quantities that they 
have not yet reached maturity as production vehicles. Also, the 
American electric vehicle industry it.self is not well established. 
Fewer than half the manufacturers producing vehicles during the 
period 1972 to 1975 were still in business in 1976, and over 
two-thirds of U.S. suppliers have been in the business for less 
than 3 years (appendix D). 

The result is that user e~perience is distorted by 
evolutionary changes in vehicle de'sign and problems chfJracteristic 
of prototype or development vehicles. The experience of the USPS 
illustrates this point. Numerous design and reliability problems 
were encountered during early operation of one type of van, which 
was designed in 4 months by the manufacturer. On the other hand, 
outstanding reliability and performance were obtained with a 
British van (appendix D) whose design and construction evolved 
during the production of some 40 000 vehicles in England. The 
first van averaged 15 times as many failures as the other Harbilt 
postal van. 

3.3.4.2 Failure rates. - The failure rate for electric 
vehicles operating in the United States, measured in terms of 
incidents per thousand kilometers traveled, has been 2 to 7 times 
higher than for comparable conventionally powered vehicles. These 
high failure rates largely result from the developmental nature of 
electric vehicles manufactured in the United States. 

Figure 3-30 shows failure rates per thousand kilometers 
traveled obtained from the operating records of electric vehicle 
users. Typical failure rates for conventional buses and electric 
rail cars are shown for comparison. Present united States 
electric vehicle failure rates are running from 1 to 2 per 
thousand' kilometers (2 to 3 per 1000 miles), compared with 0.3 to 
0.5 per thousand kilometers (0.5 to 0.8 per 1000 miles) for 
conventional equipment. 
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~ notable exception is the British-built Harbilt van used by 
the USPS in Cupertino, California. These vans have experienced a 
rate of 0.1 per 1000 kilometers (0.16 per 1000 miles), five times 
better than any conventionally powered equipment. In nearly 18 
000 vehicle days of service, USPS records show only 33 days out of 
service, an availability in excess of 99 percent. 

3.3.4.3 Causes of failures. - Records of failures have been 
kept for two major electric vehicle programs in the united States 
involving 407 vehicles. In addition, 230 responses to a 
questionnaire were received from owners of electr.ic vehicles. 
Figure 3-31 shows the distribution of causes of failure for these 
637 vehicles. 

The primary causes of failures were associated with the 
electric propulsion system, its controls, and charging. These 
failures represent 91 percent of all incidents reported for 
program A, ,63 percent of those reported for program B, and 76 
percent of those reported by private vehicle owners. Survey 
results indicate no significant motor problems in programs A and 
B, but private owners surveyed did report motor failures. 
Electrical problems were mainly concerned with the controller, 
charger, and batteries. 

Approximately half the electrical failures in program A were 
with the controller. All three sources of information experienced 
about the same percentage of battery problems. Mechanical 
problems, primarily associated with the braking system, represent 
between a quartor and a third of the failures for the private 
vehicles and program B, respectively. i 

3.3.4.4 Support reguirement~. - Reported operating 
experience with electric vehicles indicates that repair times are 
quite short in terms of·man-hours to make the repair but that long 
delays in getting parts needed to repair vehicles are common. For 
the private vehicle owners who reported doing their own repair 
work, the majority stated that the vehicle is easier to repair 
than a conventional vehicle but that parts are harder to get. 
Warranty repair records indicate that repairs for the program A 
vans averaged less than 1 man-hour, yet many vehicles were idle 
for weeks at a time awaiting replacement batteries or parts for 
the motor or (controller. Poor support from manufacturers or 
dealers was a frequent complaint. 

The major scheduled maintenance is for the batteries. Other 
regular maintenance includes lubrication, brake adjustment, and 
tire inflation. 

3.3.4.5 Battery maintenance. - Battery charging is not in 
itself a maintenance procedure, but it does influence the amount 
of maintenance required and the way in which it is performed. 
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Three techniques are used: 

(1) The battery may be re,charged in the vehicle by a charger 
on the vehicle. In this case the vehicle is plugged into any 
available outlet of proper voltage and load rating, an approach 
common for passenger cars. These vehicles could be recharged away 
from their home base, such as at a commuter station or a shopping 
center, but this is done in only a few cases. 

(2) The battery may be recharged in the vehicle by a charger 
located in the maintenance facility. This eliminates the weight 
of the on-board charger and is the approach most commonly used for 
commercial vehicles. 

(3) The battery may be removed and replaced with a fully 
charged battery (see figs. 3-2l(b) and 3-23(b)). This approach 
improves vehicle use and is common for buses traveling distances 
beyond the battery's capability. Table 3-13 summarizes the 
recharging techniques reported for various electric vehicles in 
the United States. 

TABLE 3-13. - BATTERY RECHARGING TECHNIQUES 

Type of vehicle Battery in vehiCle Exchange 
battery 

On-board charger Off-board charger pack 

Automobile Sebring-Vanguard 
CitiCar 

EVE Islander 
EFP Mars II 

Van USPS AM General USPS Harbilt 
DJ-sE Electruck - USPS AM General option DJ-sE Electruck 

EWVP Battronic CDA 

Bus Electrobus Battro11ic 
Ribble M.A.N. SL-E 
SOVEL Mitsubishi ME 460 
Lucas Isuzu EV as 
Chloride Hino BT 900 
Compton 
Mitsubishi TB 13 

.. -

Normal battery maintenance includes voltage and electrolyte 
le~el checks ~nd perio~ic cleaning.and watering. Reported 
ma~nten~nce)t~mes ~equ~red to serv~ce batteries for several fleets 
along w~th the estlmated battery service cost per kilometer 
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TABLE 3-14. - ROUTINE BATTERY MAINTENANCE 

Vehicle Labor, Cost, 
. (man-hours)/(vehicle-year) $-/km 

USPS AM General 8 0.02 JjJ-5E Electruck 
EWVP Battronic Minivan 88 .22 
Birmingham CDA van 48 .04 
Long BeachE1ectrobus 104 .08 -

f ~, 

traveled are shown in table 3-14. The relatively low man-hour requirement for the AM General van results from both the ease of acceSS to the single battery and from the economies of scale with larg_e'rfleets. The cost of batt.erY maintenance can be high unless Care' is taken in vehicle design and maintenance planning in order to provide effective techniques for filling, charging, and cleaning. . 
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3.3.5 Energy Consumption By Electric Vehicles 

The energy consumed by various electric vehicles has been measured under actual service conditions, and the reported results are plotted in figure 3-32. Energy drawn from the electr ic power lines was measured by a residential type of watt-hour meter and includes all losses in the charger and the vehicle. Because of .. the trend of ri~ing energy use with vehicle weight, the data were normalized in figure 3-32 to show energy consumption per thousand kilograms. Energy consumption varies from 0.15 to 0.8 kilowatt hour per kilometer per 1000 kilograms (0.1 to 0.6 kWh/mile - 1000 Ib) depending chiefly on the service conditions. Postal vans with their severe stop-and-go service have fairly high pnergy use. 
An additional factor is the enerqy used in overcharging the battery. In general, the batteries are overcharged somewhat in actual service so that full charge might be assured. A given amount of overcharge represents· a proportionally higher waste of energy if the battery being recharged was only slightly discharged in service. Thus, vehicles whose service only slightly discharges the battery are less effective in their energy consumption, a factor reflected in figure 3-32 as high values of kilowatt hours per 1000 kilometers per 1000 kilograms. 

3.3.6 Costs of Electric Vehicles 

Life cycle costs of electric vehicles include initial costs, maintenance costs, battery replacement costs, energy (electricity) costs, and vehicle ownership costs (i.e., financing, insurance, and taxes). This subject is discussed in detail in appendix D and summarized in the next section. 

Estimates of life cycle costs have been made for a few of the user programs surveyed and result in relatively high cost per unit distance traveled. These high cost estimates result primarily from the high initial cost of the vehicles, high failure rates, short battery life estimates, and the limited distances that vehicles travel. All these are dependent on how the vehicles are used and the state of electric vehicle technology. Considerable uncertainty also exists as to what values to use for the costs, especially for the battery. Thus, all the cost estimates presented must be carefully evaluated before applying them to other situations. 

3.3.6.1 Initial vehicle costs. - Initial costs of electric vehicles surveyed in the united States ranged from $3300 to $10 800 in 1977 dollars. Cost of the united States manufactured electric vehicles was found to be roughly proportional to vehicle curb weight, ran~ing from $4 to $6 per kilogram ($1.81 to $2.70/lbm) as compared with about $3 per kilogram ($1.35/lbm) for conventional vehicles. 
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3.3.6.2 Maintenance and repair costs. - Reported routine .. ' maintenance costs vary considerably between electric vehicle models and user programs. This variation is largely due to the fact- that battery maintenance is the major component of routine maintenance for electric vehicles and that the time required for battery maintenance is heavily dependent on the number, size, and accessability of batteries: Repair costs for the united States 'electric vehicles have been high due. to el:ceSsively high failure rates and high part costs. Individual failures do not generally require significant man-hours for repair. However, failure rates have been so high and parts so expensive that total annual repair costs have been sUbstantial. The best available estimates of total annual maintenance costs per vehicle experienced to date vary from $80 to $980 per year. The lower costs are associated with the very reliable Harbilt postal van. The higher costs reflect the high failure rates of the immature united states vehicles and can be expected to decr~ase with longer term experience. 

3.3.6.3 Energy costs. - Energy costs constitute a·relatively small portion of the total annual cost or per mile cost of electric vehicles;- For all surveyed cases the energy costs are less than 10 percent of the total cost and in many cases less than 5 percent. Energy costs vary with power consumption and electric P9wer rates. Power consumption varies with the vehicle, driving cycle, and manner in which the vehicle is driven. Energy costs averaged approximately $0.01 per kilometer traveled for every thousand kilograms of vehicle weight and generally amounted to less than $100 per vehicle per year. 

3.3 •. 6.4 Battery replacement costs. - Replacement batteries for the vehicles surveyed cost from $400 to $3000. The cost per kilometer driv'en varied from $0.06 for the Harbilt postal van to $0.63 for a large U.S.-built van. 

3.3.7 . Institutional And Social Factors 

Because electric' vehicles are new and not yet comparable to ccnventionally powered equipment in terms of range, speed, acceleration, and comfort, their successful introduction to public use requires careful attention to institutional and social factors. Examination of successful electric vehicle introductions indicates the following factors to be of importance: 
(1) positive management and staff attitudes towards electric vehicles 

(2) properly trained operating and maintenance personnel 
(3) Us~ in a suitable applicacion 

(4) Adequate service and spare parts 

o 
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In addition, institutional obstacles were sometimes encountered, 
such as obtaining appropriate insurance. 

3.3.8 Consumer Acceptance of Electric Vehicles 

What has been the response of the consumer, those who drive 
or travel in electric vehicles? The attitudes reported were 
mixed. The public is enthusiastic about the concept of a vehicle 
that i·s quiet, environmentally sound, and an alternative to 
petroleum-dependent transportation. However, many of those who 
have used the electric vehicles produced in the past several years 
are disappointem with their vehicles. present electric vehicles 
are often viewed as poorly designed, unreliable, and somewhat 
impractical conveyances, and the support structure for parts and 
services is often considered inadequate. 

Consumer views on electric automobiles were obtained from a 
survey (ref. 11). The owners were generally males between 25 and 
55 years of age who had been using their electric vehicles for 
approximately 1 year at the time of the survey. The respondents 
had numerous complaints about the quality of workmanship, ride 
quality, and performance of their vehicles. Yet 79 percent felt 
the electric vehicle met their needs and an overwhelming 96 
percent indicated they would buy another electric vehicle if the 
vehicles were improved as they suggested. These attitudes are 
corroborated by the response to numerous public demonstrations of 
electric cars by public utilities. 

The response of bus passengers in Long Beach, California, has 
been reported as positive. Patrons, who are mostly elderly and 
retired, appreciate the lack of noise which makes it possible for 
them to conduct conversations across the bus with fellow riders. 

3.3.9 Summary 

Electric vehicles, although statistically an insignificant 
portion of the nation's transportation system, are beginning to 
play a noticeable role in certain special areas and have . 
accumulated appreciable field operating experience. Within the 
united states the survey has been able to identify nearly 1700 
automobiles, 450 vans, and 13 buses in service that have to date 
traveled over 5 million miles. 

The most favorable applications of electric vehicles are 
those which capitalize on the relative efficiency and the absence 
of noise and pollution and can effectively use the present range 
limitations of electric vehicles. Passenger cars are used mainly 
for short trips such as commuting, shopping, and errands in 
suburban areas with daily use ordinarily less than 20 kilometers 
(12 miles). Commercial vehicle applications include postal 
delivery, water meter reading, and interfacility errands at large 
laboratory or industrial complexes. Buses, which are in rather 
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, limited use in the United states .at present, have been operated mostly on short collection or distribution routes in neighborhoods and auto-eree shopping areas where their quiet, nonpolluting characteristics are particularly important. 

Theannual.use of electric vehicles is low, ranging from 4000 to 5000 kilometers (2500 to 3000 miles) for vans and autos and from 13 000 to 53 000 kilometers (8000 to 30 000 miles) for electric, buses. These figures may be compared with an average annual utilizat.ion of 18 000 kilometers (11 200 miles) for conventional automobiles and 50 000 kilometers (31 000 miles) for diesel-powered transit buses. 

With the exception of tl1e demonstration program being conducted by the USPS, domestic fleets have tended to be small. Autos are usually owned by indiviQuals, and vans and buses are in fleetsaveragin~ three vehicles. Fleets in the USPS program are larger, ranging from 5 to 99 vehicles. 
Most: United States operators prefer to charg.e their vehicles overnight, limiting their daily use to well within the practical operating range. Foreign operators increase bus productivity by exchanging batteries during the day. 

Present limitations of electric vehicles include the practical operating range, usually 30 to 65 kilometers, and the battery lifetime, typically about 300 cycles or al?proximately 1 to 2 y.ears of daily service. The cost of replacing batteries, which can vary from $400 for a small electric car to $7000 for a bus, is a major deterrent to the widespread use of these vehicles, especially if,battery life is only 1 year. 

Energy consumption of electric vehicles is roughly equivalent to that of conventional equipment. Values range froan as high as 0.4 to 0.7 kilowatt hour per kilometer per 1000 kilograms (0.3 to 0.5 kWh/mi - 1000 Ibm) in heavy stop-and-go service on postal r.outes to 0.15 kilowatt hour per kilometer per 1000 kilograms (0.11 .kWh/rei - 1000 Ibm) for electric buses operating in light city traffic • 

. A major problem with many electric vehicles operating in the united States has been poor reliability, which can be attributed to inadequate development engineering and field testing. These problems have given electric vehicles a bad reputation with some users. Where electric vehlcle designs are mature, as in the case of lthe Brltish Harbil t vans, their reliability exceeds that of f' convent.i.onally powered equipment. 

, 

Electric vehicles now initially cost about twice as much as their conventionally powered counterparts. The major maintenance cost is associated with the labor involved with battery charging . and maintenance. Costs of electric energy are roughly equ ivalent 
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to the costs for gasoline or diesel fu"l to operate conventional 
venicles. When comparing lifa-cycle costs of electric and 
conventional vehicles, the determining factors are (1) the way and 
extent to which the vehicles are used and (2) the lifetimes of the 
electric vehicles and propulsion batteries. Appropriate values 
are the subject of considerable uncertainty, but they appear to be 
considerably higher than the costs of conventional vehicles at 
this time. 

Consumer attitudes toward electric vehicles appear to combine 
a great deal of enthusiasm for the concept with a certain amount 
of disenchantment with the performance and reliability of some of 
the models presently on the market. Problems with design maturity 
and with service availability have been present and must be solved 
if electric vehicles are to be more widely accepted. 

3.4 LITERATURE DATA 

3.4.1 Data Tabulation 

A large amount of performance data and many physical 
characteristics of electric vehicles in existence today have been 
collected from the various literature sources discussed in section 
2. Data for personal cars, commercial delivery vans, and buses 
are summarized in tables 3-15, 3-16 and 3-17, respectively~ Two 
sets of tables are presented: one in SI units, and one in U. s. 
customary units. Domestic and foreign vehicles are tabulated in 
separate listings on each table. within each listing, the 
vehicles ~re presented alphabetically by either manufacturer or 
owner name. 
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Manufacturer VohicIe - Year Dimensions, m CUrb Pay- Bat\:el:y of weight, load, possen- Le:1gth Width Height kg' kg' Weight, 'l'l'P> gers 
kg' 

Anectran ,OJ. Exm>-l 4 1976 4,6 1.9 - 1978 - 771 =244 lIndersen Elcl<:tric ~ 2 1972 3.7 ·1.7· 1,7 U43 - 340 Pb-acld _Equl.pmnt . generat:lon 
lll:almlidt--"le Braun 2 1976 - - - B16 136 - ph-acid Co. Electric 
Christianson, M.B. nonaUlt IHOc - 1976 4.2 1.5 1.4 102l - 242 Pb-acid 
~ DeVel<>J;mlIlt 

Association 
em Tc<ol car 2 1976 3.7 1.5 1.4 1406 168 482 OO-2lA 

~J<>M;sh cmp. Electra spideJ:C 

j 
1973 - - - 1293 - - Pb-acid . (Fiat a50) 

D:M, Douglas (d) 1973 4.5 1.7 1.a 567 - 125 EFP 3EVehl.clas SportsterC 1+1 1977 2.2 1.3 .a 256 95 129 Pb-ac!d EP lOB 
Elootric I>Jnamics X-2 1976 3.7 1.6 1.3 862 - - ph-acid CoIp. . 

Elect;tic l>ltaun 1200 4 1972 4.0 1.5 1.4 953 - 354 G:l-211 Englr.eerJng Kalmark, c:r - - 4.3 1.8 1.1 1134 - 376 Sa. 
VW Beetle 4 - 4.1 1.5 1.5 1043 - J54 &-106 

El.ect:ric .UOl _-=1 5 1975 5,4 1.9 1.4 2654 340 1089 EFP PrqlUlsiat cmp. Illect:ricar 4 1970-71 4.5 1.8 - 2359 136 998 

! Mal:S nO 5 1966-70 4,4 1.5 1.4 1860 249 835 
El.ecb:o-Sport ... - 1972 - - - 2350 363 998 (1larnet sla-

tion wagat) 
Electdc Passenger l!Umling!>ird 4 1976 3.9 1.6 1.4 U66 272 376 'lID2l7 cars, lnc •. 
Elootdc Vehicle Electric ltixul:y 4 1975-77 4.4 1.6 1.4 1429 - 472 Pb-acid Associates ""clan 
El.ootdc Vehl.cle ISJ.amer 4 1971-76 3.2 1,9 1.5 U34 - 3B6 Ph-acid Ilngineerlng • 
:Fcl:d Motor CO. City csr (PJn1:o) - - - - - 1452 136 434 ph-acid 

COrtina Estate 5 1970 4.4 1.7 1.4 1400 - 408 Ni-cd car 
Genel:al Electric Delta 2 - 3.3 1.4 1.5 1043 - 392/26 ph-Nicd CO. 

Genel:alMotoxs 512 urban car 2 1969 2.2 1.4 1.3 567 - 150 ph-acid CoIp. 512 ZIt 'N! utbon 2 1969 2.2 1.4 1.3 570 197 ll9 Ni-ZIt ·car 

"s ~ series; P . denOtes .hunt; C denotes careotmd; PM . denOtes a ll'Qlx)r .d.th a pe:aranent magnet, B de
notes brUshless. 

bSCllP denotes a .l.licon-c:<;nttolled tect:ifier (SCI!) chopper, roll' denOtes a transistor chopper, IlSlI clenctes bat\:el:y swi~; II _ %eS!stan",,; E denOtes eleab:alic. 
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Volt-
age, 
V 

144 
72 

-
--
-
--
72 

l 
180 

144 
120 
144 

72 

96 

84 

-
ill 

72 

84 
94 

i_' 

[I 

" il 
H 
" , 

, 

1 



tm.1ts 

I 
J 

M:ltar CcnttoJ.1etl> Transmission M3Xinun Range at Range l\cceleratlon fran 
I- speed, constant test stan:1ing start: 

PcI;er, ~a M3Xinun km/h speed, ~' I<W voltage, !an 'lb speed, Tin'e, 
V km/h s 

9.6 re 96 E IJi1:ect drive 113 161 BB - -
14.9 sre 72 scm> 2 Speed; aut:amtic B9 97 72 - -

B.2 re 36 IlSi1 4 Speed, manual; 93 56 56 93 30 
belt drive 

- pre lOB IlSi1 4 Speed; llWlual eo 4B 40 - -
7 pre - RI IlSi1 F~ 95 166 64 4B 9 

1lu:ee re Il'Ctms at -- Contint.n:91y variable, B9 - - - -
2.4 1<!1 each c:cne Clrive 

1.1 pre 36 IlSi1 Chain drive 40 - - - -
6.0 re - IlSi1 IJi1:ect drive 72 - - - -

'l\t;O rc rooters at 6 kW E BO - - - -
each 

15 pre 36 R 4 Speed, I1Wlual 113 5B 72 4B 11 
15 pre 36 R 4 Speed; I1Wlual 121 56 72 

! 11 
15 pre 36 R 4 Speed, manual 105 56 72 11 
24 sre - SCIlP 3 SpeeclJ autanatic 121 97 B9 8 
15 sre 144 SCIlP 3 Speed 129 B9 97 97 30 
15 sre - - 4 Speed; I1Wlual 97 161 64 64 20 
15 ere 144 -- 3 Speed; llWlual III 140 4B 4B 10 

11.2 sre 36 '!CllP 4 Speed, llWlual B4 80 64 - -
10 Pre - scm> 3 Speed, autalat::ie >eB eo 4B 4B 13 

7.5 re - E IJi1:ect drive 4B - - _. -
30 re - -- 129 63 Q4 - -
30 sre 100 SC!lP Fil<ed 113 

I 
64 40 4B 7' 

B.1 sre - SCIlP 4 Speed; llWlual 89 177 48 48 6 

6.3 re - SC!lP - 72 76 4B 4B 12 
6.3 sre - SCIlP F~ 75 14B 50 50 12 

"n,ger.er.>tive b'aIldnq. 

d.n., steex.ble light>;eight fmlt w!...:ts, alB tear drive wheel. 
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'lI\BLE 3-15. -

-

Manufacblrer Vehicle I1mI:= Year Dimmsials, .m CUrb POlJ/"" llat:t:ery of weight, lood, passon- Length Width !!eight klf klf Weight, Typo Sora klf 

G>n..:al Meters - xep-In. CCI!cl 4 1970-71 - -- - 1361 - 294/113 Zn-air + Olrp. ltadettl 
Pb-acicl - 4 1964-67 - - - 1542 - 30B JIg-zn \ and 2" 

Glcbe-Ulion, Inc. Endttta 4 1977 4.7 1.8 - 1452 - 590 Ph-acid HCMCS, P;m.l VW dune hlqgy - -- - - - B62 - 363 

! HugOOsr 1;.", NSU Prinz - -- - - - 744 - -JL1uscll' Virgil W. nenault - -- - - - 109B 161 -Kesting, tIr. H.P. YN!J?e 5 1977 4.3 1.B 1.3 1043 - -Korff ElccI:rics T.1il.wind 3f 2 1977 3.3 1.B 1.2 6B3 181 265 Tro244 

Linear Alliu Falcal - -- - - - - - 163 Li-NiF Olrp. Seneca 4 1975-76 4.3 1.3 1.8 - - - Pb-acld Eloob:ic 
M1lla1, Richard G. VWsciJ;mc 4 1959 - - - 953 - 340 Tro217 M:Kee Engineer- M:Cullcch 2 - 4.2 1.7 1.2 1252 163 572 Ph-acid ing Olrp. clect.d" = 

St.tndanr.:era 2 1970-72 3.0 - 1.0 732 lBl 340 Eldde 1 "".d 2 
EV-l06 

~i)_ 

tlrilo 2 - 3.2 1.5 1.1 !l771 - 265 Tro244 Illustrated E'.!.ectricc 

Na~Ulion I'.enncy - 1959-62 - - - 96B - 359 Pb-acicl Elc<:t:ric J=tt 
(P.cnault 

I>luphinol 
Newell, Jeho VW fastback - -- - - - B62 - - Ni-cd paino, Donald n.tsun 410 4 1974 4.0 1.5 1.4 U34 -- 472 EV-l0B RiPl"'l, Wally E. Ripp-Electricc 4 -- 3.B 1.5 1.4 1338 153 590 LW-US smrs,~ l<!lIt-1c 2 1977 3.B 1.6 1.3 14U - - Seaxs & Co. 

sebring, 
vanguard, Inc. 

CitiCu: 2 1974-76 2.4 1.4 1.5 590 227 236 EV-l06 
Sl:amont, l\ndy Mlny Dune - -- - - -- BOB 371 - Pb-nc!d Bu99Y 
steinfeld, _ NStlPrin:< - 1964 - - - 771 - 236 Pb-acid 

"s denotes series: P <leMtes shunt. C Cenotes caqx>und; PM denotes Q ItCtCr with a pellnlI1ent Ilagnet; B denates brush1css. 
bSClll' denotes a siliccn-ecntXQUed tect:l£ier CSCRJ ~'TClW doootes a tronsister c:l¥:>pp>r, B5W clcnotes battery switching: R denotes resistonCCI E denotes clectrcaic. 
~.I:iVe braking. 

98 

Col 

Volt-
age, 
V 

160 

530 

240 
72 
4B 
96 
72 

'48 

--
66 

108 

72 

48 

72 

4B 
96 

120 
120 

4B 

72 

4B 

'I 
i 

.1 

J 
" 

• -, 

, 
1 
I 

I , 
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Continued. 

Motor Cont:rou.erb Tran&nission .- Range at Range l\cceleration fron 

Type" 
speed. constant test stan::1ing start 

P""",. .- krn/h speed, speed. 
JdoI voltage, I<rn krn/h ToS~, TiIoo. 

V krn/h s 

'IWo S tc motors at SCHP FiJ<ed 97 241 49 49 10 
10.5 JdoI each 

96 P.c 120 &::HP FLal 121/129 64 121 97 17 

15 SIX! 120 SCIiP FiJced >97 185 56 48 9 

- PIX! - ESW 4 Speed, manual 97 97 48 - -
- PIX! 30 ESW Chain drive 64 - - - --
4.7 SIX! 96 ESW 4 SpccQ, manual 84 80 48 - -
9 - - - 89 - - 90 12 

"'" tx::n:t·t 49 TCHP Chain drive 92 121 48 49 12 
motors 
@ 3 JdoI 
each 

19 1IC - - 97 121 40 -- -
- - - E 92 80 40 49 8 

- SIX! - - FiJced >88 48 64 - -
11 OC;PM 108 SCHP 2 Speed; manual; 

chain drive 
121 201 48 -- -

6 SIX! - 1 - ESW 2 Speecl; manual 100 161 49 49 10 
1 - SCHP 

7.5 PIX! 30 ESW Continuously va:ri.ableh 89 -- - - -
5.3 IX!. - ESW 64 - - - -

- IX! -- TCHP 4 SpccQ' manual 105 - - - -
20 PIX! - ESW 100 40 56 49 10 

11 SIX! 120 TCHP 98 137 48 48 7 
20 CIX! 120 ESW 121 145 76 - -
4.5 SIX! 49 

I 
_drive 61 - - 49 15 

29 CIX! 72 113 161 56 48 8 

- SIX! - 97 - - - -

e.rwo side drive wheels, one front and one rear \>1hOOl, both steerable; built to damnstrate safel:y features. 

~ steerable fmnt wheels, 000 ""'" drive wheel, 1= pctMlIlOt nognet tTOtors. 
g=s~...tght. 
~y cxmt:rolleii. exntinIJ>US1y adjustable belt drivo and fiJced-ratio roll,·" chain drive with a iIJ.f

fercntial. 
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Tl!mS 3-15. -

Manufoct:urer Vehicla - Year Dbn;nsiCl'lS; m CUt;b Pay- Bat:tw.y of wei9h~, load, - Length W!dl:h Hei9~ kg kg Weight, "YJ?e gexs 
kg 

Ulyllt.. Octp. ,vegaha~ - -- - - - 1945 - 912 Zn-cI. ~ M:bl.li\¥, Jlloct:ricor 2 -- -Ina. - - 1134 - 472 EV-106 
l1nl.verei\¥ of 
CO_ 

Mal:s II 5 1975-76 4.4 1.5 1.4 1315 - 3511 W-106 
e.H .. WatE:l:n'Q:n ClM-BB6 4 - 3.9 Ihdustr1es 1.5 2.3 1125 - 454 COD 
_tlnghouse Expel.-lnen= 2 1976 4.3 EIect:ric Octp. care 1.7 1.2 1356 - 473 Pb-acid 
rnihatsu Motor EV 1H CMITI) 4 -- 3.2 1.4 1.4 91467 - 540 Fe-air Co~., Ltd. 

+Pb-
acid EV:m (MI'l'I) 4 -- 3.2 1.4 1;4 91427 - 510 Fe-Nt Elecf:ric TJ:actioo, ~ 3 - 3.2 1.6 - 91452 - - 3000 Ltd. 

Enfield Auw- BODO 2 1976 2.B zrot:l.veCO. 1.4 1.4 953 - 30B SLl 
Fiat: Eleci:J:1e 

ci\¥ carO 
2 1976 2.6 1.5 1.3 B20 160 166 Ni-Zn 

Ford~CO.· =t:a 2 196B - - - 544 - 174 Pb-acid 

IIaf:ional. Taing . ~lEV 2 4 -- 3.1 1.3 1.7 1200 200 500 ES110 !IDa tlniversi\¥ 
Ptcghetoti Gest:iali EcolOgicha 3Pc 3 - 2.7 1.5 1.5 9BO 250 366 ---Research Inat:itut:e _1 - - 2.2 for n:Jtat:ing 

Electric 
1.6 - 6BO 250 2B4 Pb-acid 

M>chIneJ:y 
'It>yo Kogyo M>zda electric 5 -- 3.7 1.5 1.4 1095 336 32B Pb-acid Co., Ltd. famlly car 
=t:a Motor CO., EV 2Hc (MI'l'I) 4 -- 3.4 1.5 1.5 91467 - 530 Fe-air Ltd. 

+Pb-
acid EV # CMITI) 4 - 3.4 1.5 1.5 91479 - 540 Pb-acid zagato Intel:-

nat:ionaJ. S.A. 
zelo 2000 2 1976 2.0 1.4 1.6 520 - - Ph-acid 

"s ~ series, P dsrDt:es shun~, C clenotes <:alfClIlIld, PM clenot:es a notor with a pc%l1\Jllell~ _~, B de
notes brushless. 

bSCllJ.>, deoo~ a silio:n-"",b:Olled rec:t:i£ier CSCR) chqIper, 'l1::llP clenol:cs a transisl:or chopper, BSW denotes 
bal:terV swit:chlnq; R denot:es """istance, E _"" elect:ralic. 
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Ca) 

Vt>1l>-
age, 
V 

200 
96 

72 

4B 

96 

96/144 

104 
72 

4B 

105 

4B 

192 

72 
96 

9G 

166/144 

144 
4B 

I , 



IL-..-... 

f.btor 

Pader, Typaa MaxImnn 
Jdi voltage, 

V 

1B.7 SDC -
B.9 

l 
-

11.2 -
B.9 4B 

-- CDC -
12 SB 125 

12.9 PDC B3 

5.6 - -
6.0 SDC 4B 

10 PDC 96 

- SDC 24 
11Otors 
@ 3.7 Jdol 
eam 

20 SDC -
B.9 PDC 68 - SDC 83 

11Otors 
~ 3 Jdol 
each 

B.1 SDC -
20.9 PDC 136 

20.9 PDC 136 

2 SDC 24 

CF.egenerative braking. 9=. vehicle weight. 

~t available. 

-
eonttolld' 'lnlnsniSsicn 

SClIP 4 Speed. nanual 

SClIP 4 ~; rralll.tal. 

R, SSW 4 Speed. nanual _ 
ccntin1Xl1lS1y variable. 

belt drive 
_; SClIP 

3 Speed; autanatic 

'ICHI' 2 Speed; aut:anatie 

roIl' 2 Speed: autaratic 

SClIP Fixed: belt drive _ 
_drive 

'ICHI' 2 Speed. autal'atic 

SClIP Fixed 

Fixed 

Fixed 

Fixed 

SSW (i) 

SClIP 2 stxnl; autaratic 

SCHIl 2 Speed. autaJatic 

SSW Diroct drive 

__ 1-.. 

c ____ .= ___________ -.. 

~- Range at Range l\ccclcrat:icn fran 
speed, =stant test stanc1ing start 

Im1Ih speed, speed, 
Jon Im1Ih '1\:1 speed, Tilre, 

km/h • 
105 - - 64 10 

>97 161 60 4B 9 

64 -- 60 4B 25 

72 97 4B 40 15 

97 - - 4B 32 

96 260 40 40 5.5 

101 259 40 40 6 

56 - - - --

64 B9 48 48 13 

75 65 50 50 9 

64 40 64 48 12 

90 160 45 60 12 

60 109 50 - -
60 50 50 48 8 

70 90 30 30 6 

83 455 40 40 3.6 

B5 243 40 40 3.6 

55 00 40 40 10 
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= 3-15.

(b) u.s. 

~lanufac\:urCr " Vehicle - Year DinEnsions" .in. Curb Pay- Battery of ~ght, load, pascen- Ialgl:h Widl:h I!eight Jhn Jhn Weight, Type gera 
Jhn , , 

l\meCt:ron Cl;>. lllior-l 4 1976 180 74 - 4360 - 1700 THl244 An<lerson El!!cI:ric 'l1lird 2 1972 146 65 69 2520 - 750 l'b-acid l'<lI<>r~t genoxat:icn , 
Braunllch-lbes13le BJ;oun 2 1976 - - - 1900 300 - Ph-acid Q:). Eleotric 
Christ::i.nnson, l1~B. _tR-I0c - 1975 165 60 56 2250 - 535 Pb-acid Cq>pcr lleveloprent CIlI\ = car 2 1976 145 Asscclat:icn 60 55 3100 370 1062 OC-2lA 

Die Mesh COrp. , Electra spidarc 
(Fiat 950) 

1973 - - - 2850 - - Pb-acia 
D:M, Douglas' (d) 1973 176 65 70 1250 - 276 EFP 3E Vehiclas sportst:erc 1+1 1977 86 52 33 565 210 285 Pb-ao:id EP lOB 
Elcct;ric ll)'nmnics x-~ 1976 144 62 50 1900 - - l'b-acid CoJ:p. 

Electric Datsun 1200 4 1972 156 60 53 2100 - 780 OC-2H &1gineerlng Kellrerk,cr - - 167 72 43 2500 - 828 SGL 
VW Beetle 4 - 160 61 59 2300 - 780 Ell-106 Elect:ric Fuel. Transfotner I 5 1975 212 77 54 5850 750 2400 EFP Pxopulsion COrp. Electricar 4 1970-71 181 71 - 5200 300 2200 

t 
Mara nO 5 1966-70 173 60 55 4100 550 1940 
Elecb:o-Sport - 1972 - - - 5190 800 2200 (Hornet sta-

t:icn wagon) 
Elect:ric Pil£Senger HlJltIIinghUd 4 1976 1SS 63 56 2570 600 930 TR)217 caro, Inc. 
Electric Vehicle Electric'lUX\ll:y 4 197!r77 174 l\sso(:iates - 65 57 3150 - 1040 Pb-acid 
Elcct:ric Vehic1s Islander 

Engineering 
4 1971-76 125 76 60 2500 -- 950 Pb-acid 

Ford ~!otor Co. cJ,ty car (Pinto) - - -- - - 3200 300 956 Pb-acid eort:ina Estate S 1970 174 65 55 3096 - 900 Ni-cd car 
General E1cct:ric Dalto 2 - 130 56 59 2300 - 864/57 Pb-NiOO CO. 

General ~tors 512 urh:m car 2 1969 86 56 52 1250 - 330 Pb-acid CoJ:p. , 512 zn-Ni urhm 2 1969 95 56 52 1257 435 270 Ni-Zn cor 

£1S cbIotc!J oeriC!J' P dcnotn.9 shun!:, C &motcu c:c:ttp:JUlXl; PM dcliotes a rrctor with £1 pcxm::ment nugno.ti B c3enotes brushless. 
DSCIlP denotes a .il.!.ccn-o:mt:.rol1cd rectifier (sea) choa=, mil' clcnotco a troruJis~ cho!:Per:!lSW denotco battery switchlng: R clcnotco resistance, E denotes clccI:rcnic. 
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Volt-
'ago, 

V 

144 
72 

-
--
-. 
-
--

72 

I 
180 
144 
120 
144 

72 

,96 

94 

-
113 

72 

84 
94 

I 
: I 

I 
I , 

I 
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Continued. cus_ units 

Motor 

""""" , 'l'.fpeD 

hp 

13 IC 
20 SIC 

II IC 

-- PIC 
9 PIC 

MaximJm 
voltage, 

V 

96 

72 

36 

-
108 

'IIu:ee IlXltors at 3.2 hp 
each 

1.5 PIC 36 
8 IC -

'IWo tc m:rt:ors at 8 hp 
each 

20 PIC 36 
20 PIC 36 
20 PIC 36 
32 S L~ -
20 SIC 144 

20 SOO -
20 COO 144 

15 SOO 36 

13.4 POO -
10 00 -
40 00 -
40 SOO 100 

10.9 SOO -
S.4 00 -
6.4 SOO -

~tivo broJdog. 

Cont:ro:uerb 'l'r.lnsmi.ssian M>xirnun 
speed, 
mph 

E Direct: drive 70 
SCI!P 2 Speed, autallatic 55 

SSW 4 Speed, .... ual' 5a 
belt. c1rive 

SSW 4 Speed; manual. 50 
R; SSW F:i=d 59 

-- continuously variable: 5S 
tate drive 

SSW Chain drive 25 
SSW Direct drive 45 

E 50 

R 4 Speecb manual 70 
R 4 Speed, monuol. 75 
R 4 Speed, manual 65 
SCI!P 3 Speed; autam.tic 7S 
SCI!P 3 Speed aD 
~I 4 Speed, monual 60 

-- 3 Speed, _ual 69 

'lOlP 4 Speed, _uol. 52 

SCI!P 3 Speed, autal'atic >S5 

E Direct: drive 30 

-- SO 
SCI!P F:i=d 70 

! 
4 Speed; manual 55 

F:i=d 4S 
F:i=d 47 

<l.n.:, ._10 llghl:!.ctght fmlt wboelD, ale rear drive whool.. 

103 

Range at Range Ao=el.cration fJ::an 
constant: """t st:anc1inq st<lrt 
speed, speed, 
miles mph 'lb speed, Tine, 

mph 0 

100 55 - -
60 45 - -
35 35 5a 30 

30 25 - -
103 40 30 9 

- - - -
- - _. -
- - - -
- - - -

36 45 30 11 
3S 4S 

! 
II 

35 45 11 

60 55 a 
55 60 60 30 

100 40 40 20 
87 30 30 10 

50 40 - -
50 30 30 13 

- - - -
39 40 - -
40 25 30 7 

llO 30 30 6 

47 30 30 12 

92 31 31 12 
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Tl\BIE 3-15. -

~lanufactm:er lOkh.tcl.e IIulIber Year !lImmsions, in. CUrb PaY'" Ilatb>l:;' of Iclght, loaiI, passen- I.en,Jl:h Width Height lbn lbn Weight, 'In» goXB lbn 

Genexal H>t:om __ 4 (cpeJ. 4 1570-71 - - - 2957 - 648/250 Zn-air + o:n:p. Kadett) 
Pb-acid 

lllecl:roVaim 4 196·1-67 - -1 and 2c - 3400 - 6BO llg-Zn 

GI.cte-UUcn, Inc. EOOura • 1977 184 72 - 3200 - 1300 Pb-ac!d JiclweS, Paul VS d)lOO Wggy .- - - - - 1900 - BOO Pb-ac!d 
Hu:JheS, - NS1!Prinz - - - - - 1640 - - Pb-acid Ja\1Sel, Vil:qll W. Ronoult - - - - - 2420 355 - Pb-ac!d lCes1inq, 01::'. H~D. =" 5 1977 16B 72 52 2300 - - Pb-acid 1\Orff~ =wim 3f 2 1977 130 71 46 1506 400 5B4 Tro244 

Linear Alpha CO!:p. Fal.c<n - - - - - - - 360 Li-NiF 
Seneca 4 1975-76 169 50 69 - - - Pb-ac!d Elect:rlc 

Manal, Rid1atd G. w .,.,.,;;mc 4 1959 - - - 2100 - 750 'lRl217 M:Kee~ M:Culloch 2 - 166 68 46 2760 360 1260 Ph-acid t'ol:p. elect:ric car 

SUndnncera 2 1970-72 120 - - 1614 400 750 f'dde land 2 
tv-lOG 

~ llrba c 2 - 126 60 43 91700 - 584 'lRl244 mtlStrated Elecl:";'; 
National. It1i<n Henny - 1959-62 - - - 2135 - 792 Pb-ac!d Elect:l:ic 1Iil.<:Matt 

(""""ult 
0!I1lphlne) 

Newell, John W fastback - - - - - 1900 - Ni-o:! Paine. IlcrIald O!Itsun 410 4 1974 156 59 55 2500 - 1040 tv-108 
Riwel. Wally E. RiW-Elecl:dcc 4 - 151 59 55 2950 338 1300 LEV-119 sears. l'tlel:t.x:k la:II_1c 2 1977 151 51 52 3110 - - sears & Co. 

tv 
Sebdnq- CitiCar " 2 1974-76 94 55 60 1300 500 530 E.V-l06 Vanguanl, :rna. 
S_t,1lrrJy MIrU !>.me - - - - - 1781 819 - Pb-ac!d Buggy 
sl:elnfeld, _ mul'rinz - 1964 - - - 1700 - 520 pb-acid 

lis den01:GS aedes: p denotes ah"'~1 C <lenot:cg o::<1J?CM1d. PM denol:es a I1'Oi:or with a penmoont ""gnetl B demtse bl:ush:lBss. 
b= iIe.m1:es a sllicxn-cx:nl:!:oll.ad xect:ifier (SC!!) cb:werl roIP de!>ol:es a transistor cb:wer. IlSW denotes batl:el:y swit<:hln91 R denobas resisl:Sncel E de!>otes eleai:t<:>n1c. 
~tiVe braldng. 
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(b) 

Volt>-
age, 
V 

160 

530 

240 
72 
4B 
96 
72 

48 

-
-

66 
108 

72 

4B 

72 

48 
96 

120 
120 

48 

72 

48 

I 
I 
t 
I' 
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Ccntintal. 

"'tar Ccnl:xollerb Transnissioo MaximIn Range at !lange l\ccelerat:icn fttin 
speed, constanto testo st:anding start: 

PcMer, Typea MaximIn nph speed, speed, 
hp voltage, miles nph To speed, '1'lne, 

V nph s 

'IW:J S IX: m:n:ors at SClIP Fbred 6D 15D 3D 3D 1D 
14 hp eac!l 

US N! l2D SClIP Fbred 75/8D 4D 7S 6D 17 

2D SDC l2D SClIP Fbred 6D US 35 3D 9 

- PDC - SSW 4 Speed,_ 6D 6D 3D - -- PDC 3D !lSI! Chain drive 4D - - - -
6.3 SDC 96 - 4 Speed, m:mual. 52 5D 3D - -

l2 DC - - 55 - - 5D l2 - I:C:FM 4B 'I'C!lP Chain drive 5B 75 3D 3D l2 
IOOt:ars 
@ 4 hp 
eac!l 

25 N! - - 6D 75 25 - -
DC - -- E 57 5D 25 3D B 

- SDC - - Fbred >55 3D 4D - -
15 tc;m lOB SCII!' 2 Speed; _ 75 l25 3D - -

chaJn drive 

8 SDC - 1 - IlSW 2 Speed; m:mual. 62 100 30 3D 10 
2 - SClIP 

1D PDC 30 SSW Conl:l.nuous1y variDb1rl' 55 - - - -
7 DC - IlSW 4D - - - --

- DC - TCHP 4 Speec1; IMnual 65 - - - -
27 PDC - IlSW ! 62 25 35 3D 1D 
15 SDC l2D TCHP 61 B5 3D 30 7 
27 CDC l2D IlSIi 75 9D 47 - -
6 SDC 4B IlSW DirccI: c1rive 3B - - 3D 15 

39 CDC 72 IlSW 4 Speed; """c'<l1 7D 1DD 35 3D 8 

- SDC - - 4 Speed, m:mual. 6D - - - -
"- si<le drive _, em frone ani one """" WOOol, both steerable; bullto to c'laralStrate safety feat:ures. 

~ 8teerable fxOnto Wheels, em """" (lrive Wheel, tw:> _to magneto 1rOl:ors. 
9'=8 vehicle weight. 

~ cont:rolled, continlXlUS1y adjll8Cable bolt driw ani flJeed-ra1:io toller chaJn drive with .. dif
ferential. 
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= 3-15.

(b) 

_actuteJ: VclU.cle - Year Dhrens!ms, in. CUrb pay- B<ltteJ:y of weight, lood, posaon- ~ WidtlJ Height l!:m l!:m Wclght, 'l)'pG gCJ:S 
l!:m . 

WylJ t.e COrp. vaga hatchback - - - - - 42B9 - 2010 Zn-Cl Ihique M>billty, EJ.cctzlcar 2 - -' Inc. - - 2500 - 1040 W-1OG. 
UniV!!J:Sity of HlrSnG 5 1575-76 173 COlorado 61 56 2900 - 7BO W-106 
C.Il. WaI:eJ:tMll Olll-BBG 4 - 152 lndust:des G1 B9 24BO - 1000 C&O 
WcStingoouse ~t:aJ. 2 197G 16B GG 46 2990 - 1043 Pb-acid Elecl:rlc Cotp. car 
DalJJatsu M>tot- W 1Il (url'I) 4 - 126 55 55 !!3234 - 1190 Fe-Pb CO., Ltd. W m (Ml:?:'I) 4 - 12B 55 55 !!J145 - 1124 F<>-Ui Elecl:rlc Tr.lctiOll, TXq>i= 3 - 12B 63 - !lJ200 - - 3000 Ltd. E1ecl:rlc 
Enflcld Auto BOOO 2 197G 112 nct:ivo CO. 56 56 2100 - GBO SLl 
Plitt El.ectric c 2 1975 104 

city """ 
60 52 1BOB 353 366 Ni-Zn 

Ford aot:or CO. caruta 2 195B - - - 1200 - 3B4 Pb-acid 

• 
Nat!msl TsJng 'nlEIT 2 

HIla UniverSity 
4 - 122 51 56 2646 441 1102 m110 

l'l:tlghctU GesI:ia1l. Eoolcgicho JPc 3 - 104 50 G1 2150 551 007 Pb-acid 1lcsea>:Ch. Inst:ituto _1 - - BB for llct:ating 
ElecI:rk 

G1 - 1499 551 526 Pb-acid 

Machln.CI:l' 
Toyo~o Mazda electric 5 - 145 50 54 2414 741 723 Pb-acid Co., Ltd. f;<nlll' car 
IIbyOta M:ltor CO., W 2lf' (um) 4 - 134 59 50 !!3234 - 1160 Zn-air Ltd. 

+Pb-
acid IN zpc (Ml:?:'I) 4 - 134 59 5B !l3260 - 1190 Pb-acid Zagato Inter- . ZC102UOO 2 1976 77 53 63 1146 - - Pb-acid nat:iOnal S.A. 

"s denOte:l sericll. P denotes shunt. c deootes CC1!POUItd. PM denotes Q nctor with Q pcl.'I!Dl1CIIt nngnot, B denotes _hlCss. 
PSCHl' denOtIiS a siU""""conb:ollcd rec!:.ifi"" (SCIl) cl'qlfcr' 'laW denotes" trons!stor cl'qlfcr. llSW denotes hatl:cl:1 switc:hlng; n denotes resistancc;!l denotes electronic. 
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Volt-
a!je, 
V 

200 
96 

72 

4B 

96 

96/144 
104 

72 

4B 

105 

4B 

192 

72 
96 

95 

156/144 

144 
4B 

II 
iii 

!1 

! 
, , 

I 

I 
I 
, 

" II 

if 
! 

:1 
" , ,I 



II 

I 
1 

I 

7. 

fbt:or 

Pcwer. 'I.Yfea tIaxinun 
hp voltage, 

V 

24 SIX: -
12 -
15 -
12 46 

- CIX: -
16.1 SB 125 
17.3 PIX: 63 

7.5 IX: -
6.0 SIX: 46 

13.4 PIX: 96 

~"" SIX: 24 
rrotom 
@ 5 11p 
each 

26.6 SIX: -
12 PIX: 6a - SIX: a3 
rrotom 
G 4 hp 
each 
10.9 SIX: -
2a PIX: 136 

20 PIX: 135 
2.7 SIX: 24 

"R£J(JCII>rativo braking. 
qGJ:css vehicle weight. 

luot avoilable. 

eontrou.erl' Transninsicn 

SQ!p 4 Speed, rn:mual 
SQ!p 

4 Speed _ 

R; BSW 4 Speed, manual 

BSW Ccntinuously varlable, 
Ilelt drive 

BSW, SQ!p 3 Spee:1; autaIatic 

'll:!lP 2 Speed; autcrnatic 
'll:!lP 2 Speed; autaratic 
SClIP Fixed, Ilelt drive 

BSW Direct drivo 

'laIP 2 Speed; autanatic 

SC!IP Fixed 

I j 
DSW Ii) . 
SClIP 2 Speed, aul:anatic 

SClIP 2 Speed, aul:anatic 

DSW Direct drive 

tlaxinun Range at: Range Accelerat:icn fmn 
5]?CCd. =tant test st:anllng start 
I!l'h sp>ed. sp>ed. 

roUes I!l'h To sp>ed. T.im>. 
II"('h • 

66 - - 40 10 
60 100 37 30 9 

40 - - 30 25 

45 60 30 25 15 

GO - - 30 32 

~O 161 25 25 5.5 
-;3 161 25 25 6 
35 - - - -
40 55 30 30 13 

47 40 31 31 9 

40 25 40 30 12 

56 99 20 37 12 

37 60 31 - -
37 3l 31 31 0 

43 56 19 19 6 

52 203 25 25 3.6 

53 151 25 25 3.6 

3" 50 25 25 10 
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=>3 3-16. - = VAN 

Manufacturer Vehicle - Year D1nuts.f.cns, III '0J:b Pa~ of ..nst>t, lca<l, p.lIlSeIl- . tength lilath fJcight kg kg 1'1eight:, gers kg 

lIM Gono:ral t:otp. nr .. ss El.cet:rtx::kC'1 1(114 
t:6nJ 

1975-76 3.5 1.8 1.9 1651 304 590 

Bal:t:rado 'I'l:1lck Corp. I!lnivan 2 1973-76 3.7 2.0 2.3 2676 40B 10B9 
X-32003 ("""W. - 1973 3.7 von) 2.0 2.3 2443 - BB5 

GolJath 2 1974-76 3.1 2.0 2.3 2631 454 99B S&Z l!l.ed:ric car Len. Ranch:> - - 3.5 1.1 1.5 5B9 - 152 
eon>w: I:owlopront "'a»r _0 2 1973 Assoolat:l<n van 3B 

5.1 1.9 1.7 2223 454 10B9 
I>u1a Corp. Electric Vane: - - 5.1 2.0 2.1 3665 - 1406 EleCtric f1ngu-ing Volk>lolgen SUo 5 - 4.4 1.8 2.0 1406 - 354 EleCtric Vehicle T3von 

Engineering 4 1972-76 3.5 1.5 1.8 1361 31B 408 
~Mol:ors Corp. ElecI:J:gyon0 2 1966-67 - - - 3221 - 610 Jet lI>:lustrles E1eet:ta .. VlUl 2 1976 3.0 1.3 1.6 1066 40B 435 Llllear 'l\lllM Corp. Linear van 13 1975-76 4.9 - - 2699 109B -l\lpha 12 196B-70 - - - 1950 1016 490 Otis Elev!ltor "'. 1'-500 2 - 3.5 1.6 1.9 1642 340 472 """tlnghoosG 

JUectric eoq.. 
n.llwry VIU1 2 1972-75 3.6 1.6 - 1202 3B6 476 

l\d1!oncedVeh!clo _0 
Systens 2 - 4.2 1.6 1.6 1438 372 702 

Clllorit1o :recflniCal, S1lont!(arrler - 1975-76 5.8 2.1 2.7 4536 1778 1746 Ltd. 
D>lhA1:su Motor EH S40 11>1 2 1976 3.0 1.3 1.6 gOO 310 2B5 co.,. Ltd. 

1l-371tini_ 2 - 3.0 1.3 1.6 7SO 250 -J:>almlo».l!enz M LEl06 Eleotro_ 10 1976 5.n 'l'r2InsfOrte!! 1.8 2.3 2900 1000 862 

"s c1enotoa """lu, p <lenotea shunt, C _ ""'l.'OUI'd. 
bSOll' c1enotoa .. Dl.ll<:cn-controlle:l reot:1fier (SCR) ~''ICflP _ a tronslstor ~, IlSW battmy IMil:<blli!J, It _ resistance, E c1enotes oleetta1ic. 
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la) SI 

Battery 

Type Volt:-
age, 
V 

Sanf.- 54 
WusI:r1aJ. 

InilusI:r1aJ. 112 

Pb-acld 96 

Pb-acId 112 

Ph-acid 36 

EV-106 loa 

EV-106 144 
£V-lOG 36 
Pb-ac!d B4 

FII<>l cell 520 
EV-106 96 
Pb-ac!d 144 

96 

96 

-
72 

160 

96 
72 

144 

il 

I 
1 

i 
'.I~I 'J 
',I 

I 

i 

~ 
I 



units 

"'-"""", Typaa Voltage, 
kW V 

15 COO 54 

31 SOO 112 

- -- -
19 SOO 112 

1.1 soo 36 

15 SOO -
30 POO 120 
17 POO 36 
15 SOO B4 

93 Fe -
11.2 SOO -
27 Fe 144 
30 Fe -
22 Soo 96 
18 SOO 96 

22 POO 72 

37 SOO -
14 POO -
5.3 Soo 66 

35 Poo -
~tive braJdng. 
'1bt ovailabla. 
·St:cpo/l.G Jan. 

c:atroner1' Tronsmlsslcn 

SOIP _drive 

SCIIP 2 Spe:;x1; mmual 
salP 

SOIP 

Cd) F.bcd gear ratio; 
chain c1rive 

salP 3 Speed; autanatic 
chain drive 

sa .. 3 Spocd, INII1\lal 

R 4 Speed, INII1\lal 

SCIIP Fbced gear ratio 

j 
FJxed gear ratio 
4 Spee:1; mIlnual 

Fixed gear ratio 

FiY.ed gear ratio 
F.ixed. gear ratio 

E 4 Speed, Il'OIlUal. 

I!!M, n ecnl:inln1S1y varhhla 

SCIIP P.ixed -:ear ratio 

'ltIIP 

so .. 4 Speed, manual. 
SCIIP 

-

M.1l<!mJn Range at Range Acceleration fral\ 
speed, amstant test s~start: 
I<nV'h speed, speed, 

I<m I<nV'h To speed, TlJoo, 
IlPh • 

64 72 4B 4B 20 

97 4B BO 4B 8 - BO 40 - -
88 80 48 48 9 

21 35 °4 - -
84 153 64 48 14 

85 106 72 - -
B9 50 72 4B 12 
6B BO 40 4B 16 

113 - - 97 30 
89 97 61 4B II 
97 - - 4B 10 
B9 64 97 4B 7 
72 80 40 4B 12 

- 113 4B - -
72 137 4B 4B 13 

64 129 64 4B 2l 

BO 55 60 40 II 
65 GO 40 40 II 
80 - - - -
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, 
~ cVehicle" - Year 

of 
passefi-. 9= 

~;·"Ltd. E 700 oloctr!e 6 -b;uck 
Fjat Fiat:. 850 T vanc 2 -
Ilaxl>orou3lt 

cau.b:u#icn "'. 
. HSV-3 1 1971-76 

Luaaa Indus- iJrltis);J!"llMd - 1970 t;ries, Ltd~ 250 

l!odfar<l CE" 3 1974 
t.im:>uslnc° 7 1976 

E1ec1:dc taxic 
5 1975-76 

lfarat:hc:n lllectclc 0-300 - -Vehicles 
Nissan tbtor CO., IN 4H (MlTI)o 2 -Ltd. 

'IN 4pc 
2 -

Plagglo • "'. Vespa IlleoI:roearq - -~~t:!. Gestionl. Eeol.Ogid'c van Mac 2 -",""axdl Inst:!. tute 1>0\2 - 1971-74 fer Potahlnq 
Electric 
~ 

Sn1th·s L:ellVClY =75 5 -Vehl.olcS 
?:byo Koygo Co., MiI2da 1Uectr!e 2 1976 Ltd. "",go van 

Ell 3P (MlTI)o 2 -
/laZda IUectr!e 2 --'ltrjot:a lbtor to~ I 

Ltd. 
St\1ll b:uck" 2 -

Volkswagen \loti: M Electric w,nc 3 -
Zagato :rntel:na1:iooaJ. Zclo van 4000 4 1975 

·s deooI:oS seriesl P _ shunt, C denotes _d. 

Dimmsions, m CUrb Pay-
~t, lead, 

Ieogth Width Height !<g !<g 

3.4 1.5 1.7 934 304 

3.7 1.5 1.9 1497 440 
3.8 1.6 1.9 1617 227 

- - - 1960 580 

4.3 2.0 2.0 2370 700 
4.3 2.0 2.2 2500 1000 

3.6 1.8 1.8 2200 4000 

3.8 1.6 1.3 "1043 454 

4.7 1~7 1.9 2595 1000 

4.7 1.7 1.9 2620 1000 
3.3 1.5 1.5 818 450 
3.9 1.7 1.9 1650 940 
4.4 1.9 - 2200 900 

4.4 1.9 2.4 1828 1982 

3 •• 1.S 1.7 124S 340 

3.1 1.4 1 •• 123. 30. 
3.0 1.3 1.6 860 410 

3.2 1.4 1.6 1025 490 

4.5 1.5 2.0 2205 870 
2.2 1.4 1.6 660 -

Weigh!:, 
kg 

-
460 

822 

600 

1000 

1000 

1075 

-
1050 

960 

360 
732 

-

661 

328 

445 

~9O 

328 

720 

-

'D\BIS ]-.16. -

(a) 

!la1:tary 

'lYl'" Volt-
oge, 
V 

Pb-tcid 72 

144 
72 

-
216 

216 

"""'" --
Pb-acId 72 

zn-air + 165/120 
Pb-ocid 

Pb-acid 120 

72 

144 

96 

60 

96 

120 

-
96 

144 

-

bSOll' denOtes. sW<Xll\"oontrollal zec\:l.fier (SCR) ~I!IC!lP denotes. tronslstcr ~'llSW denotes batt:eJ::( swit:obing, I< dCnctes zosIst:al1ool E ilcootes oloctrcnoo. 
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, 

I 
j 

I""" 
T'J'ECa """"', Voltage, 

1<>1 V 

S.6 DC -
14 DC 144 

9.3 SDC 12 

31 216 

31 

j 31 

31 

6.0 DC -
27.6 pre 110 

21 SDC 110 
8 sec 80 

15 PDC 130 
16.5 SDC 92 

8 SDC -
19 SDC -
14.4 1''' 102 
10 SDC -

9.9 PDC -
16 PDC -

4.5 DC 40 

"negencrativo br<'ldng. 

f'sea""Pipo cooled rotor. 

''''''1:I:011er'' Transmissioo. 

SCIlP Fixed gear ratioJ 
cog-l::olt drive 

'l'QIP F.ixec1 goar ratio 
SOil' FJ.xed gear ratio 

Fixed gear ratio 

Fixed gear ratio 
Fixed gCllt' ratio; 

chain drive 
Fixed gear ratio; 

chain drive 

- 4 Speed 

SOil' Direct drioo 

1 

Direct drive 
Fixed gcar ratio 
Fixed gear ratio 

2 Speed; nanUill 

SSW; R Fbcd gc~ QUo 

BSW 

SCIlP, BSW 2 Speedr QUb'Jo'atic 

SCIlP 

! 
Fixed gear ratio 

Fi><cd gear ratio 
Direct drivo 

gena frcnt wheel, t\ooQ rear wheels. 

' .. 

- Rln:]e at - l\cceleraticn £J:a1\ 
speed, """'tant test stan3inq start 
I<m/h speed, speed, 

I<m I<m/h '" speed, Tille, 
I1Fh • 

- 96 32 - -
60 - - 30 5 

S3 - - 49 20 

- - - - -
90 161 49 49 10 
90 220 49 49 14 

91 160/url> - 49 10 

56 - - S6 12 

9D 496 40 4D 4.9 

01 3D2 4D 4D 6.9 
4S 90 45 - --
6D 90 45 3D 6 
60 100 40 40 12 

26 - - - -
65 50 40 40 11 

10 205 40 4D 8.1 
55 60 40 30 4 

60 00 40 40 13 

10 - - 49 12 
50 12 S6 49 14 
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= :;'16.--- Vch!cl. lluiber Year Dirta1siaus, in. CuIb P"1'" llatt:e,ty of 
~t, J.oa4, pas..".. LEn,,"th Wldl:h Height ;u:m lhn ~9ht, Typo ... ~ers 

lhn 
AI{(l"'Ol'al·Corp. ONE E1ect:l:u<l<" 1 197:;-76 :tj6 71 74 3640 670 1300 Gal1i-

W_ llal:b:onic T<uck crop. MInivan . 2 197:;'76 1,45 7~ 92 5900 900 2400 Pb-acid X-32003 (pta! - 1973 145 70 09 S3SS - 1950 Pb-acid 

,..;,. 
van) 

. 
Gollal:h 2 1974-7. 145 74 92 5000 1000 2200 ph-acid B&Z Bl.ecf;:r!a Car Long lloI1c:IP - - 137 45 60 1300 - 336 Pb-nr-.!d Coa?or I>!\'elclplant Coa?or Elecb:ic 2 1973 201 75 60 4 900 1000 2400 tv-l06 

Asaoclat:!on van 3B 
IbrIa~.· lllecI:r.\4 ""," - - 200 79 01 o aoo - 3100 tv-l06 El2ctd" l!nglneerlng Volkswagen Du$l 5 - 174 70 77 3 100 - 780 EV-I06 lllecI:r.\4 vehlclo T3wn 4 1972-76 ISO 58 69 3 000 700 900 Pb-ac!d 
~ 

G3nel:allbt:<>rs Corp. _" 2 1966-67 - - - 7 100 - 1344 Ii\IOl. 0>11 
Jet: Wustrles l:lecl:m-VIUl 2 1976 120 53 64 2350 900 960 l:.V-IOG Llnoar Alpha Corp. Llooar van 13 197:;-76 194 - - 5 9SO 2420 - Ph-acid Al!'ha 12 1968-70 - - - 4300 2240 lOBo Ph-aoid ot:l.s lll"""tar Co. P .. 500 2 - 138 62 74 3620 ''150 "1.40 .tV-lOG West:ls"b::<lso 

lllecI:r.\4 Corp. 
nill.veJ:Y van 2 1972-75 142 63 - 2650 aSO 1050 Pb-ac!d lIdvzln<:oiI volilcle Mal:!na" 2 - 166 64 G3 3170 820 1540 SXS-

Chlorido -.uc.J., 
Ltd. SilentlOlrrler - 197:;-76 230 03 105 10000 3920 3050 !l1rlho.t:su Ih'co< Ell 840 'M 2 1976 122 51 62 1904 683 630 
OJ., ttd. 

S-37M1nit'ahover 2 - 118 51 62 1654 550 -Dal.1ll.et-lJeol: M U:306 EJecI:mo 10 1976 190 72 09 6393 2205 1096 ~ 

"s _ series, P denotes shunt, c dono .... 1XDpC<Ini1. J:;,.,m, denob3s a sllicxx..=trolle4 X\lCI:ifier (SCR) ~I """" denotes a transistor _, B5W _ Ilott:e,ty swit:cIdrvJ. R _ xesisl:anCO. E denotes elcctradc. 

112 

(b) U.S. 

VOlt-
ago, 
V 

54 

112 

96 

112 
36 

100 

144 
36 

84 

520 

96 
144 

96 

96 

-
72 

160 

96 
72 

144 



Carl:lnued. 

"'Ix>r Clcn~ Transmlssla! MaXInun Pange at Range l\ccoler.1tial fran 
speed, <XIlSl:ant test st:an:llng start """"', 'lYI><> Voltage, 11th speed, speed, 

bp V miles 11th 'D> speed, Tlme, 
11th s 

10 coo 54 50IP Direct: drive 40 45 30 30 20 

42 SOO 112 

! 
2 Speed; manual 60 30 SO 30 8 

- - 112 - SO 2S - -
2S SOO 112 ----- 55 SO 30 30 9 
1.5 SOO 36 Cd) pixed gear ratio; 

chaln drive 
18 22 8 4 - -

20 SOO - 50IP 3 Speed; autxmatic; 52 95 40 30 14 
chaln dri ... 

40 POO 120 SClIP 3 Speed; lMllual 53 66 45 - -
23 Poo 36 R 4 Speed, manual 55 31 45 30 12 
20 SOO 84 50IP FJxeci gear ratio 42 SO 2S 30 16 

125 11: -

I 
F~ gear ratio 70 - - GO 30 

15 000 - 4 Speed, manual 55 60 30 30 11 

36 11: 144 Fixed gear ratio 60 .- - 30 10 
40 1C - Fim1. gear ratio 55 40 60 30 7 
30 SOO 95 Fixed gear ratio 45 SO 2S 30 12 

24 SOO 96 E 4 Speed, manual - 70 30 - -
30 Poo 72 BSW, R Clcnt:imz>usly wrlable 45 85 30 30 13 

SO soo - SOIP }'bead gear ratio 40 80 40 30 21 

19 POO - mIP SO 34 37 2S 11 

1 soo 66 50IP 4 Speed, manual 40 37 2S 2S 11 
47 00 - SClIP SO - - - -
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1/ 

M:tnUfact:urer Vohicle - I Year 
of 

passon-
ge%S . 

.iUectrilc!:J.aJ, Ltd. E 700 clceWc 6 -trucI< 
Fiat Fiat: 850 T w,nc 2 -lIarborough 1lSV-3 

Coostruction CO • 
1 1971-76 

JJJoas Indus .. • Bri~lDnd - 1970 tries, Ltd. 250 .. 

Bedford cpo 3 1974 
LlmJusll1ec 

7 1976 

Electric tax1 c 5 1975-7. 

lliratb:n ElCctric 0-300 - -Vohicles 
Nissan M:ltor CO., 

Ltd. 
E'l4lI (MrlI)c 2 -
E'l4P (=)c 2 -Pa1ggio • Co. Vespa E1ecb:ccar9 - -_tti Gost:!a>i Ecologieha wnC 2 --M8 

!bscardI Insl:itutu E"12 - 1971-74 for ~tatJn9 
Electric 
~ 

SnitJt's tbllvory CAIl>IJ 75 5 -Vehicles 
'l'oyO Kogyo Co., M.1.:Wa Electric 2 1976 Ltd. Bongo van 

E'I 3P !MlTI)c 2 -
Mazda Electric 2 --'l'oyota Mltor OJ.,- SMll trucl<c 2 -Ltd. 

,'olJ<swa9'll Wcrk lIG Electric vane 3 -Z<lgato InlmnatiOnal Zolo van 4000 4 1975 

Dlmonsicno, In. CUrb Pay-
~'C1.ght, load. Length I<idth Height lb lb 

132 60 67 2 060 670 

147 60 73 3 300 970 
14B 64 75 3565 500 

- - - 4 321 1279 

16B BO 77 5225 1543 
170 BO 07 55U 2205 

16B 00 BD 4850 BB2 

150 62 53 2 JOO 1000 

IB5 67 72 5 721 2205 

lB5 67 72 5776 2205 
129 57 60 1800 992 
154 69 73 3 63B 2072 

174 73 - 4 850 19B4 

172 74 94 4 030 4369 

14B 59 67 2745 750 

124 53 63 2 728 661 
UB 51 62 1096 904 

UB 51 62 2260 1080 

177 61 77 ., 861 191B 
B7 53 63 1455 -

Wcl.g.'lt, 
lb 

-
1014 
IB12 

1323 

2205 

2238 

2370 

-
2315 

2U6 

790 

1614 

-

14&7 

723 

9Bl 
63q 

723 

1~R7 

-

"""'" 3-16. -

(b) 

IJat""Y 

'lWo Volt-
ago, 

" pb-llCid 72 

144 

72 

-
216 

216 

"""'" -
Pb-llCid 72 

zn-Pb 165/120 

pb-llCid 120 

72 

144 

96 

60 

96 

120 

-
-
144 

-
as deilotes serU:sr P clcnotes shuntr C denotes cat{Ounc1. 
bsaJP d:Dotes a sil!CDll-OJnt.roUcd recl:if.i.cr (sat) ~; 'roIP denotes Q ttmlSistor cl1oJ;:pCr; BSW denotes batteIy swLt:ch!ngt R denotes rcsist:ancor E denotes clcct:ronic. 
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'" 

Concluded. 

Ooncluicd. 

-. hp 

7.5 

19 

U.S 

SO 

SO 

50 

50 

B.O 

37 

37 

lO~7 

20 

22 

10.6 

26 

19 

13.4 

13.3 

21.4 
6 

1!:>tOr 

'l\'P> Voltage, 
V 

IC -
IC 144 

SIC 72 

216 

IC -
prr! 110 

SIX: 110 

SIC BO 

PIC 130 

SIC B2 

SIC -
SIC -
PM 102 

SIC -
PIC -
PIC -
IC 40 

"Regenerative braldng. 
'i!ea.,..pipo _led rotor • 

Oontmu.zP 

SCIIP 

TC!!P 

salP 

I 

J 
-
salP 

I 
SSW; R 

"'" 
salP; nsw 
SCIIP 

I 
.",., fmlt _ • .,., """" """"'". 

T.ransmission 

Fixed gear ratio; 
mg-belt drive 

Fixed gear ratio 

1 
Fixed gear ratio1 

chain drive 
Fixed getIr ratio, 

ch9ln drive 
4 Speed 

CJ.rec:t. drivo 

_drive 

Filcccl gear mtio 

Fhea 9CLlr ratio 

2 Speed; rmnutl 

Fixed gear rotio 

"-

2 Speedr aut::aratic 

-
Fixed gear rati.·.· 

Fixed gear ratie. 

Direct drive 

- Range at Range II=llerotiml f%t:m 
speed. cons_t test standing start 
mph miles nph 

To speed Tine. 
nph • 

- 60 20 - -
37 - - 19 5 

33 - - 30 20 

- - - - -
50 100 30 30 10 

50 140 30 30 14 

60 100/urb - 30 10 

35 - - 35 12 

56 30B 25 2S 4.9 

54 1BB 25 2S 6.9 

2B 50 2B - -
37 56 2B 19 6 

37 62 2S 25 12 

16 - - - -
40 34 2S 25 11 

4B 127 ~ 25 B.1 

34 37 25 19 4 

37 50 25 25 13 

44 -- - '" 12 

31 45 35 30 14 
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II 

Mlnufact:urer Vehicle NIlriler Year 
of 

passen-
gem 

Ba1:tra1iQ Truck Cotp. Ilus 12 -
otis Elevat;or Co. El_bus 41 1971-76 

m:xlel 20 
_Chloride 'l'ecllnical, sUent Rider" SO 1976 

Ltd. 
~ Eleetriears, 

Ltd. 
Bus 26 1972 

I>oJ:nier Systens Gn!:h. Du:?-SUS" B2 1975-76 
EllXly &1ginooring . """"'bile 116 1976 

pty., Ltd. l21JC 

Hino AutarcbiI.e, gr 900" 
Ltd. 

79 1973 

r.suzu iN osc 71 1972 
Lucas Indust:cies, Midi_susc 

Ltd. 
34 1975 

M3scinenfatrik Augs-
bw:q IIuetnIlcJ:g 

M.A.N. busC 99 1974-76 

MitsubisW. Motom Electric: 70 1976 
Cotp. _te Bus 

EN 5" 
'IB 13° 63 -

ru\,j,le Motor Set-- Leyland bus 61 1975 
vi~1 Ltd. With 

!:railerc 

EtNEL, Groupo Elecl:tobus 50 1973 
Penault 3'1>-2" 

"s denotes seJ:ics; P denotes shunt. 

Di.trensions, m CUrb 

Ial9th Width neight: 
weight, 

kg 

5.S 2.2 2.7 3742 
7.5 2.4 2.6 4 536 

10.1 2.4 3.0 13 056 

6.7 2.5 2.9 B 260 

11.0 3.0 13 700 
l2.2 2.6 6 560 

9.9 3.1 10835 

9.3 3.1 9 B95 
6.4 2.3 2.B 7 720 

14.1 2.5 2.9 15 BOO 

9.4 2.4 3.1 9 900 

10.5 2.5 3.1 l2 250 
13.6 - - lB 5SB 

7.9 2.3 2.9 10200 

pay-
load-
kg Weight, 

kg 

7B9 1515 
3130 2041 

3629 4470 

- 2960 

- 2900 
7440 2090 

- 3500 

- 3500 
2223 2200 

7600 6100 

4145 2950 

3520 3400 

- 7010 

- 4000 

-

TAIlLE 3-17. -

(0) SI 

Bat:t:m:y 

Type Volt-
age, 
V 

Ph-acid 112 
72 

330 

220 

360 
96 

324 

3B4 
360 

360 

3B4 

SOD 
360 

240 

bSQtp dcnotes SCR cl1o!>!>erl roll? denotes transistor cl1o!>!>er, B5W dcnOl:cS batteJ:y switching, E clcnot:cs _c. 
~tive ","a.'dng. 
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!IJtora ca_u.erl> 'l'ransmissial Max.imm !lange at Range l\cceleraticn f=n 
speed, CC/I1Stant test standing start 

Power, Type Voltage, Jmv'h speed, speed, 
kW V l<m Jmv'h 'll':' Tirre, 

s 

31.3 SIX! - SOli' Direct drive 6B 97 40 40 12 

3B SIX! 72 llSW Direct cw:ve 60 - - 40 14 

72 SIX! - SCHP Direct drive 64 109 4B 4B 2l 

18 SIX! ~ 37 liD 32 32 2l 

90 POO - 60 35 20 50 20 
'nO:> SOO -

j 

60 40 4B 16 
II'OtOrS 
each @ 
45 kW 
65 SIX! - 170 50 30 9 

70 SOO 360 F.lY.ed gear 150 40 50 24 

97 00 360 Direct drive daD ~BO 4B 4B 15 

(90)1l5 (P)S IX! - E Fil<ed gear ratio 70 - - 50 "23 

72 SIX! 360 SCHP FiJ<ed gear ratio 61 lB7 40 30 7 

75 SIX! - SCHP Direct drive 55 140 40 40 24 

90 IX! - (f) Fil<ed gear mtio 63 BO 35 32 12 

92 SOO - SCllP (f) 60 - - - -

ll7 

Ii 
rE.!II~_"'_"' __ "'·-"-"~ ...... __________________ ~.~.~~-~_. ___ ... _~_ 



'l7\BlB 3-17. -

(b) u.S. 

-Manufacl:urcr VclUcIe Nuri>!r Year Dllrolal..:lnS, in. CUrb pay- Battay of weight, loud, P<lSscn- I.cngth l'lidth lleight lb Ib Weight, 'I'ypo Volt-9=' Ib age, 
V 

Batt::ronic 'l'rUck CoJ:p. nus 12 - 217 86 106 8 250 1 740 3 340 Ph-acid ill otis Elcvatcn: Co. El.cct:roI>Is 41 1971-76 29'/ 
JrCdel. 20 95 101 10 000 6 900 4 500 72 

Cl!lori&> 'lI>d1l11cal, silent lU<lcrc 
Ltd. 

50 1976 396 96 118 28 780 8 000 9 850 330 
Ct'al1ptal B1cctricars, Bus 26 1972 264 Ltd· 96 114 18200 -- 6 530 220 
llol:nier Systems Qnbh. Dl.):)-Busc 82 1975-76 433 98 118 30 200 - 6 390 360 Elroy Eng:tncorlng TOwnobJ.lc 116 1976 480 . 98 100 14 460 16 405 4 610 96 pty., Ltd. 120" 
lIino Autarnbile, 

Ltd. 
BT 900c 

79 1973 392 97 121 23 900 -- 7 720 3B4 
Illuzu EVlO5° 71 1972 364 98 120 21800 -- 7720 384 Luc:u!J Industriro, 

Ltd. 
Midi-Buso 34 1975 251 90 112 17 020 4 900 4 890 360 

Mlscllincnfabrlk Aug:l- M,A.N. bu3" . bw:g NUcJ:n!:cl:g 99 1974-76 554 98 114 34 800 16750 13450 360 
MitstUrlsh! MJI:ors E1ectric 70 1976 3G9 98 120 21800 9 140 6 505 394 CoJ:p. POO8J Bus 

EV5 
'lB-13° 63 -- 414 98 123 27 000 7 760 7 500 SOD !libblc M:ltor Scr- Ieyland bus 61 1975 535 - - 41 000 -- 15450 360 vices, Ltcl. with c 

trailer 
sawr., Gt:o\lp> Ronllult Elcc~buo 50 1973 311 89 112 ' 22500 - 8 820 240 3'1'-2 

Os; cIenot:cs series1 'p denotc!l shunt. 
bSClll' denotes sen chopper, 'rC/!P denotes transistor chopper, BSl< denote, battct:y GWitching, E den_a cloctronic. ~tive broking. 
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llitor' cont=llerb 
Tri1l1!mlission Moldnun R<lnge at I<ulgc Ao::el.er.tion fran 

s!'C<'<l, constant test standing stdrt -, 1We Voltage, I1l?h miles I1l?h 
hp V '1'0 speed, TiIra, 

I1l?h s 

42 SOC - SCI!P Direct drive 4~ 60 25 25 12 
50 SO:: 72 BSW Ilirect drive 37 - - 25 14 

96.5 SO:: -- SCIII' Ilirect drive 40 68 30 30 21 

24 so:: - 23 6B 20 20 21 

121 PO:: - 37 22 12 31 20 
~ S tc rrotors at 60 hp 

1 
37 25 ,0 16 

ench 

87 SOC - 106 31 19 9 

94 SOC 360 Fixncl gear r.tic 93 25 31 24 
(122) 156 (P)S OC 350 Ilirect drive d50 '\12 30 30 15 

121 P(S)OC - E Fixed gear ratio 43 - - 31 e23 

97 SOC 360 SCI!P Fixed qaB ratio 38 116 25 19 7 

100 So:: - SCI!P D::i.rt1ct. c1rivo 34 87 25 2S 24 

121 OC - (fl r1xcd gear ratio 39 50 22 20 12 

123 SOC - SCI!P (f) 37 - - -- -
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Figure 3-33. - Sundancer. 

Figure 3-).\ - Enfield san 

3.4.2 Literature Data Summary 

Tables 3-15 to 3-17 include information on 120 different 
electric v hicle and are believed to be the most complete 
collection of th i s type of data. The vehicles may be grouped as 
person 1 cars , delivery vans, and buses. Photographs of 
representative vehicles of each class are shown in figur~s 3-33 to 
3-36. Th number of vehicles of each class listed in tables 3-15 
to 3-17 are as follows: 
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Figure 3-35. - Harbilt Postal Service van. 

Figure 3-36. - Electrobus. 

Type of vehicle Vehicle claa. 

Dome.tic Foreign Total 

Number of vehicl •• tabulate4 

Automobile 53 13 66 
Van 15 25 40 
Bu. 2 12 14 
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Approximately 35 vehicles have been omitted from the tabulation because very little information was available about them and/or they were very early experimental vehicles. Of the personal cars tabulated, about 30 percent are now, or have been, offered for sale, 20 percent are preproduction or prototype models, and about 50 percent are experimental vehicles. About 60 percent of the domestic vehicles tabulated either are conversions of conventional vehicles or use bodies designed for conventional vehicles. 

Table 3-18 gives the range of curb weights reported in the literature for each vehicle class. 

TABLE 3-18. - VEHrCLE CORB WEXGHTa 

Curb weight range, Automobiles Vans Buses kg , 
Number in curb weight range 

250 - 750 13 3 
150 - 1 250 25 10 

). 250 - 1 750 15 B 
1 750 - 2 250 3 7 
2 250 - 3000 3 9 
3 000 - 4 000 2 1 
4 000 - 8 000 1 3 
8 000 - 12 000 5 

12 000 - 16 000 4 
Over 16 000 1 

aCurb weights not available for seven automobiles. 

The payload capacity of all personal cars is less than 400 kilograms (880 Ibm), and the number of four-passenger cars is approximately equal to the number of two-passenger cars. Delivery vans have payload capacities as high as 2000 kilograms (4400 Ibm). The capacities of the buses reported range from 12 to 116 passengers. 

The types of vehicle performance information found in the literature vary from the data obtained under comparatively controlled conditions to estimates made by the designer of the vehicle. In general, the source of the data is not specified and the data frequently are incomplete. Range claims, for example, 
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Rgure 3-37. - Rang •• t constant !jlced claims. 
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seldom specify the vehicle wej.ght and often do not state the speed 
or conditions under which the range was measured. Fortunately, 
however, manufacturers' brochures are now beginning to state range 
in terms of urban driving or constant speed driving conditions. 

Range claims found in the literature for various vehicle 
speeds are shown in figure 3-37(a). Both domestic and foreign 
cars are included. The heaviest car shown in the figure has a 
curb weight of 2650 kilograms (5850 Ibm) and all but six cars have 
curb weights of less than 1500 kilograms (3300 Ibm). Range claims 
at various speeds for delivery vans are shown in figure 3-37(b). 
Thirty-six of the vans weigh less than 3000 kilograms (6600 Ibm) 
at the curb and four have a curb weight between 3000 and 5000 
kilograms (6600 and 11 000 Ibm). Bus range claims at various 
speeds are shown in figure 3-37(c). All vehicles reported in 

.figure 3-37 use lead-aaid batteries. 

The maximum speed claims for passenger cars are shown in 
figure 3-38(a). There is a trend toward higher maximum speed 

140 

80 00 0 

120 0 0 0 0 0 

o 0 0 0 0 
.c 0 0 0 E 

000 80~ ... 100 0 .c 60 ai Co 
I; W o 0 CPOePOO ai 

Co 
VI 

e o ~ 00 '" Co ::l 80 VI e e 'x 8 0 
::l 

~ 0 e e 
'x 

0QJo 10 0 ~ 40 
60 0 

0 0 

0 

400 1000 1500 2000 2500 

20 Vehicle curb weight, kg 

I I I I 
0 lOOO 2000 3000 4000 5000 6000 

Vehicle curb weight, Ibm 

(al Cars. 

Figure 3-38. - Maximum speed claims. 
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claims for the heavier vehicles. This same trend is true of the 
vans (fig. 3-38(b». Overall, maximum speed claims for the vans 
range from 30 to 110 kilometers per hour (19 to 6 8 mph), compared 
with the 40 to 130 kilometers per hour (25 to 81 mph) claimed for 
cars. Although the sample is small, buses show more uniform 
maximum speed claims (fig. 3-38(c». This is probably because 
these vehicles are designed for a specific application. 

The acceleration claims (i.e., the time to reach terminal 
speed) are shown in figure 3-39. Approximately two-thirds of the 
personal cars achieve 48 kilometers per hour (30 mph) in 7 to 13 
seconds (see dat.a cluster in fig. 3-39 (a) ). An examination of 
table 3-15 shows that accelerat ion time appea1:s to be unrelated to 
the curb weight of the personal cars. The acceleration claims for 
delivery vans are shown in figure 3-39(b). The claims are about 
the same as those for personal cars even though the curb weights 
of the vans are roughly twice those of the personal cars. The 
buses (fig. 3-39(c» have somewhat longer acceleration times than 
the cars and vans. 

Very little data are available in the literature on 
gradeabil ity for personal cars. However, maximum gradeabil ity 
claims for vans and limousines range from an II-percent to a 
35-percent grade. Buses, reportedly, have the ability to climb 
maximum grades ranging from 6 to 13 percent. 

Data in the literature regarding energy consumption are also 
sparse. What data exist, however, indicate that cars consume from 
0.2 to 0.4 kilowatt hour per kilometer (0.3 to 0.6 kWh/mile) for 
urban service and from 0.1 to 0.4 kilowatt hour per kilometer 
(0.16 tq 0.6 kWh/mile) at steady speeds of 40 to 50 kilometers per 
hOllr (25 to 30 mph). The· energy consumption claims for vans and 
limousines range from 0.3 to 0.7 kilowatt hour per kilometer (0.5 
to 1.1 kWh/mile) for urban service and from 0.1 to 0.3 kilowatt 
hour per kilometer (0.16 to 0.5 kWh/mile) 'lt steady speeds of 32 
to 40 kilometers per hour (20 to 25 mph). Energy consumption data 
for buses, based on service experience, are presented in section 
3.3 of this report. 

Payload capacity for personal cars was generally expressed in 
terms of number of passengers, with five passengers or 400 
kilograms (880 Ibm) being the maximum. Delivery van payloads 
ranged to 2000 kilograms (4400 Ibm) with a distribution as 
follows: 
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payload, Numbeil: of va.ns 
kg 

o - 500 21 
500 - 1000 9 

1000 - 1~500 2 
1500 - 2000 2 

The paylo~d capac~ty for buses ~s also presented as passenger capac~ty l.n the literature. Passenger capacity ranges from 12 to 116 were reported: 

Number of passengers Number of buses 

12 - 41 4 
50 - 71 6 
7·9 - 99 3 

116 1 

According to the literature, the Japanese government's electr~c vehicle program ~s one of the oldest government-supported R&D programs. Research and development of electr~c vehicles in Japan (ref. 19) ~s under the d~rect~on of the M~n~stry of Internat~onal Trade and Industry (MITI). The research and development program was d~v~ded roughly ~nto two phases. In the f~rstphase, 1971 to 1973, exper~mental lightwe.ight (1000 kg) and compact (2000 kg) electric passenger cars, lightweight (1100 kg) and compact (3500 kg) electric trucks, and an electric bus were built. These vehicles were equipped with improved lead-acid storage batteries, electric motors, and controllers. Concurrently, research was undertaken on seven types of new batter~es" three types of new electric motors and controllers, new plastics for bodies, and charging and utilization systems. 
In the second phase, 1974 to 1976, the improvements developed in ph~se 1 were ~mp1emented and the battery-motor-contro11er system WaS opt~m~zed. These improvements, together with plastic material advances, were incorporated into four types of cars and trucks similar to those of phase 1. The pr~mary aim of phase 2 was to increase veh~cle range and to adapt to the present urban traffic flow. Development of higher power, longer-cyc1e-1ife 'batteries, lightwe~ght and efficient motors and controllers, anc plastic mater~als cont~nued in phase 2. The vehicles built during phase 2 are shown in figures 3-40 to 3-42 and are described in table 3-19. 
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TABLE )-1'. - PHASE 2 JAPANESE EXPERluENTAL V: HICLES (REF. 51) 

Type of vehicle MITI Battery Motor and control device 
de.i9-
nation 

Lightweight electric !V IH Hybrid battery compo.ad of Tran.l.tor chopper control, 
~ ... nger co. iron-air .tor_g_ battery thyri.tor actor 

and high-pow_r , lead-acid Tranai.tor chopper ~~ntrol, .torag_ battery DC .ep~rat.ly excited 
EY IN Iron-nickel .torage battery .. tor 

Ca.pact electric EV 28 Hybrid battary cOllpo •• d of Thyrl.tor chopper control I 
pauenger car electrolyte, .tationilry- DC •• par ately excited 

type , zlnc-al~ .torago motor 
batt ery, and high-power, 
lea4-acid .torag_ battery • 

EV 2' High-perforaance , long-lite, Thyri.tor chopper control, 
le.d-acid .torag. battery DC .eparately excited 

a.otor 

I,ightweiCj1ht electric EV 3' La.e-.cid .torag. battery Thy~i.tor chopper control, 
truck with aat-.tr ucture elec- peraanent-magnet-type DC 

t rode (clod type, IDOtor 

COI.pact electric EV 4H Hybrid battery compo.ed of Thyri.tor chopper control, 
truck electrolyte, circulating-

type , zinc-air .torage 
DC .hunt motor 

battery I and high-power, 
lead-acid .torage battery 

lEV CP Lead-acid .toraga battery Thyri.tor chopper control I 
with .. t-.tructure e1ec- DC .hunt aIOtor 

I trod. (peate type) 

Figure 3-~ - Japanese electric vehic les (MIT!). 
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Figure 3-41. - Toyota EV 2 (MITII. 

Figure 3-42. - Nissan EV 4 (MITH. 

130 



I 
I 
I 
I 

Hybrid battery systems were used in vehicles 2H and 4H to 
increase range. The metal-air battery of the hybrid battery 
provides the energy for cruising, while the lead-acid battery 
provides the power for acceleration. MITI tested these seven 
vehicles, and the reported test results are presented in table 
3-20. 

TABLE 3-20. - RANGE PERFORMANCE OF PHASE 2 JAPANESE 

EXPERIMENTAL VEHICLES (REF. 51) 

MITI Battery Range at 
designatioll 40 km/h (25 mph) 

kin miles 

EV 1H Iron-air/1ead-acid 260 161 
EV 1N Iron-nickel 259 160 
EV 2H Zinc-air/1ead-acid 455 282 
EV 2P Lead-acid 243 151 
EV 3P Lead-acid (mat structure) 205 127 
EV 4H Zinc-air/1ead-acid 496 308 
EV 4P Lead-acid 302 188 

Information on the test procedure used is not available, but 
the reported results appear to be outstanding. The ranges of 
these experimental vehicles are compared with the ranges of all 
other foreign and domestic lead-acid-battery powered cars ani vans 
in figure 3-43. The data for "all other" vehicles are preser.':ed 
in envelope form. Included in the envelope are vehicles devel~ped 
by private enterprise in Japan (ref. 19). The higher range 
capability for all of the MITI vehicles shown is exceptional, in 
particular for the EV 2H and EV 4H, two of the vehicles with the 
hybrid batteries. 
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Japanese electric Vehicles with others. 

75 

3.5 SUMMARY OF ELECTRIC VEHICLE STATUS 

Information and data on electric vehicles have been presented 
in previous sections of this report. Data sources include track 
tests, user surveys, and the literature . Each of these sources 
yields a great deal of unique information . Track tests provide 
detailed p rformance data on a few vehicles but little on routine 
operating experience. The literature provides limited performance 
and physical characteristics information on a much larger number 
of vehicles. Although the user surv ys yield little on 
performance, they yield a wealth of information on durability, 
reliability, operating costs, and public acceptance that is not 
available from the other sources. An evaluation of overlapping 
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data from the three sources shows some apparent inconsistencies 
which, al though noteworthy, are not alarming since most can be 
attributed to differences in test and/or operating conditions. 

Range, acceleration, and maximum speed measured for the test 
vehicles have been compared wi ~h those reported from the same 
vehicles in the literature. This comparison is presented in 
figure 3-44 . Ratios of track test results to the literature data 
for these parameters are presented. In general, the performance 
data given in the literature tend to be higher than track test 
data. Most of the range data from the two sources agree to within 
about 25 percent, but some vary by as much as 60 percent . 
Agreement is also better between test results for maximum speed 
and acceleration data and comparable literature data. Te n of the 
eleven maximum speed comparisons and half of the acceleration 
times are within 20 percent of agreement. The agreement on 
performance data between these two sources lends credibility to 
tre l ting all data from the three sources as a single set rather 
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figure 3044 .• COl11llarlson of track and literature performance data for soma vehicles. 
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· than three separate sets of data. This effectively increases the data base from the small number of vehicles actually tested to hundre'ds or thousands, depend ing on the performance property be ing considered, and thus more effectively aids in defining the state-of-the-ar.t of electric vehicles. 

In this section the data obtained from the three sources are summctrized and discussed to provide an indication of the state of electric vehicle development and to suggest areas for improvement. 
3.5.l Range 

constant-speed range data from the literature and track tests fo.r· personal and commercial vehicles are shown in figure 3-45. In 
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eacn plot, the literature data are shown as points and the trac~ 
data as two curves; tne u~per curve represents the data frem the 
vehicles tested that nad tne greatest range capability wnile tne · 
lower curve represents an average value for all the remaining 
vehicles tested. Tne longest range measured at tne t~ack was 190 
kilometers (120 miles) with several manufacturers quvtinq 
comparable ranges . An envelope representing the data from figure 
3-45 is replotted in figure 3-46 along with data froffi the 
literature for vehicles built under the Japanese gove~nment'b MITI 
program and for vehicles built by Japanese automobile 
manufacturers (ref. 20). The vehicles developed and tested under 
the Japanese government's R&D programs are reported to have ranges 
greater than the range of all otner vehicles. All these Japanese 
government vehicles use high power lead-acid batteries and 
advanced propulsion system and vehicle teChnologies. They are 
experimencal and are not representative of vehicles available in 
today's market; they may, nowever, indicat~ tne potential of 
electric vehicle s. 

o Electric vehicles developed by the 
Japanese government (MIni 

o Japanese commercial electric vehicles 
200 

0 

~ for other .!! E e 1~ ... vehicles 
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Agure 3-46. - Electric vehicle range as function of speed. COmparison of 
Japanese electric vehicles with others, 
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Vehl.$ Usel:'"eJ<perienced SAE. J227a track tests USPS cycle 
code Ilverage r<Ulge average r<Ulge 

Driving Average r<Ulge 
Ian 1niJ.~ scOO:lule Jan miles 

Jan miles 

P-5 B - 16 5 - 10 B 39 24 - -
P-6 32. - 48 20 - 30 B,C 120 a75 - -
P-B 24 - 32 15 - 20 C 32 20 - -
P-10 16 - 40 10 - 25 B 32 20 - --
0-1 16 - 64 10 - 40 B,C 72 a 44 - -
0-2 16 - 24 10 - 15 B 54 34 35 22 

. 

0-3 19 - 96 12 - 60 B/C 60 a37 - -
0-9 24 - 32 15 - 20 B 34 21 42 26 -

~ical. average of aU B and c scOO:lule data. 

Little range data for stop-and-go driving schedules were 
available from the literatur~ to supplement the track data. 
However, the range data available from the user experience survey 
are summarized in table 3-21. These data are also compared on 
table 3-21 with the track test data taken on vehicles tested under 
the schedule Band C speed profiles and those measured in separate 
tests using a USPS driving cycle. With two exceptions, the user 
range data are significantly lower than the range measured in 
track tests. Weather, hills, driver's skill, and vehicle 
condition and age can all measurably contribute to the reduced 
range in the field. 

The only data available on buses are from the literature and 
field experience since bus track test data were not available. In 
general, the range per battery charge achieved by buses appears to 
be adequate for the buses to meet many intra-city route 
requirements. At speeds of 30 to 50 kilometers per hour (18 to 30 
mph). ranges vary from 60 to 120 kilometers (36 to 104 miles) with 
most buses having ranges greater than 100 kilometers (60 miles). 
Where the routes require greater ranges I many foreign electric 
buses use battery exchange stations# thus, the distance traveled 
in id day is no longer limi.ted by the capacity of one battery. The 
M.A.N. buses in Germany average 300 kilometers (180 miles) per day 
using this technique. 

3 .• 5.2 Energy Consumption 

_. Jilillergy consumption was measured for most of the cars and vans 
tested (l}on the t~ack, (2) by some of the users of electric 
veh icles 1 and (3) by a few of the l!letftufacturers. The energy 
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t;,,' ____ ..... ___________________ .... -------
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consumption data obtained from the track tests for electric 
vehicles and from users' experiences with carR and vans are shown 
in figure 3-47. The upper shaded band encompasses the data 
obtained from users' experiences: tne lower band shows the track 
test results . Electric buses not included i n the figure average 
0.18 watt hour per k ilometer per kilogram (0 . 13 Wh/mile-lbm): 
thus, they have lower energy consumption per unit weight than most 
of the vans and cars. 
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F1gure 3-47. - Energy consumption - comparison of track tests and 
field experience for cars and vans. 

The energy cunsumption reported by users appears to average 
aDOut twice th t of the vehicles tested on the track. Part of 
this increase is probably due to differences between the track and 
in-use environments - that is, hills, climate , winds, driver'S 
Skill, and non~ptimum charging techniques. Another reason for the 
difference may lie in the data sample. The data sample available 
from venicles operating in the field includes vehicl s built up to 
5 years ago, While the track data are from (in many cases) newer 

137 

• 



7 

\ 

Tl\BLE 3-22. -o::M£'JlRISCN OF USER El!PERIE1'lCE lIND TP1lCK mE:RGY 

CONStW!TION n.>.'m 

vehicle :rn t,lSe. SAE 'f227a track data USPS tests code 
Energy consmption 

. kWh/kIn kWh/mile. kWh/kIn kWh,hnile kWh/kIn kWh,hnile 

P-6a 0.22 0.35 0.22 0.35 - 0.36 - --
!?-8 .5 .B 0.43 - 0.51 0.70 - 0.B2 - ---
0-1 • .15 1.2 0.64 - 0.70 1.0 - 1.1 - -
0-2 ... .94 1.52 0.51 0.B2 o 67 1.08 
0-3 .s .9 0.50 0.B1 - --
0-9a .62 1~0' ---- ----- .63 1.01 

aEnergy consumption not adjusted for 10-percent battery overcharge •. 

electric vehicles of different designs built by different manufacturers.· Comparative data from both track test and in-use experience are available .for only six types of electric vehicles. Energy consumption for these vehicles is tabulated in table 3-22. The track data are for SAE ·J227a driving cycles (see section 3.3 and appendix D) and, in two cases, for a postal driving cycle (ref • . 21). The most complete data were obtained for vehicles C-l and C-2. These vehicles used 25 to 50 percent more energy, respectively, in the field tnan on the track. Based on these limited data it may be estimated that an average increase in energy consumption of about 35 percent may be expected in the field over what track results would indicate. 
Four conventional vehicles were tested on a track at the same constant speeds and driving schedules as their electric vehicle (conversion) counterparts. Gasoline consumption was measured for each condition. The equivalent heat energy consumptions of these gasoline powered venicles are compared with the electric vehicles' energy consumption in table 3-23. Two values are given for the conventional vehicles~ the measured gasoline consumption, and the gasoline consumption converted to its equivalent lower heating value of 114 000 Btu per gallon. 'rhe electric vehicle enersy consumption is reported as measured, as converted to its thermal equivalent, and as tne thermal equivalent assuming the utility, plant and distribution system supplying the vehicle are 33 percent efficient. At 33 percent efficiency the energy consumptions of tne conventional and· the electric vehicles are essentially equivalent. The quantity of thermal' energy consumed is about the 
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=s 3-23. -~ CONSlM'TION OF CONVENl.'.ICNAL AND ELEal.'RIC VElIICLES 

vehicle ~ cor.dition ConventiaJal. vehicles Electric vehicles 
ccde 

Aveu:age enexgy CCII'ISUIlptio.' 

As neasured Equivalent heat eneJ:gY As neasured Equivalent heat eneJ:gY 

km/liter ll1P9" kWh/km Btu/mllea klfu/km kWhfmile At 100 pen:ent At 33 percent 
efficiency, efficiency 

Btu,hnil.e 
kWh/Jon Btu/mile 

P-2 Constant speed 22 51 0.41 2200 0.15 0.24 820 0.45 2500 
Driving schedules 10 24 .86 4700 .21 .33 liOO .64 3400 

P-7 Constant speed li 27 .77 4200 .26 .41 1400 .77 4200 
Driving schedules 6 15 1.38 7600 .35 .56 1900 1.05 5800 

C-2 Constant speed li 25 .83 4600 .35 .57 1900 1.06 5900 
Driving schedules 6 14 1.48 8100 .50 .80 2700 1.52 8300 

C-3 Constant speed 14 34 .61 3400 .30 .48 1600 .91 5000 
Driving sc.lJedules 7 16 1.30 7100 .50 .81 2800 1.52 8400 

----- ----- -

'U4 000 Btu/gal of gasoline. 
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Same whether the thermal energy comes. from a vehicle engine or f):,om fuel burned in a utility plant too generate electricity which il1 turn powers an elect:ric vehicle. 

3.5.3 Regenerative Braking 

Regenerative braking was provided on 9 of the 22 electric vehicles tested. Few of the American-built vehicles listed in section 3.4 have regenerative braking, but half of the foreign vehicles are so equipped and virtually all new foreign vehicles incorporate this technique. very few data are available in the literature on the effectiveness of regenerative braking. Data from track tests for five vehicles show an average increase in range of 13 percent (see table 3-24) due'to the use of regenerative braking for the Band C driving schedules. The recent evaluation of regenerative braking systems by the Lawrence Livermore Laboratory (ref. 22) indicates that an 18 to 30 percent range extension for the same conditions should be aChievable with regenerative braking and more advanced lead-acid battery and vehicle systems. This analysis is consistent with the NASA test results when the design limitations of present regenerative systems tested are considered. 

TABLE 3-24. - REGENERI\TIIIE ~ 

Vehicle code Driv:ing schedule 

B C 

Average ra\ige .inpl:o\Tel'ent due 
to :z:egenerative braking, 

percent 

p..3 2 21 
p..6 12 31 
p..7 10 9 

0-.3 5 1 
0-.5 II 29 

Average of all tests 13 

3.5.4 Acceleration, Maximum Speed, and Gradeability 
Performance data for electric vehicles from the track tests , and the literatUre are tabulated in table 3-25 and compared with the performance of a typical conventional car. The performances of the four conventional vehicles tested under this program are 

140 

.\ 

, 

! 
I 

,I 
1 
I 



t-' 

"'" t-' 

TABLE 3-25. - ELOCTRIC AND ~ VElITCLE PERil'OIlIWlCE: :E'l'<CM TRIlCK 'mSTS AND Ll'l'ERl\nlRE 

-
Type of vehicle Track tests Literatum Track i:e3ts

a Literature Track tests Literature 

Acceleration - tine to Maxirnlm speed GrarJeabi J j:l¥ - grade that 
reach 48 lmVh (30 IlFh), s can be clUOOed at 40 lmVh 

lmVh IlPh lmVh IlFh (25 IlFh), percent 

Personal electric 14 - 45 6 - 32 48 - 90 30 - 56 40 - 130 25 - 80 2-9 -
vehicle 

o:mrercia1 electric 11- 51 7 - 21 56 - 90 35 - 56 26 - 113 16 - 70 1- 11 -
vehicle 

~ica1 conven- 5 >+30 >80 --- 20 
tiona1 car 

El.ectric bus 15 - 21 37 - 80 23 - 50 -- -
~t gross vehicle weight. 

TABLE 3-26. - 'mACK l?ERFORM1\NCE MTA FOR a:NVENTIalAL VElITctES AND THEIR 

EIECl'RICAL COWl.'ERPARTS 

'lehicle conventicnal Electrical. Oanventional. Electrical conventional Electrical. 
code vehicle counterpart vehicle counteJ:part vehicle counteJ:part 

Acc"cleration - tine to Ma>dnum speed Gradeabili:l¥ - grade that 
reach 48 lmVh (30 IlFh), s can be clhOOed at 40 lmVh 

lmVh nph lmVh nph (25 nph), percent 

P-2 8 34 >129 >80 64 40 16 3 
P-7 7 17 >129 >80 90 56 19 6 

0-2 6 23 >97 >60 56 35 19 4 
0-3 10 14 >97 >60 72 45 13 7 

-- ------- -
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also compared with the pe"cformances of their ",lectric counterparts in table 3-26. The data in both tables show that the acceleration, maximum speed, and gradeability of electric vehicles are significantly lower than those of conventional vehicles. 
Many conventional automobiles can accelerate from 0 to 48 kilometers per hour (30 mpn) in 5 seconds or less. All the electric vehicles tested took more than 10 seconds to reach 48 kilometers per hour, and two took over 45 seconds to reach this speed. A few electric vehicles described in the literature claim to accelerate to 48 kilometers per hour (30 mph) in as little as 6 seconds; many claims are considerably higher. Since a common complaint of users of electric vehicles is the lack of acceleration, this may present a problem when electric vehicles are introduced to the P'li11ic on a broader Ecale. One notable exception is electric buses. Although they also accelerate slowly, usually requiring 15 to 21 seconds to reach 48 kilometers per hour (30 mph), some actually accelerate faster than their conventional counterparts. 

The grades that the tested electric vehicles can climb at given speeds are listed and discussed in section 3.2.3. Additional information on gradeability was not available from either field experience or from the literature. 
Electric vehicles can climb very steep grades at very low speeds, but most electric vehicles have difficulty climbing more than a 5 percent grade (the maximum grade on an interstate highway) at 40 kilometers per hour (25 mpn). Clearly, improvements in hill climbing capabilities are needed. 
Tne measured maximum speeds of the electric personal and commercial vehicles tested varied from 48 to 90 kilometers per hour (30 to 56 mph). These were measured at the gross weight of the vehicle and represent their minimum capability. Maximum speeds for electric vehicles as high as 130 kilometers per hour (80 mph) are quoted in the literature, with many :ehicles listed at 110 to 120 kilometers per hour (70 to 75 mph). Since maximum speed is readily measured with an ordinary speedometer, these literature values should be fairly accurate. However, if the speed were measured on even a slight downhill slope (of 1 to 2 percent), a significant increase in the electric vehicles maximum speed would be recorded. This effect coupled with differences in test weight may account for some of the higher speeds quoted in the 1 iterature. 

In field use, most electric vans and buses are assigned routes or missions that require fairly low driving speeds, which is consistent with urban traffic flow. The vehicles available seem to be quite adequate for this role. As more personal electric cars are placed in operation and drivers desire to use them on freeways, the present maximum speeds may not be satisfactory. 
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More development work is obviously required to increase 
maximum speed, acceleration, and gradeability without 
significantly sacrificing range and/or battery life unless or 
until lower performance is accepted by the public. 

3.5.5 Payload 

Many of the electric personal and commercial vehicles built 
in the United States have very limited payload capability. Only 
two of the personal vehicles tested were designed to carry .four 
passengers without exceeding the manufacturer's recommended gross 
venicle weight, even though several other vehicles had four seats. 
Most of the electric personal vehicles listed in the literature 
appear to be designed for fewer than four passengers. One reason 
for this is that tne batteries take up much of the weight (and 
space) of the vehicle. 

Delivery vans have more space and weight capacity for 
batteries and are not as limited in payload capability. The 
payload capabilities of the delivery vehicles tested varied from 
168 to 800 kilograms (370 to 1770 Ibm) with most exceeding 400 
kilograms. Payload capabilities up to 2000 kilograms (4400 Ibm) 
are quoted in the literature. 

Transit buses have not been limited in their passenger 
capacity by the increase in weight due to the batteries they 
carry. In some cases except ions to local ord inances regulat ing 
axle loads have been required. 

3.5.6 Braking, Driveability, and Safety 

Braking tests were 
during this assessment. 
vehicles required heavy 
power-assisted brakes. 

conducted on twelve electric vehicles 
Virtually all tests were passed, but most 

pressure on the brake pedal. Only two had 

The vehicles tested nad a tendency to understeer and to turn 
slowly. This coupled with slow acceleration produce a different 
"feel" to the driver, I·mich can make operation in moderate speed 
traffic difficult. Reductions in vehicle weight and modifications 
to the steering and braking systems should lead to improvements in 
these areas. 

Electric vehicles present new automotive safety problems 
because the general public is not used to handling high voltages. 
To help assure the safety of private citizens who may choose to 
work on their own vehicles, protected connectors and special tools 
and handling equipment plus careful instruction are needed. 

3.5.7 Reliability 

The electric vehicle industry is very young. Relatively 
little time or money for developing electric vehicles has been 
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Figure 3-48, - Electric vehicle reliability, 

available to most manufacturers. This ~ituation is reflected in the reliability data available from :field use and the track tests. 
Conventional vehicles typically experience about one out-of-service disability per 5000 kilometers (3000 miles). In contrast, during track tests, one disability every 500 kilometers (300 miles) was common. The user experience shown in figure 3-48 reveals a similar pattern (1 to 2 failures every 1000 km). Some exceptions were noted. The Harbilt vans used b.y the USPS are reported to have failure rates of about one in 10 000 kilometers (6000 miles) • The VW Electrotransporter used in Germany experienced only four failures in 10 000 kilometers (6000 miles). These exceptions illustrate the potential for high reliability if sU.fficient development can be .undertaken before introducing a vehicle into service • 

. ·3.5.8 Vehicle Cost 

The initial cost of an electr ic vehicle is rougnly twice that of a conventional vehicle.· The high costs can be attributed to .the low volume production and common use of conversions rather than to inherently expensive construction. Costs should get lower as production·.runs increase. 
At present, the energy cost for electric vehicles is comparable to that for conventional vehicles. The fuel costs for tne·four conventional vehicles tested to electric vehicle test procedures are compared with those of their electric counterparts 
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Vehicle Test condition conventialal. Electric:1l Cbnventional Electrical 
code vehicle COWlteJ:part vehicle counteJ:part 

Fuel cost 

l6¢/liter 5¢/kWh 60¢/gal 5¢/kWh 

Average fuel cost 

cents/km cents;inile 

P-2 Constant speed 0.7 0.7 1.2 1.2 
Driving schedules 1.6 1.1 2.5 1.7 

P-7 Constant speed 1.4 1.6 2.2 2.1 
Driving schedules 2.4 2.2 3.9 2.8 

0-2 Constant speed 1.5 1.6 2.4 2.9 
Driving schedules 2.5 2.4 4.1 4.0 

0-3 Constant speed 1.1 1.5 1.7 2.4 
Driving scheduleo 2.3 2.5 3.7 4.1 

in table 3-27. At the energy costs assumed, average vehicle fuel 
costs are almost identical. It is likely that as electric 
vehicles are further developed their fuel costs will be lower than 
those of their already highly developed conventional counterparts. 
The compar ison l-:ill also be influenced heav ily by future cost 
trends for both types of fuels and local pricing situations. 

Maintenance costs have been relatively high for electric 
vehicles partly due to the immaturity of the vehicles and partly 
due to the extensive labor necessary for battery charging, 
water ing, checking, and serv icing. The exper ience with "milk 
floats" in England has shown that repair costs can be low. 
Battery improvlo ... ents to reduce water loss and to simplify charging 
and water addition are necessary before these battery-associated 
losses are reduced. . 

The life of the batteries used in most American-built 
electric vehicles is about 1 year or 3000 to 6000 miles. Foreign 
vehicles such as the Harbilt postal van use industrial or 
semi-industrial batteries whose lives are much greater. The USPS 
aarbilt's batteries have been in operation for up to 4 years or 
10 000 miles without a failure. Battery replacement costs for 
electric vehicles are very high. Major improvements in battery 
life to reduce replacement costs are essential if the electric 
venicle is to be cost effective. 

High initial cost, high maintenance cost, very high battery 
replacement cost, and the limited usage of electric vehicles 
result in a high life cycle cost and cost per mile traveled. 
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Longer vehicle and battery lives and improvements in daily operating range are needed to make costs competitive with conventional vehicles for general applications. 
3.5.9 Status of Electric Vehicle Industry 

Companies involved in the design and manufacture of electric vehicles are typically small, entrepreneurial concerns. The largest number of on-the-road venicles manufactured by any united States company in recent years is 2000. Most companies have produced less than 100 vehicles. While the total number of manufacturers of electric vehicles is increasing, there has been a very high turnover rate. Tne number of manufacturers of large on-the-road electric venicles for 1973 through 1976 are shown in figure 3-49. Almost two-thirds of these manufacturers have been in business for 3 years or less. 

Tne immaturity of the industry certainly contributes to the present low reliability of electric vehicles and the difficulties encountered in Obtaining parts and servicing. It is expected that these problems will disappear as the industry matures an~ expands. 

Manufacturers who 
entered market In -

1913 or ear lIer 
1974 

1975 

1976 

1973 1974 1975 1976 
United States 

26 

1973 1974 1975 1976 
Foreign 

figure 3-49. - Manufacturers of large on-the-road. battery 
powered vehicles. (Data obtained from ref. 23. ) 
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4.0 ELECTRIC VEHICLE COMPONEN'rS 

The electric and hybrid vehicles in existence today consist 
of limited production vehicles such as the USPS vans, various. 
experimental vehicles such as the CDA town car, and conversions of 
conventional vehicles either for private use or sale. The 
component quantities required have not been sufficient to justify 
extensive development by private industry. Consequently, 
designers have had to adapt and modify equipment that was 
originally designed for applications such as conventional 
vehicles, industrial truck, or golf cars. 

The components of an electric vehicle propulsion system are 
shown in block diagram form in figure 4-1. An example of a 
component arrangement is shown in figure 4-2. These components 
consist of tires, differentials, transmissions, traction motors, 
controllers; batteries, and battery chargers. The tires, 
differentials, and transmissions generally are standard automotive 
types. Where conventional vehicles have been converted to 
electric vehicles the existing mechanical drive train usually has 
been retained. The motors frequently are rebuilt industrial truck 
motors or surplus aircraft generators. The controllers and 
battery chargers are either adaptations of industrial truck 
controllers or custom designs. Unless the vehicle was to 
demonstrate a special type of battery, the batteries are golf car 
or industrial. 

For an electric vehicle, range is one of the most important 
considerations. The upper bound on range is determined by the 
energy capacity of the battery. Within this bound, the range is 
determined by the energy utilization efficiency of the system. In 
turn, the effective utilization of energy depends on component 
efficiencies, component interactions, and driving strategies. The 
value of high component efficiencies is well recognized. Not as 
apparent is the fact that component interactions generally result 
in all components operating at less than their maximum 
efficiencies. The most important component interactions involve 
the battery. Both Booz-Allen and Hamilton, Inc., and Rohr 
Industries, Inc. (refs. 1 and "2) point out that no single system 
will be the most efficient system over different driving cycles. 

Unfortunately, in most of the other applications from which 
the components were adapted, efficiency was not a major design 
consideration. Consequently, efficiency data frequently are not 
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Figure 4-1. - Schematic 01 electric power train. 

Figure 4-2. - COmponent arrangement In electric vehicle. 
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avail"lble. In som·e cases the manufacturer does not have the data. 
In other cases the operating conditions of the electric vehicle 
are so vastly different from those for which the component 
originally was designed that the available data are of marginal 
value. In still other cases the electric vehicle builders' 
modifications have negated the original data. Most of the vehicle 
builders lack the equipment and resources necessary to obtai~ 
meaningful efficiency data, and the economic incentive is 
insufficient to induce the manufacturers to perform additional 
tests. Obtaining pertinent component test data is costly and time 
consuming. Because the electric vehicles operated over various 
driving schedules, transient as well as steady-state component 
performance data are required. The best available instrumentation 
is inadequate to measure the power in the pulse circuits used in 
some controllers and chargers tc the desired degree of accuracy 
(ref. 3). When determining efficiency by the ratio of power 
output to power input, the tolerances on the individual 
measurements are cumulative. Consequently, I-percent errors in 
individual measurements of voltage, current, speed, and torque 
result in 4-percent tolerances in a motor efficiency calculation. 
A preferable method of determining efficiency is by the 
identification and measurement of losses. 

Data must be obtained under carefully controlled conditions. 
Component interaction plays such an important role in electric 
vehicle performance that an understanding of the effects of 
varying individual parameters is required. For example, the 
efficiency of a given motor and controller combination will vary 
according to the state of charge and type of battery being used. 
Also, either several units must be tested to determine the 
tolerance limits in the data, or the specific unit that will be 
used on a specific vehicle must be tested. 

Figure 4-1 shows the components of the power train system 
arransed in a series configuration. This arrangement r~quires 
that the external performance characteristics of the components be 
matched. For instance, the torque and speed outputs of the 
traction motor must be compatible with the torque and speed 
requirements of the transmissions. Similarly, the voltage and 
current requirements of the motor must be supplied by the 
controller and battery. Also, the overall efficiency of the 
system is equal to the product of the individual component 
efficiencies. Even if each component operated at90-percent 
efficiency, the overall vehicle efficiency would be less than 50 
percent. In practice, each component efficiency ranges from zero 
(at no load) to some maximum value. 

The components shown in figure 4-1 are discussed in the 
sections which follow, beginning with tires and enQing with 
battery chargers. Emphasis is on individual components and not on 
system considerations. Only steady-state characteristics are 
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discussed because transient data are v'irtuallY nonexistent. 

4.1. TIRES 

The distribution of energy losses varies from one vehicle to 
. another, but at speeds of about 64 to 80 kilometers per hour (40 
to 50 mph) the aerodynamic and road load losses are generally 
about equal. These two losses comprise over half the energy 
requirements of the battery. At high speeds the aerodynamic 
losses predominate the road load .losses. . At lower ~lpeeds the 
reverse is true •. BecauSe the efficiencies of the ol;her vehicle 
components are each less than 100 percent, these 10.13ses are 
compounded as they are conveyed through the system. Tire energy 
losses comprise nearly all the road load losses. Consequently, 
low rolling resistance is of primary consideration when s'electing 
electric vehicle tires. 

The factors which affect ~olling resistance are described in 
reference 1. Some of the main points are given here. The 
magnitude of rolling resistance losses is determined principally 
by the hysteresis of the tire materials. The hysteresis of the 
materials and structure, due to deflection as the tire rolls, 
comprise about 90 to 95 percent of the total tire loss. The 
remaining 5 to 10 percent is due to surface friction at the 
tread-to-road interface and aerodynamic drag. The factors which 
are most significant in determining hysteresis losses are tire 
material, construction, load, and inflation pressure. 

Rubber compounds with high rebound or spring back 
characteristics reduce the energy loss in the tire. Figure 4-3 
shows the relationship of relative rolling resistance to rubber 
rebound characteristics. The 100-percent baseline is a 
conventional tire material with 60-percent rebound. 

Tire cord angle has received considerable attention in recent 
years. Rolling resistance as a function of tire construction and 
cord angle is given in figure 4-4. The radial belted tire has 
from 10 to 20 percent lower rolling resistance at speeds up to 60 
mph than the conventional bias tire. A further reduction in 
rolling resistance is achieved by using steel belted radial tires. 

Figure 4-5 shows the relationship of relative rolling 
resistance to percent of rated load, and figure 4-6 shows how 
rolling resistance varies with tire pressure and speed. 
Installing oversize tires on a vehicle reduces the percent of 
rated load on the tires. Consequently, rolling resistance can be 
reduced by using oversize tires at high inflation pressures. 

Two tire manufacturers made the following recommendations for 
a l636-kilogram (3600-lbm) electric vehicle with a cruise speed of 
88 kilometers per hour (55 mph) (ref. 1): 
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lwlanufacturer Manufacturer's code Inflation pressure Rated load Rolling 
(cold) resistance 

N lbf coefficient 
kPa psi 

Goodyear BR78-13 (radial) 165 24 4360 980 0.010 
HR78-15 (radial) 165 24 6710 1510 .008 

Firestone P185/65R14 (radial) 165 24 4180 940 .013 
DR70-40 (radial) 220 32 ---- ---- -----

For both manufacturers the rolling resistance data were taken on a 
drum type laboratory test machine. The Firestone P185/65R14 tire 
is a rup-flat type which could eliminate the need for a spare tire 
and thus, save vehicle weight and space requirements. Some 
additional Firestone data for standard HR78-15 and GR78-15 tires 
are given in table 4-1. Substantial reductions in rolling 
resistance are attainable by increasing tire pressure and reducing 
load. 

TABLE 4-1. - TIRE CHARACTERISTICS 

[LOad, 80 percent; speed, 96 km/h 
(60 mph).J 

(a) Firestone HR78-l5 (radial) 

Inflation Applied load Rolling 
pressure resistance 

psi N lbf coefficient 

20 4850 1090 0.015 
25 5500 1240 .013 
30 6090 1370 .012 
40 7160 1610 .0105 

(b) Firestone GR78-l5 (radial); 
inflation pressures not 

available 

Applied load Rolling 
resistance 

N 1bf coefficient 

3110 700 0.0068 
3560 800 .008 
4000 900 .009 
4450 1000 .0102 
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Vehicles equipped with internal combustion engines require . tires that. can operate at high speeds' for prolonged periods in extremeenvironntents ranging from flat desert to icy mountainous regions. Traction. impact and puncture resistance, wear characteristics, and ride quality have been of primary concern. until recently, however, very little consideration has been given to reducing rolling resistance for the electric vehicle tire~ in order to extend vehicle range. 

Based on available tire data and tire manufacturers' recommendations, the best tires that are available today for electric vehicles are steel belted radials. Low rolling resistance is obtained by using oversized tires and operating at reduced loads with the maximum permissible inflation pressure. ~he tires on the electric vehicles that were tested for this 'assessment are listed in table 4-2. Most of the tires were of the 

TABLE 4-2. - TIRES USED ON TEST VEHICLES 

Vehicle Manufactu=er and size Gross vehicle Pressure 
weight 

Front Rear 
kg lbm 

kP. psi kPa psi 
AM General DJ-SE Electruck CR78-13 (radial) 1959 4319 248 36 221 32 Battronic Minivan Firestone 6.70-15 (bias) 285B 6300 310 45 310 45 CPA Town car Frane: Michelin 145SR13 } 

(radial) 
1569 3460 330 4B 330 4B Rear; Firestone BR7B-13 

(radial) 
Daihatsu EH-S40 5.00-10 (bi.s ply) 1224 2700 235 34 235 34 EPC Hummingbird Goodrich lB5SR14 (radial) 1463 3225 276 40 276 40 EVA Contactor Michelin 155Rl3 (radial) 1701 3750 220 32 220 32 

Michelin 155Rl3 (radial) {1701 37~0 

t ~ ! t 
EVA Metro sedan 

1741 3890 
EVA Pacer Goodyear DR78-14 (radial) 2091 4600 
Fiat 850 '1' van Firestone 5.60-12 (radial) 1950 4300 290 42 310 45 Jet Industries Electra Van 

Mod ,J: Bridgestone 5.00-10 (bias 1428 3150 2BO 40 290 42 ply, 4-ply ra~9) 
Mod II Pirelli 155SRl2 (radial) 1474 3250 280 40 29. 42 Lucas limousine 205Rl4 (seeel radial) 3500 7700 450 65 517 75 Marathon model C-300 Michelin 145SRl3ZX (radial) 1633 3600 165 24 275 40 Otis P-500 utiliW van Uniroyal 175SR13 (radial) 1905 4200 220 32 220 32 Power-Train van Uniroyal 175SR13 (radial) 2286 5040 220 32 220 32 RipP-Eleoeric 165SRl3 (r~dial) 1504 3494 210 30 280 40 Sebring-Vanguard CitiCar Goodyear 4.80-12 (radial) 794 1750 340 SO 340 SO Sebring-Vanguard CitiVan Goodyear 4.80-12 (radial) 8S4 1949 220 32 220 32 Volkswagen Transporter 185R14 (ra;:l.l) 3075 6765 310 45 366 53 Waterman DAF Michelin P;SRl4ZX (radial) 1365 3010 193 28 193 2S Waterman Renault 5 ·Michelin 145SRl3ZX (radial 1362 3000 248 36 248 36 Zagato Blear Michelin 145SRlOZX (radial) 653 1440 220 32 220 32 
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radial design, were substantially derated, and were operated at 
high pressures. Firestone data (table 4...,1) show that rolling 
resistance coefficients as low as 0.0068 are possible with today's 
tires by derating the tire and operating at high pressure. This 
solution, however, decreases the quality of the ride and increases 
vehicle weight and cost. A new tire specifically developed for 
electric vehicles could provide low rolling resistance without 
many of these disadvantages. 

4.2 DIFFERENTIALS 

Automotive differentials are needed to keep both drive wheels 
loaded evenly when they r.;;tate at different speeds as in turning a 
corner. All the currently available electric vehicles use 
conventional differentials designed for other applications. 
Because in those applications the efficiency of the differential 
was not a major design consideration, very little pertinent test 
data exist. 

Figure 4-7 shows the cross section of a typical automotive 
differential. There is no relative motion or gear loss associated 

To axl~ 

Agure 4-7. - wpleal automollve differential. 
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with gears 4, S,and 6. except when cornering. The major energy losses are due to the input gears 2 and 3, and seals, bearings, and lubricants. Some vehicle builders have attempted to reduce theeriergy losses by changing to lighter lubricants. Because lubricant viscosity is a function of temperature, lubricant losses are greatest at low'temperatures. Other builders have attempted to improve' efficienc! by replacing hypoid gears with bevel gears or chains. Hypoid gears are used in differentials to permit the vehicle drive shaft to be lowered, thus increasing the vehicle compartment room. The higher sliding losses in hypoid gears compared with bevel gears could increase differential losses 2 to 5 peroent. However, no test data are presently available to evaluate either design variation with respect to differential efficiency or life. 

The efficiency of a standard hypoid gear differential iJt, or near, its maximum power capability is estimated to be about 95 peroent. Some of the losses are independent of load. The effioiency decreases and is zero at no load. Electric vehicles do not operate at the same load levels as do the internal combustion engine vehicles. If both types of vehicles have the same tire size and aerodynamic drag, the inherently heavier (because of the weight of batteries) electric vehicle has a higher torque requirement at any given speed because of its increased rolling resistance. Electri;~ vehicles have a much lower maximum speed requirement. Consequently, the differential design needs to be optimized for the higher torque, lower power operating conditions of an electric vehicle. 

In an electric vehicle the differential and motor are usually either rigidly fastened to the drive axle or rigidly fastened to the vehicle chassis. In the former case, the differential housing is a structural member and must be capable of supporting its proportionate share of the vehicle's weight, including the battery. The motor, the differential, and the axles compose an appreciable percentage of the vehicle's unsprung weight. In the latter case, the vehicles unsprung weight is reduced by fastening the differential to the chassis. The output shafts are then connected to the wheels through flexible couplings. This system requires more seals and bearings with their associated losses. Some axles contain differentials and gear boxes specifically manufactured for small special purpose vehicles, and these are applicable to electric vehicles (fig. 4-8). 

Reliable predictions of increased range through differential improvements cannot be projected. If an existing automotive differential is 95 percent efficient at 37 kilowatts (50 hpj, it has losses of about 2 kilowatts (2 1/2 hpj. If the losses could be cut in half, the 1.0 kilowatt (1 1/4 hpj saved could extend the vehicle range 5 to 10 percent. 
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Agure 4-8. - Speclflcations for typical small vehicle axles. 

4.3 TRANSMISSIONS 

Table 4-3 lists the transmissions in the vehicles that were 
tested for this assessment. Table 4-4 gives the numbers of each 
transmission type used in the el~ctric vehicles as determined from 
the literature survey. There is a tendency to use multispeed 
transmissions for the conversion cars and the vans. Buses and 
cars built from all new designs for the most part use fixed gear 
reduction transmissions. 

All of the vehicles need some form of speed reduction between 
the motor and the wheel drive axle because of the differences 
between normal motor speeds and normal wheel speeds. Where the 
speed reduction can be accomplished by the differential alone, the 
motor and differential are directly coupled. Where additional 
speed reduction is required, external speed reducers with gears, 
belts, and chains are used. In conversion cars the simplest way 
of matching the motor to the drive axle is through the existing 
transmission. However, the existing transmission generally is not 
well matched to the electric vehicle because electric motor 
maximum speeds are lower than those of conventional engines, and 
motor torques are highest at low motor speeds. 

A multispeed transmission is valuable in an electric vehicle 
to maximize motor efficiency over the vehicle driving cycle and to 
provide better acceleration and gradeability. varying the DC 
motor speed and torque characteristics by using only voltage 
control would not allow the motor to operate efficiently or permit 
maximum power output while driving. The torque, speed, and power 
requirements at the input to the differential when the vehicle is 
accelerating at a constant rate from rest to a cruise speed of 64 
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TABLE 4-3. - TRANSMISSIONS USED.IN SPECIFIC TEST VEHICLES 

Vehicle 
AM General ·DJ-5E Electruck 
Battronic Minivan 
CDA '.I.'ow,n Car 
Daihatsu 
EPC Hwnmingbird 
EVA Metro Contactor 
EVA Metro sedan 
EVA Pacer 
Fiat 850 T van· 
Jet Industries Electra Van 
Lucas limousine 
Marathon modal C-300 
Otis P-500 utility van 
Power-Train van 
Ripp-Electric 
Sebring-Vanguard Citicar 
Sebring-Vanguard CitiVan 
Volkswagen Transporter 
Waterman DAF 
Waterman Renault 5 
Zagato Elcar 

Transmission 
One speed; direct coupled 
TWo-speed gearbox 
One speed; chain drive 
Four speed; manual 
Four speed; manual 

. Automatic with torque converter 
Automatic with torque converter 
Four speed; manual 
One speed; direct coupled 
Four speed; manual 
Two stage; Morse HyVo chain drive 
Four speed; manual 
One speed; direct coupled 
One speed; direct coupled 
Four speed; manual 
One speed; direct coupled 
One speed; direct coupled 
One speed; direct coupled 
Variable-speed belt driven 
Four speed; manual 
One speed; direct coupled 

TABLE 4-4. - TRANSMISSIONS USED IN LITERATURE SURVEY 

VEHICLES BY CATEGORY 

Transmission Automo- Vans Buses 
biles 

Fixed reduction or direct coupled 22 23 13 
TWo speed 8 3 --
Three speed 5 2 --
Four speed 19 5 --
Continuou~ty variable 3 1 --
Not reported 7 6 1 
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Figure 4-9. - General shape of speed, torque, and horsepower as 
function of time for typical driving cycle. 

kilometers per hour (45 mph) are shown in figure 4-9. It is 
apparent that the motor power requirements are increasing with 
vehicle speed until cruising speed is reached. A representative 
efficiency map of a typical series wound.DC motor, the type of 
motor used on nearly all current electric vehicles, is shown in 
figure 4-10. This map shows that the efficiency of a DC motor 
improves at higher power levels and drops rapidly at low motor 
speeds. Superimposed on this plot is an operating line for 
maximum motor efficiency. At any given value of required 
horsepower there is an optimum motor speed to produce maximum 
motor efficiency. In a direct coupled electric vehicle the motor 
speed is directly proportional to vehicle speed and the motor 
efficiency will be less than optimum. The sensitivity or slope of 
these motor efficiency/speed curves determines the effectiveness 
of a multispeed transmission. In the case of the DC motor map 
shown, the motor efficiency is relatively insensitive to speed at 
motor speeds above about 2000 rpm, which suggests that perhaps a 
two- or three-speed transmission would be adequate. Ideally, a 
continuously variable transmission (CVT) that can regulate motor 
speed in a continuous manner would be the best choice if the cost, 
we.ight, size, and reliability were acceptable. 
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The performance characteristics of a typical DC motor are shown in figure 4-11. The horsepower produced (and torque to a greater extent) increases to some limiting value of battery current with a decrease in motor speed. From a vehicle performance standpoint it is desirable to upshift tne multispeed transmission when the vehicle is gaining speed in order to suppress motor speed and thereby produce maximum power. 
From a gradeability standpoint, the torque produced from a practically sized DC motor would be insufficient for the vehicle to climb a steep grade without the benefit of transmission down-shifting. Down-shifting, that is, increasing the transmission reduction ratio, causes a direct multiplication of the motor torque delivered to the drive wheels. Thus, the transmission equipped electric vehicle would be able to ascend steep grades but at reduced speeds. 

A common transmission found in electric vehicles is the manual-shift gear transmission. They are relatively efficient (peak efficiencies between 94 and 98 percent depending on gear ratio), compact, durable, and inexpensive. Their main drawback is that they require driver-initiated shifting. The automatic transmissions used in many electric vehicles basically are multispeed gear transmissions in series with a torque converter. The automatic shift points are determined on the basis of engine characteristics and vary with the desired vehicle acceleration. The main disadvantages of automatic transmissions for automobiles are their lower efficiencies (80 to 90 percent) compared to manual transmissions and their slightly greater weight, size, and cost. 
Continuously var iable. transmissions (CVT' s) are prom is ing tor electric vehicle application. A hydromechanical CVT has been developed by Orshansky Transmission Corp. under a current ERDA program. It has demonstrated, o~ a chassis dynamometer, a 23 percent increase in composite driving cycle fuel economy as compa~ed with a conventional three-speed automatic transmission as installed in the AMC Hornet automobile powered by a 6-cylinder engine (ref. 4). Although it is unlikely that CVT's will provide efficiency improvements in electric vehicles as substantial as those demonstrated for heat engine vehicles, some range and acceleration gains should be realized. 

There are basically three types of CVT's which show promise for electric vehicle application. Variable speed baIt drives as used in the waterman DAF electric vehicle are relatively simple and inexpensive. Variable speed belt drives have relatively low transmission efficiency (generally less than 90 percent at full power) and limited power capacity (generally less than 18 kW (25 hpj). Maintenance considerations require special attention. Another candidate transmission is a hydromechanical CVT which ut i1 izes a hydrostat ic dr ive (a hydraul ic pump coupled to a hydraulic motor) parallel to a mechanical planetary gear unit. 
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This arrangement splits- the power between the hydraulic and mechanical branches so that most of tne torque is carried by the more efficient mechanical d:dve, thus improving overall transmission efficiency. Orshansky Transmission company has prototype hydromechanical transmissions installed in both Hornet and Nova conventional aUtomobiles. Hydromechanical transmissions are compact and have good high power cruise capability, but they require development for controls, mechanical efficiency, and hydraulic noise reduction. 
Traction drive CVT's are another candidate for electric vehicles. Traction transmissions regulate the speed ratio through the repositioning of roller elements such that the radii of the meshing rollers are varied. Their primary limitations have been low power capacity. At present, several adjustable-speed industrial traction drive units are commercially available. Most of these units handle less than 19 kilowatts (25 horsepower) when in a reasonably sized package. The only traction drives that have recently been examined for automotive service on a prototype basis have been of a toroidal configuration, designed by Excellermatic, Inc., and General Motors Corp. in the united States. Traction-drive CVT's may hold the most promise for practical, efficient electric vehicle drive trains. 

Adequate test data are not available in the literature for any of the transmissions in use today to permit their assessment for electric vehicle applications. Because the transmissions were originally sized for more powerful vehicles, it is likely that the current transmissio~s used in electric vehicles are not operating at peak efficiency and are heavier than necessary. Consequently, a transmission designed for a specific electric vehicle should improve its range. Estimates of the potential for range improvement vary from 5 to 15 percent. 
4.4 TRACTION MOTORS 

Many different types and sizes of proposed for use in electric vehicles. types; 

(1) Direct-current series 
( 2) Direct-current shunt 
(3) Direct-current compound 
( 4) Alternating-current induction 

traction motors have been They include the following 

(S) Alternating-current synchronous 

164 

-I j 
1 I' I, 
, 1 
I I 

I 
i 

I 



TABLE 4-5. - TRACTION MOTORS USED IN TEST VEHICLES 

Vehicle 

AM General DJ-5E Electruck 
Battronic Minivan 
CDA Town Car 
Daihatsu 

EPC Hummingbird 
EVA Contactor 
EVA Metro sedan 
EVA Pacer 
Fiat 850 T van 
Jet Industries Elect~a Van 
Lucas limousine 
Marathon model C-300 
Otis p-500 utility van 
Power-Train van 
Ripp-Electric 
Sebring-Vanguard CitiCar 
Sebring-Vanguard CitiVan 
Volkswagen Transporter 
Waterman DAF 

Waterman Renault 5 

Zagato Elcar 

Manufacturer 

Gould, Inc. 
General Electric Co. 
Eaton corp. (modified) 
Tokyo Shibaura Electric 

Co., Ltd. 
Modified aircraft generator 
Not available 
Not available 
Baker Material Handling Co. 
Fiat 
Baldor Electric Co. 
Lucas Industries, Ltd. 
Baldor Electric Co. 
Otis Elevator Co. 
Otis Elevator Co. 
Otis Elevator Co. 
General Electric Co. 
General Electric Co. 
Siemens AG 
Presto lite Electrical 

Division, Eltra Corp. 
Prestolite Electrical 

Division, Eltra Corp. 
Scaglia 

Type (DC) 

Compound 
Series 
Shunt 
Shunt 

Series 
Shunt 
Series 
Series 
Shunt 
Series 

Shunt 
Series 

Series 

Series 

Rating, . 
kW 

14.9 
31 

14 

7.5 
7.5 

10 

14.9 
14 
7.5 

37 

6 

22.4 
22.4 
14.9 

4.5 
4.5 

17 

6.7 

6.7 

2 

The motors used on the electric vehicles that were tested for 
this assessment are listed in table 4-5. All are DC types, 15 of 
the 20 are series motors, 4 are shunt motors, and 1 is a compound 
motor. Also, 50 of the 83 motors reported in the literature 
survey of electric vehicles are series motors (table 4-6). There 
are 21 vehicles where the motor types are not specified. The 
unavailability of. suitable controllers has restricted the use of 
AC motors to experimental vehicles such as the General Motors 
Electrovair and the Linear Alpha Corp. van. Figure 4-12 shows a 
IS-kilowatt (20-hp) DC series motor on a dynamometer test stand. 
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TABLE 4-6. - ELEC'l'RIC VEHICLE MOTOR 

CLASSIFICATION FROM LITERATURE 

DATA TABULATION 

Domestic Foreign --
Motor type: 

Alternating current 5 0 
Direct current 

Series 30 20 
Separately excited 13 11 
Compound 5 0 
Other 2 2 

Not specified 13 8 

Motor size, kW: 

o - 10 20 17 
10 - 20 24 13 
20 - 30 9 3 
> 30 5 16 
Not reported 10 1 

FIgure 4-12. - Electric traction motor on dynamometer test stand. 
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Direct-current series motors are the most popular because 
tneir speed-torque characteristics most nearly match the electric 
vehicle needs. Under heavy loads, the torque per ampere ratio of 
the series motor is higher than that of any other type. This 
feature reduces battery drain during acceleration or while 
negotiating grades. The series motor also offers excellent 
commutation and transient response. Their past extensive usage 
for traction applications also makes them readily available to 
experimenters. When other motor types are chosen, the 
motor-controller-transmission combination attempts to emulate the 
series motor characteristics. 

Efforts to reduce the pulse discharging of the battery and to 
incorporate regenerative braking into electric vehicles have 
resulted in a trend toward using shunt motors. The basic 
difference between a series and a shunt motor is the method of 
establishing the direct axis flux. The series motor field 
consists of a few turns of large cross section conductors which 
are connected in series with the armature. The shunt motor field 
consists of many turns of smaller wire which are connected to a 
separate field controller. 

Both the series and shunt motors require some form of 
armature voltage control up to their base speeds. Base speed for 
the series motor corresponds to some fractional part, such as one 
half, of the maximum vehicle speed. For speeds above base speed, 
some form of field weakening is used. Field weakening a series 
field is cumbersome because of the high currents that must be 
handled. Because the shunt field current is only a few percent of 
the armature current, it is much easier to control. Consequently, 
for a shunt motor system operating above base speed, the battery 
current is ripple free. 

To obtain regenerative braking in a series motor system, the 
connections to the series field must be reversed. For a shunt 
motor operating above base speed, regenerative braking is 
accomplished by increasing the shunt field current. There are no 
commercial shunt motor controllers for electric vehicles available 
today. Every vehicle that uses a shunt or compound motor has a 
controller that was designed by or for the vehicle builder. A 
compound motor, of course, has both series and shunt fields and 
attempts to combine the most desirable features of both. There 
are no data which show any system to be superior to the other. 

The losses in the motors consist of resistive losses, 
magnetic losses, and mechanical losses. Several series motor 
efficiency curves are shown in figure 4-13. These curves were 
calculated from manufacturers' data. The efficiency curves start 
at zero, rise and reach a peak when the resistive losses are about 
equal to the mechanical and magnetic losses, and then decline. 
All of the motors in present use operate in the region where the 
resistive losses predominate. As shown in figure 4-13, series 
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Figure 4-13. - Effect of voltage variations on series molor efficiency. 

motor efficiency increases as voltage increases. For instance, when a series motor is operating at partial voltage and speed its efficiency is less than at the full voltage and speed. Note that the peak efficiency of one of the motors at full voltage is 95 percent. 

The motor ratings of the electric vehicles tested varied from 2 to 37 'kilowatts. The ratings correspond to the thermal ratings of the motors, but the conditions under which the ratings were established are not reported. Some of the factors which determine the thermal rating are the rate of heat generation, the rate of heat dissipation, the maximum permissible temperature of the winding, and a specified duty cycle. 

The specified duty cycle may be either continuous or for a limited period of time, such as 1 hour, or any other intermittent duty rating. The maximum permitted temperature depends on the class of insulation in the motor and the expected life. The life of industrial motors at rated load is between 10 000 and 40 000 hours. If an electric vehicle operates 2 hours per day for 300 days per year, it would take over 16 years to accumulate 10 000 hours. The thermal rating is usually determined in a laboratory under different conditions than are found dur ing vehicle lise. The assumed ambient temperature is usually 400 C (1040 F) with free convection cooling. The car builder may provide additional , cooling Or locate the motor where natural airflow is either inhibited or augmented. Consequently, the motor ratings are of marginal 'value. Standards for rating motors for electric vehicle application are needed. 
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In addition to the thermal rating, motors also have voltage, current, speed, and torque ratings. For DC motors, commutator flashover limits the voltage, conductor heating limits the current, centrifugal force limits the speed, and shear pins and couplings limit the torque. Because resistive losses tend to predominate in electric vehicle motors, the current rating is of primary importance. High currents also cause commutation problems in shunt motors with weak fields. Because overspeed quickly destroys a motor, loss of load for a series motor or loss of field for a shunt motor must result in an immediate removal of power from the armature. 

As indicated in figure 4-13 maximum motor efficiencies at rated voltages range from 70 to 95 percent, at lower voltages the efficiency is less. One key to greater electric vehicle range is to increase system voltage. This has been done in the Lucas and Volkswagen vehicles. Alternatives are to use the most efficient components regardless of cost or to employ more sophisticated control strategies. In the latter case the objective is to increase the average motor voltage over the prescribed driving cycle. 

4.5 CONTROLLERS 

The controller controls the flow of power from the battery to the traction motor in accordance with the directives of the operator. If regenerative braking is used, the controller must also control the energy flow in the reverse direction. 

The electric vehicle controller should provide 
(1) Smooth operation at and near zero speed for good maneuverability and parking 

(2) Smooth acceleration at the operator selected rate to the desired speed 

(3) Operation at any operator-selected constant speed 
(4) Smooth deceleration where regenerative braking is employed 

(5) Efficient, safe, and reliable operation 

(6, Overload protection for motors, motor reversing, and charging of auxiliary batteries 

All the vehicles in the current test program use DC motors. For a DC motor, the flow of energy is controlled by varying the vol tage and current to the motor. All the controllers on the vehicles in the current test program are either battery switching 
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~ABLE 4-7. - CONTROLLERS USED IN TEST ~HICLES 
. 

Vehicle Controller manufacturer Motor type Controller type 
.~~----~~~~~+-~~~-------------+~--~~~~ AM General ·03-5E Electruck Gould, Inc. Compound SCR choppera 
Batt~onic Minivan General Electric Co. Series seR chopper with bypass 

(SlOR) and field weakening 
CDA Town Car 

Daihatsu EH-540 Van 

EPC Hummingbird 

EVA Contll.ctor 

EVA Metro sedan 

EVA Pacer 
Fiat 850 T van 

Jet Industries Electra Van 
Lucas limousine 
Marathon modsl C-300 
Otis P-500 utility van 
Power-Train van 
Ripp-Electric 
Sebring-Vanguard CitiCar 

Sebring-Vanguard citiVsn 

Volkswagen Transporter 
waterman DAF 

Waterman Renault 5 

Zagato Elear 

awith regenerative braking. 

Triad Services, Inc. Shunt Battery switching with 

Daihatsu Motor Co., 
Ltd. 

Electric Vehicle 
Components, Ince 

Electric Vehicle 
Associates 

Cableform, Inc. 
Cableform, Inc. 
Fiat 

Cableform, Inc. 
Lucas Industries, Ltd. 

Gel:eral Electric Co. 
General Electric Co. 
Rippel. W. E. 
Sebring-Vanguard, Inc. 

Sebring-Vanguard, Inc. 

Siemens AG 
C.H. Waterman Indus

tries 
C.H. Waterman Indus

tries 
Elear Corp. 

Sh\lnt 

Series 

Shunt 

Series 
series 
Shunt 

Series 

Shunt 
Series 

series 

series 

resistance and field 
weakening 

Transistor choppera 

Transistor ~hopper 

Battery switching and 
field contrala 

SCR chopper 
seR choppera 

SCR chopper and field 
weakeninga 

SCR chopper 
seR choppera 

Battery switching 
SCR chopper with bypass 
SCR chopper with bypassa 
Transistor choppcra 

Battery switohing with 
resistance 

Battery switohing with 
resistance 

SCR choppera 

Battery switching 

Battery switching 

Battery switching with 
resistance 

or chopper types (tab1'" 4-7). A chopper is a DC to DC converter 
employing either silicon-controlled rectifiers (SCR) or 
transistors. Vehicles that use shunt motors require an additional 
field circuit controller. Some of the vehicles also use motor 
armature starting resistors and/or motor field weakening. Many of 
the currently used controllers for electric vehicles have evolved 
and been adapted from controllers for other types of vehicles and 
industrial applications. 

The earliest controllers consisted of a string of resistors 
connected in series with the motor armature. Motor voltage is 
equal to the battery voltage minus the voltage drop across the 
resistors and can be increased by short:j.ng out a portion of the 
resistance. This system is satisfactory for vehicles which 
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operate almost exc:lusively at malcim' speed and only require the controller to provide smooth accele'_~ion at start up. Resistance control is simple and low cost. The. ;:hief dralqback is that considerable energy is lost as heat .n the resistors. Before the development of high power SCR's, resistance control was used extensively on industrial trucks. 

Choppers have largely suppla~ted resistance control for industrial trucks and are widely ,~'.·ed in electr ic vehicles. These controllers work by pUlsing the motor on and off at repetition rates that vary up to about 1000 pulses per second. The main power flow for all types of choppers is shown in figure 4-14. The 
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Figure 4-14.- Basic chopper controller with series motor. 

eld 

free wheeling, or flyback, diode across the motor allows the motor current to continue to flow even when the main SCR or transistor switch is not conducting. The ratio of motor voltage to battery voltage is equal to the ratio of the on time to the total period. Some controllers keep the repetition frequency constant and vary the pulse on time and still other controllers keep a constant pulse on time and vary the repetition frequency. Others vary both the pulse on time and the period. Figure 4-15 shows-how these quantities vary in one commercial controller. The switching unit Sl may be either a transistor or an SCR. Figure 4-16 is a photograph of an SeR chopper. The heat sinks indicate that the controller is not loss free. 
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figure 4 15. - Typical chopper controller characteristics. 

Figure 4-16. - SCR chopper for electric vehicles. 
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until recently no transistors capable of handling the large 
currents required by electric vehicles were available and all 
electr ic -feh icle choppers used SCR' s. Electr ic Veh iC' l~ 
Components, Inc., is the only known U.S. company to 0ffer a 
commercial chopper where the transistor rating is comparable to 
SCR ratings. Other transistor choppers have been ~uilt that 
parallel a number of small transistors to obtain the required 
current rating. The Ripp Electric vehicle controller uses 32 
transistors. Allis Chalmers uses a similar system in their 
industrial truck controller. Figure 4-17 is a photograph of the 
Ripp Electric controller. Transistorized chopper controllers are 
simpler than SCR types because commutating circuits are not 
required. 

Rgure 4-17. - Transistor controller for Rlpp-Electrlt vehicle. 

Choppers also cause additional losses in motors and 
batteries. These additional losses have not been sufficiently 
investigated. Preliminary dynamometer data on one motor indicate 
efficiency decreases of 2 to 5 percent depending on duty cycle. 
Measuring current and power in these pulse type circuits is 
difficult because the rapid changes in current cause inaccuracies 
in conventional current measuring devices (ref. 3). 

The control circuitry generally is considered to be 
proprietary by the chopper. manufacturer and little data are 
available. The manufacturers claim that each chopp r is tailored 
to the user's particular motor. T~e chopper usually includes a 
current limit feature to protect the chopper. This current limit 
restricts motor acceleration. The thermal time constant of a 
motor is several orders of magnitude greater than the thermal time 
constant of the chopper. Consequently, separate thermal 
protection is required for the controller. 
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~!gure4-18. - Schematic of typical battery switching controller with -~ries motor field weakening. 

An alternative to chopper controllers is battery switching techniques. These controllers are the most efficient of all' types. Figure 4-18 shows a typical control scheme. The voltage drop across contacts is only a few millivolts, which makes the contactor coils the only power consuming device. Not only are the controller losses negligible, but at low speeds when maximum accelerating torque and consequently current are required, the batteries are paralleled, thus reducing the -individual battery currents. The efficiency of the battery switching controllers can exceed 99 percent. Some choppers can provide regenerative braking, but with the battery switching controllers it is only necessary to switch to a lower battery voltage configuration to obtain regeneration. Some battery switching controllers also ~an reconnect motor field windings for additional speed steps. Battery switching has the disadvantage that only a few discrete speeds are aVailable, ~Ihich maker:! smooth accelerat ion difficult. For instance, batteries might be switched to provide 24-, 48-, and 96-volt operation. 

Battery Bwitching and chopper controllers are used to control the armature voltage of both series and shunt motors. An additional field control circuit is required with shunt motors. Field control is used only when the motor is operating above base speed. An interlock is required to interrupt the armature circuit in case of failure of the field current. 
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The relative merits of shunt and series motor-controller 

systems have not been adequately investigated. Both the 
Booz-Allen & Hamilton, Inc., and the Rohr Industries, Inc., task 
III reports (refs. 1 and 2) indicate that no single system will be 
most efficient over different driving cycles. 

The only domestic vehicles in this test program that use 
shunt or compound motors are the COA town car, one of EVA "1.1 Metro 
sedans, and the AM General OJ-5E El€_cruck. The controllers for 
all these vehicles were developed by the vehicle manufacturers. 
There are no commercial shunt motor controllers available for 
electric vehicles. Of the foreign vehicles, the Fiat and 
Volkswagen use shunt motor systems. 

4.6 BATTERIES 

The relatively long charging period and complex 
infrastructure required for battery charging makes an electric 
vehicle energy limited: its range is determined by the amount of 
energy carried in its battery. The state-of-the-art battery used 
in today's electric vehicles is the lead-acid battery. All of the 
electric vehicles tested and reported on in this report were 
powered by the lead-acid battery system. Other types of battery 
systems have been proposed and some have been developed and tested 
in electric vehicles, but none is commercially available at 
present. Of the many advanced battery systems under consideration 
for electric vehicle use, only six types have been developed 
sufficiently for preliminary tests in vehicles. They are the 
nickel-zinc, nickel-iron, zinc-air, iron-air, zinc - chlorine 
hydrate,·and sodium-sulfur battery sy&tems. Because this report 
deals with the state-of-the-art for vehicles, the discussion of 
batteries is limited to those which have actually been installed 
and operated in vehicles. , 

A more detailed discussion of the current state of battery 
technology for electric and hybrid vehicles is given in appendix C 
with appropriate references. A brief summary of appendix C is 
presented in this section. 

The energy source (battery) for an electric vehicle must be 
able to store large amounts of energy and deliver the necessary 
power, must be able to be discharged frequently to deep depths 
without serious loss in operating life, must be easily recharged, 
and must be inexpensive. Achieving all these characteristics in 
one type of battery is diffic1Jlt, and compromises are often made. 
The extent of the compromising is determined by the intended use 
of the battery. 
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4.6.1 Lead-Ac!cl Battal';'y 

Foul';' types of lead-acid batteries have been developed over the past 120 years which stress One or two of the previous requirements. They are the sr.r (starting, lighting and ignition), the golf car, the industrial, and the semi-industrial batteries. The Sr.! battery is designed to provide high peak specific power (W/kg). at a low initial battery cost. The golf car battery is des.igned fOr relatively low initial cost, high power, and high specific energy. The industrial battery is designed to provide long life and high energy, but it is heavier and more expensive than golf car batteries. The semi-industrial battery falls between the golf car and the industrial designs. Comparative information is given in table 4-8 on these four lead-acid batteries including specific energy, cycle life, initial cost, and initial cost per unit of operating life. Golf car and semi-industrial batteries are presently used in small electric vehicles. The installation of a golf car battery in an electric vehicle is shown in figure 4-19, and a semi-industrial battery is shown in figure 4-20. Each golf car battery is about 0.3 meter (1 ft) high and requires user installed interconnections~ the semi-industrial battery is about 0.6 meter (2 ft) high and intercell connections are factory installed (i.e., leaded in). The SL! is undesirable for electric vehicles because of its high per cycle costs. The sr.! has acceptable performanc~ in applications where deep discharge cycle life is not of prime importance and where high specific power is required during discharge and rapid charging is required. 

TABLE 4-8. - CI1ARACTERISTICS OF LEAD-ACID BATTERIES 
. 

Battory Specific enorgy 
at 2-hr rate 

Cycle lifo. 
number of 

Initial cost Coat per cycla 

MJ/kg Wh/lbm 
,",oop eye: les $/MJ $/kWh $/MJ-cycle $/kWh-cycle 

Starting, lighting. 
"nd ignition 

0.105 13.3 so - 100 19 68 0.19 - 0.38 0.G8 - 1.36 
Golf car .096 12.2 200 - 400 14 so 0.04 - 0.07 0.13 - 0.25 Semi-industrial .080 10.1 500 - 1000 59 210 0.06 - 0.12 0.21 - 0.42 Industrial" .080 10.1 1000 - 2000 43 150 0.02 - 0.04 0.08 - 0.15 

The industrial battery is generally undesirable in electric passenger car applications because of its weight and size. But, it is used in lift trucks and on-the-road vehicles where battery weight and bulk are not primary concerns. 
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Fl!J)re 4-19. -Typical golf car battery installation. 

figure 4-20. -Typical semi-Industrial battery Installation . 

. . 
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The total amount of energy that can be remo.ved from a lead-acid battet'.yvaries inversely with the rate at which the energy is withdrawn. ~resentlY, a lead-acid battery will deliver about 40 percent of the energy at aO.3~hour discharge rate that it would at al"hour discharge rate. This means that an electric vehicle, traveling at high speeds (i.e., requiring power levels high enough to deplete the battery in 20 minutes), will travel a substantially shorter distance than it would at speeds which require 1 hOllr to totally discharge the battery based on battery performance alone. 

The temperature of the electrolyte (battery acid) and the age of a battery also affect the amount of available energy. Low temperatures increase the viscosity and resistance of the electrolyte, raise the internal resistance, and reduce the voltage and power at a given current level. As a new battery ages, the energy available initially increases slightly. At about 10 to 20 percent into its life, the energy density peaks and then starts decreasing. The cycle life also is strongly dependent on the depth to which the battery is discharged. Deep discharges significantly reduce the life of a battery although the total energy removed from the battery during its life is only slightly affected. Experience has shown that an 80 percent depth of discharge is the most cost effective level for electric vehicle appl icat ion. 

The life and performance of a battery are strongly affected by the care taken in battery charging and maintenance. Overcharging reduces life, is wasteful of energy, and, therefore, is economically undesirable. Undercharging reduces the energy available and may cause damage to the battery. Cleaning the exterior of batteries and the. regular topping off of electrolyte with water are routine maintenance procedures necessary for reasonable life and performance. 

Since the characteristics of batteries change as tney age and as the temperature varies, charging equipment must be constantly readjusted for maximum effectiveness. Charger design is critical and should be a major consideration in any electric vehicle application program. 

4.6.2 Other Electric Vehicle Batteries 

The research and development work on new batteries for electric and hybrid vehicles has intensified in the past 10 years. Numerous candidates have been proposed which offer large theoretical performance gains over the lead-acid battery. To date, six of these systems have advanced to the point where construction and operation of a full-sized battery in a vehicle coUld be attempted. These are the nickel-zinc, nickel-iron, zinc-air, iron-air, zinc - chlor ine hydrate, and sod ium-sulfur. The earliest tests in vehicles involving these new batteries took place in 1972. 
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4.6.2.1 Nickel-zinc battery. - At the present time, the 
nickel-zinc battery is a strong candidate for future replacement 
of the lead-acid battery system. The nickel-zinc battery 
theoretically has twice the specific energy of the lead-acid 
battery. As a result, at least twice the range can be expected in 
an electric vehicle powered by nickel-zinc batteries. Substantial 
development efforts are underway in the united States and in 
various parts of the world to develop a practical, low-cost 
nickel-zinc vehicle battery (ref. 5). 

The cycle life of this system, however, needs further 
improvement. Cycle lives of large cells are now limited to less 
tnan 300 cycles. The potential for lifetimes in excess of 1000 
cycles exists, based on the results of laboratory tests performed 
on small (10 Ah) cells. 

4.6.2.2 Nickel-iron battery. - The nickel-iron battery, 
originally called the Edison cell, has undergone significant 
improvement in recent years (refs. 6 and 7). The system has a 
cycle life greater than that of the nickel-zinc system, and it has 
a theoretical specific energy comparable to that of the 
nickel-zinc battery. 

Charging problems are still a major drawback with the 
nickel-iron battery. Because of the low overvoltage of hydrogen 
on the iron electrode, charging is accompanied by heavy hydrogen 
evolution and the system is not as energy efficient as nickel-zinc 
or lead-acid batteries. Typically, a nickel-iron battery has a 
charge/discharge efficiency of 50 to 60 percent as compared with 
75 percent for a lead-acid battery. In addition, the evolution of 
hydrogen'is accompanied by heat generation, which depletes ,the 
water from the electrolyte. As a result, the charging system must 
have electrolyte coolant loops, heat exchangers, and hydrogen 
separating and venting devices. Nonetheless, the prospect of 
sUbstantial increases in battery life and specific energy over 
lead-acid batteries has fostered the development of the total 
nickel-iron system to a point where the system can be employed in 
specialty areas. Battery systems for electric vehicles (vans and 
cars) have also been developed but only on a small demonstration 
basis. 

4.6.2.3 Metal-air batteries. - The metal-air batteries, 
specifically iron-air and zinc-air, also are of interest as a 
second- or third-generation battery system for electric vehicles. 
Extensive foreign research has resulted in substantially greater 
specific energies than for the existing lead-acid battery systems. 
Cycle life is reported to be approaching 300 cycles. 

The metal-air systems are limited in specific (peak) power 
output but have reasonably high specific energies. They are 
finding use in electrochemical-hybrid batteries for vehicles. 
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These systems consist of a high specific e,ergy battery, such as a metal-air battery, which may lack a high. power capability, connected in parallel with a second battery designed for high peak powers, such as a lead-acid battery. The energy extractable from the '!en!!rgy" battery is much larger than that available from the "power"· battery. In opera1:icm, the "energy" battery (i.e., zincor iron-air) provides energy for cruising. When a peak power requirement occurs, such as for acceleration from a stop or passing, the "energy" battery is unable to deliver the peak demand and its terminal voltage fails. This event automatically transfers the load to the "power" battery floating on the line. I The relatively small "power" battery meets the peak demand and is I then recharged from the "energy" battery as its own limited! extractable energy is used.1 
Complicated recharging procedures and the high cost of air electrode materials are problem areas being investigated. Both zinc-air and iron-air batteries combined with high power lead-acid batteries in hybrid configurations have been tested in vehicles in Japan. 

4.6.2.4 Zinc - chlorine hydrate battery. - Electrochemical couples involving chlorine theoretically are attractive high energy density systems. The zinc-chlorine electrochemical couple has a theoretical specific energy five times that of lead-acid batteries. It offers the potential of SUbstantial range improvements in electric vehicles over lead-acid batteries. There is a need to find a practical, safe method for storing chlorine. In the zinc - chlorine hydrate battery, the problem is solved by storing.chlorine as a solid hydrate at 80 C. The system, as designed for use in an electric vehicle, requires electrolyte ci~culatipn pumps, filters, and a refrigeration unitl in essence, it'is a miniature processing plant. Despite this complication, the system has a projected specific energy six times that of the lead-acid battery in- a vehicle configuration. Thus, it has attracted considerable interest for vehicles and for bulk electric storage for utility companies. 

Published test data with regard to cycle life are limited, but the system does appear to have solveable problems (ref. 8). 
4.6.2.5 SodiUm-sulfur battery. - The high temperature, sodium-sulfur battery system is one system tested to date which holds the promise of allowing an electric vehicle to travel 200 miles on a single charge. Results of laboratory tests on single cells indicate a specific energy almost four times the energy density of lead-acid batteries and twice the energy density of the nickel-zinc and nickel-iron systems. 

The proper operation of the sodium-sulfur cell requires that the reactants and reactant products be in the molten state. The 
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temperature during operation must be above 3000 C with standby 
temperatures not lower than 2300 C. Maintaining these 
temperatures requires advanced insulation techniques and auxiliary 
heaters for startup and to maintain standby temperatures. 

The thermal and electrochemical requirements of the system 
dictate that the electrolyte used must be stable at. high 
temperatures and must be able to easily transport sodium ions. 
Two tYP'es of electrolyte which meet these requirements are 
presently under extensive investigation. They are beta-alumina 
and thin-walled borate glass tubes. 

Charging procedures, high temperature seals, noncorrosive 
high temperature containment materials, and solid electrolyte 
failure modes' are presently under investigatior. in the United 
States and abroad. Notable foreign efforts are underway in Japan, 
the United Kingdom, Germany, and France. 

4.6.2.6 Advanced battery tests. - In eleven experiments 
reported to date full-size experimental batteries were used to 
power electric vehicles. Six of the tests were made in the United 
States, three involved nickel-zinc batteries, two a nickel-iron 

TABLE 4-9. - PERFORMANCE OF VEHICLES WITH EXPERIHENTAL BATTERIES 

Battery 

Nickel-zinc 

Nickel-iron 

Zinc-air/lead-
acid (hybrid) 

Iron..!air/lead-
acid (hybrid) 

Zinc - chlorine 
hydrate 

Sodium-sulfur 

aSAE J227a - B. 
bpostal cycle. 

Vehicle 

Otis P-500 van (NASA) 

Otis P-500 van (USPS) 

CDA Town Car 
Fiat 128 
1/4-Ton delivery van 
Daihatsu 
Nissan 
Toyota 

Daihatsu 

Vega 

Bedford 

Performance 

Range Speed 

kin mile km/h mph 

88 55 32 20 
68 42 (a) (a) 
88 55 48 30 
28 18 (b) (b) 

235 146 64 40 
c 97 60 48 30 
114 71 48 30 
259 161 40 25 
496 30B 40 25 
455 2B3 40 25 

260 162 40 25 

246 152 BO 50 

161 100 -- --

cNickel-iron test terminated at about 90-percent depth of discharge. 
~ison of similar but not identical vehicles. 
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Range relative 
to lead-acid 

battery 

1.87 
2.01 
1.62 
1.75 
1.82 
1.50 
1.51 

dl •4B 
d2• 25 
d2• 53 

dl • 49 
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system, and one a zinc - chlorine hydrate battery. Four other tests were conducted in Japan under the national MITI program. Three of these batteries were metal-air/lead-acid hybrids while the fourth was a nickel-iron battery. A Sodium-sulfur battery was tested in a van in England. The results of these tests are summar !zed in tabl.e 4-9. All of these exper iments have taken place since 1972. 

The nickel-zinc battery tests were conducted using batteries built for NASA Lewis by two industrial battery companies. The tests w re conducted on two vans, one tested by NASA and the other by USPS, and a passenger car, which NASA also tested. The Lewis tests showed increases of 87 and 82 percent in the constant speed range for the van and the car, respectively. A 101-percent increase in range under SA! J227a schedule B tests was achieved for the van. The car traveled 235 kilometers (146 miles) at 64 kilometers per hour (40 mph). The USPS tests showed a smaller improvement of 62 percent at a constant speed of 48 kilometers per hour (30 mph). Figure 4-21 shows the 300-ampere-hour battery packaged for the van used in the NASA tests. 

Agure 4-21. - Experimental m ampere-hour nickel-zinc battery. 

The Japanese government has reported outstanding results for three vehicles powered by metal-air/lead-acid hybrid batteries. A range of 260 kilometers (162 miles) at 40 kilometers per hour (25 
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mph) is reported for a Daih~tsu lightweight passenger car using an 
iron-air/lead-acid hybrid battery. A Toyota sedan and Nissan 
truck equipped with zinc-air/lead-acid hybrid batteries had ranges 
of 455 kilometers (283 miles) and 496 kilometers (308 miles), 
respectively, at the same speed (ref. 9). 

Tne electr ic ity Counc il Research Center in the Un ited K ingdo.n 
assembled the first vehicle-size, high-temperature, alKali metal 
battery for testing. The battery. shown in figure 4-22. consisted 
of modules of individual ceramic tube cells. The test was 
conducted in a Bedford van (fig. 4-23). A range of 161 kilometers 
(100 miles) was reported. 

Agure 4-22. - Sodium-sulfur battery. 

Figure 4-23. - Bedford van powered by a sodi'lm-sulfur ballery. 
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4.6.3 Summary and conplusions 

The lead-acid bat~ery clearly represents the state-of-the-art in electric vehicle batteries today. In the United states the golf car version is favored~ in Europe and Japan the semi-industrial versions are used more frequently. From a performance point of view, the lead-acid battery can provide a reasonable range to allow today' s electr ics to fulf ill many functions. However, experience I~ith golf car batteries ind icates that improvements in life are still needed to achieve low vehicl;! operating costs. 

The new battery systems huve exhibited specific energies well above those of lead-acid batteries. ~et, limited life, charging difficulties, complexity, and cost have prevented their use in electric vehicles. At present, they are development items available only on a special order basis at an extremely high price. It is expected, however, that at least the nickel-zinc battery 11ill be in prodUction within 3 to 5 years at a cost predicted to be competitiv(! with lead-acid batteries. 
4.7 BATTERY CHARGERS 

The batteries for the electric vehicle accessories usually are standard l2-volt automotive batteries which use a ground return. The main traction batteries operate at various higher voltages in ungrounded systems. Therefore, each vehicle requires two separate charging systems. 

The l2-volt system may be charged either by an independent 12 volt charger or by a DC to DC converter operating from the main traction batteries. When an independent charger is used it operates similar to the main charger and requir~s similar controls and protective devices. With this method, the batteries are subjected to tne same kind of charge-discharge cycling as the main batteries, and the voltage fluctuates with the state of charge. One of the vehicles tested had a generator coupled to the traction motor to charge the 12-volt battery. Other vehicles use DC to DC converters operating from the main traction batteries to keep the 12 volt batteries fully charged at all times, reducing the required capacity of the 12 volt system. These DC to DC converters are custom designed by the individual I,"ehicle designers. Data on efficiency, operating characteristics, wave shape, controls, safety, isolation, or reliability are not available. 

Table 4-10 lists 22 different voltage levelS for various electric vehicles, from 24 t6 530 volts. The primary reason for this diversity is the designer.'s desire to maximize the total battery capacity of the. vehicle. As a result of the variety of 
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TABLE 4-10. - VEHICLE VOLTAGES 

Vehicle Lewis survey Test voltage, vehicles V Automobiles I Buses Vans 

Number of vehicles surveyed or tested 
24 1 
30 2 
36 5 1 
48 3 1 5 
54 1 1 
66 1 
72 3 1 2 2 
80 1 1 
84 1 2 2 
90 1 1 
96 2 2 6 . 

100 1 
108 1 1 
112 2 
120 4 2 2 
144 3 2 
180 

192 1 
216 5 2 
360 2 
375 1 
530 1 

Not re- 39 10 16 0 ported 

Total 66 14 40 23 

battery types and voltages, commercial battery chargers generally are not available and the chargers are custom designed for individual vehicles. Also, most commercial chargers are intended for industrial applications where three-phase service is normal. For home use, the chargers must operate from single-phase service. Figure 4-24 is a photograph of an off-vehicle battery charger. 
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Figure 4-24. - Off-vehicle battery charger. 

TABLE 4-11. - BATTERY CHARGER INDICATED EFFICIENCIES 

Vehicle From AC kW!h meter From wide-band 
and DC voltmeter wattmeter 

and ammet.er 

Efficiency. percent 

P-l 81 - 90 88 - 93 
P-2 81 - 94 87 - 94 

P-4 a 86 a 89 

C-l 85 - 95 84 - 92 

C-2 59 - 74 60 - 77 

P-6 b 91 

C-4 c 89 

aMAximum indicated efficiency wa. over 100 percent. 
b Ref. 11-
cRef • 10. 
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The custom-built battery chargers generally consist of a 
transformer, a rectifying circuit, and various control devices. 
The expected efficiency is about 90 percent. Charger efficiency 
tests were ccmducted in the current test program. Table 4-11 
shows that the indicated efficiencies ranged from 80 to over 100 
percent. Two methods of determining efficiency were employed. 
The first method used a residential kilowatt-hour meter to measure 
power input during charging time and a voltmeter and ammeter to 
measure power output. This method gave indicated efficiencies 
about 5 to 10 percent lower than the indicated efficiencies 
determined using the best wideband wattmeter obtainable to measure 
both AC input and DC output power. The same measurement problems 
exist here as with chopper controllers and much development and 
test work are needed. Kilowaf;t-hour meters are known to read high 
on nonsinusoida1 wave forms. Errors of 7 percent have been 
reported (ref. 12). The wideband wattmeter readings were all at 
the low end of the meters' range where accuracy is poorest. 
Better measurement techniques are needed. 

Battery chargers have high efficiencies at the initiation of 
the charging cycle, but efficiency decreases as the charge 
progresses. Failure to terminate the charging process at the 
optimum time alSo reduces efficiency. The chargers rely either on 
a timer or on the increase in battery voltage that is associated 
with full charge. To properly set a timer, the operator must 
estimate the initial state of charge and the average charging 
current. The charging current is determined by the difference 
between the supply voltage and battery voltage divided by the 
effective circuit impedance. Thus, any changes in supply voltage 
due to power1ine variation or changes in battery voltage due to 
age, temperature, or battery condition affect the proper timer 
setting. Battery age, temperature, and condition also interfere 
with chargers that sense the rise in battery voltage. Batteries 
are either undercharged and reduce range or overcharged and 
increase energy consumption cost for power, ana reduce battery 
life. 

Except where laboratory power supplies are used as battery 
chargers, the current wave shape consists of a series of pulses. 
The magnitude and shape of the pulses vary widely from charger to 
charger. One charger that uses phase controlled SCR's required a 
55-ampere peak current to produce a 10-ampere average value. The 
rms current was 25 amperes. The peak, rms, and average values 
must all be considered when sizing branch circuits and circuit 
breakers for the chargers. 

Because the battery chargers are custom designed for the 
individual vehicles, the charger must either be carried aboard the 
vehicle or the vehicle must return to home base before the battery 
capacity is exhausted. An on-board charger places an additional 
weight penalty on the vehicle. To minimize this weight penalty, 
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" the designers. tend to use autotransformers or to eliminate the 
. transformer complet;ely. Both approaches sacrifice electrical 
isol,ation~ 

Several areas for battery charger improvement have been 
indicated. Most important is the development of instrumentation 
to monitor battery and. charger performance. Once the 
instrumentation is available , it will be possible to determine the 
best combination of components and charging strategy for safe, 
efficient'; and economical operation. 

4.8 "COMPONENT SUMMARY 

Since Ilirtuallyno components are commercially available 
today that have been specifically designed for electric vehicles, 
designers must modify and adapt components that were originally 
intended for other purposes,. The high cost of new equipment 
frequently induces the designer to make compromises and to use 
surplus or rebuilt equipment. Consequently, pertinent design data 
seldom are available. The. greatest gains in vehicle range appear 
to be obtainable from improved batteries and overall drive train 
optimization. 

The batteries that are being used on the presently available 
vehicles are the lead-acid type. These batteries are either the 
golf car or semi-industrial types. The golf car battery puts a 
premium on low initial cost, high power, and high specific energy. 
The semi-industrial battery has longer life. Other batteries that 
have been test.ed in elect ric vehicles are the nickel-zinc, 
nickel-iron, zinc-air:, iron-air, zinc-chlorine, and sod ium-sulfur 
systems~ These advanced battery systems have all exhibited 
specific energies well above that of the lead-acid batteries. 
Limited life, charging difficulties, complexitYr lack of 
availability, and cost have restricted their use in electric 
venicles to date. 

Battery life and performance depend not only on the manner in 
which the battery is charged and discharged but also on the manner 
of determining th~ end of the charging or discharging periods. 
Battery chargers generally operate at high initial efficiency. 
However, ,the lack of an accurate state-of-charge indicator 
pr(~vents the charger from shutting down when the charge is 
complete. Similarly, instrumentation to determine the optimum 
point to, terminate discharge is inadequate. 

The wide variations in the vehicle propulsion system 
efficiencies seen from the track test data indicate the need for 

, future propulsion system optimization. The i'nteractions of all 
the components in the drive train require careful matching of the 
components and optimization of their operating points not only for 
increAsed range but also improved acceleration, hill climbing 
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ability, and reduced energy consumption. Few components designed 
specifically for electric vehicles are available, so vehicle 
designers have had to accept the comprom~ses associated with using 
less than optimum components or develop their own components. 

Separately excited DC motors are replacing series motors in 
many electric vehicle drive systems. This allows using smaller 
pO~ler switching components in the controller and simplifies 
regenerative braking, which is almost universally used in foreign 
vehicles and gaining favor in the U.S. vehicles. The AC drives 
are experimental and infrequently encountered. No motor 
controllers specifically designed for shunt or AC motors are 
available in sizes appropriate to electric or hybrid vehicle use. 
Both motors and controllers would be more efficient if system 
voltages were higher than the 48 to 108 volts commonly used today. 

Transmissions and differentials used in electric vehicles are 
us,.ally standard automotive units. They are designed for vehicles 
having much greater power and speed capabilities than electric 
vehicles and not enough attention has been paid to their 
efficiency at low speed and power. Virtually all vehicles which 
are conversions retain the multispeed transmission of the original 
for mechanical convenience. Experience with these vehic:les shows 
tnat battery current can be reduced during acceleration and while 
negotiating grades by changing gear ratios. Although many 
vehicles built today do not use transmissions, the imp"oved 
acceleration and reduced battery demands offered by at least a 
single gear shift suggests that this approach needs to be 
evaluated further. Tire design improvements also promise range 
gains. Present tire designs are optimized for performance at 
speeds well beyond the capability of electric vehicles. Energy 
efficiency has only recently become a major design consideration. 
Tire engineers estimate that designs that are optimized for 
electric vehicles could increase range, but their use must be 
coupled with careful suspension design to preserve riding quality. 

Predictions of range gains due to component improvements are 
difficult because of component interaction and the lack of 
relevant steady-state and transient data. However, the assessment 
of the presently available components clearly indicates that 
substantial performance improvements should be possible with 
further development. 
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5.0 HYBRID VEHICLES 

The intent of Public Law 94-413 is to reduce the amount of 

petroleum used in transportation by transferring some of the 

energy demand to more plentiful energy sources such as coal or 

nuclear sources. The electric vehicles discussed in this report 

obviously can meet this intent because all the energy requirements 

(electricity) may be obtained from central electric power stations 

which use these alternative fuels. However, under the present 

state-of-the--art, this energy advantage is attained with electric 

vehicles at the expense of several performance characteristics. 

Range, acceleration, hill climbing ability, and usually maximum 

speed are reduced over those obtained with conventional 
automobiles. A hybrid vehicle which utilizes two sources of 

energy h,as the potential of reducing petroleum dependence to a 

lesser degree than an electric vehicle but offers more performance 

capability. However, until recently, hybrid vehicles were 

designed to reduce emissions rather than to minimize petroleum 

fuel consumption. 

Motive power for vehicles examined in this study is supplied 

by a comparatively small heat engine which is supplemented by an 

electric'motor. Typically, the heat engine provides the average 

power required for propulsion and battery charging. The electric 

motor provides additional power for rapid acceleration and other 

peak power demands. To reduce emissions the heat engine usually 

is operated at nearly constant power. Most hybrids of this type 

have been designed to operate so that little, if any, bactery 

depletion occurs under most driving conditions, and, as a result, 

the vehicle's range usually is not limited by battery capacity. 

(An exception is operation in the so-called on-off mode described 

later.) The continuous run engine operating mode does not result 

in a complete transfer of energy demand from petroleum to other 

sources; but it has the potential of reducing petroleum 

consumption by improving the operating efficiency of the heat 

engine. 

Discussed first in this report are the various classes of 

hybrid vehicles and their operating modes. Described next are the 

types of vehicles and components that are available today. 

Finally, the v~hjcle performance characteristics are discussed. 

Detailed descr~pt:ons of the vehicles, their performance 

characteristios, ,Ind descriptions of the vehicle tests are 

presented in appe.ld ix B. 
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Heat engine Generator .... Motor ~ 
I Driver L ____ -'-' ______ 

Control system 1'---- commands 
-

,.. Mechanical co nnectlons 
Batteries • Electric flow 

---... Control signal s 

Figure 5-1. - Series hybrid configuration. 

5.1 TYPES OF HYBRID VEHICLES 

All heat engine - battery hybrid vehicles may be grouped in 
two general classes, series and parallel. In the series system 
(fig. 5-1) all of the net power output of the heat engine is 
converted into"'electric power by an alternator-rectifier or a DC 
generator., 'l'he electric power is reconverted to mechanical power 
by an electric motor connected to the drive 'J/heels, either 
directly or through a gear reduction system. V~hicle speed is 
controlled as in an electric vehicle. Whenever the power 
requirement of the vehicle is greater than the power supplied by 
the engine, the additional power required is drawn from the 
batteries. When the engine power output is greater than the 
vehicle's requirements, the excess power is used to charge the 
batteries. The engine may operate essentially at constant speed 
and load for optimum fuel economy. The motor can also be driven 
by the wheels to provide regenerative braking. 

In the parallel system, only the power required to charge the 
batteries is converted to electric power. The majority of the 
engine power is delivered through a mechanical transmission 
directly to the wheels. Shown in figure 5-2 is an example of one 
type of parallel hybrid drive train. In this example, the heat 
engine is mounted on the same shaft as the electric motor. In 
some hybrids, a clutch is pr t,\' I.ded to disconnect the heat engine 
from the dr ive train, wh ile :.. •. <.' thers, the heat eng ine is 
connected directly to the transmission so that the motor and 
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Figure 5-2. - Parallel hybrid configuration. 

engine are in parallel. In all cases the motor torque and engine 

torque are additive so that the motor is smaller than required in 

a series system. When the vehicle drive power requirements exceed 

the engine capacity, the extra power is provided by the battery 

through the electric motor. In all parallel systems discussed in 

this report, the motor also serves as a generator for charging the 

batteries. The motor as a generator is not always driven by the 

heat engine, but it also can be driven by the wheels to provide 

regenerative or electrical braking. 

5.2 OPERATING MODES 

The mission prescribes the operating mode of a hybrid vehicle 

and therefore, to a large extent, the overall design of the 

vehicle. If the vehicle is driven primarily in the city fo~ short 

distances, it may operate as an all-electric vehicle with the 

batteries being recharged externally. For longer trips, a mode 

that primarily uses the heat engine may be employed. One example 

is the milk delivery schedule that uses the all-electric mode in 

tne neighborhood and the hybrid mode on the highway. Specific 

operating modes for a number of hybrid vehicles are described in 

appendix B. All the operating modes may be ,grouped into two 

general classes which are described next. 

The simplest class of modes involves continuous operation of 

the heat engine at, or near, maximum power and efficiency. The 

heat engine provides the power needed for cruise at maximum 

vehicle speed. The additional power required for acceleration is 

supplied by the electric motor. Any excess power available from 
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the heat engine is used to charge the batteries. Usually the system is designed to operate so that the batteries are not depleted. 

The othel' class of operat.ion modes is the on-off mode. Here the heat engine operat.es only when the vehicle is running at high speeds or when the battery is depleted. The battery-powered electric motor provides the vehicle power at the lower speeds and augments the heat engine during acceleration. Battery depletion may occur in many on-off operating modes so the range can be limited by battery capacity. Petroleum fuel consumption can be lowered with this operating mode as more of the propulsion energy is provided from electricity if recharge is from an external, nonpetroleum electric source. The all-electric operation at low speeds also aids in reducing emissions. 

5.3 HYBRID VEHICLE COMPONENTS 

5.3.1 Background 

With the exception of a heat engine (alone or with an alternator or generator), a hybrid vehicle uses the same types of components as an all-electric vehicle. The electric-mechanical drive in a series hybrid vehicle is identical to the drive in an all-electric vehicle. The heat engine - alternator (or heat engine - generator) and its control are usually added as a completely separate unit. The electric drive in a parallel hybrid vehicle also can be the same as an all-electric vehicle. The transmission, however, must accept power inputs from both the heat engine and the electric motor, and the control system must control two power sources in parallel. 

Parallel hybrid drive trains require variable-speed transmissions to match the heat engine to the load requirements of the vehicle. Types that have been used are 

(1) Conventional automatic transmissions containing torque converters 

(2) Conventional manual 3- and 4-speed transmissions 
(3) Modified conventional torque converter, single-speed transmission with an automatic clutch 
(4) Continuously variable transmissions 

In general, the transmissions are adaptable to hybrid vehicles with a modification for the second input drive. Transmissions designed specifically for a parallel hybrid system are not available. 
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The control of the electric motor for either a series or 

parallel hybrid drive train is the same as that for an el·ectric 

vehicle drive motor. 

The overall control system of a parallel hybrid vehicle is 

more complex than that of an electric vehicle or series hybrid. 

For the parallel hybrid engine the motor drive power and power for 

battery charging must be controlled simultaneously. The control 

principles discussed previously are applicable, but each parallel 

design requires a special control system. Types of contro,l 

systems that have been used vary from sophisti~ated electric 

analog logic circuits to mechanical differential d.rives used in 

conjunction with an electric motor speed control. All of these 

control systems· have been built specially for each parallel hybrid 

vehicle. 

5.3.2 Heat Engines for Hybrid Vehicles 

The operation of a heat engine for a hybrid vehicle differs 

from a conventional engine in that the hybrid heat engine does not 

have to change speed rapidly and it runs for longer times at high 

power. The desired hybrid heat engine should be as lightweight 

and durable as possible. The desired size is only slightly above 

the average power required to drive the vehicle; the electric 

system provides the additional power necessary for acceleration, 

passing, or hill climbing (driveabilty). An 1810-kilogram 

(4000-lbm) conventional automobile has cruise power requirements 

from 4 to 22 kilowatts (5 to 30 hpj at 88 kilometers per hour (55 

mph), but driveability requirements lead to a 112-kilowatt 

(150-hp) engine whose efficiency peaks at 45' to 68 kilowatts (60 

to 90 hp)·. The hybrid vehicle can provide substantial gains in 

fuel economy because the engine is sized for cruise requirements 

and is operated at near peak efficiency. Engines should then 

range from 15 kilowatts (20 hpj for a small car to about 35 kW (57 

hpj for a van. 

Conventional automobile engines are not optimized for the 

previous use conditions. They are designed to give long life at 

an average power level of 20 percent of their maximum power 

capability, which is also below peak efficiency. 

Emission control can be simplified in the hybrid engine 

operated at constant power level. The on-off mode of operation, 

on the other hand, can use emission control techniques that have 

been developed to meet emission standards for the conventional 

automobile. 

The engine types discussed in the following paragraphs have 

been used in experimental hybrid vehicles. 
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5.3.3 Spark-Ignition Engine (ReciprClcating) 

While conventional automobile engines are available in a widr~ 
variety of power levels, their design, as mentioned in the 
previous section, would limit their life if they are operated 
continuously at maximum power. 

Very durable spark-ignition engines for continuous operation 
at high percentages of maximum power are in use in 
general-aviation and industrial applications. Industrial engines, 
however, are very heavy, with specific weights of 6.6 to 13.2 
kilograms per Jdlowatt (10 to 20 lbm/hp). Compact general 
aviation piston engines (specific weight under 1.2 kg/kW 
(2 lbm/hp»are presently available at 45, 75, and 85 kilowatts 
(60, 100, and 115 hpj and at larger powers. All of these engines 
produce peak efficiencies at 50 to 65 percent of rated p0wer and 
are designed to operate continuously up to 75 percent power. 
These engines are durable and lighter than the industrial engine, 
but they are also quite costly. 

Progress has been made in improving fuel economy while 
maintaining low emissions. The catalytic converter has permitted 
engine modification for improved fuel economy. Improvements 
including the stratified-charge engine, fuel injection, modified 
valve timing, quick-heat intake systems, and all-electronic 
control of engine parameters to permit "lean burn" are reducing 
fuel consumption. 

The spark-ignition engi'le has been highly developed and its 
fuel consumption is now quit,~ low. While fuel conelUmption depends 
on the specific open:ting condition of the engine, the most 
efficient condition '.::curs at high load, the same condition 
required for optimum operation of a h¥brid vehicle. 

Both the automotive and general aviation industries have 
efficient, lightweight, low emission, current-production 
spark-ignition engines available which could be readily adapted 
for most hybrid applications. 

5.3.4 Diesel Engine 

The diesel engine has been used for decades for heavy-duty 
applications. Its most significant advantages are good fuel 
economy and durability at the design operating point. Maximum 
efficiency is reached at 40 to 50 percent of rated power and 
remains high with increasing power, dropping only 10 percent at 80 
percent of maximum horsepower. Industrial engines are designed to 
operate continuously at about 85 percent rated power. 

Low power diesel engines are used in many industrial 
applications, and above 30 kilowatts (40 hpj diesel engines are 
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used more than gasoline engines. At power levels below 30 

kilowatts (40 hpj, diesel engines are usually air cooled. The 

induG~rial air-cooled diesel engine is generally heavy, weighing 

from 6 to 12 kilograms per kilowatt (10 to 20 lbm/hp) depending on 

the degree of conservatism in the design. Above 30 kilowatts (40 

hpj, industrial engines a~e almost all water cooled. Quoted 

specific weights vary considerably and range from 4.6 to 6.6 

kilograms per kilowatt (7 to 10 lbm/hp) without the radiator or 

coolant. Light-duty automotive diesel engines have been used in 

foreign countries for a number of years (ref. 1). production 

recently has been increased and automotive diesel engines are 

being considered seriously for use in the United States because of 

the increasing emphasis on fuel economy. These ~i~sel engines use 

indirect fuel injection to lower peak combustion pressures and 

temperatures, allowing the engine to be lighter, quieter, and have 

lower NOx and odor emissions. Efficiency is about 10 percent 

lower than that of direct injection engines. 

Minimum fuel consumption for the automotive diesel engines 

varies from about 0.30 kilogram per kilowatt-hour (0.5 lbra/hp-hr) 

at 30 kilowatts (40 hpj to about 0.27 kilogram per kilo~'l;ltt-hour 

(0.45 lbm/hp-hr) at 75 kilowatts (100 hpj. Specific weight and 

volume are about 20 percent greater than for a comparable gasoline 

engine of the same power rating. One ~xception is the mqRabbit 

diesel engine (ref. 2) which was introduced into the United States 

in 1977. At its rated 37.5 kilowatts (50 hpj, its weight is about 

the same as a gasoline engine and its fuel consumption is lower. 

A 52.2-kilowatt (70-hp) turbocharged version of this engine has an 

even lower specific weight. Diesel-engine-powered cars generally 

have no problem meeting the 1977-79 emission standard (ref. 3). 

However, there could be difficulty in meeting future stricter NOx 

standards. 

The diesel engine, because of its high efficiency, 

availability, and potential life at high continuous power, should 

be a good candidate for hybrid vehicles unless engine life has to 

be sacrificed to meet weight requirements. 

5.3.5 Rotary Engine 

The rotary engine is light, compact, and simple. It operates 

at high rotational speed and can be coupled directly to a 

high-speed electric generator without a gearbox. The durabil ity 

of the rotary engine is at least comparable to reciprocating-type 

engines because there are fewer moving parts, no valves or 

camshafts, and smooth rotary motion. Apex seals and rotor housing 

materials have been developed that are reported to be satisfactory 

for the duty cycle of an aircraft engine (ref. 4) and perhaps also 

for a hybrid vehicle. 

The major use of the rotary engine is in automobiles. 

Engines in the 75- to l25-kilowatt (100- to l70-hp) range are 
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available. The energy consumption of tl::!e two-rotor, 1977 Mazda 
rotary engine; rated at 85 kilowatts' (115 hp), has been improved. 
It is nOW equal to ol'better than that of a piston engine of the 
same size (ref. 5); Approximately half the energy consumption of 
the 1973 rotary engine has been achieved. A new l25-kilowatt 
(170-hp) rotetry engine, the Aud i NSU lI871, reaches its maximum 
efficiencyett 56 pel.:centof maximum power (ref. 6). It is a 
water-cooled. two-rotor engine that weighs 142 kilograms (313 Ibm) 
and is being evaluat,ed for use in both automotive and aircraft 
appl icat ioris. ' 

Recent test data from an aircraft rot'ary engine program 
(ref. 7) indicate that the energy consumption and emissions 
characteristics of single-rotor engines are very similar to those 
of the corresponding two-rotoreng:i,nes. A number of automobile 
manufacturers in Europe and Japan presently are road testing 
single-rotor versions of these engines. 

, The, exhaust emission levels of the 1978 Mazda rotary engine 
vehicl'es with conventional controls, without catalysts, are 
reported to meet the 1980 United States emission standards (ref. 
8). The engine utilizes a lean combustion system with a lean 
thermal reactor and exhaust gas recirculation. Stratified charge; 
version!;! of the rotary engine, employing fuel injection or 
carburetion, are under development in the united States, Europe, 
and Japan. These engines are expected to have lower energy 
consumption, lower emissions, and multifuel capability. 

Rotary eng ines of 45 kilowatts (60 hp) and under are used for 
motorcycles, snowmobiles, boats, and industrial applications. 
These small engines are produced in foreign countries in both 
water- and air-cooled versions. The specific weights of these 
smaller engines are fairly low, ranging from 1.3 to 1.8 kilograms 
per kilowatt (2.2 to 3lbm/hp). 

The rotary engine is in use in a few automotive and 
off-the-ro,ad vehicle applications and is being considered for 
aircraft use. It has recently demonstrated energy consumption and 
exhaust emissions comparable to a conventional spark ignition 
engine, The rotary engine, however, is not produced in the United 
States. 

5.3.,6 stirling Eng ine 

The Stirling engine has advanced rapidly from the laboratory 
curiosity it was 20 years ago to a serious candidate for an 
automotive heat engine today. The theoretical potential for high 
efficiency, lowemissi.ons, and multifuel capability has stimulated 
extensive Stirling engine development efforts. C-eneral Motors was 
active in stirling engine development during the 1960's and early 
1970's. rn 1969 General Motors tested a hybrid 1968 Opel Kadett 
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in which a 6-kilowatt (8-hp) Stirling engine was installed and 
operated (ref. 9). Recently, the Ford Motor Company initiated a 
major development effort to produce a 128-kilowatt (170-hp) 
Stirling engine for its Torino automobile (refs. 10 and 11). 
Several vehicles have been fitted and test driven with Stirling 
engines. united Stirling of Sweden has a series of five engines 
under development that vary in power output from 30 to 112 
kilowatts (40 to 150 hpj. The 3D-kilowatt (40-hp) engine has been 
installed and field tested in two German automobiles. Other 
St irl ing eng ines have been installed in boats, trucks, and buses. 

The data available for Stirling engines in automotive 
applications are limited. The united Stirling 40-kilowatt 
(53.6-hp) - V4 engine weighs 180 kilograms (396 Ibm). Best 
efficiency is reported to be 35 percent. The single-cylinder, 
rhombic-drive engine which General Motors installed in the 1968 
Opel demonstrated a peak efficiency of 26.4 percent. Emissions 
data are not available. 

While the Stirling engine offers the theoretical potential 
for excellent fuel economy and very low emissions, its development 
is not yet far enough advanced to allow it to be considered for 
hybrid vehicle application. 

5.3.7 Gas-Turbine Engines 

Gas-turbine engines are light, compact, and durable and have 
low emissions (t"efs. 11 and 12). Aircraft gas turbine engine 
technology is hl,jhly developed for 375-kilowatt (SOO-hp) and 
larger engines. In the 15- to 45-kilowatt (20- to 60-hp) range, 
however, the only known a'Tailable units are auxil iary power unit 
(APU) gas turbines without regeneration. They are light and 
compact, but their minimum fuel consumption of about 0.66 kilogram 
per kilowatt-hour (1.1 lb/hp-hr) is too high =?Y. most automotive 
appl icat ions. 

Gas turbines with regeneration at power levels above 75 
kilowatts (100 hpj are being developed for automotive use. 
Although early programs yielded disappointing results, it is 
believed that these problems can be overcome by further research 
and development work (ref. 12). 

peak-efficiency fuel consumption of about 0.3 Icilogram per 
kilowatt-hour (0.5 Ib/hp-hr), specific weights as low as 1.8 
kilograms per kilowatt (3 Ib/hp), and specific volumes approaching 
2.8 liters per kilowatt (0.1 ft 3/hp) are thought to be possible. 
For the engines being developed ~or automotive applications the 
peak-efficiency power point is not yet known but is expected to be 
about 50 percent of rated power. It appears that at least several 
years of additional research and development effort will be 
required before the gas turbine is a viable contender for the 
hybrid vehicle. 
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(a)S' units 

. 
!leat: engines ! I'<>Ier Maxlmun Speeif.le S!'C"ifi<> I!inlm. .. 

raJl9G. offi- weight, volU'le, fUCl. 
.C%1V'- cieney . kg/kW (nI3/kW),d03 c:onsmp-
<=d. rang<!. 1:1at. 
m per_t g/MJ' 

of 
""ted 
pc>Ier 

Ilecip>:OCa~ spark ignition: 
Aut:an:Jt:.ive 30 -90 40 - SO 2.4 • 4.3 4.9 - 7.6 76 - 101 
rna.,.t:rlal. . 19 - 45. 45 - 55 3.0.-.9.1 95 - 98 
Aircraf' 45,75,86 SO - 65 <1.2 

Dlesel.: 
AUtar<>Uw, generoJ. 30 - 75 40 - SO 3.6 - 4.9 7.6 - 11.4 76 - 84 
AUtcm:ltive, Rabbit 37 3.2 76 

52 2.4 74 
lhdust:rial, air cooled 15 - 30 50 - 75 6.1 - 9.1 6.1 - 11.4 68 - 76 
InCIustrial., water cooled 30 - 75 50 - 75 4.3 ... G~l 4.9 - 9.1 64 - 68 

1I:>t=y: 
'lWo xot:Or 75- 127 56 0.79- 1.3 1.9- 2.7 14 - 95 
_l:Ob>r 37 - 63 1.4 - 1.5 2.3'·).0 95 - 101 

15 - 45 1.3 - 1.8 4.2 - ~.5 101 - 117 
sf;irling 7 - 112 4.3 - 9.1 64 - a8 
Gas turbine: 

Auxil.ial:y """"" ..u.t 15 - 45 1.2 - 1.8 3.4 186 
(slnplo cycle) 

AUt:an:lbile (regenerated) 75 - 150 25 - 50 1.5 - 1.B 3.0 - 3.8 B4 

(b) u.s. custanaty uni" 

Heat engines ~ - Speclf.i<> S!'C"ific MlnInun 
rang. effi- iclgh" velure. fUCl. 
o:n- cieney lb/hp ft3/hp CQ1SUTp-
<=d. range, 1:1at. 
bp percont J.tnVhp-h 

of 
ral:cd 
J1OWC1" 

Ilecip:roc:at:lng spark ignition, . 
AUtar<>UIIC 40 - 120 40 - 50 4 - 7 0.13 - 0.2 0.45 - 0.6 
Irl<Iust:rlal. 25 - 60 45 - 55 5 - 15 0.56 - 0.5B 
l\.!=:af' 60,lOQ,llS 50 - 65 <2 

Dlesel.: 
AUt:an::1I:1vo, general. 40 - 100 40 - SO 6-8 0.2 - 0.3 0.45 - 0.5 
Aut:cm:Jt:i\'O, Rabbit 50 5.3 0.45 

70 4.0 0.44 
l'r.dust:r!al. air =led 20 - 40 50 - 75 10 - 15 0.16 - 0.30 0.40 - 0.45 
Il-"dustrial, water c:ool.Cd 40 - 100 SO - 75 7 - 10 0.13 - 0.24 0.38_- 0.45 

1I:>t.v:y: 
'1\." rotor 100 - 170 56 1.3 - 2.2 0.05 - 0.07 0.44 - 0.56 
cno totor 50 - B5 2.3 ... 2.5 0.06 - O.OB 0.56 - 0.60 

20 - 60 2.~ - 3.0 0.11 - 0.17 0.60 - 0.69 
St:l,rting. 10 - 150 7 -15 0.38 - 0.52 

Gas turbine. 
A~~uni. 20 - 60 2-3 0.1 1.1 

(sJnple cyc!ol 
AUtcrrobile (rogencral:cd) 100 - 200 25 - 5 2.5 - 3 O.OB - 0.1 0.5 

"'n>e awrago oporal:ialal. 1'<""" level used In prcclictlng csg!ao life. 

20.0 

I>.1ty Avail-
cycJ.eO able 
~~ign. 
~t 

of 
pc>Ier 

15 - 20 Yes 
45 

SO - 75 

Yes 

80 
aD 

Yes 

No 

Yes 

No 

I>.1ty Avail-
cycle" able 
design, 
pP=t 

of 
pc>Ier 

15 - 20 Yea 
45 

50 - 75 

Yes 

aD 
BO 

Yes 

No 

Yes 

No 

El1dssiaul 

~ p __ t:lng 1980 
NOg standarCs 

""' .. 1980 _ 

Ve>:y -

vexy low 

vexy_ 

El1dssiaul 

Pmbl.em _t:lng 15BO 
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~"" .. 15BO s_ 
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VetY 1<>1 
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5.3.8 Heat: Eng ines Discuss ion 

The most significant characteristics of the five major 
candidate heat engines for hybrid vehicles are summarized in table 
5-1. The characteristics listed include availability in the power 
range of interest, weight, volume, fuel consumption, and 
emissions. 

The conventional production spark-ignition automotive engine 
is very low ill cost, is read ily available, and is suitable for the 
hybrid in all respects except engine life: the engine thus far 
has not been designed to operate continually at 50 to 70 percent 
of rated power in automobile applications. However, a number of 
4-cylinder automotive gasoline production engines are available 
that could be operated below 50 percent of rated power for better 
durability with some loss in efficiency. 

Industrial engines 
reasonable engine life. 
possible. 

are costly and heavy, but they do have 
Development from this base is also 

The diesel engine also is a good candidate for hybrid vehicle 
application. Small diesels are in production for automotive use 
and presently should meet all requirements except possibly engine 
life at 50 to 80 percent of maximum power. Diesel engines 
designed for long life in truck and industrial applications are 
usually heavier. The capabilities of the smaller lightweight 
automotive diesels are not known. Derating would probably be 
required for longer engine life. 

The rotary engine lacks any obvious advantages over the 
conventional spark-ignition and diesel engines except for a 
potential for lower weight and smaller volume. However, this 
engine is not readily available in the United States. 

The gas turbine and Stirling engines both show good potential 
for meeting futur,e, more stringent emission standards without 
efficiency penalties1 but, except for special experimental 
applications neither engine is available today. 

5.4 HYBRID VEHICLE PERFORMANCE CHARACTERISTICS 

The hybrid vehicle is attractive because it has the potential 
of reducing petroleum consumption and emissions below that of 
conventional vehicles. Its impact on the national consumption of 
petroleum is less than that of the all-electric vehicle1 however, 
hybrid vehicle performance is more like the conventional vehicle 
than that of the poorer performing electric vehicle. Furthermore, 
the hybrid vehicle can operate as an all-electric vehicle, but at 
the lower performance levels. 
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5.4.1 Types of Hybrid Vehicles Reviewed 

Complete descriptions, photographs, and performance 
characteristics for 18 hybrid vehicles are listed in appendix B. 
Two vehicles were tested as part of this study. The Federal Test 
Procedure for emission measurements was developed for conventional 
vehicles and the ERDA and SAE J227a procedures were developed for 
all-electric vehicles. Hybrid vehicles have been tested to either 
the FTP or ERDA electric vehicle procedure. Neither procedure is 
satisfactory though because a hybrid vehicle is a vehicle designed 
to set:ve as a transition between the conventional and the 
all-electric vehicle. Thus, a new test procedure is required that 
contains some, but not all, of the req'..lirements of both 
procedures. 

Only those hybrid vehicles are reviewed for which one energy 
source is a petroleum-fueled heat engine and the other is an 
external source of electricity. Most of the vehicles described 
herein have been designed to reduce emissions without penalizing 
driveabilty. In contrast the present interest in hybrids is in 
reduced on-board petroleum consumption • 

A factor that makes comparison difficult, both from hybrid to 
hybrid and from hybrid to conventional or all-electric vehicles, 
is the wide variety of hybrid designs. The 18 vehicles for which 
test data and other information have been collected include 
pass~nger cars, vans, and buses having five types of heat engines 
and four types of transmissions~ they also employed both the 
series and parallel configurations. The personal and commercial 
vehicles are described in table 5-2 and the buses in table 5-3. 

The series hybrid vehicles, 8 of which are listed in the 
tables, are usually fairly simple designs. Several series hybrids 
were constructed by adding a commercial engine electric generator 
powered by a heat engine to an existing electric vehicle. The 
additional controls were not complicated, consisting only of the 
speed control that is built into the engine and a hand throttle 
control for setting maximum power. Electric vehicles can be 
converted to series hybrids by replacing some of the batteries 
with an ~ngine gener.ator. 

The parallel hybrids, 10 of which are listed in the tables, 
are more complicated than the series hybrids. They require a 
special drive train - transmission to parallel the electric motor 
and heat engine and a comple~ control system to control their 
operation. The hard\~are required for a parallel system is not 
commercially available nor are the experimental vehicles that have 
been built ready for production. Despite these disadvantages, the 
development of parallel hybrids is proceeding because they offer 
the potential for providing greater fuel savings and a lighter 
system than the series hybrid vehicle. 

202 

l' , ! 

.1 
I 

.1 

i'i 

I , ' 



'Il\BIE 5-2. - IMllUD VEIIlCI.E CIlMI!Cl'ERIS'l'ICS 

Vehicle - 'l'l'PC M:lnUfacturer Vehicle Battm:Y Hybrid Heat- Motor TIonsmission 
of curb weight, type engine J?CM'l', type 

passon- weight, kg type IIW 
gora kg 

'-
Stir-I«: II 2 Opel. General 1451 227 Series Stirling 6 ao]ler frlc-

Kadatt Motors tion speed 
n.seru:ch reducer 

MiniCar eust:cm Mlnica<s, 1451 290 Parallel. 6-CylinCler 30 3 Speed, 
Inc. sm aut:aratic 

u. of w. CUst:an t1nl.veraity of 1360 - Parallel Rotary 40 Dl.J:ect drive 
camuter wisconsin 
car 

U. of F. . D;J.tsun SlO University of 1360 136 Series 2-cylinCler 10 El.ect:ric 
=muter Florida sm 
car 

_ch 4 Austin A40 K. KoIOOsch 1360 181 Series 2-cylinCler 12 4 Speed, 
sm _ual 

PetJ:o- 4 1~72 PetJ:o- 2000 136 Parallel aotary 97 3 Speed, 
Electric Buick Electric, _ual 

Inc. 

!ruI:1llect 5 CUst:an TUrElect 1814 181 series Go:: 37 4 Speed, 
~bl:OrS curblne _ual 

Goold hy'.>rid - VilIl Goold Lab- 1814 196 Parallel ~-cylinder 19 Cont:inoously 
~ta~ van oratD.. ... ..es sm variable 

1M m;:.rid 5 'lllxi VolkSWagen 2131 284 1.6-Liter 37 A_tic 
taxi sm 

I oa.ihatsu - 'l'm::k tnihatsu 2605 420 sm -
tmJI. I 

tnihatsu - 'l'm::k tnihatau 2700 - 2.5l-Liter 60 
tmGL diesel 

~T - 'l'm::k 'I'oyo Kogyo 2410 - 2.7-Liter 65 
diesel 

Vehicle - 'Il'PB Manufoctw:er Vehicle Batt:eIy Hybrid lleat engine D1glJl£l IbtOI: 'l'rilllSlllissicn 
of curb ~ight, type ~, ~, 

passon- weight, kg IIW IIW 
gms kg 

Elektrd>us 100 Dicscl-batt:eIy Dllm1cl:-llcnZ 19 000 7000 sencs 4-CYlln&>r 75 90 Dil:cct drivo 
Ql305 diesel 

Urban tronsit 21 Dicscl-batt:eIy 
Ilus 

Ulivemlty of 6803 
plorida 

1678 SOrice 4-gr.~ 45 37 01.rcct dri'oU 

KowasaId bus 89 Dicscl-batt:eIy ~1Iea1lY 
M3chlrlc%y Ca. 

10 147 (a) scrtcs Diesel (a) (a) (a) 

",m1er Uno 
bus 

89 'I'rOllcy-dlesel DJm1erSys ..... 
QItll. 

(a) (b) parallel 6-CYlln&>r 
dlesel 

147 7, l\U\:Ol'atic 

DJm1er 152 'I'rOUey-dlosol DJm1erSystaml (a) (b) Parallel 6-cylln&>r 147 90 Autaratic 
art:1culD- QItll. diesel 
ted bus 

Berliet 100 ~ 
ElUOO 

"""'PC Palaolt 9 100 (a) scrtcs 3-CYlln&>r 43 110 Dil:cct drivo 
diesel 
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'rABLt 5-4. - MNGE AND ENERGY,CONSUMPTION COMPARISON OF HYBRID AND CONVEnTIONAL VEHICLES 

Vehlele .. Operating mocle 

-

Stir';'Lec 'IX Hybrili 
Battery alone 

Minicar Ilybrid 

U~ of Florida uybrid 
cORUnUter Battery alona 
ca; 

;Kol:'desch, liybrid 
Battery alone 

Pet.i:o" Hybrid 
Electric 

urban transit 
bus 

Hybrid 

Gould postal Hybrid 
van 

VB taxi Normal hybrid 
liOn-off" 

hybrid 

Vehicle Operating mode 

Stir .. Lec II Hybrid 
Battery alono 

Minicar Hybrid 

U. of rlorida Hybrid 
conunUter Battery alone 
ear 

Kordesch Hybrid 
Battery alone 

lJetro-
Elect:rJ.c 

Hybrid 

Urban transit; ayl>rid 
bus 

Goilld post:al Hybrid 
van 

trw: ,taxi Normal hybrid 
"On-off" 

hybrid 

hFederal. Te.Qt:. procedure'. 
At 00 kIn/h (55 mph). 

~Federal.- It.i.ghway Cycle. 
Special bus ~outfi. 

(a) ':;;1 units 

-Range; Range EnergY' consumption . . kin test 
speed, 
kIn/h 

Jan/liter kWh/kin 

240 50 13 - 17 
40 50 

5 
3.7 
5.3 

290 50 9.B 
16 50 

--- 56 34 0.16 
37 56 ---- .23 

4B3 97 4.5 
B.4 
3.1 

7.2 

6.5 .02 
10.0 .15 

(b) u.s. customary units 

Range, Range Energy consumption 
milos test 

speed, 
mph 

mp9 kWh/mile 

150 30 3D - 40 
25 30 

11.8 
B.B 

12.4 

lBO .30 23 
10 30 

35 35 80 0.26 
23 35 ---- .36 

300 60 10.7 
19.8 

7.2 

16.9 

15.4 .03 
23.6 .24 
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Energy Conven-
con- t10na1 

sumption veHicle 
test energy 

cycle; censump .. 
or test. tien at 
speed~ same test 
km/h conditions, 

kin/liter 

50 
BO 15 
24 6.2 
50 4.4 
BO 5.4 
50 

56 20 
56 20 

FTpB 
FUCe 

b7• 7 

(dJ 1.7 

40 B.3 

FTP' 
FTpa 

7.1 

Energy Conven-
con- tiona1 

sumption vehicle 
test energy 

oycla; consump-
or test t~on at 
speed, same test 

mph conditions, 
mp9 

30 
50 35 
15 14.5 
30 10.3 
50 12.6 

30 

35 4B 
35 49 

FTpa 
FUCo 

b18 

(d) 4 

25 19.5 

FTP" 
FTpa 

16.8 
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il 
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I 
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Six different types of hybrid urban buses have been built, 
and several are in operation in Europe and Japan. The operational 
experience appears to be successful; as a result, several hundred 
hybrid buses are now on order for delivery in the 1978-1980 time 
period. These buses are powered by both diesel and electric 
drives. The electric source is either batteries, overhead trolley 
wires, or both. The hybrid concept seems to offer advantages for 
urban buses because-of buses' stop-and-go driving patterns and the 
relative ease with which the heavy, bulky drive engine and 
batteries can be incorporated in a large bus. 

5.4.2 Range and Energy Economy 

Since the hybrid carries a heat engine, its range when driven 
in the continuous-run heat-engine mode is usually limited only by 
the size of the fuel tank. However, the range when driven as an 
all-electric or as a hybrid with battery depletion is limited by 
the capacity of the battery. Some data for these conditions are 
listed in table 5-4. 

The performance with regard to energy economy was in general 
comparable to that of the conventional automobile, but the 
vehicles were designed with the objective of emission reduction 
rather than fuel economy. Also, the drive train components are 
generally available units not developed for the hybrid 
application, and very little optimization or development was done. 

TABLE 5-5. - HYBRID VEHICLE PERFORMANCE 

Vehicle Acceleration Maximum 
speed, 

o to 50 km/h o to 97 km/h km/h 

Accelerating time, s 

Stir-Lee II 8.5 (al 100 
Minicar 6 23.2 121 
U. of Wisconsin 5 (al 100 

commuter cal: 
U. of Florida 8.5 (al 105 

commuter car 
Kordesch 15 (al 100 
Petro-Electric (al 17.5 130 
TUl:Elec 10 (al 100 
Typical conven- 5 15 (al 

tional car 

aInfol:mation not pl:ovided. 
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5.4.3 Acceleration, Maximum Speed., and Gradeability 
~Iost hybrid passenger cars have been designed to have 

comparable performance to a conventional car. They can 
accelerate, climb hills, pass other vehicles at high speeds, and 
operate at high speeds on the highways. Table 5-5 is a tabulation 
of .. accelerations and maximum speeds for the hybrid sedans. 
Gradeabi1ity data were not available, but vehicJ:es 'With high 
acceleration rates. usually have good hill climbing capabilities. 
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APPENDIX A 

ELECTRIC VEHICLE TRACK TESTS 

Performance tests of electric vehicles and several 

convention!~l 'vehicles have been conducted by two NASA Centers, 

Lewis ReseaLch Center, Cleveland, Ohio, and Jet propulsion 

Laboratory, Pasadena, Califo~f1ia. Vehicle tests also h9ve been 

conducted by the Army's 140bile Equi.pment Research and Development 

Command (MERADCOM), Ft. Belvoir, virginia) and one vehicle was 

tested by the Canadian Government's Department of National Defense 

(ref. 1). The tests provide a much needed controlled data base to 

'character ize the state-of-the-art of electr ic veh icles. 

In this appendix, detailed data are report.ed for testing done 

since January 22, 1977. In addition, data from vehicle tests 

performed for ERDA by NASA Lewis in 1975 and 1976 are included 

(refs. 2 and 3). In this appendix are the following sections: 

(1) VEHICLE DESCRIPTIONS 

(2) TEST TRACK DESCRIPTIONS 

(3) VEHICLE PREPARATION AND TEST PROCEDURES 

(4) DATA ACQUISITION 

(5) VEHICLE TEST RESULTS 

Vehicle tests were conducted in accordance.with the Energy 

Research and Development Administration's Electric and Hybrid 

Vehicle Test and Evaluation Procedure, ERDA-EHV-TEP, which is 

based on the Society of Automotive Engineers' Electric Vehicle 

Test procedure, SAE J227a (ref. 4). The following performance 

characteristics were calculated from the data taken during these 

tests: 

(1) Distance traveled (range) per battery charge at constant 

speed and also over prescribed stop-and-go driving cycles 

(2) Energy consumed per battery charge at constant speed and 
also over prescribed stop-and-go driving cycles 

(3) Power required to propel the vehicle as a function of 
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vehicle speed 

(4) Energy per kilometer consumed by the vehicle as a 
function of vehicle speed 

(5) Acceleration characteristics of the vehicle 

(6) Hill climbing ability of the vehicle as a function of 
vehicle speed 

(7) Brakirig characteristics of the vehicl-; on a dry surface 
on a straight track and in turns on dry and wet surfaces, 
&bility of the vehicle to recover from wet brakes, and 
quality of parking brakes 

'For several of the' vehicles, the measurements taken yielded 
battery and controller efficiencies for constant-speed operation 
and for stop-and-go driving ,cycles. 

The SAE J227a test procedure requires that the electric 
vehicle tests be conducted on a flat test track (less than 1 
percent grade) having a hard surface. Because the vehicle may 
travel as much as 200 kilometers (124 miles) in a single test, a 
closed test track is required. The test tracks at the 
Transportation Research Center at west Liberty, Ohio, the Dana 
Corporation at Ottawa Lake, Michigan, Dynamic Science at Phoenix, 
Arizona, and the Aberdeen Proving Ground at Aberdeen, Maryland, 
were selected based on this requirement. Consideration was also 
given to the availability of the track, the availability of 
qualified personnel at the track, and the convenience to the 
testing agency. The program schedule requireg that some tests be 
conducted during the winter months. Beca!I,lSe t '.e SAE J227a test 
procedure requires that the ambient temperatu.:e .during the test be 
between 40 and 320 C (400 and 900 F), the Dynamic Science test 
track was used for tests performed between January and May 1977. 

VEHICLE DESCRIPTIONS 

The vehicle descriptions that follow include all of the 
electric vehicles which were tested during 1975 to 1977 by NASA 
Lewis r NA$AJI?L,MERADCOM, and the Department of Defence of the 
Canadian Government. Table A-I lists the vehicles in alphabetical 
order by manufacturer. A data sheet and a photograph for most 
vehicles are included following the table. The data sheet 
contai,nsa brief description of the vehicle and a tabulation of 
s.igt)·ificant vehicl,e characteristics. The information tabulated 
has' been gathered either from manufacturers' data or from 
measurements obtained by the testing agency. In most cases the 
vehicles were either purchased or leased from the manufacturer. 
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TABLE A-I. - SUMMARY OF VEHICLES TESTED - BY MANUFACTURER AND CURB WEIGHT 

Manufacturer 

AM General corp. 
Battronic Truck Corp. 
Copper Development Associationb 
Daihatsu Motor Co., Ltd. 
Electric Passenger Cars, Inc. 
Electric Vehicle Associates, Inc. 
Electric Vehicle Associates, Inc. 
Electric Vehicle Associates, Inc. 
Fiat 
Jet Industries, Ltd. 

Lucas Industries, Ltd. 
Marathon Electric Vehicles, Ltd. 
Otis Elevator Co. 
Power-Train, Inc. 
Wally E. Rippel 
Sebring-vanguard, Inc. 
Sebring-Vanguard, Inc. 
Volkswagen Werk AG 
C. H. Waterman Industries 
C. H. Waterman Industries 
Zagato International S.A. 

Vehicle 

DJ-5E Electruck 
Minivan 
Town Car 
EH-S40 van 
Hummingbird 
Contactor 
Metro 
Pacer 
850 T van 
Electra Van 

(Mod I) 
Electra Van 

(Mod II) 
Limousine 
C-300 
P-500 
Van 
Ripp-E1ectric 
CitiCar 
CitiVan 
Transporter 
DAF 
Renault 5 
E1car 

C 
C 
P 
C 
P 

+ C 

P 
P 
C 
C 
P 
P 
P 

~C denotes commercial vehicle; P denotes personal vehicle. 
Built for CDA by Triad Services, Inc. 
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Curb weight 

kg 1bm 

1644 
2690 
1406 

923 
1191 
1429 
1429 
1810 
1510 
1134 

1216 

2774 
1179 
1642 
1946 
1313 

590 
660 

2268 
1225 
1170 

553 

3624 
5930 
3100 
2035 
2625 
3150 
3150 
3990 
3330 
2500 

2680 

6116 
2600 
3620 
4290 
2900 
1300 
1455 
5000 
2700 
2580 
1220 



AM GENERAL DJ-5E ELECTRUCK 

AM General Corp. 
South Bend, Indiana 

The Electruck is a 1/4-ton jeep vehicle designed originally for pos
tal delivery routes. Three hundred and fifty of the vehicles were 
built and delivered to the USPS. The internal combustion engine 
components have been replaced by Gould, Inc., designed and manufac
tured electric motor, controller, and battery. The vehicle has one 
bucket seat for a driver arid can carry an additional 249-kg (550-lbm) 
payload. The 14.9-kW (20-hp) DC compound-wound motor is coupled di
rectly to the rear axle shaft. A single-module battery and SCR 
controller are located under the front hood. The vehicle has regen
erative braking at speeds above about 24 km/h (15 mph). 

size and 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Manufacturer 
Weight 

Gould, Inc., SCR chopper 

None 

Tires 
Tire pressure: 

Bront 
Rear 

Rolling radius 

Manufacturer 
Type 
Weight 
Input voltage 

Manufacturer 
Type 
Rating 
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3.45 m (136 in.) 
1.60 m (63.2 in.) 
1.79 m (70.5 in.) 
2.5 m2 (27 ft 2) 
1644 kg (3624 Ibm) 
1959 kg (4319 Ibm) 
2.0 m (81.0 in.) 

Gould, Inc. 
Lead acid; single module 
54 V 
590 kg (1300 Ibm) 

Gould, Inc. 
20.4 kg (45 Ibm) 

CR78-15 (radial) 

248 kPa (36 psi) 
221 kPa (32 psi) 
0.319 m (12.56 in.) 

Gould, Inc. 
Off board 
68 kg (150 Ibm) 
240/480 V; 20/10 A; 

single phase 

Gould, Inc. 
Compound DC 
14.9 kW (20 hpj 

> 
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AM General OJ-5E Electruck 
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BATTRONIC.MINIVAN 

Battronic Ti:uck Corp. 
Boyertown, Pennsylvania 

The Minivan is a small delivery ,1anwith 6.4,m3 (227 ft3) of cargo 
space. The van is similar in construction to vans manufactured by 
the parent company, Boyertown Auto Body Works. Sliding doors allow 
access to the driver-and-passenger compartment. A large hinged 
door at the rear. provides a wide opening for loading cargo. The 
SCRcontroller is located under the front hood for easy access to 
the control components.' The battery consists of two heavy-duty 
industri,a;L-eype :modules that are removable through access dO'ors at 
each side of the vehicle. The batteries can be removed with a fork-' 
l;ift truck or with a special lift available 'from the manufacturer. 
Access doors inside the vehicle allow for inspection and servicing 
of the battery. This vehicle does not have regenerative braking. 

Size and 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
W'idth 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Manufacturer 
Type 

3.68 m (145 in.) 
1,98 m {78 in.} 
2.27 m (89.5 in.) 
3.9 m2 (42 ft2) 
2960 kg (5930 lbm) 
2858 kg (6300 lbm) 
2.59 m (102 in.) 

General Battery Corp. 
56-EV-331 
112 V 
1043 kg (2300 lbm) 

General Battery Corp. 
12-V SLI1 94 Ah 

Gem;)Zal Electric Co.510R SCR chopper with bypass1 
current rating, 500 A 

None1 vehicle has 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 

Type 
Input voltage 

Manufacturer 
Type 
Rating 

two-speed gearbox - 1:1 and 1:~.96 

Firestone 6.70-15 (bias) 

310 kPa (45 psi) 

212 

310 kPa (45 psi) 

C&D Batteries Div., Eltra 
Corp. EV 112 A/C30 

On board 
120/208/240 V AC1 30/15/15 A 

General Electric Co. 
5 BT 23'1606 
31 kW (42 hpj 

'1 

,I 
'I 
',1 
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CDA TOWN CAR 

Triad Services, Inc. 
Dearborn, Michigan 

The copper Development Assoe:iation Town Car is an experimental 
two-passenger car of the "hatchback" design. The compact car's 
electric drive train features front-wheel drive, a low-loss 
spiral-bevel-gear differential, a separately excited field motor, 
and a central battery tunnel that doubles as the structural back
bone of the car. The motor speed control system uses a combina
tion of techniques - series resistors at very low speed, two bat
terY voltage ranges (54 and 108 V), and motor field control. The 
vehicle has regenerative braking. 

Size and 
weight 

Batteries 

Length 
width 
Height 
projected frontal area 
Curb weight 
GroSs vehicle weight 
Test weight 
Wheel base 

Traction (for test only): 

3.68 m (145 in.) 
1.52 m (60.0 in.) 
1.38 m (54.5 in.) 
Not aVailable 
1406 kg (3100 Ib) 
1569 kg (3460 Ibm) 
1619 kg (3570 Ibm) 
2.03 m (80.0 in.) 

Manufacturer ESP Incorporated 
Type EV-I06: eighteen 6 V 
Voltage 108 V 
Weight 531 kg (1170 Ibm) 

Accessory: 
Type 
Weight 

Field control: 
Type 

Weight 

Two 6-V motorcycle 
5.4 kg (12 lbm) 

Three 12-V Lucas in a 36-V 
series 

34 kg (75 lbm) 

Controller Conmination of series resistance (at very low speed), 
tWo-voltage battery switching (54 and 108 V), and 
motor field control: designed and built by Triad 
Sel:vices, Inc. 

Transmission None: has chain drive from motor to axle differential 
with front-wheel dl:ive 

· Wheels Tires 

214 

Front - Michelin 145SR13 
(radial) 

Rear - Firestone BR78-l3 
(radial) 
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DAIHATSU EH-S40 VAN 

paihatsu Motor Co., Ltd. 
Ikeda-city, Osaka, Japan 

The Daihatsu van is an electric delivery truck capable of carrying 
two passengers plus 200 kg (4401bm) of cargo. The;eight{ 12-volt 
batteries are located under t~e cargo area. Battery water can be 
added by means ofa unique replenishing system. The vehicle has 
regenerative braking. . 

Size and 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base . 

Traction: 
Manufactul:er 
Type 
Voltage 
Weight 

Accessory: 
Manufacturer 
Weight 

Transistor chopper 

4 Speed, manual 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 
Type 
Input voltage 
Weight 

Manufacturer 

Type 
Rating (5 min) 
Weight 

216 

3.09 m (122 in.) 
1.29 m (51 in.) 
1.58 m (62 in.) 
1.85 m2 (19.9 ft2) 
923 kg (2035 Ibm) 
1224 kg (2700 Ibm) 
1.68 m (66 in.) 

Yuasa Battery Co., Ltd. 
Eight 12 V 
96 V 
256 kg (564 Ibm) 

Yuasa Battery Co., Ltd. 
8 kg (17.6 Ibm) 

5.00-1~-4PR (bias) 

235 kPa (34 psi) 
235 kPa (34 psi) 
0.244 m (9.6 in.) 

Yuasa Battery Co., Ltd. 
Off board 
220 V, three phase 
128 kg (282 Ibm) 

Tokyo Shibaura Electric Co., 
Ltd. 

Shunt DO 
18 kW (24.1 hpj 
55 kg (121 Ibm) 

,I 
I 

\ 
1 



Charger 

Motor 

Tire pressure: 
Front 
Rear 

330 kPa (48 psi) 
330 kPa (48 psi) 

Not supplied by vehicle manufacturer 

Manufacturer 
Type 
Rating 
Weight 

Eaton Corp. (modified) 
Separately excited DC 
Not available 
132 kg (290 lbm) 

Dalhatsu EH-540 van iU. S. Army photograph) 

217 



. -

EPC Ht~1INGBIRD 

Electric Passenger Cars, Inc. 
San niego, California 

The Huwmingbird is a converted four-passenger Volkswagen Thing pow
ered by 12 heavy-duty batteries. The rear-mounted internal combus
tion engine has been replaced ,', t:h a modified aircraft generator 
u~ed as a motor. The motor shaft is connected to the drive train 
by a conventional four-13peed manual transmission and a clutch. The 
controller is a transistor chopper with current limiting and ther
mal over10aa protection. The braking system is a conventional hy
draulic braking system. Regenerative braking is not provided. 

Size and 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
V,oltage 
Weight 

Accessory: 
Manufacturer 
Type 

3.78 m (1.49 in.) 
1.64 m (64.5 in.) 
1.4 m (55 in.) 
1.78 m2 (19.2 ft2) 
1191 kg (2625 Ibm) 
1463 kg (3225 Ibm) 
2.39 m (94.0 in.) 

Trojan Battery Co. 
Model 217t twelve 6 V 
72 V 
359 kg (792 Ibm) 

Not available 
12-V SLI 

EVC 500-72 transistor chopper 

4 speed; manual 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 

Type 
Weight 
Inp)lt voltage 

Type 

Rating 
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Goodrich 185SR14 (radial) 

276 kPa (40 psi) 
276 kPa (40 psi) 
0.317 m (12.5 in.) 

Lester Equipment Manufac-
turing Co. 

Off hoard 
34.5 kg (76.0 Ibm) 
230/208 V AC 

Modified aircraft generator; 
series DC 

7.5 kW (10 hpJ 

IiI 
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EVA CONTACTOR 

Electric Vehicle Associates, Inc. 
Valley view, Ohio 

The contactor version of the EVA Metro sedan is a conversion of the 
Renault 12 vehicle. The contactor version uses a battery switching 
scheme in which throttle-operated s.witches control battery switching 
contactors to provide four levels of battery voltage to the ,otor 
armature. The four levels of battery voltage (24, 48, 72, and 96 V) 
are determined by the various combinations of series and parallel 
configurations of the sixteen 6-volt batteries. A separate field 
control scheme weakens or boosts the field voltage depending on load 
conditions. The vehicle has xegenerative braking. 

Size and 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motex 

Length 
Width 
Height 
Projected frontal area 
Cuxbweight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Type 
Weight 

4.42 m (174 in.) 
1.64 m (64.5 in.) 
1.44 m (56.6 in.) 
1.86 m2 (20 ft2)· 
1429 kg (3150 Ibm) 
1701 kg (3750 Ibm) 
2.44 m (96.0 in.) 

ESB Incorporated 
EV-I06i sixteen 6 V 
96 V 
472 kg (1040 Ibm) 

Two 12-V SLI 
Approx. 45 kg (100 Ibm) 

Multistep contactori field control 

Automatic with torque convertex 

Tires 
Tire pressure: 

Fxont 
Rear 

ROlling radius 

Manufacturer 
Type 
Weight 
Input voltage 

Type 
Rating 

220 

! r 

Michelin 155R13 (radial) 

221 kPa (32 psi) 
221 kPa (32 psi) 
0.28 m (11.02 in.) 

EVA, Inc. 
On board 
11 kg (25 Ibm) 
220 Vi single phase 

Separately excited DC 
7.5 kW (10 hpj 

11 ,. 
i 
I • 1 
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EVA METRO SEDAN 

Electric Vehicle Associates, Inc. 
Valley View, Ohio 

The EVA Metro sedan is a f01:lr-passenger, four-door sedan converted 
to electric drive from a gasoline-po\rered Renault 12 vehicle. The 
conversion is somewhat unus'ual in that the manufacturer (EVA) chose 
to retain the entire stock drive train except for the gasoline en
gine. The electric motor drives the front wheels through the ori
ginal equipment torque converter and automatic transaxle. The ve
hicle does not have regenerative braking. 

Size and 
weight 

Batteries 

Length 
Width 
Height 
project frontal area 
Curb \reight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Type 
Weight 

4.42 m (174 in.) 
1.64 m (64.5 in.) 
1.44 m (56.6 in.) 
1.B6 m2 (20 ft2) 

a1429 kg (3150 lbm) 
a1701 kg (3750 lbm) 

2.44 m (96.0 in.) 

ESB Incorporated 
EV-106) sixteen 6 V 
96 V 
472 kg (1040 lbm) 

Two 12-V SLI 
Approx. 45 kg (100 lbm) 

Controller "cableform, Inc., SCR chopper 

Transmission Automatic with torque converter 

Wheels 

Charger 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 
Type 
Weight 
Inp1:lt voltage 

Michelin 155R13 (radial) 

220 kPa (32 psi) 
220 kPa (32 psi) 
0.28 m (11.02 in.) 

EVA, Inc. 
On board 
11 kg (25 lbm) 
110/220 Vi single phase 

Motor Type Series DC 
Rating 10 kW (13.4 hpj 
Weight 73 kg (162 lbm) 

~------

aThese weights apply to vehicle tested by NASA Lewis in 1975 and 
1976. Curb weight and gross vehicle weight of vehicle tested by 
MERADCOMwere 1524 kg (3360 lbm) and 1741 kg (3840 lbm), respec
tively •. 
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EVA PACER 

Electric Vehicle Associates, Inc. 
Valley View, Ohio 

The EVA Pacer is a conversion of a standard American Motors Corp. 
Pacer. The Pacer is a small, four-passenger sedan. The battery 
pack is split between the front and rear of the vehicle. Eight 
6-volt batteries are located under the hood, and twelve 6-volt bat
teries are locat~d underJ:he rear cargo area. Additional leaves 
were added. to. rear springs to take the added weight. The vehicle 
is equipped with a four-speed manual transmission.' The vehicle has 
regenerative braking. 

Size and 
weight 

Batteries 

Length 
Width 
Height 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
W~ight 

Accessory: 
Type 
Weight 

4.36 m (171.5 in.) 
1.96 m (77.0 in.) 
1.:6 m (53.6 in:) 
ISlO kg (3990 lbm) 
2090 kg (4600 lbm) 
2.54 m (100 in.) 

Globe-union, Inc. 
GC-2l9i twenty 6 V 
120 V 
636 kg (1400 lbm) 

l2-V SLI 
S.2 kg (lS lbm) 

Controller Cableform, Inc., SCR chopper 

Transmission A'Speedi manual 

Wheels 

Charger 

Motor 

Tires 
Tire pressure: 

Front 
Rear 

Manufacturer 
Type 
Weight 
Input voltage 

Manufacturer 

Type 
Rating 

224 

Goodyear DR7S-l4 (radial) 

221 ];:Pa (32 psi) 
221 kPa (32 psi) 

EVA, Inc. 
On board 
2.3 kg (5 lbm) 
110 Vi single phase 

Baker Industrial Truck 
Div., Otis Elevator Co. 

Series DC 
14.9 kW (20 hpj 

,; 
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FIAT 850 T VAN 

·.·Fiat 
Torino r Italy 

The :Fiat vanis'a conversion of a prod\l.ction Fiat 850 T internal 
combustion engine, Vf~hicle. The batteries are located ona pallet 
under the rear cargo area and can be removcad by lowering the battery 
pallet to the floor by means of a unique hydra\l.lic lift. The bat
tery.llas a one··point watering system. A bench seat provides seating 
fora driver. and one passenger. The vehicle has regenerative brak
ing. 

SiZe and' 
. weight . 

Batteries 

controller 
(Fiat) 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 

Traction: 
Manufacturer 

Type 
Voltage 
Weight 

Accessory type 

3.7 m (146 in.) 
1.5 m (59 in.) 
1.9 m (75 in.) 
2.14 m2 (2.3 ft2) 
1510 kg (3330 lbm) 
1950 kg (4300 lbm) 

Fabbrica Italiana Magneti 
Marelli 

6TS17T1 twelve 12 V 
144 V 
460 kg (1014 lbm) 

12-V SLI 

Armature: SCR chopper 
Field: transistor chopper 

None 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 
Type 
Size (height x width 

x length) 

Manufacturer 
Type 
Rating 
Weight 

226 

Firestone 5.60-12 (radial) 

290 kPa (42 psi) 
310 kPa (45 psi) 
0.272 m (10.7 in.) 

Not available 
Off board 
0.96 m x 0.64 m x 0.76 m 
(38. :i.n. x 25 in. x 30 in.) 

Fiat 
DC separately excited 
14 kW (18.8 hpj 
55 kg (121 lbm) 

11 
f 
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JET INDUSTRIES ELECTRA VAN (MOO I) 
(tested by NASA Lewis) 

Jet Industries, Ltd. 
Aust.in, Texas 

The Jet Industries Electra Van is a converted Sabaru minivan in the 
225-kg (500-lbm)'payload cla13s. The compact vehicle has bench seat
ing in front for a driver and one passenger. There is seating 
spCl,ce in the rear over the batter:t box for two additional passen
gers, or the rear seat back can be removed to use the full load 
space for cargo. The vehicle does not_have regenerative braking. 

Size and 
w.:light 

Bat.t.eries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal a:rea 
Curb weight. 
Gross vehicle weighi; 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory type 

3.10 m (122 in.) 
1.30 m (51.0 in.) 
1.(i1 m'l (63.5 in.) 
1.7l m" (18.4 ft2) 
1134 kg (2500 lbm) 
1428 kg (3150 lbm) 
: , 

ESB Incorporated 
EV-106: fourteen 6 V 
84 V 
413 kg (910 lbm) 

12-V SLI 

Cableforrn, Inc., SCR chopper 

4 Speed: manual 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 
Type 
Weight 
Input voltage 

Manufacturer 
Type 
Rating 
Weight 

2213 

Bridgestone 5.00-10 (bias) 

280 kPa (40 psi) 
290 kPa (42 psi) 
0.244 m (9.6 in.) 

Jet Industries, Ltd. 
On board 
20 kg (44 lbm) 
110 V: single phase 

Baldor Electric Co. 
Series DC 
7.5 kW (10 hpj 
76.2 kg (168 lbm) 

11 
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JET INDUSTRIES ELECTRA VAN (MOD II) 
(tested by MERADCOM) 

Jet Industries, Ltd. 
Austin, Texas 

The Jet Industries Electra Van is a converted Sabaru minivan in the 
225-kg (500-lbm) payload class. The compact vehicle has bench seat
ing in front for a driver and one passenger. There is seating 
space in the rear over the ba'ctery box for two additional passen
gers, or the rear seat back can be removed to use the full load 
space for cargo. 

Size and 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory type 

3.10 m (122 in.) 
1.30 m (51.0 in.) 
1.61 m (63.5 in.~ 
1.71 m2 (18.4 ft ) 
1216 kg (2680 lbm) 
1474 kg (3250 lbm) 

~~~~~6~o~1~hteen 6 V 
108 V 
531 kg (1170 lbm) 

12-V SI,I 

Cableform, Inc., SCR chopper 

4 Speed; manual 

Tires 
Tire pressure; 

Front 
Rear 

Rolling radius 

Manufacturer 

Type 
Weight 
Input voltage 

Manufacturer 
Type 
Rating 
Weight 

229 

Pirelli 155SR12 (radial) 

280 kPa (40 psi) 
290 kPa (42 psi) 
0.244 m (9.6 in.) 

Lester Equipment Manufac-
turing Co. 

Off board 
70 kg (154 lbm) 
110 V; single phase 

Baldor Electric Co. 
series DC 
12 kW (16 hpj 
76.2 kg (168 lbm) 
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LUCAS LIMOUSINE 

Lucas Industries, I.td. 
Birmingham, England 

The Lucas limousine is described by the manufacturer as a "luxury 
executive personnel carrier." The vehicle is a converted Bedford 
van and accommodates seven passengers plus a driver. The front 
passenger seat is on a locking swivel base that allows the occupant 
to sit facing the other passengers. Luggage and ~jtorage space is 
provided, thereby giving a total payload capabilicy of 720 kg (1537 
lbm). The vehicle is powered by a 37··kW (50-bhp) DC motor. A two
stage chain reduction drives the rear wheels thrc1ugh a conventional 
differential gear and fully floating half shafts. The SCR chopper 
controller is mounted at the front of the vehicle. The vehicle has 
regenerative braking. 

Size and 
"Ieight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Type 
Weight 

Lucas SCR chopper 

4.27 m (168 in.) 
2.02 m (79.5 in.) 
2.18 m (86 in.) 
3.44 m2 (37 ft2) 
2774 kg (6116 lbm) 
3493 kg (7700 lbm) 
2.69 m (106 in.) 

Lucas Industries, Ltd. 
EV-4; 130 Ah 
216 V 
89B kg (19BO lbm) 

l2-V SLI 
19.5 kg (43 lbm) 

None; uses two-stage Morse Hy-Vo chain reduction 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 
Type 
Weight 
Input voltage 

Manufacturer 
Type 
Rating 
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205R14 (radial) 

450 kPa (65 psi) 
517 kPa (75 psi) 
0.343 m (13.5 in.) 

Lucas Industries, Ltd. 
Off board 
120 kg (264 lbm) 
240 V; single phase 

Lucas Industries, Ltd. 
Series DC 
37.3 kW (50 hpj 
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MARATHON MDDEL C-300 

Marathon Electric Vehicles, Ltd. 
Montreal, Quebec 

The Marathon is a small two-passenger vehicle designed for multiple 
industrial applications, personal urban transportation, municipali
ties, and leisure ~omplexes. The vehicle has a steel body with 
either a steel or canvas top. The vehicle's payload capacity is 
454 kg (1000 lbm) including the two passengers. The vehicle does 
not have regenerative braking. 

Size and 
weight 

Batteries 
(traction) 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle Weight 
Wheel base 

Manufacturer 
Type 
Voltage 
Weight 

Contactor 

4 Speed; manual 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 

Type 
Weight 
Input voltage 

Manufacturer 
Type 
Rating 
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3.84 m (151 in.) 
1.52 m (60 in.) 
1.37 m (54 in.) 
1. 8 m2 (20 ft2) 
1179 kg (2600 lbm) 
1633 kg (3600 lbm) 
2.44 m (96 in.) 

ESB Incorporated 
EV-106; twelve 6 V 
nv 
354 kg (780 lbm) 

Michelin l45SR13ZX (radial) 

165 kPa (24 psi) 
275 kPa (40 psi) 
0.24 m (9.3 in.) 

Lester Equipment Manufac-
turing Co. 

On board (model 8714) 
12.2 kg (27 lbm) 
120 V; single phase 

Baldor Electric Co. 
Series DC 
6 kW (8 hpj 
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OTIS P-500 UTILITY VAN 

Otis Elevator Co. 
Compton, California 

The Otis P-500 utility van is a small delivery vehicle designed 
"from the ground up." It was a limited production model, no longer 
being produced. The vehi~le will carry a 340-kg (750-lbm) load. 
The traction batteries are located under the floorboard of the car
go space. The traction motor is located under the driver and pas
senger seats. The SCR cOntroller components are located in the 
same compartment. This vehicle does not hav~ regenerative braking. 

Size and 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weicJht 
Gross vF.hicle ",eight 
Test weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory type 

3.51 m (138.0 in.) 
1.57 m (62.0 in.) 
1.88 m (74.2 in.) 
2.8 m2 (30 ft2) 
1642 kg (3620 lbm) 
1905 kg (4200 lbm) 
2016 kg (4445 lbm) 
2.44 m (96.0 in.) 

ESB Incorporated 
EV-106; sixteen 6 V 
96 V 
471 kg (1040 lbm) 

12-V SLI 

General Electric Co. SCR chopper with bypass 

None 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 

Type 
Input voltage 

Manufacturer 
Type 
Rating 
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Uniroyal 175SR13 (radial) 

220 kPa (32 psi) 
220 kPa (32 psi) 
0.295 m (11.6 in.) 

Lester Equipment Manufac-
turing Co. 

Off board 
208 V; single phase 

Otis Elevator Co. 
Series DC 
22.4 kW (30 hpj 



' ------
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POWER-TRAIN VAN 

Power-Train, Inc. 
Sal~ Lake city, Utah 

The Power-Train vehicle is an early otis van in which Power-Train 

has modified the drive train to add a unique hydraulic regenerative 

braking system. Braking energy is stored in a hydraulic accumulator 

by means of a hydraulic pump and is then used to accelerate the ve

hicle by porting the high-pressure fluid back through the pump, 

which now acts as a motor. 

Size and. 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory type 

3.51 m (13B.0 in.) 
1.57 m (62.0 in.) 
1.BB m (74.2 in.) 
2. B m2 (30 ft2) 
1946 kg (4290 lbm) 
22B6 kg (5040 lbm) 
2.44 m (96.0 in.) 

Troj;an Battery Co. 
Model 244; sixteen 6 V 
96 V 
530 kg (116B lbm) 

l2-V SLI 

General Electric Co. SCR chopper with bypass 

None 

Tires 
Tire pressure: 

Front 
Rear 

Manufacturer 

TYpe 
Input voltage 

Manufacturer 
Type 
Rating 
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Uniroyal l75SR13 (radial) 

220 kPa (32 psi) 
220 kPa (32 psi) 

Lester Equipment Manufac-
turing Co. 

Off board 
20B V; single phase 

otis Elevator Co. 
Series DC 
22.4 kW (30 hpj 

. "_ ... ~------ ------ -- . 
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RIPP-ELECTRIC 

Wally E. Rippel 
Sierra Madre, California 

The Ripp-Electric is a four-passenger, four-door sedan converted to 

electric drive from a Datsun 1200 vehicle. The clutch, four-speed 

transmission, and rear axle of the original vehicle were retained. 

The controller is a transistor chopper with regenerative braking. 

Size and 
\~eight 

Batteries 
(traction) 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 
Test weight 
Wheel base 

Manufacturer 
Type 
Voltage 
Weight 

3.84 m (151 in.) 
Approx. 1.50 m (59.0 in.) 
1.40 m (55.0 in.) 
1. 7 m2 (18 ft2) 
1313 kg (2894 Ibm) 
1585 kg (3494 Ibm) 
1491 kg (3288 Ibm) 
2.30 m (90.5 in.) 

ESB Incorporated 
EV-I06; twenty 6 V 
120 V 
590 kg (1300 Ibm) 

Transistor chopper with regenerative braking 

4 Speed; manual 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 
Type 
Weight 
Input voltage 

Manufacturer 

Type 
Rating 
Weight 

239 

165SR13 (radial) 

210 kPa (30 psi) 
280 kPa (40 psi) 
0.290 m (11.4 in.) 

W. Rippel 
On board 
Not available 
ll5V 

Baker Industrial Truck Div., 
Otis Elevator Co. 

Series DC 
14.9 kvl (20 hp) 
93.0 kg (205 Ibm) 
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SEBRING-VANGUARD CITICAR 

Sebring-Vanguard, Inc. 
Sebring, Florida 

The Citicar is a small two-passenger vehicle intended for general 
passenger and delivery service in a low-speed city driving pattern. 
The vehicle uses a welded-aluminum roll cage construction with a 
plastic body. The eight propulsion batteries are located under the 
seats. The test vehicle was a mid-1976 production model. 

Size and 
weight 

Batteries 

controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb ,qeight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Type 
Weight 

2.39 m (94 in.) 
1.39 m (54.8 in.) 
1.51 m (59.5 in.~ 
1.59 m2 (17.1 ft ) 
590 kg (1300 lbm) 
794 kg (1750 lbm) 
1.66 m (65.5 in.) 

ESB Incorporated 
EV-106; eight 6 V 
48 V 
236 kg (520 lbm) 

12-V SLI 
17 kg (37 lbm) 

Three-step controller actuated by accelerator posi
tions: 

First step, 24 V in series with resistor 
Second step, 24 V 
Third step; 48 V 

None 

Tires 
Tire pressure: 

Front 
Rear 

Rolling rad;'us 

Manufacturer 

Type 

Input voltage 

Manufacturer 
Type 
Rating 

241 

Goodyear 4.80-12 (radial) 

340 kPa (50 psi) 
340 kPa (50 psi) 
0.249 m (9.8 in.) 

Lester Equipment Manufactur-
ing Co. 

On board 

110 V; single phase 

General Electric Co. 
Series DC 
4.5 kW (6 hpj 
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SEBRING-VANGUARD CIT IVANa 

Sebring-Vanguard, Inc. 
Sebring, Florida 

The Citivan is a variation of the CitiCar. It is identical to the 
Citicar except that the body has been lengthened to provide more 
space for cargo. 

Size and 
weight 

Batteries 

controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
Projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Type 
Weight 

2.74 m (108 in.) 
1.39 m (54.8 in.) 
1.51 m2 (59.5 in.) 
1.59 m (17.1 ft 2) 
660 kg (1455 Ibm) 
884 kg (1949 Ibm) 
1.93 m (76.0 in.) 

Globe-Union, Inc. 
EV-I06; eight 6 V 
48 V 
210 kg (464 Ibm) 

12-V SLI 
17 kg (37 Ibm) 

Three-step controller actuated by accelerator posi
tions: 

First step, 24 V in series with resistor 
Second step, 24 V 
Third step, 48 V 

None 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 
Type 
Weight 
Input voltage 

Manufacturer 
Type 
Rating 

243 

Michelin 125SR12 (radial) 

340 kPa (50 psi) 
340 kPa (50 psi) 
0.249 m (9.8 in.) 

Sebring-Vanguard, Inc. 
On board 
13.6 kg (30 ~bm) 
110 V; single phase 

General Electric Co. 
Series DC 
4.5 kW (6 hp) 

------
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VOLKSWAGEN TRANSPORTER 

Volkswagen Werk AG 
Wolfsburg, West Germany 

The Volkswagen Transporter is a German-built conversion of a Volks
wagen delivery-van truck. The vehicle will carry three passengers 
in addition to an 800-kg (1760-lbm) payload. The vehicle is pow
ered by a separately excited shunt-wound DC motor that was spec
ially developed by Siemens AG. The battery pack is located beneath 
the cargo area in a slideout tray for convenient servicing and re
placement. The vehicle has regenerative braking. 

Size and 
Weight 

Batteries 

Length 
Width 
projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Weight 
Voltage 

Accessory type 
• 

Controller Armature: SCR chopper 

4.45 m (175 in.) 
1. 75 m (69 in.) 
2.39 m2 (27.5 ft2) 
2268 kg (5000 Ibm) 
3069 kg (6765 Ibm) 
2.41 m (95 in.) 

VARTA Batterie AG 
Model L800V3; twenty-four 6 V 
720 kg (1587 Ibm) 
144 V 

12-V SLI 

(Siemens AG) Field: transistor chopper 

Transmission None 

~lheels 

Charger 

Motor 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Manufacturer 
Type 
Input voltage 

Manufacturer 
Type 
Rating 

245 

l85Rl4 (radial) 

310 kPa (45 psi) 
365 kPa (53 psi) 
0.32 m (12.5 in.) 

VARTA Batterie AG 
Off board 
380 V; three phase 

Siemens (AG) 
Separately excited DC 
17 kW (23 hpj 
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WATERMAN OAF 

C. H. Waterman Industries 
Athol, Massachusetts 

The Waterman OAF is a converted OAF 46 sedan powered by sixteen 6-
volt traction batteries. A three-step contactor-contro11er actua
ted by a foot throttle changes the voltage applied to the 6.7-kW 
(9-hp) motor. A two-position gearshift selector is provided for 
forward and reverse. The drive train also contains a variable-speed 
belt-drive transmission that, when actuated by the driver, acts as 
an overdrive. A 120-vo1t on-board charger is provided to charge 
both the traction batteries and the accessory battery. Braking is 
accomplished by standard hydraulic brakes. No regenerative braking 
is provided on this vehicle. 

Size and 
weight 

Batteries 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Manufacturer 

Weight 

3.58 m (141 in.) 
1.52 m (60 in.) 
1. 38 m (54 in.) 
1.76 m2 (19.0 ft2) 
1225 kg (2700 1bm) 
1365 kg (301(, ".m) 
2.25 m (88.5 L ) 

ESB Incorporated 
EV-1061 sixteen 6 V 
48 V 
472 kg (104n 1bm) 

Van Ooorne's Personenauto
fabriek OAF B.V. 

Approx. 20 kg (15 1bm) 

Three-step contactor 

Variable-speed belt drive 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radi,\s 

Type 
Weight 
Input voltage 

Manufacturer 

Type 
Rating 
Weight 

247 

Michelin 135SR14ZX (radial) 

193 kPa (28 psi) 
193 kPa (28 psi) 
0.28 m (11.02 in.) 

On board 
22.7 kg (50 1bm) 
120 V AC 

Presto1ite E3.ectrica1 Oiv., 
E1tra Corp. 

Series OC 
6.7 kW (9 hp) 
45.4 kg (100 lbm) 



C. H. waterman OAF 
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WATERMAN RENAULT 5 

C. H. Waterman Industries 
Athol, Massachusetts 

The Waterman Renault 5 is a converted GTL sedan powered by sixteen 

6-volt traction batteries. A two-step contactor-controller actu

ated by a foot throttle changes the voltage applied to the 6.7-kW 

(9-hp) motor. The motor output shaft is connected to the drive 

train by a conventional four-speed. manual transmission and a 

clutch. A 120-volt on-board charger is provided under the hood to 

charge both the traction batteries and the accessory battery. No 

regenerative braking is provided on this vehicle. 

Size and 
~leight 

Batteries 

Length 
Width 
Height 
projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Traction: 
Manufacturer 
Type 
Voltage 
Weight 

Accessory: 
Manufacturer 
Weight 

Controller TWo-step contactor 

Transmission 4 Speed; manual 

Wheels 

Charger 

Motor 

Tires 
Front 
Rear 

Rolling radius 

Type 
Weight 
Input voltage 

Manufacturer 

Type 
Rating 
Weight 

249 

3.58 m (141 in.) 
1.52 m (60 in.) 
1.40 m (55 in.) 
1.76 m2 (19.0 ft2) 
1170 kg (2580 Ibm) 
1362 kg (3000 Ibm) 
2.44 m (96 in.) 

ESB Incorporated 
EV-I06; sixteen 6 V 
48 V 
472 kg (1040 Ibm) 

Renault 
Approx. 20.4 kg (45 Ibm) 

Michelin 145SR13ZX (radial) 
248 kPa (36 psi) 
248 kPa (36 psi) 
0.274 m (10.8 in.) 

On board 
22.7 kg (50 Ibm) 
120 V AC 

Prestolite Electrical Div., 
Eltra Corp. 

Series DC 
6.7 kW (9 hpj 
45.4 kg (100 Ibm) 
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ZAGATO ELCAR 

Zagato .International S.A. 
Milan, Italy 

The Elcarmodel 2000 is a two-passenger electric vehicle with a body 
of reinforced fiberglass. The vehicle is powered by eight 12-volt 
batteries that are located undex: the floor in a slide-out tray~ The 
batteries are connected to the motor through an arrangement of con
tactors operated from a foot-pedal in conjunction with a hand
operated switch. The 2-kW (3-hp) motor is directly connected to 
the rear axle. No regenerative braking is provided on this vehicle. 

Size and 
weight 

Batteries 
(traction) 

Controller 

Transmission 

Wheels 

Charger 

Motor 

Length 
Width 
Height 
projected frontal area 
Curb weight 
Gross vehicle weight 
Wheel base 

Manufacturer 

Type 

VOltage 
Weight 

Contactor 

None 

Tires 
Tire pressure: 

Front 
Rear 

Rolling radius 

Type 

Weight 
Il1put voltage 

Manufacturer 
Type 
Rating 

251 

1.96 m (77.0 in.) 
1.32 m (52.0 in.) 
1.57 m (62.0 in.) 
1.63 m2 (17.5 ft2) 
553 kg (1220 lbm) 
653 kg (1440 lbm) 
1.30 m (51.0 in.) 

Astron Battery Manufactur
ing Co. 

RV 827 heavy duty; eight 
12 V 

48 V 
187 kg (412 lbm) 

Michelin 145SR10ZX (radial) 

221: kPa (32 psi) 
221 kPa (32 psi) 
0.236 m (9.3 in.) 

Lester Equipment Manufactur
ing Co. 8613 

13.6 kg (30.0 lbm) 
110 V AC 

Scaglia 
Series DC 
2 kW (3 hpj 
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TEST 'rRACK DESCRIPTIONS 

uynamic Science, Inc. 

Tne test track shown in figure A-I is owned and operated by 
~.namic Science, Inc., in Phoenix, Arizona, a subsidiary of Talley 
industries. Tne test track is a paved, continuous two-lane, 
3.2-kilometer (2-mile) oval with an adjacent 40 OOO-square-meter 
(IO-acre) sKid pad. The inner lane of the track, which is not 
oanked, was used for all range tests of 56.3 kilometers per hour 
(35 mph) or under . The outer lane has zero lateral acceleration 
at 80 kilometers per hour (50 mph) and was used for tests ov~r 
56.3 kilometers per hour (35 mph). Average grade on the northern 
straight segment is 0.66 percent and on the southern straight 
segment is 0.76 percent. The surface of the track and ski~ pan is 
asphaltic concrete. Wet and dry braking-in-turn tests were 
conducted on the skid pad. Brcke recovery tests were conducten 
after drivin~ through the wet brake water trough located near thp 
north straight section of the track. Both 20 and 30 percent 
9rades are availaole for Farking brake tests. 

l Engineering/administration center 
2. Mochanicil/instrumentation shops 
1. Dummy calibrahon laboratory 
4. GoIr.flllintenonc. sh"" 
S. Environmental charrix.'r 
6. Static crush facility 
7. Two-mile oval 
8 Turnaround Uyplcal OJ MOl 
9. 81"ler impac1 facility 

10. Dr"" tower/sltd tHtfacili1y 
Il Clnt,.1 datllCIlUlsltion ond control stltlon 
12. PlndU lu m faci lily 

13. Nonmetallics laboratory 
14 THt service laclltty 
is. Veh:cle-Io-vehicle IMI fiCillty 
16. Rollover test fac.llty 
17. Ride qUI lily course 
11. Skid pod 
19. High Ind klw skid nu_ brlking l,nlS 
20. 5.~ water trough 
2l 8elgiln block 
22. Porklng brlkl tHl "mp 
Zl. Pull-«f or .. ttypicil 01 thlrteenl 
24. 81111stlc test rongt 

Figure A-I. - I~V 1iI :~ic Science test faCility. 
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T~anspo~tation Resea~ch Cente~ (TRC) of Ohio 

Located in East Libe~ty , Ohio , the TRC t~ack is a 
l2-Kilomete~ (7.S-mile) oval high·speeJ test t~ack (fig . A-2). 
The t~ack is a continuous loop with th~ee lanes designed fo~ 
speeds of 129, 177, and 225 kilomete~s pe~ hou~ (80 , 110 , and 140 
mpn) with ze~o late~al ~ccele~ation . The t~ack su~face is 
concrete with asphalt be~ms . Elect~ic vehicle ~ange tests wt~e 
conducted on the be~ms oecause tne banked tu~ns we~e too steep fo~ 
tne lowe~ speeds of the elect~ic vehicles . The t~ack has a 
constant 0 . 228 pe~cent downwa~d g~ade when going f~om no~tn to 
south. A 200 OOO-squa~e-mete~ (50-ac~e) vehicle dynamics a~ea is 
available fo~ accele~ation and coast-down tests . Fo~ conducting 
b~aking tests, a b~ake soak tank, the b~ake test slope, and the 
dynamics ar~ were used. 

Of OHIO 
fl4 "ILl lilt '''10(11 • 0fI •• '" ClUI",..",,, (OUJlSl 
l'tlO HID • ~"NOIHQ """' 7 'f'uuc:". " ... te •• '"OG 
fltArrte COM'" fOWlII • UHtV[""'tla .LDO 
vt:HIC"l ""'''MICI ""'" • CUllOM",1 IIlWIClS 'LOG 
tI{.o CAU"""MHII ~t •••• ,;-•• O .. oki .LON: 

Figure A-2. - Transportation Research Center (TRCI of Ohio test facility. 
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Aberdeen proving Ground 

Three track facilities at AberdEen proving Ground were used 
to conduct electric vehicle tests: 

(1) The dynamic course is a straight, 1.6l-kilometer (I-mile) 
long track having a gradient of less than 0.1 percent. It has low 
speed turnarounds at both ends. The course has a hot-mixed 
bituminous concrete surface. Because of its flat characteristic, 
the track was used for acceleration and coast-down tests. 

(2) The 1.6l-kilometer (I-mile) loop is a flat oval track 
with 0.4-kilometer (0.25-mile) straight sections and a maximum 
gradient of 1 percent. The course's two lanes have a concrete 
foundation covered with a hot-mixed bituminous concrete surface. 
The course was u~ed to conduct range tests in which the speed was 
less than 64 kilometers per hour (40 mph). 

(3) The high speed, paved road is a flat 4.B-kilometer 
(3-mile) straight course with banked high speed turnaround loops 
at the ends. The maximum grade is 1 percent. The course surface 
is bituminous concrete. This course was used to conduct constant 
high-speed range tests. 

Dana Corporation 

The Dana Corporation Technical Center is located at Ottawa 
Lake, Michigan. The facility maintains a test track 
2.B-kilometers (1.75 miles) long. The three-lane test loop, 
design@d for a maximum speed of 97 kilometers per hour (60 mph), 
is 13.7 meters (45 ft) wide and has a 0.23-meter .( 9-in) thick 
reinforced· concrete surface. Tne Center has no facilities for 
braking tests. 

VEHICLE PREPARATION AND TEST PROCEDURES 

Described briefly in this section is the procedure followed 
by NASA Lewis to prepare a vehicle for testing and to carry out 
the tests at the Dynamic Science test track and at the 
Transportation Research Center. The test procedure used was the 
Energy Research And Development Administration's Electric and 
Hybrid Vehicle Test and Evaluation procedure (ERDA-EHV-TRP), which 
is presented in appendix E of reference 5. Procedures used by the 
other testing agencies were similar. 

NASA Lewis Tests 

Electric vehicle preparation. - When a vehicle was received 
at the test track, it was examined for physical damage before 
being accepted from the shipper. A complete visual check was made 
of the entire vehicle including wiring, batteries, motor, and 

, 
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controller. The vehicle was weighed; the weight was compared with 
the manufacturer's specified curb weight and then recorded. The 
gross vehicle weight was noted from the vehicle stick~r or , if the 
manufacturer did not recommend a gross weight, the gross weight 
was calculated by adding 68 kilograms (150 Ibm) per passenger pl~s 
any ddi t ional manufacturer-specified payload weight to the 
vehicle curb weight. 

The \'/heel al inement was checked and corrected to the 
manufacture~'s recommended alinement values. The battery was 
charged and specific gravities measured to determine if all cells 
were equalized . If not, an equalizing charge was applied to the 
batteries. Tne integrity of the internal interconnections and the 
oattery terminals were checked by drawing 300 amperes (or the 
vehicle manufacturer's maximum allowed current load) from the 
battery through a load bank for 5 minutes as specified in the test 
procedure (fig. A-3 shows a typical test setup). If the battery 
terminal or interconnector temperatures rose more tnan 60 Celsius 
degrees (140 Fahrenheit deg r ees) above ambient, the test was 
terminated and the terminal cleaned or the battery replaced. 
(This load bank test was not connucted on vehicles tested during 
1975 and 1976.) The batteries were recharged and a battery 
capacity check was made. The battery was discharged at the 3-hour 
rate, or at the manufacturer's recommended rate, to 1.7 volts per 
cell. All capacities were required to be within 20 percent of tnp 
manufacturet'~ puolished value. 

Figure A-l - Typical battery discharge test setup. 
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Ele.:tric vehicle test procedure·. - A pretest checklist was 
used by track personnel to aid in preparing for and conducting the 
test (fig. A-4). Test checklists were also provided. samples of 
these test checklists are shown in figures A-5{a) and (b). 

1. Record specific gravity readings after removing vehicle from charge. and disconnect 
charger Inslrumentation. Fill In charge data portion of data sheet from previous 
test. Add water to baUerles as necessary. recording amount added. Check and re
cord 5th wheel ,:re pressure and vehicle tire pressure. 

2. Connec4 (Connect alllgator clips to Inslrumentatlon batiery lastl 
(al tnverter to Inslrument ballery 
OJI tntegrator Input lead 
(cl (n(egrator power to Inverter 
«II Starred 1>1 51h wheel jumper cable 
(el Cycle timer power and speed signal Input cables. Check times. 
III Spin up and calibrate 5th wheel 

3. Record test weight- tncludes drtver and ballast with 5th wheel raised. 

4. Turn en: (al Inverter. motor speed sensor. Ihermocouple reference juncllons. Integrator. 
and digital voltmeter. Set Integrator on "Operate. " 

OJI Fifth wheel readout and switching Interface units 121. ISelect distance for ex-
panded scale range. I 

5. Tow vehicle onto track with 5th wheel raised. 
Precallbrations: 

Tape data system 
Oscillograph 

Reseh 
5th wheel distance 
Ampere-hour meter 
Thermocouple readout switches on "Record" 

Turn on thermocouple reference Junctions. 
Lower 5th wheel. set hub loading. 

6. Be sure data sheet Is properly filled out to this point. Check watch time with control 
tower. 

7. Proceed with lest. 

Rgure A-4. - Sample of pretest cllecklist. 
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Vehlcle ___________ mph range lesl. ____ gear 

Driver Inslrucllons: 
1. Complele Prelesl Check Llsi. 
2. While on track recheck: 

tnlegralor· light on. tn "Operate" posillon. zeroEd 
SpeEdomeler - sel on mph cenler 
Disiance - on. reset. lightEd 
Allenualor - on. resel. lightEd 

3. AI signal (rom conlrol cenler accelerate moderalely to __ mph. 
4. Maintain _.±I mph wllh minimal acceleralor movement. 
~. When vehicle Is no longer able to malnlaln • _ mph. brake moderalely to (ull slop. 
6. Complele Postlest Check List and olher document.llon. 
Recording: 
1. Set oscillograph zeros ah Channel --3-

4 
6 

10 
12 
13 
14 

Zero. In. 
3.0 
4.5 
~.O 
.75 

1.1 
1.2 
2.0 

2. Recor I channels on magnetic tape. Check Inputs at beginning o( lesllo verify 
recoro ....... 

3. Run cals on all channels. 
4. Remove all channels (rom oscillograph excepl 3and 4. 
5. SlarlrecordlngI5 5 belore slarl 01 lesl al oscillograph speEd 01 0.1 Inls and lape speEd 

01 In/s. 
6. Aller 15 mIn Inlo lesl connect channels 6. 10. 12, 13. and 1410 oscillograph and record 

a burst at 100 Inls while vehicle Is In chOpper mode. 
7. Remove channels 6. 10. 12. 13. and 14 (rom oscillograph and conllnue test at O.llnls 

wllh channels 3and 4 only. 
B. Oocumenl all ambient condilions at begInning. once every hour. and allhe end o( the 

lesl. lIems recordEd shall Include lemperalure. wind speEd and direction. slgnlflcanl 
wind gusls. and correcled baromelrlc pressure. 

(a) Constant speed test. 

Figu re A-5. - Samples of test checklists. 
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Vehicle _______ , ____ Cycle Test. ____ gear 

Driver Instructions: 
I. Complele Pretest Check list. 
2. While on track recheck: 

Integralor - light on. In "operate" position. zeroed 
Speedometer - set on mph center • 
Distance - on. reset lighted 
Attenuatar - on. reset. selector on 100 
Cycle timer - verify scheduled timing with stop watch 

3. At signal Irom control center perlorm cycle test using cycle timer as basis lor deter
mining length 01 each phase of perlormance cycle. Use programmed stop watch as 
backup device. Cycle con slsts of 

Accelerate to __ mph In __ s 
Cruise at __ mph lor __ s 
Coast lor s 
Brake ta complele stop In __ s 
Hold In stop poslllon lor __ s 

Repeat entire cycle until vehicle Is unable to meet acceleration time. MlXIerately brake 
to a complele stop. 

4. Comptete Positest Check List and olher documenlatlon. 
Recording: 
1. Record all channels on magnetic tape at __ Inls. Check all channels ta verify 

Input at beginning 01 test. 
2. Record speed and dlslance On OSCillograph at __ Inls. 
3. Slart recording dala 15 s belore beginning test. 
4. Document ambtent conditions at beginning. onceevery hOur. and at theend 01 the test. 

Items recotded shalt Include temperature. wind speed and direction. significant wind 
gusts. and corrected barometric pressure. 

(b) Driving cycle test. 

Figure A-5. - Concluded. 
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Data taken before, during, and after each test included the 
following: 

(1) Average specific gravity of the battery (before and after 
test) 

(2) Tire pressures 

(3) Fifth wheel tire pressure 

(4) Test weight of the vehicle 

(5) Weather information 

(6) Battery temperatures 

(7) Time of day the test was started 

(8) Time of day the test was stopped 

(9) Ampere-hours out of the battery 

(10) Fifth wheel distance count 

('II) Oc'lometer readings (before and after the test) 

In 
cycle. 
battery 

addition, battery charge data were taken during the charge 
The data included kilowatt-hours and ampere-hours into the 
duri~g the charge and the total charging times. 

To prepare for a te'st, the specific gravities were first 
measured for each cell and recorded. The tire pressures were 
measured and the vehicle weighed. The weight was brought up to 
the gross vehicle weight by adding sandbags •. All instruments were 
turned on and warmed up. The vehicle was towed to the starting 
point on the track. If the data were being telemetered, 
precalibrations were applied to both the magnetic tape and the 
oscillograph. The test was started and carried out in accordance 
with the test checkliat. When the test was terminated, the 
vehicle was stopped and the post test checks were made in 
accordance with the posttest checklist (see fig. A-6). The 
postcalibration steps were applied to the magnetic tape and 
oscillographs. At the end of the test, weather data were recorded 
on the vehicle data sheet. All instrumentation power was turned 
off and the vehicle ~las towed back to the garage. The posttest 
specific gravities of all cells were measured, and the batteries 
were placed on charge. During the charge period a continuous 
record· of charge voltage and current was made ~n a strip chart 
recorder for determining the total energy input to the battery .. 
The power to the charger was measured on a residential type 
kilowatt .... hour meter. The total ampere-hour charge into the 
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I. Record 11m. Immedlalely at complellon of test. Turn off key switch. 

i1. Col1)pfele Track Data Shee~ 
(al Odometer stop 
\Ill Ampere·hour Integralor 
(cl5lh wheel dlslance 
(dl Read temperalure 
(el Callbrale data system 
(f! Record wealher data 

3. TUrn off Inverter. thermocouple reference Juncllons. 

4. Disconnect 12·wlt Instrument baltery red lead. 

5. Raise 51h wheel. 

6. Tow vehlcl. 011 track. 

7. Start charge procedure (spectnc gravltlesl. 

8. Check speclflc gravlly on Instrument baUery. If less Ihan 1.220 remove 
from vehicle and charge 10 fult capaclly. 

9. Check water level In accessory baUerles. Add waler as necessary. 

Figure A-6. - Sample pasttest checklist. 

battery was obtained with a current integrator operating from a 

current shunt. To insure that each cell of the battery was fully 

charged before each test, the batteries were overcharged. 

Internal combustion engine vehicle preparation and test 

procedure. - The internal combustion engine vehicles were prepared 

for testing in a manner similar to the electric vehicles1 in other 

\~ords, before testing, the vehicle was carefully inspected for 

brake drag, wheel alinement, etc. The vehicle was then weighed 

and a payload added that was equal to the payload carried by its 

equivalent electric vehicle. A fifth wheel, fifth wheel 

instrumentation, and a precision fuel flowmeter were installed in 

the vehicle. The fuel flowmeter data system output yielded time, 

temperature, fuel line pressure, and integrated fuel flow on 

digital counters. Tests were conducted on the four vehicles at 

the TRC test facility. The tests were conducted for one lap of 

the track, 12.07 kilometers (7.5 miles). Each test was started 

after a warmup lap at a precise location on the track with the 

fuel meter readings at zero. After one lap the readings were 

stopped and recorded. Readings were taken of test dUration, 

range, fuel temperature, total fuel flow, ambient temperature, 

wind speed and dUration and direction, and barametric pressure. 
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Weather data. - Measurements of wind speed and direction and 
ambient temperature were taken at the beginning and end of each 
test~for a long duration test they were also taken midway through 
the test. The· wind anemometer ~las located about 1.8 meter s (6 ft) 
from the ground near the south straight segment of the track at 
Oynamic Science and within the oval about 3 meters (10 ft) from 
the ground at TRC. At the Dynamic Science test track, during most 
of. the test per iod, the winds were usually var iable and gusty. 

Determination of maximum speed. - Because of the grades on 
the Dynamic Science test track, there Was a significant variation 
between the maximum and minimum speeds of a vehicle when it was 
Qriven around the track at wide-open throttle. For this reason 
the vehicle was tested at less than wide-open throttle in order to 
maintain a constant speed. This speed was determined in the 
following manner for the NASA Lewis tests. 

The vehicle was fully charged and loaded to gross vehicle 
weight. After one warmup lap the vehicle was driven at wide-open 
throttle for three laps around the track. The minimum speed for 
each lap was recorded and the average was calculated. This 
average was called vehicle maximum speed for test purposes. This 
value was then reduced by 5 percent and called recommended maximum 
cruise test speed. This approach was necessary because the test 
procedure requires termination of a test when the vehicle cannot 
sustain the specified test speed. Otherwise, an immediate 
termina!:ion of maximum speed range tests would be required if the 

,vehicle true (flat road) maximum speed were used. 

The same procedure was followed for the NASA Lewis and JPL 
tests at TRC. MERADCOM at Aberdeen and NASA JPL at Dynamic 
Science conducted maximum speed tests 'at wide-open throttle. 

MERADCOM Test Pro'cedures 

Although the MERADCOM tests were also conducted with the same 
basiC procedures as the NASA Lewis tests, some differences were 
noted. An observer was used in the MERADCOM tests for taking 
temperature data, making verbal notations on one channel of the 
data system, and aid ing the dr iver dur ing cycle tests. Also, 
instead of carrying a current integrator aboard the vehicle, the 
total ampere-hour charge out of the battery was calculated from 
the recorded battery current measurement. 

NASA JPL Test Procedures 

. ,Jl?L's basic.test procedures were also the same as those used 
by NASA Lewis with the following exceptions: At Dynamic Science 
the vehicle test Weight of the Ripp-Electric was 93 kilograms (206 
Ibm) less than the gross vehicle weight. At TRC the Fiat 850 T 
van was tested at gross vehicle weight. At Dynamic Science the 
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maximum-speed range test on the Ripp-Electric was conducted at 
wide-open throttle, while at TRC the maximum speed test on the 
Fiat 850 T van was conoucted at a speed determined by using r~e 
method outlined in the section Determination of Maximum Speer.. 

DATA ACQUISITION 

six data systems were used by the various testing agencies to 
obtain data from track tests. A brief description of the systems 
follows: 

Telemetered Analog, NASA Lewis, Dynamic Science Track 

The telemetered analog data system developed by Dynamic 
Science and used by NASA Lewis during the 1977 tests at the 
Dynamic Science track permits the simultaneous measurement and 
recording of up to 14 data channels. Data acquired from the test 
vehicle are conditioned and multiplexed aboard the vehicle and 
transmitted to the data acquisition center where they are 
demodulated and recorded on magnetic tape. The basic building 
block of this system is the remote signal conditioning module 
shown installed in a test vehicle in figure A-7. This module 

Figure A-7. - Remote signal conditioning module Installed in vehicle. 
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contains all the necessary functions required to take the 
transducer information, and it provides suitable gain and 
to normalize all transducer outputs into common formats. 

basic 
balance 
Once the 

data have been normalized, they are multiplexed through 
voltage-controlled oscillators and telemetered to the data 
acquisition center. The system provides nine lOOO-hertz-bandwidth 
data channels and five 2000-hertz-bandwidth data channels. All 
vehicle performance and component measurements were conditioned 
through this system. 

Current measurements we re made with Hall-effect current 
sensors on vehicles with chopper-type controllers and were made 
with SOO-ampere-per-lOO-millivolt shunts on vehicles with 
contactor-type controllers. Voltage measurements were attenuated 
by voltage dividing circuits before entering the data acquisition 
system. Power was measured with a power meter that multiplied 
instantaneous current by instantaneous voltage. Battery 
temperature was measured in two locations on the outside of the 
battery case by copper-constantan thermocouples with electronic 
reference junctions. Integrated battery current was measured in 
the vehicle by a self-contained current integrator using a 
SOO-ampere-per-lOO-millivolt shunt. 

Distance and velocity were measured with a Nucleus 
Corporation Model NC-7 Precision Speedometer (fifth wheel) which 
is shown in figure A-a on a test Vehicle. The accuracy of the 
distance and velocity readings was within +1/2 percent of readinl. 
The fifth wheel was calibrated before each-test by rotatinq the 
wheel on a constant-speed fifth wheel calibrator drum. 

Figure A·S. - Fifth wheel installed on test vehicle. 
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Cycle Timer 

'rhe cycle timer (fig. A-g) was designed to assi"t the venict " 
driver in accurately driving tne SAE ~, C, and 0 schedules. The 

Figure A-9. - Cycle timer. 

required test profile is continuously reproduced on one needlp of 
a dual movement analog meter shown in the figure. The second 
needle is connected to the output of the fifth wheel and the 
driver "matches needles" to accurately drive the required 
schedule. One second before each speed transistion (e.g., 
acceleration to cruise or cruise to coast) a signal sounds to 
forewarn the driver of a change. A longer signal is heard after 
the idle period to emphasize the start of a new cycle. The total 
numbe. of test cycles driven is stored in a counter; this can be 
displayed at any time by pushing a button (to conserve power). 

On-Board Strip Chart NASA Lewis 

The on-board strip chart data system was used only to obtain 
data required to determine electric vehicle performance 
character ist ics def ined by the ERDA-EHV-'rEP test procedure. 
Measurements taken included vehicle speed, distance traveled, and 
integrated current from the traction battery. The instrument 
package, located entirely aboard the vehicle, included the current 
integrat~~s and precision speedometer previously described, and 
one two-channel strip chart recorder. Vehicle distance and speed 
were recorded continuously on this recorder during each test. The 
speedometer and recorder are shown in figure A-IO. 
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Figure A-lO. - Speedometer and recorder instliled in vehicle. 

On-Board Digital , NAS~ JPL 

A l6-channel digital data logger system was used by JPL on 
both the Ripp-E~ectric passenger car t ested at Dynamic Science and 
the Fiat 850 T van tested at TRC . If sampling was done 
sequentially , a ma x imum sa~pling rate of 5 channels per second 
allowed a normal sample tiu,e per channel of about 3 seconds for 
the 16 chan nels. However , a random sampling scheme was used so 
that critical channels could be sampled at higher rates while 
skipping less critical channels . The recording system consisted 
of an input multiple xer , a l2-bit analog-to-digital converter , a 
formatter , and an incremental write-only digital tape transport . 

Speed and distance information was obtained from a Nucleus 
Corporation NC-5 Precision Speedometer (fifth wheel). The speed 
signal from the fifth wheel was applied simultaneously to (1) a 
analog voltmeter calibrated in miles p~r hour , (2) a Hewlett 
Packard 7100 B strip chart recorder , and (3) one channel of the 
data logger . For driving schedule tests the strip chart recorder 
used prerecorded speed-time profiles of the driving schedules. 
The driver was able to drive the schedules by allowing the pen to 
follow the prerecorded tl~ce and at the same time record the 
actual speed of the vehi . le . 

Battery charge and discharge amphere-hours were recorded on a 
specially built current integrator operating from a 50 millivolt, 
300 ampere current shunt connected in series with the traction 
battery of the vehicle . Hall-effect current sensors measured 
motor and battery currents and thermistors sensed ambient , ~otor , 
and battery temperatures. A four-channel di~ital energy counter 
measur d battery recharge and discharge energy, energy to the 
motor , and energy from the motor . 
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An analog seven-channel data acqu"ition system was used by 
MERADCOM on all their te.st vehicles." system consists of a 
seven-channel tape recorder and associ,d signal conditioning. 

Signal conditioning circuitry cons sts of voltage dividers 
for measuring voltages, voltage amplifiers for the current shunt 
outputs, and analog multipl,iers and averaging circuits for 
obtaining power measurements and averaging power and current 
measurements. All current measurements were made with 
500-ampere-per-IOO-millivolt shunts- Vehicle velocity and 
distance were measured with a LebecG fifth wheel and read out on 
digital meters within the vehicle. Temperatures were measured 
with thermocouples and were read out by the observer using a 
selector switch. A cassette voice recorder was used by the 
observer during tests to record some data and his observations. 

On-Board Analog, NASA Lewis, TRC Track 

A l4-channel FM magnetic tape recorder was used by NASA Lewis 
on some vehicles to obtain both vehicle and component data at TRC. 
The recorder was a general purpose multispeed instrumentation 
recording system with high performance c~pabilitie5. During the 
electric vehicle tests the recorder was run at 9.5 centimeters per 
second (3.75 in/s). Frequency response at this tupe speed is +1 
decibel from DC to 1.25 kilohertz. 

Hall-effect current-sensors were used to measure oi'ttl'ery 
current and motor field current. Voltage measurements were 
attenuated by voltage dividing circuits before entering the 
recorder. Power was measured with a pover meter which multiplied 
instantaneous voltage by instantaneous current. Current, voltage, 
and power measurements of the battery, motor armature, and motor 
field were recorded separately. Vehicle speed measurements were 
recorded directly from the fifth wheel through a voltage divider, 
and distance was displayed on the fifth wheel digital meter. 
Integrated battery current was measured with the current 
integrator described earlier. 

On-Board Strip Chart, Canadian 

The Canadian data acquisition system used an eight-channel 
on-board recorder to record vehicle speed and distance, motor 
current and voltage, and battery current ana voltage. Event 
channels were used to indicate the position of the 
accelerator-operated contactors. A specially made fifth wheel 
employed optical means for determining both vehicle speed and 
distance. 
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VEHICLE TEST RESULTS 

Presented in this section are the results of the performance 
tests on the electric vehicles tested. These include range at 
constant speed, range over stop-and-go drivinq cycles, 
acceleration, drawbar traction data, and a brief record of 
problems encountered with the vehicles during the test program. 
Braking tests were conducted on twelve of the vehicles. The tests 
include braking in a straight line, braking in a curve (fiq. '-11) 
on both dry and wet surfaces, and wet recovery tests. Figure A-12 
shows a vehicle being driven through wate ~ prior to the wet 

Figure A-II. - Braking in a curve. 

Figure A-Iz' - Preparing vehicle for wet recovery test. 
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BRAKE SLOPE 

Figure A-13. - Vehicle In parking brake test. 

recovery test. Most vehicles tested passed these tests. Parking 
brake effectiveness tests also were conducted (fig. A-13). In 
most cases the "as-delivered vehicles" failed the parkinq brake 
test, although adjustment of the brake permitted them to pass the 
test. Where possible, vehicles with regenerative braking were 
tested with the regenerative braking activated and again with it 
1eactivated on the driving cycle tests. On one vehicle the system 
could not be deactivated in the field. Table A-2 contains a 
sum,nary of the test veh icle code, the test ing agency, the test 
period, the location of the tests, the data system used, and the 
variables measured. Because the purpose of these tests was to 
eV3luate the overall state-of-the-art, not to compare vehicles, in 
reporting the results the vehicles have been coded. 

Test results vary slightly because of track grades and wind. 
\lthouqh the ERDA and SAE J227a test procedures allow grades on 
the test track ~f up to I p~rcent, a 1 percent grade produces a 
considerable difference in road load. For example , for a vehicle 
that weighs 1700 kilograms (3750 Ibm) the change in road load is 
l67 newtons (37 .5 l~f). This ad~itional load requires about 3.0 
~ilowatts (4.0 ho), or about 40 percent of the road power 
requireme~ts f~r 3 vehicle travelinq at 64.4 kilometers per hour 
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'I'ADLB 1\.-2, - Gtoomnvo Oli' BLEC'rnIC VEUICLE 'l'MCK TESTS 

Vehicle Tooting treat poriod Track Data. oyotcm Var1abloo 
agency t:lcpourcd 

P-l IULll1\. Lawtoll 1/17/17 to 3/18/77 DSb ~clcmotcrcd; analogf Vehiclo C and d 
magnetic tape cctnponcnto 

P-2 4/6/77 ,to 4/26/77 

! ! P-3 1/27/77 to 3/21/77 
P-4 3/23/77 to 4/26/77 

P-s 4/13/77 to 4/27/77 On board; anal09; Vehicle 
Dtrip chart 

P-G W\BA JPLo 3/4/77 to 4/26/77 On board, digital, Vehicle and 
magnetic tape componcnto 

P-7 nASI\ Lowio 6/17/77 to 7/15/77 Tncf On boardt analogI 
otrip Chill t 

Vehicle 

p-o n1\S1\ Lew!o 8/75 and 5/17/76 Tne On hoardl analog; Vehicle 
to 7/21/76 otrip chart 

P-9 !1llMDCO!19 5/13/77 to 5/22/77 1\POh On board, analogI Vehicle and 
magnetic tape componcnto 

P-IO Uft,GA Lcwio 7/76 'rnc On board, anal091 Vehicle 
otrip chart 

P-ll HnS1\. Low10 8/76 Danai On board, analog; Vehicle 
otrip chart 

C-1 NAS1\. Lowio 1/17/77 to 4/1/77 OS Tolcmotorcd: analogI VOhiclo <lnd 
magnetic tape componcnto 

c-2 NASA Lewio 3/1V77 to 3/2~/77 OS On board: analog; Vehicle 
otr!p chart. 

C-3 W\Gl\ Low!o 5/10/77 to 6/22/77 Tnc On board, anal091 Vehicle and 

j 
magnetio tape compononto 

C-4 IIASI\ JPL 5/16/77 to 6/13/77 On board) digital; Vehicle and 
• ma.gnetic tape compononto 

C-5 U1\Sl\ Lewin 6/23/77 to 4~/1B/77 On boord. analog; Vehicle 
otrip chart 

C-6 tl1\Sn. Lowio e/1G/76 to 8/20/76 On board I amllog, . vehicle 
Gtrip chart 

C-7 MEMDCOII 7/19/77 to 0/25/77 1\PG On boardl analog; Vehicle and 
magnetic tope components 

C-O 11!;MOCOII 6/23/77 to 7/13/77 IIPG On board) analoq; Vehiclo and 
magnotic tape components 

C-9 NAG]!: Lewin 4/76 Dona On board; analogI 
otrip chart 

Vehicle 

C-1O NASA Lowio 9/24/76 to 9/30/76 Oan<1 On board) analogI 
strip chart 

VC'tlicle 

C-ll m:r.1OCOM 0/31/77 to 9/0/77 APG On board, analog: Vehicle and 
magnotic tape componenta 

C-12 Canadian 5/2/77 to 7/15/77 LnTEj On board I analog; Vehicle and 
Dept,. of strip chart componontG 
U.:ltional 
Defence 

guatiol'1B:IAOronnut::f.co and Spa.ce Aclminiotra.tion, Lowin Rcncarch Center, Cloveland, Ohio. 
aDynamic Soience, Phoeni:!,. Arizon~'" 
aVohicle inoludes vehiclo vOlocity, dint~nce traveled, and intcgrated battery curront. 

Component incluues motor cur~cnt, voltngo, and power, battery current, voltago, and 
a powert motor nfid battery t~mporaturcG. 
~Jot propulsion Laboratory, PQ~~ucnn, California. 
~Tran~portation Research Canter of Ohio, Eaot Liberty, Ohio. 
~1MObilj,tlt Equipmont nCGtOIch and De.velopmont. Command, Ft. Belvoir, Virginia. 
iAbcrdccn Proving GroUnu, l'.bardccn, ttu:yland. ' 
jDana Corporation TQchnic~! Cantor. QttawQ Laka, Michigan •. 
. Land Engl.necring ~CGt ElotnblinhI:lt:in;t .. OttllUol, Canada. 
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I 
(40 mph). This difference js averaged out 9n oval tracks in range 

tests. However, the effect of grade was apparent in coast-down 

tests. When tests were conducted in different directions on the 

same section of track, the vehicl~s coasted up to twice as far in 

one direction as they did in the other. 

The test procedure also allows testing in winds up to 16.1 

kilometers per hour (10 mph). A vehicle with a drag coefficient 

Co of 0.5 and a projected area of 1.8 square meters (20 ft2) 

traveling against a 16-kilometer-per-hour (IO-mph) wind will 

exper ience an aerodynamic force of 98 newtons (22 Ibf). When the 

vehicle is traveling with the wind, the road load is reduced by 80 

newtons (18 Ibf). The added force when traveling against the wind 

is greater than the reduction in force when traveling with the 

wind, and thus a small reduction in the overall range of the 

vehicle occurs. The reduction is about 2 percent at a vehicle 

speed of 64 kilometers per hour (40 mph) and about 4 percent at a 

vehicle speed of 40 kilometers per hour (25 mph). 

Twenty-seven tests were conducted involving 26 differ~nt 

vehicles of which 22 were electrics and 4 were conventional heat 

engine vehicles. The results of all tests are present~d on the 

vehicle test result forms, which contain the following data: 

(1) Range tests at constant speed 

(2) Range tests on driving cycles (described in section 3.2) 

(3) Acceleration times to 32.2 and 48.3 kilometers per hour 

(20 to 30 mph) 

(4) Tractive force tests 

(5) Reliability problems encountered during track tests 

and/or charging 

A discussion of these results appears in section 3.2.3 of the main 

body of this report. 
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ELECTRIC VEHICLE TRACK TEST RESULTS 

V.hlcl. P-l. 
D'W.U~.~~~~1~/~17~/~7~7~to~=3/7.l~O~/=77=--------------------
T •• II.eulll(.... ... D~yr.ln!!!.~ .. !l!."'a'-7sa~!.::e~n~c:!!G!-___________ _ 
T •• tod'b'y' __ ~!I~An~· A~L!!e!!w!.!.l.~ ____________ _ 

RANGt::TESTS 

CODsl!nl.peed 

Te.1 speed RIDgo Energy 
consumptlon 

km/h mph km mOe. AlJ/km kWh/milD 

40.2 25 ...!!.a:1. ~ LAL 0.45 
""4'D.'2 25 ..2!& .!iZ:.L .....2.L .43 
49.9 3'l 92.7 51.6 .93 .37 

!i2d 3'l 59.9 37.2 ==----~ 31 91.7 ..2Z.:!.. 
~ -2!. 93.6 ~ ......zL .33 

ACCELERATION TESTS 

A!:calaratlng tlmo, soc: 

Schedulo 

Btl. 

B 
R 

DrIving cyclo 

Range Enorgy 
constltnptlon 

km miles AlJ/km kWh/mUo 

~ 22.6 
...€!,,,i 42.5 ...JWl1. 0.41 

65.2 40.5 1.14 .51 

To 32 km/hr (20 mph)....,,1:-:4'-____________ __ 
To 48 km/hr (30 mph)-'2~9'-______________________ _ 

TRACTION TESTS 

Load, N ObI): 
Batte:)' 
4()"Porccnt baUery 
SO-Percent battery 

RELIABILITY TESTS 

Date Typo or breakdown 

'y"2/ 77 

2/1/77 

Ob~ained only 50 percen~ of 
expected range on 49.9-km/h 
(ai-mph) ~edt. Battery specif
ic qrav1ties show only one-half 
of battery pack discharqed. 

,~ger did not: si=l1rt:. 

Remarks 

No gause £gund. PrQble~ 
not regur. Replaged diode. 

49-V91t gontggtgr in control
ler stuck. Problem recurred 
severc.l times. 

a 
Thesa testa ~ot used to establish range cf vehicle. 
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Vehicle P-2 
Dates tested 4/6/77 to 4/26/77 
Test facility Dynamic Science 
Tested by NASA Lewis 

RANGE TESTS 

Constant speed 

Test speed Range Energy 
consumption 

kmlh mph km mlles MJ/km kWh/mUo 

...iQ.d ~ ..!!!!L .ill& ..!!&. 0.28, 

...iQ.d 25 187 116.5 .58 .26 
56.3 --"3s 128 79.8 --:G7 .30 
56.3 --"3s ....ill..- .J!!!!!l -!1!. .35 

ACCELERATION TESTS 

AeccloratlDg timo, 80C: 
To 32 kmlhr (20 mph)--::"i9..:..3~ ___________ _ 
To 48 kmlhr (30 mph).....;l:.,;4"' • .;;;3 ____________ _ 

TRA<"TION TESTSa 

Load, N nbQ: 
Battery chargcd __________________ _ 
4o-Pcrccnt iUUary dJschorgc _____________ _ 
8()..Pcrccnt battery dlscbllrgo _____________ _ 

RELIAllILlTY TESTS 

nato 

4/19/77 

4/27/77 

a 

Type of broakdown 

Smoke came from charger after 
2-3 hours on charge. 

Smoke was observed cominq from 
~durin9 tractive force 
tests. 

Remllrks 

No cause found. Suspect gOOF 
ambient temperature in garage 
was too high. 
Tractive force tests discon
tinued. 

Vehicle broke tracticn at 5070 N (1140 1bf) in first and second gears. 
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V.hlde P-3 
D.le8 l:"e.::-le~d~~1-;/~27:;-/-;;7;';7;-;:to::""'3;:/;:;2:;1/'7:;:7;-""'---------
Test laC'JIlty",_..,Dy~n~a!!!m~, iO.!"::...!n!!",,i~ol!,n!!iol!n!.-____________ _ 
TeBled bY __ tl!III~Gilill~L~0l::w~i::;:o ______________ _ 

RANGE TESTS 

ConDtan' speed Driving oyolc 

Test flpccd R""go Energy BLhcdule Range Ellerr,y 
conoumptlon c:onBumpUon 

km/h mph km mllcs MJ/km kWh/mlle km mtlcD MJ/km kWh/mlle 

40.2 2S 76.4 47.S 1.45 0.65 B 53.3 33.1 1.93 0.&2 
811 52.T 32.4 1:72 .77 ----~ 25 1i'O:9 22d 

~ ...2!L .ll:.1. ...lli.!i ..1:..:l!Z.. .70 c .£h!!. 1L- .bll. .75 
CO 37.0 ll.:..L cu.,5 ..!'k.§. 19.0 
ell,n: .lli!L !!d.. .l.:.!!!.. 1.33 

..J!i.d ...2!L ..?a:i. ..ll.,2 ..!:..J!l.. .46 

...lld. ~ ~ 26.1 .l&JL .92 

...ll:i. ~ 2!:.!L Jk..2 .!.:!!l.. .66 

ACCELEnATION TESTS 

. Accelerating limo. aoe: 
To 32 km/hr (20 mph)_..,-:7.:.. =-2 ____________ _ 
To 48 km/hr (30 mph) 16. 5 

j 

! 

I 
I 
I , , 

i 

I 
\ 
1 
: 

TRACTION TESTS c ~ 

Lend, N abO, 
Battory chargcd ___________________ _ 
40 .. Pel'cent battery dlachargo ______________ _ 
SO-Percent battery dlscharco ______________ _ 

nELIABlLITY TES'fS 

Dato 

1/23/77 

1/28/77 

2/7/77 
218/77 
2/11/77 

3/22/77 

Type ot breakdown 

l2-Volt charqer wire omokod 
during charge cycle. 
RecurrenCD of field circuit 
failure. 
Chargor failed. 
Charger failed. 
During maximum acceloration 
motor field circuit failed. 
Charc,;or failed. 

awithout regenerative braking. 

Remarks 

Microswitch and fiold circuit 
compononts failed. 
Parts replaced and changos ~ade 
to circuit by manufacturer. 
Cause not determined. 
Cause not determined. 
Wo.s rebldl t by manufacturer. 

Cause not determined. 

bThese tests not uDod to establish range of vehicle. (Battery appeared to be 
deteriorating. ) 

CTcsts not conducted duo to charg~~ breakdown. 
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Vehicle P-4 

Dnlce reoled 3/23/77 to 4/26/77 
'rcfil fnt'llily Dynamic Scioncc 
TCfltcd by NASA Lewin 

RANGE TESTS 

Canolant apccd Drlvlnf' cydf.' 

'fcal speed Ilange;, I=:nufW bthedule RWlgl' l-.nl'r~ 

t'onoumptlon t'onsumpUon . 
km/h mph km mllco MJ/km II\\-ll/mlle I,m mUes MJ/Jtm kWh/mile 

12:1.. ..lL.. ll:.L .lli1.. w.L 0.73 a 32.2 20.0 1.86 0.83 

12:1.. 2L li"..L .1l!.:L k.!!.2-- .42 aa 2U 20.4 2.:ll .98 

12:1.. ..lL.. iQ.:.L ~ WL .57 
Cl.!!!.:.l.,. ..lL.. §!:.L ..1J!.,.L ~ .43 

1§.:.l.. 2L- li:..L ~ LJ.L .69 

~ .2.L ~ ~ ~ .65 

1§.:.l.. 2L- R..L .ll:l.. W.L .75 

ACCELERATION TEbTS 

Ac(clcratlng time, SC(', 

To 32 km/hr 120 mPh'_--'--::9".:..:4;-___________ _ 
To 48 km/hr (30 mph' __ ;;.21;;..:.;6:-____________ _ 

TRACTION TESTS 

Load, N abO, 
Battery charged 2670 (600) 
4o-Pcrccnt battcry diachargc_-:2,,9,,4,,0;--;(,,6;;;6;;;0,;' ________ _ 
8f).. Percent bnttcry discharge _.:2.:9..:4.:0--!(.:6.:6.:0,-' ________ _ 

RELIABILITY TESTS 

Date 

3/23/77 

3/29/77 

4/15/77 

Type or brcnkdown 

In fourth gear, controller 
thermal cutout comes on 
and off. 
Motor overheated during 64.4-
km/h (40-mph, test. 

Controller cooling fan threw 
blado. 

Remarks 

Decided not to operate vehicle 
in fourth gear becauGo of eK
cessive current draw. 
Decided to hold maximum speed 
at 56.3 km/h (35 mph' for 
future toats. 
Replaced blade. 

aThose tests not used to establish range of vehicle. 

275 



Veblelo!....,...,.._..:;P"-~5=;:;-=.,,..==;-_________ _ 
DaleBlealed __ 4:!!/:..:1::3:!./.:.7.:.7...;to~.::4/,-2:;7:.<:/..:7..:7 _________ _ 
Test tacllltY'---:Dev::n;:."'m';'i::":-;s;:":'i"o"'n"'''"o ___________ _ 
T.S'CdbY, __ ""N;::A:::S::;A:..:;:L"'ow"'i:.:s'-____________ _ 

nANGETESTS 

Test speed 

Constant speed 

Rango 

km/h mpb km 

Energy Bthcdulc 

km 

Drlvlng cye!c 

RMgC Energy 
consumption 

miles MJ/km kWh/mile 

40.2 2L. ...1!.!! 
40.2 2L. ...i!:.2. 

consumption 

mllos MJ/km kWh/milo 

2i:2..E..:!2.. 0.31 

~ 
B 40.5 25.2 0.72 0.32 
II ""F.'i .E:.!.. .85 ,38 

ACCELERATION TESTS 

Accolerating time, BCC': 
To 32 km/hr (20 mpbl __ ..:7.:.,.:.9 ___________ _ 
To 46 km/hr (30 mphl _______________ _ 

TRACTION TESTS a 

Load, N ObI): 
Battery chargcd __ -:-_______ ~ __ ~ ____ _ 

-to .. Percent battery dlschnrgc _____________ _ 
SO-Percent battery dlschargo _____________ _ 

RELIABILITY TESTS 

Typo DC bronkdown Remarks Date 

4/14/77 Thormal ovorload circuit breaker 
cut out during 40,2-km/h (2S-mphl 
ran$!G test. 

Ambiont temperature was 29°C 
(aSoF). No recurrence. 

aTests not conducted. 
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Vehicle P-6 

Dales tested 3/4/77 to 4/26/77 
Test (acility D:t,namic Science 
Tested by NASA JPL 

RANCE TESTS 

Constant speed Driving cycle 

Test speed Rango Ener~ 5thedule Range Energy 
consumption l"Onsumption 

km/h mph km mUes MJ/km kWh/mil. km miles MJ/km 

40.2 25 162.8 101.2 0.67 0.30 aa 105.2 65.4 0.89 

..!hl -li. illd .illd ~ .24 B 120.7 li:..2... -!l.!!. 
56.3 --li. 152.4 94.7 ~ .27 ea 

~ li.L 1.01 
056.3 35 ~ 2hl .69 .31 ea .22.:1. ~ --!.2!.. 
22.d --li. lli.d ~ ~ .30 eO 107.0 ~ ~ 
...lb.! ---.!i. 121.2 75.3 ~ .33 e 119.2 ll..L ~ 

72.4 45 !.22.:1. 66.7 --:2.1!.. .35 e ~ 79.9 .74 

.HWU..D~ ~ ~ ---=1!. .42 ----

..!1llli....D~ ~ 55.7 

ACCELERATION TESTS 

Accelerating time, BC('; 

To 32 km/hr (20 mph}_..,...:7,., • .::4 _____________ _ 
To 48 km/hr (30 mph),_-'1:;4'-_____________ _ 

TRACTION TESTS d 

Lond. N abQ: 
Battery chargcd __________________ _ 

40 .. Perccnt battery dlacho.rge _____________ _ 
8{).oPorccl.t battery dlschnrgc _____________ _ 

RELIABILITY TESTS 

Date Type or breakdown Rcmarks 

aWith~ut regenerative braking. 
~hese tosts not used to establish range of vehicle. 
cVarieB from 75.6 km/h (47 mph) to 93.3 km/h (58 mph) due to grace. 
dTests not condUcted. 

277 

kWh/mile 

0.40 
.36 
.45 
.43 
.42 
.36 
.33 



Vehicle P-7 
Datce tested to 7~15~77 

Tested 

RANOE TESTS 

Conotant upccd Driving cycle 

Teat speed R<IJ1CC Enurgy Slhcdulc Range Enllrgy 
consumption c:onaumpUtm 

km/h mph km mllco MJ/km kWh/mile I,m mIles MJ/ltm kll1l/mlle 

40.2 25 ...!!1!2. 2!:2: 2.15 0.96 a 52.8 32.8 1.43 0.64 
40.2 25 ..!2..:.! ..J!L aU 47.9 29.8 2.iiB .93 

...ll:1. ~ 67.6 42 1.01 .45 C 47."i" 29.3 1.95 .87 

...ll:1. ~ ..ll:l. ~ CU To:5 25.2 1.90 .85 

.E.:.! ~ ~ 2hl 1.12 .50 C 4'9:T 30.5 

-B- -2!.. ..i!d .2!.!!! 1.43 .64 C 48.4 30.1 
C· ...ll..!. --ll.:1 

ACCELERATION TESTS 

Accoloratlng time. aoe: 
To 32 km/hr (20 mph) __ ..,.:8;.-____________ _ 
To 48 km/hr (30 mph) __ ..:1:.:7 _____________ _ 

TRACTION TESTS b 

Lond, N Obij: 

Battery ch[1rgcd_.."..~-----------------
40 .. Pcrcent bnttery discharge ______________ _ 
eO-Percent battery dlsobnrgo ______________ _ 

RELIABILITY TESTS 

Dato 

6/7/77 
6/8/77 

_6/10/77 
....u15/ 77 

Giiim 
6/18/77 
6/29/77 
7/5/77 

Typo of brcnkdown 

Charger (low charge rate). 
Charger (low rate at end of 
charge). 
Controller failed. 
Controller failed. 

Charger cut out. 
Chargor cut out. 
Charger failed. 
Controller cut out. 

nwithout regenerative brakinq. 
bTests not conducted. 
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Remarks 

Removp.d one choke. 
Removed ona-half of other 
choke. 
Replaced controller • 
Rotated motor brushes; replaced 
coil. 
Added resistance in supply line. 
Added one-half 0.: choke. 

Replnced controller. 

\1 
I 

I 
I 
'I 

\ 

, 
I 



... ----~--------

VehIcle P-9 Vehicle A 

DateD tested May 19""1:. 

Test (nentLy Transportation Research Center 

Tested by NASA Lewis 

RANGE TESTS 

Constant speed DriVing cycle 

Teat speed Hungc Energy 6lhcdulc Ran~c Energy 

('Onsumptlon t>onsumpUon 

km/h mph km milcD MJ/km kWh/milt.' km mUcs MJ/km kWh/mUe 

40.2 25 90.7 56.4 1. 25 0.56 C 34.8 21.6 

~ -£. 2l.:2. 2!!.:] ~ .67 

ACCELERATION TEfiT5 

Ac(clcrllttng time. Bet': 

To" km/hr (20 mph)_-,-:6:-_____________ _ 

To 48 km/hr (30 mph'_..;1:;3::... ______________ _ 

TRACTION TESTS a 

LoBd. N (lbO, 
Battery (.'hnrgcd ___________________ _ 

4o-Pcrccnt buttery discharge _______________ _ 

SO-Percent battery discharge _______________ _ 

RELIABILITY TESTS 

Date Type of breakdown Remark!; 

ilTests not conducted. 
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Vehlel. P-S Vehicle B 

Dates tcsted Ma~ 1975, 5~17l76 to 7~21/76 
T.st r.cllltl Transportation Research Center 
Tosted by NASA L.wis 

RANCE TEaTS 

Constant speed 

Teat speed Rang. Energy Schedule 
consumption 

km/h mph km mUes MJ/km kWb/mUo km 

1975. 1976: 
"56.3 ~ 54.7 ~ CC 31.5 
!j72.4 ~ lli!.. .E..:1.. 

1976. 
o'4'ii':2 .....lll.. 68.7 ..1b1... ..1..:.Ql 0.48 
dS6.3" ~ ~ .1hL 
<'l"72.'4 ~ 45.9 28.5 ~ .56 
d85.3 -2:l... ~ .2b.2.. ....l..:.16. .59 

ACCELERATION TESTS (1976) 

Accelerating Umo, soc: 
To 32 km/hr 120 mpbll ____ .....!, ___________ _ 
To 48 km/br 13r, mphl' ____ ..:1~6"_ __________ _ 

TRACTION TESTS e 

Lend, N ObO: 
Bnttery chargcd _________________ _ 
4Q...Perccnt battery dlechnrgc _____________ _ 
8()..Pcrcent battery dlschargo _____________ _ 

RELIABILITY TESTS 

Date 

1975 

1976 

"Motor 1. 
bMotor 2. 
CMotor 3. 

Type of breakdown 

Motor 1 failed. 

Motors 2 and 3 failed. 

dMotor 4. 
eTestB not conducted. 
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1 

I 
Driving cycle . I 

Range Energy i 
1 

consumption , 
mUes MJ/km kWh/milo ' I 

I 
19.6 

'. 

Remarks 

---'~=~ 



Vehicle P-9 

Dates tested 5/13/77 to 5/22/77 
Test fncllily Aberdeen Provin~ Ground 
Tested by MERADCOM 

RANGE TESTS 

C..JDslant speed Driving cycle 

Teat speed Rnngc Energy 81 hcdulc Range Energy 
consumption consumption 

km/h mph km mUes MJ/km kWh/mile km miles MJ/km kWh/mile 

..1bL ~ 59.6 37.0 .kQL 0.48 B lhL ~ L.:1L 0.79 
40.2 ~ 61.7 ..1.W.. .h!!.L .42 B lZ..t.L ~ L.§1L ·25 
.&L ----.li 42.5 26.4 1.21 .54 C ~ ~ !.....§.L :22 

1hL ----.li .!hL ~ !.:.!.!L .53 c 33.0 ~ 1.69 .76 
74.0 ~ ~ .1.U b2L .70 
1J..,L -i!L l2..L .n&. WL. .66 

ACCELEMTION TESTS 

Accelerattng time, scc: 
To 32 km/hr 120 mphl_-711:.-_____________ . 
To 48 km/hr (30 mphl_...::.2::.0 _____________ _ 

TRACTION TESTS 

Lond. N abO, 
Battery chnrgcd ______ ....'.?5~2~50!!...~(1"'1~8~0~1'---------

40-Percent battery discharge _--';5R4;;3~0~(ri1~2~2~0:J.)--------
S()" Percent battery discharge _-'4:.:2::3:.:0:....:(:.:9:.:5:.:0,,) ________ _ 

RELIABILITY TESTS 

Date 

4/8/77 
4/28/77 

5/6/77 
5/11/77 

Type of breakdown 

Low battery capacity. 
Low bac~ery capacity. 

One battery with low capacit~ 
Battery charge terminated pre
maturely. 
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Remarks 

Replaced three batteries. 
Replaced all batteries with 
different: make. 
Replaced one battery_ 
Manufacturer's representative 
replaced contr~l in charger 
and readjusted. 



Vehicle P-10 
Dates t:-es-'t-ed-:-~J;::U;;1::Y-l~9"'7:;;6;---------------

Test fncll1ty,--"T~r",a",,,,~s",po~r",,,~,,a",,,~=io~n~R~e,,,s~e,,,a~r~ci!h!....!C:!e"n"t:!e"r'-____ _ 
Tested by __ -'N"'A"'S"'A"-'L"'e.,w"i.,s'-______________ _ 

RANGE TES'I'~ 

Constant speed Driving cycle 

Test speed Range Energy 
consumption 

km/h mph km mUes MJ/km kWh/mile 

~ -!l !!!:.1... ~ 
12,.,..Q,.. ----1! 85.0 52.8 

40.2 -li .ll..L ...1.:i..l. ---2!.:1.. ~ 1l!.:.2... ~ 
0 ___ -

ACCELERATION TESTS 

Accelerating timet Bee: 
To 32 km/hr (20 mph)' __ :'7:--___________ _ 
To 48 kmlhr (30 mph),_-'2:::2:.... ___________ _ 

TRACTION TESTS a 

Load. N Obn: 
Battery chnrgcd _________________ _ 

4o-Perccnt battery dlscbarsc ______________ _ 
SD-Percent baltory dlschnrgo ______________ _ 

RELIABlLl'l'Y TESTS 

Dato Type of breakdown Rcmnrlm 

QTosts not conduoted. 
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Vehlcl·'-__ 7P~-1",1.....,,.-:=,,-_____________ _ 
Dates tested _-:A:::U::9c::uc::s=t=1;:9,:.7.;.6~;--,:::-:,.",:::-_. ________ _ 
Test facllltY~-::D~a;:n~a_T:-e:::C::h~n::i"c:::a:::1~c::e::n:;t::e::r,-_________ _ 
Tested by __ ..;N:;;A"'s:;:A::....:L::;e::;w"i:;s'-_______________ _ 

RANGE TESTS a 

Constant speed 

Test speed Range Energy Sthedulc 
consumption 

Driving cycle 

Range Energy 
consumption 

km/h mph km miles MJ/km kWh/mUa km miles MJ/km kWh/mlle 

64.4 40 129.0 80.2 o 54.9 

ACCELERATION TESTS b 

Accelerating time. Bee: 
To 32 km/hr (20 mph), ________________ _ 

To 4B km/hr (30 mph), _______________ _ 

TRACTION TESTS b 

Load, N UhQ: 
BnUory chnrgcd_-::--:-________________ _ 
4()..Pcrccnt battery dlschnrge ______________ _ 
SO-Parcent battery dlschnrgc ______________ _ 

RELIABILITY TESTS 

Date Typo of breakdown 

Motor failuro with Ni-Zn bat
tery toot. 

aTosto conducted with Exido EV-106. 
bTooto not conducted. 

28.3 

34.1 

Remarks 

'., 

=n'ps r 7 



Vehlclo 0-1 
Dat •• te'-s""tc~d:--1~/;ilr,7;;/;:;7;:;7~to;:::--;4-;/:;-1/;:7;:;7:-----------

Test facUltY:.--:;D::y~n::.~m~i~c,-=,S:!ic=i=e!!nc!:e!!.... ____________ _ 

Tested by __ ..:N"'A"S;;.A:....:L:;:e"'w"is::... _____________ _ 

RANGE TESTS 

Constant speed Drivlng cycle 

Test speed Range Enorgy Sthcdule RMgC Encfc:.v 

consumption cansumptlon 

k,,/h 
Low Cjear: 

mph km mUes MJ/km kWh/mUo km miles MJ/km kWh/mUo 

40.2 25 .!!!L ~ !:..ll... 0.76 B 1.2..:i.. .ilia ..b1§ 1.10 

To:2 2'5 .ill.... ..!i:.!. .!:ll.. .62 B .!!!..!... ...ll:l. ...l:.!1 1.09 

S'9':5 37 ....!!bl .J.!!,.! l!.ll.. .99 0 .ll:L ...ll:.§. ....hl1 1.22 

59.5 37 -2b.!! ...!i:!. bl!L 1.03 0 63.6 ..l2:.l!. J.ll 1.39 

~...1L ~ .J.1d .blL .97 

Hi~r_: __ 
72.4 45 ....ll:1: 22.:1. .hlL 1.27 

72.4 45 ~ ..1!d 1.:.iQ.. 1.52 

.E:!. JL ....E....2 ....lli2. 1:..!!L 1.35 

J!.hl.. 52 ~ ~ 1ill... 1.59 

J!.hl.. 52 -1hl 2!.:.! .!.:1!.. 2.01 

ACCELERATION TESTS 

Accclorntlng tlmo. sec: 
To 33 km/hr (30 mphl __ ;-;6~.";;4~ __________ _ 

To 4B km/hr (30 mphl_-.:l::;0:.:.c,:7 ___________ _ 

TRACTION TESTS a 

Load, N UbQ: 
Battery chnrgcd ___________________ _ 

.<lO-Percent battery dlschargo ______________ _ 

ao..Porccnt battery dlschargo ______________ _ 

RELIABILITY TESTS 

Date 

1/30/77 

2/11/77 

4/1/77 

1/30/77 

Typo of breakdown 

Charger timer and l2-volt bat
tery chargor not working. 
300-A motor circuit fuse blow 

after B minu~cB, at 83.7 km/h 

(52 mphl. 
400-A motor circuit fuse blew 

after about 2 seconds while 

attempting tractive forco tests. 

Charger timer and l2-volt bat
tery charger not working. 

a Not able to conduct tractive forco tasts. 
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Hemarlte 

Timer not used. Twelve-volt 
battery charged separately. 
Manufacturer recommended re

placing fUGO with 400-A f~ 

TractiVe force test drew exces
sive current - ovor 1000 A. 

Timer wau not oGed. Twolve-volt 

battery charged soparately. 

.", 



Vehicle C-2 

Datos tested 3/14/77 to 3/29/77 

Test facUit.y Dynamic Science 

Tested by NASA Lewis 

RANGE TESTS 

Constant speed Drivlng cycle 

Test speed Range Energy Sthcdule Range Energy 

consumption consumptlon 

km/h mph km miles MJ/km kWh/mUe km miles MJ/km kWh/mUD 

.llit. ---1lL 1.!l..:.!.. ...!!.!. 1.:.B... 0.59 B .ll:l:.. .1!i.8. .hli.. 1.01 

.llit. ---1lL .iQd. .lM. .!.:.!L .52 Ba .§Ad.. ..Ahl. .L1.2... .80 

.llit. ---1lL .!!Q.JL ~ 
sa .§b.!L ...ll:1. .!&!L .84 

48.3 --2L .&!:.L 40.0 .!d!L .58 

..!hL --2L !b.!L 2!!..1. !ill.. .56 

ACCELERATION TESTS 

Accelorating timo. sc,,: 
To 32 km/~r (20 mph)_-'9 _______________ _ 

To 4S kmlhr l30 mph'_"'2;<3 ______________ _ 

TRACTiON TESTS 

Load, N nbl): 
Battery charsed _____ ...::2"'7,,3,,0-"(6:;:1"'5""c.... _______ _ 

4o-Perecnt battery dl.eharso_-:2~7:::3':0~(:-61~5"":---------
SO-Percent battery dl.eharse_.!.2:..!7~1~0~(~61~0~'!..-_______ _ 

RELIABILITY TESTS 

Dato 

3/8/77 

3/30/77 

'I)'po of breakdown 

No controllor output aftor 

4B.3-km/h (3D-mph) tect. 
Recurrence of controller prob
lem following traction tC9~9 at 

O-porc~n~ discharge and just 
before aO-percont discharge 

testa. 

aWithout regenerative braking. 
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Remarks 

Recovered after oitting for 
15 minutes. 
Recovered after sitting 15 
minutes. No causa of problem 
has been found. 

-----------------------



Vehicle C-3 

D.to.;:t;~o~.ti'iCd;..:~5~/~1~0~/g7~7~t~O~6~/~2~2~/7~7~~!iL~~;;;::===== Test &~ 

RANGE TESTS 

Constant speed Drlvlng cycle 

Test speed Rnnge Energy Slhcdulc Range Energy 
cClntJumptlon 

km/h mph km milea MJ/km kWh/milo km 

40.2 -li. .!!!t.... ~ B 68.4 
40.2 --li. .ill.- 77.5 B ~ 
40.2 ---ll... 117 ..lhl B 70.5 

To:2 .-2L "ll9 73.8 1.32 0.59 B3 7l.l 
56.3 -1L 89.0 Ss:3 Ba 64.5 
56.3 -1L ..J!h!. ..B:.2. C 46.7 

..2hl. .-!1... 2l:1- 35.5 C l!d... 

..2hl. .-!1... -2!:.1 ...lli1. c n 
.1!!.d. 

..2hl. .-!1... ....1hl ....1h§. Cn ~ 

---

ACCELERATION TESTS 

Accelerating time. ace: 
To 32 km/hr (20 mph)_~7..:..:::2 _____________ _ 
To 48 km/hr (30 mph)_.!1"'4 ... ,,2 _____________ _ 

TRACTION TESTS 

Load, N ObO: 
Battory charged _~...,..---:4';;2=7;;0_;:{9:_:6:_:0,;)--------
40_Pcrccnl battery dlBchnrgc_..:3;:8'"7:-:0~{~8.;.70~)~--------
ao..Pcrccnt battery discharge _..:3:..:7..:4.::0-,-{ 8"'4"'0"')'-_______ _ 

RELIABILITY TESTS 

Dnto Type of brclll,down 

awithout regenerativQ brnking. 
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• I W 57_I 

consumption 

mUos MJ/km kWh/mile 

42.5 
..!1.J,. 
~ .hli.. 1.02 
44.2 

~ 2.18 .976 

~ 
30.1 

...ll.2. 
~ 

Rcmnrits 

= !Ii It "til ···-ttf 



Vehicle C-4 

Dates tested 5/16/77 to 6/13/77 

Test facllity Transperta tieD Research Center 

Tested by NASA JPL 

RANGE TESTS 

Constant speed Driving cycle 

Test speed Range Energy Sthcdule Range EnerID' 

consumption consumption 

km/h mph km miles MJ/km kWh/mlle km mUes MJ/km kWh/roll. 

40.2 25 71.1 44.2 1.4S 0.66 B
a 40.2 25.0 2.66 1.19 

40.2 25 6S.9 42. S i:":5'4 .69 B~ 3'9.3 

.iQ.d. ~ E.:1... ..lli!. hiL .64 

56.3 .2L 57.S ..l2.!1. ~ .S2 

~ 35 5S.1 22.!!. 1.S3 .S2 

ACCELERATION TEj':,'TS 

ActcleraUng time, se(·: 
To 32 km/hr (20 mph)_-:-:-S,",.l~ ____________ _ 

To 48 kmlhr (30 mph)_....:l"-S". S"-____________ _ 

TRACTION TESTS b 

Load, N ObQ, 
Battery charccd __ -:-________________ _ 

40-Pcrcent battery dischargc ______________ _ 

80.. Percent battery diacharge ______________ _ 

RELIABILITY TESTS 

Date Type of brcaltdown 

Bnttery problems. 

Charger failure. 

aAl1 tosta with regene~ative braking. 

bTests not conductod. 
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24.4 2:66 1.19 

Remarks 



Vehicle C-5 
Dates tested 6/23/77 to 7/1B/77 
Test faclllty Transport.ation Research Center 
Tested by NASA Lewis 

RANGE TESTS 

COnstWlt speed Driving cycle 

Test speed Range Energy Sc.hedule Range 

km/h mph km mnca 

40.2 a 25 73.7 ~ 4o:T "25 69.5 .!!,L 
40.2 <i25 ~ 44.3 
59.5 --e:n- 60.2 .lli!.. 
~ a37 ...2hJ!. ~ 

b 
ACCELERATION TESTS 

Accelerating time, Bee: 

consumption 

MJ/km kWh/mile km 

...!.:12.. 0.62 S 56.0 
1.34 .60 S ..l!l.:i. 
1.79 .80 Sa 51.3 

..b.li. .61 sa 52.5 

.!.:.E. .59 C 57.6 
C E.:1. 
Ca 
~ 

Ca ...!!d 

To 32 kmlhr (20 mph) 4 _____________ _ 

To 48 kmlhr (30 mphl' __ 9;!... _____________ _ 

TRACTION TESTS C 

Load, N Qbn: 
Battery chnrgcd ___________________ _ 
40-Percent battery dlschnrgc ______________ _ 
B(}..Pcrccnt battery discharge ______________ _ 

RELIABILITY TESTS 

mUes 

1!:.!.. 
~ 
~ 
~ 
35.8 

~ 
27.9 
27.4 

Energy 
''ODsumption 

MJ/km kWh/mUe 

1.59 0.B3 

l::J!!!. .B4 
2.10 .94 

~ .96 
1.74 .7B 
1.74 .78 

.1..:.ll. .99 

...hl!!. .94 

Date 

6/15/77 

Type of brenk down 

Delivered with three bad 

Remarks 

Replaced three bat.teries. 

7/J.4/77 
7/22/77 

battories. 
Charger failed. 
Differential failed. 

awi_ 'lht r.egenerative braking. 
bTests cond,'..cted by manufacturer. 
cOifferential failed during teat. 

288 

:\ 
i 

I 

sz 



Vehicle C-6 

Dates tested 8/16/76 to 8/20/76 

Test facility Transportation Research Center 

Tested by NASA Lewis 

RANGE TESTS 

ConstMt speed Drivlng cycle 

Test speed RMgc Energy St. hedule Range Energy 

consumption consumption 

km/h mph km miles MJ/km kWh/mile km miles MJ/km kWh/mile 

Ed --l!!... !!!:1. .lli!- Aa 1!.:.L 
~ ~ ..Hd i§.."L B '!b.L 
~ ~ .!hl. .!Q.d.. 0.87. 0.39 C ll.:.L 

ACCELERATION TESTS 

Accelerating time, set': 

To 32 km/hr (20 mph)'_-c;b~8:__-------------
To 48 km/hr (30 mph)' __ c..:l:,:6:..-____________ _ 

TRACTION TESTS 

Load. N ObO: 

Battery ChargCd_-=--:-___ d-::5:;;7-=8-=0-;(1~3~0~0:_:):__-------
40-Percent battery dlBchargC __ ;:5=7;8;0~(::1;:3::0;07-' _______ _ 

80-Percent battery discharge __ .:::5.:,7.:::8.:::0-,(.:::1.:::3.:::0.:::0.:,) _______ _ 

RELIABILITY TESTS 

Dote Typo or breakdown 

• 

~eBt discontinued due to disoharge of l2-V battery. 

bSecond gear. 
c~hird gear. 

'\.irst gear. 
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l§..:L 
.!!l.:.l.. 
lli.L 

Remarks 



VehIcle C-7 

Dates tested 7/19/77 to 8/25/77 
Test. roellUy: Aberdeen Provin~ Ground 
Tested by MERADCOM 

RANGE TESTS 

CODstnnt speed Driving cycle 

Test speed RWlge Energy Sthedulc Range Energy 
consumption c.'Onsumption 

km/h mph km mUes MJ/km kWh/mil. km miles MJ/km kWh/mile 

40.2 -1!. 114.2 .1h!.. ~ 0.51 B 100.2 62.3 1.01 0.45 
40.2 -1!. 127.4 79.2 hQ.L .45 B 106.1 65.9 .93 .41 

.lliL ---1.§.. 98.2 61.0 1.01 .45 C 91.4 ~ 1.04 .46 

.lliL ---1.§.. 101.6 .ll:.l:.. ....:1L .43 C 86.9 54.0 1.14 .51 

ACCELERATION TESTS 

Accelerating timo, soc: 
To 32 km/hr (20 mph)_"'l;O ________ . ______ _ 
To 48 km/hr (30 mph)_,,1:..7 ______________ _ 

TRACTION TESTS 

Lond, N (lbf): 
Bottery chorged __ --,-________________ _ 
40-Porccnt battery dlachorge ______________ _ 

8()..Percent. battery dlscharge ______________ _ 

RELIABILITY TESTS 

Date Type or breakdown Remarks 
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vehlcle,-__ ~C:.-":8:..,..= __ ..,,.,~-,::::-__________ _ 
Dates tested _......!6~/.:.2~3LI.!.7.!.7-'t!;o!.....!7.!.I.:l.:?3IL7!...7!...-_-:-_______ _ 
Test racllitY~_""Ab=e",r",d",e",e",n,-"p::ro"-v",,,"' n"'q....,G"'r"o"'u"'n"'d"--_______ _ 
Tesled bY __ ~M~E!!.RAD!le"-C:cO~Mt!... _______________ _ 

RANGE TESTS 

Constant specd Drlvlng cycle 

Test speed Range Energy Slhedule Range Energy 
l'onsumption consumption 

km/h mph km miles MJ/km kWh/mile km miles MJ/km kWh/mile 

40.2 25 56.8 35.3 1.01 0.45 B 42.2 26.2 1.45 0.65 
40.2 25 ~ .1i.:l.. .-hQ! .45 B .!hL 29.2 1.27 .57 
Max, specda ~ ~ ~ .39 
~speedb ~ ~ ...b1! .54 

ACCELEItATION TESTS 

Acc'cleratlng time, sc"; 
To 32 km/hr 120 mphl __ ::-7:-____________ _ 
To 4B km/hr 130 mphl __ ::;22=-____________ _ 

TRACTION 'rESTS c 

Load, N (Ibn: 
Battery charged 
40-Percent battery dlscharge ______________ _ 
SO-Percent battery dIscharge ____ . ___________ _ 

ltELIABILITY TESTS 

Remarks Dnte 

6/29/77 

Type of breakdown 

On-board charger not adequate. Substituted off-board MERADCOM 
charger. 

aAverage, 49.7 km/h (30.9 mph). 
bAvarage, 50.4 km/h (31.3 mph). 
cCould maintain speed of 12.9 to 13.7 km/h (8.0 to 9.S moh) up 20-percent grade. 
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Vehicle C-9 

RANGE TESTS 

Constant spced Driving cycle 

Test speed Range Energy Slhcdule RMge Energy 
consumption l'onsumplion 

km/h mph km miles MJ/km kOMl/'mile km miles MJ/km kWh/mile 

Ed. --1L .1hl... .lld.. --- B 1hl... .1!d. 
---

ACCELERATION TESTS 

Accelerating time. sc(';. 
To 32 km/hr (20 mphl_-=-':6 _____ . _________ _ 
To 41 km/hr (30 mphl_=1;:,4 ______________ _ 

TRACT tON TESTS a 

Lond, N ObQ: 
Battery chargcd __ --:-________________ _ 
4()"Perctmt battery dischargc ______________ _ 
SO-Percent buttery dlscbargc ______________ _ 

RELlABILITY TESTS 

Date Type of breakdown Remarks 

BTests not conducted. 
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Vehicle C-10 
Dates t'-e5-:t-ed"--~9';/':;2~4/-;7:;:6;-;t::O:-;;9/-;:;:30;;-/;:'/-:6;------------

Test (ncilltY __ -"D::a,:n::a~T.:e"c:;hn"i"c::;a::;l::...;c"e"n"t"e::r,-________ _ 

Tested by __ -'N::;A"S"'Ac:....:L"e"'w"i::s'-_____________ _ 

RANGE TESTS 

Test speed 

Conslnnt speed 

Rnnge Energy 
consumption 

km/h mph km 

4B.3 30 164 

mUes MJ/km kWh/mile 

102 1.01 ~~ 

.§.L.L -.!Q. .llL. ....liJ. l...ll.. __ .'.~_ 

.!!.2..:2- ---2..2. ~ -.ll:...1.!.:.1Q.... - fj 

ACCELERATION TESTS 

Accelerating time, se('; 

Sthedule 

I,m 

Ca 77.9 

To 32 km/hr (20 mph), __ .:S'--_____________ _ 

To 48 km/hr (30 mph) __ l"'S'-_____________ _ 

TRACTION TESTS 

Lo.d, N UbO, 
Battery chargcd ______ "'S"'S::;6"'0'-"(1,,2,,S,,0"'J'-______ _ 

40 .. Percent battery discharge 5560 (1250) 

8()..Percent battery discharge 5560 (1250) 

RELIABILITY TESTS 

Date Typo of breakdown 

aWithout rcgenera~ivp hr~~ing. 
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Driving cycle 

Range Energy 
('Onsumption 

mUes MJ/lm kWh/mlle 

4B.4 2.06 0.92 

Remarks 



vehlcle'-:--:-_--:C:--;:1::1-:==--c,--..,..,== __________ _ 
Dntes tested _......:S~/..:3::1":/.!.7.!.7 ...;t:::O'-'9L/"S'-/7.:..7'-_-:,--______ _ 
Test facJllty, __ -'A"'b=e"r"d"e~e~n'-"p.:r"o"v=i"n"q...;G,.r"o"'u"'n"'d"-_______ _ 
Tested by __ -'ME=RAD=;::C:::OM::..-_____________ _ 

llANGE TESTS 

constant speed DrIving cycle 

Test speed Rangca Energy Sthedule Range Energy 
consumption consumption 

km/h mph km mlles MJ/km kWh/mile km miles MJ/km kWh/mile 

40.2 25 . 60.8 37.8 0.62 0.28 B 37.S 23.5 1.14 0.51 

40.2 ---1L ~ ..lId ---:.B .28 C .ll&... 
55.3 ---1L .ii:.i. .1!!d ---=.!!S .37 

ACCELEllATION TESTS 

Accelerating timo. soc: 
To 32 km/hr (20 mph) -:1;;;2::-__________ _ 
To 4S km/hr (30 mphj, __ -'2;:1'-__________ _ 

TRACTION TESTS b 

Lond, N nbl): 
Battery chnrgcd ___________________ _ 

40-Percent battery dischargc ______________ _ 
So-Porcent battery dlschargo ______________ _ 

RELIABILITY TESTS 

Dilte Typo of breakdown 

aAl1 range readings are from venicle odomet.cr. 

bTests not conducead. 
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Vehicle C-12 (two vehicles) 

Datcs tested 5/2/77 to 7/15/77 

Test facility Land Engineering Test Establishment, Ottawa, 

Tested by Canadian Dept. of National Defence 

RANGE TESTS 

Constnnt speed 

Test speed Rnnge Energy S,hedwe 

consumption 

km/h mph km miles MJ/km kWh/mlle km 

Vehicle 1, 
a24.1 -.li ~ ..21,,1. B.:1!.. 0.33 

a24:'i'"" -.li 92.7 57.6 ~ .34 

°32.2 -1.!!. !hl.. ~ ~ .30 

°32.2 -1.!!. .1l:J!.. ...1h2. -..:.ll... .36 
c 48 • 3 --.lQ. .2.:..L ..E..i. .bll.. .51 
c48 • 3 --.lQ. .&!.:JL ..l!!..d ......2.!L .44 

I/ehicle ~ 
<i24.l -.li 1..Qi.:1... ~ ~ .30 

a24.l -.li1~ 65.6 ~ .34 

°32.2 -1.!!. 77 .1 ...!hl. ---
°32.2 -1.!!. !.Q.:.L ~ --=.!!1... .39 

c48.3 .-l.Q. 64.7 ..!Q.,1. 
c48 • 3 .-l.Q. .1l!.1.. ~ ~ .38 

ACCELERATION TESTS 

AClclcrntlng Ume, SCl'; 
Vehicle 1 Vehicle 2 

To 32 km/hr (20 mphl ___ --'1:.,:7,-_____ ;2;3 ____ _ 

To 48 I<m/hr (30 mphl ___ .....:4:.:7 ______ ::.5:..7 ____ _ 

TRACTION TESTS d 

Load, N (Ibn: 
Battcry chnrged __________________ _ 

40 .. Percent battery dlschnrgc ______________ _ 

SD-Pcrcent battery discharge ______________ _ 

REI.IABILITY TESTS 

Date 

aFirot gear. 

bSocond gear. 

Type o[ breakdown 

gear. 
not conducted. 
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Vehicle P-2 ICE 
TestwcJght 1017 k2 (2260 lbm) 
Dates tcs~d 8/1/77 to 8/5/77 
Tcstfa.ciUt,Y. Transportation_Research Center 
Tested by. NASA Lewis 

FUEL CO~'Stjr.IPTION TESTS 

Test speed Fuel consumption Schedule Fuel consumption 

kmIb mph rrhkm go]/mUo m3/1tm g:Il/mUe 

40.2 --2L ~ 0.0182 _B __ -2d. .2..J!!ll. 
£kL ....z..L i!:.!L ~ _B __ illd.. ~ 
.!!k..L ~ §!kL ~ _c __ .1!1=.i. ~ 
.!Q.:..!. ~ §.LL .....:.!!ill.. _c __ .J!.Q.J!.. ~ 
.!.C!d... ~ ~ -d!ill... _c __ 2!:.1. ~ 
~~~~ _D __ ~~ 

~.2L. 49.4 ~ _D__ ...lli!!.. ....:..2ill. 
.§!hL -.!L. ~ .0299 

.ll:.L -!L &.L ~ 

.lld.... -iL 2!:..L ~ 
1l.d........!L~~ 

ACCELERA no~ TESTS 

Accclcrntloo tllre, sec: 
To 32 IonIh (20 mph)' __ ,,4.:..9"-__________ _ 
To'B kmIb (30 mpb), __ ..!7~"!!.8 ___________ _ 
To 9G kmlh (GO n~pb),_-'2"7W7c.... ___________ _ 

r-- -

Vehicle P-7 ICE 
Test weight 1773 k~ (3940 lbm) 
Dates tested 7/28/77 to 8/4177 
Test IllclUty Transportation Research Center 
Tested by, NASA Lewis 

H 
Z 
8 
t<:I 
:;l 

FUEL CO~SlJMPTION TESTS ~ 
Teat speed Fuel consumption Schedule Fuel consumption 0 

kwh mph m3/km go]/mUo mS/km go]/mUe 

.!!L..L ~ .J!b.4.. ~ _B __ illdL ~ 
40.2 25 83.9 .0357 _B __ ill:.!!.. ~ 
56.3 35 81.4 .0346 _B __ ill..:.!. ~ 
!§.d... ---1!. ~ -:1!lli... _B __ ~~ 

.ll:..L ~ .J!Q:.!... ~ _c__ !!!:.!. -:!.2!!.. 

.ll:..L --i!. ..1!!.:l.. ~ c 161.1 .0685 

~--..2!...~~ C 143.5 .0610 

8 ~ t<:I 
en c:: 
8 en 

8 
!:d H 
t'l 0 
en Z c:: 
~ t<:I 

Z 
82.0 --2L ~ ~ _D __ ill:.!. ~ 

_D __ ill:.!.. ~ 
en c: 

H 
Z 
t<:I 

<: 
t<:I 
lJl 

ACCELERA nON TESTS 
H 
0 
I:" 

Accclcr.ltion time, sct': t<:I 
To 32 kwh (20 mph),_-:4,,"71 ____________ _ 
To 48 kmIb (30 mph),_-'7"."'1 ____________ _ 
To 96 kmlh (60 mpb},_..::::=.. ____________ _ 



<~-~~---~-----" - -.. --.-.~.--

Vehicle C-2 ICE 
Vehicle C-3 ICE 

Tc~t.we!ght. 1487 k~ (3305 1bml Test weight 2083 kg (4630 lbm) 

Dates tested_ 7/27/7' to 8/4/77 Dates tested 8/4/77 to 8/5/77 

Test fa.cUlty Transportation Research Center Test facUity: Transportation Research Center 

Testcdby, NASA Lewis Tested by NASA Lewis 

FUEL CONSUMPTION TESTS FUEL CONSUMPTION TESTS 

Test. speed Fuel ctlllSUIIlpUOn Schedule Fuel consumpUon Test speed Fuel consumption Schedule Fuel consumpUon 

km/b mph m3/km g:Jl!mllo m3/km sallmUe kmlh mph m3/km g:Jl!mUe m3/km gal/r.:Jle 

i!!:L~~~ --2!....-~~ ~ -1L .21..:.2- 0.02B7 _B__ .!ll.!!. .Q.d!ill. 

40.2 -ll......2!d.. ~ B 163.3 .0694 

48.3 30 95.3 .0405 --C- ffi:6 ""';'ii'606 

to.> 48.3 30""97.6 .0415 ---c- i4'ii:'il -:D'S"95 
\0 D i33:6-:o56B 
-..l ~ ~ ill:.!L -:.2!ll-

..!Q.,2, --1L .§!:.L ~ _B __ llhl. ~ 

~ --l.2.- ..'ll.:.L --:..2..!1!L _C __ .llid ~ 

.!!l..1.. -1i. l!l:.L ....:.!!m C 133.6 .0568 

.Md..2L~~ 
---C---~ ~ ------ ------

.E:L~~~ D ~ .0518 56.:3 ....2L.li:..L-....:.!?B!. o 123.7 .0526 

!k.2-~ ~ ...:!!2.L 56.3 -1..L ll.:.L ......:.!ill. o 126.3 .0537 

ll:.!L~~~ 
..6.!!..l.. ~ ~ .036B 

.§2d. -!L .!!2.,L ~ 

.1.L!.. ~ 88.7 --:,.Q,.ll1. ------
72. 4 ~.!!.!kL.....d!ll§. 

72.4 --.!L.2!.:.L ~ 

ACCELERA'l10)l TESTS 
ACCELERA nON TESTS 

AccclcrnUon time. sec: 
Accelernuon time. sec: 

To 32 km/h (20 mpbl' __ ...:.3"'.3!..-__________ __ 

To 4B kmlb (30 mph)'_-'s,. • .!.' ____________ _ 

TO 96 km/h (60 mpb),_-'2~0,. .... ' ___________ _ 

To 32 km/h (20 mph)' ___ ...::S.:..;::B _____________________ _ 

To 48 km/h (30 mph),_~l!o!O!.,.o!!O ___________ _ 

To 96 km/h {GO mpb), ___ ~39l!..,J0i_ ______________________ _ 

." 
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APPENDIX B 

HYBRID VEHICLE DESCRIPTIONS AND TEST DATA 

This appendix gives a summary of the information available on 

hybrid vehicLes. Each vehicle is described, and a table for each 

vehicle listing its major characteristics is included. Also 

presented are photographs of the vehicles (where available) and 

schematic diagrams of the propulsion systems. Available 

performance and test data are also included. Information on 

eighteen vehicles is presented, nine domestic and nine foreign. 

Although additional vehicles have been built, insufficient 

information on these vehicles has made it impossible to include 

them in this assessment. 

A specific test for a hybrid vehicle has not been delineated. 

Consequently the test data available were from several test 

procedures. Performance data are available for six hybrid 

vehicles, some of which were tested to the Federal Test Procedure 

and some to a Federal Highway Cycle. One vehicle was tested to 

the Cal ifornia Seven-Mode Emiss ions Test procedure, another to a 

postal cycle, and yet another was tested on a test track to a 

procedure similar to that used for the all-electric vehicles. All 

tests except the last were conducted on dynamometer test stands. 

The different test cond it ions and the wide differences among the 

vehicles prevent a direct comparison of performance among 

vehicles. However, where possible, the vehicles are compared witll 

their conventional counterparts. 

TEST PROCeDURES 

In the Federal Test Procedure (FT~) the vehicle is operated 

over simulated urban and/or highway start, stop, and cruise 

cycles. Fuel consumption and emissions are measured f.or an entire 

cycle; the results are presented as the average fuel economy in 

kilometers per liter (mpg) and the average emissions In grams per 

kilome:er (g/mile). Acceleration or gradeability data were not 

obtained from these tests. 

The FTP (refs. I and 2) was used for the dynamometer testing 

of two vehicles. The FTP consists of four operating phases: 
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Fl.'T operating Duration, Distance Number of 
phases s starts 

km miles and stops 

Cold transient 505 5.9 3.65 5 
Stabilization 867 6.1 3.8 13 
Shutdown (hot soak) 600 a a a 
Hot transient 505 5.9 3.65 5 

Total 2477 17.9 H.l 23 

. 

The cold and hot transient phases are identical except for 
the initial engine and drive train temperatures. In the cold 
phase, the engine and drive train start at ambient temperatures; 
in the hot phase, they are at higher temperatures as a result of 
the earlier operation. 

Each phase consists of the specified number of stop-start 
sequences. In the two "transient" phases with five sequences 
each, the maximum speed reaches 90 kilometers per hour (56 mph). 
In the stabilization cycle, with 13 start-stop sequences, the 
speed never exceeds 56 kilometers per hour (35 mph). The vehicle 
operates above 42 kilometers per hour (26 mph) for about 672 
seconds and above 32 kilometers per hour (20 mph) for about 1047 
seconds. 

The Federal Highway Cycle (FHC) is a simulated 16.4-kilometer 
(10.2-mile) test run mostly at 80 kilometers per hour (50 mph) 
with one deceleration to 40 kilometers per hour (25 mph). Some 
fuel economy data have been obtained for vehicles tested over this 
cycle. 

One vehicle was tested to the California Seven-Mode Emissions 
Test Procedure. Since this procedure was the predecessor of the 
FTP, they are very similar. It requires idle-acceleration
deceleration sequences in which the same sequence is repeated nine 
times with a 20-second idle between sequences. Maximum speed is 
80 kilometers per hour (50 mph). The duration of the test is 1213 
seconds. 

The Kordesch hybrid sedan was tested at a test track using 
the ERDA-EHV-TEP electric vehicle test procedures described in 
section 3.2 and appendix A. In these tests, fuel consumption and 
battery depletion for the Kordesch hybrid were measured for the 
same speeds and cycles that were used for testing electric 
vehicles. 
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VEHICLE DESCRIPTIONS 

In the remainder of this appendix the characteristics of the 

18 vehicles and test data for 6 of these vehicles are presented. 

Only the Kordesch sedan and the VW taxi were tested by NASA 

specifically for this report. The data for the other four 

vehicles were obtained from the literature. 

The vehicle descriptions consi.st of a table of vehicle 

characteristics, a table of performance data (where available), a 

schematic of the propulsion system, a photograph (where 

available), and a table comparing the hybrid vehicle with its 

conventional counterpart (again, where available). The 

schematics, photographs, and tables of comparative data are 

numbered and referenced in the text. 

St ir-Lec I and II 

Stir-Lec I (ref. 3) was built by General Motors in 1968. It 

is a series hybrid vehicle combining a Stirling engine with an AC 

electric drive system. A 6-kilowatt (8-hp) engine provides power 

for constant speed driving below 48 kilometers per hour (30 mph) 1 

batteries supply the excess energy at higher speeds. The 

prototype vehicle was a converted 1968 Opel Kadett. 

The second generation hybrid, the Stir-Lec II (ref. 4), was 

introduced in 1969. In this model the Stir-Lec I AC electric 

drive was replaced by a DC system1 and the small stirling engine 

drives an alternator to charge the batteries. The battery output 

is electronically modulated to control the motor speed. A 

IS-kilowatt (20-hp) DC motor drives the vehicle through a General 

Motors developed, metal roller-friction speed reducer and a 

standard differential. (See fig. B-1.) Since at low speeds the 

electric current input to the motor is nearly equal to the 

electric current output from the generator, little if any battery 

depletion occurs. Under more severe operating conditions, battery 

depletion will occur and range will be limited. The fuel economy 

and emissions of the hybrid are compared with those of a 

conventionally powered 1973 Opel Kadett in table B-1. Despite low 

emissions and fuel consumption, General Motors did not consider 

the nybrid commercially attractive because of its cost and 

complexity, consequently, the project was discontinued. 
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VEHICLE CHARACTERISTICS: STIR-LEC II 

Manufacturer. • • 
Objective ..... . 

• • • • • • • • General Motors Research 
Experimental hybrid for emissions tests 

Vehicle description 
Body type ••• 
Model • • • •• "" 
Curb weight, kg (lbm) 

Hybrid type • • • • • • 
Heat engine operating mode. 
power train 

Heat engine 
Type. . ,. 10 • • 10 • • 

Power at 3000 rpm, kW (hF). 
Emissions controls. 

Transmission. • • 
Electric motor 

Type. .. • • . 10 • 

Power, kW (hp) •• 
Electric generator. 
Motor control • 
Engine control. 
Battery 

Type. 10 • 10 • 

Number. • . . 
Voltage, V •••• 
Weight, kg (lbm). 

alnformation not provided. 

Two-passenger sedan 
Opel Kadett 

•••• 1450 (3200) 

Continuous; 
Series 

fixed power 

.10. . . . . . 
10 • 10 • • • • • 

• •• Stirling 
• 6 (8) 

• • • • • • • • • • • 10 • None 
Roller-friction speed reducer 

. . . . . . 
Three-phase 

Chopper . . . 

• • Series DC 
• • • 15 (20) 
AC alternator 
speed control 
• • • • • (a) 

6-V SLI, lead-acid 
14 

• 84 
227 (500) 

VEHICLE PERFORMANCE: STIR-LEC II 

Acceleration from 0 to 50 km/h (30 mph), s 
Maximum speed, km/h (mph): 

Hybrid mode • • • 
Batteries alone • • • • • 
Heat engine alone • • • • 

Range at 50 km/h (30 mph), km (miles): 
Hybrid mode • • • • • 
Batteries alone • • • . . 

Fuel economy at 48 km/h (30 mph), 
km/li ter (mpg). 
Emissions: 

Driving cycle 
Levels, g/km (g/mile): 

He. • • 
co .. 
NOx • 

alnformation not provided. 
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97 (60) 
• (a) 
• (a) 

240 (150) 
• 40 (25) 

13 - 17 (30 - 40) 

(a) 

•• • 0 
0.2 (0.3) 
-0.6 (_1) 

\ 
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TABLE 8-1. - Ft..:I:L CCONQI1.1Y AND EMISSIONS COMPARISON OF STIR-Li:C II AND 

CONV",~:'.."tONAL OPEL KADETT 

[Test cycle, Ftoderal Test Proccdur(' ~ 

(ll) 51 units 

Vehicle H,_'at engine Emissions Fuel Test Emissions level, 
controls economy speed, 9/km 

at CClilstant km/h 
speed, lie eo NOK 

km/liter 

STIR-LEe II 6-kilowatt None 13 - 17 48 0 0.: 0.6 
Stirling 

1973 Opel 1. 9-Litor EGR
a 15 BO 1.5 1.9 1.2 

Kac1ett spark 
ignition 
engine 

(b) u.s. customary units 

Vehicle Hcat engine EmisstonG Fuel Test Emissions level, 
controls economy speed, 9/mUe 

at constant mph 
spoed, He eo NOK 

mp9 

STIR-LEe It 6-I;ilowatt None 30 - 40 30 0 0.3 1.0 
Stirling 

1973 opel 1. 9-Litor EGRa 35 50 2.4 3.0 1.9 
Kadctt spark 

ignition 
engine 

"Exhaust glls recirculation. 

Heat engine Alternator - Motor ~ 
Speed 'X reducer " 

1 
I Driver L ______________ 

Control system ----·commands 

ill Mechanical connections 
Batteries • Electric flow --- Control signals 

Figure B-1. - General Motors Stlr-Lec II schematic. 
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Minicars 

A hybrid vehicle was built by Minicars, Inc., of Goleta, 
California, in 1969 to evaluate techniques for reducing emissions 
by minimizing engine transients. It is a parallel hybrid vehicle 
powered by a IS-kilowatt (20-hp) DC electric motor and a 
30-kilowatt (40-hp) spark-ignition engine (ref. 5). 

The vehicle was tested both in its initial configuration and 
as a hybrid. Several design variations were evaluated for the 
hybrid, including engine manif~ld air intake modifications, a 
throttle delay mechanism, and various battery voltages. The 
configuration of this hybrid is shown schematically in figure B-2. 
The heat engine operates continuously either to charge the 
batteries or to power the vehicle. Its engine speed is the same 
as the motor speed and thus varies with vehicle speed. A major 
design contribution is in the throttle delay between the 
accelerator pedal and the carburetor throttle. This delay reduces 
engine transient rates andl:hus helps reduce emissions. 

Emissions and fuel economy test data were-obtained for the 
. Minicar before and after the- vehicle modification. The data were 
obtained on a chassis dynamometer at the APCO Federal Laboratories 
in Los Angeles in 1970. The emission data were obtained from 
tests conducted according to the California Seven-Mode Emission 
Test Procedure. The fuel economy data were obtained at constant 
speeds of 24 to 80 kilometers per hour (15 to 50 mph) and at test 
weights of 900, 1400, and 1800 kilograms (2000, 3000, and 4000 
Ibm). The fuel economy data at the three weights were averaged 
and presented as a single value for each speed. The results are 
shown in table B-2. 
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VEHICLE CHARACTERISTICS: MINICAR 

Manufacturer. 

Objectives. • 

Vehicle description 
Body type ••• 
Model • • • • • 
Curb weight, kb (lbm) 

Hybrid type 

Heat engine operating mode. 

Regenerative braking. 

Power train 
Heat engine 

Type. .. .. .. .. .. .. .. 
Power, kW (hp). • • 
Emissions controls. 

Transmission. • • 
Electric motor 

Type. .. .. .. .. .. .. 
Power, kW (hp) •• 

Electric generator 
Motor control • 

Engine control. 

Battery 
Type. • ••• 
Number. • •• 
Voltage, V •• 
Weight, kg (lbm). 

Heat engine 

t 
I 

fhrottle 

Motorl 
generator 

. .. .. .. .. .. f.linicars, Inc .. 

Reduce emissions by minimizing 
engine transients 

.Two-passenger sedan 
.. .. Mini-car 

•• 1450 (3200) 

Parallel 

continuous; variable power 

• • • • • • No 

.Six cylinder: 2.7 liter: ail: cooled 
30 (40) 

.. .. .. None 
Three speed; automatic 

• • • • DC shunt 
• • • 7.1 (9.8) 
.. .. .. .. .. .. .. .. Motor 

.Field and armature centrols 
(e lectronic) 

Throttle delay mechanism: heated 
air intake 

12 V: lead-acid: 96 Ah 

Automatic 
transmission ~ 

• • • • 12 
24/48 

290 (640) 

Driver 
delay --- Control system ~--- commands 
mechanism 

.. Mechanicai connections 
Batteries , Electric flow 

---.... Control signals 

Figure B-2. - Mini-Ca. schematic. 
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TABLE B-2. - FUEL ECONOMY AND EMISSIONS COMPARISON OF 

CONVENTIONAL AND HYBRID MINICARS 

[Test cycle, California Seven-Mode cycle~ 

Cal SI units 

Vehicle Test speed, km/h Emissions level, 

24 48 80 HC CO 

Fuel economy at 
constant speed, km/liter 

Hybrid 5 3.7 5.3 3.1 17.4 

Conventional 6.2 4.4 5.4 7.5 79.6 

Cbl U.S. customary units 

Vehicle Test speed, mph Emissicns level, 

15 30 50 HC CO 

Fuel economy at 
constant speed, mpg 

Hybrid 11.8 8.8 12.4 5 28 

Conven'~ional 14.5 10.3 12.6 12 128 

University of Wisconsin Commuter Car 

g/km 

NOx 

0.99 

1.4 

g/mile 

NO x 

1.6 
2.2 

A hybrid vehicle was designed and built "from the ground up" 
by the university of Wisconsin for the 1972 Urban Vehicle Design 
Competition (refs. 6 and 7). The emphasis in the design was fuel 
economy in urban driving situations and passenger safety. The 
parallel hybrid vehicle has a 37-kilowatt (50-hp) rotary heat 
engine and an l3.5-kilowatt (18-hp) DC motor-generator. The power 
train is the most unique part of the design (fig. B-3). The dual 
clutches attached to the gearbox allow the vehicle to operate as 
an all-electric vehicle or in two different parallel hybrid 
conf igurat ions. 

In the all-electric mode, clutch 1 is disengaged and clutch 2 
is engaged. This permits the ~ngine to be isolated from the rest 
of the power train. The electric motor directly drives the 
transmission, which, in turn, drives the rear axle. When 
regenerative braking is used, the reverse occurs - the motor acts 
as a generator. 
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In one hybrid mode, clutch 1 is engaged and clutch 2 is 
disengaged. The engine and motor-generator are then 
differentially connected to the drive wheels. The engine can 
drive the w~eels and the motor-generator if excess engine power is 
available, or th~ engine and motor-generator together cen drive 
the wheels. This mode also permits the engine to run at constant 
speed while the motor-generator speed is changed to provide 
vehicle speed control. With the vehicle stopped, the engine runs 
at normal speed and the motor-generator at twice engine speed. In 
the second hybrid mode, clutches 1 and 2 are engaged, the engine 
and motor-generator are directly coupled to the wheels (no 
differential action), and both the engine and the motor speeds are 
proportional to the wheel speed. 

VEHICLE CHARACTERISTICS: 

Manufacturer •••• 
Obj ecti ves. • • • • 
Vehicle description 

Body type ••• 
Model • • • • • 
Curb weight, kg (lbm) 

Hybrid type • • 
operating mode: 

Heat engine • 
Other . .. .. .. .. .. .. 

Regenerative braking. 
Power train 

Heat engine 
Type. .. .. .. .. .. .. .. 
Power, kW (hp) ••• 
Emissions controls. 

Transmission. • • 
Electric motor 

Type. .. .. .. .. .. .. 
Power, kW (hp) •• 

Electric generator. 
Motor control . 
Engine control. 
Battery 

Type. .. .. .. .. 
Number •••• 
Voltage, V •• " • 
Weight, kg (lb~). 

aInformation not provided. 

UNIVERSITY OF WISCONSIN COMMUTER CAR 

University of Wisconsin 
Fuel economy and safety 

Two-passenger sedan 
.custom built 

1360 (3000) 

• • .Parallel 

.cont.inuous, variable power 
• All-electric 

.. .. .. .. .. .. .. .. .. .. .. .. Yes 

.. .. .. .. .. .. .. .. .. .. Wankel rotary 
••••••••• , ••• 37 (50) 

-Thermal reactor; catalytic converter 
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Clutched, differential type 

• • •• • • Series DC 
• ••••••• 13.5 (18) 
.. .. .. .. .. .. .. .. .. .. Motor 
.Electronic speed control 
Manual on-or-off controls 

12 V; lead-acid, heavy duty 
• 3 
.36 
(a) 

I 



Driver 
commands 

~---.-------.. 
Heat engine 

Clutch 1 

- .... ~ Mechanical connections 
--.~ Electric flow 
_.--- Control Signals 

From 
heat 
engine 

Clutch 1 

Control system 1-------1 Batteries 

Gear box 

141-~ M:Xorl Regenerative braking 
generator ~. ~m~ 

Clutch 2 

To 
§oo ... ~ motorl 

generator 

El--"'~ To drive wheels 

Figure B-3. - University of Wisconsin. commuter car schematic. 

University of Florida Commuter Car 

The University of Florida modified a small two passenger, Datsun 510 (ref. 8) for the 1972 Urban Vehicle Design Competition. The vehicle is a series hybrid powered by a small industrial spark-ignition engine and generator. It can operate as an all electric vehicle for short distances or as a hybrid. The vehicle has an unusual drive train consisting of two DC motors coupled directly to one central drive shaft by timing belts (fig. 8-4). 
Emissions c~trol is obtained by 

(1) A thermal reactor with air pumps for CO ~nd HC 
(2) Exhaust gas recirculation for NOx 
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(3) A catalytic converter 

(4) A particulate trap 

The limited results available from a dynamometer test at General 

Motors indicate that the vehicle exhibits very low emissions 

levels and low fuel consumption. 

VEHICLE CHARACTERISTICS: 

Manufacturer •••• 

Objectives. • • • • 

Vehicle description 
Body type ••• 
Model • • • . . • • 
Curb weight, kg (lbm) 

Hybrid type • • • • • • 

Heat engine operating mode. 

Regenerative braking. . . . 
Power train 

Heat engine 
Type. • • • . . • • 
Power, kW (hp) ••• 
Emissions controls. 

Transmission. . . 
Electric motor 

Type. . . • . . 
Power, kW (hp). 

Electric generator. • 
Motor control • 
Engine control. 
Battery 

Type ••••• 
Number •••• 
Voltage, V.. • • 
Weight, kg (lbm) •• 

• 

• 

UNIVERSITY OF FLORIDA COMMUTER CAR 

. . . . . . . university of Florida 

Fuel economY1 low emissions1 safety 

Two-passenger sedan 
.Datsun 510 

• • • • 1360 (3000) 

· . . . . .. Series 

Continuous 1 fixed speed 

. . . . . . • • • • .No 

.Industrial ICE motor-generator 

.....••..•. . 10 (14) 
EGR1 thermal reactor1 catalytic 

converter 1 particulate trap 
.Electric1 direct 

• 
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• • • • .DC shunt (2) 
••••• 19 (25) each 
120/240 V AC1 6.5 kVA 
BSW1 armature voltage 

• • • • • Governor 

.12 V1 lead-acid 1 70 Ah . . · . . . 
• • • • • 136 

• • 8 
• 96 
(300) 



VEHICLE PERFORMANCE: UNIVERSITY OF FLORIDA COMMUTER CAR 

Acceleration from 0 to 50 km/h (30 mph), s 

Maximum speed, km/h (mph): 
Hybrid mode • • • 
Batteries alone • • • • • 
Heat engine alone • • • • 

Range at 50 krn/h (30 mph), km (miles): 
Hybrid mode • • • • • 
Batteries alone • • • 

Fuel economy at 48 krn/h (30 mph), km/liter (mpg). 
Emissions: 

Driving cycle • • • • • 
Levels, g/krn (g/mile): 

HC. 
CO. 
NOx 

Heat engine 

1 

Alternator r--

Electric ,... 
motor 

Electric 
'""- motor 

Driver 

f+ 

f+ 

L ______________ 
Control system ---- commands 

• • 8.5 

• 97 (60) 
Not available 
Not available 

290 (180) 
16 (10) 

• 10 (23) 

.1972 FTP 

0.30 (0.49) 
1.96 (3.16) 
3.60 (0.58) 

+ 

jII Mechanical connections 
Batteries • Electric flow 

---- Control signals 

Figure B-4. - University of Florida commuter car schematic. 
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Kordesch Austin 

A four-passenger Austin sedan, shown in figure B-5, was 

modified by Dr. K. Kordesch to operate as a hybrid (refs. 9 and 

10). It is a series hybrid vehicle pO~lered by a Sears' 

spark-ignition engine and alternator. The vehicle can operate as 

either an all-electric or a hybrid. In the hybrid mode the engine 

generator electrical output is used to supply electrical energy to 

the motor while running and to recharge the batteries when extra 

power is available. A schematic of the power system is shown in 

figure B-6. 

The alternator produces 110 volts of AC power which is 

rectified prior to powering the motor or charging the batteries. 

The battery charging rate is determined by the availability of 

power and the battery voltage which, in turn, is partially 

determined by the battery's state of charge. The alternator speed 

is set manually and is maintained by a governor on the engine. 

The tests were conducted at the TRC test track in Ohio. One 

lap of the 12 kilometer (7.5 mile) track was completed at each 

test condition. Tests were run at constant speeds of 40, 56, and 

72 kilometers per hour (25, 35, and 45 mph) and over the SAE J227a 

schedule Band C driving cycles. The alternator output alone is 

not sufficient to propel the vehicle at 40 kilometers per hour (25 

mph), the lowest test speed attempted; so no tests were run on 

engine power only. The tests were run with low (2800 rpm) and 

high (3200 rpm) speed settings on the alternator and with the 

alternator not running (battery power only). Gasoline 

consumption, alternator and battery output energies, vehicle 

speed, and distance traveled by the vehicle were measured. No 

emissions data were taken. The fuel economy was obtained from a 

precision fuel flowmeter installed in the vehicle. The meter 

displays elapsed time, fuel temperature, fuel line pressure, and 

integrated fuel flow. The battery energy consumption was measured 

with a DC kilowatt-hour meter installed on the battery output. 

Input power to the off-board battery charger was not measured. 

Table B-3 shows the calculated ranges that could have been 

attained if the vehicle had been run until the battery was 

depleted. As an all-electric, at 40 kilometers per hour (25 mph) 

the vehicle's range was 45 kilometers (28 miles). The range was 

extended to 64 kilometers (40 miles) with the alternator running 

at low speed and to 161 kilometers (100 miles) with the alternator 

running at high speed. The gasoline economy was 255 kilometers 

per liter (60 mpg) at the low alternator speed and 85 kilometers 

per liter (20 mpg) at the high alternator speed. As the vehicle 

speed increases the fuel consumption decreases. Since the fuel 

flow is approximately constant at fixed alternator speeds, 

regardless of vehicle speed, and the time required to travel 1 

mile is iess at higher speeds, the amount of fuel used per unit of 
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distance decreases with speed. 

The Kordesch hybrid uses an engine-alternator unit designed 
- as an auxiliary electric power system which was not optimized for 

minimum fuel consumption. The vehicle was originally converted to 
be run as an all-electric. The engine-alternator was added later 
to extend the range, so the system and control mode are not 
necessarily optimized for hybrid operation. 

Despite these limitations, the Kordesch 11ybrid is capable of 
operating with very low fuel consumption under some conditions. 
This is shown in table B-4 where performance is compared with the 
performance of a similar conventional vehicle p-2 (see section 
3.5). At 56artd 72 kilometers per hour (35 and 45 mph) on-board 
fuel economy for the Kordesch vehicle is significantly better than 
for conventional vehicle P-2 because battery energy· is replacing 
gasoline. At other vehicle test conditions, modifications to the 
propulsion or control system would be needed to reduce on-board 
fuel consumtion. However, when total energy consumption is 
calculated (by summing the gasoline and electrical energy inputs), 
the total energy required to propel the vehicle is higher than 
that required by the same sized conventional passenger car. 

VEHICLE CHARACTERISTICS: KORDESCH AUSTIN 

Manufacturer. • • • 
Objective • • • • • 
Vehicle description 

Body type ••• 
Model • • • • • • • • 
Curb weight. kg (lbm) 

Hybrid type • • 
Operating mode: 

Heat engine • 
Othor •••. 

Regenerative braking. 
Power train 

Heat engine 
Type. • • • • • • • 
Power, kW (hp) ••• 
Emissions controls. 

Transmission. • • 
Electric motor 

Type •••••• to. 

Power. kW (hp) •• 
Electric generator. 
Motcr control • 
Engine co~trol. • 
Ilattery 

Type. to ••••• 

Number •••• 
Voltage. V • • • 
Weight. kg (lbm). 

• • • Dr. Karl Kordesch 
Personal transportation 

.Four-passenger sedan 
Austin A40 

'. • 1360 (3000) 
• • • • • • • .Series 

continuous power; hand-throttle setting 
.All electric 

• • 

• • 

•• • 
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• • • • • • . • • .No 

.Industrial motor-generator 
• • • • • • • 12 (lu) 
• • • • • • • • .None 
Austin 4-speed manual 

· • . . . . . .Sories 
• • • • • • • • • lS (20) 
7-kW. 110-V AC alternator 

• • • • .ContactorJ BSW 
Governor; hand throttle 

• 
• 

12 V; lead-acid 

• 
• • • 

• • • • B 
• 96 

181 (400) 

\ 



la' Vehicle . 

." Batteries and controls. 

Figure B-S. - Kordesch hybrid . 
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'\ 
j 

~. Manual 
Heat engine Alternator r- Motor transmission 

and clutch 

t 
I 

I Driver L ______________ 
Control system 1---- commands 

I 
! .. Mechanical connections 

Batteries I Electric flow 
---- Control signals 

Figure B-6. - Kordesch schematic. 

TJ\BLE B-3. - TEST RESUIJIS FOR ROnDESCH HYBRID VFlIlct.r: 

(a) SI WlitB 

Tc5t condition Altcmator speed, _ 
(constant 
speed or 0 2BOO (lc>l) 3200 (high) 
driving 
scluxlu1c) Range, Electric Rilng'c, F\cl Electric !lange, Fuel Electric 

I<m en= I<m cconany, energy I<m econarrt. energy 
amsuop- lon/litcr constmp- lon/liter consunp-

ticn, tion, tion, 
kWMan kWMan k>1h/km 

40 l<n1Ih 45 0.21 64 26 0.15 161 9 0.069 

56 l<n1Ih 37 •• 23 56 34 .16 121 13 .OB6 

72 l<n1Ih - - 40 45 .20 64 17 .14 
Schedulo B - - 48 11 .19 161 4 .06 

Schedulo C - - 24 15 .27 56 6 .14 

(b) U.S. cu.sta\1ary WlitB 

Test condition Altel.1liltor speed, 1"(lll 
(cc.nstant 
spced or 0 2800 (1<>1) 3200 (high) 
driving 
cchedule) Range, Electric =0, F\1Ol Electric Rilngo, Fuel Electric 

mile:! energy miles cconany, energy miles ecollClt¥, energy 
consunp- npg COll5UIlF" npg ccnswrp-

tion, tion, tion, 
)~'hfinilo klfu/milo I~':h/milo 

25111'h 20 0.33 40 60 0.25 100 20 0.11 

35 mph 23 .36 35 BO .26 75 30 .14 

45 mph - - 25 105 .32 40 40 .23 

ScheduleB - - 30 25 .30 100 10 .10 

Schedule C - -- 15 35 .44 35 15 .22 
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'I2\BLE B-4. - COMPlIRISONS OF ENERGY CONSrnPl'ION FOR KORDESCII HYBRID AND A 

CCNVENTIONAL CAR 

(a) SI tmits 

Test condition Conventional KOl:desch hybrid vehicle (test weight, 
(constant vehicle P-2 1361 kg) 
speed or (test weight, 1025 kg) 
driving Fuel Electric Total Range, 

schedule) Fuel Energy econOll¥, energy energy km 
economy, consunp- km/liter consunp- consunp-
km/liter o.on, tion, tion,a 

kWh/km kWh/krn klVb/km 

40 km/h 23 0.36 26 0.15 0.82 64 

56 km/h 20 .44 30 .16 .75 56 

72 km/h 18 .49 45 .20 .80 40 

Schedule B 10 .87 11 .19 1.40 48 

Schedule C 12 .71 15 .27 1.42 24 

(b) U.S. custonary tmits 

Test condition Conventional Kordesch hybrid vehicle (test weight, 
(constant vehicle P-2 3000 lb) 
speed or (test weight, 2260 lbm) 

Electric driving Fuel Total Range, 
schedule) Fuel Energy economy, energy energy miles 

economy, consunp- mpg consunp- consunp-
tic-., tion tion,a mpg . , 

Btu/mile kWh/mile Btu/mile 

25 mph 56 2000 60 0.25 4500 40 

35 mph 48 2400 80 .26 4100 35 

45 mph 42 2700 105 .32 4400 25 

Schedule B 24 4800 25 .30 7600 30 

Schedule C 29 3900 35 .44 7800 15 

a Includes the heat content of the gasoline and the heat required at 33 percent 
efficiency to produce the electrical energy for recharging the battery. 

Petro-Electric 

The Petro-Electric hybrid shown in figures B-7 and B-8 was 
built in 1973 to demonstrate low emissions (ref. 11). It is a 
parallel hybrid vehicle powered by a Mazda rotary engine. The 
basic vehicle is a 1972 Buick Skylark with the standard 5.7 liter 
engine replaced by a 97-kilowatt (130-hp) rotary engine and an 
electrical drive. Exhaust gas recirculation and a thermal reactor 
are used to control exhaust emissions. 
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The commands for power are transmitted through the 
accelerator pedal to the electronic speed control. The 
accelerator pedal normally controls the motor field current and 
voltage. Depending on the position of the accelerator pedal, the 
motor operates either as a generator or as a motor. When 
additional power that cannot be provided by the engine operating 
at constant vacuum is desired, a mechancial override on the 
accelerator pedal opens the engine throttle. The electronic 
control system reduces power transients on the heat engine and 
limits its operating range by sensing and controlling manifold 
vacuum. The engine is directly coupled to the motor and drives 
the wheels through a standard manual transmission. 

The PetrO-Electric hybrid was tested on the Gould dynamometer 
(ref. 12) and the EPA dynamometer in Ann Arbor under the FTP and 
the Federal Highway Cycle (FHC). These emissions and fuel economy 
test results are shown in table B-5 and are compared with a 
conventional 1972 Buick Skylark and a conventional 1360-kilogram 
(3000 Ibm) vehicle powered by a Mazda RX-2 engine. The first 
series of tests was conducted at Gould at an engine power level 
such that no battery depletion occurred. Low emission levels were 
achieved under these conditions. The second series of tests was 
-conducted at EPA at lower engine power levels and a 35 percent 
increase in fuel economy was achieved with a 30 percent depletion 
in the battery capacity over the IB-kilowatt (II-mile) length of 
the test. 

VEIIICLE CHARACTERISTICS: PETRO-ELECTRIC 

Uo.nufacturer. • • . . 
Objective • • • • • • 
Vehicle description 

Body type • • • • • 
Modol • • • •.• • 
curb weight, kg (lbm) 

PetrO-Electric Motors, Inc. 
• • • • Low emissions 

.Four-passenger sedan 
• .1912 Buick Skylark 
• •••• 1860 (4100) 

Hybrid type • • • . • • • • . • . • .Parallcl 
Heat engine operating mode. ',' .Continuous; variable speed and power 
Regenerative braking_ ................................ Yos 
Power train 

lIeat engine 
Type. .. .. .. .. .. .. .. 
power, kW (hp) ••• 
Emissions controlS. 

Transmission ..... 
Electrio motor 

Type. .. .. .. .. .. .. 
Power, kW (hp) •• 

Eloctric genorator. 
Motor control • 
:Engine control. 

Battery _ 
l'ype. .. .. .. .. 
Number. • .. .. 
voltage, v ....... 
Weight, kg (lbm). 
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.. .. .. .. Mazda rotary 

....... •• 97 (1:"0) 

.Therm~l reactor: EGR 
Three speed: manual 

• • • • • .DC shunt 
• • • • • • 15 (20) 
• • • • • • • Motor 

• • • .Field control: BSW 
.Constant manifold vacuum 

by automatic control 

12 VI lead-acid, SLI 
• • 8 

.. .. .. .. .. • • •• 96 
• • • • • • 181 (400) 

\ 
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V!.lHICLE PERFORMANCE: PETRO-ELECTRIC 

Acceleration from 0 to 97 km/h (60 mph), s 

Maximum speed, km/h (mph): 
Hybrid mode • . • 
Batteries alone • 
Heat engine alone 

Range at 100 km/h (60 mph), km (miles): 
Hybrid mode • . • • 
Batteries alone • • 

Fuel economy, km/liter (mpg): 
Federal Test Procedure. 
Federal Highway Cycle 

Emissions: 
Driving cycle • 

Levels, g/km (g/mile): 
HC. 
co. 
NOx 

. 16 

129 (80) 
.Not available 

• 129 (80) 

483 (307) 
.Not available 

a b 4.5 (10.7) : l.8 (8.9)b 
8.4 (19.8)a: 6.8 (15.9) 

Federal Test Procedur~ 

0.24 (0.38) 
1.50 (2.42) 
0.45 (0.72) 

~GoUld, Inc., tests with lO-percent battery depletion. 
EPA, Ann Arbor, Mich., tests (1974) with no battery depletion. 

Agure 8-7. - Petro-Electric hybrid car. 
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I 

Motort Manual 

<1> 
generator Heat engine transmission 

and clutch 

t 
I 

t 
Control system Driver ro---- commands 

• Mechanical connections 
Batteries ~ Electric flow 

---.-. Control signals 

Figure B-8. - Petro-Electric schematic. 

TABLE B-5. - FUEL ECONOMY AND EMISSIONS COMPARISON OF PETRO-ELECTRIC HYBRID 

AND CONVENTIONAL VEHICLES 

~missions test cycle, Federal Test procedure~ 

• (a) 81 units 

Vehicle Chasois Differ- Engine Test Fuel Test Emissions level, 
ential weight, economy, cycle: 9/km 
ratio k9 km/liter or toot 

speed, HC co NOx km/h 

Petro- 197a 5,1 RX-2 Mazda 1814 a bFTP 0.24 1.5 0.47 a4• 5 
Electric Buick rotary 6.4 FHC 
hybrid Skylark 

Conven- 1972 3.1 1676 7.7 86 2.2 18.6 (e) 
tional Buick },-.-Skylark tiona.l: 

displace-
Conven- 1972 5,1 mont, 1678 5.5 88 ---- ---- ----

tional Buick 5700 em3 
Skylark 

Mazda (e) (e) RX-2 Mazda 1361 4.7 --- 1.6 9.3 1.9 
rotary 

aWith 30-percent: battery depIction; \'1ithout battery depIction, fuel economy was 3.8 kIn/liter (8.9 mpg) 
for the F~P nnd 6.B km/liter (15.9 mpg) for the PHC. 

hrOdoral Tost Procedure usod for emissions test: FHC denotes Fodoral Highway Cycle. 
~Information not provided. 



TABLE 8-5. Concluded. 

(b) U.S. customary units 

vehicle Chassis Differ- Engine Test ru~l Test Emissions level, 

ential weight, economy, cycle: g/mi1e 

ratio ibm mpg or test 
speed. lie co 

mph 

• bpTP 
Pctro- 1972 S:l RX-2 Mazda 4000 a lO • 7 0.38 2.42 

Electric Buick rotary 19.8 FHC 

hybrid Skylark 

Conven- 1972 3:1 3700 18 55 3.5 30 

tiona1 Buick t~"-Skylark tional j 
displacc-

Conven- 1972 ;;':1 mont. 3 3700 13 S5 ---- -----

tional Buick 350 in. 
Skylark 

Hazda (e) (e) RX-2 Mazda 3000 11 --- 2.5 15 

rotary 

aWith 30-percent battery depIction: without battery depletion. fuel economy was 3.8 km/Iiter 

b (8.9 mpg) for the FTP and 6.8 km/litcr (15.9 mpg) for the FIIC. 

cFederal Test Procedure used for emissions test: FHC denotes Federal night·my Cycle. 

Information not provided. 

TurElec 

NOx 
-

0.76 

(e) 

----

3 

TurElec ~lotors Corp. of Florida built a gas-turbine-powered 

series hybrid as an experimental preproduction vehicle (ref. 13) 

in 1975. The vehicle has a custom-built fiber-glass body (fig. 

B-9). The propulsion system is a conventional series hybrid (fig. 

B-10). The DC motor is controlled by an SCR chopper, and the gas 

turbine alternator output is controlled manually (similar to the 

Kordesch sedan). Although test data are not available for this 

vehicle, the manufacturer predicts the performance shown in the 

performance table. 

VEHICLE PERFORMANCE: TURELEC 

Acceleration from 0 to 97 km/h (60 mph), s 

Maximum speed, km/h (mph) • • • • • • • 

Range in all-electric mode under urban 
driving conditions, km (miles) •••• 

Fuel economy in hybrid mode, at 97 km/h 
(60 mph), km/liter (mpg) ••••••• 
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VEHICLE CHARACTERISTICE: TURELEC 

Manufacturer . . . . 
Objective • • • • • 

Vehicle description 
Body type •• . 
Model • • • • • 
Curb weight, kg (lbm) 

Hybrid type • • 

Operating mode : 
Heat. engine 
Other • • • 

Power train 
Heat .. ngine 

Typ' . • • • • • . . • . 
Power at 50 000 rpm, kW (hp). 
Emissions controls . 

Transmission. . . 
Electric motor 

Type .•• ••. 
Power , kW lilp). 

Electric gener~tor 
Motor control . 
Engine control. 
Battery 

Type. . • • • 
Number • ••• 
Voltage , V • . 
Weight , kg (lbm). 

. TurElect Motors Corp . 

. Commercial development 

.Five-passenger sedan 

. Custom (fiber glass) 
1814 (4000) 

· .. Series 

Continuous ; fixed power 
• • • . . . All electric 

· . . .AiResearch gas turbine 
· .. •• • . • . .• 37 (50) 
· None (simple Brayton ~ycle) 

4 Speed; manual; with clu ~ch 

· Series DC 
· • 15 (20) 

30-kW AC alternator 
Chopper speed control 

.. Manual 

12 V; lead-aci d 
• • 8 

96 
181 (400) 

Figure 8-9. - TurElec. 
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1 

DC 
Manual 

Heat engine Alternator ;- motor transmission ~ 
and clutch 

I 
I 

I Driver L ______________ 
Control system ~--- commands 

•• Mechanical connections 
Batteries • Electric flow 

--- Control signals 

Rgure B-10. - TurElec schematic. 

Gould Hybrid Postal Van 

Gould, Inc., built a conventional-engine-powered compound 

part ' hybrid postal van in an attempt to improve fuel economy 

(r~·. '. A quarter-ton AM General OJ-5C postal van was 

cor. .eeli to a hybrid (figs. B-ll and B-12). This hybrid uses a 

continuously variable transmission (CVT) designed for off-the-road 

vehicle use. The CVT allows the engine to operate at fairly 

constant speed and power. With the vehicle stopped and at speeds 

below 37 kilometers per hour (23 mph) the engine drives the motor 

as a generator. At speeds greater than 47 kilometers per hour (29 

mph), and, while the vehicle is accelerating, both the engine and 

motor drive the vehicle. 

The hybrid postal van has been tested over the postal driving 

cycle and at constant speed (ref. 14) on the Gould dynamometer and 

at the TRC test track. oata from the constant-speed dynamometer 

tests are presented in table B-6, where they are compared with 

data for a conventional AM General OJ-50 postal van and for the 

all-electric OJ-5E Electruck at the same conditions. The OJ-5E 

was also built for the USPS by AM General Corp. and Gould, Inc. 

The high fuel consumption of the hybrid is thought to be a 

result of the low efficiency of the oversized CVT and other 

inefficiencies in the drive train (ref. 15). 
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VEHICLE CHARACTERISTICS: GOULD HYBRID POSTAL VAN 

Manufacturer. • • • • Gould, Inc. 

Objective • • • • • Fuel economy 
Vehicle description 

Body type ••• 
Model .. .. .. .. .. 
Curb weight, kg (lbm) 

Hybrid type • • • • • • 
Heat engine operating mode. 
Regenerative braking. 
Power train 

Heat engine 
Type.. .. .. .. .. .. .. 
Power, kW (hp) •• 
Emission controls 

Transmission. • 

Electric motor. 
Motor control • 
Engine control. 
Battery 

Type.. .. .. .. .. 
Number.. .. .. .. 
Voltage, V •••• 
Weight, kg (lbm). 

VEHICLE PERFORMANCE: 

Acceleration, s: 
o - 50 km/h (30 mph). 
o - 32 km/h (20 mph). 

Maximum speed, km/h (mph): 
Hybrid mode • • • 
Batteries alone .. .. .. .. .. 
Heat engine alone • • • • 

•• Postal van 
.AM General DJ-5C 

1497 (3300) 
•• Parallel 

continuous 1 fixed power 
• • • • Yes 

2-Cylinder, l-liter, air-cooled ICE 
• ••••••••••••• 19 (25) 
.. .. .. .. .. .. .. .. .. .. .• .. .. .. .. .. None 

Sundstrand, Series 21, hydrostatic, 
continuously variable 
• .DC motor-generator 
Chopper field control 
.. .. .. .. .. .. .Governor 

12-V SLI, lead-acid, 61 Ah 
12 
72 

• ••••• 196 (432) 

GOULD HYBRID POSTAL VAN 

15 
9 

76 (47) 
.Not available 
.Not available 

Range at 42 km/h (26 mph), km (miles): 
Hybrid mode • • • • • 
Batteries alone • • • • • • 

Fuel economy at 40 km/h (25 mph) , 
km/liter (mpg). 
Emissions: 

Driving cycle • • • 
LeVels, g/km (g/mile): 

HC. 
CO. • 
NOx " "" • • • 
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286 (179) 
.Not available 

• • 7.2 (16.9) 

48-~T./h (30-mph) constant speed 

1.12 (1.81) 
6.6 (9.91) 

5.15 (8.28) 

\ 
___ ~-=_=---.nHa---.l 



Motor! 
generator 

Figure 8-11. - Gould Hybrid Postal van. 

Continuously 
I-"'~ Heat enginel-.... ~ variab,e ~ .. o{ 

transmission 

I -L-S------:
iver 

Control ~':::':Ir---- commands 

- ... ~ Mechanical r.onnection~ 
- - .-- 1.If!Ctnc flow 
. - - . Control signals 

Figure 8-12. - Gould Hybrid Postal yan schematic. 
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TABLE B-G. - POSTAL VAN PERFORMANCE COMPARISON 

(a) SI units 

Postal van Curb Maximum Acceleration Fuel Maximum 
weight, speed, economy speed on 

kg km/h o to 32 km/h 0 to 48 km/h at 10-percent 
40 km/hr, grade, 

Accelerating time, km/liter km/h 
s 

Gould 1497 7G 9 15 7.2 30 
hybrid 

AM General 1642 56 9 23 --- . 21 
OJ-5E 
Electruck 

Conventional 1175 129 3.4 -- 8.3 (a) 
AM General 
OJ-50 

(b) u.S. customary unite 

Postal van Curb Maximum Acceleration Fuel Maximum 
weight, speed, economy speed on 

Ibm mph o to 20 mph o to 30 Ill?h at 10-percent 
25 mph, grade, 

Accelerating time, mpg mph 
s ,..-

Gould 3300 47 9 15 16.9 18.5 
hybrid 

AM General 3620 35 9 23 ---- 13 
OJ .. SE 
Electruck 

Conventional 2590 80 3.4 -- 19.5 (a) 
AM General 
OJ-50 

alnformation not provided. 

VW Hybrid Taxi 

The Volkswagen taxi, the second hybrid vehicle built by VW, 
is shown in figure B-13. Two taxis were built, one as an 
experimental vehicle and one as a demonstrator for the New York 
Museum of Modern Art's Taxi project (ref. 16). Both hybrids used 
the VW Microbus body, chassis, engine, and drive train, thus 
simplifing the conversion to the hybrid. 
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The taxi is a parallel hybrid powered by a standard V~ 
1.G-liter carbureted engine. The arrangement of the drive 
components is shown in figure B-14(a). The engine drives the 
vehicle's rear wheels through a standard VW automatic transmission 
with a clutch-torque converter added between the engine and the 
transmission. Only the third gear of the transmission is used. 
The electric motor is mounted between the front and rear wheels, 
driving the rear wheels through a special gearbox mounted on the 
transmission (fig. B-14(b)). 

The vehicle propulsion system is controlled by special 
electronic analog logic circuits with some control functions 
readily reprogrammable by changing circuit boards or potentiometer 
settings. The motor power is controlled by choppers on the field 
and armature circuits. The field control is used from one-third 
to maximum motor speed and the armature control for lower speeds. 
Maximum current to the motor can be limited to any value between 
200 and 290 amperes. The engine power is controlled by a small 
servo stepping motor mounted to the carburetor throttle through a 
selectable time delay of 1.2 or 2.5 seconds. Gasoline flow is 
turned on and off by an electrically activated valve. The vehicle 
can operate as an all-electric, as a hybid with engine running 
continuously but at variable power, as a hybrid with the engine 
being turned on at one condition arid off at another, and as a 
conventional vehicle. 

The vw taxi was tested for this report on a Clayton Chassis 
Dynamometer at NASA-JPL (ref. 17). A conventional V~ Microbus 
also was tested on the dynamometer using the same test procedures 
for comparison with the taxi. The vehicles had different engines. 
The Microbus is powered by the newer VW 2-liter fuel injection 
engine with a catalytic converter. The taxi has the older 
1.G-liter VW Beetle engine without fuel injection or catalytic 
converter. 

All tests were conducted to the FTP urban cycle described 
earlier. Emissions and fuel consumption were measured as required 
in the FTP. In addition, during the hybrid tests, energy flow 
into and out of the batteries was measured. 

The hybrid taxi was tested in two operating modes; 

In the continuous-run mode, the engine runs continuously and 
the electric motor runs as required. 

In the on-off mode the vehicle runs as an all-electric until 
its speed reaches 42 kilometers per hour (2G mph). Then the 
engine is turned on and the vehicle runs as a conventional hybrid 
until the speed drops to 32 kilometers per hour (20 mph), at which 
time the engine is turned off. 
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Tests were also run to evaluate the effects of different 
motor current limits, throttle delay times, and vehicle test 
weights. The test results for the taxi and the Microbus are 
summ~~ized in table B-7. 

In most cases tne results shown are average values for a 
number of test.s. The VW Microbus with the conventional propulsion 
system was tested only with the catalytic converter. The emission 
values shown for operation without a converter are calculated from 
the test data with the converter by i~ssuming the following 
efficiencies: 

FTP phase Efficiency, 
percent 

Cold transient 30 
Stabilized 60 

Hot transient 70 

The VW hybrid test results for the on-off mode were 
constructed from the results of several partial FTP tests. This 
was necessary because of a limit placed by Volkswagen on the 
energy that could be removed from the battery during the test to 
prevent damage to the battery. The battery did not have 
sufficient capacity to complete a full FTP urban cycle test 
without exceeding this limit. The results shown were obtained by 
combining the data from two cold transient and stabilized test 
cycles with three hot transient tests. The remaining hybrid test 
results were obtained by the standard FTP methods. 

The following can be concluded from these test data: 

(1) Tne conventional VW hybrid operating mode does not 
improve fuel economy over that of the conventional VW vehicle. 
The emission results are not conclusive because the vehicles 
compared have different engines and emission controls. 

(2) The on-off nybrid operating mode can significantly 
improve fuel economy for the FTP if the batteries are allowed to 
deplete. These tests showed about a 40 percent improvement in 
fuel economy compared with a conventional Microbus when 9.7 
megajoules (2.7 kWh) were removed from the batt'1ries in 18 
kilometers (11 miles) of driving. 

The VW taxi has eleven, 90-ampere-hour SLI batteries. Their 
total capacity is about 29 megajoules (8 kWh) as determined by the 
average rate at which the battery was being discharged during the 
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test. The 9.7 megajoules (2.7 kWh) removed from the 29-megajoules 

(8 kWh) battery indicates that about 34 percent of the battery 

capacity was used in driving 18 kilompters (11 miles). If the 

full capacity of the battery could be used, the vehicle range 

might be about 53 kilometers (33 miles). ~ctually, the range 

would be less for the following reasons: 

(1) The SLI-type batteries used in a hybrid vehicle have 

cycle life limitations when discharged below 40 percent capacity. 

(2) The effective energy capacity of the battery may be 

reduced below 29 megajouled (8 kWh) by the high peak powers drawn 

by the motor. 

During the FTP, the vehicle under test experiences 23 fairly 

rapid accelerations to speeds of from 32 to 92 kilometers per hour 

(20 to 57 mph). The hybrid's heat engine operated for about 50 

percent of the time, and the vehicle operated as an all-electric 

vehicle for the remaining time. Neither the vehicle nor the 

on-off operating mode was optimized for these test conditions. It 

is expected that battery depletion could be reduced and the range 

extended with further optimization. 

VEHICLE CHARACTERISTICS: VW HYBRID TAXI 

Manufacturer. 

Objective • • 

Vehicle desoription 
Body type ••• 
Model .. .. .. • .. 
Curb weight, kg (lbm) 

Hybrid type • • 

Operating mode: 
Heat engine .. 
Other .. .. .. .. 

Regenerative braking. 

Power train 
Heat engine 

Type. .. .. .. .. .. .. .. .. .. 
Power (limited to 26 kW 
(35 hp), kW (hp) •••• 
Emissions controls. • • 

Transmission. .. .. .. .. .. .. 
Electric motor-generator 

Type ......... .. 
Power, kW (hp). 

Motor control • 
Engino control. 
Battery 

Type ....... .. 
Number ..... .. 
Voltage, v. .. .. .. 
Weight, kg (lbm). 

aLimitod to 26 kW (35 hp). 

• • • • Volkswagen 

.Reduce emissions and evaluate 
multiple hybrid modes 

4-Passenger bus 
Customized VW Microbus 

2130 (4700) 

.. .. .. .. .. .. .. Parallel 

.Continuously variable speed and power or on-off 
.All-electric or all-heat-engine 

.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. Yes 

• Standard , 1.6-liter, VW carbureted 51 

.. .. .. .. .. 

.Fixed in 

.. .. .. .. .. .. .. .. .. .. a37 (SO) 
• .Exhaust gas recirculation 
third gearl torque converter 

.. .. .. .. .. .. .. .. .. .. .. .. Shunt 
• • • • • • • • •• 15 (20) 
Chopper - field and armature 
• • • • .Throttle with delay 

12-V VARTA, lead-acid SLI, 90 Ah 

.. .. .. .. .. .. 
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VEHICLE PERFORMANCE: VW HYBRID TAXI 

Acceleration trom 0 
Maximum .pe~d , km/h 

Hybrid mode . • . 
Batteries alone . 
Heat engine alone 

to 97 km/h (60 mph) , • 
(mph) : 

Fuel economy , km/liter (mpg): 
Normal hybrid 
On-off mode • 

Emi.sion. : 

Not 

3 . 1 

105 (65) 
71 (44) 

applicable 

6.5 (15 . 4) 
10 (23 . 6) 

Driving cycle .1975 FTP (on-off mode emission) 

Level., g/km (g/mile): 
HC . 
CO . 
NOx 

Figure 8-13. - Volkswagen taxi. 
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(al Drive components. 

OIl Drive train. 
Fi!JHe 8-14. - Volkswagen taxi component arrangement. 
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VEHICLE CHARACTERISTICS: VW MICROBUS 

Manufaoturer. • • • ,. ,. ,. ,. . . . . ,. . ,. ,. ,. • • • • Volkswagen 

Vehiole desoription 
Model .. ,. • • • • • 
Curb weight, kg (lbm) 

Hybrid type • • • • • • 
Power train 

Heat engine 
Type-. .. • • • ,. ., ,. 
J?o~ler, kW (hp). • • 
Emissions oontrols. 

Transmission. • • • 
Eleotrio motor. • • 
Eleotrio generator. 
Motor oontrol • 
Engine oontrol. • • 

• 
.Standard Microbus 

2100 (4631) 
Conventional ICE 

Standard, 2-liter, fuel injection 51 
,. • • • ,. • ,. . ,.. 50 (67) 
.EGR and catalytic oonverter 

• Standard automatic 
None 

,. . . . . . . . . . 
• • Conventional 

• • None 
•• None 
throttle 

TABLE B-7. - VOLKSWAGEN TAXI AND MICROBUS DYNAMOMETER TESTS 

Vehicle Teat modo Inertia 
woight, 

kg 

VW MicrobUS Convcn- 1587 
tionnl 

I ICE 
VW hybrid taxi On-off 

Convon-
tional 
hybrid 1B14 

Vehicle Tost modo Inertia 
woight, 

1bm 

VW MicrobuB Convon- 3500 
tional 

I ICE 

VW hybrid ta.1 On-off 
Convon-. tional 

hybrid 4000 

~ith convorter. 
~Eseimatod Without converter. 
ComI,lositc test. 

(a) SI units_ 

Throttlo Motor Fuol Emisnionn levels in 
timo current economy, FTP tonto, g/km 

delay, limit, Jan/liter 
a A HC CO NO. 

--- --- '1.14 0.44 10.57 O. B1 
.62 15.54 • Bl • 

1.2 230 c lO • O 1.49 17.40 1.12 
1.2 ! 6.5 1. 37 23.6B 2.9B 
2.5 6.0 1.31 19.70 2.92 
1.2 6.4 1.37 23.80 3.05 

(b) u.s. cuatomary units 

Throttle Motor Fuel ~misaionn levelS in 
timo ourrent economy, FTP toato, g/mi1c 

delay, limit, mpg 
G A HC CO NO. 

--- --- 16.B 0.7 17 1.3 
LO 25 1.3 

1.2 230 c 23 • 6 2.4 2B 1.B 
1.2 l 15.3 2.2 30.1 4.B 
2.5 15.9 2.1 31.7 4.7 
1.2 15.1 2.2 3B.3 4.9 
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Elektrobus OE305 

Daimler-Benz in West Germany has built two hybrid diesel 

buses to demonstrate low emissions and operation in urban areas 

(refs. 18 and 19). One bus is in service in Wessel, West Germany; 

the other bus is undergoing stationary testing. Twenty more buses 

are on order for use in Stuttgart and Wessel. Both buses are 

series hybrids (fig. B-15) designed to operate as all-electric 

vehicles for much of their route. The diesel-powered generator is 

available for battery charging to eKtend the range. A relatively 

large battery capacity allows a fairly long range without use of 

the diesel engine. Although emissions and fuel economy test data 

are not available for these vehicles, performance information 

obtained from reference 18 is given in the performance table. 

Other performance data are being gathered by the manufacturer. 

VEHICLE CHARACTERISTICS: ELEKTROBUS OE305 

Manufacturer. • • • 

Objective • • • • • 

Vehicle description 
Body type ••• 
Mode! • • • . • . . . 
Curb ,<eight, kg (lbm) 

Hybrid ty~a • • • • • • 

Heat engine operating mode. 

Regellerative braking. 

Power train 
Heat engine 

Type. • . • . . . . 
Power, kl1 (hp). • • 
Emissions controls. 

Transmission. . . 
Electric motor 

Type. • • • • • • 
Power, kW (hp) •• 

Electric generator. 
!4otor control • 
Engine controL 
Battery 

Type. • • • • 
toJurnber. • • • 
Voltage, V •••• 
Weight, kg (lbm). 

••••••• MercedbJ-Benz 

LOW emissions, quiet operation 

100-Passenger bus 
• .OE305 

19 000 (42 000) 

• • • • • Series 

.Continuous, fixed power 

• • • • • • • • • • • Yes 

.OM352, four-cylinder diesel 
• •• 75 (100) 
Not applicable 

Fixed gear 

• •••• Shunt . . . . . • • • • • • • 90 (120) 
74-kW (99-hp) alternator • Three-phase, 
• .Chopper speed control 
• • • • • Not applicable 

VARTA traction type, lead-acid 
• • • 2 

. •• 360 
7000 (15 432) 
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VEHICLE PERFORMANCE: ELEKTROBUS OE305 

Acceleration from 0 to 48 km/h (30 mph). 8 

Maximum speed. laIl/h (mph) 

13 
70 (43.5) 

Range on batteries alone. km (mile.). . • • 50 - 75 (31 - 47) 

Regenerative braking 
I 

~ Heat engine 
Motorl 

Generator ~ generator 

, 
Dr iver L ______________ 

Control system - --- commands 

• Mechanical co nnections 
Batteries • Electric flow 

---- Control signal s 

Agure B-15. - Mercedes-Benz Elektrobus OE-305 schematic. 

University of Florida Urban Transit Bus 

The University of Florida Mechanical Engineering Department. 
witn Dr. V. P. Roan as the principal investigator, converted an 
electric bus to a hybrid vehicle in 1973 to determine whether the 
hybrid concept could save fuel (refs. 20 to 22). A special 
electronic control was incorporated in the design to program fuel 
flow in order to maximize efficiency. 

'rne bus. a Tork Link Electrobus. is shown in figures 8-16 and 
3-17 . The bus already had an electric motor drive. thus 
simplifying the conversion to a hybrid vehicle. This hybrid is a 
series configuration using a small diesel engine to drive two 
three-phase AC alternators to charge the batteries. The bus was 
tested by having it follow a conventional city bus over its 
9-kilometer (5.7-mile) cycle and measuring the fuel consumption of 
bOth buses. During the road test of this vehicle 245 test cycles 
were performed. Althouqh the buses were of different designs and 
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slightly different weight, the 75 percent reduction in fuel 
consumption was deemed significant. Emissions tests recently have 
been conducted on th is vehicle using. an EPA dynamometer, but the 
results are not yet available. However, performance data were 
provided by the university for this report. 
\. 

VEHICLE CHARACTERISTICS: URBAN TRANSIT BUS 

Manufacturer. • • • 
Objective • • • • • 

Vehicle description 
Body type ••• 
Model .. • • • .. 
Curb weight, kg (lbm) 

Hybrid type • • • • • • 
Heat engine operating mode. 
Regenerative braking' 
Power train 

Heat engine 
Type. • • .. .. .. .. .. 

Power, kW (hp) ••• 
Emissions controls. 

Transmission. • • 
Electric motor 

Type. • • • • • • 
Power, kW (hp) •• 

Electric generator. 
Motor control • 
Engine control. 
Battery 

Type •••• 

Number. • • 
Voltage, v. 
Weight, kg (lbm). 

University of Florida 
Improved fuel economy 

21-Passenger bus 
.Tork-Link Electrobus 
• • • • 6800 (15 000) 

.. .. .Series 
continuous; fixed speed 
.. .. .. .. .. .No 

• Four-cylinder, 3590-cm3 (219-in. 3) 
displacement OHV diesel 

••• 45 (60) 
.. .. .. .. .None 
.Direct drive 

•• Series DC 
• .,. 37 (50) 

.Two three-phase, 15-kW alternators 
Contactor; BSW, field control 

.Governor for speed control 

.Gould, Inc., lead-acid 
traction type; 630 Ah 

.. .. .. .. .. 2 

.. .. "" 42 
• •••• 1678 (3700) 

VEHICLE PERFORMANCE: URBAN TRANSIT BUS 

Acceleration from 0 to 48 krn/h (30 mph), s 
Maximum speed, krn/h (mph) • • • • • • • • • 
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Figure B-16. - University of Florida urban transit bus. 

Heat engine 1------, r-- Motor 
I 

• I 
I 

15-kW I 
I generator , Control system 1--. Driver 

commands 
15-kW 
generator • • 

---..-

Batteries Batteries 

~ 

Mechanica I connectlom 
(Nj Electric II 

Control si gnals 

Figure B-\7. - University of Florida urban transit bus schematic. 

Daihatsu and Toyo KO" .,o Trucks 

The Asaki Shiolloun Press of Tokyo , Japa'l , h. s been 
experimenting since 1976 with hybrid trucks for delivery of 
newspapers in residential areas (unpublished data obtained fron 
H.w. Merritt of Arlington, Va., and correspondence between NASA 
Lewis dnd Toyo Kogyo Co., Japan) . The nybrid trucks are designed 
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to reduce noise. Two Daihatsu models, DV23L and DV26L, and two 

Toyo Kogyo EXC12S models are being used. 

The propulsion systems are parallel configurations with 

regenerative braking. The Daihatsu model DV23L has a gasoline 

(spark ignition) engine. The Dai~atsu DV26L and the two Toyo 

Kogyo models have small diesel engines. Curb weights for these 

nybrids range from 2410 to 2700 kilograms (5314 to 5954 Ibm). 

The initial costs for the hybrid trucks are more than twice 

those for conventional delivery vans or trucks. Operating costs 

are not available at this time. Asaki press, however feels that 

the reduct ion in complaints about del ivery truck no ise offsets the 

increase in cost. 

Kawasaki Bus 

The Transportation Bureau of the Tokyo Metropolitan 

Government of Japan put four hybrid diesel-battery buses in 

operation in 1972. Although the operation of two of the buses was 

discontinued in December 1976, one continues to operate in 

Fukayowa Brandi, Japan, and the other operates for the Otsuka 

Branch of tne Transportation Bureau. A photograph of one of these 

buses is shown in figure B-lS and a schematic is shown in figure 

B-19. These hybrid buses were developed by the Kawasaki Heavy 

Machinery Co. to reduce air pollution. The hybrid bus is of a 

series configuration powered by a diesel engine-generator. The 

Isuzu C330 diesel engine powers an AC generator. 

The' buses have traveled an average of 104.3 kilometers per 

day (65 miles/day) for 229 days a year since starting operations 

in 1972. Fuel economy and energy consumption have averaged 1.S 

kilometers per liter of diesel fuel (4.3 mpg) and 0.22 

kilowatt-hours of electricity per kilometer (0.35 kWh/mile). The 

four hybrids'have accumulated 402 000 kilometers (250 000 miles) 

in passenger-carrying service. Operating costs have tended to be 

high: With a battery life of only 1.5 years, the total cost is 

approximately $0.37 per kilometer ($0.59/mile) as compared with 

conventional diesel buses at $0.11 per kilometer ($O.lS/mile). 
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VEHICLE CHARACTERISTICS: KAWASAKI BUS 

Manufacturer. • • .. 
Objective • • • • • • 
Vehicle description 

Body type ••• 
C~rb'weight, kg (lbm) • 

Hybrid type • • 
Oper~ting mode: 

Heat engine 
Other ..... 

Power train 
Heat engine type. 
Electric motor 

Type. .. .. . .. '. 
Power, kW (hp). 

Electric generator. 

Motor control • • 
Engine control. • 
Battery 

Type. .. .. .. 

. . 

voltage (at 135 Ah for 5 h), v. 

VEHICLE PERFORMANCE: 

" 

,I<awasaki Heavy Machinery Co, 
,Reduce emissions 

79-Passenger bus 
10 147 (22 400) 

.. .. .. .. .. .Series 

.Continuous, constant power 
, All-electric/hybrid 

,IsuzU C330 diesel MG 

400-V, series-wound DC 
.. .................. .. 67 (90) 
.Isuzu C330 diesel generator; 

three-phase AC power unit 
Chopper speed control 

,Governor 

KAWASAKI BUS 

Lead-acid 
, , , 420 

Acceleration from 0 to 40 km/h (25 mph), s 
Maximum speed in hybrid mode, km/h (mph). 
Range, km (miles): 

• 14 
60 (37) 

Hybrid mode .. .. .. .. .. .. .. 
Batteries alone • • • • • 

.. .. .. .. .. .. 

.. .. .. .. .. .. 
Fuel economy (diesel fuel), km/liter (mpg). 
Energy consumption (electricity), kWh/km 

(kWh/mile).. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 
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Driver 
comma 

Figure B-l8. - Kawasaki bus. 

Diesel/generator , 
l 

Motor ---- Controller 
nds 

• Mechanical connections 
Battery • Electric flow 

---~ Control signals 

Figure B-19. - ~awasakl bus schematic. 

cornier Trolley Buses 

~ 

Cornier has two trolley-diesel hybrid buses in operation in 
West Germany (ref. 19). One is a standard line bus (fig. 
B-20(a», the other is an articulated bus (fig. B-20(b». The 
standard line bus is 11 meters (36 ft) long, and the articulated 
is 17 meters (56 ft) long. 

337 



These hybrid buses operate with either the diesel engine or the electric motor powering the bus independently (fig. B-21). In the all-electric mode, the bus is powered from a GOO-volt overhead electric line as a conventional trolley bus. In the engine-powered mode, the diesel engine drives the bus through a clutch, automatic transmission, and a synchronizing gearbox. The electric motor is connected to the synchronizing gearbox through a universal joint. . 

A Daimler-Benz Model OM 407, six-cylinder, 147-kilowatt (197-hp) diesel engine powers the bus. The electric traction motor in the bus operates at GOO volts, drawing 75 kilowatts (100 hpj continuously and 150 kilowatts (200 hpj during peaks. The articulated bus draws 90 kilowatts (120 hpj and 150 kilowatts (200 hp), respectively. An SeR chopper system controls the motor speed. Through controls on the panel the driver can engage either the electric motor or the diesel engine. Regenerative braking is used when operating in the electric drive. 

VEHICLE CHARACTERISTICS: DORNIER LINE BUS 

Manufacturer. • • • 
Objective • • • • • 
Vehicle description 

Body type. 
Model • • • • 

Hybrid type • • 
Operating mode: 

Heat engine • 
Other • • • • 

Regenerative braking. 
Power train 

Heat engine 
Type. • • • . . 
Power, kW (hp). 

Transmission. • • 
Electric motor 

Type. . • . • • 
Power, kW (hp) •• 

Electric generator. 
Motor control • • • 
Engine control. • • 

Dornier Systems Gmbh. 
Low emissions 

89-Passenger bus 
Standard line bus 

.All-electric or diesel power 

.continuous, variable power 
• .All-electric trolley 
.In electric drive mode 

Daimler-Benz OM407, six-cylinder diesel 

. . 

• • •••••• 147 (197) Automati~ ~nd synchronizing gearbox 
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• •• 600-V traction 
• • • • • • .75 (100) 
• • • • • • • • .None • • • • Chopper speed control 

Conventional throttle control 
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VEHICLE PERFORMANCE: DORNIER LINE BUS 

Acceleration from 0 to 48 km/h (30 mph), s 

Maximum speed, km/h (mph) 

. . . 

. . . 
• • • • • • • 20 

• • •• 72 (45) 

fuel capacity or 
of trolley wires • • • • • • • Limited only by 

availability Range. .. .. .. .. . .. 

Fuel economy (diesel fuel), km/liter (mpg) ••••• 
Energy consumption (electricity), kWh/km (kWh/mile) 

2.8 (6.6) 
3.5 (5.6) 

Gradeability, percent: 
At 24 km/h (15 mph) • 
At 1 km/h (0.6 mph) • 

VEHICLE CHARACTERISTICS: DORNIER ARTICULATED BUS 

Manufacturer. .. .. .. 

Objective • • • • • 

Vehicle description 
Body type •• 
Model • • • • 

Operating mode 
(all-electric 
or diesel power) 

Heat engine .. .. 
Other • • • • • 

Regenerative braking. 

Po\'ler train 
Heat engine 

Type. • • • • • 
Power, kW (hp). 

Transmission. .. .. 
Electric motor 

Type. • • • • • 
Power, kW (hp). 

Motor control • • 
Engine control. • 

.Dornier Systems Gmbh. 

.. .. .Low emissions 

.152-Passenger bus 
• .Articulated bus 

Continuous; variable power 
• All-electric trolley 

• • In electric drive mtde 

Daimler-Benz OM 407, six-cylinder diesel 
• • • • • • • • • • • " 147 (197) 
.Automatic and synchronizing gearbox 

• • • • • • • • 600-V traction 
• • • • • • • • • • • 90 (120) 
• • •• Chopper speed control 
.Conventional throttle control 

VEHICLE PERFORMANCE. DORNIER ARTICULATED BUS 

12 
16 

Ac~eleration from 0 to 48 km/h (30 mph), s 

Maximum speed, km/h (mph) 

.. .. .. .. .. .. .. .. .. .. .. .. .. .. 23 

Range .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. Limited only by 
availability 

Fuel economy (diesel fuel), km/liter (mpg) ••••• 
Energy consumption (electricity), k~lh/km (kWh/mile) 

Gradeability, percent. 
At 24 km/h (15 mph) • 
At 1 km/h (0.6 mph) • 
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.. .. .. .. 72 (45) 

fuel capacity or 
of trolley wires 

2.8 (6.6) 
4.5 (7.3) 

12 
16 



l. Electric traction motor 
2. Diesel engine with auto-gearbox 
3. Transfer gearbox 
4. Air compressor, pu nap for servo

assisted steering 
5. Power supply and electronic controls 
6. Automatically operated trolley 

(a) Line bus. 

a» Articulated bus. 

• 
• 

Agure 8-20. - Dornler trolley-diesel buses. 
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Driver ___ _ 
commands 

Overhead trolley lines 

Control 
system DC motor 

L--------------l 

Diesel 
engine 

Automatic I-....,.J Synchronizing L...a"'o-< 
transmission gear box ;-

- ... , ... Mechanical connections 
--..... Electric flow 
----... Control signals 

Agure B-21. - Dornler trolley bu s sChematic. 

Berliet ERIOO Bus 

.....
Regenerative 
braking 

The Berliet ERIOO bus is a series hybrid trolley and 

diesel-powered bus (ref. 23). The manufacturer claims to have 

orders in hand for IB5 vehicles for three French cities. The 

first five of these buses were to be in service in Grenoble, 

France, in June 1977. 

Under normal trolley operations, the diesel engine is 

disconnected from the motor-gererator unit and the bus operates as 

a conventional electric trolley bus (fig. B-22). In this mode the 

motor-generator operates as a motor powered from the trolley lines 

and drives an auxiliary alternator and other auxiliaries. ~ 

cadmium-nicKel battery provides stand-by propulsion and auxiliary 

power. It is charged by an auxiliary alternator through 

regenerative braKing or from the trolley lines. When operating 

under diesel power the clutch is electrically engaged and the 

diesel engine drives the motor-generator, which in turn powers the 

traction motor. 
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VEHICLE CHARACTERISTICS. BBRLIET ERIOO BUS 

Manufacturer. • 
Objectivca. . . 
Vehicle description 

Body typo ••• 
M'jdcl .. • • • • • .. 
Curb weight, kg (11m) 

lIybrid type • • • • • • 

Operating modo (nll-olectric 
or diosel-electric), 

Heat engine • • • .. 
Other • • • • • • . 

~gcncrativc braking. 
Power train 

Heat engine 
Il'ypc •••••• 
Power, kW (hpJ. 

Transmiasion ••• 
Electric motor 

Type •••••• 
power, kW (hp) •• 

Electric gonerator. 
Motor control . 
Engine control. • • 
Battery type. • • . 

... .. Renault 
.Low emissions and low noise 

IOO-Passenger bus 
• ER100 

9100 (20 000) 

• Series 

Constant speed 
All-olectric trolley 
• • • • • • • • • Yes 

.Air-cooled KHD F3 L912, three-cylinder diesel 
• • • • • • •• 43 (58) 
Direct drive with clutch 

· . . • 600-v compound 
• • • • • • 119 (160) 
600-v motor-generator 

.Chopper speed control 
· . • • • • . Governor 
• • • • Cadmium-nickel 

VEIlICLE PERFOItMANCE: DERLIET EnlOO BUS 

Battery 

Diesel 
engine 

Accoleration from a to 45 km/h (28 mph), 8 

Hrlximum opC!cd, J~m/h (mph) 1 

• lS 

Hybrid mode • • • 
Elcctric mode . . 

60 (37) 
60 (37) 

Overhead trolley lines 

i..c:co'-n":'tr-=o7'1 -1-._-,- Driver command 

system Regenerative 

Motor
generator 

DC 
motor 

braking .. 

- .. ., .. Mechanical connections 
-- F.lectrlc flow ---- Control signals 

Figure B-22. - Berliet ER 100 bus schematic. 
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APPENDIX C 

BATTERIES FOR 

ELECTRIC AND HYBRID VEHICLES 

Batteries represent only about 10 percent of the initial cost 
of today's electric vehicle, yet the ultimate operating costs of 
electric vehicles are heavily dependent on battery performance. 
The energy and power available from a battery directly affect the 
road performance of an electric vehicle. The cycle life and 
maintenance requirements contribute directly to the ultimate 
operating cost, and the complexity of the battery system is 
directly related to reliability. 

Extensive efforts are being made by private industry and 
domestic and foreign governments in search of a better electric 
vehicle battery. The literature contains many studies that report 
on the progress of this search. One such report contains a 
discussion of over 50 electrochemical systems (ref. 1). 
Presently, only a few battery systems have progressed beyond 
laboratory status. Prominent among the types of battery systems 
being studied outside the laboratory and in vehicles are (1) 
lead-acid, (2) nickel-zinc (3) nickel-iron, (4) netal-air, 
specifically zinc-air and iron-air, (5) zinc - chlorine hydrate, 
and (6) sodium-sulfur. 

These six battery systems will be discussed further in this 
appendix, with primary emphasis on the lead-acid battery, which 
presently is the state-of-thp.-art battery system for electric and 
hybr id veh icles • 

BATTERY SYS'rEM CANDIDATES 

The road performance of an electric vehicle is strongly 
dependent on the energy and power available from the battery. The 
amount of energy extractable from a battery is a function of the 
rate at which energy is removed, that is, the power. Figure C-l 
shows the relationship of energy and power on a per unit weight 
basis for many of the batteries discussed in this report. The 
values are projected performance limits of the various battery 
systems (refs. 2 to 7). Figure C-l shows that the battery systems 
considered as possible replacements for the lead-acid battery have 
considerably higher performance potentials. 
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Figure C-l. - Practical battery energy - power relationship. 

Table C-l summarizes the theoretical and projected 
performance of the battery systems to be discussed. The 
theoretical specific energy reported is that calculated from the 
reactions of the electrochemical couples used. The projected 
specific energy is that derived from figure C-l and other sources 
at the specific power required from a battery in an electric 
vehicle used in an urban driving situation (ref. 2). Also shown 
for completeness is the operating temperature of each system. 
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TABLE C-1. - THEORETICAL AND PROJECTED PERFORMANCE OF POTENTIAL ELECTRIC VEHICLE 

HATTERY SYSTEMSa 

System Specific energy Operating 
temperature, 

Theoretical projected °C 

~!J/kg Wh/1bm NJ/kg Wh/1bm 

Lead-acid 0.62 78 0.1 13 Room temperature 

Nickel-zinc 1.2 152 .3 38 

J 
Nickel-iron .96 122 .2 25 

Iron-air 3.02 ,3,22 380 .4 2 ,3,22 51 

Zinc-air 4.5 570 .6 76 

Zinc - chlorine hydrate 1.6 203 .6 76 8 - 9 

Sodium-sulfur 1.1- 2.8 140 to 354 1.0 126 300 -. 400 3 

aSuperscripts denote references. 

The difference between the theoretical and projected specific 
energies is mainly due to the requirement for a large amount of 
non-energy-producing material SUell as cases, er.cess electrode 
material, separators, terminals, current collecting grids, and 
electrolyte. These non-energy-producing materials substantially 
reduce the specific energy. ." 

The nickel systems offer a projected specific energy increase 
of a factor of 2 to 3 over lead-acid batteries, the metal-air 
systems a factor of 4 to 6, and the sodium-SUlfur systems a factor 
of 10 improvement. It is because of this potential and the facts 
that these systems are sufficiently developed to have been 
demonstrated in electric vehicles and are viable alternatives that 
the discussion herein is limited to these battery systems. 

LEAD-ACID BATTERY 

Description 

The lead-acid system is the 
today for electric vehicle use. 
the state-of-the-art of electric 

only practical battery 
As a result, it can be 
vehicle batteries. 

available 
considered 

The lead-acid cell was devised by plante in 1859. For the 
past 120 years the system has undergone extensive modification and 
improvement. Quality control has been highly developed. 

The electrochemistry of the lead-acid battery is well 
understood~ the basic reactions are 

Discharge 
Pb02 + Pb + 2H2S04 Charge 

I 
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The electrolyte, which is sulfuric 'acid (H2S04)' enters into the 
reaction, producing lead sulfate on both the positive and neqative 
electrodes during dischar~e. Because the electrolyte enters into 
the reaction, specific gravity measurements of the elctrolyte have 
been used to determine the state-of-charge of the, lead-acid 
battery. 

Commercial lead-acid battery designs can be classified 
according to application as SLI (starting, lighting, and 
ignition), golf car, industrial, and semi-industrial. The SLI 
battery delivers high power for short periods of time at varying 
temperatures to start internal combustion engine (ICE) vehicles. 
The golf car battery must supply relatively high power for 
relatively long periods at a low battery weigl-,i;.. The industrial 
battery requires the delivery of sUbstantial amounts of energy on 
an extended basis, and battery weight is generally not a major 
design consideration. The semi-industrial battery requirement _ 
fall between those of the golf car and industrial batteries. The 
requirement for delivering energy on an extended basis is, some~lhat 
more stringent than for the golf car battery yet it has a higher 
specific energy than the industrial battery. 
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Figure C-2. - Typical lead-acid battery energy-power relntionshlp. 
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Figure C-2 shows the relationships of energy to power for the 

four types of lead-acid batteries. The energy and power available 

from a battery only partly qualify it for use as a power source 

for an electric vehicle. These two parameters contribute to the 

range and acceleration capability of a vehicle. Another important 

parameter is the cycle life of the battery (i.e., the number of 

times the battery can be discharged and charged before it must be 

replaced). As will be seen, the cycle life of a battery depends 

on the depth to which the batteries are discharged. Typically, 

deep discharges greater than a 50 percent depth of discharge are 

required in electric vehicle systems. The four types of lead-acid 

batteries discussed previously vary in their cycle life 

characteristics as sho~m in table C-2. Also shown for comparison 

TABLE C-2. - CYCLE LIFE AND SPECIFIC ENERGY OF LEAD-ACID BATTERIES 

Battery type Deep-discharge specific energy 

cycle life,a 
rate 2-Hour rate 

number of 6-Hour 
cycles 

MJ/kg Wh/lbm MJ/kg Wh/lbm 

Starting, lighting, 50 - 100 0.12 15 0.105 13 

and ignition 

Golf car 200 - 400 .12 15 .096 12 

Semi-industrial 500 - 1000 .ll 14 .OBO 10 

Industrial 1000 - 2000+ .OBO 10 ----- --

~ypical deep discharge is 50 to 100 percent. 

purposes is the specific energy of each type of battery at the 2-

and 6-hour discharge rates. The batteries which offer the highest 

specific energies have the shortest cycle lives, while the 

batteries offering the lowest specific energy (industrial 

b&tteries) are capable of many more discharges. The relationship 

of specific energy to cycle life results from the various 

construction techniques used in fabricating batteries. 

Design 

Pli1J~e fabrication. - The design of a lead-acid battery 

component is dependent on the battery's intended use. The main 

design f~atures which determine the performance of the final 

product are plate thickness, number of plates per cell, and amount 

of active material per plate. Thin plates provide high specific 

power be,:ause of reduced electrical resistance, while thick plates 

provide tigh cycle life due to a relatively large amount of 

reser'le active material. The amount of active material per cell 

determines the specific energy and total energy. 
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D!;lsign f~atures which have secondary effects on battery performance incluoe -

(1) Electrolyte concentration 

(2) Amount of electrolyte 
(3) Amount of lead in terminals and types of terminals 
(4) Separator type and thickness-

(5) Grid design and type of material used 

(6) Paste composition 

Battery designs incorporate variations of these secondary parameters depending on the manufacturers' preferences; any further discussion of this is beyond the scope of this report. 
Commercial lead-acid batteries manufactured in the united States typically use pasted positive and negative electrodes in their construction. The grid, or current collector, is a fine lead alloy web. The active material is pasted to the grid and is held in place by the grid design features. Plates of similar polarity are connected by cast lead or lead alloy connectors. Between the electrodes of opposite polarity is placed a separator which prevents the electrodes from touching while allowing the electrochemical reactions to take place. Industrial lead-acid batteries may have positive tube electrodes rather than pasted electrodes. 

SLI batteries. - The SLI battery is designed to deliver high current for short periods of time to start conventional vehicles. The SLI battery contains very thin plates which are lightly loaded with active material. Typically the energy available from a SLI battery is less than that from a golf car battery because of the light plate loading. 'l'he thin plates allow high specific power, but tney also result in shorter deep-discharge cycle life than other battery designs. The cycle capability of an SLI battery is limited to less tnan 100 deep-discharge cycles. Yet in their intended use (i.e., starting internal combustion engine vehicles, where the depth of discharge is typically <10 percent), the cycle life may exceed 1000 cycles. SLI batteries generally have capacities of 30 to 100 ampere-hours and can deliver internal combustion engine starting currents of 350 amperes for 30 seconds. Typical SLI batteries weigh about 18 Kilograms (40 Ibm). 
Golf caL batteries. - The golf car battery is typically 3 or 6 cells in one case and is similiar to the SLI battery in size and weight. Figure. C-3 shows a three-cell gol f car battery, and figure C-4 shows a golf car battery installation. Golf car batteries contain 19 to 29 pasted plates per cell with the 
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·1 
Figure C-3. - Golf-car battery. 

Figure C-4. - Goll-(ar battery installation. 

sulfuric acid electrolyte at a specific gravity of 1.260 to 1.280 
when charged. Separators may be paper, rubber, or glass mats. 
Manufacturers have tried to improve the golf ca~ battery 
performance in efforts to make them more compatible with electric 
vehicle road performance demands. These efforts include varying 
the thickness and number of plates, increasing the electrolyte 
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concentration, reducing tne weights of ter~inals and case, anJ 
redesigning the ~rids. Increased power, energy , and cycle life 
are sought. The deep-discharge cycle life presently is in the 
200- to 400-cycle range. Because of its physical size , the golf 
car oattery is finding use in small vehicles, that is, passenger 
cars and small vans. Typical golf car batteries nave a capacity 
of 100 to 150 ampere-hours at tne 75-ampere rate and weigh froon 27 
to 32 kilograms (60 to 70 Ibm). 

Semi-industrial batteries. - The semi-industrial battery is 
similar to an industrial battery. The cells may contain different 
numoers of plates depending on the expected use. 'rne plates are 
th ick, for good cycle life, yet tnin enough for hign specific 
energies. Each cell has its own exposed ·terminal . 'rhe battery i'5 
constructed to a customer's voltage requirenents by fusing 
(leading) appropriate terminals together. Figure C-5 snows a 

.. ~ 
• 

Figure C-5. - Semi-Industrial battery Installation. 

semi-industrial battery installation. Semi-industrial batteries, 
because of their size (taller than golf car batteries), are more 
suited for use in vans, trucks, and buses. The deep-discharge 
cycle life of a semi-industrial battery ranges from 500 to 1000 
cycles. 

Industrial batteries. - Industrial batteries are used mainly 
in lift trucks where cycle life and available energy are of 
primary importance. 
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Industrial oatteries ,nay use tUDular positive plate s inst ead 

of tne standard pasted plates . I n this construction , the active 

material is in a tubular configuration witn lead spines in each 

tube acting as the current collecting grid . Tnere are several 

sucn tUbes per plate witn the active ,naterial in eacn tube neld in 

place by a perforated sleeve . Tnese tuoular industrial batteries 

nave eXhibited long , deep-discharge cycle lives (1000 to 2000 

cycles) and hign resistance to abuse out at a lower specific 

energy tnan the golf car or semi-industrial battery. Figur e C-~ 

Figure C-6. - Tubular industrial lead-acid cell. 

shows the internal construction of a tubular industrial lead-acid 

cell . The positive plate consists of a large number o t tubes with 

spines down the center, and the negative plate is a pab~ed plate. 

The industrial batteries, pasted or tubular, have been 

in large electric vehicles for road use and in lift trucks. 

botn of these applications tne weight of the batteries is 

secondary , wnile cycle life and total energy are of major 

importance. 
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Costs 
The initial and opeJcating costs of the four types of lead-acid batteries are ,:ompared in table C-J. The price shown for a battery is the advertised price. Dis:::ount, wholesale, or negot iated prices were not used. The manufa(:turers I energy data were mO¢lified to reflect the energy availablf~ at the 2-hour rate, 

TABLE C-3. - COST OF LEAD-ACID BATTERIES 

Battery type Initial cost Per-cycle operating cost Discharge 
$/MJ $/kWh $/MJ-cycle $/kWh-cycle 

rate, 
h 

Starting, lighting, 
and ignition 

19 68 0.19 - 0.38 0.68 - 1.37 2 

Golf car 14 50 0.04 - 0.07 0.13 - 0.25 2 Semi-industrial 59 210 0.06 - 0.12 0.22 - 0.44 2 Industrial 43 150 0.02 - 0.04 0.08 - 0.15 6 

except for the industrial battery. As can be seen, the initial cost per unit of energy of an SLI battery is low compared with the industrial battery, but the operating cost on a per cycle basis shows the SLI to be the most costly and the industrial to be the least costly. 

Foreign Efforts 

Japanese developments in lead-acid battery technology (ref. 8) have resulted in batteries ranging in size from 90 to 432 megajoules (25 to 120 kWh) having specific energies of 0.14 to 0.18 megajoule per kilogram (18 to 23 Wh/lbm) at the 5-hour rate. The deep-d ischarge cycle 1 ives reported vary froln 500 cycles for the small batteries to more than 1000 cycles for the large batteries. The major emphasis has been on electrode development. 
The Wes~ German and united Kingdom efforts (ref. 3) have resulted in reported specific energies in the 0.11- to 0.14-megajoule per kilogram (14- to l8-wn/lbm) range. Efforts in these countries have been directed toward reducing the amount and weight of non-energy-producing materials. Reduction in maintenance costs has been addressed through tne use of automatic watering systems which maintain a CO~SL~nt electrolyte level and concentration during operation. Also employed are automatic temperature control during cnarge and discharge and improved charging techniques. 
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Performance 

The performance characteristics of an electric vehicle can be 

directly related to the way in which the batteries react to the 

operating conditions found in this type of service. 

The range of an electric vehicle depends on the relationship 

of power and energy available from its battery, The energy from 

the battery is bounded at its upper limit by the capacity 

(ampere-nours) installed. As current is drawn, the voltage 

decreases, as does the available capacity •. Therefore, the total 

energy available decreases as the current and the power drawn from 

a battery increase. Figure C-7 shows the relationship of current, 

capacity, and voltage for a golf car battery. The available 

capacity and voltage are strong functions of the current drawn. 

Because the capacity of a battery decreases with increasing 

current drain, the range of an electric vehicle will decrease at 

higher vehicle speeds and at a high frequency of stops and starts, 

both of which require relatively large current drains. 
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Figure C-7. - Typical ~olf-car battery discharge curve. 
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For example, an electric vehicle tested and reported 

elsewhere required current drain of 45 amperes to maintain a speed 

of 40 kilometers per hour (25 mph) and 70 amperes to maintain 56 

kilometers per hour (35 mph). With reference to figure C-7, ~he 

battery would deliver 45 amperes for 3.6 hours (162 Ah) and' 

amperes for 2.1 hours (147 Ah). Therefore, the ~ehic1e would 

travel 145 kilometers (90 miles) at 40 kilometers per hour (25 

mph) while at 56 kilometers per hour (35 mph) the vehicle would 

travel only 119 kilometers (74 miles). Acceleration of this 

vehicle required a current draw of 100 amperes. As can be seen 

from figure C-7 the capacity at this rate is lower yet. 
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Therefore, the distance the vehicle will travel decreases as the 
number of accelerations per unit of distance traveled increases. 

The capacity of a battery and consequently the range of an 
electric vehicle also vary strongly with the electroltye 
temperature. Figure C-& shows this relationship for a lead-acid 
battery discharged ab the I-hour rate (ref. 9). The available 
battery capacity at 00 C (320 F) is only 60 percent while that 
available at room temperature (270 C1 800 F) is 100 percent. As a 
result, cold-climate performance of an electric vehicle will be 
su.bstantially reduced. 
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Figure CoS. - Typical relationship of capacity and electrolyte temperature for 
lead-acid battery. 
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The capacity of a battery also depends strongly on the number 
of times it has been cycled. Shown in figure C-9 is a typical 
relationship of capacity as a function of cycle life for two types 
of lead-acid batteries tested in the laboratory at a 3-hour 
discharge rate (ref. 3). The thin plate battery is analogous to a 
golf car battery or SLI battery, and the clad battery is analogous 
to an industrial battery. As can be seen from figure C-9, the 
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Figure C-9. - Capacity-cycie-life relationship for typical 
lead-acid batteries. 
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lead-acid battery requires a break-in period before its capacity 
is maximized. The capacity remains constant for some period of 
time and then begins to decline as the battery is cycled. 

Therefore, since the capacity of a battery directly affects 
the range of an electric vehicle and the capacity of a battery 
changes as it is being used (i.e., charged and discharged), an 
electric vehicle's range will follow closely the rise and fall of 
battery capacity (fig. C-9). 

The depth of discharge has a pronounced effect on the cycle 
life of a battery. In other words, the distance one travels in an 
electric vehicle before charging the batteries determines how 
often the batteries need to be replaced. Shown in figure C-10 are 
the relationships of depth of discharge to expected cycle life for 
two types of batteries - a small, thin, pasted-plate type and a 
large, high capacity, industrial clad battery (ref. 3). 

An electric vehicle which uses the industrial battery will be 
able to operate for 2000 days if it is charged on a daily basis 
after it has been driven a distance which extracts 60 percent of 
the capacity from the battery. The vehicle would only operate for 
1500 days if the battery is discharged 80 percent. Despite the 
fact that the vehicle batteries need to be replaced sooner when 
operated to a depth of 80 percent, the total distance traveled 
over the life of this battery is essentially unchanged from a use 
requiring a 60 percent depth to a use requiring an 80 percent 
depth. However, data from lift truck operators, who use 
industrial batteries, have shown that the most cost-effective 
depth of discharge is around 80 percent. In figure C-ll is shown 
the relative cost per unit of energy removed at various depths of 
discharge for an industrial battery (ref. 10). As can be seen, 
overdischarging beyond the rated capacity and underdischarging 
below the rated capacity increase the cost substantially over the 
life of the battery. It can be expected that similar conclusions 
may be applied to electric vehicles which use other types of 
lead-acid batteries. 

The preceding comments on lead-acid batteries have been 
directed to the capacity available from a battery and how 
temperature, cycle life, and type of cycle affect the performance 
of an electric vehicle. The power available and therefore the 
maximum speed and acceleration capabilities of an electric vehicle 
are also affected by the amount of use (number of cycles) the 
battery has experienced. Continued cycling reduces the capacity, 
which is an indication of the amount of active chemical material 
available to produce electricity. As less material is available, 
the current density per plate increases. This, in effect, is 
analogous to increasing the current drain from a fresh cell. As 
can be seen from figure C-7, the mean voltage drops at the rate of 
2 millivolts per cell per ampere increase in current. A 20 
percent increase in current from 100 to 120 amperes, will be 
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Figure C-l1. - Typical industrial battery operating cost 
and depth of discharge relationship. 
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Figure C-12. - Resistivity and temperature relationship of lead-acid battery 
electrolyte. Electrolyte specific gravity, 1. 260. 
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reflected in a 4 percent change in mean cell voltage. Therefore, 
it can be said that as the current density increases, the power 
available at a given current drain decreases. Also, as the 
battery ages the grids corrode, thereby increasing its internal 
electrical resistance. This also lowers the voltage with a 
corresponding decrease in available power. 

At low temperatures the electrolyte resistivity and viscosity 
increase. Figures C-12 and C-l3 show the relationships of 
electrolyte resistivity and viscosity to temperature (ref. 9). As 
the resistivity increases at low temperatures, the voltage 
decreases for a given current; thus, less power is available. As 
the electrolyte becomes more viscous, the circulation of the 
electrolyte within the electrode pores (required to complete the 
electrical circuit within the battery) decreases. This causes a 
reduction in both voltage and capacity for given discharge rates. 
Again, both the power and available energy are decreased. 
Therefore, the maximum speed, acceleration, and range of an, 
electric vehicle are reduced as the battery ages and the 
temperature drops. 

Lead-Acid Battery Charging 

Proper charging of lead-acid batteries is one of the more 
critical activities to be performed in the use of an electric 
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vehicle. Charging directly affects (1) the range of the vehicle, 
(2) the battery life, and (3) the energy consumption of the 
vehicle. 

Undercharging will reduce the range of a vehicle since full 
battery capacity has not been restored. Repeated undercharging 
adversely affects the life of a battery since it usually results 
in an unequal state-of-charge of the individual cells. Subsequent 
discharging may cause the lower capacity cells to be depleted 
first while the remainder of the battery is still at nearly full 
voltage. In order to continue to produce the current demanded, 
the chemical reaction in the depleted cells changes to one of grid 
corrosion. This "cell reversal" process is destructive tc. the 
cells involved and eventually to the battery as a whole. 

Overcharging is accompanied by electrolysis of water from the 
electrolyte. As a result, excessive amounts of water must be 
added to the battery. This can significantly raise maintenance 
requirements and costs. Though water is relatively inexpensive, 
manually topping-off properly and neatly the 50 to 100 individual 
cells found in an electric vehicle can be costly. The high charge 
voltage and the gassing which accompanies overcharging also reduce 
cell cycle life through excessive corrosion of positive grids and 
loosening of active material. Overcharging is also wasteful of 
energy since very little of the overcharging energy is recoverable 
from the battery during discharge. However, due to the inherent 
inefficiency of the charging process, a 10 percent overcharge 
normally is needed to replace the capacity removed on a previous 
discharge (ref. 9). Excessive overcharge raises the battery 
temperature; and without proper controls, thermal runaway, which 
is detrimental both to chargers and batteries, may occur (refs. 9 
and 11). Thermal runaway is a real possibility when charge is 
initiated at electrolyte temperatures above 500 C. 

Controlling undercharge and overcharge must be accomplished 
by the battery charger. Unfortunately, present day chargers 
usually are not designed to sense or compensate for parameters 
such as temperature or battery age that tend to shift the point at 
which batteries are fully charged. For example, the voltage 
associated with the lower charge current used near full charge 
(the finish rate) varies 6.3 millivolts per cell per 0c (ref. 9) 
and also varies with the charging current. For a typical fresh 
lead-acid battery, the final charging voltage at the B-hour rate 
is 2.72 volts per cell, while for the l6-hour rate it is 2.66 
volts per cell (ref. 9). As the battery ages, the current and 
thus the voltage necessary to maintain an equalized charge tend to 
increase. Overcharging and its associated gassing affect mainly 
energy consumption and maintenance cost. Repeated overcharge or 
undercharge also affect battery life. A further improvement of 
charging procedures and eq~ment is required to accommodate the 
rather complex nature of the lead-acid charging process and the 
fact that different lead-acid battery designs can vary 

361 



considerably in their characteristics. Emphasis should be on 
evaluating and adjusting charge conditions to return full capacity 
without excessive overchar,e, undercharge or gassing. 

"Fuel gauges" for an electric vehicle, commonly called 
state-of-charge indicators, that can control charge and discharge 
accurately have been under intens~ve investigation. They still 
remain an elusive item because of the dynamic character of the 
lead-acid battery system (refs. 12 and 13). 

Charging lead-acid batteries typically requires 4 to 12 
hours. If charging could be completed in less time, the effective 
range (miles/day) of an electric vehicle might be substantially 
increased. Battery exchange also could increase the effective 
range of a vehicle, but the initial cost and the maintenance cost 
of an extra battery set might be prohibitive to the vehicle owner. 

Fast charging devices have been investigated by many 
individuals (refs. 14 and 15 and private communication with J. 
Smithrich, NASA Lewis). One such charger (private communication 
with J. Smithrich, NASA Lewis) is able to recharge a vehicle-size 
lead-acid cell to 76 percent of its rated capacity in 1 hour. The 
charge efficiency (ampere-hour efficiency) is reported to be 95 
percent. Results oi this type are encouraging, but the energy 
efficiency of such a charging technique and its effncts on cycle 
life are yet to be determined. 

Ene>:gy Efficiency of Lead-Acid Batteries 

The energy efficiency of a lead-acid battery and, therefore, 
the energy consumption of an electric vehicle are strongly 
dependent on the rate at which the battery was charged and 
discharged, the overcharge incurred, and the depth to which the 
battery was discharged. 

The object of charging a battery is to replace the capacity 
removed during the previous discharge (i.e., replace the 
ampere-hours removed). The rate at which the capacity is restored 
has an effect on the voltage necessary to sustain this rate. The 
higher the rate at which the battery is charged, the higher the 
charge voltage necessary and the greater will be the energy used. 
If one could successfully recharge exactly the amount removed on 
?n ampere-hour basis, the current efficiency would be 100 percent. 
rI,e energy efficiency would then depend on the ratio of the 
voltage during discharge to the voltage while on charge. 
Experiments have shown that discharging a cell at the 5-hour rate 
produces an average discharge voltage of 1.95 volts per cell, 
while charging at the 5-hour rate pr,,-:.'luces an average voltage of 
2.28 volts percell (ref. 9). Therefore, the voltage and energy 
efficiency are both 86 percent. In practice, some overcharge is 
necessary to account for current losses due to gassing and 

362 

\ 

• 



self-di3charg 'In standing. A 10 percent overcharge is considered 
adequate. As result, the energy efficiency drops to about 75 
percent with )0 percent ampere-hour efficiency. Figure C-7 
shows that th~ jischarge voltage varies with increasing discharge 
current. ConsE-q'}ently, the energy removed will be somewhat less 
than that which ,"an be accounted for by the drop in available 
capacity. Sinc ,~h'lrging must restore only the capacity removed, 
the energy effi ]n~y will be lower at high current drains. 

The ct',argc .c<:eptance eff iciency (ampere-hour efficiency) is 
not uniform ovet the charging period and is lower as the battery 
nears full charge. A second reaction, hydrogen gas formation, 
competes for charging current as the charging voltage rises near 
the end of a charge. Gassing begins at cell voltages of 2.3 volts 
per cell and continues at a nominal rate of 2.4 volts per cell, 
with the onSd~ of heavy gassing and inefficient charging at 2.5 
volts per cell (ref. 9). 

Battery Maintenance 

Maintenance procedures for lead-acid batteries normally 
consist of equalization charges, adding water to the electrolyte, 
and cleaning. 

For proper operation of batteries over extended periods of 
time, an equalization charge is necessary on a periodic basis. 
Because of the inevitable variation in the manufacture of cells 
and in self-disc:arge rates, the cells in a battery are not always 
in the same state-of-charge at a given time. An extended period 
o~ charge at the finish rate (20 hour rate), commonly called an 
equalization charge, is required. During this equalization 
charge, some cells will be overcharged but the low cells will be 
brought up to full charge, equalizing the state-of-charge of the 
entire battery. 

Overcharging and high temperature operation necessitate 
adding water to cells on a periodic basis. Adding water prevents 
plates from being eXFosed to the air and also restores the 
original electrolyte concentration. Plates exposed to the air 
become sulfated and inactive. Because of the large number of 
cells in a battery, adding water can be a significant maintenance 
expense. Automatic single-point watering systems are now under 
development. 

Battery tops have a tendency to become coated with road grime 
and battery acid. Cleaning with water or dilute sodium bicarbonate 
is required on a periodic basis. Cleaning the battery terminals 
is also essential fer efficient operation. 
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I?erfor'm >,".ce of Lead-Acid Batteries in Vehicles 

Ttl~ oattery performance in the vehicles tested for this 
report is summarized in this section. Table C-4 shows b.lttery 
performance during constant speed tests. Shown are the battery 
type, the ampere-hour overcharge in percent, and the resultant 
energy efficiency of the battery. Also shown is the corrected 
energy efficiency, corresponding to an overcharge of 10 percent. 
The energy efficiency ranges from 43 to 79 percent with an average 
of 63 percent when the average overcharge is 34 percent. When the 
energy efficiency is corrected to an overcharge of only 10 
percent, the corrected energy efficiencies range from 65 to 85 
percent with an average efficiency of 72 to 77 percent. 

TABLE C-4. - VEHICLE BATTERY PERFOru1ANCE AT CONSTANT SPEED 

Battery type Overcharge, Energy 
percent efficiency, 

percent 

Golf car 20 62 

Golf car 23 64 

Electric vehicleb 43 60 
Electric vehicle 82 43 

Golf car 49 58 

Semi-tndustrialc 10 74 

Golf car 14 79 

Average 34 63 

acorresponding to overcharge of 10 [,ercent. 
bBattery designed for electric vehicles. 

Corrected 
energy a 

efficiency. 
percent 

65 - 70 

70 - 75 
75 - SO 
70 - 75 

75 - 80 

70 - 75 
80 - 85 

72- 77 

Coutput power determined from manufacturer's battery data. 

OTHER ELECTRIC VEHICLE BATTERIES 

Five battery systems have reached a level of technical 
development which warrants tests in electric vehicles to establish 
engineering feasibility and s~ stem interface relationships. These 
batteries are described in this section. 

Nickel-Zinc Battery 

Description. - One of the major contenders for the second 
generation power source for electric vehicles is the nickel-zinc 
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system. Successful technology advances in recent years have led 
to an interest in nickel-zinc systems as a direct replacement for 
lead-acid batteries in electric vehicles. The nickel-zinc system 
has moved from the small cell testing phase to the development of 
full-sized vehicle batteries. Substantial efforts are underway to 
develop a practical, low-cost nickel-zinc vehicle battery. 

The electrochemical reactions for this system are 

Discharge 
2NioOH + Zn + 2H20 , I 2Ni (OH) 2 + Zn (OH) 2 

Charge 

The cells are assembled in a discharged state with aqueous 
potassium hydroxide (KOH) as an electrolyt~. Formation charges 
must be used before the cell is put into service. 

Large (400 Ah) cells have demonstrated specific energies of 
0.24 to 0.28 megajoule per kilogram (30 to 35 Wh/lbm) at the 
6-hour rate (ref. 16). The cycle life of these cells is over 250 
cycles. Others have demonstrated specific energies 0.24 an~ 0.17 
megajoule per kilogram (30 and 21 Wh/lbm) at 4- and 2-hour rates, 
respectively, for a 300-ampere-hour cell (private communication 
with D. Soltis, NASA Lewis). Cycle life of this design may reach 
500 cycles if scale-up procedures are effective. Small «10 Ah) 
nickel-zinc cells of the same construction have demonstrated cycle 
lives of over 1000. 

Medium-size cells (145 Ah) in which the zinc electrode is 
mechanically vibrated, have also demonstrated cycle lives of over 
1000. The vibration prevents zinc dendrites from forming; thus, 
there is no penetration of the separator nor shorting of the cell. 
The specific energy of these cells has reached 0.14 megajoule per 
kilogram (18 Wh/lbm) at the 2-hour rate (ref. 17). 

The cost of a nickel-zinc battery is presently prohibitive as 
no large-scale product ion fac il ities exlst; the demonstrat ion 
batteries were handmade. An estimate of the cost of a production 
model nickel-zinc system is beyond the scope of this study. 
Others nave projected $14 per megajoule ($50/kWh) and $0.014 per 
megajoule per cycle ($0.05/kWh-cycle) as attainable goals (ref. 
18) • 

Performance in vehicles. - Nickel-zinc cells of 300 
ampere-hour capacity have been built and tested in an experimental 
2-passenger urban car and in two quarter-ton vans. (refs. 19 and 
20) During these tests, direct pe~formance comparisons were made 
with the same vehicle powered by golf car, and semi-industrial 
lead-acid batteries. Figure C-14 shows the nickel-zinc battery 
pack used in the quarter-ton vehicle testS. 
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figure C-14. - Nickel-zinc battery for a quarter-tr, delivery ..an. 
Battery capacity. :m ampere-hours; number of celis. 60. 

Tests conducted by NASA on a quarter-ton van have 
(~monstrated an 87 percent improvement in range over the golf car 
lead-acid batteries in a 32-kilometer-per-hour (20-mph) 
cons~ant-speed ter~. The nickel-zinc version traveled 88.3 
Kilometers (54.9 miles), and the golf car version traveled 47.3 
kilometers (29.4 miles). On a start and stop driving cycle 
(Scnedule B, SAE J227a, ref. 21» the improvement was slightly 
over 100 percent. 'rhe nickel-zinc version trav~led 68.2 
Kilometers (42 .4 miles), and the golf car version traveled 33.9 
kilometers (21.1 miles). The USPS has tested the same battery in 
another quarter-ton van under similar test conditions. The 
nickel-zinc battery showed a 62 percent improvement in range over 
semi-industrial lead-acid batteries in a 48-kilometer-per-hour 
(30-mph) constant-speed test: The nickel-zinc version traveled 88 
Kilometers (55 miles), and the semi-industrial version traveled 55 
Kilometers (34 miles) . A 75 percent improvement in rang~ was 
measured during a stop-and-go driving cycle to a maximum speed of 
24 kilometers per nour (15 mph): The nickel-zinc version traveled 
2d.2 ~ilometers (17.5 miles), and the semi-industrial version 
traveled 16.1 kilometers (10.0 miles). 

In another test, an electric car was retrofitted with a 
nickel-zinc battery and demonstrated an 82 percent range 
improvement over golf car batteries in a 64-kilometer-per-hour 
(40-mph) constant-speed test. During these tests the vehicle was 
able to travel 235 kilometers (146 miles) with the niCkel-zinc 

366 



~ 
I 

battery, compared with 129 kilometers (80 miles) with lead-acid 
golf car batteries. 

Cnarging. - Because of th~ early development status of the 
nickel-zinc system, the chargers used were laboratory power 
supplies. Using these power supplies facilitates charge control. 
Presently, charging is terminated on a capacity (ampere-hour) 
basis with a S percent overcharge. Additional work is needed to 
bring charging techniques up to a level commensurate with that 
required to meet the field-use demands of an electric vehicle. 

Nickel-Iron Battery 

Description. - The nickel-iron battery, originally called the 
Edison cell, has undergone significant improvement in recent 
years, primarily because of research and development on improved 
iron electrodes (ref. 1). Today the nickel-iron system performs 
well enough to become a contender for the next generation of power 
source for electric vehicles. The system has a cycle life of over 
1000 cycles, which is longer than the nickel-zinc cycle life, and 
has specific energies close to tho~e of the nickel-zinc system. 

The electrochemical reactions developed for the updated 
system are 

Discharge , 
Fe(OH)2 + 2Ni(OH)2 Fe + 2NiOOH + 2H20 

Charge 

Laboratory tests on this system have shown specific energies of 
0.16 megajoule per kilogram (20 Wh/lbm) at the 2-hour rate (ref. 
5). Over 1000 deep-discharge cycles have been obtained in the 
laboratory. peak specific powers of 100 watts per kilogram (4S 
W/lbm) are also reported for this system (private communication 
with J. T. Brown, Westinghouse Electric Corp.). 

As with the nickel-zinc system, the nickel-iron battery mass 
production costs are difficult to estimate. Cost goals of $33 per 
megajoule to $14 per megajoule ($120 to $SO per kWh) have been 
projected (ref. 18). 

The Japanese government has supported development work on 
this system. The reported performance is 0.30 megajoule per 
kilogram (38 Wh/lbm) at the j- or 7-hour rates (ref. 20). A cycle 
life of SOO has been achieved. Cell construction features include 
four terminals per cell, synthetic resin separators, and sintered 
positive and negative electrodes. 

Performance in vehicles. - Nickel-iron batteries have been 
installed and tested in two electric vehicles by Westinghouse, one 
a van and the other a car. Figure C-IS shows the nickel-iron 
system installed in a small car. Westinghouse reports (private 
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Figure C-l5. - Nlctel-iron battery Installation. 

communication with J. T. Brown, westinghouse Electric Corp.) that 
the nickel-iron system has demonstrated a 50 percent improve~ent 
in the range of both vehicles over the range of the same vehicles 
using golf car lead-acid batteries. The van was able to travel 
114 kilometers (71 ~iles) and the car 96 kilometers (60 miles), 
both at 48 kilometers per hour (30 mpn). The battery size in both 
vehicles was 58 megajoules. 

The Japanese government has reported nearly equal performance 
of two electric cars, one using a nickel-iron battery and tne 
other a high performance long life lead-acid battery having a 
specific energy of 0.18 megajoule per kilogram (23 Wh/lbm). The 
vehicle powered by tne nickel-iron battery was able to travel 259 
kilometers (161 miles) at a speed of 40 kilometers per hour (25 
mph) while the lead-acid battery powered vehicle traveled 243 
kilometers (151 miles) al Lne same speed (ref. 8). 

Cnarging. - Charging still remains the major drawback. 
decause of the low overvoltage of hydrogen gas on the iron 
electrode, charging is accompanied by a heavy hydrogen evolution 
so that the system is inherently ener~y inefficient. Typically, a 
nickel-iron battery has a charge/discharge energy efficiency of SO 
to 60 percent as compared to 75 percent for a lead-acid battery. 
In addition, the evolution of hydrogen is accompanied by heat 
generation and occurs at the expense of using water from the 
electrolyte. As a result, the charging system must have 
electrolyte coolant loops, heat exchangers, and hydrogen 
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Figure C-16. - Nickel-iron battery charging station. 

separatlon and venting devices. Figure C-l6 shows a Westi~ghouse 

nic kel-iron battery being charged out of the vehicle. 

Me tal-Air Batteries 

Description. - The metal-air batteries, specifically iron-air 

and zinc-air, are also candidates for second or third generation 

battery sys tems for vehicles. Extensive foreign efforts have 

resulted in specific energies of 0.3 to 0.44 megajoule per 

k i logram (38 to 55 Wh/lbm) (ref. 8). Th i s is about three to four 

times greater than the specific energies of lead-acid systems. 

Cycle life ' s reported to be approaching 300 cycles (ref. 8). 

Because the metal-air systems are limited in spe .~ ific (peak) 

power output, but have reasonably high specific energy, they are 

finding use in electrochemical hybrid-battery systems for 

vehicles. These hybrid batteries consist of a high specific 

energy battery (which may lack a high power capability) connected 

in parallel with a second battery designed for higt. peak power. 

The extractable energy of the "energy" battery is large compared 

with t hat of tne "power" battery. In operation, the energy 

battery (i.e. , zinc- or iron-~ir) provides energy for cruising. 

When a p~ak requirement occurs, such as for acce leration from a 

stop or passing, the energy ba~tery is unable to satisfy the peak 

demand and its terminal voltage falls. This automatically 

transfers the load to tne power battery floating on the line. The 

relatively small power battery meets the peak demand and is then 

recharged from the energy battery as its own limited energy is 
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used. The iron-air system used in this type of hybrid 
configuration (ref. 8) has demonstrated a specific energy 0.29 
megajoule per kilogram (37 Wh/lbm) at the 5-hour rate and the 
zinc-air syl£tem 0.42 to 0.47 megajoule p~r kilogram (53 to 59 
Wh/lbm) also at the 5-hour rate. The reported cycle life of both 
systems ranges from a low of 136 cycles to a high of over 230 
cycles. Recharging and high cost are still areas that require 
investigation. 

Chemistry. - The electrochemical reactions for the two 
metal-~ir systems are 

Iron-air: 

Zinc-air: 

Discharge 
2Fe + O2 + 2H20 

Charge 

, 
2Fe(OH)2 

Discharge 
2Zn + O2 _---! 2ZnO 

Charge 

Both systems require a third electrode for charging and use noble 
metals in the air electrode to extract oxygen. 

Performance in vehicles. - Both zinc-air and ir.on-air 
batteries, combined with high power lead-acid batteries in hybrid 
configurations, have been tested in vehicles in Japan. A range of 
260 kilometers (162 miles) at 40 kilometers per hour (25 mph) is 
reported for a Daihatsu lightweight passenger car powered by an 
iron-air/1ead-acid hybrid. Two other vehicles, one a passenger 
car and the other a truck, with hybrid zinc-air/lead-acid 
batteries had ranges of 455 and 496 kilometers (283 and 308 
miles), respectively, at the same speed. Complicated recharging 
procedures and the high cost of air electrode materials associated 
with these systems are problem areas under investigation. 

Zinc - Chlorine Hydrate Battery 

Description. - Electrochemical couples involving chlorine 
have long been recognized as attractive high specific energy 
systems, but they require a practical, safe method for storing 
chlorine. In the zinc - chlorine hydrate battery developed by 
Energy D<!Velopment Associates, the problem is solved by storing 
chlorine as a solid hydrate (C12 • 6H20) at temperatures near 80 C 
(460 Fl'. rhe system, as designed for use in an electric vehicle, 
requires electrolyte circulation pumps, filters, and a 
refrigeration unit and is, in essence, a miniature chemical 
processing plant. Despite this complexity, the system has 
demonstrated a specific energy of 0.23 megajoule per kilogram (30 
Wh/lbm) (ref. 1) and has a projected specific energy of 0.60 
megajoule per kilogram (75 Wh/lbm) in a vehicle configuration 
(re;. 22). Thus, it has attracted considerable interest for 
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vehicles and for bulk electric storage for utility companles. 

Published test data are limited, but these data indicate that 

the system has limited cycle life, for which resolutions are under 

investigation (ref. 23). 

Chemistry. - The electrochemical reactions for this system 

are 
Discharge 

During charging, elemental zinc metal is deposited on a grid and 

chlorine gas is liberated from the counter electrode, both coming 

from a continuously circulating electrolyte of aqueous zinc 

cnlori~e . The zinc remains on the grid, while the chlorine is 

carried out of the cell in the electrolyte. In a separate 

container, the electrolyte and chlorine are cooled and solid 

chlorine hydrate is forme~ wnich separates from the electrolyte. 

During discharge the elemental chlorine in the hydrate form is 

liberated through heating and is carried to the cell by means oc 

the electrolyte. It reacts with the zinc, forming zinc chloride 

and delivering usable energy from this reaction. 

Performance in vehicles. - A single test has be en made of a 

zinc - chlorine hydrate battery in a converted vega. Figure C-17 

shows the zinc - chlorine hydrate battery installation. The ranqe 

of this vehicle is re~rted to be 240 kilometers (150 miles) at 80 

kilometers per hour (50 mph) (ref. 23) . 

Figure C-l7. - Zlnc-chlorlne hydrate battery Installation. 
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Sodium-Sulfur Batt~ry 

Description. - The high temperature sodium-sulfur system is 
the orily.system tested in a vehicle to date which holds the 
promise of allowing an electric vehicle to travel 320 kilometers 
(200 miles) on a single charge. Results of laboratory tests in 
single cells have approached a specific energy of 0.36 megajoule 
per kilogram (45 Wh/lbm), almost four times the energy density of 
lead-acid batteries. 

Chemistry. - The electrochemistry 
can be represented quite simply as 

of the sodium-sulfur system 

Discharge 
xNa + yS , 

where 
Charge 

x = 2 

y=3t05.2 

The sodium and the sulfur must be in liquid form, which requires 
an operating temperature of 3000 to 4000 C (5700 to 7500 F). The 
solid electrolyte used is either the a' or a" form of alumina or 
hollow borate glass-fiber tubes. Both types of solid electrolyte 
are designed to transport the Na+ ion. Figures C-18 and C-19 
illustrate conceptual designs for single cells using the alumina 
and glass-fiber electrolytes. 

Sodium 
level 
(charged) .... ..-· 

Reactant 
level 

Sulfur level 
(charged) - ...... 

case 

...Arlooe terminal 

Sodium 
reservoir 

r.c:- ,_:".--IMet:al ceramic 
glass seals 

-Ce'lamlc 
el~ctrolyte 

Cathode 
terminal 

~_-Active zone 
(sulfur graphite) 

Figure Cola. - Sodium-sulfur cell with f3-alumlna electrolyte. 
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tube >11.'0'-_ 

Glass 
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Metal fall 
alternating 
with glass fibers 

~ Anode 

~~~ ... - Sodium 

Molten 

Molten 
sulfur
sulfide 

level fully 
charged 

Sodium 
level 
discharge 

Figure C-19. - Sodium-sulfur cell with glass fiber eleclrolyie. 

Laboratory results in the United states and foreign countries 

on individual cells and small batteries are summarized in table 

c-s. Charging procedures, high temperature seals, and electrolyte 

failure modes are presently under investigation both in the United 

Sates and abroad. 

TABLE C-5. - LABORATORY TESTS OF SODIUM-SULFUR CELLS AND BATTERIES 

Type Electrolyte Performance Reference 

24-Cell battery Ceramic 0.34 MJ/kg (43 Wh/lbm); 22 
2000 cycles; 5000-h 
hot life 

ll-Volt battery 0.28 MJ/kg (35 Wh/lbm) 6 

28-Cell battery 0.32 MJ/kg (40 Wh/lbm); 8 
92 cycles 

Single cell 0.22 - 0.25 MJ/kg (28 - 6 
32 Wh/lbm); 4000 -
8000 cycles 

Single cell Glass tube 1600 cycles at 10 to 6 
2S percent depth of 
discharge; 3300-h 
life 

Single cell ---------- 0.4 MJ/kg (SO Wh/lbm) ; 22 
166 cycles; 1000 h 
hot life 

373 



Performance in vehicles. - A prototype of a beta alumina 
sodium-sulfur battery was tested by the Electricity Council in an 
electric van in England in 1973. The van was able to travel more 
than 160 kilometers (100 miles) on a charge. This battery was a 
960 cell system which delivered 0.22 megajoule per kilogram (28 
Wh/lblll) (ref. 22). Shown in figures C-20 and C-21 are the vehicle 
and its battery. Another prototype sodium-sulfur battery was also 
tested by the Ford Motor Company in a Comet. This vehicle was 
able to attain a speed of 113 kilometers per hour (70 mph) . No 
range data were published for this test . 

Figure C-2I1. - Sodium-sulfur battery. 

Figu re C-21. - Bedford van powered by a sodium-sulfur battery. 
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BATTERIES FOR HYBRID VEHICLES 

Tnere are special performance requirements for a battery used 

in an internal combustion engine - battery hybrid electric vehicle 

whic~ are. quite different from the performance requirements of 

batteries used in pure battery-powered electric vehicles (refs. 24 

and 25). All internal combustion engine - battery hybrid vehicles 

tested have used lead-acid batteries. These batteries must 

deliver high specific power without sacrificing life and must be 

able to be charged and discharged at high rates but to shallow 

depths. It is desirable that they be somewhat insensitive to 

overcharge. A typical SLI lead-acid battery is the best candidate 

for fulfilling those requirements. The SLI uses thin plates and 

thin separators and has adequate capacity, all of which are 

desirable for hybrid service. 

A U.S. firm (ref. 24) has furthered SLI technology in 

attempts to optimize lead-acid performance to meet the internal 

combustion engine - battery hybrid vehicle requirements. Through 

a redesign of grids and plate dimensions and the use of 

conductive, corrosion resistant alloys and thin plates and 

separators, the performance of the SLI battery was doubled in the 

hybrid mode. The modified SLI battery was capable of a peak 

specific power of 330 watts per kilogram (150 W/lbm) with cycle 

life of 8000 to 10 500 very shallow cycles. Others (ref. 25) have 

attempted to improve SLI performance through optimization of pore 

size, plate separation, thinner separators, and low resistance 

grids and separators. At present no improved SLI lead-acid 

battery has actually been tested in a hybrid vehicle. 

SUMMARY AND CONCLUSIONS 

The lead-acid battery clearly represents the state-of-the-art 

in electric vehicle batteries today. In the united States the 

golf car version is favored, while in Europe and Japan the 

semi-industrial versions are used more freq~ently. From a 

performance point of view, the lead-acid battery can provide a 

range which allows today's electric vehicles to fill many 

functions. However, experience with golf car batteries indicates 

that improvements in battery life may still be needed to achieve 

low vehicle operating costs. 

The new battery systems have all exhibited specific energies 

well above those of lead-acid batteries~ but limited life, 

charg ing d iff iculties, c\)mplex ity, and cost have prevented the ir 

use in electr ic vehicles. At present they are under development 

and available only at high cost. It is expected, however, the.t at 

least one type, the nickel-zinc battery, may be in production 

within 3 to 5 years at a cost that is to be competitive with the 

lead-acid battery • 
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The replacement of lead-acid batteries by advanced batteries 
will depend solely on their ability to compete on the basis of 
life cycle cost. Although there may be a segment of the market 
willing to pay a premium for extt'a range, it appears that, in 
general, improvements in the lead-acid battery, coupled with more 
efficient propulsion systems, will result in a vehicle that can 
satisfy the driving needs of a broad segment of the public. 
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APPENDIX D 

IN-USE SURVEY OF ELECTRIC VEHICLES - AUGUST 1977 

K. Lesch1y and J. J. Sandberg 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, California 91103 

This appendix presents data and information on in-use 
experience with electric vehicles. They were collected by the Jet 
propulsion Laboratory (JPL) in support of NASA Lewis Research 
Center for the State-of-the-Art assessment under Contract 
NAS 7-100. 

The survey conducted by JPL was limited to field experience 
in the United States with electric delivery vehicles and personal 
cars and with United States built electric vehicles operating in 
Canada. This information provided part of the material used to 
prepare section 3.3. 

This appendix is reproduced as received from JPL without 
editing by the NASA Lewis Research Center. 
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ABSTRACT 

The Electric and Hybrid Vehicle Research, Development, and 
Demonstration Act of 1976 charged the Energy Research and Development 
Administration (ERDA) with responsibility for preparing a State-of-the
Art Assessment of Electric and Hybrid Vehicles. One element of the 
State-of-the-Art Assessment was a survey of use experience with on-road 
electric vehicles, identified as the In-Use Survey of Electric Vehicles. 
Responsibility for the State-of-the-Art Assessment was assigned through 
an interagency agreement to the National Aeronautics and Space Administra
tion (NASA). which subsequently assigned responsibility for conduct of the 
In-Use Survey to the Jet Propulsion Laboratory (JPL). The survey focused 
o.n collecting engineering data on use experience with production electric 
vehicles in the United States and Canada. Data collection involved tele
phone contacts, mail questionnaires. and site visits and covered approxi
mately 800· in-use electric cars and vans. The survey also included a 
literature review of foreign use experience. 

The In-Use Survey indicated that approximately 3000 production, 
on-road electric vehicles are currently in use in the United States and 
Canada. The total on-road EV population includes additional hundreds of 
homebuilt electric vehicles; i.e., one-of-a-~ind vehicles constructed by 
individuals ,~ho generally converted them from internal combustion engine 
vehicles. The survey concluded that existing electric vehicles can per
form satisfactorily in applications that have limited performance require
ments, particularly in terms of range. The survey found that electric 
vehicles manufactured in the United States exhibited excessive failure 
rates characteristic of vehicles which have not reached production 
maturity and that support organizations for these vehicles also have not 
attained sufficient maturity. 
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CHAPTER 1 

SUMMARY 

This is the summary of the final report for the In-Use 
Survey of Electric Vehicles, a task performed by the Jet Propulsion 
Laboratory (JPL) in support of the State-of-the-Art (SOA) Assessment of 
Electric and Hybrid Vehicles conducted by the Energy Research and Devel
opment Administration (ERDA). This SOA Assessment was mandated by 
Public Law 94-413, the "Electric and Hybrid Vehicle Researc:h, Develop
ment, and Demonstration Act of 1976." The National Aeronautics and 
Space Administration (NASA) was requested by ERDA to assume responsibil
ity for the SOA Assessment. NASA assigned the In-Use Survey element, 
defined as the collection, evaluation, and reporting of "engineering 
data on the performance of electric and hybrid vehicles which are now in 
service", of the SOA Assessment to JPL. Lack of identifiable hybrid 
vehicles in actual use application resulted in the survey being limited 
to electric vehicles, thus the title: "In-Use Survey of Electric 
Vehicles." 

The In-Use Survey involved collection and evaluation of data 
on over 800 on-road electric vehicles in use in thE' United States and 
Canada. The surveyed vehicles included those produced by 11 different 
manufacturers. Data collection involved contact of over 200 individual 
users. Experience gained in the conduct of the Survey and data obtained 
on use experience provide a basis for certain significant conclusions 
relative to in-use experience with on-road electric vehicles in the 
United States and Canada. These conclusions are: 

• Use experience with electric vehicles in the United 
States and Canada is relatively limited in terms of 
number of vehicles of a particular model in long 
term use. Total production on-road electric vehicles 
in use in the U.S. and Canada probably do not amount 
to 3,000 vehicles, and less than 10% of these have 
been in use for over 3 yr. Only a few of the in-use 
vehicles have accumulated as much as 10,000 mi. 

• Current U.S. manufactured on-road electric vehicles 
',are not mature production vehicles. None of the 

vehicles has been produced in sufficient quantities 
to achieve development maturity. No particular make 
aad model of the U.S. vehicles, i.e., the same 
design and components, has been produced in quantities 
in excess of several hundred. From the design 
defiCiencies and infant mortality failures encountered 
in use, this does not seem to be sufficient to attain 
production maturity. 

• Support and service also are not mature, compounding 
the frequent repair problems. Lack of support and 
excessive delays in obtaining service and parts are far 
too common occurrences. 
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• Existing de&ig'ns arc not adequately USE'r-orienteci. 
lIany of the vehicl .. s surveyed were exc""sive1y 
noisy due to body and propulsion system noise and 
this should not be characteristic of a well designed 
electric vehicle. Most. state-of-charge indicators 
are,ambiguou$, ipaccurate and unl;'eliable causing 
many users to be stranded unnecessarily. Passenger 
comfort. also has .. received. ina<!equate attention. 

• .Inadequate attention has been given to facilitating 
battery maintenance. None of the vehicles surveyed 
has a single-poInt wlitering system and many have very 

, . poor battery accessibility • 

• , ,Electric vehicle batteries .must improve tn terms of 

• 

. ,cycle' life over that expe!;ie .• lced with in-use electric 
.vehicles of U.S. manufacture if these vehicles are to 
be. cOlit-competitive, with ICE vehicles. 

Improvements in charger technology and charging 
, SCl;'at,egy. apd contX'ol are needed to reduce charger
related problems and eliminate efficiency losses due 
to overcharging • 

.. Enthusias~ and. commi'tment, on the part of management, 
support personnel, and drivers, to an electric vehicle 
l'rogr .. mcan greatly increase potential for success. 
Adequate tra:tning,of maint\!nance personnel and drivers 
also is of significant importance. 

• Recprd keeping is inadequate for assessment of 
per£ormance of in-use electric vehicles, particularly 
assessment of cost. Pevelopment of an adequate data 

, base would require a highly structured data acquisition 
program involving record-keeping by trained personnel. 

,,",E1ectr.ic Veh;Lcles s,hou1d be dep10ved in concentratIons 
SUbstantial enough to' assure adequate support. These 
concentrations shQuldprobab1y be between 50 and 100 

. vehicles to ju~'tify necessary skilled support personnel 
and stock of.J;ep1acement parts. Concentrations also 
af£o):d economy'of scale for routine maintenance and 
facilitate thorough and accurate recordkeeping. 

BACKGROUND, PURPOS~ A.~P OBJECTIVES 

. The background of the In-Use Survey is centered on the 
enactment of the Electric and Hybrid Vehicle. Research , Peve10pment 
nnd Pemonstration Act of 1976. This Act established in ERDA as-year, 
$160,000,000 progrnm fot: the development and demonstration of electric 
and hybrid vehicles. The policy of Congress is stated in the Act as 
"to demonstrate ,the economic and technologi.cal practicability of 
electric and hybrid vehicles for personal and commercial use in urbun 

1-2 

.~)_I ___ . ___ ._. _ .. -



areas and for agricultural and personal usc in rural areas." In keeping 
with this objective the focus of the program dcfincd by the EIIV Act is 
On the demonstration of electric vehicles. Among research and develop
ment requirements specified by the Act in direct support these 
demonstrations is an assessment of the state-of-the-art of electric and 
hybrid vehicles. In accordance with the act deSignation of NASA as a 
resource to be used in performing the RD&D re'quircments, ERDA delegated 
responsibility for the SOA Assessment to NASA. NASA developed a State
of-the-Art Assessment Plan, including a requirement for an In-Use Survey 
of Electric and Hybrid Vehicles. Primary responsibility for the SOA 
Assessment was assigned to NASA Lewis, Research Center, and respon3ibility 
for conduct of the In-Use Survey was assigned to JPL. 

The purpose of the in-use survey was identified in the State
of-the-Art Assessment Plan as the determination of the'suitability of 
electric and hybrid vehicles for real jobs. Since the suitability of 
electric vehicles has been clearly dllmonstrated in such applications 
as golf carts, industrial lift trucks, and in-plant vehicles, the thrust 
of the In-Use Survey and the total SOA Assessment was directed at on
road vehicles. The intent of the SOA assessment to be supportive of the 
demonstration program and time and budget constraints dictated that the' 
survey be focused on in-use eXDerience with on-road production electric 
vehicles "Iithin the United States .and Canada. Therefore, direct survey 
of users was limited to these countries and reporting of other foreign 
experience was limited to information readily available in literature. 
The type of data to be collected was defined as engineering dar.a on 
vehicle performance, energy cOnsumption, durability, operating costs, 
and the effects of weather conditions. Electric busses ,~ere not 
included in this survey as data on their use was to be obtained from a 
separate survey beillg conducted by the Department of Transportati,m. 

In attempting to identify users of electric vehicles, a 
review of on-road electric vehicle manufacturers was undertaken, reveal
ing an interesting phenomenon relative to the stability ~f the industry. 
Tabulation of manufacturers involved in production of on-road electric 
vehicles from 1973 through 1976 shows an overall growth in the number 
of manufacturers but a very high tUrn-over. Among US manufacturers of 
passenger cars under 2000 lbs gross vehicle weight, of the 14 manu
facturers identified in 1976, only 2 were among the 6 listed in 1973 
and only 3 among the 11 listed in 1974. 

1.' APPROACH AND CONDUCT OF SURVEY 

The approach to the in-use survey was structured to obtain 
the maximum amount of engineering data available on usa axparienca with 
electric vahicles in the United States and Can,da. Survey candidates 
were limited to production vehicles, i.e., those which were producad 
by manufacturers for comrnarcial sale or with the intent of commercial 
sales. The initial stap in the survey process was the identification of 
survey candidates. Concurrent with the identification of survey 
candidates, the process involved determination of data requiremants and 
development of data forms for the collection of the required data. 
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These steps were followed by the major task of the sUl;vey, the actual 
data collection. IdentiHcation of sUl;vey cand!d.atc'l and data collec
tion involved the contact of many individuals and organizatiC:lnS assoc
iated with .electric vehicles. These included manufactul;el;s, publishers, 
industrial associations, and electric vehicle clubs, as well as NASA 
and ERDA personnel with extensive electric vehicle experience. The 
data co~lection phase also involved numerous site visits to users and 
sponsors of these ·progra!JlS. A list of contacts and site visit.s is con
tained in the Appendix. 

Initial criteria applied in the identification of survey 
candidates l;equired that the usel; be a majol; usel;, i.e., eithel; an 
opel;ator of a sizable fleet of electric vehicles or a long term user 
of electric vehicles, and have extensive records on the use experience. 
However, the identification process soon revealed that the population 
of users meeting thesecritel;iawas so limited that the requil;ements 
were l;elaxed to include considel;ation of usel;S meeting any of the 
criteria.. . 

A pre~iminary ~ist of data required to meet the objectives 
of the In-Use Survey was developed based on specific items identified 
inche SOA Assessment Plan and discussions with cognizant staff per
sonnel. These data requirements focused on defining the applications, 
reliability, and cost of electric vehicles in actual use. A set of 
basic data sheets was developed from this list. The initial data list 
is presented in the report. as Table 3.1, and the survey data forms ,are 
presented in the Appendix to the report. In addition to the basic data 
sheets, two additional special purpose survey forms were developed dur
ing the course of the sUl;vey. They consisted of a questionnaire 
developed to obtain supplemental data from Battronic Minivan users and 
a questionnaire designed for mail-out to owners of Citicars and Elcars. 
Copies of these survey forms are also contained in the (\ppendix. ' 

Telephone contacts were used to determine data availability 
and the.most effective method of obtaining the use data. In some 
cases this resulted in the uscr submitting what data were available by 
mail. Other cases reqt!iredofficial ~etters requesting the desired 
data and data forms to guide the user in supplying it. In the case of 
major use programs, site vis.its were arranged to permit direct obser
vation of the operation and collection of data from the users records. 
Data ~ollection in the case of some programs involved ~ombinations of 
mail-in responses and site visits. Site visits were judicially 
seleoted on the basis of need, significance, and cost to make maximum 
use of available time and budget. The extent and dispersion of Citicar 
an;! Elcarusers necessitated use of a mail-out questionnaire to 
owners to obtain representative sample of use experience with these 
vehicles. Response to this mail survey has been extremely good, 

. approaching 50% of owners surveyed. 

1-4 

.s_ .s __ . , n !. 2¥'~'1"W,,_""7"_""'_""T""7"T_"T"" ______ """"MI .. I1iA ....... 



Data availability varied greatly among users surveyed. Some 

users kept fairly complete records of vehicle performance but others 

were found to have basically no definitive record. In none of the 

su~ey cases were data records as complete and accurate as required by 

the Survey objectives. The most complete records were those from the 

major use programs which were designed to include data collection and 

monitoring. Data deficiences in these programs Were primarily due to 

inaccurate record keeping, incomplete reporting, and insufficient detail 

in the area of repair and cost requirements. The data item most fre

quently recorded in rigorous detail was energy consumption in terms of 

electricity input to the charger. The areas of greatest deficiency in 

data on use experience with Electric Vehicles is that of total mainte

nance costs (i.e., routine maintenance and repair costs), battery 

replacement requirements (cycle life) and vehicle life. Ironically. 

electricity consumption, the factor most rigorously recorded, generally 

constituted less than 10% of total vehicle costs. 

Response to requests for information and data on use exper

ience with elentric vehicles was on the whole extremely good. Particu

larly good cooperation was obtained from users and spor.sors of use 

programs. Responsiveness was somewhat correlated with satisfaction 

with the vehicles in use and enthusiasm for electric vehicles; however, 

excellent cooperation was obtained from many users who had negative use 

experience with electric vehicles. While some manufacturers were 

extremely cooperative and helpful, generally more difficulty was 

encountered in obtaining information from manufacturers than from 

users. Lack of records was a far greater limitation to the survey than 

obtaining data which were available. 

1.3 SURVEY POPULATION 

Although the survey population was directed at U.S. manu

factured electric trucks, vans, and passenger cars, the In-Use Survey 

did include three exceptions to this category of vehicles: the 

English-made Harbilt vans in use by the U.S. Poolal Service, the 

Italian-made Elcar imported for dist,ibution in the U.S. by Elcar 

Corporation, and the CDA van which despite its extensive use experience 

is a prototype veh~cle not constructed with the intent of commercial 

sale. Also, a summary of foreign use experience extracted from avail

able literature is presented in this report, but direct coverage of 

foreign use experience, outside of Canada, was not Within the scope of 

the survey. A brief discussion of home-built vehicles is presented 

because of the significant use population represented by these nonpro

duction vehicles. The survey population includes those vehicles and 

users which were identified and determined to provide the information 

most suitable to the objectives of the Survey. It clea~ly does not 

include allan-road electric vehicles manufactured for sale in the 

United States. 
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1.3.1 Vehicle., Types, ,Characteristics,. lin!! PerfaJ:Illance 

.' V~hicle types included, in the. sm:vey' papulatian are 
classified, in .two majar categarj.es ~ work vehicles and passenger cars. 
The. work :vehic;le category is c9mppsed o!· the .set af ,vehicles pra!!uce!!, 
primarily far canunerciaL applications,and variously identified. as light 
trucks,utilicY'vans, ar deliverl vans. The passenger car categary 
includes vehicles built.primarLly for use as passenger vehicles ar 
private ;1Utamahiles, even though their application may be of a conuner
ci'alnature in same cases. . 

Work vehicles' within . the ,survey papulatian cQnsisted of 
five vehiclemo!!els: . AM General, DJ-5E, BattrQnic Hinivan, HarbHt 
utility van, Otis P-500 van, and C~. electric van. The characteristics 
of these warkvehicles and the quantities in use. are presented in 
Table l-l(a) (Engl!:;h Units) and Table l-l(b) (SI Units). This total 
papulation includes anly about 500 vehicles in the hands of users. The 
electric vans range in size, in terms of curb weight, from just over 
3500.lb (1590 kg) to almost 7000 Ib (3180 kg). The performance capa~ 
bilities of these electric l,ork vehicles vary considerably. Top speed 
varies from 33 mph (53.km/hr) for the Harbilt and DJ-5E to 53 and5S mph 
(8S-88 km/hr) for the CDA van and Battronic Minivan, respectively. 
~ngein urban !!riving cycleI', as -:eparted in NASA tests, varied fr\1m 
about 30 to. SOmi .(48-80 km). The heavier vehicles, the Battronic 
Minivan and CDAvan, with their attendant greater battery weight and 
capacity consistently .show higher perfarmance capabilities in teJ:Ills of 
top speed, ac:celeratian rates,' an!! range. 

Six vehicles classified as passenger cars were included in 
the survey population. These were the Citicar, Elcar, EVA Sedan, Mars 
II, EVE Islander,and Electra King. Four of these models are built 
directly as electric vehicles, i.e., the Citicar, Elcar, EVE Islanoer, 
and ·Electra King. The other two, the EVA ~!etro~sedan and the ~Iars II, 
are both conver"ionsof·conventional, internal combustion engine (ICE) 
Renault sedans. The passenger car population is clearly dominate!! by 
the Citicar~ _which has a, user p<>pulation estil1'.ated tC! be about 1500 
vehicles, or approxim.ltely 8(1% of production electric passenger cars 
estimated to be in use.in the UniceQ. States and Canadu. The character
istics of these six passenger car. models and the quantities esti-
mated in use ;;!te presented in Tabl,as 1-2(a) and l-2(b). These vehicles 
range in price, in 1977 dollars, from $3300 fQr the Citicar to approxi
mately $ll, 000 for the f!.VA Sedan. Price is somewhat c;o.relate!! to 
vehicle l1eight which ranges from 1,0·91 lb (495 kg) for the Elcnr to 
4,040 Ib (1834 kg) for the !lurs:rr. Little performance information was 
available on the passenger car vehicles outside of manUfacturers' 
claims of performance capabilities. These claims, plus limiteg test 
datn, indicate that the range of these vehicles varies from 25 to 50 mi 
(40 to 80 km) in urban !!dving, with the exception o~ the Hars II which 
attained a range of 73 mi (ll7 km) on a city driving cycle in a test 
conducted by Cornell AerC!nnutical Laboratory. Top speed of the vehicles 
is in th'" neighborhood of 30 to 35 mph (48 to 56 km/hr) with thl! ",xcep
tion of the EVA Sedan and Nars 1I which have top speeds in excess of 
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Table 1-1 (a) • Vehicle Characteristics - Hork Vehicles 

(English Units) 

Battronic Otis 
HarbUt DJ-SE Hlnlv.1n p-soo 

Uumbar of vehicles 

Total in use.1 31 289 112 40 

Total surveyed 31 289 8D 3 

Manufacturer lIarbilt Electric ,\,'1 Ceneral Bnttron!c Truck Otis 
of England Gould, lile. Corporation Elevator 

Initial costb $9S00 $6600 $10,834 $11.000 

Dimensions 

Wheelbase (1n.) 103 81 94.5 96 

Length (1n.) 148 133 14S 138 

Width (In.) 64 70.6 74 62 

Height (1n.) 7S 73.8 92 74.2 

Cargo Capacity (ft 3) N/A 60 N/A 

Curb weight (lb) 3S65 362S S800 3620 

Payload (lb) 900 675 SOD SOD 

BatteriesC 

Number of units 2 1 2 2 

Total cells 36 27 S6 46 

Weight (lb) 1812 1260 21,00 1040 

Hater 

Type DC series DC compound DC series DC series 

Rating (hp) 12.5 10 42 30.4 

Controller Thyristor SCR SeR SeR 

Transmission None None 2 speed None 

COA Van 

1 

1 

,\ntares Engr. 

NtA 

lS0 

192 

75 

69 

175 

5100 

lDOO 

36 

108 

2340 

DC series 

22 

Contactorl 
resistor 

Modified 
';IlH;omatic 

(4) 
Count or CStim.1tC of total nUr.l.ber which are, ·or have been, in usc application within 

the United States and Canada. 

(b) 
Purchase price or estimated initial cost converted to 1977 dollars. 

(0) 
All nrc lead acid. pasted plate construction except ror Itarbllt which has tabula.r 

~onstrucr.ion. 
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Table l-l(b). Vehicle Characte~istics Work Vehicles 
(Hetric Units) 

l"'rbUt OJ-50 Battronlc Otis eVA Van n Uinlvan P-500 
, I 

Number of vehicles : I 
'rot41 In lise (a) 31 362 112 '1.40 1 I 

I Total surveyed 3L 362 80 3 1 
I 

:-l~nlJf;actlJrer ltarbllt Electric I MJ Ceneral Battron.lc Truck Otis Antares ~ngr. 
or .England Could. 1m;. Corporation Elevator Co. 

Initial cost (bl $9500 $6600 $10,834 $11,000 U/A 

DllGensions 

Ilheelbase (em) 262 206 240 244 381 

Length (eID) 376 338 368 351 488 

IIldth (em) 163 179 188 158 191 
.\, .'. ,. 
.i Helght (em) 191 187 234 188 175 

Cargo capacity (~3) U/A 1.7 U/A MIA 4.95 

Curb ,"dght (kg) 1619 1646 2633 1642 2315 

Payload (kg) 409 306 227 227 454 

:j 
B3tter:1es(c) 

Numbe~ DE units Z 1 2 36 
;-1 

2 

Total cells 36 27 56 ,8 108 

1Ie1&ht (lb) 1812 1260 2400 1040 2340 

ttotDr 

Type DC serhs DC compound DC ,series DC series DC series 

J4tlng (kll) 9.33 7.S 31 22.4 16 

( 
Cont-toller Thyristor SCII SCR Cantnctor/ 

resistor 

j Tran1l1ll.1ss101l 'None 'None. 2 ~pee" Modified 
automatic 

Ca) Count Or estimate of .total number ~hlch are or have been purchased for usc application vlthln 
the United States ~n~ Can~dq. , 

- (b)PurchOls(!' pr:lce. or e~u;!lII.lted Initial co~t converted to 1971 dollarst 

eC)All are lead acid, pasted plate construction except tor H3tb11t whic~ bOla tabular construction. 

,-
i' 
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Table l-2(a). Vehicle Characteristics(a) - Passenger Cars 
(English Units) 

liULlhcr of vehicles. 

Total in use(b) 

Total sur1tcycd 

Manufncturcr 

Initial cost (cJ 

Dimensions 

Wheelbase (In.) 

Length (In.) 

Width (In.) 

n.lght (In.) 

Number of passengers 

Curb weight (lb) 

Batterlcs(d) 

Number of units 

Total cells 

Weight Ub) 

Motor 

Type 

Rating (hp) 

Controller 

Transmission 

Cltlear 

"'1500 

230 

Sebring 
Vangu3rd 

$3300 

63 

95 

55 

58 

2 

1250 

8 

24 

",460 

DC series 

6 

Voltace 
Switching 

None 

Elc:ar 

"'toa 

20 

Zagata 

$3500 

51 

84 

53 

63.5 

2 

1091 

8 

48 

"-4BO 

DC series 

2.7 

Voltage 
S\lltchlng 

None 

EVA Sedan 

"'15 

10 

EVA 

$11,000 

96 

174 

64.5 

56.6 

4 

3150 

16 

4B 

1040 

DC series 

12 

SCR 

Autolll3tlc 
transax.1c 

(a)Characterlstics reflect current or most C:Deman model 

llnrs II 

45 

EFP 

$9500 

89 

167.5 

60 

55.5 

5 

4040 

4 

60 

1900 

15 

Voltage 
s\litchlng 

4 speed 

Eve 
Islander 

25 

25 

EVE 

NIA 

94 

125 

75.5 

60 

4 

2500 

14 

42 

850 

DC series 

10 

NIA 

NIA 

Electra 
King 

'\0300 

o 

B&Z 
Electric: 

$3500 

65 

101 

45 

60 

2 

1350 

8 

24 

570 

DC series 

3.5 

Voltoge 
Gwltchlng 

None 

(b)Estlmate of total number which are, or have been, In usc application In the U.S. and Canada. 

(c)Purchasc price In 1977 dollars. 

(d) All are lend acid, pasted plate construction. ~rs 11 arc lead acld/tobnlt. 
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Table l-2(b). Vehicle Characteristics(a) - Passenger Cars 
(Hetric lIni~s) 

CLtl(!at F.lcar f.,VA Sedan 

Number or vehicles 

Total In use(b) ""1500 "'100 ~15 

Total surveyed 230 20 10 

U:mufac:eurer Sebring Z<lgato EVA 
Vanguard 

i~ltl~l -cost(e) $3300 '3500 $11.000 

Dimensions 

Wheelbase (em) 160 130 244 

Length (em) 241 213 442 
, 

Width (em) 140 135 163.8 

lleight (em) 147 161.3 143.8 

Number oC passengers 2 2 4 

Curb ~.Ight (kg) 567.5 495.3 1430 

B:t~~-rlCs (d) 

Number of units 8 8 16 

Total cells 24 48 48 

Weight Ub) '><180 '><180 1040 

Hoto!:" 

Type DC series DC series DC serles 

Rating (kW) 4.5 2.0 8.95 

Controller Voltage Voltage SCR 
swi~chlng s1ol1tching 

transmission None- Nonc Automatic 
transaxle 

(a)Ch3ra.C(erlstlc~·r~{lect eurr~nt or most common model. 

MIlts It 

45 

8 

EFP 

$9500 

226 

425.5 

152 

140.9 

5 

1834 

4 

60 

1900 

DC series 

11.2 

Voltage 
switching 

4 speed 

E~'-c 
1s1LJnd~r 

25 

25 

EVE 

N/A 

239 

318 

191.8 

152 

4 

1135 

14 

42 

850 

DC series 

7.46-

Nih 

N/A 

Electra 
King 

"'300 

0 

n&Z 
Electric:. 

$3500 

165 

257 

114 

152 

2 

612.9 

8 

24 

570 

DC series 

2.6 

Voltage 
switching 

flone 

(b)E!itil<\1te of total number "hieh arc or have been purchnscd for usc application tn the u.s. and 
Canildit. 

(c) Purchase priee 1n 1977 ddllars. 
(d) 

All arc l~ad acid l pasted plate construction. Hnrs II (It'D. leoti ncJ.d/c:.obillt. 
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55 mph (88 km/hr). Energy economy claims range from 0.27 kWh/mi 
(0.17 kWh/km) for the Blcar to 0.59 kHh/mi (0.37 klfu/km) for the EVA 
Sedan on urban drivillg cycles. 

1.3.2 Uses and Users 

Applications of the survey electric vehicles range from 
miscellaneous use as private automobiles to assignment to specific 
commercial routes. All of the vehicles categorized as work vehicles are 
involved in commercial applications. These applications range from 
very specific route assignments as in the case of the U.S. Postal 
Service Program to varied daily routines of customer service on a 
demand basis as in the case of most of the vehicles operated by utility 
companies. The majority of the vehicles identified as passenger cars 
were in use as private automobiles but some were used for business 
purposes as well. Primary use purposes most commonly reported for the 
survey vhicles were: delivery, commuting, shopping ami miscellaneous 
errands, customer service, general purpose private automObile, and 
interfacility mail truck or shuttle bus. Users included operators of 
major vehicle fleets such as the U.S. Postal Service, Bell Telephone, 
and utility co~panies. The majority of private users were persons who 
had purchased the electric vehicle as a second or third private auto
mobile for commuting or miscellaneous errands. However, subst~ntial 
numbers of users reported their electric vehicle to be the only private 
automobile they owned. 

Daily routines for the electric vehicles varied from repet
itive performance of specific routes on a daily basis to random and 
even intermittent day-to-day use. Applications of the vehicles were 
generally characterized by limited range, low speed assignments over 
relatively level terrain. Over 95% of the vehicles surveyed reported 
average daily mileage of less than 20 mi (32 km). However, users of 
several of the Battronic Hinivans and the CDA van reported frequent 
operation of over 40 mi (64 km) on individual days, and almost 5% of 
Citicar owners reported daily mileage in access of 30 m~ (48 km) per 
day. Although the route assignments of the electric vehicles of the 
U.~. Postal ~~rvice Program are quite limited in range, 5 to 15 mi 
(8 to 24 km), the routes are much more demanding than normal city 
driving becau.se they generally involve 200 to 400 stop-starts. Hany 
of the private vehicles reported sporadic use and even some of the 
commercial vehicles were used only intermittently. The majority of the 
in-use vehicles are recharged on a daily basis, generally during over
night storage. However, some vehicles are charged much less frequently 
and Some reported charging during daily use as well as overnight. 

The survey population includes two major use programs:. the 
U.S. Postal Service Program consisting of 352 (only 279 were in regular 
use as of Hay, 1977) DJ-SE vans and 31 Harbilt vans used for mail 
delivery, and the E1ectdc l~ork Vehicle Purchase Program spc.nsored bi the 
Electric Vehicle Council (EVe) which involves 107 Battronic Hiniva~9 
purchased for use by 62 participating utility companies. The next 
largest use program covered by the survey consists of the 33 Nars II 
Sedans purchased by 24 electric utility companies in the late 1960s. 
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. This is Tio·longeran active program but was· included in the survey 
because of available data and· the l!!ngth of time which 'some of the 
vehicles Were in use. The 25 EVE Islanders in use by Sea Pines Planta
tion constitutes the next largest group of vehicles in use by one 
operator or under a single coordinated program. The rest of the survey 
population consists of individual users operating one to seven vehicles 
but not as apart of any larger coordinated use prdgratn.· The vehicles, 

. users, sponsors, and applications of the vehicles included in the 
survay population are summarized in Table 1-3 for work vehicles and 
Tablal-4· for passenger cars. 

_.4·GENERAL FINDINGS 

Summation of general findings from user experience with 
electric vehicles· is complicated by the inconsistency in amount, type, 
and detail of !lata available from the users surveyed. Therefore, the 
vehicles· and programs included in various comparisons II.USt fluctuate 
in accordance with the data available. In spite of the complications 
imposed by insufficient and inconsistent data,the data collected pro
Vides some useful insight on use experience with electric vehicles as 
to performance of duty, availability and reliability, cost, support 
requirements, and effects. of weather on use. 

1.4.1 P~rformance of Duty 

. In-USe experience with electric vehicles in the U.S. snd 
Canada clearly indicates' existing vehicles are capable of satisfac
torily . performing certain assigned duties. Current vehicles are more . 
successful. in performing specific assigned routes than in performing 
random use functions. Successful applications of electric vehicles in 
terms·of performance of aSSigned routine is highly dependent on careful 
planning of the application and matching of the vehicle to the applica
tion. Inadequate -range at the driving cycle involved was the common 
cause of inadequate performance. This usually resulted from inadequate 
appreciation on the part of the user for the limitations of the 
vehicles or demands of the allplication io"olved. Part of the problem 
is ambiguous and over-optimistic performance claims by some manufac
turer~. Although the majority of the vehicle .. surveyed have been 
successful in performing the assignments for which they were purchased, 
with the 'exception of the Harbilts, the vehicles have generally failed 
to achieve expected or satisfactory reliability and cost performance. 

1,.4.2 Availability and Reliability 

Availability, the percentage of days a vehicle is able to 
perform its intended use, is an important measure of the usefulness of 
the vehicle. Since vehicles ~h~ch breakdown and are unable to complete 
their rQutes or trips andthosedeadlined for repai-rs are cQunted as 
unavailable, availability is a measure of both frequency of failures 
and repair time. Only the U,S. Postal. Service l'rogram provided ade
quate records to determine availability for a substantial number of 
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Table 1-3. Vehicles, Users, and Uses - Work Vehicles 

Vehicle Number User/Sponsor 
?rimary 

App1ication(s) 

DJ-5E 352 U.S. Postal Service Nail delivery 

10 Bell Telephone/AT&T Customer service 

HarbUt 31 U.S. Postal Service Nail delivery 

Battronic 107 Uti1iey Companies/EVCa Customer service 

Ninivan 5 3 U.S. and 2 Canadian Customer service 
Utilities 

Otis P-500 2 NASA Lewis Research Inter-facility 
Center mail service 

1 Hydro Quebec Customer service 

CDA Van 1 Water Department, Customer service 
Birmingham, Mich./ ... 
Copper Development 
Association 

aThese are utility companies participating in the Electric Work 

Vehicle Purchase Program sponsored hy the Electric Vehicle 

Council. 

vehicles of a particular make. These records showed a monthly avail

ability ranging from 94.2% to 98.5% fer the DJ-5E vans. Availability 

of the U.S.P.S. Harbilt vans has been in excess of 99%. Availability 

of 98% or better is generally considered satisfactory in fleet operations 

of light duty vehicles. 

Use experience with U.S. manufactured electric vehicles 

does not generally support the contention of high reliability often 

pointed to as the factor off-setting the higher initial cost of the 

electric vehicles. Fatlure rates, number of failures experienced as 

a function of time ox usage (mileage), of the electric vehicles sur

veyed (except for the U.S.P.S. HarbUt vehicles) generally have been 

substantially higher than those for comparable ICE vehicles. Figure 1-1 

shows that the failure rates for the vehicles surveyed (except for the 

Harbilt vans) generally have been in the range of 2 per 1000 mi., 

approximately 10 times the rate for comparable ICE vehicles; for the 

electric vehicles in regular use, this represents five or six failures 

per year. The relative frequency of failures by component or element of 

the vehicle is presented in Table 1-5 for the DJ-5E, Battronic Minivan, 

and Citicar, the vehicles in use in greatest quantity. These failure 

freqllencies show that the majority of failures have occurred \~ithin the 

electric drive systems of these vehicles. 
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"'Trible 1-4. Vehicles, Users, imd Uses - Passenglir Cars 

Vehicle Number 

Citicar 207 

1 

Elcar 11 

6 

3 

2 

EVA Sedan 7 

3 

Mars II; 8 

EVE Islanders 25 

Ele.ctra King 0 

User/Sponsor 

Respondents to 
mail survey 
of owners 
John Hoke, u.s. 
Park Service 

Respondents to 
mail survey 
Firmi National 

, Accele ra tor Lab. 
DOwntown Parking 
Association 
Stockton 
Erwin Ulbrich, 
Creative Automo-
tive Research 

Government of 
Manitoba, Depart-
ment of Public 
Work 
li:RDA 

Pennsylvania Power 
and Light 

Sea Pines 
Plantation 

Manufacturera 

Primary , 
Application(s) 

Commuting, shopping 
atid errands 

Commuting, business 

Pleasure, commuting 

Interfacility 
trans. 
Security patrol 

Demonstration 

Local business 
trips' 

Local business 
trips 

Demonstration. 
messenger service 

Public rental 

aeon tact was made Qnly with the manufacturer. no actual users 
were surveyed. 

Reported ellperience with in-use electric vehicles, tends to 
substantiate the contention chat repairs are relatively easily made. 
Repair times are quite short in'~erms of man-hours required! however. 
clIcessive delays have becn experienced in getting parts needed to l'epail' 
vehicles. Availability of adequately trained maintenance personnel has 
also been a problem. Poor or virtually no support from· manufactural's 
or dealers l~aS a much too frequently encountered complaint of EV users. 
Even in the case of well supported vehicles such as the OJ-5.E. el\ces
sive delays have been encountered in obtaining replacement batteries 
and controller parts. 

1-14 



5 

41-

3f- . 

HOKE 
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SURVEY 

I 

0 
DJ-5E 
U.S.P,5. 

BAIlRONIC 
191 .... 1975a 

BAIIRONIC 
1976·1971° 

ELCAR 
FIRMI 

CITICAR 

°Balltonlc faUure folel ate ,nose fot tho EVe PtoGram ... chldes whlth filed reoulor rcporb and hod Clccumulated 

OYItr 1000 mi. fhe two time petTed1 reprl!.isMt opcroling oxperlence before and after axle recall. 

Figure 1-1. Failure Rates 

RESPONDENIS 

HARBILJ 
U.S.P.5 .. 

Battery performance, primarily in ~erms of life, has been 

the single biggest problem in use experience with electric vehicles in 

the U.S. and Canada. All of the in-use vehicles surveyed are powered 

by lead-acid batteries which tend to require excessive amounts of main

tenance time and significant amuunts of distilled water. Their per

formance can deteriorate significantly in cold and hot weather. Survey 

results indicaee that battery life for the in-use vehicles has been on 

the order of 250 to 300 cycles. None of the vehicles surveyed, other 

than the U.S.P.S. Harbilt vans, has been reported as getting as much as 

6,000 mi out of a set of batteries. 

1.4.3 Costs 

Initial costs (purchase prices) of the vehicles surveyed 

ranged from $3300 to $10,800 in 1977 dollars. Initial cost is roughly 

proportional to vehicle curb weight at a rate of about $2.00 to $3.00 

per pound ($4.40-$1't.60/kg) with the·l!ghter vehicles tending to be 

higher ;er pound. At $3300, the Citicur is competitive with subcompact 

ICE vehicles but is smaller in size and considerably lighter than most 

subcompacts. The DJ-5E costs the U. S.P.S. t\~ice as much as the ICE 

jeep. 'rhis t\~o-times-the-cost of the ICE vehicle is generally true 

for all EW. \~hich are conversions of ICE vehicles. The relotlvely high 

initiol cust of electric vehicles is due in port to the signlficont 

cost contribution of the botteries but is prinulfily attributed to low 

volume production of both vel-tcles and components. HainCenance cost, 

cost associated I~ith routine maintenance and repair, are reputed to be 

relatively low for electric vehicles, but this >Ias not substantiated 

by reported experience with U.S. monufoctured in-use vehicles. 
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Maintenance costs were high due to routine battery maintenance 
requirements, i.e., regular watering, cleaning, and checking of 
bttttl)rics, and high failure rates. The following table presents man
hours per vehicle per year required for routine maintenance • 

. Vehicle/User 

DJ-5E, U.S.P.S. 

llat;tronic, EWVP? 

CD,\ Van 

1-16 

Man-hours per year 

8 

38-116 

48 

. -



The relatively low man-hour requirement for the DJ-5E can be attributed 
to the vehicle's single unit battery. ease of access to the battery, and 
economy of scale attainable with la~ger fleets. Available estimates 
of annual maintenance cost per vehicle experience by users are sum
marized in the following table: 

Vehicle/User Routine Repair Total Haintenance 

lIali.llt/U. S. P .S. NA NA $ 80 

tIJ-5E/U. S. P .S. $100 $3~0 $450 

Bllttronic/EHVPP $400-1200 $150 $550-1350 

}lars II/Pennsylvania P&L NA NA $790 

EVE Islanders/Sea Pines NA NA $310 
Resort 

The U.S.P.S. experience with the Harbilt vans demonstrates that mainte
nance cost for EVs can be quite low. The high maintenance cost experi
ence with the U.S. manufactured vehicles is reflective of the relative 
immaturity of these vehicles a~G can be expected to decrease with 
longer term experience. 

Energy cost receives a great deal of attention from EV users but 
actually constitutes a relatively small portion of the total annual 
COSt or per mile cost of electric vehicles. This is due to the high 
initial cost and battery costs which must be amortized over the life 
of the vehicle. For all reported cases. the energy cost is less than 
10% of the total cost and in many cases less than 5%. Energy costs 
vary with power consumption and electric power rates. Power consump
tion varies with the vehicle, driving cycle. and manner in which the 
vehicle is driven. Figure 1-2 shows reported energy consumption as a 
fUllction of vehicle weight. Electric rates vary with the location and 
classification of the user, and reported rates range from l¢/kHh to 
5¢/klfu. Energy COStS were found to average approximately l¢/mi for each 
thousand pounds of vehicle weight and generally amounted to lass than 
$100 per vehicle per year. 

An attempt was made to estimate total life cycle cost in 
terms of annual cost and per mile cost for the two vehicles having the 
most extensive documented use experience: the OJ-5E of the U.S. Postal 
Service Program and the Battronic ~!inivan of the Electric 110rk Vehicle 
Purchase Program. The following table presents the high and low esti
mates Obtained for total cost of these vehicles. 
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=! 1.4 
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DJ·SE 
U,S"P.S.O 

HARBILT 0 
U.S.PIS, 

BATT~ONICO 
MINIVAN 

Z 1.2 
Q o CDA VAN 
~ 

~ 1.0 
;Z 
o v 0.8 

~ 
Z 0,6 
~ 

o.~ 

0.2 

CITICAR o JOHN HOKE 

O MARSII 
PP&L 

°P~--------~------~2~--------~3---------;~--------~5--------~6 
VEHICLE CURB WEIGHT, 1000 Ib 

Figure 1-2. Energy Consumption vs Voh iele l~eight 

Vehicle/User Estimate Annual Cost Per Hile Cost 

DJ-5E/U.S.P.S. Low $1680 $0.56 
High $5030 $1.68 

Battronic/EtWPP Low $3700 $0.74 
High $6950 $1.39 

These estimates show that the uncertainty involved in producing the 
estimates is so great that the range between the high and 101' estimate 
is of the same magnitude as the 101' estimate. Host of this is the 
result of the uncertainty over battery life and hence battery costs. 
The indllterminant total cost of electric vehicles is reflective of the 
i=turityof the U.S. vehicles and the lack of long term operating 
experience with electric vehicles in the United States and Canada. 

1.4.4 Support Procedures and Facilities 

The electric vehicles surveyed were generally found to be 
operating without any special support facilities except for buttery 
clmrgel: installations. Even charger installations arc not required for 
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vehicles with on-board chargers such as the Citicar. Special support 
procedures for the electric vehicl.es consist primarily of regular 
charging and routine maintenance of batteries. Charging is usu"lly 
performed on a dnily b"sis during overnight storage with equnlizing 
charges being applied on a weekly basis. Battery maintenance generally 
involves weekly or biweekly watering and monthly cleaning and checking. 
Lack of availability of personnel «!th skills required for maintenance 
of electric vehicles has been a significant problem to users. 

1.4.5 Weather Effects and Relationships 

The primary effect of weather on the use of electric 
vehicles is the effect of ambient temperature on battery performance. 
High temperatures can result in excessive battery water loss and 
overcharging the battery. Low nmbient t"mperatures can result in 
significant loss of range and efficiency. The effect of low te~pera
tures is generally insignificunt if the vehicle is stored in a heated 
garage so that cold soaking of the bnttery is nvoided. Passenger 
compartment heating in most EVs is provided by gnsoline heaters, so 
the vehicles generally consume a fe« gallons of gasoline per week in 
cold weather. Inadequate heating of passenger compartments «as fre
quently reported as a problem by EV users. The heavier vehicles were 
reported to perform well in snow and ice conditions; however, approxi
mately 30% of Citicar o.mers reported that they did not use their 
vehicles in bad weather. . 
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CIIAPTER 2 

INTRODUCTION 

The In-Use Survey of Electric Vehicles 'is a task performed by 
the Jet Propulsion Laboratory (JPL) in support of the State-of-the-Art 
(SOA) Assessment of Electric and Hybrid Vehicles conducted by the Energy 
Research and Development Administr.a,ion (ERDA). This SOA Assessment was 
mandated by Public Law 94-413, the "Electric and Hybrid Vehicle Research, 
Development, and Demonstration Act of 1976" (EIIV Act). ERDA requested 
the National Aeronautics and Space Administration (NASA) to assume 
responsibility for acquiring and evaluating the necessary data to ~ssess 
the state-of-the-art, and for preparing a report in compliance wit .. the 
requir\lments of the Act: In the SOA Assessment Plan developed by NASA, 
JPL was aSsigned responsibility for the conduct of the In-Use Survey 
element of the SOA Assessment, while the ovp.rall responsibility of the 
SOA Assessment was assigned to NASA's Lewis Research Center (LeRC). 

The following section describes the objective and the key 
elements of the EIIV Act as related to the SOA Assessment. Next is a 
brief explanation of the scope and purpose of the In-Use Survey, follot.ed 
by a discussion of specified major electric vehicle use programs in the 
USA and Canada. The last section of the Introduction Chapter is focused 
on a characterization of the electric vehicle industry, specifically the 
manufacturers of on-road electric vehicles. 

2.1 TilE EIIV ACT AND THE SOA ASSESSNENT 

The EHV Act, which was passed by Congress in September 1976, 
established in ERDA a 5-yr ($160 million) program for the development 
and demonstration of electric and hybrid vehicles. The policy or 
objecfive of Congress is stated in the Act as to: 

"(1) encourage and support accelerated research into, 
and development of, electric and hybrid vehicle 
technologies; 

(2) demonstrate the economic and technological practi
cability of electric and hybrid vehicles for personal 
and commercial use in urban areas and for agricultural 
and personal use in rural areas; 

(3) facilitate and remove barriers to the use of electric 
and hybrid vehicles in lieu of gasoline- and diesel
pOllered motor vehicles, where practicable; and 

(4) promote the substitution of electric and hybrid 
vehicles for many gasoline- and diesel-powered 
vehicles currently'used in routine short-haul, low
land applications. Ilhere such substitution would be 
beneficial." 
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The Act defines electric and hybrid vehicles as: 

n(4) electric vehicle means a vehicle which is powered by 
an electric motor drawing current from rechargeable 
storage batteries, fuel cells, or other portable 
sources of electrical current, and which may include 
a nonelectrical source of pOl,er designed to charge 
batteries and components thereof; 

(5) hybrid v~hicle means a vehicle propelled by a com
bination of bn elp.ctric motor and an internal com
bustion engine or other power source and components 
tbereof." 

Focus of the program defined by the EHV Act is on tne 
demonstration of on-road vehicles. The demonstration requirements 
consist of two components: 

• Purchase or lease for delivery within 39 mo of 
enl!ctment of up to 2500 electric or hybrid vehicles 
wbich meet performance specifications to be determined 
by ERDA within 15 mo of enactment. 

• Purchase or lease for delivery within 72 mo of enact
ment of up to 5000 advanced electric and hybrid 
vebicles. 

Among research and development requirements specified by the EHV Act in 
direct support of these demonstrations is the initial assessment of the 
state-of-the-art of electric and hybrid vehicles: 

2.2 

"ea) tUthin 12 months after the date of enactment of this 
Act, the Administrator shall develop data characteriz
ing the present state-of-the-art "tth respect to 
electric and hybrid vehicles. The data SO developed 
shall serve as baseline data to be utilized in order 
(1) to compare improvements in eleceric and hybrid 
vehicle technologies; (2) to assist in establishing 
the performance standards under subsection (b) (1) and 
(3) to othert.,ise assist in carrying out the purposes 
of this section. III developing any such data, the 
Administrator shall purchase or lease a reasonable 
number of such vehicles or enter into such otber 
arrangements as the Administrator deems necessary to 
carry out the purposes of this subsection." 

SCOPE AND PURPOSE OF TItE IN-USE SURVEY 

The purpose of the In-Use Survey, as itlentHied in the SOA 
Assessment Plan, is to determine "the suitability of (electric and 
hybrid) vehicles for real jobs." Components of the Survey are de fined 
as data collection, data evaluatioll) and a final report including data 
sUlnmaries and nnalysls. 
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Data coHection was focuoed on vehicles built in the United 
States and involved direct contact with sponsoring agencies of in-usc 
vehicles in the United States and Canada. In keeping with the intent 
of SOA Assessment to support the development of the demonstration pro
gram, data collection was directed toward use experience with production 
vehicles, Le., those produced by a manufacturer with intent of com
mercial sale. Since there are no such hybrid vehicles, the survey is 
more accurately an In-Use Survey of [lactric Vehicles. 

The type of data to be collected was defined as engineering 
data consisting of "vehicle performance, energy consumption, durability, 
operating cost lnformation, and the effects of weather conditions." 
Data on the use of plectric busses ·will be obtained from a separate sur
vey conducted by the Department of Transportation, and collection of 
data from foreign sources ",s limited to that contained in the 
literature. 

Uata evaluation was defined as analysis necessary to 
obtain the desired information and produce a cohesive picture of user 
experience with electric vehicles. 

2.3 PROGRA}!S WITH ELECTRIC VEHICLE USE EXPERIENCE 

Four programs of use experience "ith electric vehicles "ere 
specified in the SOA Assessmetlt Plan, as the primary sources of data. 
These programs involved the foll.o"ing sponsoLs, vehicles, and number of 
vehicles. 

Sponsor 

United States Postal Service 

Electric Vehicle Council 

Government of Manitoba 

Copper Development Assoc. 

Vehicle 

AM General DJ-5E Van 
Harbilt Delivery Van 

Battronic Minivan 

EVA Hetro Sedans 

CDA Utility Van 

No. of Vehicles 

352 
31 

107 

7 

1 

ERDA and NASA were cognizant of other use activities, such as those 
implied by the production of more than 2000 passengers cars by Sebring
Vanguard, but concluded that the above programs "ould constitute the 
primary source of definitive use data, because they include specific 
monitoring and data collection elements. l~lile the CDA Utility Van docs 
not meet the definiti~n of production vehicle, as it is strir.tly a one
of-a-kind prototype, it is included as an important source of in-use 
experience because it is invoLved in a program initiated to demonstrate 
the suitability of electric vehicles for actunl use and has accumulated 
over 10,000 miles in 3 yr of regular use, 
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2.4 MANUFACTURERS OF ON-ROAD ELECTRIC VEHICLES 

During the first two decades of this century, ,·lect.ic 
vehicles were widely used for personal transportation in the USA. There 
were over 100 manufactUJ:ers in the electric automobile industry at that 
time. Some 6000 electric car~ and 4000 commercial vehicles were pro
duced in 1912, which probably marks the peak production year of electric 
vehicles in the USA.(Reference 2-1). 

It was primarily the introduction of the self-starter for 
the gasoline engine, and the higher speed, longer range, and lower 
operating cost of the gasoline powered car that lead to the drastic 
decline in the use of the electric car by 1920. Since then there have 
been only very sporadic attempts to manufacture and use on-road electric 
vehicles. 

To :I.llustrate the magnitude of the electric vehicle pro
duction today, the estimated yearly production rates for six major types 
of electric vehicles are listed in Table 2-1 for each country, year, 
and vehicle type. l 

From this table it is evident that while the USA is the 
primary manufacturer of off-road electric vehicles - like golf carts and 
fork lifts - it plays only a moderate to minor role in the production 
of on-road elect.ic passenger cars, trucks, and busses. Over the 3-yr 
period tabulated (1975-77), 26% of the busses, J6% of the trucks, and 
50% of the passenger cars are estimated to be of USA origin. Even these 
.ates are believed to be overestimated. A similar note is made in 
connection with the publishing of the electric vehicle production esti
mates for 1977 (Electric Vehicle News/May 1977): "European countries 
and Japan are cautious about on-road passenger cars; the USA is bullish 
on them, but signs of mass production are limited." 

On an overall scale, only England seems to have a relatively 
significant and long-term experience in the produccion and use of on
road electric vehicles, in particular concerning large sized trucks and 
vans. It is estimated that about 40,000 such trucks are in daily use in 
England today (Reference 2-2). 

Apart from passenger cars built by individuals for their own 
use. it is our estimate that less than 3000 on-road electric vehicles 
have been in actual use in the USA within the last 10 yr. Only a few of 
these vehicles (about 150) arc of foreign origin. Inthin this framework 
we have been able to locate and survey oVer 800 vehicles. 

IThese estimates have been made for 1 yr at a time, and are based on 
responses to questionnaries mailed out by the Electric Vehicle News at 
the beginning of each year to various people (approximately 250 each 
time) engaged in the E1e~tric Vehicle Industry in Australia, Japan, 
Canada, USA and Western Europe. 
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Table 2-1. Estimated Electric Vehicle Production for 1975-77. 

>lEST 
OTIIERo 

USA % 

ENCLlIND FRAfleE CE~'HANY ITALY JAPIill USA OF TOTAL TOTAt. 

1975 9 - 16 - 10 - 25 <2% 60 I 
Busses 1976 10 3D 26 - 10 - 10 12% 86 

1971 20 40 20 - 25 - 40 28% 145
1 

191$ 2.500 25 60 20 240 - 270 9% 3.ll5 I 
Trucks and 1976 2.000 90 30 3D 90 - "0 18% 2.130 
VaM 

, 

1911 1.860 320 70 30 70 10 640 21% 3,000 ' 

Production 191$ 120 130 - 1.800 3,_ 40 1.870 44% '.280 

Passenger cars 1976 400 70 - 1.250 600 100 1.680 41% 4.100 

1977 200 150 - 300 60 SO 2,000 72% 2.760 

f 
U1 P.'1.",sl.'nS("r Cars \975 60 20 60 20 60 90 100 69% 1.010 

t!.tdr.= lor 1976 100 40 100 BO 60 110 900 65% 1.390 

Own Usc 1977 100 60 70 - 140 1.100 75% 1,470 -

1975 150 100 - 800 3.200 38.000 90% 42,250 

Cillf Corrs \976 SO - - 300 1.700 27.0UO 93% 29,050 

1917 - - 4. .. J 100 400 720 22.000 94% 2'3.420 

191.5 12,360 - - - l.li20 5,980 23.000 54% 42,760 

Fork LUn 1976 10.200 200 - 2,500 6,200 3,250 23.500 51% 45,850 

1977 10,200 - 6,000 1,800 9.500 2."0 21.200 41% 51,140 

." 
°Australia. CanadB ond S~eden 

Note: BURties. truc"s, vantil and passenger cnt's arc all on-Tond vehicles; golf carts and 

furk Ufts or!: off-road/ln-plant v"hlclcs. (Sourc~; Electrlc Vchicle News 

1975-77). 
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The number of manufacturers of on-rond electric passenger 
cars and trucks (and/or vans) is shown in Figures 2-1, 2-2 and 2-3 for 
each of the last 4 yr, in the USA and abroad. On an average, these 
figures shot; a grot;ing trend, especinlly in the field of small electric 
passenger cars. In order to analyze the stability and experience t;ithin 
tllis business, these figures also show a subdivision of the manufacturers 
into four groups, nccording to when they entered the market. This 
analysis is basically done with the intention of gaining some preliminary 
insight into how well we can expect the electric vehicles included tn our 
survey to perform; with respect to what degree failures and examples of 
poor performance can be attributed to insufficient manufacturing experi
ence an.d stability of the industry. 

The question of stability can be viet<ed in terms of the 
number or percentage of manufacturers, who stayed in the business once 
they entered it (see Table 2-2). 

The question of experience can be viewed in terms of the 
number or percentage of today's manufacturers, who have b"en in the 
business for 2 or more, 3 or mare, and 4 or more yr (see Table 2-3). 

The primary conelusion seen from this perspective is pointing 
toward the following characterization of the electric vehicle manufacturers 
in the USA and abroad: 

Stability Experience 

USA Little 

.Abroad Medium Medium 

. A similar c('1c1usion has been reached in a recent ERDA report (Reference 
2-3) : 

"It is marc appropriate to describe the present electric 
and hybrid vehicle industry size as an "R&D base" rather 
than a manuracturingbase. In any case, the base which 
presently exists in the U.S. lacks :he depth of govern
ment and industrial support found in other countries. 
As a result, the vehicles prescntly marketed could prove 
unsatisfactory in tnany user, environments ••• " 

This.conclusion is primarily based on the observation, 

"that the domestic industry is characterized by small 
entrepreneur manufacturers I,ho independently seek to 
build a~d market n saleoble product, t<hercas foreign 
work is conduct ad by primary industries •• ," 
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Figure 2-1, Truck Manufacturers, On-Road, With B~tteries 
(Source: Electric Vehicle News Directory 1974-77) 
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Table 2-2. Stability in the Electric Vehicle 
Manufacturing Business, 1973-76 

Number of Manufacturers Who 
lIave Been in the Electric 
Vehlele Buslness ~lthln the Percent of 
Last 4 yr, and ~~o: tbnufacturcrs 

~~o Arc StUl 
In Business In 

A B 1976 
Entered the lfarket Arc Stut In (Column B/ 
In 1975 or Prlor BUsiness in Column A) 

1976 

USA 12 5 42% 
Trucks 

Abroad 17 11 65% 

Cars USA 15 6 40? 
<2000 lb Abroad 13 9 69% 

Cars USA 13 5 38% 

>2000 1" Abroad 8 6 75% 

Table 2-3. Experience in the Electric Vehicle 
Manufacturing Business, 1973-76 

--
Number of Manufacturers Percent of Manufactutc-rs 
Today, Who Have Been Today, Who Hnvc gpe,'\ 

in the Business: in the Business: 

2: 4 yr 2: 3 yr 2: 2 yr 2: 4 yr ;, 3 yr 2: 2 yr 

USA 2 3 5 20% 30r. 50? 
Trucks 

Abroad 5 9 11 36? 64% 79? 

Cars USA 2 3 6 14% 21% 43? 

<2000 lb Aborad 4 6 9 27% 40% 60? ._- "-

Cars USA 3 4 5 30? 40? 50? 

>2000 Ib Abroad 4 4 6 33% 33% 50? 
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It should also be noted that most of the domescic electric 
vehicle manufacturers basicallY function as assembling operations to a 
high degree, with all major components coming from the outside. In 
some cases this means starting with the purchase of commercially avail
able gasoline vehicles and then converting them into electric vehicles. 



CHAPTER 3 

APPROACH AND CONDUCT OF SURVEY 

The approach used in the conduct of the In-Use Survey had 
to be, of necessity, somewhat fluid because the potential survey popula
tion was not defined at the outset of the Survey nor was the extent, 
form, and quality of available data knol<R. Therefore, initial Survey 
activity centered on identification of candidate electric vehicle users 
and determination of data availability. Hany sources were utilized in 
identification of survey candidates. These included reports, papers, 
periodicals, organizations, and manufacturers. Concurrent with the 
identification of survey candidates, an effort was initiated to identify 
the pertinent data which should be obtained from users. The next step 
in the data collection process involved contacting candidate users to 
determine data available and the action necessary to obtain it, i.e., 
formal request, data forms, site visit. etc. This was followed by 
actual data collection and evaluation of data, which in some cases led 
to supplemental data collection. The primary elements of the approach 
and conduct of the survey are described in detail in the following 
sections. 

3.1 DATA SOURCES AND DATA COLLECTION 

The primary sources of data for the In-Use Survey were the 
users themselves and their records. These sources I,ere supplemented by 
data available in published reports, papers. and articles. Reference 
materials used as sources of in-use nata or reviel,ed for in-use experi
ence or identification of candidate users are listed in the bibliography 
of references at the end of the Report. In addition to these sources, 
manufacturers of candidate in-use vehicles were contacted to obtain 
vehicle characteristics and performance data and identification of users. 
Other sources of data included organizations active in electric vehicle 
development and use: such industrial organizations as the Copper Develop
ment Association. Lead Industries Association, and the Electric Vehicle 
Council and electric vehicles clubs such as the Electric Auto Associ
ates. Individuals contacted during the course of the Survey and the 
organizations I,hich they represent are listed in the Appendix. 

For two major electric vehicle use programs in the United 
States, the U. S. Postal Service Program and the Electric Hork Vehicle 
Purchase Program sponsored by the Electric Vehicle Council (referred to 
herein as the EVC Program), centralized data collection and monitoring 
were established as part of the program. Therefore. data on overall 
program experience I'ere available from the headquarters of the sponsoring 
agencies. Additional data were also collected from individual use sites. 
Data from electric vehicle users in the United States and Canada 'lOre 
obtained through phone contacts, mailed requests. or direct visits. 
Collection of data on foreign experience was limited by the Survey scope 
to information available in the literature. 
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Site visits were an important element of the data 
identification and collection processes. These visits consisted 
primarily of trips to users and sponsoring agencies but also involved 
manufacturers and EV-related organizations, including a club of EV 
enthusiasts. Sites or persons to be vielted were judiciously selected 
on the, basis of the following criteria: 

• need - the necessity of a direct visit to obtaining 
the desired information., 

• significance - the importance of the information to 
be obtained to the objectives of the Survey, 

• cost - the dollars and ,time that would have to be 
expended to make the visit. This was usually 
dependent upon how effectively the trip could be 
coordinated with others. 

Selection of Survey visits involved judgmental tradeoffs between these 
objectives. The persons and organizations visited during the course of 
the Survey are indicated on the list of contacts included in the 
Appendix. 

3.2 DETERHINATION OF DATA REQUIREHENTS AND 
DEVELOPHENT OF SURVEY FORNS 

A preliminary list of data required to meet the objectiv~ 
of the In-Use Survey was developed at the outset of the Survey. This 
list was based on specific items identified in the SOA Assessment Plan 
an~ information obtained through discussions with JPL personnel familiar 
with electric vehicle operation. These data requirements focused on 
defining the applications, reliability, and costs of electric vehicle use. 
Knowled~e of the fluid nature of electric vehicle production dictated 
that data collection must include definition of the vehicle in terms of 
design characteristics and performance capabilities. Therefore, these 
area~,were included in the preliminary data list, Table 3-1, developed 
to guide data collection. 

A set of basic data sheets ,~as developed to facilitate data 
collection. These fllrms were evolved from the preliminary data list of 
Table 3-1. The final forms reflect expansion and modification resulting 
from initial data collection contacts with electric vehicle users. The 
data sheets ware divided into two major components: (1) Basic Vehicle 
Desc~iption. consisting of vehicle characteristics Dnd performance 
specifications; and (2) Application and Use EKperience, consisting of 
data items pertinent to actual use. Copies of these data sheets are 
contained in the Appendix. 

In addition to the basic data sheets, two additional special 
purpose survey forms Were developed during the course of the Survey. 
The first of these was a questionnaire developed to obtain suppJ.cmencal 
data, praticularly time related data, from Battronic Hinivan Users 
The other was a questionnaire designed for mailing to owners of Citicars 
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Table 3-1. Data Requirements for Electric Vehicle 
In-Usc Survey Preliminary List 

8asic Vehicle Description 

Type of vehicle 
Manufncturer 
Dimensions - wheelbase, length, width, height 
Weight - curb weight, payload 
Battery (ies) manufacturer, type weight units, cells, rating, etc. 
Battery charger - type, charge rate, etc. 
Motor(s) 
Power conditioning/controller 
Transmission 
Brakes - number. type, regenerative? 
Safety equipment - compliance with Federal Safety requirements 

Basic Vehicle Performance 

Range - constant speed and SAE J227 driving cycle 
Top Speed - full charge, 80% charge and 40% charge 
Acceleration - same charge levels as above 
Energy Consumption - recharge energy per mile for SAB driving cycle 
Gradeability - speed vs grade 
Maximum Grade Capability 

Application 

Number of vehicles 
Type of use 
Length of service and total mileage 
Daily routine - number in use, average mileage per vehicle, etc. 
Route characteristics (if applicable) 

Stop frequencies 
Route gradient profiles 

Ambient temperatures 

Operating and Maintenance Strategy 

Normal depth of discharge 
Recharge procedure 

frequency 
charge rate, etc. 

Routine maintenance - schedule, elements, etc. 
Special facilities 

Reliability 

Mean time between failure 
Mean time to restore to service 
Primary failure modes 
Problem areas 
Battery life - replacement practice 

Capital costa 
Operating cost 
Repair and maintenance costs 
Estimated life cycle cust 

-~-.-



and Elcars. There are reportedly over 100 owners of Elcars and over 
1500 owners of Citicars in the United States. A mail survey was 
necessary to obtain representative data of this large population of 
ustlrs. Prior surveys of samples of these Olmtlrs exist but the questions 
asked were not adequate for the needs of the In-Usc Survey and some 
results arc privileged and not in the public domain. Therefore, a 
special questionnaire was developed and a mail survey was conducted. 
Copies of the Battronic Hinivan and Citicar/Elcar questionnaires are 
presented in the Appendix. 

The mail-out survey of electric automobile owners was 
limited to owners of Citicars and Elcars as these are the only electric 
automobiles readily identifiable as such in vehicle registration records. 
Questionnaires were sent to 506 registered owners of Citicars and Elcars. 
This olmer population was obtained from R. L. Polk & Company, 11hich 
maintains a file of vehicle registrations from the 39 states which per
mit purchase of registration records. At the time the survey popUlation 
was obtained the Polk files contained registration records of vehicles 
purchased primarily from November 1975 through Hay 1977. Figure 3-1 is 
a map showing the distribution of the survey popUlation by state. It 
also shows the 8 states in which no Citicars or Elcars were reported 
registered during the period covered by the Polk files and the 11 states 
which have laws or regulations prohibiting the release of registration 
records. 

3.3 SURVEY POPULATION 

The survey population consists of those vehicles and users 
directly covered by the In-Usc Survey. Therefore, the vehicle population 
is limited to the U.S. manufactured electric trucks, vans, and cars, 
except for the Harbilt vans involved in the U.S. Postal Service Program 
and the Elcar, which is manufactured by Zagato International of Italy 
and distributed in the U.S. by the Elcar Corporation. The vehicles 
surveyed are classified in two categories: (1) work vehicles- vans and 
light-duty trucks produced for commercial applications; and (2) passenger 
cars- vehicles produced primarily for use as private automobiles. The 
user population cO'isists of those users from whom useful data or 
information was o'Jtained. These users range from major fleet operators 
to individual private automobile owners. 

Vehicles, users, sponsors, and applications included in the 
survey population are summarized in Table 3-2 for ~10rk vehicles and 
Table 3-3' for passenger cars. The vehicle makes included in the survey 
population represent approximately 3000 in-use vehicles, and the In-Use 
Survey obtained data on approximately 800 of these vehicles. The survey 
population included the two major use programs - the U.S. Postal Service 
Program and the EVC ?rogram, smaller scale use programs, small fleet 
operations, and individual private vehicles. Because of its significance 
as a production electric vehicle, the Electra King was included in the 
vehicle population even though no actual users were surveyed. A brief 
discussion of homebuilt vehicles .is included among the vehicles and users 
described in Chapter 7. 1I0mebuilt", generally one-of-a-kind conversions 
of ICE vehicles. do not meet the "production vehicle" criteria of the 
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Table 3-2. Surv2Y Population-Work Vehicles 

Vehicle Number User/Sponsor Primary 
AppU.cation(s) 

DJ-5E 352 U.S. Postal Service Mail delivery 
10 Bell Telephone/AT&T Customer service 

Ilarbilt 31 U.S. Postal Service Mail delivery 

Battronic 107 Utility Companies/EVCa Customer service 
}linivan 5 3 U.S" and 2 Canadian Utilities Customer service 

Otis P-500 2 NASA Lewts Research Center Inter-facility 
mail and service 

1 Ilydro Quebec Customnr service 

CDA Van 1 Water Department, Birmingham, Customer service 
Mich./Copper Development 
Association 

aThese are utility companies participating in the Electric Work Vehicle 
Purchase Program sponsored by the Electric Vehicle Council. 

Survey but warrant some mention because they constitute a substantial 
port~on of the total in-use electric vehicle population in the U.S. 

The Survey population clearly does not include all on-road 
electric vehicles manufactured for sale in the U.S. Exclusion of a 
particular vehicle may be by intent or oversight. Some vehicles are not 
included because no cases of actual use experience with the vehicle could 
be identified or identifiable data on use experience would not have con
Stituted sufficient contribution to realization of survey objectives to 
justify its acquisition and analysis. Exclusion by oversight may have 
resulted if the manufacturer was not identified in the register of 
electric vehicle manufacturers pl'blished annually by "Electric Vehicle 
}lews" or by other resources use1 for that purpose. 

One vehicle which might be conspicuously absent in view of 
the publicity it has received is the Transformer I produced by Electric 
Fuel Propulsion. As a vehiele selling for over $30,000, the Transformer 
I is not sufficiently compatible with the basic objective of the In-Use 
Survey of providing information in support of the EV Demonstration 
Program to justify the difficulty of obtaining use data. The few 
Transformer t's.in actual use are .mostly in the possession of relatively 
inaccessible celebrities. Data would have been readily available on one 
vehicle purchased and used by Manitoba Hydro in Canada. But, since it 
was put into use in F'ebruary only 800 miles of usc have been obtaineli 
because of major breakdolms and delays in its repair. 
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Table 3-3. Survey Population-Passenger Cars 

Vehicle Number 

Cit1car 207 

1 

Elcar 11 

6 

3 

2 

EVA Sedan 7 

3 

Mars II 8 

EVE Islanders 25 

Electra King o 

User/Sponsor 

Respondents to mail survey 
of owners 

John Hoke, U.S. Park Service 

Respondents to mail survey 

Firmi National Accelerator 
Lab. 

Downtown Parking Association, 
Stockton 

Erwin Ulbrich, Creative 
Automotive Research 

Government of Manitoba, 
Department of Public Works 

ERDA 

Pennsylvania Power and 
Light 

Sea Pines Plantation 

N/A 

Primary 
Application(s) 

Commuting, 
shopping and 
errands 

Commuting, 
business 

Pleasure, com
muting 

Interfac1lity 
trans. 

Security 
patrol 

Demonstration 

Local business 
trips 

Local business 
trips 

Demonstration, 
messenger 
service 

Public rental 

N/A 

aContact was made only with the manufacturer, no actual users were 

surveyed. 

3.4 DATA AVAILABILITY, CONSISTENCY, AND 
COMPLETENESS 

Data availability varied greatly among users contracted 

during the course of the In-Use Survey. Some users were found to have 

essentially no useful records of vehicle performance. In no cases were 

data racords as complete and accurate as required to satisfy all Survey 

objectives. The more complete and detailed records were those from the 

major use programs, which included specific data collection and moni

toring efforts. 
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Data deficiencies in the two largest use programs - the U.S. 
Postal Service Program and the Eve Program - result primarily from the 
number of persons on whom reporting and record keeping is dependent, and 
to Samf;! degrQe from the fact that the recording and monitoring programs 
are delligned for the objectives of the program sponsor and not necessarily 
those of the In-Use Survey. Reporting in both programs is somewhat 
dependent on drivers who are naturally reluctant to correctly identify 
problems due to their negligence or error. For example, when a vehicle 
does not get charged overnight because the driver does not properly con
nect it to the charger, the driver might attempt to use the vehicle the 
next day, resulting in a road call with no explanation other than 
"vehicle failed to complete route." Failure identification is compli
cated by dependency on mechanics who at least initially are not familiar 
with the particular vehicle or even with electric vehicles in general. 
Analysis af repair requirements and costs is complicated by ~arrant!es 
on vehicles and batteries. Another problem is nonuniform reporting from 
individual use sites. In the case of the Eve Program, some individual 
user utilities reported only sporadically to the Eve and some not at all. 

Data from other use programs and users tended to be much less 
complete than that for the two major use programs. However, in some 
cases very detailed and accurate data were kept on certain use aspects. 
The particular aspect most frequently recorded in detail-was energy 
consumption in terms of electricity input to the charger. Examples of 
this phenomenon are the eDA Electric Van and the Hoke Citicar. In both 
eases rigorous records of energy consumption were kept: for the eDA Van 
to permit comparison of fuel costs with those for an ICE van performing 
similar duty; and for the Hoke Citicar for cost accounting purposes and 
to definitively establish the efficiency of the vehicle. However, 
failure modes and repair costs were not reported on the CDA Van because 
the sponsor did not feel those were meaningful as this was a protetype 
vehicle, and only limited failure reports were provided on the Hoke 
Citicar because this was not the objective of the record keeping. 

The area of greatest deficiency in data in use experience 
witn electric vehicles is that of actual operating and maintenance cost, 
due primarily to the dependence of these costs on so many factors • 
. Failure to keep adequate records of almost any element of use experience 
can prohibit accurate determination of O&~I costs which are dependent on 
far more than fuel (electricity) costs. Repair costs are an important 
component oft~n inadequately reported. Man-hours involved in routine 
battery maintenance can represent a significant cost in commercial appli
cations. }mny users do not even seem to be aware of certain potentially 
significant cost factors such as that represented by the distilled water 
required by the batteries. 

Response from those contacted in search of data for the In
Use Survey was generally very good. Users and sponsors of use programs 
were particularly cooperative. Responsiveness of users was somewhat 
correlated with satisfaction with the in-use vehicles or enthusiasm for 
electtic vehicles. However, excellent cooperation was obtained from many 
users who had negative use experiences «ith electric vehicles. The 
general responsiveness of users was indicated by the return rate of over 
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40% obtainad on the questionnairas mailed to electric cars owners - about 

double tha rate generally realized on surveYR of vehicle owners. A few 

commercial users indicated they could not afford to allocate sufficient 

man-hours to respond to certain specific data requests. More difficulty 

was encountered in obtaining ciata from manufacturers. Some were reluct

ant to give us much tilT ... or pII)vide data without substantial payment, 

and others were unwilling to discuss details of vehicle problem areas. 

Electric vehicle enthusiasts such as the members of the Electric Auto 

Associr··ion were highly cooperative. In general, lack of records and 

inadeqUaCy of data were far greater limitations to the Survey than 

obtaining the data users had available. 
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CIlAl'TER 4 

U.S. POSTAL SERVICE PROGRAM 

The U.S. Postal Service's (U.S.P.S.) Electric Vehicle Pro
gram constitutes the largest EV use program in the United States. The 
Postal Service Program consists of two major elements: (1) 31 Harbilt 
electric delivery vans operating out of a single Post Office in 
Cupertino, California; (2) 352 A}1 General DJ-5E delivery vans operating 
in multiple locations, primarily in Southern California. All 31 of the 
Harbilt vans are in daily use for mail delivery, but as of the end of Hay 
1977, only 269 of the DJ-5E's had been assigned to daily use, constitut
ing th~ in-use population covered by the Survey. In addition to this EV 
use program, the Postal Service also is conducting an oll~oing electric 
vehicle R&D program at the U.S.P.S. Research Center in Rockville, 
Maryland. Only the Use program will be reported here. 

Through the years the U.S.P.S. has become a major operator 
of vehicles. Its fle~t has grown from 18,000 vehicles in 1955 to 
115,000 in 1975 with the increasing motorization of carriers to improve 
delivery efficiency. The U.S.P.S. has conducted many electric vehicle 
test programs. The current Program was in~tiated in 1969, with the 
desire to reduce vehicular air pollution as the primary motivation. 
Since over 80% of the U.S.P.S. vehicles are delivery vehicles, the 
search for suitable electric vehicles was directed at that function. The 
Western Region Office of the U.S.P.S. developed a specification reflect
ing suburban letter route requirements and advertized for the lease of 
prototype vehicles for use testing in Cupertino, California. 

The Harbilt electric delivery van which began use testing in 
Cupertino in 1971 proved capable of performing the duties required by 
most of the routes served by 'that Post Office and was superior in per
formance, 'reliability and cost to the other electric vehicles tested. 
As a result, 30 additional Harbilt vehicles were leased and placed into 

~
i1.y use in Cupert..lno in 1973. The Cupertino experience demonstrated 

o the satisfaction of the U.S.P.S. that existing electric vehicles 
c. uld adequately serve routes where mileage and stops and starts were 
not excessive, gradients were limited, and the climate was mild. A 
broad scale review established that at least 30,000 U.S.P.S. routes met 
these criteria and would be suitable for state-of-the-art electric vehi
cle application. The U.S.P.S. subsequently procured 352 A}1 General 
DJ-SE electric delivery vans through a competitive bid process, and 
began placing these into daily use operation in December 1975. The fol
lowing sections describe these two use programs and the resulting 
experience. 

4.1 U.S.?S. HARRILT ELECTRIC DELIVERY VANS 

. The 31 Harbllt Electric Delivery Vans in use by the U.S.P.S. 
are assign'ed to routes served by the Cupertino Post Office, accounting 
for almost all the routes served by that office. The first of the 
Harbilt vehicles began operation on a test basis in August 1971. The 
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other 30 vehicles were placed into operation in 1973. All of the 
Hnrbi1ts were initially leased by the U.S.P.S. but were purchased for 
$3055 per vehicle when the leasor, the Electric Vehicle Company of South 
San Francisco, went out of business in June 1976. 

4.1.1 Vehicle Description 

The U.S.P.S. Harbilt Electric Delivery Van is actually two 
vehicles. The lIarbilt van is produced by Ilarbilt Electric Trucks and 
Vehicles of England. The initial U.S.P.S. unit was shipped complete 
from England. The other 30 vehicles were imported as chasses and had 
fiberglass bodies added in this country. Therefore, these 30 differ 
slightly in body configuration and dimensions from the vehicle con
structed wholelY by lIarbilt and designated by the manufacturer as the 
HSV Urban Delivery Vehicle. Both vehicles arc of boxy, van-like styling 
but quite clean in design. The detailed characteristics of the vehicle 
are given in Table 4-1. The specifications provided by Harbilt for the 
HSV Urban Delivery Vehicle and those provided by the U.S,P.S. are pre
sented. 

Definition of the Harbilt performance capabilities was not 
available from comprehensive performance tests. Performance specifica
tions quoted by the manufacturer for 'the HSV Urban Delivery Vehicle and 
limited performance data provided by the U.S.P.S. are presented in Table 
4-2. 

4.1.2 Application 

The 31 U.S.P.S. lIarbilt vans are used for daily mail deliv
ery in Cupertino, California, a suburban community of 30,000 population, 
located just north of San Jose and about 50 miles south of San Francisco. 
The climate is mild with a normal temperare range of 45-100o~, (7-38°C). 
The lIarbilt vans are assigned to routes which average 11.3 mi (18.1 km) 
in length (none over 15 nli) with no gradients in excess of 5%. These 
are primarily residential delivery routes and vary in number of stops 
from 50-250. Thirty of the vehicles are assigned to routes on a daily 
basis. The initial vehicle has been in use for over 5 years and the 
other 30 have been in use for over 3 years. In that time the vehicles 
have accumulated more than 300,000 mi (480,000 km). 

4.1.3 Experience 

Use experience with the lIarbilt electric delivery vans has 
been positive. Reliability and availability of the vehicles has been 
high and maintenance and operating costs per mile have been much less 
than for the five Ie engine delivery vans (Jeeps) operating out of the 
Cupertino office. ~!ileage. energy consumption, maintenance require
ments, and costs as reported by the U.S.P.S. Western Region Office for 
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Table 4-1. Vehicle Characteristics, lIarbilt Delivery Van 

Type 

Manufacturer 

Dimensions 
Wheelbase 
Length 
Width 
Height 

Capacity 

Curb Weight 

Payload 

Batteries 
Type 

Manufacturer 
Number of units 
Number of cells/ 
voltage 
Weight 
Capacity 

Charger 
Type 
Manufacturer/model 
Recharge time 

Motor 
Type 
Manufacturer 
Power rating 

Controller 
Type 
Manufacturer 
Transmission 

Tires 
Type 

Size 
a 

Including driver. 

Manufacturer's Spec's. 

Delivery van 

Harbilt Electric 
of England 

103 in. (262 em) 
144 in. (365· em) 
64 in. (163 cm) 
74 in. (188 em) 

NA 

3608 lb (1640 kg) 

900 lb (409 

lead-acid 

NA 
1 
36 ce11s/72 V 

NA 
NA 

off-board 
NA 
NA 

NA 
NA 
NA 

Thyristor 
NA 
NA 

Steel belted 
radials 
l65x14 

4-3 

kg)a 

u.S.P.S. Data 

1/4-ton van 

Harbilt Electric 
of England 

103 in. (262 em) 
148 in. \376 em) 
64 in. (163 em) 
75 in. (191 em) 

122 ft3 (3.45 m3) 

3565 lb (1620 kg) 

500 lb (227 kg) 

lead-acid,tubular, 
traction 
Oldham 
1 
36 ce11s/72 V 

282Ah at 5 hr rate 

off-board 
Hobart 3R-36 
4-6 hr 

DC series 
BKB 
12.5 (9.3 kW) 

Thyristor 
Cableform 
None 

NA 

NA 

• 



Table 4-2. Performance Characteristics, Harbilt Delivery Van 

Manufacturer's Spec's. U.S.P.S Data 

Range-city delivery 50 mi (80 kin) NA 

Top speed (fully laden) 33 mph (53 km/h) 33 mph (53 kin/h) 

Acceleration (fully laden) 
0-2Omph (0-32 YJD/h) 10 sec NA 
0-25mph (0-40 kin/h) 15 sec NA 
0-30mph (0-48 kin/h) 35 sec 20 sec 

Gradeability 
Speed on 5r. grade 20 mph (32 km/h) NA 
Speed on lOr. grade 12 mph (19 kin/h) NA 

Maximum grade capability 12.5r. 

the Harbilt fleet for three consecutive time periods are given in Table , 
4.3. Cost data provided by the U.S.P.S. on the five IC engine Jeeps 
operating out of the Cupertino Office during the same period also are 
given. 

The primary-component of the operating and maintenance rou
tine for the Harbilt vehicles consists of overnight charging of the 
vehicle after each day's operation. Charging and routine maintenance 
are performed in the vehicle storaBe lot adjacent to the Cupertino Post 
Office. Special facilities consist only of a charger installed for 
each vehicle with a watt-hour meter connected to each charger. A driver 
is responsible for connection of his vehicle to its assigned charger 
upon completion of his route. Timers have been added to the chargers 
to permit delayed activation, allowing the batteries to cool down from 
operating temperature. Battery maintenance routine consists of 
biweekly watering and monthly cleaning with voltage and specific 
gravity testing. Routine chassis maintenance is performed on a semi
annual basis. Both routine and repair maintenance was provided by 
the leas or until vehicle purchase by U.S.P.S. in June 1976, and since 
then it has been handled by U.S.P.S. mechanics from the San Jose Vehicle 
Maintenance Facility. 

Performance of the !Iarbilt vehicles has been outstanding 
from both a reliability and cost standpoint as indicated by an avail
ability record in excess of 99% and an operating and maintenance cost 
of $0.085 per vehicle mile versus $0.120 per vehicle mile for the ICE 
Jeeps. Of particular note is the statistic that all vehicles are still 
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Table 4-3. Harbilt Use. Data-Cupertino, California 

Period 3/4/74-3/1/75" 2/1/75-211/76 2/1/76-6/20/76b 

Mileage 
Total traveled 102.818.2 rui 103.296.7 01 45.420 Cli 
Average per vehicle 3.316.7 rul 3.332.1 ml 1,465.1 ml 
Average dally per ll.O .. 1 ll.O "I 12.7 .. I 
vehicle 

Energy consumption 
Total consumptIon 139.160 kt.j'h 150,840 kWh 78,440 kWh 
Average per vehIcle 1.3S kUh/ml 1.46 kWh/ml I. 73 kWh/ml 
mile 
Cost per kWh $0.028 $0.028 $0.034 

Battery maintenance 
Total hours 81.3 79.3 60.8 
Average per 1000 0.79 0.77 1.34 
vehicle mUes 
Battery water 427.3 1086 977 
(gallons) 
Average gallons per 4.16 10.51 21.51 
1000 vehIcle miles 

General ~lntcn3ncc 
Total hours 86.9 llO.3 254.8 
Parts and materials $153.72 $142.64 $123.99 
cost 
Total cost $2.001.20 $3,160.89 $5,224.68 

Costa per vehicle mIle 
Energy $0.037/ml $0.041/ml $0.OS9/ml 
M31ntcnance $0.020/ml $O.Oll/ml $0.11>1,,1 
Total 0&" $O.OH/,,1 $0.072/ml $0.174/ml 

Aval'lability 
Assigned duty days 9424 9424 3658 
Down days 12 21 98 
Percent availability 99.9? 99.8? 97.3%C 

Failures 
Total 5 8 6 
Rate per 10,000 0.58 0.77 1.32 
vehicle mUes 

Compar.lt lve O&H costa for 
ICE JCl!P 

Casaline 0.OS3/ml 0.059/ml NA 
Parts and m3inte- O.OIS/ml 0.026/rnl NA 
nnnce 
Labor 0.039/ml 0.048/mi NA 

Total O&M O.I07/ml 0.1l8/ml NA 

°tncludes experience with initial vehicle from 8/21/71-3/1/75 
as ~ell as th3t for the other 30 vehicles for the perIod shown. 

b . 
Diminished perform~nce in terms of energy consumption nnd reliability 
durinc this period is attributed to dc"r.1d.ltiun in IiUppOrt of vehicles 
by leasor who Wl'nt ont of bu~incs9 in June 1976, necussitat ins pur
chase of vehicles by U.S.P.S. 

cDuc prit.k~rlly to delay in obtaining parts. 
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operating on their original batteries with an average mileage accumula
tion per vehicle in excess of 10,000 mi. As of Harch 1977 only 6 indi
Vidual battery cells had been roplaced out of the 1116 total cells in 
the 31 vehicles. The failure rate for the lIarbilts has been extremely 
low, an average of less than 1 failure per 10,000 vphicle miles 
(actually 0.82/10,000 mi) with the controller power unit and controller 
motors constituting the primary failure modes as shown in Table 4-4. 
This remarkable performance can be attributed to the proven design of 
the lIarbilt vehicle (through years of milk float produrdon in England) 
and the exceptional interest taken in the program by key personnel: 
Tom Hartin, Western Region Vehicle Fleet Hanager; John Garcia, Vehicle 
Haintenance Hanager for the San Jose ~W; Richard Besena, Carrier Fore
man, Cupereino Office; and the San Jose \~W mechanics assigned to elec
tric vehicle maintenance. The U.S.P.S. reports that driver acceptance 
of the lIarbilts has been good, which could certainly be a contributing 
factor to r.he outstanding performance of the vehicles given the sensi
tivity of electric vehicles to operator technique. 

4.2 U.S.P.S. DJ-SL 

As a result of the success of the usc-test of the lIarbilt 
Electric Vans in Cupertino, the U.S.P.S. i:,itiated procurement proce
dures for 352 additional electric delivery vans in 1974. The Postal 
Service established social, economi'c and technical goals for the vehi
cle to be procured. These goals and the functional requirements for the 
vehicle are outlined in Table 4-5. The procurement process was conducted 

Table 4-4. Failure Hodes-U.S.P.S. lIarbilt Electric Vans, 
3/4/74 - 6/30/76 

Component Failures Percent of Total 

Drive motor 1 5% 

Controller motor 8 40% 

Controller power unit 4 20% 

Foot controller 2 10% 

Battery cells 311 
15% 

Battery cell lids 2 10% 

20 100% 

aThree additional battery cells were replaced from July 1976, through 
~rcb 1977. making a total of six cells as of Harch 19771. 
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Table 4-5. Goals and Functional Requirements for Electric 
Delivery Van Established by u.s. Postal Service 
for 1974 Procurementa 

Social and Economic Goals Technical Goals 

Minimal ground level pollutants 20-mi range 

Low noise level 33 mph - top speed 

Low energy cost 30 mpb in 20 sec 

Low maintenance cost • 300 stops and starts 

• 10% grade at 10 mph - 400 ft 

• 4-yr battery life 

Functional Requirements 

To be effective in mail delivery a vehicle must be designed for ease of 
'handling and efficiency in operation. The U.S.P.S. established these 
operating requirements: 

• Functional body design 

Right-hand drive 

Sliding side doors 

Easy mount/dismount 

• Steering and handling comparable to present gasoline vehicles 

• Acceleration and braking close to that of existing fleet 

• Safety engineering to meet Department of Transportation 
standards 

• Necessary accessories 
(lights, defroster, gauges, etc.) 

aSource: "United States Postal Service Electric Vehicle Program," 
D. P. Crane and J. R. Bowman, U.S.P.S., Washington, D.C., presented at 
Fourth International Electric Vehicle Symposi~~, Dusseldorf, West 
Germany, 1976. 
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on the same competitive bid basi~ as are all vehicle procuremenr.s for 
the Postal Service. Bids were received from AN General, Otis, and 
Electromotion I~ith MIG receiving the ,contract as the low bidder. A 
pilot model of the MIG DJ-5E Electric Delivery Van was delivered to the 
U.S.P.S. September 4, 1974 for acceptance testing. The vehicle met all 
requirements including completion of over 300 start-stop cycles of the 
Postal Delivery Route Driving Cycle defined in Figure 4-1. Delivery of 
vehicles began in Hay 1975, and Was completed in Narch 1976. Route 
operation of these vehicles was initiated on a test basis in San 
Bernardino, California in the summer of 1!175, but actual daily use oper
ation was not initiated until December 19'15. 

4.2.1 Basic Vehicle ,Description 

The MIG DJ-5E Electric Delivery Van is almost identical in 
appearance to the 1/4 ton IC engine delivery van supplied to the U.S.P.S. 
by All General, commonly known as a "Jeep." The DJ-5E has an electric 
power system, consisting of battery, controller, motor and chargerj 
supplied by Gould, Inc. Detail vehicle characteristics are given in 
Table 4-6. Performance data as provided by both the manufacturer's 
specification sheet and the U.S.P.S. are presented in Table 4-7. 

4.2.2 Application 

The DJ-SE vans were assigned to postal delivery routes 
which were compatible with the vehicle's capability. The primary 
criteria used in selection of appropriate routes were limited mileage 
(generally 12 mi or less), minimal grades, and speed requirements not in 
excess of 30 mph. In San Bernardino, California the candidate routes 
were test-run with a Harbilt Electric Delivery Van to verify their 
suitability. Unfortunately, the performance capabilities of the Harbilt 
resulted in some routes being accepted for DJ-5E assignments with 
requirements in excess of the performance specifications used by the 
U.S.P.S. for procurement of the DJ-5E. These routes were later identi
fied as being responsible for some vehicle failures due to overstressing 
the assigned vehicles. Upon identification of these routes, the 
vehicles involved were reassigned to routes within the vehicle per
formance specifications. 

In accordance "lith the U.S.P.S. conunitment to reducing 
vehicular air pollution, the majority (293) of the DJ-SE vehicles was 
assigned t(> lCJcations within the smog-plagued Southern California Air 
Basin (Los Angeles area). The others were assigned in groups of five 
and ten to areas strategically selected to provide a variety of terrain 
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MOUNTED ROUTE DELIVERY CYCLE 
(REPEAT 50 TIMES) 

EIAPSfD TIME 3:08 hr • 
TOTAL ml 23.5 

018! ,I8!, 11 8 ! , ,81, 151 \8 I II 
20 40 60 SO ICD 120 140 160 ISO 

• EXCLUSIVE Of LUNCH STOP 

3min STOP AT EACH 40TH STOP 
3D min STOP AT 150TH STOP 
3D "I'h fOR 1/2 mi AT STOP 200 

TIME, sec 

NO. Of ACCELTO ACCELRATE, 
START/STOPS mph/scc mph 

20D IS 

50 10 

50 20 

GRADES .. S% max, < 3 mf UPHILL 

RETURN 
XI mph .. 0.5 ml 
2S mph - REMAINDER 

2 

2 

1.5 

DECREASING LOAD WlTH DISTANCE 

MINIMUM DISTANCE, 20 ml 

COAST TO, 
"I'h 

DECEL RATE, 
mph/lee --10 5 

6 5 

13 5 

Figure 4-1. Postal Delivery Route Driving Cycle and Test Requirements, U.S. Postal Service 
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Table 4-6. Vehicle Characteristics - DJ-SE Electric Delivery Van 

Type 1I4-ton van 

Manufacturer 

Dimensions: 

IIheelbase 
Length 
lIidth 

. Height 
Capacity 
Curb weight 
Payload 

'Traction Batteries 

Type 

Manufacturer-model 
Number of units 
Number of. cells/voltage 
lIeight 
Energy capacity 

Charger 

Type 
Manufacturer 
Input voltage 

Recharge t 1me 

Motar 

Type 
Hanufacturer 
Power rating 

Controller 

type 
tlanufncturet: 

transmission 

Tires 

Type 
Size 

l\cgenerative Braking 

AM Gener.al-Gould, Inc. 

81 in. (206 em) 
133 in. (338 cm) 
70.6 in. (179 em) 
73.8 in (187 em) 
60 ft3 (1.79 m3) 
3625 lb (1648 kg) 
675 lb (307 kg)a 

lead~acid. semi-industrial, pasted 
plate 
Gould, Inc. - EV 27-66E-ll 
1 
27 cells/54 V 
1260 lb (577 kg) 
330 Ah at 6h rate 

Off-board 
Could, Inc. 
240 or 480 V, 
single phase 
8 - 10 hr 

DC Compound 
Could, Inc. 
10 hp 

SCR 
Could. Inc. 

None 

On-boardb 
Could t Inc. 
120 V. single 
phase 
10 - 16 hr 

Radial ply. conventional tread 
CR 78-15 

Effective at speeds above 17 mph 
(27 km/hr) 

" Includes 11S Ib (80 kg) for driver 

bonly a few U.S.P.S. OJ-SEts nrc equipped with on-board charger 
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Figure 4-2. U.S.P.S. DJ-5E. Vehicles snd Typical Operating Site 
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Per£prmance Characteristics - DJ-5E 

Tpp Speed 

Range 

Cpnstanc.speed of 
30 mph (48km/hr) 

Postal cycle 

Acceleration 0-30 mph 
(0-48 km/hr) 

Gradeability 

Speed on 5% grade· 

Speed on 10% grade 

Manuf.act#er'sSpec's. 

40 mph (64 km) 

N/A 

29 mi (46 km) 

20 sec 

N/A 

16 mph 

u .S.P .5. Data 

33 mph (53 km/hr) 

30 mi (48 km) 

25 mi (40 km) 

20 sec 

20.5 mph (33 km/hr) 

14 mph (22.4 km/hr) 

and climate. Locations and number of vehicles assigned as of May 1977 
are: 

San Bernardino, California 
Torrance, California 
Gardena, California 
Evansville, Indiana 
Charleston, .. South· Carolina 
Falls Church, Virginia 
Cherry Hill, New Jersey 
New Haven, Connecticut 
Hartford, Connecticut 

Total , 

Assigned 
to Routes 

146 
73 
41 
10 
10 
10 
10 

5 
5 

310 

Storage 
or Spares 

23 
10 

169 
83 
41 
10 
10 
10 
10 

5 
5 

343 

The. vehicles assigned to Cherry Hill, New Jersey, were reassigned to 
Norfolk, Virginia, near the end of 1976. All the vehicles have been 
operational since March 1976, except for the 41 in Gardena which are in 
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the process of beginning regular operation. The other 9 vehicles of the 

352 purchased by the U.S.P.S. are assigncd to special test programs and 

the mechanics training facility in Norman, Oklahoma. Current distribu

tion of the in-usc OJ-5E's is shown in Figure 4-3. 

In alL1P~~ions ~xcept the San Bernardino area the OJ-5E's 

operate out 01 a sangle Post Office. Thp. 146 electric vans in the San 

Bernardino at"., are distributed among 14 offices, some of which are in 

surrounding cities. Each DJ-SE van involved in the in-use program is 

assigncd to a specific route and is expected to perform that route Ott a 

daily basis. The routes vary from 4 to 15 mi with an average of 9.8 mi. 

Start-stop requirements are reported to vary from 8 to 425. As of 

~~y, 191 of the vehicles aSSigned to routes had been in regular use 

from 15 to 21 mo. The 73 vehicles in Torrance have been in regular use 

since December 1976. Vehicle mileage accumulated by the 191 vehicles 

in use for over a year ranged from 2000 to 6000 mi as of May 1977. 

Ambient temperatures to which the OJ-SE's have been exposed in regular 

use are reported by the U.S.P.S. to have ranged from O-llOoF. 

Most of the OJ-5E's replaced ICE Jeeps or other delivery 

vehicles o>med or leased by the Postal Service. However, in some 

locations, rhe San Bernardino area in particular, the electric vans were 

assigned to routes on which the carriers had been using their personal 

vehl.cles with compensation by the U.S.P.S. Loss of this compensation 

apparently was a source of substantial resen'ment in some carriers 

assigned to electric vans, thus creating an additional complication to 

driver acceptance. 

4.2.3 Use Experience 

At the end of 1976, the U.s. Postal Service had accumulated 

399,291 mi of use experience on 191 DJ-5E electric delivery vanS 

assigned to regular delivery routes. These vehicles had been placed 

into daily service from December 1975 - February 1976. This experience 

was the basis of data supplied for the In-Use Survey in early March 

by U.S.P.S. Office of Fleet Management. Supplementary data collection 

visits made to OJ-5E operations in San Bernardino, EvanSVille, and 

Torrance provided additional detail on the :;un Bernardino and Evansville 

experience included in the fleet-wide data, ~nd data on almost 6 mO 

of the Torrance operation initiated in December 1976. The visits, 

also provided data on several months of 1977 operation for San 

Bernardino and Evansville. These locations '~ere "elected for site 

visits for the following reasons: 

San Bernardino - firbt and largest operation; 

Evansville - two winters of cold weather er.pe,'i~nce; 

Torrance - newest and second largest operaticn. 

I 
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Data obtained from the individual operating sites permit comparison of 
experience between siles and provide detail required for certain 
analyses, such as detailed failure analysis. Visits were also made to 
~1 General and Gould, Inc. to obtain additional insight to experience 
with the DJ-5E. 

The average daily mileage per vehicle of 9.8 mi (15.7 km) 
reported for the DJ-5E fleet amounts to an average annual mileage per 
vehicle (based on 300 delivery days per year) of 2940 mi (4700 km). 
lndividual vehicle records for the 146 San Bernardino vehicles assigned 
to routes shOl.ed accumulated mileage from 1600 to 61100 mi (2560 to 
10,560 km) as of April 1977. At that time these vehic1.es had .been in 
regular use from 14 to 17 mo. Some had also accumulated several hundred 
miles in test operation prior to regular service. The accumulated 
mileages are within the range represented by the 8 to 15 mi 
(12.8 - 24 km) variation in assigned routes and variation in service 
time and test mileage. Records of operating hours and mileage from 
Evansville and Torrance reflecl the high ratio of stop time involved 
in the postal routes. The downtown area routes of EvanSVille result in 
1.0 mi (1.6 km) per operating hour and the suburban routes in Torrance 
result in 1.6 mi (2.6 km) per operating hour. 

Normal depth of discharge for the U.S.P.S. DJ-5E's is 
reported to be 60% or less, depending on the particular route. 
Vehicles are recharged On a daily basis with an equalizing charge being 
applied weekly. Drivers are responsible for connecting their vehicle 
to the charger and ~ssuring that all vehicle controls and switches are 
in the proper position for charging. Chargers are turned on by the 
activation of a master ·switch by the person aSSigned that responsibility 
at each operating location. This is usually done at the end of office 
hours, resulting in initiation of charging about an hour after the 
vehicles return from their routes. In locations such as Evansville 
and Torrance where the vehicles are stored adjacent to the VMF, charger 
activation is the responsibility of VMF personnel, who generally check 
to see that the vehicles are properly configured for charging. This 
checkin~ avoids most of the driver-caused charging problems experienced 
at operating locations not adjacent to the responsible v}lF and there
fore not monitored on a daily basis by VMF personnel. 

~utine maintenance for the DJ-SE as reported by the 
U.S.P.S. consists of semiannual chassis maintenance and battery mainte
nance involving weekly watering and cleaning and monthly checking of 
voltage and specific gravity. Battery maintenance man-hours and dis
tilled water requirements for the indIvidual v}lF's surveyed are 
summarized in the following table per 1000 vehicle miles and per 
vehicle per year. 
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Battery 
Maintenance Distilled 
Man-hours Water 

Per 
Reporting Per Vehiclel gal./lOOO gal./vehl 

VMF Period Vehicles 1000 mi year mi 

Evansville 10/1/76 - 10 S.7 7.8 4.7 
3/20/77 

San Bernardino 11/6/76 - 146 1.8 4.8 15.2 
12/3/76 

Torrance 3126/77 - 73 H 6.5 10.4 
6/17/77 

Average 2.6 6.2 11.0 

The much lower rate of water conslJmption reported for 
Evansville reflects the cold weather conditions of that particular 
reporting period. 

year 

7 

42 

30 

30 

The only special facilities provided for support of the 
U.S.P.S. OJ-SE delivery vans are the charger ins-tallations at each 
operating office. Chargers are installed on concrete pads directly in 
front of the parking stalls to which the vehicles are assigned in the 
vehicle storage lots at each location; Postal Service specifications 
for procurement 0; the DJ-SE's required chargor operation on 240 or 
480 V, but SOn~ installations initially used 208 V, three-phase power 
supply. Some vehicle problems have been attributed by Gould engineers 
to these inadeqllate installations and they have been corrected. 

The U.S.P.S. DJ-SE's have experienced a very high failure 
rate relative to the Harbilt vehicles. Mean time between failures for 
the DJ:'SE fleet was reported by the U.S.P.S. to be SO days, which 
would be about 7 failures per vehicle per year. This contrasts with 
the less than one failure per vehicle per year indicated by the 
Cupertino records for the Harbilts. Figure 4-4 is a histogram of 
failures per 1000 mi derived from the San Bernardino vehicle records. 
It indicates an average failure rate of 4.4 failures per 1000 mi, 
which at the average annual mileage per vehicle is about 13 failures 
per vehicl.e per year. The "failures" recorded in the U.S.P.S. vehicle 
records im:lude all vehicle problems reported, including mechanical 
problems, unconfirmed problems, and driver-caused problems. Warranty 
repair records for the San Bernardino vehicles for 1976, which reflect 
almost all repair actions on those vehicles, indicate 7.3 actual repair 
actions l'cr vehicle in 1976. While the "failure" rates of Figure 4-4 
are almost double actual failures, the distribution shown is considered 
to ~e representative of actual variation between vehicles. 



30 

fa 
~ ..J 20 

0 
:;: 
w 
> 
"-
0 

!z 
w 
0 

l-
a: 

10 w ... 

o 

• • 

I I ._L~ 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 B.O V 

·0.9 ·1.0 ·2.9 3.9 ·4.9 ·5.9 ·6.9 ·7.9 ·8.9 

REPORTED FAILURES PER 1000 mi 

·Computed from San Bernardino VMF Vehicle Records 

17.0 
-17.9 

Figure 4-4. Failure Rates, U.S. Postal Service DJ-SEs* 

The high failure rates experienced by the DJ-SEts is due 

primarily to excessive controller failures early in the program and 

battery failures in recent months. Because of the excessi.ve rate of 

failures and the significance of the U.S.P.S. Program to overall EV 

use experience in the United States, additional analysis of failures 

was performed to determine trends and identify primary failure modes. 

This analysis was based on the vehicle records and warranty records 

from San Bernardino, the initial and largest DJ-SE operation in the 

Program. Failure (problem) reports from the vehicle records are plotted 

as a function of time in Figure 4-5. This shows a distinct downward 

trend in failures in recent months. 

The DJ-5E vehicles have been under warranty throughout the 

time they have been in use by the U.S.P.S. This warranty was recently 

extended through September 1977. Since most of the DJ-SE failures have 

been in the electric propulsion system, the vast majority of warranty 

repairs have been luade by Gould technicians. Gould maintains a support 

facility in the San Bernardino area and is called directly when 

problems occur. Therefore, the warranty repair records maintained by 

Gould for the 169 vehicles in the San Bernardino area (146 arc assigned 

to routes and the other 29 are storage or spare vehicles) provide a 

reasonably accurate picture of failure rates and modes. Analysis of 

the 1137 warran>y action reports filed by Gould for 1976 resulted in 

the plot of failures as a function of time shol<ll in Figure 4-6 and the 

summary of frequencies of failures by mode given in Table 4-8. 

Figure 4-6 also reflects a distinctive downtrend in failures. The low 
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Table 4-8. Failure Hodes and Frequencies, 
San Bernardino DJ-SE Harranty Repair Records 

A. Electric Drive System Failures 907 

Battery 169 

Replacement 143 
Water required 13 
Charge required 13 

Controller 639 

PC101 - Drive ekts 99 
Charge ekts 68 

Fuse blown 93 
Main SCR 45 
Com SCR 19 
Acce1/brake hardware 116 
Hardware failures 103 
Safety board 14 
Fan 27 
Other SS 

Shift Tower 58 

Hardware failures 58 

Motor-Propulsion 12 

Open or shorted 6 
Burned hardware 6 

Charge !leter ~Q 

Replacements 29 

B. Vehicle Failures 29 

Lights 13 
Accessor" battery 12 
Accessories 2 
Rear end 2 

C. Batter~ Charger Fo'llurcs 137 

Connectors 76 
Relay 21 
Fuse 19 
Circuit brC3kcrs 16 
Other 5 

D. Driver Errors 64 

Vehicle charging 50 

On rand 14 

TOT.\L 1137 
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initial failure rates are dUll to incremental assignment of the 146 
vehicles to regular use from December 1975 through the end of February. 
Tab-le 4-8 shows that the controller and propulsion battery have been 
responsible for 71% (56% and 15%, respectively) of the warranty repair 
actions. The pronounced reduction in failures beginning about September 
is primarily attributed to a set of modifications developed by Gould to 
correct a potential safety hazard by additional lockout of vehicle 
lurch capability and to improve controller reliability. These modifica
tions were installed on all vehicles between August and November 1976. 

Recently the pJ-5E's have been experiencing an excessive 
number of battery failures. Figure 4-7 is a histogram of battery life 
constructed from San Bernardino vehicle records. This distribution 
indicates an average life of only 2900 mi, or less than 300 cycles. 
The warranty repair records confirm this estimate as they show a total 
of 143 battery replacements in 1976, which means a battery repla~ement 
rate of almost one per operating vehicle per year or an average life of 
about 3000 vehicle miles. The batteries carry a 4-yr warranty, which 
implies that Gould eXPQcted to achieve a life of at least 1200 cycles. 
The extremely short life actually experienced has been attributed by 
Gould to premature softening of the positive plates. Gould has declined 
to discuss the results of its battery investigation as to the cause of 
temperature softening, but in June began installing new batteries which 
Gould claims should have the problem corrected and should achieve a cycle 
life of 750 cycles at 80% discharge or about 1500 cycles in the Postal 
Service application. 
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Despite the excessive number of failures experienced with 
the U.S.P.S. DJ-5E's, the availability of the vehicles to perform 
scheduled duties has been fairly good. This can be attributed primarily 
to the excellent support provided by Gould to minimize downtime and 
reduce failure rates. The U.S.P.S. reports the precentage availability 
- the percentage of days vehicles successfully complete their assigned 
routes - as 97% for the DJ-5E fleet through 1976. Figure 4-8 shows 
percentage availability by reporting period from downtime records 
obtained from San Bernardino and Torrance. This plot indicates a 
decreasing availability averaging about 96% from November 1976, through 
June 1977. Failure rates decreased during this period, but batteries 
became the primary failure mode and downtime went up significantly due 
to delays in obtaining replacement batteries. Some vehicles were 
deadline for weeks awaiting batteries. Records obtained from Evansville 
showed percentage availability by reporting period ranged from a high 
of 99.5% to a low of 75.6%. This high degree of fluctuation results 
from the pronounced effect of delays in obtaining replacement batteries 
on the small fleet size of ten vehicles. 

Table 4-9 presents vehicle mileage and energy consumption 
reported by the U.S.P.S. for six operating locations and eight 4-wk 
accounting periods plus totals. The Oklahoma City records are for 
those vehicles now assigned to the mechanics training school in Norman, 
Oklahoma. This table indicates and average energy consumption of 
1.52 klfu/mi (0.95 kWh/km) and a range of 1.18-1.86 kWh/mi (0.74-
1.16 klfu/km) for the six locations. The difference in consumption 
between locations is attributed to difference in route requirements 
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Table 4-9. Electric Vehicle Power/Energy Use 

FY 1976· 
thru Totals FY 1977 .Li-!~ to 

Location AlP 13 AlP 16 AlP 17 AlP 18 AlP 19 to date AP 1 AlP 2 MP3 A/P4 Dolte 

Charleston. SC;: ml. 954 971 1,006 1,121 4,052 1,037 1.047 1,165. 841 8,142 
kllh 1,884 1,683 1,888 1,955 7.410 1,873 1,862 ·2,287 1.689 15,121 
kWh/",i 1.97 1.73 1.88 1. 74 1.83 1.81 1.78 1.96 2.01 1..86 

Cberry 11111, !(J .,1 5,952 2,234 2,227 2,l87 2,102 14,702 1,677 Transfer'red to 16,379 
kin, 7,169 2,384 2.446 2.471 2.740 17,210 2,049 Norfolk .. Va. 19,259 
kllh/m! 1.20 1.07 1.09 1.13 1. 30 1.17 1.22 I'll! 

Evansville. IN m! 12,343 1,144 1,261 1,148 1.197 17,093 1.143 1,211 1.157 920 21 .. 524 
kWh 21,854 1,882 2,026 1.954 2,061 29,777 1,971 2,099 2,322 2.270 38,439 
kln./",! 1.77 1.65 1.60 1.70 1.72 1.74 1.72 1.73 2.01 2.47 1.79 

.... 
I Falls Church. VA .,1 3,111 614 1,373 1.2&1 1,330 7.689 1.149 1.168 1.068 576 11,650 N 

N kWh 7,550 2,540 2,750 2.680 1,142 16,662 2,630 2,351 2,551 1,379 25,573 
kWh/.,! 2.42 4.14 2.0 2.13 .85 2.17 2.29 2.01 2.39 2.39 2.20 

Oklahooo City. OK Ill! 112 896 940 1,948 859 933 925 862 5,527 
kin. 334 1,132 1,110 2,576 1,117 1,323 1,218 2,022 8.256 
kWh/m! 2.98 1.26 1.18 1.32 1.30 1.40 1.31 2.30 1.49 

San Bernardino, CA ell 85,629 27,577 30,150 32,131 34,388 209,875 31,727 31.138 32,512 30,817 336,069 
kWh 128,443 44,450 42,510 39,383 39,480 294,266 47,590 49.8:!O 52,019 58,260 501,955 
k.1./m! 1.50 1.61 1.41 1.23 1.15 1.40 1.50 1.60 1.60 1.89 1.49 

TCTALS ml 107,035 32,523 36,094 38,629 41,078 255,3.59 37,592 35,497 36,827 34,016 399,291 
kt~~l 165,016 53,140 $1,749 49,508 48,488 367,901 57,230 57,455 60,397 65,620 608,603 

by AlP kWh/.,! 1.54 1.63 1.43 1.28 1.18 1.44 1.52 1.62 1.64 1.93 1.52 

Source: u.s. Postal Service 
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and climate. Consumption rates by accounting period for Evansville 
reflect the decreasing efficiency of the batteries with decreasing 
temperature. (Since the U.S.P.S. Fiscal Year Degins in October, 
A/P 3 and 4 for FY'77 coincide with December and January.) During the 
extreme cold of the past year the effect on battery performance in 
Evansville was so severe that some of the vehicles could not even 
complete ,'outes of S ,or 6 mi and had to be replaced by ICE vehicles 
for several weeks. The DJ-SE's in Evansville arc stored in open lots, 
as at all of the U.S.P.S. locations, with no special provision for 
keeping the batteries heated. Therefore, the batteries are subject to 
cold soaking overnight. The U.S.P.S. reports that electricity costs 
range from a low of SO.Ol per kl-lh to a high of $O.OS per kl-lh for the 
locations in which the EV's are operating. Willingness of utilities to 
provide discounts for off-peak charging also has varied with location. 

The U.S.P.S. declined to provide an estimate of life cycle 
cost for either of their in-use EVs, explaining: "Because of the many 
variables we have not attempted to develop life cycle costs as yet. To 
do so before full stabilization of the vehicle and its components is 
in our opinion unwise." The nonuniformity of pm1er rate structures and 
uncertainty about battery life are cited as additional complications to 
estimation of life cycle cost. As the U.S.P.S. e.lso points out, the 
vehicle and battery warranties further complicat., cost estimation. 
Analysis of warranty repair records from San Bernardino results in the 
following values for annual repair requirements, 

Labor time 

Travel, time 

Repair time 

Parts cost (not including 
propulsion battery) 

3.4 hr/vehicle 

6.0 hr/vehicle 

$182/vehicle 

Application of these data to life cycle cost estimation is not only 
complicated by the decreasing trend (i.e., lack of stabilization) in 
failure rates but also by: dependence of travel time on location of 
vehicles relative to repair facilities; possible changes in repair 
times resulting from assumption of repair functions by Postal Service 
mechanics at expiration of vehicle warranties; and the likelihood, as 
indicated by U.S.P.S. investigation, of obtaining lower cost replace
ment parts from sources other than the manufacturer. 

Despite the complications a,ld uncertainties involved in 
producing an estimate of life cycle cost, the significance of the 
U.S.P.S. DJ-SE Program warrants an attempt. However, the complications 
and uncertainties necessitate a broad range for some elements and 
appropriate caution in use of the estimates. The estimates are based 
on a lO-yr life as projected by the U.S.P.S. The high cost estimates 
represent pessimistic/conservative values based on average performance 
to date, and the lower estimates reflect optimistic projected reductions 
in failure rates and costs. No repair costs are included for the 
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CHAPTER 5 

BATTRONIC MINIVAN USERS 

About 115 Battronic Minivans have been manufactured and 

sold by the Battronic Truck Corporation (Boyertown, Pennsylvania) since 

1973. 107 were purchased through the Electric Vehicle Council's (EVC's) 

Electric Work Vehicle Purchase Program by 59 U.S. Utilities (105 vans), 

one Canadian Utility, and the Lead Industries Association (one van 

each). These 107 Minivans were delivered during 1974. At the same 

time, and from the same production line, four more Minivans were sold 

directly to two more U.S. Utilities, one more Canadian Utility, and the 

U.S. Postal Service Research Center (Rockville, Maryland). Since the 

purpose of the Minivan purchase by the U.S. Postal Service was to obtain 

comparative testing data (together with an Otis P-500 van and a proto

type Electromotion Postal Van), rather than trying to use the Minivan on 

a regular basis, we have not included this particular van in our survey. 

Minivans. 
Department 

In 1976 the Battronic Truck Corporation sold two more 

One to a U.S. Utility, and one to the Government of Manitoba, 

of Public qorks (Winnipeg, Manitoba). 

A total of 112 Minivans has thus been identified as the 

survey population for our analysis of the user experience with the 

Battronic Minivan. The first and maj or part of this analysis is 

centered on the overall experience with the 107 minivans bought 

through the EVC's Electric Work Vehicle Purchase Program (see Sec

tion 5-2) and is primarily based on data collected through the Electric 

Vehicle Council. To supplement these data we have sent out a 5-page 

questionnaire (see Appendix) covering 68 of the 112 minivans, and 

received a 53% response. Furthermore, phone calls to about 50% of the 

users (covering almost 70% of the vans, and including the 68 vans 

mentioned above) and 5 site-visits have been part of our data collec

tion effort concerning minivans. 

The second and final part of our analysis is concerned with 

the user experience of a few selected minivans (see Section 5.3), 

where detailed data has been recorded on a daily basis. One of these 

vans (operated by the Omaha Public Power District, Omaha, Nebraska) 

has been driven almost 11,000 mi since November 1974, which is the 

most total mileage reported on any of the 112 Minivans included in our 

survey. This particular van was one of the two sold directly to a 

U.S. Utility in 1974, and has therefore not been included in the EVC's 

data base on the 107 Minivans bought through the Electric Work Vehicle 

Purchase Program. 

The geographical distribution of the 112 Minivans is shown 

on Figure 5-1, with each dot representing one company. The size of 

each dot indicates the number of Minivans bought by each company. When 

talking with various companies Wi: found that in several cases, where 

more than one or two .ahicles Were bought by the same company, the 

Uinivans were actually used at different locations and serviced 
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by different garages. In other words the geographical 
the Hinivans is even more sC3tter~J than indicated by I 

ure 5-1. All of the 66 companies, who togeth"r have be 
vans, nrc listed in Table 5-1 for each of the S regions 
the map (Figure 5-1), 

j tribution of 
map on Fig-
,t the 112 Hini
tdicated on 

Table 5-1. Geographical Divisi~n Shown on Figure 1. 
Number of Vehbles Shown in Parnnthes· 

NeW' F.ngland 

(1) United Illuminating Co. 
(3) New Ensl~nd Power Service 
(1) Cambridge Electric Li~t 
(1) Public Service New lIatopshirc 

Hlddle Atlantic 

(1) Lead InduStries Association 
1:1) Hetropolitan Edison Co. 
(1) Pennsylvania Power 6 Licht Co. 
(3) Atlantic City Electricity Co. 
(3) Public Service Elee. & Gas 
(6) Niagara ~lohawk Power 
(5) Consolidated Edison Co. 
(1) Long Island Lighting Co. 
(1) 1I1'dro--Qucbec (Canada) 

South Atlantic 

(1) Baltimore Gas & EleLcrlclty Co. 
(1) Appalachian Power Co. 
(1) Virginia Elee. & Power 
(2) Carolina Power & LIght Co. 
(2) Ceorgia Power Co. 
(1) Savannah Elee. & Power Co. 
(1) Jaeksonv1l1e Elec. Authority 
(1) Florida Power Corp. 

East North Central 

(2) Ohio Edison Co. 
(t) Toledo Edison 
(1) Ohio Power 
(1) Indiana & Michigan Elec. 
(1) Southern Indiana Gas & Elec. 
(3) Uorthern Indiana Publ1c Service 
(2) Consumers Power Co. 
(2) Wisconsin Elec. Power 
(2) Wisconsin Public Service 
(1) Wisconsin Power & Light Co. 

East South Centrql 

(1) Kentucky Utilities Co. 
(1) Alabama Power Co. 
(1) H1ss1ssipp[ Power Co. 

-8ought in 1976 

~est North Centr~l 

(2) Intcrstote Power Co. 
(1) St. Joseph Light and Power Co. 
(1) Board of Public Ctilitics, Kansas.City 
(1) Kansas Gas & Electric 
(4) Iowa Power and Light Co. 
(1) Iowa Pu~llc Service ~~. 
(1) Hinncsota Power and I., jht Co. 
(1) Northwestern Public Service 
(2) Northern States Power Co. 
(1) Omaha Public Power District 
(1) Government of Hanitoba (Canada)a 
(1) Union Electric Co.a 

Hest South Central 

(3) Culf States Utilities 
(2) New Orleans Public Service 
(1) Southwestern Elec. Power 
(3) Public Service of Oklahoma 
(1) Community Public Service 
(2) Texas Electric Service 
(1) Texas Power & Light Co. 
(2) Dallas Power & Light Co. 

(2) Arizona Public Service 
(2) Utah Power & Light Co. 

Pacific 

(2) Washington Water Power 
(1) Puget Sound Power & Light ~o. 
(4) Pacific Power 6 Light Co. 
(2) Portland General Elec. Co. 
(1) PUD of Clark County, Washington 
(1) pun of Grant County, Washington 
(5) Southern California Edison Co. 
(1) Sacramento PUD 
(1) British Columbia Hydro Authority (CBnada) 
(1) Eugene Water & Elec. Board 
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5.1 . BASIC VEHICLE DESCRIPTION 

In the summer of 1973, the first prc'totype of the Battronic 
Hinivan was tested at the Dana Proving Grounds (Ottawa Lake, Hichigan). 
The prototype was built through a contract IIi c, .the Electric Vehicle 
Council, and was found to meet most of th" specifications except th" 
abUii.)' to ateain.a top speed in excess of 50 mph (80 km/hr) on a level 
concrete road. As a result, the vehicle was modified from a 96V to a 
112V power supply, tested again and accepted for production. 

The final product - the production Battronic Hinivan - is 
"a short-range, multistop, urban delivery van". It is specified (by the 
manufacturer, the Battronic Truck Corporation) to have ~he following 
key performance characteristics: 

• Top speed 55-60 mph (88-96 kph) 

• Acceleration in "Lo range" . 0-30 mph (0-48 kphl: 9.1 sec 
0-45 mph (0-72 kph): 17 sec 

• Acceleration in "Hi range" 0-30 mph (0-48 kph): 9.6 sec 
0-45 mph (0-72 kph): 27 sec 

• Range in "Lo range" at 25 mph (40 kph) 50-55 mi (80-88 km) 
(cruise) at 35 mph (56 kph) 42-47 mi (67-75 km) 

at 45 mph (72 kph) 32-36 mi (51-58 km) 

• Range in "!Ii range" at 25 mph (40 kph) 45-50 mi (74-80 km) 
(cruise) at 35 mph (56 kph) 38-42 mi (61-67 km) 

at 45 mph (72 kph) 30-33 mi (48-53 km) 

• Energy economy average for city 1.2 klfu/mi (0. 75 kl~h/km) 
ddv1.ng: 

• Gradeability at 5% grade: 27-28 mph (43-45 kph) 
at 20% grade: 10-11 mph (16-17 kphl 
max:!mum grade: 31% 

The key vehicle characteristics are listed in Table 5-2 and shown in 
Figure 5-2. It should be noted that the current model of the Battronic 
minivan has different characteris~ics. The two major changes have been: 

• increased curbweight to 6000 lb, and 

S.2 

• increased payload to 800 lb (and thus G~~ to 6800 lb). 

THE EVC's ELECTRIC WORK VEHICLE PURCHASE PROGRAM 

In tllis section th,e overall user eXperience of the 
107 Dattronie minivans, bought through the Electric Vehicle Council's 
(EVe's) Eleetric Hork Vehicle Purchase Program, is evaluated. The main 
part of this analySiS is based on data obtained from the EVe, which has 
collected two sets of data cards from the participating users since 1974. 
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Table 5-2, Vehicle Characteristics 
(Battronic Minivan, Standard 1974 model) 

• Type of Vehicle Urban delivery van 

o Manufacturer Battronic Truck Corporation 

• Purchase price, standard unit $10,000 (1973) 

• Dimensions 

Wheelbase 
Length 
Width 
Height 

., Curbweigb.. 

o Payload 

o Cargo capacity 

• Traction batteries 

Type 
Number 
Operating voltage 
Total weight 
Energy capacity 

• Charge 
Type 

Manufacturer 
Line Voltage 

• Motor 
Type 
Manufacturer 
Power Rating 

CI Controller 

o Transmission 

• Tires 

$10,834 (1977 - quoted) 

94.5 in. (240 cm) 
145 in. (368 cm) 
74 in. (188 cm) 
92 in. (234 cm) 

5800 lb (2631 kg) 

500 lb (227 kg) 

160 ft3 (4.53 m3) 

Lead-acid (G. B.C. - type EV330) 

2 modules of 28 cells each 
ll2V 
2400 1b (1089 kg) 
330 A-hr at a 6-hr rate 
277 A-hr at a 3-hr rate 
244 A-hr at a 2-hr rate 

On-board (standard; off-board was 

optional) 
C. & D. batteries 
220 V/30 A - 6-8 hr 
110 V/15 A - 18-24 hr 

D. C. series 
General Electric, Model HT 2376 

42 hp 

SCR dc Chopper (GE Model 5l0R) 

2-speed (1:1 and 1:96 ratios); no 

clutch (van must be stopped to 

shift between the "Hi-range" and 

the "Lo-range" gear 

Firestone light truck, bias ply 

(6.70-15C) 
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The collection \'las done on a voluntary basis. The consis

tency over time, and the reliability of the data submitted to the EVC 

is varied but seems, generally speaKing" impressively good for the 

majority of the vans (only 21 were never reported on). To date 372 

"failure cards" and about 3350 "weekly performance cards" have been 

receivlld by the EVC. The users were asked to send in a "failure card" 

every time one of the Hinivans failed and was repaired, and a "weekly 

performance card" each week for each Hinivan. Examples of the two types 

of data cards are shown in Figure 5-3. 
, 

The cards can be SUbdivided into two separate time periods 

reflecting potential utilization, and one in between, reflecting exten

sive downtime (each period lasting about 1 yr): 

Delivery during 1974 

July 1975 

Summer of 1976 

July 1975 c potential 
utilization 

Summer of 1976 c extensive 
downtime 

Hay 1977 (now) = potential 
"til i?ation 

The period of "extensive dOI·mtime" occurred when the front axle of the 

llinivan .,as recalled by ~he Clark Equipment Company (the axle maoufac

turer) and subsequently by the Battronic Truck Corporation in late 

June 1975. The front axl~s had all come from a production series 

together I·lith about 13,000 identical axles used in U. S. Postal Service 

vans. These axles had shol·m to fail during loading tests, and thus did 

not meet the specifications for the postal van. lfuile the Clark 

Equipment Company replaced the axles on the Postal vans at no cost, a 

similar arrangement .,as not possible for the Minivans due to disagreement 

over "th.e promised maximum load capacity." After this, another axle 

manufacturer .,as involved in making a prototype and then the final pro

duel ion of replacement axles. The ne., aldes .,ere shipped to the users 

during the spring of 1976 (February-June) along with alignment instruc

tions from the Battronic Truck Corporation, and at no cost to the 

users - except almost a year of do.mtime. The axle recall and 

replacement was, beyond any comparison, the most serious failure

problem with the ~linivan. 
1 • 

To our knowledge only one of the Hinivans was used during 

this period of "extunsive downtime" (maybe a few more, even though no 

such use was ever reported to the EVC). After proper dynamiC testing of 

the front axle, and subsequent reduction in the payload specifications, 

this particular van .,as placed back in service. w~en the new axle 

arrived, it was installed and realigned, causing only half-a-day down

time. It should be noted that this van has a curb weight wrich is less 

IThe van bought by the Omaha Public P0I4er District, and earlier men

tioned as One of the vans Which was not part of the EVe program, and 

therefore never has been reported On to the EVC. 

5-7 

. ------._--', -~"---.~.-----------



electric work vehicle purchase program 
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Figure S~3, Examples of a "Failure Card" and a 
"Weekly Performance Card" 
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than most other vans, since it has no on-board charger and only uses the 

optional off-board charger (an option .hich was chosen for only ten other 

vans). 

Other problems, mostly battery problems, followed the aKle 

replacement as a result of the long period of no use, which makes the 

aKle problem look eVen more serious. Since no utilities in the Eve 
Program reported any use during the 1975-1976 period of axle recall, 

we have concentrated our analysis (from here on) on the two time periods 

of "potential use." In the following, referred to as "period I 

(1974-1975)" and "period II (1976-1977)." 

5.2.1 Total Mileage 

To give an overall idea of how extensively the Hinivans 

have been used to date, we have recorded the total mileage for individual 

Minivans (covering over 50% of the total population) in the histogram 

in Figure 5-4; thus identifying the number of ~Iinivans in each mileage 

group (0-1000 mi, 1-2000 mi, 2-3000 mi, ere.). It can be seen that 

about 30% of the vans have been driven less than 1000 mi each or less 

than 500 mi per year of potential use. 

•• z 
~ 
Z 
:a ... 
0 .. 
w 
~ 

:!; 
::> 
Z 

ro 

15 

10 

5 

5000 
TOTAL MILEAGE 

PER MINIVAN 

10,000 

NOTE: 63 (Ofl 57%1 OF THE"O MINIVANS BOUGHT IN 1974 

HAVE REPORTED TOTAL MILEAGE TO DATE AS SHOWN 

IN THIS FIGURE. 

(SOUACE: PERSONAL COMMUNICATIONS OR JPL 
QUESTIONNAIRES, AT RANDOM. WITH SOME PREFERENCE 

TOCOMPANIES WITH MORE THAN ONE MINIVANI. 

Figure 5-4. Mileage Distribution. 
Total Hil~~ge per Minivan (1974-77). 
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5.2.2 Identifica.tion of neliab!e Vehicle Populations 

In Figure 5-5 the total vehicle population of 107 vans, 
participating in the EVC program, has been categorized in a morphologi
cal fashion. Primarily, thia io done in order to identify and count 
those vans which have an acccptable level of reporting in each or both 
of tha t~IO periodo of "potential use." and thus constHutes thc groups 
of vans with the most reliable sets of failure and performance informa
tion within the total vehicle population. The acceptaule level of 
reporting has been ·defined as: seven or more "~1eekly !,erformance 
cardo" submitted to the EVC. In other I<ords, I.e are assuming that those 
vans with more than seven weekly performance cards reported also have 
been Gubmitting failure carda for failures occurring within this period 
(of at least 7 wk). 

,/ 

The four main population groups represented in Figure 5-5 
a~c thareforc those vans with seven or more "weekly performance cards" 
in both, one (two options), or none of the two time periods (1974-1975 
and 1976-1977). 

Within each of these groups I<e have indicated hal< many of 
the vans had failures in both, one (two options), or none of the 
two time periods. 

tIM£FRAM£ 1976 -1971 

.~ 

VlEf.ICLV 
~1 <1 PERFORMANCE 

CARDS 

FAILURE YES NO NO YES 
REPORfS 

YES 17 8 29 2 
~7 

is NO 3 4 8 1 
j 

§ 
NO 1 1 21 0 

<7 
yes 3 2 6 1 

. • 
39 

Figure 5-5. Population Classification of 107 Battronic ~finivans 
1n the Electric Vehicle Council's Purchase Program 

S~10 

r 
:1 

I 

i 

) 



Figure 5-5: 

5.2.3 

A number of general observations should be made from 

• 72 (67%) of the vans have good (acceptable) 
reporting in period I. 

• 39 (36%) of the vans have good (acceptable) 
reporting in period I. 

'" 28 (or 26%) of the vans have poor reporting 
in both time periods. 

• 32 (or 30%) of the vans have good (acceptable) 
reporting in both time period q • 

• 40 (or 56%) of the 72 vans with good reporting in 
period I have poor reporting after the axle problem 
(in period II). 

• 7 (or 18%) of the 39 vans with good reporting in 
period II only had poor reporting before the axle 
problem (in period I). 

• 16 (or. 22%) of the 72 vans with good reporting in 
period 1 never reported any failures during this 
period. ' 

• 15 (or 38%) of the 39 vans with good reporting in 
period II never reported any failure during this 
period. 

Failure Modes 

Ten ot the 372 failure cards received by the Eve to date 
are concerning the axle replacement. Of the 362 cards with other 
failure information, 289 are from period I (1974-1975), and 73 are from 
period II (1976-1977). Since sorneof the cards contain information on 
more than one kind of failure, and other cards are repeating a specific 
failure occurrence already mentioned on another and earlier submitted 
card, it has been necessary to introduce the term "failure reports." 
Each such "failure report" can be identified each time a failure is 
reported on a failure card. In other words, the number of "failure 
reports" is the sum of "failure cards" plus "other failures reported on 
the same cards." The process of analyzing the failure cards so that 
each actual failure occurrence can be identified is shown in Figure 5-6. 
Eighty-three percent of the 206 "failures related to the electric drive 
system" and 90% of the 92 "vehicle failures" occurred durillg period I 
(1974-1975) • 

The number of actual failures per Minivan has been related 
to the sum of vans with such failure rate, as shown in the histogram 
on Figure 5-7. It is seen from this figure that almost 50% of the 
failur~G have been reported by only 14 (or less than 20%) of the 73 vans 
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10 
QUESTIONABLE, BUT 
DIFfERENT FAILURES 

[ill} ACTUAL FAILURES (321) 

FAILURE 
CARDS 

362 

INDICATING FAILURE 
REFORIS 

.w 

362 FAILURE CARDS HAVE BEEN SUBMITTED 
TO THE EVC DURING THE TWO PERIODS OF 
"POTENTIAL USE". I (1974-751 AND" (1976-77); 
73 (OR 68%) OF THE VANS HAVE BEEN REPORT
ING, WHilE 34 (OR 32%) OF THE 107 MINIVANS 
DID NOT REPORT ANY FAILURES. 

Figure 5-6. From Failure Cards to Actual Failures 
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A TOTAL OF ~'7 ACTUAL FAILURES HAS BEEN REPORTED TO THE 
ELECTRICAL VEh'~LE COUNCIL IFROM DELIVERY IN 1974 TO MAY 
1977). THESE FAIL~'ES VlERE REPORTED BY 73 MINIVANS; 34 
MINIVANS DID NOI .,.ORT ANY FAILURES. 

49% OF THE FAILURl S HAVE BEEN 
REPORTED ON 14 (I~ ~l OF THE 73 
MINIVANS WITH REPl'RTED FAILURES 

NUMBER OF FAILURES/MINIVAN 

Figure 5-7. Distribution of Failures/Minivan 
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with reported railureD. The relationship between number of failures and 
mileage for each van io diecuooed in oectione 5.2.4 and 5.2.5. 

The number of failureo haa been tabulated for each failure 
mode (component) within the two main failure groups, and a third group 
or "other faUurea" (oee Figure 5-8). Doth the failures reported to 
the EVC al1d failureo reported by the Battronic Truck Corporation (in a 
one-sheet summary report, dated 07/01/76) are shown all the figure. A 
brief description of the failures for each component is given in the 
following (listing the most rrequel1tly failed componel1t withil1 each main 
failure group first) • 

5.2.3.1 . Electric Drive System Components 

The fuel gauge failed in some cases several times on the 
same vehicle, and was usually Simply replaced. Besides occurrences of 
110t functionil1g at all, the gauge also showed to be basically unreli
able. The gauge is preset by a shunt register to indicate that whe:, 
330 A-hr have been drawn from the batteries, the batteries are "empty." 
But this is the capacity at a 6-hr rate, as specified by the battery 
manufacturer. If the batteries were discharged at a 3-hr rate, only 
277 A-hr would be available; and in the case of a 2-hr rate only 
244 A-hr. III these cases the fuel gauge would theoretically still show 
that the batteries were from 1/5 to 1/4 full, even through they would 
actually be dead. 

The converter failed in a few cases, more than once on the 
same vehicle. Generally, it was just replaced. The converter is a 
110 to 12 V DC-DC converter built into the charger for recharging the 
l2-V aUKiliary battery. Failures mos'tly involved failure to charge, but 
in some cases it overcharged the 12-V battery and dried it out, so that 
the battery had to be replaced too. 

The 300-A fuse was blown eKclusively (it seems) when going 
up hill at full speed. The fuse would blow if the armature current was 
600 A for more than 100 sec, 900 A for more than 35 sec, and 1500 A for 
more than 13 sec. If accelerating while going up hill the ammeter would 
easily show a full reading (1000 A). In most instances of a blown 300-A 
fuse. the van was also towed in and substantial towing bills paId. 

The batteries did not cause any significant problems, in 
terms of actual failures, until the last period of use (1976-1977). In 
this period they were dominant, accounting for 12 (or 24%) of the fail
ures reported during 1976-1977, and they were all related to the main 
battel;y p~.ck. About 10-15 sets of batteries have been replaced in 
1976-1977. Only about four such replacements took place in 1974-1975. 
The earlier battery failures were dominated by replacements of the 
aUKiliary battery. In rating the failures relative to the number of 
occurences, the battery failures have been the most frequent failure 
in 1976-1977. but anI)' the seventh most frequent failure in 1974-
1975. 
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fAIlUUS IN 
I"E ELECIRIC 
DRIVE SYSIEM 

fUEL GAUGE 

CONVERIER 

JOO A fUSE 

BATTERIES 

CONTROllER 

CHARGU 

MOIOR 

VEHICLE 
fAILURES 

HORN 

BRAKES 

HEATER 

BODY 

FRONT WHEELS 

CHASSIS 

MISCELLANEOUS 

OTHER 
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8.0 

5.2 
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9.2 

PERCENT OF TOTAL 
(EVC REPORrED 
FAILURES ONL'r) 

ILl FAILURES REPORTED TO THE EVC 

TOTAL TO DATE 

a:==:l FAILURES REPORTED BY THE BTC 

TOTAL FOR PERIOD I (191~·15) 

'1) NO SUCH FAilURE IS REPORTED BY THE IAHRONIC TRUCK CORP (BTC) 

2) 25 CHARGER PROBLEMS WERE REPORTED BY THE BTC 
3) 5 BODY PROBLEMS VlERE REPORTED BY THE BTC 

Figure 5-8. Failure Hodes for the Battron!c Hinivans 
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The controller failed mostly in the field Heakening relay, 
which was then just replaced. Almost as frc,quently the whole control
ler hnd to be repaired or replaced through the Battronic Truck 
Corporation., 

The charger created several secondary problems ·in the 
batteries. It,~ould "Sometimes keep on charging (even through it should 
be automatically tapering), possibly because of high temperatures in 
thedectrolytc. A timer was installed during 1975 on several Hinivans 
in order to prevent this from happening. ~fost of the direct charger 
failures were burnt connectors and wires, and thus actually Here 
repaired easily by the users themselves (as in the case I,f blown 300-A 
fuses and most of the "vehicle faUuras"), .,tthout involving the Battronic 
Truck Corporation at all. TIlis seems to be the main reason for the 
ralatively low reporting on these kinds of failures in the failure 
statistics from the Battronic Truck Corporation (Figure 5-7). 

The motor rarely failed. 

5.2.3.2 Vehicle System Components 

One of the most unu~ual problems occurred with the horn. It 
sounded when driving around a corner. The cause was mechanical and was 
fixed relatively easily. 

The brakes did not cause accidents or injuries when falling. 
There were mostly problems with loose bolts on the backing plate for 
the brakes o,i the front :wheels, and broken return springs on the front 
wheel brake and the emergency brake. A secondary problem was experi
enced for some of those vans with the dynamic braking system (an option 
ehosert on 17 of the vans). The heat sink for the dy~'mic brake system 
was located so close to the l2-V auxiliary battery, that the battery 
would overheat. In some cases the battery was moved further away from 
the heat sink, in others a reflecting shield was installed. 

The heater failures have been relatea to back-firing, and 
leaking of gasoline (fumes) primarily. 

TIte body problems were centered around the poor accessibil
ity to the two main battery packs for servicinz from the insi~e, weak 
hinges on the back door, and loose windshield wipers. Since the 
electrolyte could not be checked on all of the cells without having to 
remove both battery packs with a forklift, several companies decided 
to make a bigger opening and battery door on the inside ,of the van. 

The front wheels showed to have loose .bolts in most of the 
failure cases reported. The problems also seem to have been related 
to the brake failures, mentioned earlier. 

All of the failures lumped together under miscellaneous 
. arc "vehicle system failures" on components other than those already 
mentioned; such as the steering, u-joint, defroster hose, lights, 

.trensmissiQrt,etc. 

5-16 

i; 

\ 

\ 

i 
i: 
I 



5.2.4 Failure Rates I (Failures per van/year) 

The number of failures during each week has been plotted as 
a 5-wk running average (I.e. average weekly failures for 5-wk periods 
at weekly intervals) in Figure 5-9 for period I only (1974-1975). 
nle top curvr. includes all of the 267 failures reported in this period. 
The bottom curve includes only the 50 vans, which hava raportad 7 or 
more weekly performance cards during 1974-1975, and for which these 
weekly performance data I,ere readily available to us [72 - (22 with no 
waakly performance data) c SO). 

To determine the level of use relevant to the failures 
reported, the level of reporting for the same 50 vans just mentioned 
has been plotted in Figure 5-10. lailure rates for each week are calcu
lated for the 50-van population (taking the data points from Figure 5-9 
and Figure 5-10), in terms of failures per van/year, and plotted over 
time in Figure 5-11. 

The linear regression curve in this figure shows a slightly 
decreasing failure rate over time from about 4.6 to about 4.0 failures 
per van/year over the whole period. A similar set of plots, dona for 
the failures, the 1evel of reporting, and the failures per van/year, 
for period II (1976-1977), is shown in Figures 5-12, 5-13, and 5-14. 
Since the weekly performance data were available for all of the 39 vans 
with 7 or more weekly performance cards during this period, all of 
these 39 vans are included in the plots for period II. 

The linear regression curve in Figure 5-14 shows a more def
inite drop in the failure rate over time than the one from 1974-1975 
(Figure 5-11), decreasing from about 3.0 to about 1.0 failures per van/ 
year over the whole period. 

It seems evident, from the above analysis of failures per 
van/year, that a relatively constant level of failures (4.0 - 4.6 fail
ures per van/year) was experienced during the first year of use, and 
that a learning process did not really take place. In contrast to this, 
it also seems evident that a clear learning process has taken place 
during the last year of use, going from about 3.0 failures per van/year 
to what seems like a relatively stable level of 1.0 - 2.0 failures per 
van/year. 

5.2.5 Failure Rates II (Failures per 1000 mil 

The number of failures per 1000 mi has first been calculated 
(on the basis of total mileage and total number of failures during each 
of the two periods of "potential uselt

) for each of the vans with an 
acceptable level of reporting (7 or more weekly performance cards in 
either period; see Figure 5-5). A few of these vans have reported less 
than 100 mi total, and therefore, show extremaly high (unreliable) 
failure rates, if any at all (e.g. 74.1, 44.4, 105.26 failures/lOOO mil. 
These vans with less than a 100 mi total have thus been excluded from 
our immediate analysis of failure rates. 
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Figure 5-9. Number of Minivan Failures per Week, for Period I (1974-75)* 
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Figure 5-10. Level of Reporting for Minivans* 
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LINEAR REGRESSION: 
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Figure 5-11. . * Minivan Failure Rates, 1974-75, 

* Thes!! plots represent the SO minivans with "good reporting", i.e. with 7 or 
more weekly performance cards, and readily available data. (Figure 5-11 
was derived from Figures 5-9 and 5-10). 
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Figure 5-12. Number of Minivan Failures per Week, for Period II (1976-77)* 

40r-------------------------------, 

'" Z 30 
~ 
u. o 
.. 20 

~ 
Z 

10 

WEEK NO. 10 
YEAR 

• NUMBER OF VANS 
RE'ORIING 

• ACIUAL NUMBER OF 

f 
.. ~ CARDS RECEIVED 

•• w .... ~ 

.. .. 
-. •• 1II. .. .. . . . . .. 

'. 

30 .0 
1976 

'.' 

10 

TIME 

20 
1977 

30 40 

Figure 5-13. Level of Reporting for Minivans* 
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Minivan Failure Rate, 1976-77* 

* These plots represent the 39 minivan.: with "good reporting", 
i.e. with 7 or more weekly performance cards. (Figure 5-14 
was derived from Figures 5-12 and 5-13). 
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For each tim~ period (1974-1975 and 1976-1977) and 'mileage 
group (100-500 mi, 500-1000 mi, 1-2000 mi, 2-3000 mi, etc.) a number of 
histograms has been made, indicating the number of Hinivans versus 
failures p~r 1000 mi. (See Figures 5-15 and 5-16). 

A strong ,linkage between higher total miles driven and lower 
failures per 1000 mi seems evident, when analyzing these histograms, 
and the average fa:i.lure r,ates within each mi1eag~ group. The same 
pattern can be observed in viewing 'the two periods together, as in 
Figure 5-17. It should also be noted that,'the average failures per 
1000 mi was lower for the second period of use (1976-1977) than for the 
first period (1974-1975); e.g. the average number of failures per 
1000 mi for fhose vans with more than 1000 mi (reported) in each or 
either of the periods, was 1.69 in 1974-1975, and 1.29 in 1976-1977 
(a 24%· drop). ' 

5.2.6 Availability 

As documented on the previous pages, a relatively 
substantial amount of dependable information has been reported on the 
reliability of the Hinivan. In contrast, there have been virtually no 
reliable data recorded on the availability of the Hinivan; except the 
story on the front axle replacement as mentioned in the beginning of 
the chap ter. 

A "m",,;.mum level of availability" could possibly be 
identified from the weekly performance cards - roughly by relating the 
Ol'mber of cards with a recorded weekly mileage of zero, to the number 
ot those with a positive mileage reading. For a number of reasons 
it 5eems, an the other hand, more relevant to analyze the question of 
availability in the next Section (5.3) where the experience of a few 
key users is reported: 

• A large but unidentified number of vans was never 
assigned to regular use. This implies r.hat any 
weekly reports of "O-miles" for such vans is more 
likely to mean "not used" than "not available." 

• There is no indication on the weekly performance 
cards, which tells about the number of days used. 
A daily breakdown would be necessary to obtain a 
reasonable level of accuracy (as attempted in the 
next chap ter) • 

• One important aspect of the question of availability 
is whether a vehicle (when assigned to regular use) 
is capable of performing its assigncid duty, or 
not. If not - if it for example has to be towed 

,back in, or does not keep the time schedule - it 
would be Viewed as "unavailable" by some users. For 
such users and other users with an average level of 
enthusiasm •. a period of failure-related downtime 
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Figure 5-15. Failure Rate vs Miles, 1974-75 
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Figure 5-16. Failure Rate vs Hiles, 1976-77 
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Figure 5-17. Failure Rate vs Miles, 1974-77 

5.2'.1 Consumption, kWh 

The average kWh/mi has been recorded for each van with "an 
acceptable level of reporting," for each of the two periods of potential 
usc, and Va total miles driven in each period (see Figures 5-18 and 5-19). 
WIlen data points which seem unreliable (mostly those with very low total 
mileage) ar~ disregarded, the average kWh/mi is very much the same 
for the two p,~riods, and over the Wide range of total mileages. A 
kW11 consumption of 1.5 :I: 0.5 kHh/mi seems to be a reasonable, reliable 
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rating oJ; the ~Univan. (Exampl.es of daily recordings of the klVh/mi 
Me documented in Section 5.2). 

5.2.8 Hileage 

The average weekly mileage for all of the minivans repor.ting 
to the EVC, is 49.5 mi/wk during the reported weeks in the 1974-1975 
period and 36,2 mi/wk in the 1976.,1977 period, as calculated by the 
EVC. rhese figures range from 0 to 166 mi/wk for individual vans 
during '1974-1975, and from 0 to 92 mi/wk during 1976-1977. 

Basically these J;igures just reflect and repeat the earlier 
mentioned observation of a nonuniform pattern of use from van to van. 
Consequently we have left the detailed analysis of mileage, in terms of 
actual daily mileage, to Section 5.3, where such data is presented 
primar:!.ly in the form of route profiles for a few specific vans with 
records of daily miles over a period of time. 

As one' intermed :ate measure of the actual route profiles, 
we have attempted co collect data on e""rdge, maximum, and minimum 
daily mileage on vans in regular u~e, through our five-page question
naire. We have received such information on 17 vans. The results are 
shown in Figure 5-20. 

5.2.9 Weather Effects 

In his SAE-paper from 1976 about the experience with the 
107 Hinivans (Reference 5-1), Edward Campbell (Executive Secretary of 
the EVC), analyzed the possible relationship between ambient temperatures 
and the klVh/mi consumption; since "it is often predicted that electric 
vehicles will not op.erate well in cold weather." Later on he continues: 
"No correlation of any sort developed from this analysis, as might be 
anticipated. The reason is that the electrolyte temperature is not 
necessarily determined by the outside temperature. ~[ost of the vehicles 
(Hinivans) are kept indoors and on charge at night and the electrolyte 
~emperature is, if anything, elevated." 

We believe that these statements are correct, and that the 
problems with the electrolyte temperature and the ktfu consumption is 
much morP. critical when the vehicle is being charged than discharged. 

Several occasions of overcharged batteries, which lost up to 
15 gal of water over a weekend charge, seem to indicaee this. 
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~.2.10 Routine Maintenance 

Two of the questions in a one-page questionnaire, sent to 
the Minivan users by the EVC in September 1975, were concerned with the 
routine maintenance on the main batteries. The number of responses t~ere 
distributed as follows: 

~ 
~ 

~ " ~ C1J 

~ Q) fi ... " .-! 
.>: C1J " C1J <0 ..... C1J ~ c:: '" .c ... 

<0 ~ 0 ::l ... 
~ t=I 01 :<: 0' 0 

Specific Gravity Readings 
Are Taken 15 12 ._- 11 -- 1 39 

Main Batteries Are Removed 
From the Van for Inspection 
and Servicing 1 10 2 13 1 10 37 

Almost the same pattern can be seen from the responses on the JPL 
questionnaire. Most other routine maintenance activities are related 
to the vehicle system components, and much less time consuming compared 

.to the battery-related maintenance (e.g. 2-4 hr every 3 mo). 

5.2.11 Costs 

The 1974 purchase price of a Minivan varied from $10,000 
for a standard unit, to about ~13,750 for a van with most available 
options (including $941 for an off-board charger, $1,959 for an extra 
set of batteries). Since only 9 vans were supplied with both an off
board charger and an extra set of batteries (while nobody bought an 
extra set of batteries alone, and only one van was bought with off-board 
charger alone), the actual purchase price for at least 90% of the vans 
varied only from $10,000 to about $10,850. As a basis for the estimated 
life cycle cost we have chosen to use the 1977 list price for a standard 
model, as quoted by the Battronic Truck Corporation: $10,834. 

From the EVe analysis (Ed Campbell, reference 5-1) of the 
repair costs of the Minivan d~rin& the first year of use, it can be 
calculated that the average repair cost per failure card (based on 285 
failure cards) is $44.51 (including labor). Since this figure includes 
only one incidence of a replacement of the main battery pack (at a cost 
of $2536), and since the number of actual failures reported on the 
285 failure cards is 263 (as indicated earlier in this chapter) it 
seemed relevant to do a revised calculation of the average repair cost. 
Ihis results in a new average repair cost per failure (excluding replace
ment costs of the main battery) of $38.7 per year. Considering the 
relat~ve insignificance of this figure, when compared to the purchase 

. price and battery replacement costs, we have not attempted to analyze 
the repair costs for the second year of use (1976-1977). 
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The repair costs per van are estimated to be about $150 per 
year, which includes about $110 for parts (on top of the average annual 
repair cost under warranty, as mentioned above). 

The direct operating cost, or cost of electricity consumed, 
has been estimated for the minivan; assuming a performance of 1.5 kWh/mi, 
an electricity cost of 3c/ktfu, and an annual range (use) of 5000 mi. 
This gives a direct operating cost of $225/yr/van. 

The maintenance cost information on the EVe data cards 
seems generally unreliable. Some cost figures contain repair costs; 
some include labor and some do not; -But more often there has been 
no maintenance costs reported at all. A rough estimate would be more 
relevant her.e. The low estimate cOllsists of the following maintenance 
routine: 1/2 hr/wk + 3 hr every 3 mo = 38 hr/yr. The high estimate 
is: 1/2 hr/day + 4 hr every 3 mo = 116 hr/yr. Assuming a cost of 
$lO/hr, this gives a range of about $400 to $1200 for the routine main
tenance/yr/van. 

The most substantial part of the operating cost seems to be 
the battery replacement cost. To date 10-15 vans have had to replace 
the two main battery packs, at a price of about $3000 (1977) a set. 
From the few cases, where we have obtained the data and the 
total m,i1eage at the time of replacement, it has not been possible to 
establish a reliable measure of the average battery life. It has varied 
from 196 mi (over 3 yr of "use") to 4,608 mi (over 1 yr use, about 
150 cycles). At the same time there are some vans with more than 
5,000 or 6,000 miles on the same battery pack. 

A low estimate of the annual battery replacement cost is 
$860, assuming a battery life of 700 cycles (as specified by the manu
facturer) or approximately 3-1/2 yr. A high estimate is $3000, 
assuming a battery life of only 200 cycles or approximately 1 yr, 
which seems to be the average battery life experienced by the minivan 
users. 

Using the above defined basic assumptions we have estimated 
the life cycle cost of the Minivan (for a 10- and 15-year lifetime) in 
Figure 5-21. 

5.3 SOME INDIVIDUAL USER EXPERIENCES' 

As mentioned in the previous section (5.2), this section is 
devoted to the analYSis of the more detailed information, which has been 
gathered on a few specific Vans. This is one to supplement the overall 
analysis in section 5.2 in areas where insufficient data have been 
available, thus attempting to provide a more comprehensive total 
Dna1ysis. 

Besides the question of "the availability" of the flinivan 
it was primarily the following two aspects of "the performance" of the 
Minivan, that could gain from a more detailed description: The daily 
rout" profile and kt'~I/mi consumption. 
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IO-Year Ufe TIme lS-Yeer Ufe TIme 

DEPRECIATiON a 
AND FINANc.::NG 2360 2060 

REPAIR COSTS 150 150 

OPERATING COST 225 225 
(kWh - CONSUMPT .) 

BATTERY REPLACEMENT BOO 3000 860 COST 

ROUTINE 
MAINTENANCE 400 1200 400 1200 400 1200 
COST 

APPROXIMATE 4000 4BOO 6150 6950 3700 4500 
!UM PER'V.AR (S) 

COST PER MilE ($) 0.80 0.96 1.23 1.39 0.74 0.90 

°AssUMfng en "afler rox role of interest" (k) g 0.08, and a 'Inxed chargc rale" (iRa = 
0.2180 (lO-yr life), and 0.1869 (l5-yr iii.) 

400 

5850 

1.17 

3000 

Figure 5-21. Life Cycl.e Cost Estimates for the Battronic Hinivan 
In 1977 $ per Year. 
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5.3.1 Daily Route Profiles 

To supplement the data from 'Figure 5-20 (showIng the 
average, maximum, and minimum daily mileage for 17 differ.ent vans), the 
route profiles of 5 of these vans used in 6 different a;-rlications 
have been plotted in the histograms in FIgure 5-22. All that is con
cluded from these histograms is basically that it actually has been 
possible to use the minivans on such routes, on a continuous basis. 

5.3.2 kWh/Hi Consumption 

The kHh/mi consumption versus the miles traveled on a char:ge 
is shown in figure 5-23 for the same six applications. 

5.3.3 Availability 

The availability of the vehicle in the same six examples 
of regular use is indicated in Figure 5-24. The top curve represents 
the number of work days in each month of the period of assignment; and 
the bottom curve, the number of days with actual use (excluding 
weekends and holidays). 
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CHAPTER 6 

CITICAR USERS 

The Citicar is manufactured by Sebring Vanguard Inc., 
Sebring, Florida, the largest manufacturer of electric vehicles in the 
U.S., having produced over 2000 to date. Vehicle registration records 
from the 39 states that make such records available indicate that 
approximately 1500 Citicars are in the possession of actual users 
(registered o,mers). The majority of these o,mers are individuals who 
purchased the Citicar for use as a second private automobile. No sig
nificant fleets of Citicars were identified. 

The Citicar is smaller and lighter than American subcompact 
IC engine cars. It provides space for two passengers and SOme baggage. 
The flat exterior surfaces result in a box-like styling treatment. The 
basic description is summarized in Table 6-1. 

The Citicar was tested twice by Consumers Union and the 
results reported in October 1975 and October 1976 issues of Consumer's 
Reports. The car was judged unacceptable in both cases, mainly because 
of safety considerations. 

6.1 CITICAR OWNERS SURVEY 

The Citicar accounts for the majority of vehicles registered 
as electric automobiles. in the United States. The Citicar accounted for 
94.7 % of the 508 vehicles included in registration data used as the 
basis for the mail survey of electric automobile owners. Returns were 
received from over 43% of the recipients, permitting some meaningful 
statistical conclusions. This Section discusses these conclusions and 
Figure 6-2 consists of bar charts of these data providing an overview 
of the results. Returns Came from recipients in all sta~es where 
surveys were sent in a similar proportion to the average returns. 
Figure 3-1 in the Approach and Conduct of Survey Chapter basically 
depicts Citicar return distribution, Since these constitute 95% of total 
returns, 

From December 1975 through December 1976 78% of the vehicles were pur
chased and the majority during the SUmmer months of 1976. The average 
data represents about 1 yr of driving for all cars with a median mile
age between 2500 and 3000 mi. 

The following observations are supported by bar charts: 

(1) Three-quarters of the cars indicated under .3500 mi 
on the odometer, although 9 had odometer readings 
between 8000 and 16,000 mi. 

(2) The 3 largest daily usage ranges (58%) were between 
·6 and 20 mi per day. 
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Table 6-1. Vehicle Characteristics 

Type of vehicle 

Manufacturer 

Purchase price 

Dimensions 

Wheelbase 
Length 
Width 
Height 

Curb weight 

Number of passengers 

Payload 

Traction batteries 
. Type 
Manufacturer 
Number 
Total voltage (V) 
Total weight 

Charger 

'£ype 
Line voltage (V) 

Power source for accessories 

Motor 

Type 
Power rating 

Controller 

Type 

Transmission 

Tires 

Type 
Size 

Brakes 

Passenger 

Sebring-Vanguard, 

Approx. $3000 

63 in. (160 em} 
95 in. (241 cm) 
55 in. (140 cm) 
58 in. (147 cm) 

1250 Ibs (567 kg) 

2 

12 ft3 (0.34 m3) 

Lead Acid 
ESB Incorporated 
8 
48 
NA 

On board 
110 

Inc. 

baggage area 

Ta~ped off of traction battery 

DC Series 
3.5 hp (2611 W) 

Voltage switching 

Direct drive 

NA 
4.80-12 4 ply 

Hydraulic, front disc, rear drum 
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Filure 6-1. Sebrinl-Vanluard Citicar 
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(3) I.ongest trip distances varied; however most owners 
i,ndicated a range between 20 and 45 mi. 

(6) The primary uses of the vehicles were shopping and 
errands and daily commuting. 

(5) On 180 different occasions 64 users could not complete 
a.p1anned trip. Host users indicating more than one 
incomplete trip had more than two incomp1etes which· 
could have resulted from a specific mechanical or 
electrical problem. 

(6) Battery charging time averaged 7 hr per charge 5 to 
8 times per week. Very few users found it convenient 
to recharge their batteries at work. 

(7) About half of the vehicles were garaged regularly, 
however, over half the survey returns were from stated 
with mild weather conditions (i.e., California, 
Florida, Arizona, etc.). 

(8) Loss of power at temperatures below 500 F was noted by 
38% of the returns. About 10% said they lost power at 
temperatures over 900 F. 

(9) Their vehicles were inoperab1,e for 3 days or more on 
211 different occasions 106 owners reported. Host of 
the multiple occasions were accounted for by less 
than one-fourth of the vehicles. Comments indicated a 
large number ot controller and fuse problems. 

(10) Unsatisfactory operation in bad weather, particularly 
rain, was one of the primary complaints of Citicar 
owners, however, only 30% did not use their cars 
under these conditions. 

(11) A total of 57 batteries was replaced under warranty on 
32 occasions and 88 were replaced after the warranty 
expired on 30 occasions, as reported by 45 vehicle 
owners. Only 16 of the battery replacements involved 
the accessory battery. 

(12) Other reported mechanical problems were: 

Problem No. of Times Average Ti.mes per Vehicle 

Fuses 255 2.9 

Brakes 133 2.0 
Charger 60 1.8 

Controller 58 1.6 

Hotor 58 1.3 

6-7 

. ",' 
',' . , 



(13) 

(14) 

(15) 

(16) 

An average operating cost of 1.6 cents per mile was 
reported by 53 owners who provided reasonable cost
justification methodology. This cost consisted 
almost entirely of electricity C".'t and did not 
include maI.ntenance or battery replacement costs. 

}Iost owners operated their cars during high and low 
temperature conditions and in rain, but ~ost did not 
use them in snow and. ice. 

Over half of the recipients maintained their own 
vehicles and found them easier to maintain than con
ventional cars; however, most found parts harder to 
obtain. . 

The primary drivers were generally male and the ages 
were evenly distributed from 25 through the over-55 
range. 

(17) Vehicles were primarily used in the city and suburbs 
with only a 16% usage reported in rural areas. 

(18) The cars met the users needs in 79% of the cases and 
96% would buy another electric if the vehicles were 
improved as they suggested. 

Following is a list of the most frequent suggested 
improvements: 

• Increased top speed; some states will not license 
because of inadequate speed 

• Gre/iter range and better performance on h'iUs 

• Extended battery life 

• Improved ride and the need for good suspension, wheels 
and Hres 

• Improved brakes 

• Better workmanship, conventional windows, door 
improvement 

• Less noise 

• Smooth speed control 

• More interior room and passenger comfort 

o Tmproved heater and defroster 
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6.2 JOHN HOKE EXPERIENCE 

The Hoke Citicar is a privately owned electric vehicle used 
for both personal and business purposes. The owner, John Hoke, is an 
employee of the )lational Park Service, stationed in \~ashin!lton, D.C. 
Hr. Hoke is reimbursed on a mileage basis for the business use of his 
vehicle, e.g., trips to and from various locations within the National 
Capital Parks as well as destinations outside the Park. 

A method of charging the vehicle at the various sites in 
the Park I<as eSLablished to extend the range and ir.lprove the battery 
life. A watt-hour meter was installed in the vehicle to determine the 
amount of Park Service electrical power used for recharging. This 
enabled Hr. Hoke to establish a system for deducting the cost of 
recharge power from his business mileage reimbursement. The meter 
also allol<ed him to record the amount of recharge pOl'er used at his 
residence. Hr. Hoke's energy consumption and mileage records provide 
a valuable source of operational electric vehicle data. 

6.2.1 Type of Use 

The daily trips, typically, originated at the o,;ner's home, 
from there to a point at the Park, one or two trips to other points in 
the Park, and the return trip to his residence. Other side trips were 
often made in comolnation with the return trip. The round-trip dis
tance from the residence to the Park was approximately 11.4 mi. The 
total daily mileage rangeQ from 14.1 to 58.5 mi. Charging of the 
vehicle I'as done at various points in the Park as well as at the 
residence. 

6.2.2 Hileaee and Energy Consumptio" 

Table 6-2 shows the Il'.ileage and electricity consumption for 
each month from December 1975 through February 1977, inelusi,·e. 
January 1977 was not included because the vehicle was out of service 
then. The mileage and kilowatts of electricity used are segregated 
into government and nongovernment use columns. The government use is 
that for which Hr. Hoke ,~as reimbursed. The nongovernment use covers 
his private use of the v~llicle which consists primarily of his com
mute to work. The kilowatt hours per mile and kilowatt hours per kil
ometer are tabulated in the two right-hand columns of Table 6-Z. 

Starting in January 1976, steps were taken to prevent over
charging and the associated loss of energy. The overnight charging at 
the Hoke residence was limited because it was thought that overcharging 
was occurring. The nongovernment kilO\~att hour per mile we~e signifi
cantly lowered in January, 0.308 to 0.21,0, and further reduced in 
February to 0.2Z0. Table 6-3 shows the total miles and total charging 
power used for each month. The kilowatt hours per mile were reduced 
progressively during January. 0.Z96 to 0.291; February, 0.Z82; and 
Harch, 0.263, during the period of more careful charging practices. 
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Table 6-2. Hile3ge 3nd Electricity Consumption 
Government/Non-Government Use 

III k1-l kllh/ml kWh/km 

Non :ion Non Non 
Gov't Cov't Gov't Cov'e Cov'e Cov't Cov't Cov'e 

Dec. 1975 245.8 216.9 70.2 66.8 0.286 0.30B 0.178 0.191 

Took stt'PN to pr«,'vcont cwerclmrRlng 

Jan .. 1976 264.B 189.7 86.75 45.5 0.328 0.240 0.204 0.127 

Feb •. 268.8 241.B 90.5 53.25 0.337 0.220 0.209 0.137 

Mar. J09.5 375.4 70.25 109.75 0.227 0.292 0.141 0.181 

Took steps to improve drlvin~ habits for economy 

Apr. 294.5 297.1 75.25 62.25 0.256 0.210 0.159 0.135 

May 236.7 347.7 74.5 118.75 0.315 0.341 0.196 0.212 

Jun. 344.8 341.8 100.0 138.5 0.290 0.405 0.180 0.252 

Jul. 394.4 297.3 112. ;'5 110.0 0.286 0.370 0.178 0.230 

Aug. 202.7 250.7 83.75 118.5 0.413 0.473 0.257 0.294 

Sep. 219.8 241.3 78.75 92.75 0.358 0.384 0.222 0.239 

Oct. 241.2 271.7 92.5 134.5 0.383 0.495 0.238 0.308 

Nov. 215.7 220.0 94.75 113.25 0.439 0.515 0.273 0.320 

Dec. 77.5 101.0 24.25 61.25 0.313 0.606 0.195 0.377 

Feb. 1977 165.5 107.5 51.5 34.75 0.311 0.323 0.193 0.195 

During April steps were taken to improve driving habits to 
!:onserve energy. One technique used was to coast, when approaching a 
red light, as much as possible to reduce the energy lost through braking. 
Another technique was Co use braking to slow dOlm for a red light that 
was expected to change to green momentarily. This was done to prevent 
coming to a stop and having to accelerate from zero up t~ the desired 
speed. These and other similar techniques were used only when they did 
not interfere with the normal traffic flow. As shown in Table 6-3 the 
kilowatt hours per mile· dropped from 0.263 in ![arch to 0.232 in April. 
The total energy consumption per mile for April is lower th3n for any 
other reporting period. . 

6.2.3 Reliability 

Table 6-4 lists the recorded failures and the associated 
date for each during December 1975 through February 1977, inclusive. 
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Table 6-3. Mileage and Electricity Consumption Total 

Total mi Total kW kWh/mi klfu/km 

Dec. 1975 462.7 137.0 0.296 0.184 

Took steps to prevent overcharginr, 

Jan. 1976 454.5 132.25 0.291 0.181 

Feb. 510.6 143.75 0.282 0.175 

Mar. 684.9 180.0 0.263 0.163 

Took steps to improve driving habits for economy 

Apr. 591.6 137.~ 0.232 0.144 

May 584.4 193.25 0.331 0.206 

Jun. 686.6 238.5 0.347 0.216 

Jul. 691.7 222.75 0.322 0.200 

Aug. 453.4 202.25 0.446 0.277 

Sep. 461.1 171.5 0.372 0.231 

Oct. 512.9 227.0 0.443 0.275 

Nov. 435.7 206.0 0.477 0.297 

Dec.. 178.5 85.5 0.479 0,298 

Feb. 1977 273.0 86.25 0.316 0.196 
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Table 6-4. Recorded Failures and Associated Data I 
i I 

1976 Failure Comment 

Jan. 8 Axle case broke Out of service 6 days 

Jan. 29 Brakes seizing -I 

Feb. 17 Brakes serviced 

Apr. 12 Charger clock stuck 
, 

Apr. 15 Speedometer cable broke :! 
d 
" Apr. 28 Charger clock stuck 

May 26 Speedometer cable broke :i 

June 4 Speedometer cable broke 

June 23 Ch'lrger clock stuck 

June 26 Motor brushes quit Out of service 2 days 
II 

Aug. 26 Speedometer cable broke i 

Nov. 10 Axle case broke Out of service 6 days 

Dec. 15 Axle case broke Out of service until 
February 19, 1977 
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CHAPTER 7 

OTIlER VElIICLES AND USERS 

In the previous chapters we have analyzed the experience of 
the three major on-road electric vehicle usur groups in the USA: The 
U.S. Postal Service (Ilarbilt Vans and ,\}IG DJ-SE JeLps), the Battronic 
Hinivan users, and the Citicar users. This c!lapter is meant to ~tlpple
ment this analysis with the user experience of other vehicles anJ users 
covered by the In-Use Survev. The vehicles involved include seven pro
duction vehicles in addition to those of the major user groups, plus 
homebuilt vehicles. 

7.1 HOHEBUILT ELECTRIC VEHICLES 

Hany electric cars have been made by private individuals. 
Host of these have been conversions of gasoline cars into electric. 
Some were built using a standard gasoline vehicle chassis and running 
gear 'with a customized body. A few were built essentially from the' 
ground up. 

Although these cars do not meet the "more than one of a 
kind" criteria for this report they do reprf.>sent a fairly large group of 
operating vehicles. 1wo were chosen as being fairly typical and descrip
tions of each are given in Table 7-1. The primary use of the J.R. 
Duncun vehicle desc~ibed in Table 7-1 is to commute to work, a round 
trip of 32 mi (51 km). The table also shows the description of a vehi
cle made by G. L. Rozzi. The use of most homebuilt vehicles is to 
commute ,to work, or school, but some a'·e used for miscellaneous trips 
such as shopping or combinations of these use purposes. Some of the 
homebuilt vehicles are used primarily as test beds for experimentation 
with components. 

Fabricators of homebuilt EVs are generally strong enthu
si~sts for electric vehicles. ~Iany have formed clubs such as the 
Electric Auto Association, headquartered in the San Francisco Bay area. 
Hany of the homebuilt vehicles are remarl,ably ingenious products. Host 
builders have kept costs low by procuring used or surplus components, 
particularly motors and batte.'es, and even fabricating some parts, 
including controllers. Hany of the homebuilt EVs have logged thousands 
of miles of actual use. Homebuilt owners are generally quite willing to 
provide information on their vehicles, btlt few seem to keep detailed 
records of use experience other than energy consumption. Use experience 
of homebuilts is often distorted by intermittent modifications and 
tinkering by the builder. However, homebuilts might provide significant 
information if the problems of identification, collection uf data, and 
interpretation or assimilation could be overcome. 
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Table 7-1. Vehicle Characteristics (Sample lIomebuilt Vehicles) 

Type of Vehicle 

Hanufai:turer 

Purchase price 

Purchase date 

Dimensions 

Wheelbase 
Length 
iUdth 
Height 

Curb wei8ht 
Payload 

Traction Batteries 

Type 
Uanufacturer 
Number 
Total voltage (V) 
Total weight 
Energy capacity 

Power source for Acces
sories 

Hator 

Type 

Hanufac'.urer 
Hodel 
Power rating 

Controller 

Transmission 

Tires 

Type 
SiZCl 

Br;lkcs 

.. T. R. Duncan 
Electric Vehicle 

2-passenger car 

Chaseis - VW 
Body - Custom made 
Fiberglass 

$2000 

1970 

94.5 in. 
160 in. 
60 in. 
50 in. 

2080 lb 

N/A 

Lead acid 
Dynapower 
12 
72 

(240 em) 
(406 em) 
(152 em) 
(127 em) 

(943 kg) 

800 lb (363 kg) 
220 A-hr at 20-hr rate 

2-12 V motorcycle 
batteries 

Series (converted 
generator) 
Jack & lIaintz 
G-29 
7460 H (10 hp) 

Contractor, resis
tance switching 

4-speed manual 

Radial 
l5-in. 

HydraUlic, drum 
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G. L. Rozzi 
Electric Vehicle 

2-passenger car 

Renault (Caravelle 
1960) 

$250 (chassis only) 

02/01/73 

89.4 in. 
167.9 in. 
62 in. 
52.8 in. 

2200 lb 

N/A 

Lead acid 
Amp King 
12 
72V 

(227 em) 
(426 em) 
(157 em) 
(134 em) 

(998 kg) 

840 1b (381 kg) 
217 A-hr at 20-hr rate 

12 V from traction 
batteries 

Aircraft starter/ 
generator 
General Electric 
2 CH 77 
7460 t~ (10 hp) 

Contractor, voltage 
switching 

4-speed manual 

N/A 
145-15 

N/A 

n , 
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VW Dune Buggy - Paul Howes Nash Metropolitan - Keith KrocK 

Modified VW - Darrell McKibbins 

Electric PicKup - Gene French Rensult - Gil Rozzi 

Figure 7-1. A Sampling of Homebuilt Electric Vehicles 
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The Elcar is manufactured by Zagato International of Italy 
and distributed in the United States by the Elcar Corporation, Elkhart, 
Indiana. The Elcar, along with the Citicar, are the only two on··road 
electric vehicles in,the U.S. that are stocked by the dealers. 

Elcar offers the model 1000 and model .2000 passenger vehi~ 
cles. The model 2000 has a more powerful motor, which provides a higher 
top speed but shorter range. The Elcar is smaller than the American 
subcompact gasoline cars. It provides space for two passengers and 
some baggage. The rather flat exterior surfaces result in a boxy 
appearance. The basic description is summarized in Table 7-2. 

The Elcar was tested by Consumers Union and reported on in 
October 1975. The car was judged unacceptable mainly because of safety 
considerations. 

7.2.1 E1car O~ers Survey 

Twenty-seven Elcar electric vehicles were included in the 
list of S06 registered electric vehicles obtained from R. L. Polk and 
Company. Returns were received from eleven (or 41%) of these owners. 
The geographical distribution of questionnaires and returns is shown in 
Figure 7-3. Although eleven completed questionnaires ar.e not adequate 
for any meaningful statistical conclusions, these observations were 
made: 

(1) Three. vehicles were purchased in 1975, six in 1976 and 
two in 1977. 

(2) The Delco Remy Division of General Motors and the 
Marshall Oil Company each purchased an E1car (and 
Citiear) for electric vehicle research, development 
and testing. 

(3) Three vehicles had traveled 1000 mi or less, 8 between 
lOOOand 2000 mi, and 2 around 5000 mi. 

(4) Almost all the users said they used the car for plea
sure and half used it for commuting to worle. 

(5) The average battery charging time was 5 hr and the 
frequency from five to seven times a week. , 

(6) The maximum vehicle ranges were from 25 to 40 mi per 
charge. 

(7) Loss of power below 32°F was noted by six of the 
eleven returns and most did not wish to use the car 
in snow or ice. 
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Table 7-2. Vehicle Characteristics 
(The Elcar) 

Type of vehicle 2-passenger car 

Manufacturer Zagato International, Italy 

U.S. distributer E1car Corp., Elkhart, Indiana 

Purchase price Approx. $3500 

Dimensions 

Wheelbase 
Length 
Width 
Height 

Curb weight 

Payload 

Traction batteries 

Type 
Manufacturer 
Number 
Total voltage (V) 
Total weight 

Charger 

Type 
Line voltage, V 

Power aource for accessories 

MotoJ;' 

Type 
Power rat ing 

Controller 

Type 

Transmission 

Tires 

Type 
Size 

Brakes 

7-5 

51 in. 
84 in. 
53 in. 
63.5 in. 

1091 1b 

(130 cm) 
(213 cm) 
(135 cm) 
(161 em) 

(495 kg) 

Baggage area (undefined) 

Lead-acid 
NA 
8 
48 
NA 

Separate unit 
110 

NA 

Direct current 
2014 H (2.7 hpj, Elcar 2000 
1492 W (2.0 hpj, Elcar 1000 

Voltage switching 

Direct drive 

Radial ply 
145/10 

Hydraulic, drum, 4-wheel 
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Figure 7-2. Elcars in Use for Parking Lot Security 
in Stockton, California 
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7.2.2 

(8) M~inten~nce problems were rew~nd b~tteryrep1acement 
low. Only a few were out of service for more chan 
three days. Problems encountered included fuses, 
brakes, controllers, chargers, and motors. 

(9) Maintenance was mostly performed by owners who found 
it easier than conventional car maintenance, although 
the parts were gener~lly more difficult to obtain. 

(10) Male drivers predomin~ted the returns and the age 
spread was from 25 to 65 years. 

(11) Most owners found that the Elcar satisfied their needs 
and would purch~se another if improvements could be 
made in range and comfort. 

The Fermi National Accelerator Laboratory 

The Fermi National Accelerator Laboratory in Batavia, 
Illinois, has sil'; Elcars.. Five of them were bought and delivered in 
December 1975, and the last one in December 1976. All have been used 
for personne12transportation, mostly within the boundary of the labora
tory, a 20-km (5000 - acres), flat, rural terrain. The average dis
tance traveled per vehicle was 2575 km (1600 mil and the mal';imum dis
tance traveled was 3100 km (1927 mil. The route characteristics were: 

tength of route 

Average speed 

Stops/km 

Terrain 

1.6 to 3.2 km (1 to 2 mil 

15.5 to 18.6 km/hr (25 to 30 mph) 

1.2 to 1.9 (2 to 3/mi) 

nearly level, pave~ roads 

It was difficult to keep these cars in service because of 
breakdowns and poor availability of parts. Some effort is being 
expended to make design changes for increased reliability. Newly 
designed axles. and a substitute controller are under consideration. A 
summary of failures for two of the fleet cars is shown by Table 7-3. 

7.2.3 The Central Parking District, City of Stockton 

Three Elcars (model lPOO) were purchased by the City of 
·Stockton, Califotnia, in June 1976, from a local dealer. The purchase 
price was about half the list price, because the dealer felt that the 
cars had been sitting too long in his showroom. To date, after about 
1 yrof use, the Elcars have been driven approl';imately 3000-4000 mi 

,. each. 
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Table 7-3. Failure ~eports un Two of the Fermi Laboratory Elcars 

Date 

12-16-75 

12-17-75 

01-12-76 

02- 1-76 

02-23-76 

07-07-76 

08-03-76 

09- 7-76 

11-12-76 

02-07-77 

04-20-77 

Failure 

Wind blew door off 

Batteries would not charge 

Smoke came from motor 

Motor (Italian) failed 

Car would not go forward unless 
backed up first 

Car would only go in reverse 

Two batteries found to have dead 
cells 

Broken axle 

Right front wheel bearing failed 

Two controller solenoids sticking 

Battery failed 

Comments 

Repaired 

Tripped circuit breaker 

Replaced motors in both 
. _ cars with G.E. model 

Problem not found 

Selectpr £witch and 
micro· swi ~ch replaced 

Repaired 11-15-76 

Replaced 12-15-76 

Replaced 

Replaced 

Application and performance. The Elcars are used for secur

ity surveillance of off-street parking areas i~ the central parking dis

trict of downtown Stockton (a four-level garag~ and two parking lots 

under a nearby freeway). They are driven 20-25 mi a day each, with less 

than 50 stops per day. Only two of the Elcars are in use at the same 

time, while the third one is being charged. This is because the cars 

are not able to drive all day on a single charge. 

The average speed is very low (5-10 mph), and the Elcars are 

therefore primarily operated in low gear - i.e., dral~ing current from 

only two of the eight batteries. The relatively short range of these 

cars seems to be caused by this low-speed driving. Other performance 

characteristics have not been recorded. 

Reliability. The downtime caused by repair I-lark has been 

minimal. Repairs generally are done in a day or less (under warranty, 

by the local dealer) - except in one case, where it took 2 wk to replace 

a brake cylinder. The primary failure modes have been related to the 

off-board charging system, and the brakes. The original batteries are 

still used. 
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It was notcd- byi:he drivers that the lack of a heater Was a major nuisance during the winter. 

Availability. One of the Elcars could make the daily route - sometimes. The other two have only beennble to make about 10 roi on each charge, causing considerable dOI<ntime during working hOurs when these cars had to be recharged. In essence, the three Elcars have been doing a job which could be done by only two cars, if fully availab,le (5 hr and 20-25 mi/day). 

Maintenance. The water level has been checked weekly, and distilled water added. It has recently been decided that such checking should take place twice a week instead. No other maintenance work has taken place. 

Costs; There arc no cost figures available since all the repair work has bden done under warranty, and the kt,'b consumption has not been recorded (there are no ktlh-meters on the chargers). 

7.2.4 The Ulbrich Elcars 

Two Elcars are owned by Erwin A. Ulbrich of t~hittier, California: one Elcar 1000 and one Elcar 2000, used for personal transportation as well as demonstrators for pot,ential vehicle buyers. Host of the driving was done in the Whittier area, although the Elcar 1000 was occasionally leased to users elsewhere in the Los Angeles area. 

Acceleration Data. Table 7-4 summarizes the re~ults of acceleration testing on the Elcar 2000. These results may not be typical for the standard car since deSign modifications have been made as a result of numerous component failures. 

The position switch listed in Table 7-4 determines the voltage output or the battery pack. !t allows selection of 24, 36 or 48 V for position 1, 2, or 3, respectively. The switch activates a voltage dropping resistance in the down position. 

Reliability. Mr. Ulbrich reported that the reliability of the Elcar 1000 was very good, with no significant failures over 2700 km of operation but that the reliability of the Elcar 2000 was very poor. He believes the reason is that the basic drive train design is the same as the Elear 1000 e~cept that the power from the motor has been increased by a factor of two. A summary of Elcar 2000 failures is shown in Table 7-5. The most prevalent failures are related to the controller and its contactor relays. 
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Table 7~4. E.A. Ulbrich's Model 2000 Elcar 

Time, sec 

Acceleration Tests 
Position 1, 
Switch down 

Position 1, 
Switch Up 

o to 10 km/hr (0 to 6.2 mph) 

o to 15 km/hr (0 to 9.3 mph) 

o to 20 km/hr (0 to 12.4 mph) 

15 to 25 km/hr (9.3 to 15.5 mph) 

15 to 30 km/hr (9.3 to 18.6 mph) 

25 to 30 km/hr (15.5 to 18.6 mph) 

25 to 35 km/hr (15.5 to 21.8 mph) 

25 to 40 km/hr (15.5 to 24.9 mph) 

25 to 50 km/hr (15.5 to 31.1 mph) 

Oto 10 km/hr (0 to) 6.2 mph) 

o to 20 km/hr (0 to 12.4 mph) 

o to 30 km/hr (0 to 18.6 mph) 

o to 40 km/hr (0 to 24.9 mph) 

o to 50 km/hr (0 to 31.1 mph) 

o to 55 km/hr (0 to 34.2 mph) 

o to 60 km/hr (0 to 37.3 mph) 

2.4 

4.3 

8.8 

Switch 
State 

Up 

Up 

Up 

Up 

Up 

Up 

Control 
Position 

,2 

2 

3 

3 

3 

3 

Note: All tests listed above double line were run 11-30-75 
Tests listed below double line were run 2-1-76 

7-11 

2.7 

4.7 

8.2 

Time 

-~ 
4.8 

7.9 

2.8 

4.2 

6.5 

19.9 

1.2 

3.9 

6.9 

9.7 

15.7 

20.1 

35.0 



Table 7-5 •. E.A. Ulbrich's Model 2000 E1car Failure Summary Report 

Date 

10-19-75 

10-25-75 

10-26-75 

11-3-75 

11-16-75 

12-14-75 

1-24-76 

2-7-76 

2-11-76 

3-4-76 

4-3-76 

4-17-76 

5-30-76 

6-2.,76 

6-11-76 

11-1-76 

11-16-76 

12-7-76 . 

5-15-77 

Odometer 
Reading, km 

194 

204 

222 

279 

451 

690 

808 

850 

877 

1081 

1226 

1288 

1290 

1307 

1440 

1586 

Failure 

Burned out resistor 

Failed brake switoh 

Intermittent in con
troller 

Brake list sender failed 

Comments 

Replaced 

Replaced 

Rev. OK but no 
forward speed 

Replaced 

Running light burned out Replaced 

Failed brake switch Replaced terminals 

Burnt-out electric Replaced 
drive motor 

Power resistor melted Repaired 
wire insulation starting 
fire and shorted two 
wires to ground 

Relay failed (open coil) Replaced 

Relay failed ------
Stuck control relay Replaced controller 

Blown fuse, relays stuck --------

Gear failure in trans- Replaced 
mission 

Stuck relay -------
S tuck relay Pulsed wi th high 

voltage to clear 

Full speed relay stuck -------
open 

Relays stuck in on posi- Replaced 
tion 

Short and smoke No ,low speed mode. 
changed controller 
switch terminals 

Relay failed closed 

Transmission gear 
failure 

7-12 

Replaced controller 

Replaced 

'\ 

l 



7.3 CDA VAN 

The CDA Electric V,m was devC!loped under the direction and 
sponsorship of the Copper DevC!lopment Association. The van has been in 
regular use by the Birmingham, ~Iichigan l~ater DepartmC!nt for 3 yr, 
accumulating over 20,000 mi of use. Although this program involves only 
a single electric vehicle, the extensive use of that vehicle and certain 
key aspects of the program make it significant as a source of EV use 
experience information. Key aspects of the program are: 

(1) The CDA Van is a prototype electric vehicle designed 
and built as an electric vehicle from the ground up. 

(2) The use program was planned to permit the electric van 
to be compared directly with a gasoline van performing 
the same duty. 

(3) Use e1' ··-,.ience of the CDA Van has been carefully moni-
toreo ',2 Copper Development Association. 

7.3.1 Basic Veh~ ~es'ription. Because the CDA Van was designed 
and constructed as an electric vehicle, its configuration and appearance 
are unique. Its fiberglass body reflects clean, aerodynamically effi
cient styling. The vehicle has front wheel drive and the batteries are 
located under the driver's seat and under the hood to provide a barrier
free cargo area with a floor level that is only 11 in. above the ground. 
Specific characteristics of the CDA Van are presented in Table 7-6. 

The CDA Van has not undergone rigorous performance tests 
involving SAE driving cycles. The only performance data available on 
the vehicle is that reported in a paper'ZReference 7-1) presented by 
Don Hiner of the Copper Development Association at the Fourth Inter
national Electric Vehicle Symposium in Dusseldorf, West Germany in 1976. 
These performance data are from tests conducted with a 1000 lb 
(453.6 kg) cargo load and are summarized as follows, 

o TOp speed 

• Acceleration from 0-30 mph 
(0-48 km/hr) 

• Range 

Constant speed of 40 mph 
(64.4 km/hr) 

Special city driving cycle 
(2 stops per mile and 
40 mph between stops) 

53 mph (85.3 km/hr) 

14 sec 

95 mi (152.9 km) 

53 mi (85.3 km) 
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Table 7-6. ·Vehic1e.Characteristics 
(CDA ~lectric Van) 

·Type of Vehic1e Utility van 

Hanufacturer Antares Engineedng 

Purchase price NI A 

J:;jmensions 

Wbeel,base 

Length 

nidth 

Height 

Curb >leight 

payload 

Cargo capacity 

Traction batteries 

Type 

Numbe~ .. 
. Operating voltage 

Total weight 

Energy capacity 

,Charger • \ 
, ' 'type 

Manufacturer 

Lin~ voltage . , 
}lotor ' 
," 

Type 

Manufacturer 

Powe·r . rating ., ~ 

Controller 

Transmission 

Tires 

Type 

Size 

Pressure 75 psi 

.150 in", (305 cm) 

19.2 in. (488 cm) 

75 in • (191 cm) 
. . ' 69 in. (175 cm) 

5100 1b (2312 I<g) 

1000 lb (454 kg) 

175 ft3 (4.96 m3) 

Lead-acid, 6 V, golf cart 

36 

54 V; 108 V 

2340 1b (10q4 kg) 

N/A 

Off-board, ferroresonant 

'Hobart 

"220 V,sing1e-phase 

1l .• C. series 

General Electric, Model No. 2364 

.. 17,280 We22 hp) 

Contractor/resistor lIses speed signal for 
voltage switching -CDA design 

Modified Chrysler Torq-F1ite without the 
torque converter, drive system includes ttJO 

Morse lIy-Vo chains - one between motor and 
transmission, one' bet>leen transmission and 
differential 

Firestone steel-belted radials 

LR 78/15 
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77-52 

Figure 7-4. The CDA Van Used by the Birmingham 

(Michigan) Water Department 
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7.3.2 Application. Th& CDA Electric Van has been on lease to the 
City of Bit'l:1ingham, }Iichigan, since November 13, 1973. It has been in 
daily use by the t~ater Mecer Department for providing water customers 

.with such services as turning water off or on; water meter installation, 
repair, or removal; and special meter reading. This duty results in 
operation on an assignment-by-assignmenc basis rather than a fixed 
route. Daily mileage.ranges from 10 to 60 mi (16 to 96 km), averaging 
about 7000 mi ( 11,250 km) per year. The vehicle makes 140-160 stops 
on a typical day. Both the electric van, and an ICE van (a 1972 GMC 
half-ton utilLty van, powered by a 250 cu. in.-4097 cc-engine), are 
used for chis function enabl~ng direct comparison of experience with 
the two vehicles. 

The operating environment, Birmingham, is a suburb of 
Detroit with a.population of approximatel) 26,000 and covering an area 
of 4.52 mi(2) (11.7 km(2». The terrain is generally flat except for 
the River Rouge Valley, which runs throllg.i the city and creates short, 
moderate to steep slopes. The Birmingham Water Department services 
approximately 8000 customers, predominantly reSidential. The area is 
subject to wide temperature variations, 95°F (35°C) in the summer to 

.below OaF (-lS0C) in winter. Annual snowfall exceeds 30 in (76 cm) 
with occasional accumulations of up to 20 in (51 cm). 

The CDA Van had operated a total of 21,790 mi at the time 
of our site visit, ~!arch24, 1977. It was out of service at that time 
for major repairs to structural damage caused by salt- a problem 
encountered by all road vehicles in the Detro!.t 'lrea where salt is used 
to de-ice roods. Until then it had been in regular use by the 
Birmingham t~ater Department for over 3 yr, operating on a daily basis 
(work-days) in all weather conditions. The drivers report that the 
electric van perform~ better in snow and ice conditions than the ICE 
van. This is undoubtedly due to the CDA Van's front wheel drive and 
the battery weLghe on the front wheels. 

7.3.3 Use Experience. The use experience with the CDA Electric 
Van has been positive. The driver is pleased with the vehicle and both 
the user and sponsor consider this to be an appropriate application for 
an electric vehicle. The experience is supplemented in this case by 
comparison with the ICE van performing the same function. 

Operating and Maintenance Strategy. The batteries in the 
CDA Van are charged in the vehicle overnight in the Water Department 
garage, in which both the electric and ICE van are parked. Depth of 
discharge varies depending on the mileage required by assignments on a 
given day. The batteries are removed only for maintenance. Routine 
maintenance cQnsists of battery watering and a general vehicle check 
once a month. The battery watering includes checking of specific grav
~ty and cleaning. No special facilities are provided for the electric 
van other than the off-board charger installed within the t~ater Depart
ment garage. A watt-hour meter is connected to the input line t.o the 
charger and readings of this meter and the vehicle odometer ar~ recorded 
each morning. Necessity for battery replacement is determined by ,~hen 
the vehicle is no longer able to perform • 
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Vehicle Reliability. There have been no electric power sys
tem breakdowns, but some mechanical breakdot.ns which are attributed to 
the prototype construction of the vehicle. Since these problems are 
not considered representative of production electric vehicle perform
ance by the CDA, detail records of failure modes and repair costs were 
not provided. The,DA Van is viewed by the sponsor as a test bed for 
the electric power system and not as a representative production elec
tric vehicle. 

Vehicle downtime due to electric power system maintenance 
has consisted solely of monthly battery maintenance and replacement. 
Some charger repairs have been necessary. but a second charger is kept 
available since charger repairs involve delays of several weeks. Bat
tery life so far has been only 1 yr or less. This is unreasonably short 
in COA'S view and various makes of batteries are being tried in an 
attempt to obtain longer life. Some of the shortened battery life is 
attributed to charger failures. The only significant maintenance 
problem with the electric power system has been the excessive time and 
skilled labor required for battery maintenance. Mr. Uiner of the CDA 
emphasized the need for design improvements in batteries to reduce 
maintenance frequency and complexity. 

Costs. The major costs involved in operation of the CDA 
electric van have been due to battery maintenance and replacement. 
Repair costs to the vehicle have also been excessive, but these are 
attributed to its prototypP nature. Battery maintenance requires 4 hr 
per month of skilled mechanic time. This cost amounts to several 
hundred dollars per year and by itself far exceeds the $200 annual 
maintenance cost of the IC engine vehicle performing the same duty. 
Battery replacement has been required yearly, and the cost of replace
ment batteries is $1080.00. This alone amounts to a per mile cost of 
approximately lSC ($0.094/km). No initial cost is given for this 
vehicle because of its prototype nature. 

Fuel costs for the CDA Electric Van have compared favorably 
with those for the ICE van. Fuel consumption and costs for the two 
vehicles during the first 2 yr of operation for the electric van are 
summarized in the following table, which has been extracted from data 
reported in Reference 7-1: 

Fint Year See.end Year 
Vthlclt Electdc Van Ie Van eleccric Von Ie Van 

UU".,e 7838 5926 554" 6363 

(12.611 km) (9535 1<0) f8914 laD) (10.240 1aI) 

Fuel 9U2 Idlh 752 gal 5897 kWh 836 gal 

(2846 I) (3164 1) 

Fuel coasw:ption 1.20 kYh/ml 0.12 gal/ot 1.(16 kllb/cd 0.13 gal/II! 
race 

(0.15 kllh/l<o) (0.30 III<oJ 0.66 kllh/l<o (0.31 111<0) 

AVB. fuel price 10.0l/kllh 50.26/&11 10.035/k11b 10.32/&.1 

(10.06111) (IO.OBSl1) 

,,"v,. fuel COlt $0.036/1111 $0.032/111 80.0371.1 SO.043/.1 

(10.02211<0 ($0.020/1<0) (10.023/1<01 (10.2111<0) 
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The low p~ice of gasoline is due to the exclusion of 
government taxes as a result of the tax exempt qtatus of the City of 
Bil:111i!lgham. The impl:Qved efficiency of the electric van during the 
second year is attributed to installation of new batteries at the end 
of the first year. 

Daily records of electric power consumption by the 
electric van show no significant increase in consumption rate in winter 
months. Evidently, the elimination of cold soaking of the batteries by 
overnight seorage of the vehicle in a heated garage prevents the degra
dation in battery performance normally observed in cold weather opera
tion. In contrast, the fuel consumption rate of the Ie van increases 
almost 80% during winter operation due to the vehicle being kept idling 
more to keep it warm. The electric van is equipped with a gasoline I 

heater, but this consumes only about 1.5 gal (5.68 1) per week during 
cold weather. 

The lack of initial cost and repair cost data precludes 
computation of a life cycle cost for the eDA Electric Van. Battery 
replacement, battery maintenance, and electricity costs have averaged 
over 2Se/mi ($0.l6/km). This could be greatly reduced by improvement 
in uattery life relative to the approximate 250 charge cycles exper
ienced so far and reduction of battery maintenance requirements. 

7.4 EVA SEDANS 

The Electric Vehicle Associates (Brook Park, Ohio) has been 
converting various production gasoline cars over the past 1-4 yr dur
ing which about 20-25 such conversions have been sold. Thn EVA Sedan, 
a converted Renault R-12, has been the main production item, and accounts 
for about 15 cars out of the total production. Four of these have been 
purchased by ERDA (Hashington, D.e.), three in 1975 and one in 1976; 
and seven by the Province of Manitoba (Hinnipeg, Canada) in 1975. 

The key performance data, derived from tests and/or 
quoted by the manufacturer, are: 

• Top speed : 53-58 mph (85-93 kph) 

II Acceleration, 0-30 mph 12-13 sec 

0-45 mph 38-39 sec 

• Range, at 25 mph 56-58 mi (90-93 km) 

at 35 mph 34-45 mi (54-72 km) 

at 45 mph : 32-37 ai (51-59 km) 

at top speed 28-33 mi (45-53 km) 

at J227 "e" cycle 19-22 mi (30-35 km) 
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• Gradeability, at 5% grade 25 mph (40 kph) 

at 10% grade 15 mph (24 kph) 

max. grade 25% 

0 Energy Economy" :ity dr:Lving ; 0.50 to 0.67 .k~'h/mi 
(0.31-0.42 kwh/kID) 

The key vehicle charactpristics are listed in Table 7-7 
(testing and/or manufacturers' specifications only). 

Table 7-7. Vehicle Characteristics 
(The EVA 4-passenger Sedan, 1975 Model) 

Type of vehiole 

Manufacturer 

Purchase price 

DlmcruJions 

Wheelbase 
Length 
Width 
Height 

Curb weight 

Payload 

Traction batteries 

Type 
Number 
Operating voltage 
Total weight 
Energy capacity 
Life 

Charger (main battery) 

Type 
Hanu(acturcr 
Line voltage 

Charger (accessory battery) 

Motor 

Type 
Manufacturer 
Power rating 

Controller 

Transmission 

Tires 

4-passcnger sedan, conve~ted Renault 12 

Electric Vehicle Associates, Inc. 
(Brook Park, Ohio) 

$9,500 (ERDA - 1975) 

96 in. (244 cm) 
174 in. (442 em) 
64.5 in. (164 em) 
56.6 in. (144 cm) 

approx. 3150 Ib (1430 kg) 

600 Ib (272 kg) 

Lead acid (ESB-EVI06) 
16 (10 in the back and 6 in the front) 
96 V 
1040 Ib (472 kg) 
132.5 A-hr at a 2-hr rate 
About 400 cycles 

On-board 
EVA (Battery Marshall) 
110 Volt/20A - 12 hr 
220 Volt/50A - 6 hr 

On-board; ESB (Shure Start) 

D. C. Gerics 
Balder Electric 
12 hp (10 kW at 3400 rpm) 

5CR 
Automatic tranoaxle with torque 
converter 

Michelin, radial (155R-13) 
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Figure 7-5. EVA Metro Sedan 

7-20 



7.4.1 The Canadian E~~erience 

After 2 days of initial testing, the seven EVA Sedans went 
into service in January 1976. The cars were bought by the Government 
of Manitoba, Department of Public l'orks. Winnipeg; but only three of 
these have actually been used by the Department itself. Three of the 
other cars have been used by the }!anitoba Telephone System. and one by 
the City of Winnipeg. Today. these last four EVA Sedans are not 
assigned to regular use any more - each of them having acquired a total 
of about 1.000 mi. 

The three sedans used by the Department of Public Works 
(stationed in the Central Provincial Garage). are still regularly used 
for departmental trips around the city of Winnipeg. The total mileage 
acquired today (June 1977) on each car is: 2103. 1789 and 1400 mi. 
Even though the cars have had to be towed baclt into the 'garage on 
several occasions. they generally seem to be able to do the required 
daily routes (varying from S to 20·mi a day). 

The main reason for the relatively low total mileages has 
been downtime in connection with failures experienced in the electric 
drive system. In a summary report on the failures and the related 
downtime. made in December 1976 (after almost 11 mo "use"). the follow
ing breakdown was listed: 

(1) Uanitoba Telephone System 
(1 vehicle) 

Cracked end plate on electric 
motor 

Battery charger returned to EVA 
for repairs 

Failure in traction batteries 

Auxiliary batteries disassembled. 
inspected, refilled "Nuisance" 
downtime 

(2) Uanitoba Government 
(3 vehicles) 

Failure in controller 

Failure in SCR control 

Parts robbed from third vehicle 
to repair the above problem 

seR problems due to moisture 

Downtime 
(lost work-days) 

30 

60 

2 

4 

Downtime 
(lost work-days) 

3 

3 

3S 
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(3) 

"Nuisance"· downtime 

On September 22, }It.O. Yanko 
arrived from Cleveland to modify 
the chllrging system. Since then 
the three units have been so 
unreliable as not to be used on 
a daily basis 

Winnipeg Hydro 
(3 vehicle9) -

Motor repai:", (complete rewind) 

Batteries (3 batteries exploded) 

Downtime to determine cause and 
effect corrective action for 
problem above 

Cracked circuit board 

"Nuisance" downtime 

Time modifying charging system 

Downtime 
(lost work-days) 

12 

200 

Downtime 
(lost work-days) 

60 

30 

10 

1 

4 

5 

On ~he uverage, this means a downtime of 67 days per car, or a maximum 
av~ilability of 71% (ranging from 57-83% on each car). 

Of all the failures experienced with the EVA Sedans in 
Winnipeg, the most disturbing problems have been related to the on
board charger. Even after several rounds of repair work, done under 
warranty, it has not yet been possible to charge the batteries on the 
"fast rate" (220 V/8 hr). Only the "slow rate" (110 V/15 hr) has been 
working successfully. This situation has been causing additional down
time. When using the "slow rate" on 110 V, several occasions of over
charging were experienced too. On two different cars, the top of some 
of the batteries simply blew off. Cases of arcing from the battery 
connections to the metal frame holding the batteries together is still 
evidenced by several burn marks on the plastic shielding inside the 
hood. 

Regarding the Performance of the EVA Sedans, it is indicated 
by the available records (on the one EVA with most mileage), that: 

• Under city driving (flat terrain, with an average 
speed of 20-30 mph and a maximum speed of 35-45 mph, 
going lS-20 m1 per day or charge), and ambient 
temperatures of 2-150 C; the energy consumption is 
0.70 and 0.80 kWh/m1 (when the charge worked properly), 
and the maximum range 20 1111. 
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• On an overall basis, the energy consumption is 
1.0 kWh/mi (1209 kWh over 1198 of the 2103 mi total). 

The maintenance has required 3 hr/wk, including cleaning the batteries 
and adding 0.75 gal of distilled water. 

EVen though the demonstration program with the seven EVA 
sedans has not been shut down (at least three of the cqra are still in 
some kind of regular use), there have been so many and such severe 
failures with the cars that the collection of more in-use performance 
data is somewhat in doubt. 

7.4.2 The ERDA Experience 

The three EVA Sedans bought by ERDA in June 1975, have been 
used for commuting to the Capitol in Washington, D.C. The maximum 
mileage to date has been 1583 mi (on one of the cars), and the average 
1200 mi per car. 

The trips have been 3··5 mi each, with a running speed of 
25-35 mph in urban traffic and modera~e grades (5-10%). The batteries 
were charged between each trip. 

The primary failure modes experienced, are: 

• Overheating of motors (e.g., two motors were 
replaced under warranty) in one of the cars and 
one motor failure experienced in another ($880), 
while motor couplers have been replaced (under 
warranty) in all of the cars. External cooling 
fans have been installed since. 

• Overcharging by the charger (e.g., failed to taper 
down the amperage over time). All chargers have 
been modified (under warranty). 

The energy consumption is said to have been from 0.5 to 1.4 kWh/mi, and 
the availability about 95%. The routine maintenance has involved a 
weekly check of the batteries,' and the adding of distilled water 
approximately once a month. The experienced battery life has been 
1200 mi (average) over 18 mo of use, at a price of $7Z0 (in 1977 
dollars). . 

There is no continuously collected engineering data 
(failures, performance, maintenance, etc.) available - only the early 
failures and trips have been documented. In this situation, together 
with the Canadian experience of the seven EVA Sedans in Winnipeg, it 
has only been possible to make rather indicative (and not conclusive) 
remarks about the actual in-use capabilities of the EVA Sedan. 
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7.5 ISLANDER VEHICLE 

Th~ Islander vehicl~ was developed ~nd produced by the 
Electromot~on Company, Massachuo~tts, in a quantity of 25. This company 
had previously developed some prototy~e postal vans (similar to the 
HarbiIt van) used by the U. S. Po::-.. al Serviee Research Group in 
Rockville, ~Iaryland. They had also developed various other prototype 
electric vehicles. 

The Islander vehicle f~ae~was produced for, and leased to, 
the Sea Pines Plantation Company, South Carolina for public rental 
purposes. Sea Pines Plantation is a 5200 acre (2.1 km2) resort and 
leisure community. It has approximately 2000 permanent residents and 
accommodates thousands of visitors each year, offering rental accommo
dations, shopping and varied recreational facilities. 

Sea Pines elected to provide electric vehicle rentals for 
transporting guests and baggage about the resort and to nearby facil
ities outside of the plantation. This decision was made after negotia
tions were completed with Electromotion regarding vehicle performance 
requirements, costs, delivery, etc. 

The application of these vehicles is of special interest 
since it is the only one, covered by this survey, in which vehicles 
were made available for public use. Public acceptance of these 
vehicles was reported to be good. 

7.5.1 Vehicle Description. The Islander is a "Jeep"-like vehicllJ 
in size and configuration, carrying four passengers plus baggage. It 
features a fold-down windshield and collapsible convertible roof. 

The basic vehicle description is summarized in Table 7-8. 

Performance. The range of these vehicles was 80 Ian (50 mi) 
using a random stop-and-go driving cycle on nearly flat terrain, 
according to the manufacturers specifications. The top speed was 
48 km/hr (30 mph) according to the same specifications. 

7.5.2 Application. The operator of these leased vehicles was the 
Sea Pines Plantation Company, Eilton Head Island, South Carolina. Sea 
Pines used 7 of· the 25 vehicles for transporting maintenance personnel 
or for delivery purposes, etc. The 18 remaining vehicles ~7ere rented 
to the public to commute between the various golf courses, marinas, 
stables, beach areas, tennis courts, hiking trails, forest preserve 

.. and overnight quarters. The vehicles were also highway rated, aUowing 
guests to visit shopping centers and facilities outside of the 
plantation. 
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Table 7-8. Vehicle CharacLeristj~s 
(The Islander) 

Type of vehicle 4-passenger car 

~Ianuf ac turer Elect romo tion 

Dimensions 

Wheelbase 

Length 

Width 

Height 

Curb ".eight 

Payload 

Traction batteries 

Type 

Number 

Tota~ voltage, V 

Total weight 

Charger 

Type 

Manufacturer 

Line voltage, V 

Motor 

Power l.:a ting 

Brakes 

7-25 

94 in. 

125 in. 

75.5 in. 

60 in. 

2500 lb 

500 lb 

lead acid 

14 

84 

850 lb 

On-board 

(239 cm) 

(318 em) 

(192 em) 

(152 cm) 

(1134 kg) 

(227 kg) 

(386 kg) 

E1ectromotion 

115 

10 hp (746(1 W) 

Hydraulic, nonregenerative 
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Routin" !!aint"Oance. The routine maintenance relating to 
the electric drive system consisted of: 

(1) Check battery water each month and wash down exterior 
of batteries 

(2) Check motor brushes each 6 or 12 mo if vehicle was 
driven less than 48 kID (30 mi) per day 

(3) Check electri.c.al connections each 6 mo 

7.5.3 Use Experience. The average hours of use per vehicle for 
the rental fleet of 18 vehicles was 1316. Hours used per vehicle for 
the fleet ranged·from a minimum of 0.9 to a maximum of 3100. 

Reliability. The primary failure mode experienced was 
burned out motors. Upon delivery of the first five vehicles, 5-hp 
drive motors were used as a substitute for the 10-hp motor not yet 
available. These 5-hp motors burned out and wec" subsequently 

. replaced with 10-hp units. Sea Pines reported that another 5 of the 
lQ-hp motors also failed. 

Sea Pines personnel stated that the motors were exposed 
to the ground with no protection from dirt, water or foreign material. 
This may have been a factor in their failure. 

Sea Pines reported a battery life of 10 to 14 mo. Motor 
failures and various other component failures led to a decision to 
take the fleet out of service after 22 mo. 

Costs. Sea Pines reported that the total fleet repair and 
maintenance cost for the 22-mo operation was $10,149. An approximation 
of the average repair and maintenance cost per v~hicle per ye~r was 
$308.. This approximation was derived by assuming that 22 mo of service 
was obtained from all 18 vehicles. 

7.6 MARS II CARS 

The Mars II vehicle is a Renault RIO conversion produced by 
Electric Fuel Propulsion Inc., Michigan. Electric Fuel Propulsion is 
reportad to have produced 80 electric vehicles from 1967 to 1977. 
Forty-five of the vehicles were the Mars II conversions. 

A. total of 33 of these were purchased by 24 various U.S. 
e1.ectric utility companies. Pennsylvania Power and Light Company (PPL) 
purchased 8 of the 33 vehicles, which prOVided the application and use 

. experience data for thiG survey. The PPL vehicles were used mainly for 
display and demonstration purposes. A high level of interest was shown 
by the general public. 
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7.6.1 Vehicle Descripti.on. The Mars II conversion preserved the 
original seating capacity of the Renault R-10 which is five passengers. 
The external size and appearance is essentially the same as the Renault. 
The basic description is summarized in Table 7-9. 

Performance. PPL.reportec the following performance data: 

(1) Range - 60 miles (97 km) 
(driving conditions unspecified) 

(2) Maximum speed - 60 mph (97 km/hr) 

(3) Battery recharge time - 12 hr 

(4) Battery recharge time with optional off-board 
charger - 2 hr 

The Cornell Aeronautical Report No. VJ-2623-k-l prepared for General 
Motors Corp., gives the following performance data for the fully 
charged Mars II. 

a. Range - 120 mi (193 km) at 30 mph 
(48 km/hr) 

100 mi (161 km) at 40 mph 
(64 km/hr) 

80 mi (129 km) at 50 mph 
(80 km/hr) 

60 mi (97 km) at 60 mph 
(97 km/hr) 

On city driving schedule, 
V avg = 22 mph, 73 mi with 
regenerative braking, 63 mi with
out regenerative braldllg 

b. Acceleration 0-40 mph (0-64 km/hr) in 22 sec 

7.6.2 Application. The Pennsylvania Power and Light Co. pur
chased eight Mars II vehicles with deliveries from December 1967 to 
May 1968. The vehicles were used mainly for display and demonstration 
purposes. Some attempts were made to use them for messenger service 
and similar duties. However, these were discontinued because of poor 
performance and maintenance problems. 

The total fleet was in service 2 yr and 1 mo. The last 
two vehicles were in service 3 yr and 3 mo. The average miles driven 
per fleet vehicle was 3089 km (1920 mi). The maximum miles driven was 
4582 km (2848 mi). The minimum was 1609 km (1000 mi). 
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Table 7-9. Vehicle Characteristics 
(The «ars II Car) 

. Type of Vehicle 5-passenger cars 

b,l.11-ufactut'er Electric Fuel Propulsion, onc. 

Purchase price $4800 - $5450 

Purchase date 12-1-67 - 5-1'-68 

Dimensions 
Wheelbase _ 
Length 
Wi.dth 
Height 

Curb weight 

Payload 

Traction Battdries 

Type 
Manul,\cturer 
Ntnnber 
Total voltage, V 
Total weight 
Energy capacity (kWh) 
Energy capacity (A-hr) 

Charger 

Type 
Line voltage, V 

Power source for accessories 

Motor 

Type 
Power rating 

Controller 

Type 

. Transmission 

Tires 

. Type 
Size 

Brakes 

89 in. (,l6 cm) 
167.5 in. (425 cm) 
60 in. (152 em) 
55.5 in. (141 em) 

4040 1b (1833 kg) 

N/A 

Lead acid (cobalt) 
Tri Polar 
4 
120 
Approx. 1900 lb (862 kg) 
30 kWh 
180 A-he at 180 a load 

On board 
220 

One l2-V lead acid battery 

DC series 
11,190 W (l~ hp) 

Magnetically operated switches 
(for paralleling batteries) 

4-speed, manual shift 

Radial ply 
165 SR 15 

Regenerative braking system, 
plus 4-whee1 disc hydraulic brakes 
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It was reported that ~he heavy weight of the vehicle 
restricted tbe aCl!e1eration and speed. The weight distribution also 
created a seriels handling problem at higher speeds. Operation on icy 
or snowy roads was considered virtually impossible. 

7.6.3 Use Experience 

Reliability. The primary failure modes experienced with 
these vehicles were .~ Ciken axle shafts, U joints and contactors. 
Clutches were added, by modifying the drive trains, to reduce the strain 
on the other parts. This fix was only partly successful since it 
resulted in early clutch failure. The basic cause of the drive train . 
failure is believed to be the increased torque provided by the electric 
motor compared to the original IC engine. 

Other prOblems reported were difficult shifting and beuding 
and/or creel ~ng of frame and sheet metal members. These problems 
are not surprising since the Mars II curb weight is approximately twice 
that of the ori;inal Renault R 10. 

Costs. Summarized b ... ,.JW are the PPL Company's recorded 
costs associated with these eight vehicles. The cars were included in 
the Company's vehicle lease arrangement together with the two high
spebu chargers obtained to service them. 

January, 1968 - September. 1971 

1968 1969 .!2Z.2 1971 !2E! 
battery 'charging $ a $ a $ a $ a $ 77 

Service and repair 10,673 2,689 1,138 462 14,962 

Rents 11,872 12,448 17,994 7,206 49,520 

Insurance 71 255 288 113 727 

Licenses and titles 600 80 102 57 839 

Total $23,216 $15.472 $19,522 $7,838 $66,125 

aAfter metered r;eadings established usage rate of 1/2 kWh/mi. metered 
reo di.ngs were discontinued. Energy use based on final total mileage. 
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THE B & z tLECTRA KING 

The manufacturer of the "Electra King" (a 2-passenger car 
with ·various models available) is B & Z Electric Car of Long Beach, 
Californ~a. which also has made a few trucks in the past. The company 
was founded in 1961 and sold to the present owner in 1972. There are 
no production figures from before 1972, but it is estimated that abo"t 
600 cars were produced·before then. Since 1972; approximately 200-300 
ElecLra Kings have been produced and sold - mostly to customers in the 
Los Angeles area. The production rate is at present a maximum of two 
cars per ·week. . . 

Considering the size and duration of the production of this 
from-the-ground-up built electric car, it would have been clearly in 
the scope of this survey to collect engineering data on the user exper
ience with the Electra King. However, such data have not been col
lected, because they are largely nonexistent, the main reasons being: 

.. 

• 

The Electra King is not equipped with an 
odometer or speedometer. 

Most buyers of the Electra King are people with 
limitedmobility.requirements and little interest 
in keeping records of the failures and the 
performance over time. They would not care if· 
the car had a kWh consumption of 0.2 kWh/mi or 10. 

Basic Vehicle Description •. Depending on the motor size, 
the sprocket ratio, the battery capacity and the number of batteries, 
the following key performance characteristics have been determined 
by the manufacturer (by driving .around the block, and using a meter 
to determine the speed, counting the rounds to determine the range): 

• Top speed (level street) 18-29 mpha (29-47 kph) 

• Acceleration : Unknown 

• Range (with 4 stops per 
20-56 milesa mile on level street) . (32-90 kill) . 

.. Energy economy Unkno.wn 

.. Gradeability, at 22% grade : 10 mph (16 kph) 

aHigher top speed options are sacrificing in range (i.e., the range 
for options with a Cop speed of 29 mph is 23 mi, just as the top 
speed for options with a range of 56 mi is 20 mph). 
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There are four basic models: 

PFS-123 

PF-123 

PFS-125 

PF-125 

3-wheeler, Deluxe Coupe (closed) 

3-wheeler, Economy Coupe (open) 

4-wheeler, Deluxe Coupe (closed) 

4-wheeler, Economy Coupe (open) 

All of the above have a steering wheel, separate accelerator, and brake 
pedals. Three other basic options within these models are available; 
thus resulting in 16 different basic options as shown in Figure 7-6. 

3 - WHEELER 4 - WHEELER 

DELUXE ECONOMY DelUXE ECONOMY 
COUPE COUPE COUPE COUPE 

(CLOSED - PFS) (OPEN - PF) (CLOSED - PFS) (OPEN - PF) 

STEERING SEPARATE 
WHEEL ACCELERATOR PFS-l23 PF-l23 PFS-12S PF-12S AND BRAKE 

PEDALS 

STEERING ACCELERATOR 
WHEEL AND BRAKE 
WITH COMBINED PFS-12·\ PF-124 PFS-126 PF-126 
SPINNER ON ONE 
KNOB LEVER 

SEPARATE 
ACCELERATOR 
AND BRAKE PFS-122 PF-122 PFS-122 PF-127 
PEDALS 

TIlLER 
STEERING 

ACCELERATOR 
AND BRAKE 

PFS-121 PF-121 PFS-126 PF-126 COMBINED 
ON ONE LEVER 

Figure 7-6. Th" 16 Basic Options of the "Electra King" 
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The vehicle charactertstic8 for mOdel PPS-125, the most 
commonly sold model Electra King, are given in Table 7-10. 

Table 7-10. Vehicle Characteristics 
(Electra King, 110del PFS-125) 

Type of vehicle 2-passenger car 

Manufacturer B & Z Electric 

Purcbase pt'ice 

Dimensions 

Wheelbase 
Length 
Width 
Height 

Curb weight 

Payload (including driver) 

Storage space 

Traction batteries 
Type 
Numl'er 
Operating voltage, V 
Total. weight 
Energy capacity 

Charger 

Line voltage, V 

Motor 

Type 
Manufacturer 
Power rating 

Controller 

Transmission 

Tirtls 

7-32 

$3445 - to approximately $4200 
(FOB Long Beach, 1977) 

65 in. (165 cm) 
101 in. (257 cm) 
45 in. (114 cm) 
60 in. (152 cm) 

1100 Ib (499 kg) 

500 Ib (227 kg) 

9-11 ft3 (0.25-0.31 in. 3) 

Lead-acid (Trojan 170W) 
6-12 
36-48 
336-672 Ib (152-305 kg) 
170-244 A-hr (rate unspecified) 

On-board with timer 

110 V /8 A-9 hr 

D.C. series 
Genet'al Electric 
1-1/2 hp, 2 hp, or 3-1/2 hp 

Resistor controlled 

None 

Tubeless (4.80/400 x 8) 
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7.8 BELL SYSTEM DJ-SEs 

The Bell System has had 10 DJ-SE Electric Vans. identical 
in design to those in use by the U.S. Postal Service (see Chapter 4 
for vehicle description), assigned to use applications for approximately 
1 yr • This us.e program is one part of an overall effort by the Bell 
System to establish the potential application of EVs by the Operating 
Telephone Companies:-' ~ive of the DJ-SEs are owned and operated by 
Indiana Bell in Indianapolis, Indiana. The initial owner/operator of 
the other five DJ-SEs was Northwestern Bell in Minneapolis, Minneaota, 
but these vehicles were recently transferred to New York Telephone for 
assignment in the New York City area. The Bell System vehicles have 
accumulated 'nly an average of 1000 mi per vehicle due to battery 
problems and heater inadequacies. 

The DJ-SEs have'been used by the Bell System Companies for 
telephone ins.tallation service, primarily large installations of PBX 
and Key systems. Daily mileage per vehicle is reported as 4-20 mi 
(6.4-32 km). Route characteristics (length and stops per mile) are 
defined as variable,,-reflect:Lng the nature of the missions to which 
the vehicles are assigned. Cold weather operation was reported as a 
problem because the gasoline heaters did not operate properly in 
temperatures below OOF (-180 C). Battery performance in cold weather 
was reported as adequate. The daily variability of the assigned 
missions was identified as a source of problems. 

The charging routine for the Bell DJ-SEs consists of daily 
charging with weekly equalizing. Routine maintenance includes weekly 
battery watering."'vailability was reported as 95%, with downtime 
attributed largely to early battery failure due to soft paste on 
plates. In,an attempt to resolve this problem, a trial of C&D 
batteries has been initiated - they have been installed in the five 
vehicles transferred to New York Telephone. The cost of replacement 
batteries is reported as $2000 and energy consump~ion as 1.5 kWh/mi 
(0.9 kWh/km). 

7.9 OTIS ELECTRIC VAN 

The Otis,Van was manufactured by the former Electrobus 
Division of the Otis Elevator Company. Approximately 40 vans were 
manufactured and sold. Electric Vehicle Associates purchased the manu
facturing rights for this vehicle, but have no present plans for 
producing it. 

Some of these vehicles were used by the NASA Lewis Research 
Center and two Canadian electric companies (Hydro Quebec and City of 
CalgarY',Electric System). 

7.9.1 Vehicle Descriotion. The Otis Van carries 2 passengers and 
has a payload of 500 Ib (227 kg). The external size and appearance 
is typical of a small gasoline delivery van. The basic description is 
summarized in Table 7-11. 
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Table,7-ll. Vehicle Description 
(The Otis Van P-500) 

Type of vehicle 2-passenger delivery van 

Manufacturer Otis Elevator Co., 
Electrobus Division 

Purchase price $9403 plus batteries 

Purchase date 1975 

Dimensions 

Wheelbase 
Length 
Width 
Height 

Curb weight 

Payload 

Traction Batteries 

Type 
Manufacturer 
Number 
Total voltage, V 
Total weight 
Energy capacity (Ah) 

Charger 

Type 
Line voltage 

Power Source for accessories 

Motor 

Type 
Manufacturer 
Power rating 

Controller 

Transmission 

Tires 

Type 
Size 

Brakes 
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96 in. (244 cm) 
138 in. (351 cm) 
62 in. (157 em) 
74.2 in. (188 em) 

3620 lb (1642 kg) 

500 1b (227 kg) 

Lead acid 
Exide, EV-l06 
2 modules 
96 
1040 lb (472 kg) 
195 at 3-hr rate 

N/A 
N/A 

12 V lead acid 

DC series 
Otis 
22380 W (30.4 hp) 

SCR pulse type 

Direct drive 

6-ply radian 
l75-SR-13 

Hydraulic 



Performanl!e. Lewis Research Center; reported the following 
performance data: 

• Range -29.4 mi (47.3 km) at 20 mph (32.3 km/hr) 

• Maximum speed - 39 mph (62.8 km/hr) 

• Range (for Schedule B driving cycle) - 21 mi (33.8 km) 

• Range (for SAE J227 Residential) - 30 mi (48.3 km) 

7.9.2 The Lewis Reserach Center Experience 

NASA Lewis Resp-arch Center has had two Otis Electric Vans 
in service since May 1975. One is used to deliver interlab mail (green 
van). It travels approximately 20 mi (32 km) per day at 20 to 25 mph 
(32 to 40 km/hr) with 60 to 70 stops per day. 

The other van (yellow van) is used by the fire department to 
run various errands. It is used 7 days per week, covering 24 to 32 Ian 
(1S to 20 mi) at 20-30 mph (40 to 48 km/hr) with about 20 stops per 
day. 

The green van has accumulated in excess of 3700 mi (5953 km); 
the yellow van more than 5000 mi (8045 km). Table 7-12 shows the 
electricity consumed over various distance increments as wel~ as the 
killowatt hours/kilometer. 

The Lewis Research Center experience indicates that the 
most frequent failure is a loss of power, which is perhaps related to 
a moisture problem. Table 7-13 shows a failure log for both thp. green 
and yellow vans. 

7.9.3 The Hydro Quebec and Calgary Electrical System Experience 

The Hydro Quebec van was assigned to various tasks in 
Montreal including mail and parcel delivery, meter reading and 
replacement. 

The Calgary van was used for mail delivery and is now trans
porting personnel between offices. It has averaged 8 km/day on as-day 
week. 

The Calgary van had travelled 2486 mi (4000 km) and con
sumed 3314 kWh of electricity by 01/28/77. 
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Table 7-12. Electricity Consumed (Otis P-500 Van) 
Yellow Otis Van (Fire Departmpnt Use) 

Odometer kWh Increment Accl1mulati~Je Average Heter 
Reading, Reading. kHh. kWh. ktfu, ktfu, km, mi 

Date km (mil kWh km mt km mi day day 

04/22/75 83 58 0 0 0 
05n2l75 545 339 203 0.45 0.72 0.45 0.72 14.5 9 
06/21/75 1430 389 666 0.52 0.84 0.47 0.75 29.0 16 
07/13/75 2146 1334 1075 0.57 0.92 0.50 0.80 33.S 21 
06/11/75 3067 1906 1629 0.59 0.95 0.53 0.85 30.6 19 
09/11/75 3993 2485 2037 0.43 0.70 0.51 0.82 30.6 19 
11/16175 5004 3110 2745 0.68 1.1 0.55 0.88 30.6 19 
01/14/76 5625 :)/,96 3345 0.96 1.55 0.60 0.96 9.7 6 
11/19/76 6964 4328 4035 0.52 0.83 0.58 0.94 4.0 2.5 
01/14/77 7389 4592 4266 0.57 0.92 8.0 5 
02115/77 7506 4665 4439 0.62 1.0 0.60 0.96 8.0 5 

(Speed-
ometer 

Green Otis Van (Inter lab Mail Truck) 
out) 

0~/06/75 151 94 58 
OS/23/75 533 331 282 0.59 0.95 0.59 0.95 27.4 17 
06/30/75 1007 626 610 0.69 1.11 0.65 1.04 22.5 14 
07{31/75 1500 932 919 0.63 1.02 0.64 1.03 24.1 15 
08/29/75 2138 1329 1237 0.50 0.80 0.59 0.95 32.2 20 
09/:9/75 2610 1622 1521 0.60 0.97 0.59 0.95 22.5 14 
10/31/75 3157 1962 lS62 0.62 1.0 O.EO 0.97 27.4 17 
11/28175 3607 2242 2152 0.65 1.04 0.60 0.97 22.5 14 
01/28/76 4085 2539 2496 0.72 1.16 0.62 1.00 11.3 7 
09/01/76 4772 2966 3051 0.81 1.3 4.8 3 
09/20/76 5020 3120 3313 1.07 1.73 0.68 1.1 16.1 10 

3.2 2 
03/14/77 5358 3330 4581 16.1 10 
05/17/77 6021 3742 5154 0.87 1.4 16.1 10 
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Table 7-13. Repair Records for Otis P-500 Van 

Odometer 
reading 

Date mi km 

Green Van 

06/75 400 644 
03/77 3380 5438 

05/77 

Yellow Van 

06/75 1000 1609 
01/76 2460 3958 
04/76 3640 5857 
11/76 
11/76 
12/76 4400 7080 
12/76 4400 7080 
12/76 4400 7080 
01/77 4500 7240 
01/77 4;00 7240 
02/77 4600 7401 
02/77 4600 7401 
02/77 4600 7401 
02/77 4665 7506 
02/77 4665 7506 
02/77 4665 7506 
04/77 4665 7506 

P:t'oblem 

Suspensiort modification - shocks and springs 
Power cu~ out - may be due to moisture 
Loose 12~V battery cable 
Speedometer cable broke 

Suspension modification - shocks and springs 
Blower motor failed 
Replaced l2-V and 5-drive batteries and switch 
Speedometer cable failed 
Speedometer cable failed again 
Hand brake froze 
Ran out of power - towed back 
Ran out of power - towed back 
12-V battery dead 
Ran out of power - towed back 
Power cut off - moisture problem? 
Power cut off - moisture problem again? 
Power cut off - moisture problem again? 
Speedometer cable failed 
Blower motor failed 
Drive motor cutting out 
Power cut off - moisture problem? 
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CHAPTER 8 

FOREIGli USE EXPERIEliCE - LITERATURE REVIE1~ 

This section idtntifies foreign use eKperience with on-road 
electric vehicles. Those vehicles which operate on fiKed rails or are a 
part of a public transit system did not fall within the scope and were 
not included. In most cases the vehicles that are in-use were designed 
for delivery of goods or for routiije maintenance work. Electric 
vehicles are particularly suited for these tasks because of the lImited 
range and low-to-moderate speeds required for urban driving. 

The original intent was to include only vehicle programe 
with actual implementational experience. Unfortunately many of the 
foreign electric vehicles (e.g., those in Italy, Japan and Czechoslo
vakia).' exist as advanced prototypes with only limited utilization. It 
was felt that while these vehicles were not currently a part of exten~ 
sive in-use programs, it would be valuable to identify them and document 
their status. The countries which have demonstrated extensive experience 
are Great Britain, France, and West Germany. Of these, Great Britain's 
program is the most noteworthy with nearly 40,000 electric vehicles 
currently in service for daily local milk delivery (Reference 8-1). 

Table 8-1 summarizes the available information on vehicle 
specifications and performance for each of the electric vehicles 
described in the following subsections. In the case of Japan, where 
more than 17 government and industry prototypes exist, statistics on 
only 2 typical vehicles arp. included in the table. Interested readers 
should consult any of the references cited in Section 8.5 for further 
details on the Japanese vehicles. 

8.1 GREAT BRITAIli 

Electric vehicles have been used nuccessfully in Great 
Britain for over 20 yr. The British dairy industry has found their 
battery-powered vehicles to be reliable, economical, and virtually 
maintenance-free. Today the fleet includes nearly 40,000 vehicles with 
some original vehicles still in service. A daily delivery route covers 
an average of 29 km with 210 stops and starts and involves a payload of 
1365 kg. Figures indicate that the average cost to operate a vehicle 
on the London routes is ~19.60 per vehicle per week (this figure 
includes depreciation, license, insurance, et~.). The Express Dairy 
Company, Ltd. estimates that its operational costs for an electric 
vehic)"- a~e approximately half of what it would be for a similar diesel 
vehicle (References 8-2 an~ -3). 

Harbi1t Electric Trucks and Vehicles is responsible for the 
design and manufacture of the current "Dait!i-Liner" milk delivery 
vehicle. In addition, Harbi1t buifds metropolitan delivery vans (see 
section 4.1), street cleaners, and ambulances. Documentation is not 
currently available on these electric vehicles (Reference 8-4). 
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The second e>:ample of electric vehicle utilization in 

Great Britain is a program sponsored by the Electricity Council. ~early 

ten years' ago the Council. prompte1 by the British Government. bc!;an to 

encourage the development of a small electric vehicle. Enfield Auto

motive. Ltd. was engaged to design and produce a fleet of 61 vehicles 

based on the Ele~tricity Council's rigorous mechanical. electrical. and 

frontal impact specifications. Since February 1976 all 61 Enfield 8000's 

have been in operation for Electricity Boards throughout England and 

Wales. The vehicles have been used for a variety of tasks; inspecting 

installations. reading meters, commuting to and from work. delivering 

accounts. and surveying sites. The average weekly mileage is 56-64 km. 

At least 11 of the vehicles regularly cover more than 60 km a week. 

Energy consumption for actual utilization (311-373 Wh/km) 

has been found to be higher than results from prototype testing 

(202 ~~/~n). The Electrical Council attributes this to the fact that 

the test figures were obtained under ideal conditions with a trained 

driver and a fully charged battery. Users have comolained about the 

abse"ca of a sophisticated state-of-charge indicator and the limited 

assessibility of the battaries. As anticipated with any new vehicle, 

unscheduled repairs and c~placements are running at fairly high levels. 

Enfield is making desip,n l"odifications in the charger and controller 

to improve their performance. (Reference 8-2). 

8.2 FRA.'lCE 

In 1972 the French electric utility, EDF, hegan a major 

project to promote the dev,l('pment of lightweight electric vehicles. 

By late 1973 they had proeu,ed a fleet of 90 vehicles. EDF's intention 

was to use the fleet to st~d:' the possibilities of electric vehicle 

commerci~li?ation. A large fleet size was chosen so that the vehicles 

could be teste1 under a wide ranee of driving conditions. An initial 

group of 54 was tested during 1973 and 1974 by EDF employees who had 

been trained in the maintenance and repair of the vehicles which «ere 

used to nlake customer service calJ"'i in Pari.s and its surrounding 

suburbs (References 8-3 and -4}. 

The EDF discovered t!Lt energy consumption was generally 

higher than had been predicted. The only major maintenance problems 

were wiLh the batteries. BecaUSE: L:s<!rs frequently overcharged the bat

teries an~ ,leglected to periodicall' check the 'water levels, the bat

tery 1, <.e was shortened conside,.ably. ~Iunicipal workers and selected 

employ'"e~ ;.n private industries were chosen to test the remaining 

vehicl~s, Tile results of this utilization experiment were not available 

(Refereno, 8-5). 

8.3 WEST GERllANY 

The GES (Electric Road .. Transoort Company). a subsidiary of 

R'.JE. the Germ.).." utility company _ ell':; Jura:.;ed two German automobile manu

facturers, Daimler-Benz and Volksw8ten '.' develop electric vehicles 
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suitable for shorthaul delivery in urban areas. A fleet of 21) VI·I 
Electrotransporters has been in service since late 1973 and 50 addi
tiala! vehicles are scheduled to be available by September 1977. Thirty 
DB-vehicles have been in regular service since the end of 19;5. GES's 
primary aim has been to collect technical and economic data on these 
in~service vehicles in order to evaluate their performance and measure 
their potential large-scale applicability (Reference 8-6). 

Except for the initial tests on the Vl~ facility in 
Wolfsburg, the V1~ vehicles have been operated in and around Dusseldorf. 
Twelve of the vehicles were assigned to the Public I~orks Department, 
'while the remaining ones were used by the local R~E electricity supply 
authority. The Electrotransporters have been used primarily to trans
port materials and to inspect and maintain power stations. The vehicles 
have been operated year-round under all weather conditions in tempera
tures ranging from minus 15 to ,400 C (Reference 8-7). I~ith an inter
mediate boast charge during stationary periods such as lunch breaks, 
some vehicles have been able to achieve daily mileage of up to 100 km. 
lfodifications have been made in the controller and drive units in order 
to increase vehicle reliability (Reference 8-0). Figure 8-1 indicates 
how the failure rate for these vehicles has dropped since 1974 
(Reference 8-9). 
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Figure 8-1. Failure Rate for the 20 VVI Electrotransporters 

The DB electric vehicles have been used primarily for postal 
delivery services, and DB reports that they have performed as well as 
conventional vehicles. The operating costs, however, have run 30-35% 
higher than for a comparable diesel vehicle. The DB testing program 
has been aimed toward increasing battery capacity, payload, and range of 
their vehicle in order to reduce some of the operating costs 
(Reference 8-10). 

8.4 ITALY 

There have been two advanced prototype vehicle programs in 
Italy. Since late 1973, E~EL, the Italian electric utility, has 
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sponsored a development program with Fiat. The objective was to design 
and construct two identical vehicles, one with a D.C. series motor, the 
other with a D.C. shunt motor. A Fiat 850T was used as the base vehicle. 
The vehicle with the shunt motor outperformed the one with the series 
motor with regard to range, speed, and climbing ability. Although the 
two vehicles have been testad extensively, ~.either has been released 
for general utilization. (Reference 8-11). The second Italian proto
type is a commercial three-wheeled vehicle patterned after the con
ventional I.C. engined Vespa car. Preliminary road tests have demon
strated the vehicle's good maneuverability, easy handling, and 
acceleration (Reference 8-12). 

8.5 JAPAN 

The thrust of the Japanese electric vehicle program has been 
research and development of improved vehicle components. (i.e., motor, 
batteries, controllers). To date there has been no widespread utiliza
tion program. They have, however, an impressive number of different 
prototypes for compact pick-up trucks, vans and passenger cars. Some of 
the vehicles have been produced directly by the automobile industry 
(Nissan, Toyo, Toyota, Hitsubishi, Daihatsu). Since 1971 the Japanese 
Industrial Science and Technology Agency has sponsored a program for the 
development of high-performance experimental electric vehicles. Because 
a majority of the vehicles have been tested only under controlled con
ditions, it is difficult to compare their performance with the in-use 
vehicles operating in Great Britain, France, or 1,est Germany 
(References 8-13 - 8-15). 

8.6 CZECHOSLOVAKIA 

The Czechoslovakian Research Institute for Rotating Electri
cal Machines was responsible for the development of a small electric 
passenger car (~iAl) and an electr.ic microbus suitable for delivering 
goods or carrying passengers (EliA2). !,ork on EliAl ,taS eventually 
abandoned because it was felt that ~~2 had more commercial potential. 
Test results for EHA2 appear in Table 8-1. No documentation was 
available on any in-use program with ruiA2 (Reference 8-16). 
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Cg,u,TER 9 

GENERAL FINDINGS 

This chapter presents the general findings derived from the 
data on use experience with electric vehicles obtained from the indivi
dual users and use programs surveyed and reported in Chapters 4-7 •. 
Foreign use experience reported in Chapter 8 is not included in the 
general findings as it reflects only the results of a literature review 
and not data obtained as ·part of the scope of the In-Use Survey. The 
general findings have been segmented into the following categories: 
vehicle ~haracteristics, performance specifications, applications and 
suitability, effec1=s of weather, availability and reliability, and 
costs. I 

The findings presented in the following sections provide 
significant information and insight into current use experience with 
on-road electric vehicles in the United States and Canada and capabili
ties of existing U.S. production vehicles. Conclusions which can be 
drawn from the findings of the In-Use Survey are significantly restric
ted by the immaturity of the vehicles constituting the survey popula
tion. Current U.S. manufactured electric vehicles have not been pro" 
duced by any manufacturer for sufficient time or in sufficient quantity 
to have reached maturity as production vehicles. Therefore, the use 
experience is distorted by evolutionary changes in vehicle design and 
problems characteristic of prototype or development vehicles. Use 
experience with U.S. manufactured vehicles is. not completely represen
tative of .. the state-of-the-art capability of electric vehicles as 
evidenced by comparison of that experience with the performance of the 
U.S. Postal Service Harbilt Electric Delivery Vans which are of a 
design and construction proven by the production of SOme 40,000 elec-
I • .dc milk floa ts in England. 

9.1 CHARACTERISTICS OF IN-USE VEHICLES 

Characteristics usefUl in defining the vehicles included in 
the survey population consist of dimensions, weight, capacity, and 
electric propulSion system components. The chnracteristics of the 
surveyed vehicles reflect the types of production electric vehicles 
currently available in the United States. Characteristics are presen
ted separately for the survey categories of work vehicles and passenger 
cars. 

Electric vehicles Classified as work vehicles within the 
Survey population consist of five vehIcle models: AM General DJ-5E. 
Battronic Ilinivan;lIarbilt Delivery Van. Otis P-500 Van. and CDA 
E1ectric Van. The quantities of these vehicles range from 362 for the 
DJ-5E to 'the single CDA Van. of these ,~ork vehicles. only the DJ-5E 
is a conversion of an ICE vehicle. These electric vans range in size. 
as indicated by curb weight, f~om just over 3500 lb (1590 kg) to almost 
7000 lb (3180 kg). They all utilize lead-acid batteri~s. These are of 
pasted-plate construction in all but the Harbilt van, which has 
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batteries of tubular construction. Number and arrangement of batteries and othar power system components vary considerably among the vehicles. The quantities of each model sold to users. the number covered by the Survey. and primary design characteristics and components are given in Table 9-l(a) (English Units) and 9-l(b) (SI Units). Additional detail on each vehicle model is provided in the appropriate section on the particular program or vehicle in Chapters 4-7. 

The survey population of production passenger cars includes the following models: Citicar, Elcar. EVA Metro Sedan. Mars II, EVE Islander, and Electra King. Four of these are vehicles built directly as electric vehicles. The other two models. the EVA ¥.etro Sedan and the Mars II, are conversions of small import sedans (Renaults) to EVs. r.iticar. produced by Sebring Vanguard, is by far the dominant component of the population in terms of quantity. The manufacturer claims to have produced over 2000 Citicars. Second largest entry in the Survey population of passenger cars is the Elcar of which over 200 reportedly have been imported to the U.S. The actual in-use population of both of these vehicles is evidently significantly less than those totals. The number of Citicars and Elcars registered for on-road use in the 39 states which make available registration data were 481 and 27, respectively, for November 1975 through Hay 1977. Based on these figures and records from earlier surveys of EV owners, it is estimated that the population of Citicars registered for use is something less than 1500 and that of Elcars (within the U.S.) is around 100. Numbers of each p,ssenger Car model in the Survey population are given in Tables 9-2(a) (~~glish Unit) and 9-2(b) (SI Units), along with primary design charact~ .stics and components. 

Five of the passenger car vehicles in the Survey population can be neatly grouped into two major categories: one is composed of purpose-built, small - i.e., wheelbase of less than 70 in. (1.78 m), light weight - under 1500 lb (680 kg) curb weight, two-passenger vehicles. It consists of the Citicar, Elcar, and the Electra King. The second category is composed of the two conversion vehicles, the EVA Metro Sedan and the liars II, and is characterized by larger size: wheelbase in excess of 90 in. (2.29 m), significantly higher weight -over 3000 lb (1360 kg) curb weight and a capacity of at least 4 passengers. The sixth Survey vehicle, the EVE Islander falls somewhere between these two categories. It is a purpose-built EV but has a passenger capacity of 4 and a curb weight of 2500 lb (1136 kg). 

9.2 PERFORMANCE SPECIFICATIONS OF IN-USE VEHICLES 

Performance specifications arp. inten~~d to define the capabilities of vehicles. The specifications considered most significant for defining electric vehicle capabilities are top sf-eed, acceleration, range, gradcability, and fuel economy. Unfortunately, available performance specifications of electric vehicles are often ambiguous and misleading. Sources, characteristic9 specified, and the bases of measurements vary from vehicle to vehicle. The Society of Automotive Engineers (SAE) in 1971 established the Electric Vehicle Test 
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Table 9-1(a). Vehicle Characteristics - Hark Vehicles 
(English Units) 

Harbilt OJ-5& 

Number of vehi~les 

Dllttranic 
Minivan 

Otis 
P-500 CDA Van 

Total in usca 31 289 

289 

112 40 1 

Total surveyed 31 80 3 1 

Manufacturer Harbl1t Electric A.'i Ceneral 
Gould, Inc. 

Battronie Truck 
Corporation 

Otis Antares Engr. 
of England Elevator 

Initial coscb $9500 S6600 $10.834 SI1,OOO NIA 

Dimensions 

Wheclb.3so (in.) 

Length (in.) 

Width (In.) 

Height (in.) 

Cargo Capacity (ftl) 

Curb weight (lb) 

Payload (lb) 

Battcrionc 

Number of units 

Total cello 

Weight (lb) 

Hator 

Type 

Rating (hp) 

Controller 

Transmission 

103 

148 

64 

75 

NIA 

3565 

900 

2 

36 

1812 

DC series 

12.5 

Thyristor 

None 

81 

133 

70.6 

73.~ 

60 

3625 

675 

1 

27 

1260 

DC compound 

10 

sea 

None 

94.5 

145 

74 

92 

5800 

500 

2 

56 

2400 

DC aeries 

42 

sea 

2 speed 

96 

138 

62 

74.2 

NIA 

3620 

500 

2 

48 

1040 

rn; series 

30.4 

sea 

None 

(a)Count or CStitnlltQ of total ntltlber which nrc. or hnve been, Purchased for in uoo 
application within the United States and Canada. 

(b)Purchase pricc or cstimated initial cost converted to 1977 dollars. 

(c) All arc lead acid. pasted plato construction except for UarbUt which has tabular 
construction. 
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192 

75 

69 

175 

5100 

1000 

36 

108 

2340 

DC sericG 

22 
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Table 9 -l(b). Vehicle Characteristics - l~oJ:k Vehicles 
(Metric Units) i 

t 
H.ubUt DJ-SE Saecton!c Otis CDA Van 1 

mnJ.v.ln p-soo 
f 1 
I I 

Number of veh!c~es II 
Toea1 tn use (oj 3l 362 112 ~o 1 

t 1 
Total surveyed 31 3&2 BO 3 1 

1 
Manufacturer aarbilt Electric ,~I Ceneral Battronf.c Truck Otis Antares Engt. I 

of England Gould, [nco Corporation Elevator Co. 

Initial cost Cb ) 59500 56600 S10.834 $11,000 N/A 

Dimensions 

Wheelbase (em) .262 206 2~0 2~~ 3B1 

Length (em) 376 33B 368 351 ~8B 

Width (CQ) 163 179 188 15B 191 

Height (co) 191 1B7 23~ IB8 175 

Cargo capacity em3) S/A 1.7 N/A Nt:.. ~.95 
;0: 

Curb weight (kg) 1619 16~6 2633 16~2 2315 

Payload (kg) ~09 306 
!'; 

227 227 ~S4 Ii 

Batteries (e) i: 
\' 

Number of units 2 1 2 2 36 
, 

Tocal cells 3& 27 56 ~8 108 

lleight lib) 1812 1260 2~00 1040 2340 

Motor 

TYpe DC sedes DC compound DC sertes DC series DC series , , 
Rating (kll) 9.33 7.5 31 22./, 16 

controller Thyristor SCR SCR Contactorl 
resistor 

TransD1ission Sone None 2 speed Modified 
automat.ic 

(a)Count or estitnate of total number which, are or have been purchased 
the United States and Canada. 

fat' use application within 

(b)Purchase-price or estl~ted inltlal cost. conv~rted to 1977 dollars. 

Co) All are lead ,acid. paSted plate construction except for HarbUt whi~h has tabular construction. 



Table 9-2(a). Vehicle CharacteristicS(a) - Passenger Cars 
(English Units) 

t~ur.lbcr of vehicles 

Total in use (b) 

Total surveyed 

Manufacturer 

Initial casteel 

Dimensions 

Wheelbase (in.) 

Length Un.) 

Width Un.) 

Height (In.) 

Number of passengers 

Cur~ weight (lb) 

!kltteries (d) 

Number of units 

Total cells 

Weight Ub) 

Motor 

type 

Rating (hp) 

Controller 

Transmisnion 

Citiear 

"1500 

230 

Sebring 
Vanguard 

$3300 

63 

9S 

SS 

S8 

2 

12S0 

8 

24 

".480 

Elcar 

20 

Zagata 

$3S00 

51 

84 

53 

63.5 

2 

1091 

8 

48 

'-480 

DC series DC series 

6 2.1 

Volt.1se Voltage 
switching switching 

None None 

EVA Sedan 

"·IS 

10 

EVA 

511,000 

96 

114 

64.S 

56.6 

4 

3150 

16 

48 

1040 

DC series 

12 

SCR 

AutoO'l3tic 
transax1c 

(a) Characteristics reflect current or most comnon model 

:f.)rs II 

45 

8 

EFP 

$9500 

89 

161.5 

60 

55.5 

5 

4040 

4 

60 

1900 

DC series 

15 

Voltage 
switching 

4 speed 

Eve 
lsl.mdcr 

25 

EVE 

N/A 

94 

125 

1S.5 

60 

4 

2S00 

14 

42 

850 

DC series 

10 

H/A 

N/A 

Electra. 
King 

300 

o 

soz 
Electric 

$3500 

65 

101 

45 

60 

2 

1350 

8 

24 

510 

DC series 

3.5 

Voltage 
switching 

Nonc 

(b)Estioacc of total number which arc. Or have been. in uroe application in the U.S. and Canada. 

(c)Purehasc price in 1977 dollars. 

(d)All are l(!ad acid, pasted t'l.1tc eonstruc.tion. Mat's II .uo 1e.ld 4cid/cob,t1t. 
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Table 9 -2 (b) • Vehicle Characteristics(a) - Passenger Cars 
(Matrie Units) 

Citicar Elc3r E\'.\ Setfall ~fars It 
Eve Electr3 I Islander I\ing I 

Number oC vchicl~s ~ 
1 
1 

Total in use (b) .1500 100 .15 45 25 '.300 
I 

II Total surveyed 230 20 10 8 25 0 

Manufacturer Sebring Zagato EVA EFP EVE B.Z :1 Vanguard Electric 

InitIal coot (e) $llOO V3500 $11 ,000 $9500 N/A $3500 

Dimensions 

tlhce1base (em) 160 130 244 226 239 165 

Length (em) 241 213 442 425.5 318 257 

Width (em) 140 135 163.8 152 191.8 114 

Height (em) 147 161.3 143.8 140.9 152 152 

Number of passengers 2 2 4 5 4 2 f ' 
Curb weight (kg) 567.5 495.3 1430 1834 1135 612.9 

Batteries(d) 
:,1 
; il 

'II 
NUtlbcr of unics 8 8 16 4 14 8 pi 
Total cells 24 48 46 60 42 24 :~ 

! 
I, 

lIelght (~b) "'480 "-480 1040 1900 850 570 

Motor 

Type DC series DC series DC series bC series bC series DC series 

RJitlng (kll) 4.5 2.0 8.95 11.2 7.46 2.6 

Conttoller Voltage Voltage sca Voltage N/A Voltage 
switching switching switching switching 

Tran$mission Nonc None Autolll3tlc 4 speed N/A None 
transaxle 

(a) Characteristics reflect current or most cotnmOn model. 

(b)Esti~te of total number Which arc at have been purchased for use application In the U.S. and 

:1 
_Can~da.. 

CC)purchasc price in 1971 dollars. 

Cd) All are lead' dcid .. pasted plate con9tructlo~. 
I 

Mars t1 arc lead aCid/cobalt. I' ,I, 
Ii 
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Procedure - SAE J227 as an SAE Recommended Practice. However, it has 
not been co~nonly followed by the EV industry and manufacturers 
continue to provide whatever performance specifications they deem 
suitable with little or no definition of the basis of those perfor
mance specifications. Definition of vehicle performance also is com
plicated by changes in vehicle components affecting performance without 
change in vehicle identity. 

In an attempt to better define the performance capabilities, 
data from performance tests which may have been conducted by or for the 
user were requested from users as part of the In-Use Survey. Per
formance characteristics obtained from manufacturers' specifications 
and users are given in Table .9-3 for the work vehicles surveyed and in 
Table 9-4 for the passenger cars surveyed. The vehicle test element 
of the State-of-the-Art Assessment is intended to provided definitive 
data on performance capabilities of current electric vehicles, includ
ing many of the vehicles in the su~vey population. Therefore, it is 
not necessary to attempt to draw conclusions on performance capabilities 
from the limited and inconsistent data presented in Tables 9-3 and 9-4. 
These data are presented to provide an indication of the performance 
capabilities of the vehicles surveyed and does permit the following 
general observations: 

• The best performance capabilities in terms of speed, 
acceleration, and range are generally exhibited by 
the heavier vehicles in each category, i.e., the 
Battronic Minivan and CDA Van among the work vehicles 
and the Mars II among the passenger cars. This can 
be attributed primarily to the higher ratio of 
battery weight to total weight for these vehicles. 

• Vehicle range is extremely sensitive to speed and 
driving cycle and is limited to less than SS mi 
(88 km) in city or urban driving for a~l but the 
Mars II. 

• Top speed is less than 40 mph (64 km/hr) for all but 
the two heaviest vehicles in each category. 

• Acceleration times for 0-30 mph (0-48 km/hr) for the 
majority of the vehicles are more than twice as long 
as those for comparable ICE vehicles. 

• Sustained speed capability on a 10% grade is less 
than half of top speed for the vehicles reporting 
speed on a 10% g:ade. 

9.3 APPLICATIONS AND SUITABILITY 

Applications of the electric vehicles surveyed ranged from 
miscellaneous use as private automobiles to assignment to specific 
routes in commercial duty. The vehicles categori:ed as work vehicles 
were all involved in commercial applications. Some of those 
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Table 9-3(a). Vehicle Performance - Work Vehicles (English Units) 

Source 

Top Spud (.ph) 

Aced,rIUon- ctlle 

1)..20 IIph (sec) 
0.30 "ph (.ee) 
O .. U IIph (ICC) 

Jt.jnae (conlcant .peed) 

at 25 .ph (Ill) 
It 35 IIph (111) 

Ran" (dri"'"' eyel., 

Cycle 
R.IIn,. (III.) 

CradAb11f.cy 

Speed on 10% Irllde 
(mph) 

Fuel £conolll)' 

eyell 
Power c:onsucption 
("''''h/lli) 

HatbUt 

K:lnuf. 
Specl. 

" 

NA .. 

12 

N' ., 

:t.inut. 
Speel. u.~.P.;S. 

If A NA. 
20 20 
til, tfA 

N' .. 
PC(3) 

29 

1. 

H' 
N' 

., 
]0(1) 

PC 
2. 

.. 
H' 
U, 

1Rance at 30 IIIpb. vl!hicle could not Iwstain 35 IIph .peed 

!I~ttrOnlc'l' 
!itnlv.n 

Manu!. 
Spees. 

N' '.1 
17 

so-ss 
42-47 

N' 

"' 
27_28(4) 

CD 
1.2 

,. 
.. 
N, 
NA 

aU) 
21(6) 

N' •• 

2A11 values excepc eop .peed Uti tor the "lo\l""ange" trlnslilluton IIpeed as that provided the beat 
pureRulnce 

leD. de), driving; PC • POStal cycle; B • J-Z%7 a-eydo 

'speed on 5% grade; .pollid on 10% Brade not re~orted but speed to(' 20: .('ada Wil. 10-11 IIph 

'Kanl. value ,. ta(' 30 tlph 

6RepafUci b, NASA tew&. Ruearch Cenur 

7R4IInall value I' for ':'0 mph 

8Special c;It,. driving ~>,c;le at 2 stCp. per :lUe .lncl tep speed of '0 cph blltllt!en steps 

CD' 

" .. 
" N' 

CD(S) 

" 

N' .. 

categorized as passenger cars were in commercial use, but the majority 
of the passenger car vehicles were in-use as private automobiles. 
Various use purposes and daily routines are involved in both the com
mercial and private applications. Suitability of the vehicles surveyed 
in terms of ability to perform the duties for which they were purchased 
varied with both the vehicles and applications, but the majority were 
adequate for the uses involved. 

9.3.1 Use Purposes 

A variety of use purposes was reported for the vehicles 
surveyed. Some uses involved very specific purposes such as the use 
of the Harbill;s and DJ-SEs bv the U.S. Postal Service for mail delivery. 
All of the work vehicles wer~ involved in commercial use and most were 
aSSigned to well defined duty routines. In the case of the Battronic 
~tlnivans involved in the Eve Program, the primary uses to which the 
vehicles were assigned vaTied considerably between utility companies 

9-8 

'" I 

\ 



II 

Tsble 9-3(b). Vehicle Performance - Work Vehicles (Metric Units) 

Sauronlcc:n .)t15 CDA 
MarbUt DJ .. n: !'Ilnl"'an P-50/) V" 

Source ~fluf. !ianuf. ~.1nut. !fanuf. 
Specs. Spc('" U.S.P.S. So('rs, Specs. CDA 

Tep Speed 3l 4. 3l )5 .. 60 4. " 
Acceleration tl1:1e 

O-lZ kill/hI' (sec) 16 NA NA .. ,. .. 
0-108 k~/hr (sec) " J2 12 lto.6 .. " 0-72 kM/hr hoc) NA NA NA 27 ,. NA 

Range (contUnt apeed) 

at 40 kill/hI' (1u!I) NA NA .. 80-88 ,. NA 

at S6 kill/hI' (kill) .. .. '8(1) 
5o-n 
42-~1 64(5) 152(1) 
67-lS 

ltange (drty!n, rydol 

Cyela CDC]) peU) " .. a(l) CO(8) 
Range (ktI) •• " ·4. NA 34(6) " Gfallability 

Spced on 10% arade \9 " 22 27_28(4) IoS(4) ,. 
(ktl/hr) 43-4S 

Fuel Economy 

e)lde NA NA NA CD NA .. 
Povet' cQnlumpt too NA SA NA 0.75 .A ,. 
(kUh/klll) 

lRange <lot loB 1m/hI', vl;lhlclll o!Quld noc lustoln 56 kill/hI' IPeod· 

2,\11 values OlCcopt top speed are for tho "lolol-rango" uansl:Ilsslon speed as Chat provided the best 
periomancc 

'eo. city drtvlns; PC • ponal cyc:1e; B • J-2Z7 B-c)c1e 

4speed ~ 5% grade; speed on 10% ;rolde nat reported but spoed for 20% Brode V,,"5 16-18 Itm/hr 

5Ronco "'ollue lB for 48 kr.I/hr 

6Rcported by :t"S" LevlII Resear .. " Center 

'Range value 111 for 61. kr.I/hr 

8SPCCIal city drtv1ng cycle of ~ stops per mUe and cop • .,eed of 64 km/hr buvllen stope 

involved in the program and even between vehicles within some utilities 
with multiple vehicles. Uses of the vehicles categorized as passenger 
cars tended to be less specific and more varied than for the work 
vehicles. Multiple use purposes were reported for many of the pas
senger car vehicles, including combinations of private and commercial 
or business use. 

Primary use purposes most commonly reported for the 
vehicles surveyed (in approximate descending order of frequency 
reported) are: 

Delivery 
Commuting 
Shopping and miscellaneous errands 
Customer service 
General purpose private automobile 
Inter-facility mail tl!lck or shuttle bus. 
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Table 9-4(a). Vehicle Performance - Passenger Cars (English Units) 

Tup tll' .. • ... -d (mph) 

~,,·,· .. ·It..·rat lUll tim,· 

U-!O ml,h hwc) 
11- JO mill! hit.'!:) 

H,IIl1W h-IIIISI.lllt ~l'''''''d) 

.. t !') mph (lnt) 
•• t I') Injlh (1111) 

H,lUg,' (,jrivju~ <"),,-1 .. -) 

Cydl.." 
R.III':,' tml) 

Cr.IIl',';11I I lit Y 

Sp,"") un IIlZ gr;u.h.· (mph) 

Fln .. l II!ntll.,my 

I:y.-I,· 
V.ow,·!" ":,,",,;UII1I,t lun (kWh/lIll) 

"Si't*4.:'J nl" ,-y"I ... , lint f;1,,·.'lfl.'d 

M.lnuf. 
SIIL!CS. 

18 

S 
I' 

NA 
40_')08 

NA 
40_ .. 0<1 

NA 

CD'" 
LI.l'l 

Cltlcar 

CunslIr.u.:rs 
Unlun 

32 

NA .. 
NA 
NA 

CUb 
Il.b 

NA 

CU 
0.43 

EVA 
1:.1 ...... Sed"n H.lrs Il 

rlantlf. Crmstlm",rs Hanur. Curnell 
SpL·.·.J. lInhln SIll'CS. 

u Aerunautical 

" 29.5 ,. ..b 
NA NA NA NA 
llo.S 21.; 13 22· 

NA NA '7 12US 
NA NA 4U )Dog 

CU CU Cd CD 
IU n.2 21 13 

NA NA IS NA 

CII CU CD NA 
0.21 0.39 0.59 NA 

bC,lIIliillm,.rli ttntl1l1 ~lnIlJlal,·d urhml drivIng, levt!l I-ml l'lILJI'S&!. I-rtlfn rl.'~t a{tcor 1'11\:h mil&!. IS min l'l!st eddl half hour 

"City IIrlvlng Cydl' 

dt-'tum "':;l rcpul'l ;llItlll,rl.'d l"lnt!v by t!VA ;lIld tlASA I,~'wt:i Kt"~edn'h Centl.'r 

1.',: b SAto: .I1V C: Cydll 

tS'lltr'I~'II ... ItIOiry Ill·rt .. rlll.ItII'~' d.lt;) :illllpiled by l·l.'llllsylvmll,iI J>UWl'( .lI1d 1,ls"t Cu. (user) 

• ,\.'~~·h·r.lt"lU lhlw If rnr 0-'0 Ilt!'h mid rdnge VdlLJ&:'s OIr.,. f.,1' 1'.mtot'lIlt SIU.·l·ds uf )0 amI 'Ooph 

hf(,-udum SlIIIH •• 1"'vL'l hlrraln 

'SI .. ·.·d un ,I 22% J:I'.hl., 

Eve 
Islunder 

tbnufO-
Specs, 

3. 

NA 
NA 

N' 
NA 

ash 

'0 

NA 

NA 
NA 

_ .. '--,._-'- _ ....... -~-. ----~ --..,.,..,--..,...-~~-.. ~ 

!'~I;!cu:a 

1\lns 

M.lnuf .. 
SI'I~cS. 

29 

NA 
NA 

NA 
].A 

CD 
23 

101 

NA 
NA 

.:;.;;;;;; 
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Table 9-4(b). Vehicle Performance - Passenger Cars (Metric Units) 

,VA 
Cit 11!,ur ElcDr Sl!'don tbrs II 

fbmuf. Consu!:!c!':! H.lnuf. Conz;uclI.·rs H;mor. Cornell 
Spec ... Union SlIces. Unlun Slh.·':!I,d ACl'onautkal 

Top sllcl!d Ckm/hr) bl " ,. 41.2 .0 ..' 
Accclcr~tJon cSac 

0-20 knalhr (ace) 8 NA NA NA NA NA 
0-]0 klll/hr (ue) 2. 10 :n.1 .. 21 " 

RanC!! (cunstant IIl"ced) 

OJt 2') kll/hr (km) NA NA NA IlA 9' 19;:1; 
llt 1S kID/hI' (kllI) 40-')Ua N' IIA NA .. 160g 

Ranse (driving "yete) 

Cyt'lc NA cu· c:u cu C< CIJ 
a,l1Igt· (l.ra) 6(0_80<1 502.2 •• Sl.1 ,. 111 

Grdde.lbl11ty 

SI'c"d au 10% &rade (kc!hr) HA NA NA NA 2' NA 

Fue 1 CI.'UI111111 

Cyde C[lc L~' CD CO CO NA 
r .. lorur consumjltJon (kt.lh/km) 0.18 0.27 0.11 0.24 0.37 NA 

dSpccd ur cycle nul Slll:dftcd 

bCon:lllmt..·rs Unlun simulated urhan driving. level Ol1c-mlle cuunu:. Olll.' minute rc:~t artl"r- eilch mUe. 1') mlnuu.' r-t':lt (!-olda lml( hour. 

'" City Or-Ivlng Cycle 

d fr •• m tl.'st I"cl'urt tmthor-... -.J JolnLly by EVA .mll flASh LcwlH Rl·ti~·.Ir-l;h Ccnll.'r 

l'e J:t S/U·: .12l7 C Cy.·I~· 

tsU\.\,lcDl'ntdry 1",J"f,.rQ,.lIu:c d •• t .. :mPtll h·d by P'.'Iln"ylvllnl'l i'tlloll'r- an.1 L11:ht CII. (tI!;,'r) 

gAcn~l"roltJcn LJmc Itl fur (1-64 kc:l/hr lIud r,mge vuhlll"ti • .orc fur ,·uust.lIIt ~I'C,·d9 ui 48 ke!~!,· tlnd fl4 km/hr 
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Thes~ purposes are Benerally cons:i.~ Lent with those identified by 
studies of potential apl'1.icaticlOs for electric vehicles and are charac
terized by limited ranse requit'ements, low payload requirements, and 
little need for operation at high speed on major highways or freeways 
or on extended or steep grades. The surprising aspect in the reporting 
of use purpose was the llumber of people identifying their EV as their 
only private automobile and therefore a general purpose vehicle. 

9.3.2 Daily Routines 

.. aily routines for the electric vehicles covered in the 
In-Use Survey range from repetitive performance of specific routes on a 
daily (workday) basis to random day-to-day use. The vast majority of 
the daily routines involve less than 20 mi (32 km) of travel per day. 
However, the CDA Van and some of the Battronic Minivans had frequent 
reported daily mileage in excess of 40 mi (64 km). Over 90% of the 
vehicles in use for a year or more reported annual mileage of less than 
3000 mi (4800 km), which is less than 15 mi (24 km) per day, even on a 
2S0-day (workday) basis. No vehicle surveyed indicated an annual 
mileage over 7500 mi (12,000 km), a daily average of less than 30 mi 
(48 km). 

The EVs in use for mail delivery by the U.S.P.S. constitute 
the bulk of the surveyed vehicles operating on a repetitive route basis. 
Routes to which these vehicles are assigned are in urban and suburban 
areas, generally of basically level terrain, and involving distances of 
S to 15 mi (8-24 km). These rOlltes are more denanding than indicated 
by the mileage as they generally involve about 200 stop-starts and in 
some cases up to 400 stop-starts. Most of the EVs in use uy the 
utility companies and those of Bell Telephone are involved in customer 
service duty. This consists of such activities as equipment installa
tion, removal, and repair and involves routing of the vehicle on a 
demand basis, resulting in a daily routine which varies in number of 
stop-starts and mileage. Such a routine requires greater reliance on 
state-of-charge indicators to avoid stranded vehicles than does use on 
a repetitive route. 

naily routines reported for the passenger c~rs generaLLY 
exhibit subscantial variation. However, those vehicles used primarily 
for commuting have fairly regular daily ~outines. Other vehicles vary 
from substantial use some days to no use on many other days. These 
tend to be mostly vehicles used as second or third ca.s fer shopping 
and miscellaneous errands. However, even some use of the vehicles 
inVOlved in commercial applications, particularly some of the Battronics 
owned by utility r.ompanies, are used sporadically. 
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The majority of the in-use '/ehicles are recharged on a daily 
basis, generally during storage overni"ht. However, some vehicles, 
primarily those with sporadic usc, are charged much less frequuntly. 
A substantial number of passenger car users reported charging their 
vehicles during daily use, as well as overnight. Sollte of these were 
vehicles used for commuting where arrangement had been made for charg
ing at the place of work. Additional detail on vehicle application and 
daily routine is given in the sections for individual use programs and 
vehicle models of Chapters 4-7. 

9.3.3 Suitability for Intended Purpose 

Success in performance of intended purpose of the vehicles 
surveyed varied considerably with the vehicle and application involved. 
In some cases lack of success in performing the intended purpose was 
due to basic inadequacies in the design or construction of the vehicle 
involved, but most unsuccessful applications were the result of a 
mismatch between vehicle performance capabilities and application 
requirements. Range at the driving cycle involved was the most common 
deficiency. The mismatch usually resulted from inadequate appreciation 
on the part of the user for the limitations of the vehicle or demands of 
the application. However, overstatement of the capabilities of the 
vehicle by the manufacturer or ambiguities in manufacturers' perfol~ance 
specifications were responsible for some misapplication. 

Most of the vehicles surveyed were able to fulfill the duty 
routine for which they were purchased or to which they were assigned. 
Most of the deficiencies experienced have been in failure to achieve 
expected or satisfactory reliability and cost performance. Successful 
application of electric vehicles in terms of perfornance of assigned 
routine is usually the result of careful planning of the application and 
matching of the vehicle to it. This is done in most cases by identify
ing an application that is "'ithin the capabilities of an available vehi
cle. In other instances a vehicle is designed for a particular applica
tion such as in the case of the CDA Van or procured to specifications 
written by the user to meet applicati-n requirements, such as in the 
case of the U.S.P.S. procurement of the OJ-SE delivery vans. 

Careful matching of vehicle and application is usually la~,k
ing in cases in which the EV is not able to perform the assigned duty. 
Some of the Minivans involved in the EVC Program are victims of this 
problem. A single vehicle model was procured for 62 individual user 
utilities, and many of these did not involve their fleet managers in the 
procurement. lilien the EVs were received by these managers they t'lOre 
assigned to routines being performed by ICE vans of similar size and in 
many cases did not have sufficient performance or ranGe to adequately 
perform the assigned duty. Some utilities surveyed reported they t,ere 
unable to find any existing vehicle applications .lhi<:h could be satis
factorily performed by the electric van. One-fourth of Citicar owners 
surveyed reported that the vehicle was not satisfactory for the applica
tion for which it t~as purchased. 
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Satisfactory applications of EV's surveyed tended to be 
those involving fixed· daily routines which had requirements In terms of 
range, speed, and acceleration which were lIell .,1thin the capabilities 
of the vehicle. The delivery route application of the U.S.P.S. and .he 
commuting application reported by many of Citicar owners are primary 
examples of such fixed routines. The vast majority of-successful appli
cations of existing EVs tend to involve daily mileage of less than 20 mi 
on fairly level terrain in mild climates. However, some use experience 
such as .that with the CDA Van and some of the Battronic }!inivans demon
strate tha.t EVs can be capable of performing more demanding routines. 

9.4 EFFECTS OF HEATHER ON USE 

The most significant effects of weather on the use of elec
tric vehicles are those associated I"ith temperature. Ambient tempera
tures above 90°F (32°C) often result in excessive battery water loss and 
some loss in efficiency. This is generally caused by the overcharging 
of batteries which occurs l'lhen they become too hot and has, in some 
cases, resulted in battery explosions. Low ambient temperatures can 
result in si[7l:!.ficant loss of range and efficiency. Heasurements taken 
by Hydro-Quebec of Hontreal, Canada, showed that the power available in 
the vehicle batteries \'lhen the electrolyte was at -5°C (23'F) was only 
65% or about 2/3 of that !-lllen the electrolyte was at 20°C (6S·F). Since 
approximately the same po.rer input is required to charge the batteries' 
at either temperature, the reduced po.,er capacity represents a loss in 
energy efficiency as !-Tell as range potential. 

The effect of cold weather is illus trated by the U. S. P. S. 
experience in Evansville, Indiana, where electric power consumplion per 
vehicle mile increased almost 50% in January over average warm weather 
consumption, and ranee I·ras so diminished that some vehicles could not 
complete 5- or 6-mi (8- or 9-km) routes. Use experience and test mea
surements have shol·m that if an electric vehicle is in fairly constant 
use (no stops lonGer than 2 hr.) during ~ven quite cold days. the elec
trolyte temperature docs not drop enough to significantly degrade per
formance. Therefore, if 'an EV is stored in a heat>!d S3rage overnight or 
the batteries arc heated to prevent cold soalting, the EV can operate in 
cold climates <lith no significant loss in range or efficiency as in the 
caD!:! of the CDA Van. PassenGer compartment heating in most EVs is pro
vided by gasoline heaters, so the vehicles generally consume a few gal
lons of gasoline per wcel~ as well as electricnl po"er in cold weather. 
Inadequate heatinG of pnSGcnGer compartments of EVs was frequently 
reported n$ a probl~m by users. 

Ur;e el.:perience indicates that the heavier EVs generally per
form better in snOw and ice conditions than their IC engine counter
:-arts. This is attributed to their greatar "eight due to batteries and 
their generally lower acceleration and speed capabilities, whi~h are 
mor" compatiblc t~ith operation on snml or ice. Users of the li~~lter 
electric vehicles reported Borne probloms 11ith inc!emant "eather opera
tion. Hany of tlle Citicar olmers surveyed reported problems nnd dis
sntisfaction \-lith the l-Iay their vahiele operated in bad I"eather. and 
30~, reported that they ,avoid usinG th"" vehicle in bad I·reather. 
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9.5 AVAILABILITY AND RELIABILITY 

One of the primary attributes generally associated with 
electric vehicles is high reliability. Reliability and durability are 
the factors pointed to as offsetting the high initial cost of EVs by 
enabling longer life. Therefore, determination of reliability e~peri
ence in actual use was a primary objective of the In-Use Survey. The 
data collected on use e~perience with U.S. EVs do not support the con
tention of high reliability as measured by failure rates and repair 
costs. Availability, the percentage of time a vehicle is available for 
use, generally has been adequate but not outstanding. However, the 
reliability indicated by the e~perience with U.S. EVs should not be con
sidered as conclusive in view of the developmental nature of the 
vehicles involved and the limited amount of use e~perience. lIuch higher 
reliability and availability is indicated by the U.S.P.S. experience 
with the Harbilt vans and longer time foreign use experience. 

9.5.1 Availability 

The percentage of days a vehicle is avhilable to perform 
its intended usc - its availability - is an important measure oi the 
usefulness of the vehicle. Availability, as used in this Survey, is 
defined as the percentage of days on which a vehicle successfully com
pletes its assigned duty. Fleet operations of light duty vehicles gen
erally e~pect availability to be 98% or better. Vehicles which break
down and are unable to complete their routes or trips and those dead
lined .for repairs are counted as unavailable. Therefore, availability 
is a measure of both frequency of failures and repair time. Unfortu
nately, definitive data on availability were not obtainable for most of 
the vehicles surveyed due to inadequate record keeping or reporting. 

The most detailed and comprehensive records of vehicle avail
ability obtained were those supplied by the U.S.P.S. on both the DJ-5E 
and Harbilt vehicles. Fleet-wide availability for the DJ-SE .ras 
reported as 97%, detail records from the two largest ope~ating sites, 
San Bernardino and Torrance, showed monthly availability ranging from 
94.2% - 98.5%. Consistency of use and reporting on the other major use 
program, the EVC Program, has not been sufficient to establish vehicle 
availability on an overall basis. However, records of 6 specific 
Battronic lIinivans e~hibit average availabilities of 53% to 98%. 
Reports of long delays in obtaining repairs or parts by users of Citicars 
and EVA sedans indicate the availability of those vehicles has ~ot been 
particularly good. In contrast to the availa':>ility experienced with 
these vehicles, the availability of the U.S.P.S. Harbilt vans has been 
in e~cesS of 99%. 

9.5.2 Failure R"tes 

The number of failures e~perienced as a function of time 
or usage is generally referred to as the failure rate. In the case of 
vehicles, failure rate is mqst commonly measured in terms of mileage. 
The failure rates indicated by available data on U.S. vehicles 14ere 
nearly ten times as high as 'ailure rates for comparable IC engine vehi
cles. The high rates can be lttrihuted largely to the developmental 
nature of EVs manufactured in the United States. ~!any of the (ailures 
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can be expected to be corrected by design modific:ations :Jnd production 
improvements tlhii:h occur during a vehicle's development to production 
maturity. Some .Qf the failures are also due to driver error and can be 
expected to decreaoll t~ith time. Ao the result of correction of infant 
mortality problema, installation of modificationa, and increasing driver 
familiarity, failure rates for the U.S.P.S. DJ-5E already exhibit a 
downtrend Ilhich ind1ca~eD that the long term failure rate 1,111 be less 
than 1/3 of that eKperienced to date. 

Although reported failure rates are not necessarily repre
sentative of electric vehicle capabilities, they do reflect current use 
experience with EVs in the U.S. and Canada. Failure rates obtained 
from users who could supply such recorda are presented graphically by 
program lind vehicle model in Figure 9-1. This graph shows that failures 
reported for vehicles surveyed generally represent rates substantially 
in excess of one failure per 1000 vehicle mi, except for the U.S.P.S. 
lIarbilt vans which have eltperienced a rate of less than one failure per 
10,000 mi. 

9.S.3 Faiiure Moaes 

In addition to failure rates, the In-Use Survey attempted 
to identify failure modes of the in-use vehicles surveyed. Failure 
mode as used here refers to the component or element of the vehicle sys
tem which actually failed. Determination Jf the frequency of incidence 
of failures by mode is essential to identification of co~ponents or 
elements Which may be the culprits responsible for excessive failure 
rates. The two major use programs provided adequate records and a suf
ficiently large data base for reliable determination of failure fre
quency by mode. In addition, failure modes and frequencies reported by 
respondents to the mail-out survey of Citicar o'mers provide a breakdown 
of failures for that vehicle. Relative frequency of failure modes is 
Ilresented in Table 9-5 for the DJ-5E, Battronic Minivan, and Citicar. 
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It is clear from Table 9-5 that the primary failure modes 
are within the electric drive systems of these EVs. Vehicle failures 
for the U.S.P.S. DJ-SE are somewhat under-reported because the failure 
mode analysis is based on warranty repair records and some vehicle
related failures are corrected by U.S.P.S. mechanics. Electric drive 
system failures on the Battronic Minivan are evenly distributed among 
c'omponents except for the motor. Only the Citicar ShOl4S the motor as a 
significant failure mode. The controller is clearly the primary failure 
mode for the DJ-5E and as such has been the focus of modifications by 
the manufacturer. Blown fuses is the primary failure mode reported for 
the Citicar. 

9.5.4 Repair Times and Repairability 

Reported experience with in-use electric vehicles indicates 
that repair times are quite short in terms of man-hers to make the 
repair but excessive delays in getting parts needed to repair vehicles 
are common. The majority ,.,f Citicar ownerS who reported doing their own 

Table 9-5. Failure Mode Frequency 

Failure Mode 

Electric drive system 

Battery 
Connoller 
Hotor 
Fuses 
Charger(2) 
Charge ~!eter 
Converter 
Oth.~r 

Vehicle 

Brakes 
Lights 
Accessory battery 
Other 

Other Failures 

Total 

Driver caused 
Unidentified 

Percent of Failures Reported 

U.S.P.S. 

15 
47 
1 
9 

12 
2 

5 

1 
1 
1 

6 

DJ-5E 

91 

3 

6 

100 
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Battronic 
Hinivan 

10 
10 

1 
10 

9 
12 
11 

3 

63 

34 

3 

100 

Citicar 

7 
9 
9 

41 
10 

21 

3 

76 

24 

100 



repair work otated thac the vehicle ia eaoier to repair than Ie engine 
vehielea bue that parto are harder to get. Harranty repair records 
indicate that repario for the OJ-SE require an average lesD than 1 man-hr, 
yet many vehiclea arc dead lined for weeko at a time aoraiting rep lacemenc 
batteries and in a few casco aWaiting motor or contoller parts. Poor or 
virtually no support from manufacturero or dealers io a much too frequently 
encountered complaint of EV users. 

9.S.S Battery Performance and Life 

Battery performance, primarily in terms of life, has been the 
Dingle biggest problem of usc experience with 'electric vehicles in the 
U. S. and Canada. All of the in-use vehicles surveyed arc poorered by lead
acid batteries, che performance of which decer:~orates significantly in 
cold weather if they are allowed to cold soak. '~atteries have also pre
cented problems in very hot .reather. They tend t'o require excessive 
amounts of maintenance time and significant amounts of distilled water. 
In many case~ the batteries provide insufficient or barely adequate range 
and this deteriorates as the batteries age. However, the biggest problem 
the batteries present is the short life they provide for the cost involved. 

Of the vehicles surveyed, only those involved in the U.S. 
Postal Se.vice Program have sufficient accumulated use and adequate 
records to define experienced battery cycle life. The U.S.P.S. OJ-SEs 
have been experiencing a battery cycle life of about 300 cycles. The 
manufacturer belie'les to have identified and solved the problem and 
expects to be able to achieve a cycle life of 1500 cycles in the Poscal 
Service 1pplication. However, the 300 cycl~s is representative of the 
life reported !>y most other users. With the exception of the U.S.P.S. 
Harbilt Jehic bs, none of the vehicles surveyed have been able to gec 
much over 5000 miles out of a set of batteries. At the daily average 
mileage Jf most EVs this represents a cycle life of 250-300 oyc1es. 
Many USers have reported much shorter battery life. However, the Har
bilt vehicles offer considerable encouragement as they have all accumu
lated marc than 10,000 mi without any total battery replacements (a few 
vehicles have had one or two cells replacud). 

New replacement batteries for the vehicles surveyed cost 
from $400 to $3000. .This cost is generally correlated .Iith the "eight 
of the vehicle. Based on reported experience, battery costs for all but 
the Harbilt vehicle have been running about $0.10 per mile ($0.06 per 
km) for vehicles under 2000 Ib and as much as $0.50 to $1.00 per mile 
($0.31 - $0.63 per km) for the heavier vehicles. However, much of the 
battery replacement cost has not been borne by the user to date due 
to battery warranties. 

COSTS 

Total costs or life cycle costs of elect~ic vehicles inclUde 
initial costs, maintenance costs, battery replacement costs, energy 
(electricity) costs, and vehicle ownership costs, i.e., financing, 
insurance, and ta:tes. Estimates of total costs have been made for a 
few of the use programs surveyed but uncertainties, particularly over 
battery costs and repair costs, result in ranges too broad to be COil· 

sidered definitive. the difficulty in determination of vehic1., costS 

9-18 

., 

I 
\ 

, ~ 

, 
I 

'1 
~ { 

l 
:j 
! 
I 

'I , 
I 
i , 

') 
i 

,i 
i 

'i 
:j 

I 

',,'I ~ j 

!, 



stems from the fact that they are dependent on determination of so many 
factors, e.g., vehicle life, battery life, maintenance requirements, 
failure rates, energy costs, etc. Battery costs are the source of 
greatest uncertainty because of their relative magnitude and uncertainty 
as to battery life. Because of its dependence on battery life, battery 
replacement cost is discussed 1n the preceding subsection, Battery 
Performance and Lift. 

9.6.1 Initial Vehicle Costs 

Initial costs or purchase prices of electric vehicles tend to 
be considerably higher than those of comparable IC engine vehicles. This 
is due in part to the significant cost contribution of the batteries but 
primarily to low volume production, both of vehicles and components used 
by vehicle manufacturers. For example, costs for large, semi-industrial 
batteries used in the larger EVs tend to be significantly higher per 
pound than the much higher volume golf car batteries. However, low 
volume is not totally responsible for the relatively high initial costs 
because the Harbilt vehicle in use by the U.S.P.S. has an estimated 
initial c'~st of $9S00 in 1977 dollars, and Harbilt has produced such 
vehicles in quantities of tens of thousands for use in England. 

Initial costs of the vehicles surveyed ranged from $3300 to 
$10,800 in 1977 dollars (exclusive of the CDA Van for which no price was 
provided). Cost of the U.S. manufactured vehicles was ':oughly propor
tional to vehicle curb weight at a cost per pound rangil1g from about 
$2.00-$3.00 ($4.40-$6.60 per kg) with the lighter vehicles tending to be 
higher per pound. The Citicar at $3300 is competitive with subcompact 
ICE vehicles but is smaller in size and considerably lighter than most 
subcompacts. It has not been a profitable vehicle for the manufacturer 
at that price. The U.S.P.S. had to pay over twice as much for the DJ-SE 
(including its charger) than it did for the ICE Jeep at that time, 
$5700 versus $2700 in 1975 dollars. This two-times-the-cost of the ICE 
vehicle ratio is generally true for all of the EVs which are conversions 
of ICE vehicles. . 

It is generally claimed by manufacturers and proponents that 
the useful life of electric vehicles will be proportionately longer than 
that of comparable ICE vehicles to make up for the higher initial cost. 
Use experience in the U.S. and Canada is insufficient to prove or dis
prove this claim. However, the long term use of electric milk floats in 
England indicates this to be the case for mature EVs. 

:'1.6.2 Maintenance Costs 

Maintenance costs of electric vehicles consist of the same 
two major components associated with all vehicles; routine maintenance 
costs and repai~ costs. The major difference for EVs relative to ICE 
vehicles is that the primary compnnent of routine maintenance consists 
of battery .. ~tering, cleaning, and checking rather than engine tuneup. 
Electric veh1cles are reputed to have relatively low maintenance costs, 
but this was not substantiated by reported experience with the U.S. 
manufactured vehicles. Maintenance Costs were high due to battery 
maintenance requirements and high failure rates. 
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Reported routine maintenance costs vary considerably between vehicle 
mOdels and uoe programa. Th10 variation is largely due to the fact 
that battery maintenance io the major component of routine maintenance 
for EVa and time required for battery maintenance io heaVily dependent on 
the ntlmber. sbe. and accessibility of batteries. Routine maintenance 
requirements in terma of man-hours per.veh1cle per year are summarized in 
the following table: 

Vehicle/User 

DJ-SE. U.S.P.S. 

Battronic, E~~PP 

CDA Van 

Rout1np. Maintenance ~mn-hours 
per Vehicle per Year 

8 

38-116 

48 

The relatively low man-hour requirements for the DJ-5E can 
be attributed to the vehicle's Single unit battery and ease of access 
and to some economy of scale attainable 'with larger fleets. These man
hour requirements represent an annual cost of about $100 to $880 includ
ing overhead. The U.S.P.S. reported that the DJ-5E required an average 
of 30 gal of distilled water per vehicle per year, representing a cost 
of about $15. Other owners reported higher water consumption but defin
itive records were not available. 

Repair costs for U.S. EVs have been high due to excessively high fail
ure rates and high part costs. IndiVidual failures do not generally 
require significant man-hours for repair. However, failure rates have 
been so high and parts so expensive that total annual repair costs have 
been substantial. The best available estimates of annual maintenance 
costs per vehicle experienced to date are summarized in the following 
table: 

Vehicle/User Routine Maintenance Repair Total 

Harbllt/U.S.P.S NA NA $ 80 

DJ-SE/U.S.P.S. $100 $350 $450 

Battronic/Emp $400-1200 $150 $550-1350 

Mars II/Pennsylvania P&L NA Nl! $790 

EVE Islanders/Sea pinp2 NA NA $310 
Resort 

the above costs reflect the high failure rates of the imma
ture U. S. vehicles and.can therefore be expected to decrease wi th lon
ger te~ experience. Although maintenance costs for in-use EVs in the 



U.S. and Canada have generally been much higher than those for comparable 
ICE vehicles, which average about $200 per year, the U.S.P.S. experience 
with the Harbilt vans is evidence that EVs can have lower maintenance 
costs than ICE vehicles. 

9.6.3 Energy Costs 

Energy costs constitute a relatively small portion of the 
total annual costs or per mile costs of electric vehicles. This is due 
to the high initial costs and battery costs which must be ammortized 
over the life of the vehicle. The energy costs in all reported cases 
amounted to less than 10% of the total cost and in many to less than 5% 
of total. Energy costs vary with electric power consumption per mile 
and electric power rates. Consumption per mile varies with the vehicle, 
in rough proportion to weight, and with the driving routine. Electrical 
rates vary with the location and classification of the user, e.g., 
residential, commercial, etc. Reported electric rates paid by users 
have ranged from $0.01 to $O.OS/kWh. 

Despite the : latively small significance of energy costs to 
total costs for EVs, energy consumption has received a great deal of 
attention from EV users. It is the single factor most commonly moni
tored and scrupulously recorded. Users who ~'eem to have no record of 
battery or maintenance costs report energy cO:1sumption or costs in 
rigorous detail. Reported energy consumption is plotted versus vehicle 
curbweight in Figure 9-2. Using an average e~ergy cost of $0.03/kWh 
and the consumption rate of 0.3 kWh/mi/1000 ~b (0.4 kWh/km/kg) suggested 
by Figure 9-2 gives an average energy cost of SO.009/mi/1000 Ib 
($0.Ol2/km/kg) or about lc/mi for each 1000 lb of vehicle weight. 
This would result in a range for energy costs of $0.01 to $0.06/m1 
($0.006 to $0.038/km) or $30 to $180/yr, which compares reasonably well 
with actual r~ported energy costs. 

Energy consumption rates of electric vehicles, and therefore 
range, are very sensitive to driving cycle or routin". Those routilles 
involving more stop-starts per mile or higher cruising speeds result in 
higher consumption per mile. In addition to the routine, consumption 
rates of EVs also are very sensitive to driving style. John Hoke demon
strated this by driving his Citicar in both heavy-footed and conserva
tive modes (over the same route) and obtained consumption rates of 
0.42 kWh/mi (0.26 kWh/km) for the heavy-footed mode and 0.28 kWh/mi 
(0.17 kWh/km) for the conservative mode. U.S. Postal Service personnel 
report that heavy-footed delivery drivers can substantially diminish 
vehicle range from that demonstrated in tests. This sensitivity to 
driving mode is due to the fact that EVs achieve maximum efficiency only 
when full advantage is taken of the fact they do not consume energy when 
coasting. No use of this mode i~ made by drivers who only alternate 
between accelerator and brake. 
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APPENDIX 

QUESTIONNAIRE FORMS 
AND 

CONTACTED ORGANIZATIONS A~~ PERSONS 
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• Operator 
Address 
Phone 

• Owner/Sponsor 

, , 

• Number of vehicles 

• Type of use 

• Time in service (use) 

• Mileage per vehicle 

• Daily routine 
No. in daily use 

ELECTRIC VEHICLE IN-USE SURVEY DATA SHEET 
APPLICATION AND USE EXPERIENCE 

APPtICATIOl!. 

Total fleet Latest vehicles 
yrs. mos. yrs. mos. 

I Average I I Maximum J EJ 
Daily mileage per vehicle . 1 .... ___ -1 

Route characteristics Average Maximum Minimum 
Running speed (mph) 

Length of route (miles) 

• Stops per mile 

Locality (urban, etc.) 

Terrain (type or 
gradients) 

I I 
I ] 
I I 

A-Z 

\ 



• Daily average temperature 
Surrrner 

Winter 

" Are v.'hicles operated in: 

• Corrrnents on inclement 
weather operation 

• General remarks on 
vehicle application 

APPLICATION (Continued) 

Mean Maximum Minimum 

J 

Rain I Snow or ice I 

OPERATING AND MAINTENANCE STRATEGY 

• Normal depth o'f discharge ~I ====================: 

I 
• Recharge procedure 

(schedule, charge rate, 
etc.) 

• Routine maintenance 
(schedule, elements, etc.) 

• Battery replacement 
practice 

• Special facilities, 
strategies, or ccrrrnents 
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• Percent availability 

G Mean time (or mileage) 
between failures 

- Primary failure modes 

• Mean time to restore to 
service 

-Repair problems or 
delays 

- Battery life 

.Genera1 problem areas or 
cornnents 

• Cost of replacement 
batteries 

RELIABILITY 

I 
] 

I 

I I Cycles II 
I 

£Qill. 

_Repair and maintenance costs Per 1000 miles 
Electric power system 

Total vehicle 

.. Energy'consumption kw-hr/mlle 

• Electric power rate cents/kw-hr 

] 
Time II Mileage I 

I 

Per year 

• Coments . 

Estimated life cycle cost I 
:=::, ======-------~ 
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ELECTRIC VEHICLE IN-USE SURVEY DATA SHEET 
VEHICLE DESCRIPTION AND PERFORMANCE 

BASIC VEHICLE DESCRIPTIOII 

.Type of Vehicle 

• Manufacturer *) 

o Purchase price 

o Date of Purchase 

• Dimensions (inches): Wheelbase LJ 
o Weights (pounds) Curb Weight EJ 
o Traction Batteries: I Manufacturer 

Width 

U Model 

Voltage (total) Weight (total) Ampere-hours 

o POller Source tor 
accessories 

It Accessories 

No. of batteries 

at 2 hours 
discharge rate 

I 

o Battery Charger . • I~Ma_n_Uf_a_c_tu_r_er __________________ ~I~I __ Mo_d_e_l ______ ~1 

A-S 



BASIC VEHICLE DESCRIPTION (Cont1naed) 

• Motor(s) : I Manufacturer II Hodel 

I Type II 
hp I No. of Motors 

~w II Speed I 
o Controller : I I 
OTransm1~s1on : I I 
.T1rell : I Type II S1ze 

o Brakes I Primary sy~tem 
I 

Dynam1c/Regenerative System 

o SafetY Equipment : Compliance with Federal Safety Standards 

_Special Characteristics: 

*If a conversion; give both chasis manufacturer and rebuilder. 
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BASIC VEHICLE PERFORMAflCI: 
r·lanufacturer's specifications or test results 

e Range (miles) :EJEJEJCJ 
for a specific driving cYcle (e.g. SAE)227) 

~ 
• Top ~peed (mph) full charged 80% charged 4Q% charged CJ 
• Acceleration (sec) Full charged 80% charged 40::: charged 

0-30 mph --0-45 mph 

• Energy Consumption Recharge energy per anite 
for SAE driving cycle (kw/mile) 

• Recharge Time Ampere Hours 

Fast rate 
Slow rate 

- • ..!. 

• Battery life no. of recharges I time II mileage 

I 
• Gradeabllity (mph) : I at 5% grade II at 10% grade 

• Maximum Grade [ ~=.::. ===::;--' 
Capability (% grade) __ I 

~==~-------------~ Special perfonnance 
Capablli ties or 
Comments 
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PROPULSION LADORATORY Cali/ornia lnJlitute 01 Tcchn%t:!- 4800 Oak GrtJ1lt Drive, Pasadcna, CalifomifJ 91101 

Congress passed a bill titled "Electric and Hybrid Vehicle 
Research, Development, and Demonstration Act of 1976". This bill 
authorized the Energy Research and Development Administration 
(ERDA) to conduct a Federal program of re;earch, development, and 
demonstration desigried to promote electric vehicle technologies 
and to demonstrate the commercial feasibility of electric vehicles. 

California Institute of Technology's Jet Propulsion Laboratory 
(JPL) is supporting ERDA by conducting an electric vehicle assessment 
program. 6y completing the enclosed questionnaire you will help us 
determine the reliability, serviceability, and performance of electric 
vehicles now in use. The results of this survey will be used for a 
Congressional report as required by the Act. If you no longer have 
the vehicle, we would still like you to complete the form which 
includes space for the present whereabouts of the vehicle. 

As a nan-profit research center involved in advanced technology 
and space research projects, JPL has no affiliation with any electric 
car manufacturers or suppliers. All replies will be held in strict 
confidence so you can feel free to comment frankly when answering the 
questions. 

The results of the survey will be public information and will not 
include the identification of any individuals participating in the 
survey. If you would like to have a summary of the survey results, 
please fill in the enclosed card. 

Your assistance in this important work is greatly appreciated and 
will help in development of new and better electric cars. 

TtI'phan. J$44321 TetC% 61$4~1 

A-S 

Sincerely, 

~n~ 
. Task Manager, In-Use Survey 
Electric and Hybrid Vehicle Program 

Twx 911).588-$294 
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ERDA ELECTRIC VEHICLE SURVEY 

PLEASE ANSWER ALL QUESTIONS. Put an "x" in the blanks or write in space provided. 
(Note: Numbers in blue should be disregarded.) 

1. Do you still own and operate an electric vehicle? Yes___ No_ 

a. If No, have you sold the vehicle? Yes_ No 

If Yes, please fill in name of new owner, if known. 
Name __________________________________________ _ 

Address ________________________________________ _ 

City __________ State ____ Zip __ _ 

b. If No, and vehicle is inoperative? Explain ________________ _ 

2. Make of car: 

___ Sebring-Vangard Citicar _ Other; Explain ________ _ 

Elcar 

Homebuilt/Conversion 

3. If Citicar, 

Horse power? Type of side windows? 

2.S _ Sliding 

3.S _ Snap-on 

6 

4. When did you get your car? Month Year 

S. Did you have to wait for delivery after ordering? Yes No 

a. If Yes, how many weeks? ---
6. Present odometer (speedometer) reading? miles 

7. How often do you use your car? 

Almost every day Weekends 

_ Mosely on work days ___ Occasionally 
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ERDA ELECTRIC VEHICLE SURVEY (CONT) 

8. Average number of miles driven each day? _____ Miles 

9. ChecK normal uses of your car. (Check as many blanks as applicable) 
___ Commueing eo work Pleasure 

___ All-purpose vehicle 

__ Shopping and errands 

Business (deliveries or oeher) 

10. Do you charge the bateeries during ehe day? 
(for eKample, do you plug it in at work)? Yes __ No 

11. How far was the longest single trip you have made in ehe car? ____ Miles 

12. How often do you usually charge the batteries? 

More ~han once a day 

__ Every clay 

Less than every day 

13. Estimated number of charges per week ___ 

14. What is the estimatecl time for each charge? hours 

15. How far clo you usually travel between charges? 
'. Summer _____ miles 

Spring-Fall ____ miles 

Winter _____ miles 

16. Were you ever unable to complete a planned trip? Yes No 
17. U yes, how many times? _ EKplain ___________ _ 

A-10 
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ERDA ELECTRIC VEHICLE SURVEY (CONT) 

18. Have you eve!, noticed a lac!: ~£ power when operating at the listed 
outside temperatures? 

Yes No Yes No 

Below 32°F 71°F to 90°F 

33°F to 50°F Over 90°F 

51°F to 70°F 

19. Do you keep your car in a garage, or heat it before use in cold 
weather? Yes___ No 

20. Has your car been unusable for mora than three days at anyone time? 

Yes No 

If Yes, how many times? Why? 

No service Weather 

Couldn't get parts __ Other, Explain _______ __ 

21. Does bad weather stop you from using your car? Yes No 

22. Have you had to replace any batteries? Yes No ___ , If Yes, 

Power Batteries __ Lighting Batteries Both 

23. If Yes for power batteries, indicate all replacements if possible. 

Under factory warranty 

____ Number of times 

Number of batteries, 
if known 

Car mileage when 
replaced 

A-ll 

Afcer warranty 

_____ Number of times 

Number of batterins each 
time 

Batteries _____ Miles 

Batteries _____ Miles 

Batteries ___ Miles 

Batteries _____ Miles 



ERDA ELECTRIC VEHICLE SURVEY (CONT) 

24. Check any electromechanical problems other than batteries. 

Mo. of times Mileage, if known 

Fuses 

Controller 

Motor 

Charger 

Brakes 

Body 

Other 

If other, describe ___________ -----______ _ 

25. Is your electric car your only transportation? Yes No 

26. Do you have any way to figure the cost per mile of your car? 

Yes 

27. If Yes, give cost per mile _c arid describe how you 

calculat.ed. this figure ____________________ _ 

28. Do you use your car under the following listed weather conditions? 

Rain Yes No Over 90°F Yes No 

Ice Yes !to Below nOF Yes No -
Snow Yes No 

29. If ~o to an;r of number ,-
"~, E:xplai:l: 
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ERDA ELECTRIC VEHICLE SURVEY (CONT) 

30. Do you do your own major maintenance? Yes No 

31. If Yes, how does the work compare to conventional cars and are 
parts hard to get? 

Less Work Parts easier to buy 

About the same About the same 

More work Parts harder to buy 

32. Does your electric car meet your needs? Yes No __ , Explain 

33. List changes or improvement. needed for electric cars. 

34. If these changes and improvements were made, would you buy another 
electric car? Yes No 

35. PrimarY driver: Male Female 

36. Check age group of primary driver: 

Under 25 25-40 41-55 Over 53 

37. '~ere do you live? 

State ________ _ 

City or Town ___________ _ Zip 

38. Check driving area(s): 

_City Suburbs Rural 

NOTICE: PLEASE DO NOT ?UT YOU N&~ ON THIS SURVEY. IF YOU WOULD LIKE 
A COpy OF THE SURVEY RESULTS, PLEASE COMPLETE tHE "NCLOSED FOEUI. 
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• OWNER AND ADDRESS 

• CDNTACTPERSON, 
DEPARTMENT, TITLE 
AND PHONE 

o TOTAL MILEAGE TO DATE 

• REGULAR USE 

~LECTRIC VEHICLE INwUSE SURVEY DATA SHEET 
APPLICATION AND USE EXPERI~NCE 

I 
I 
I 

Of !fiE BATTRONIC MINIVAN 

PlEASE FILL oor ~NE 
Rattronic DATA SHEET (5 PAGES) Minivan No. 

FOR EACR MfllIVAII 

miles 

The minivan has been or presently aSSigned to regular use 
within the orclanilza1:fon assigned to a single department 
and used for a :,:..:...:.:::..=~ with a dailY routine) 

Yes 0 if no skip to "oMAINTENANCE" on page 2 

of regular use (various user 
fejiaFi~~'1a!fund/or tasks) has the minivan 
been assigned to? D 
For each ttre Of resular use, listing the most extensive use 
first (mos mileage), please indicate: 

I 
I 

EJ 0 cer 

Department II ~ ==Ty=p=e=O=f=u=s=e===~ 
[lDI~=~II:====: 
ElDI J:=I =~ 
[l D I 110--1_----1 
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• REGULAR USE 
(continued) 

For each of the two most extensiVe types of assignment to 
regular use (most mileage), please indicate (excluding 
down~ime etc. related to the recall and replacement of the 
front axe 1) : 

TYPE Ul TYPE.lI2 

Total or average r 
kwh used .~==k=W=h ~I o:r.....:' ==kW::h/:::mi=!' I kwh I or kwh/mi I 
Locality (urban, etc)1 ... 1 =========::! 
Terrain ~ (type or gradients)L L __________ -l 

Daily mileage 
(Length of route) 

Stops per mil e 

Running speed 

No. of failures 

Total downtime 
because of 
fa"!1ures & repairs 

~~fi!. downtime 
ure 

Minimum downtime 
per failure 

Downtime 
waiting for parts 

Repair costs 
(parts & labor) 

• MAINTENANCE 

[Average I Maximum Minimum 

~ 
Maximum Minimum 

I " I [ II I 
II II ] II II 
II I 1\ I 

Mechanical Electrical Mechanical 

U I I I ] I I 
work-/ work-I I work- I work-

days days days days 

work-I work-I I work- I work-
days days days days 

hours I hoursl I hours I hours 

work-I ikJ I work- [" work-. days days days days 

$ $ I I t lis 
f a "routine maintenance schedule" is available please attach it • 

If not, please describe your maintenance practice (on batteries, 
controller, motor, etc.) in ~erms of frequency, element and action: 

Page 2 of 5 
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B. 

. -~----- -- .. ~---~-.-.. 

• TIHE FiWfE I Indicate key events and applications of the minivan in the Calendar below; using the relevant letters listed in the Legend on the left side of this page. 

I JAil 1974 I FEB 
IIIIIIII 

I !.jAR 

I I I I I 
I APR 

I I I I 
I JULY I AUG LEGEND 1 I I I I I I I I 1 I I I I I I I 1 P: week of purchase I SEPT I OCT , NOV I DEC 0: week of delivery I I 1- I I I I I I I I: weekes) of initial L....ill.....Jl.....Jo-J~--l.-L-L-L-L-L--I..--I..--'-I--'-1 --,-I -' 

testi ng/prepara- • " 
" " " tion . 

weeks of assignment 
to regular use I I I , within the organi- JAN 1975 I ~EB MAR APR m~~~~nt (~~~,. LI -l1i....-L1-L1...J..1 -'-_ -l1~1-L1...J..I-,-t ...J11-..J.-J.1-1..1.....J..' -'--' 

. • U: 

scripts for various

d I ' I types of use. i.e. ,......!;\MA!!!Y ....... ...---I-..;:.J~UN*'E -...--,.J'-r-~.JUT=-LY!.-r-r-..L.r-1rAU::;G:--r--, Ul , 'U2, U3, etc.) I I I I I I I I I I I I _ N: weeks of downtime 
because of axe': I SEPT I OCT I NOV I DEC recall and re- _ _ " I I" pl acement .1 . ..J..'_1-1 ..J..1_1-1 ../..1_11-../..1 __ 11-.1..1 ... 11-../..1 __ ,,--,-__ 1,--,-' ..... ,--', 

-.0: weeks of assign- - " - . - . " - . - " " . - -ment to other 
organizations 

I .JAN 1976 

I 1 I I I 
I FEB 

I ! 
I MAR 

I I I I 
I APR 

I I I I 
1 MAY I .JUNE , .JULY 

I I AUG I I , I I I I 1 I I I I I I I I SEPT I OCT 

I I I I 
I NOV DEC I I I I . I 1 I I [ 1 I I 

I .JAN 1977 I FEB I MAR I APR I I I I I I I I I I I I I I I I 
I MAY I .JUNE I I JULY I AUG I I I I I I I I I I I I I I 1 I 

Page 3 of 5 
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• TIME FRAME II Indicate week of occurance for each failure in the Calendar 
bel 011; using the relevant letters (fai iure elements) listed 
in the legend on the left side of this page. 

II ,JAil 1974 I FEB I HAR I APR 

I I I I I I I I I I I I I I ,I MAY I JUNE 1 JULY I AUG 
LEGEND I I I J I I I [ I I I I I I I 
Elec. Elements I SEPT 

I 
OCT I NOV I DEC I 

A · Fuse 
, I ['I I I I I I I I I · B : Fuel gauge 

C · C~nverter • 
D • Controller • 

'I I I E · Charger, internal I JAN 1975 FEB MAR APR · F · Charger, externa '1 1 I I I I I I I I 1 I r I I • 
G · · Main Battery 
H · Aux. Battery • 
I · Motor , 

I JUNE I .;JULY I AUG • MAY K · · I I I I I I I I I I I I I I L · • 
H : 
N : I SEPT I OCT I NOV 

I' 
DEC 

Mech. Elements I I I I I I I I I I 1 I I I I 
a · Steering · P · Brakes · R · Drive Train I I I · JAN 1976 FEB MAR APR S · Battery Insp. 

1 · I I I I 1 f I I I I I I T : 
Doors I 

Other Body Parts 
U : I MAY I JUNE I JULY I AUG V : 
W : I I I I I I I I I I I I I I I )( : 

I SEPT I OCT f NOV I DEC 

I I I I I I I I I I I I I I I I 

I JAN 1977 FEB I MAR I APR 

I I I I I I I I I I I I I I I I 

I MAY I JUNE I JULY I AUG 

I I I 1 I I I 1 1 I 1 I I 
Page 4 of 5 

A-17 

I 

I 



• REASON FOR 
LIMlTED USE 

• NO. OF DRIVERS 

• IS THE MINIVAN 
OPERATED IN 

• PREVIOUS EXPERIENCE 

• BATTERY LIFE 

llt 

2nd 

3rd 

4th 

5th 

• RECHARGE 
PROCEDURE 

• GENERAL 
REWIRKS 

; 

If any of the three situations listed below apply to your 
user experience, please indicate which one, and the reason why: 

The Minivan has never been assigned to regular use 

The Minivan has been taken permanently gilt of regular use 

The Minivan has not been assigned until recently (within 
the last year) to regular use 

o 
o 
o 

hotal: I and/or during various ~ lUi' ~ 
types of regular use ~~~ 

I Rain?: I "I-sn-o-w-o-r-I-c-e?-:-~ 
Have you had other Electric Vehicles in your fleet before 
the minivan, and within the last few years? 

No 0 Yes 0 if yes, how many? 0 
Repair! Date of Repair/Replacement Mileage or cycles 

. Failure ('e.g. no of cells, between failures Repl acement 
(Repair I whole eack , etc,l 

I I[ 
cost 

miles/ I [$ cycles 

I II 1\ miles/ II cycles $ 

I II II miles/ lis 
CYCles: 1.. 

I II II miles/ II CYCles: :$ 
[ II II miles/ II cyclesS 

Using the on-board charger? 0 Indoor charging? 0 
or a separate charger? 0 or outdoor charging? 0 I Schedule and charge rate: 

I 
I 

Page 5 of 5 
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Manufacturers 

DJ-SE Users 

In-Use Survey of Electric Vehicles 
Organizations and Persons Contacted 

*Denotes Site Visit 

*. A.M. General 
Wayne, Michigan 

*. B. & Z. Electric Car 
Long Beach, Calif. 

*. Battronic Truck Corp. 
Boyertown, Penn. 

Borisoff Engineering Co. 
Van Nuys, California 

Elcar Curporation 
Elkhart, Indiana 

Electric Fuel Propulsion 
Troy, Michigan 

Electric Vehicle Assoc. 
Brook Park, Ohio 

~. Electric Vehicle Eng. 
Bedford, Mass. 

*. Gould, Inc. 

* 

* 

* 

• 

Rolling Meadows, Ill. 
Colton, Calif. 
Torrance, Calif. 

Sebring-Vanguard. Inc. 
Columbia, Maryland 

U.S. Postal Service 
Office of Fleet Management 
Washington, D.C. 

San Bernardino VMF 
San Bernardino, Calif. 

Evansville Post Office 
& VMF 

Evansville, Indiana 

Torrance Post Office 
& VMF 

Torrance, Calif. 

American Telephone & 
Telegraph Co. 

Basking Ridge, N.J. 
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Mark Obert 

Robert McCoy 

Robert H. Dare 
Harry D. Yoder 

Bob Borisoff 

Guy Stancati 
Robert L. Culver 

Robert R. Aronson 

Warren C. Rarhay 

Wayne Goldman 

John McClung 
Clint Christianson 
Gary Christianson 
Fred Harden 

Robert Stone 
Robert Beaumont 

Donn Crane 
Dick Bowman 

C. Sandoval 
Mike Herber 

Jim Guard 
Lou Gaiser 

George Ricks 

John MacDougal 



HarbUt Van 
~ 

Battronic Minivan 
Users 

*. U.S. Postal Service 
Cupertino, Calif. 

Alabama Power Co. 
. Birmingham, Ala. 

Arizona Publ. Service Co. 
Phoenix, Arizona 

Atlantic City Electric Co. 
Atlantic City, N.J. 

Carolina Power & Light Co. 
Raleigh, N.C. 

*. Central Provincial Garage 
Department of Public Works 
Winnipeg, Manitoba, Canada 
(Also an "EVA Sedan-User") 

Consolidated Edison Co. 
Astoria, N.Y. 

Georgia Power Co. 
Atlanta, Georgia 

Gulf States Utilites 
Beaumont, Texas 

Hydro-Quebec 
Montreal, Quebec 

Iowa ~ower & Light 
Des Moines, Iowa 

Lead Industries Association 
New York City, N.Y. 

*. Massachusetts Electric Co. 
Worcester, Mass. 

Minnesota Power & Light Co. 
Deluth, Minn. 

*. New England Electric System 
Westboro, Mass. 

New Orleans Publ. Service 
New Orleans, Louisiana 
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John Garcia 
Richard Besena 
Tom Martin 

Greg Reardon 

Ed Zumach 

Ken Ale 

George Cl'swder 

William Carmichael 

Edward Hansen 

H.A. Hanson 

Peter H. Carney 

Jacques H. Beaudet 

Don Pardee 

Connel A. Baker. Jr. 

Norman Wilson 

William Maas 

Dean L. Gardner 

Aaron II. Pitre 

[ 
[, 

I 
! 

I 
l! 

I 
i 

/ , 



Battronic Minivan 
Users (Cont.) 

Niagara Mohawk Power Co. 
Liverpool, N.Y. 

Northern Indiana Power 
Gary, Indiana 

*. Omaha Public Power District 
Omaha, Nebraska 

Pacific Power & Light Co. 
Portland, Oregon 

Pennsylvania Power & Light 
Allentown, Penn. 
(Also a "Mars II-Usertt) 

Portland General Electric 
Co. 

Public Service Co. of 
Oklahoma 
Tulsa, Oklahoma 

Public Service Electric 
& Gas 
Newark, N.J. 

Puget Sound Power and Light 
Bellevue, Wash. 

Sacramento Municipal Utility 
Distnct 

*. Southern California Edison 
Huntington Park, Calif. 

Texas Power & Light Co. 
Dallas, Texas 

Union Electric Co. 
St. Louis, Missouri 

United Illuminating Co. 
New Haven", Conn. 

Utah Power & Light Co. 
Salt Lake City, Utah 
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Mr. Lyons 

John J. Hart 

Robert D. Rase 
Vern L. Capalite 

Glenn Garfield 

Richard Hamsher 
Norman Heckel. Jr. 
Al Nease 
Art Van Horn 

Bill Ferguson 

Don Ezzell 

Peter Lewis 
John Zemkoski 

David C. Bernauer 

Mr. Sperry 

David L. Harbaugh 
Jeff Arias 

Garry Caffey 

Charles Grandy 

George W. Lundquist 



Battronic Minivan 
Users (Cont.) 

City Car User 

Washington ~later Power Co. 
Spokane, Wash. 

Wiscc:'sin Electric Power Co. 
Milwaukee, Wisc. 

Wisconsin Publ. Service Corp. 
Green Bay, Wise. 

Nat'l Park Service 
Washington, D.C. , 
Salt River Project 
Phoeniz, Arizona 

Elcar User Creative Automotive Research 
Whittier, Calif. 

EVA Sedan User 

Islander User 

Mars II User 

Transformer I 
~, 

Homebpilt Users 

Q!:her Contracts 

,."" 

*. Central Parking District 
Stockton, Calif. 

*. Fermi Nat'l Accelerator Lab. 
Batavia, Illinois 

*. Central Provincial Garage 
Dept. of Public Water 
Winnipeg, Manitoba, Canada 
(Also a "Battronic :Univan 
User") 

Sea Pines Plantation 
Hilton Head Island, S.C. 

Pennsylvania Power & Light 
Allentown, Penn. 
(Also a "Battronic Minivan 
User") 

*. Manitoba Hydro 
Winnipeg, Manitoba, Canada 

*. Electric Auto Association 
llelmont, Calif. 

Dept. of Industry, Trade 
and Commerce, Canadian 
Government 
Ottawa, Ontario, Canada 

Jan N. Wendle 

Mr. Hardy 

John E. Ruppenthal 

John Hoke 

Mr. Payne 

Erwin Ulbrich 

Edmund S. Coy 

Bill Williams 
Ron Currier 

William Carmichael 

John Ehlers 
Mr. Calvin 
Russel Johnson 

Richard Hamsher 
Al Nease 
Norman Heckel, Jr. 

D.F. (Doug) Whalley 

John Newell 
Bill Palmer 
Paul Howes 
Walter Laski 

F.G. Johnson 

\ 



Other Contracts *. Electric Vehicle Council 
Edison Electric Institute 
New York, N.Y. 

*. Electric Vehicle News 
I~estport, Connecticut 

J.D. Power & Associates 
Los Angeles, California 

Transportation Development 
Agency, Canadian Government 
Montreal, Quebec, Canada 

Electric Council of 
New England 
Bedford, Mass. 
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Ed Campbell 

G. Rogers Po=ter 

J.D. Power III 

E. Erdelyi 

Roy C. Hill, Jr. 
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