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Executive Summary

This research presents the results of a four-year Evaluation of a
battery-electric subconpact car. Two versions of the car were
eval uated. A conventional sealed |lead acid battery (CSLAB) powered the
first vehicle that was evaluated. The second was powered by an advance

| ead acid battery (ALAB).

A principal finding is that the 1995 nodel electric car must be
viewed in nore than one context. Firstly, the vehicle body, chassis and
drive train were adequate for the transport of personnel wthin
Connecticut for nost routine non-emergency state business. Drivers did
notice that the drive train is sonewhat under powered as conmpared with
nost other vehicles on the road. The vehicle design places priority on

efficiency over power and speed.

We found also that the electric car nmust be viewed in the context
of its battery since several different batteries could power the car

Two different battery types were evaluated in this project.

The first battery we evaluated was a 50 anpere-hour CSLAB. Qur
finding was that the CSLAB car configuration is reliable. However, in
very col d-weat her, driving range dim snhed by as much as 20 m | es versus
t he war mweat her driving range. This is due to the power draining

effect of the electric heater and wi ndshi el d defroster

The second battery we evaluated in the car was the ALAB. The ALAB
car was operated on two different versions of the production ALAB. CQur
finding after four years of testing was that this car/battery

configuration is uneconom cal and prone to premature failure.



The principal investigator sits on the board of directors for the
Nor t heast Advanced Vehicle Consortium (NAVC) along with the state fleet
manager, who is responsible for inplementing alternate fuel technol ogy
in Connecticut state governnment to conply with Federal |aw Board
menber shi p has provi ded an opportunity for regular communicati on between

the fleet manager and researcher at board neetings.

The project was successful because it has di scouraged expenditures
of public funds on ALAB technol ogy that doesn't work well and doesn't

| ast very | ong.

It is recoomended that a nickel cadm um (N Cd) battery be
evaluated in this car. The cost of NiCd batteries has fallen sharply in
recent years. An evaluation should exanmine clainms that NiCd batteries
will both |ast |onger can provide double the range of CSLAB cars. These
characteristics would inprove the practicality of a battery/electric

subconpact car for state fleet needs.

It is further recommended that fuel-hired heaters be eval uated as
a nmeans to address heating and wi ndshield defrosting requirenents in
Connecticut in a nmanner that does not use much electricity fromthe

battery pack, which supplies notive power.



Di scl ai ner

The contents of this report reflect the views of the author who is
responsi ble for the facts and accuracy of the data presented herein. The
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Eval uation of Electric Vehicles as an Alternative
For
Work-trip and Limted Busi ness Comut es

Backgr ound

The Departnent of Administrative Services is responsible for the
state central fleet. It is conprised of approximtely 4,087 vehicles,
which are primarily autonobiles and |light trucks. Vehicles are assigned
to each state agency. This fleet includes 550 energency vehicles, and
nost of these are full-size cars assigned to the Departnent of Public
Safety. The Departnment of Transportation is assigned 265 vehicles, as
follows: 133 subconpact cars with air conditioning (w AC); 84 conpact
cars and Y2 ton pickups w AC;, 12 internedi ate cars and conpact wagons
w AC;, 13 cargo vans, internediate wagons and full-size cars w AC, four

(4) full-size wagons and crew cab pickups w AC, and, 19 carryalls w AC

In addition to the 265 lights trucks and cars fromthe state
fleet, the Departnment of Transportation owns and operates 1,971
addi ti onal vehicles, including: 481 buses; 724 dunp trucks; 291 pickups;
238 specialty vehicles; 167 vans; 65 sport utility vehicles (SUvs) and

Subur bans; and, seven (7) cars (independent of the state fleet).

To conply with the regulations resulting fromthe Energy Policy
and Conservation Act of 1992 (EPACT), the Connecticut State fleet
manager has begun purchasi ng non- energency autonpbiles (cars) and |ight
trucks that run on alternate fuels (A t-Fuel), which are fuels other
than gasoline or diesel (See Appendix A). 1In 1998, to neet the 15%
requi renent of EPACT, 70 dual -fuel conpressed natural gas/gasoline four-
door subcompact sedans were purchased. EPACT requires 25% of new
vehi cl es purchased for the State fleet in 1999 to operate on an

alternate fuel, 50%in 2000, and 75%in 2001 and thereafter
1



One fleet-vehicle option is the electric vehicle (EV). EVs are
anticipated to provide three benefits as conpared with cars powered by
the internal conbustion engine: reduced airborne em ssions (inproved
urban air quality); reduced energy consunption per vehicle mle
travel ed; and, reduced use of petrol eum and dependence on foreign oil
The accuracy of marketing clains of EV and battery manufacturers was
uncertain. There was a need to obtain and di ssem nate sonme first-hand

i nformati on about the practicality of this At-Fuel option

An indication of fleet range requirenments and vehicle use patterns
was presented in Transportation Research Record 1049. [1] The 1985
study by Mark R Berg (Berg) addressed commercial sector fleet vehicles,
not governnent fleets, but the findings are suggestive of the situation
in government fleets. Berg stated, “There is no adequate theory to
guide the estimation of the extent to which EVs might actually penetrate
their potential markets.” The publication presents a nethod for

estimation of the substitutability of EV technology in fleets.

Berg wote that the trip patterns of a fleet could be analyzed to
determ ne where electric vehicles can be substituted, based on typica
m | es-per-day (npd) requirenments. Fleet vehicles can be segregated into
four daily-range groupings: less than (<) 30 npd, 30 to 59 npd, 60 to
89 npd, and greater than 90 npd. For instance, Berg found that 20
percent of commercial fleet vehicles were driven < 30 nmpd (avg. 17
nmpd), 26 percent were driven 30-59 npd (avg. 44 npd), and 18% were

driven 60-89 nmpd (avg. 72 npd.).

In each “nmpd” group, a fleet nanager can determ ne the occurrence
of occasional higher-mleage trips. For instance, Berg found that in
commercial fleets, 56% of the < 30 npd vehicles were occasionally driven

beyond 30 npd. 1In fact, 38 percent of the < 30 npd vehicles were driven



beyond 60 npd. In the 30-59 npd group, 59 percent occasionally drove
nmore than 60 npd, and 41 percent drove beyond 90 npd. In the 60-89 npd

group, 60 percent of the vehicles were occasionally driven beyond 90

npd.

In comercial fleets, Berg found that 21 percent of cars and I|ight
trucks never had to travel nore than 60 npd. Berg went on to observe
that in commercial fleets, although 46% of all fleet vehicles
“typically” did not exceed 60 npd, practical limtations on maki ng ot her
vehi cl es avail abl e for occasional |onger trips resulted in his finding
that only an additional 9 percent of vehicles could remain within the
60-npd range limtation. Overall, a conbined total 30 percent of the
car and light truck fleet was observed to fall within the 60-npd

limtation.

Berg observed that an electric vehicle could be driven nost of the
time if the driver had ready access to a | onger-range vehicle when
occasi onal ly needed. That | onger-range vehicle could be provided for
t he occasional higher-nileage day fromeither the state fleet or through
m | eage rei mbursenment to the enployee for the use of their private
vehicle. If a simlar 60-npd pattern was found in the Connecti cut
central state fleet, that would equate to about 1,000 non-energency

vehi cl es.

In state governnments, fleet managers coul d anal yze their npd
records to identify where electric vehicles can be substituted, based on
the daily single-charge ranges of the electric vehicle nodels they have
available. In the case of the CSLAB and ALAB cars, the |onger-range
ALAB car, if it were shown to provide a reliable 70 npd, would have the
greater potential as a substitute for gasoline-powered subconpacts in

the state fleet. A 70-npd capability would provide a 10-npd margi n of



range agai nst the maxi mumrequired 60 npd. An approxi mate nunber of
substitutions could be estimted froman exam nation of state fleet
records follow ng the general approach devel oped by Berg. However, it

was not within the scope of this study to nake this anal ysis.

A public/private partnership was fornmed in 1994 to denonstrate and
eval uate five electric vehicles used primarily in commuter operations on
Connecticut hi ghways. The denonstration project was titled, "The
Connecticut Commuter Electric Vehicle Denonstration” or CCEVD. The
seven (7) partners in the CCEVD were: Connecticut Ofice of Policy &
Managenent, Connecticut Department of Transportation, The R deshare
Company, Ri deworks, MetroPool, Northeast Utilities, and Connecti cut
Li ght & Power. The seven partners together pledged $175,000 in soft and
hard matching dollars to secure an equal amount under a federa
denonstration project. The denonstration project was adm ni stered by
the Northeast Alternative Vehicle Consortium (NAVC, which changed its
nane in 1999 to Northeast Advanced Vehicle Consortiun) and sponsored by
t he Departnment of Defense through its defense diversification program
run by its Advanced Research Projects Agency (ARPA). Under the
denonstrati on project, The Ri deshare Conpany purchased, registered,

i nsured, maintained, collected data for, and coordi nated the use of the
five (5) electric vehicles (EVs). They were identical with respect to
their car body, chassis, motor and drive train. Four (4) EVs were
identically equipped with conventional sealed |ead acid batteries
(CSLAB). The fifth EV received a nore expensive Advanced Lead Acid
Battery (ALAB) to test clainms of a 40% I onger driving range (70 versus

50 miles) fromits premumpriced | ead acid battery.

One el enent of the CCEVD eval uation involved the use of an annua
regional road rally for electric vehicles to gather data about the

| onger-range ALAB electric car. The American Tour de Sol (ATdS) is an



annual weekl ong event in the Northeast that was identified as a cost-
ef fective means for the CCEVD partners to gather performance data and
i nformati on about electric vehicles. The data, gathered at the ATdS
under their tightly controlled conditions would serve as benchmarks for
dat a gat hered subsequently from comuter driving. In even-nunbered
years the ATdS is run on relatively flat highway terrain. In the odd-
nunbered years they hold the week-1ong event on hilly and nountai nous
hi ghway terrain. The event is professionally organized, well run and
has an excellent safety record. CCEVD obtained data at the 1995 ATdS
about their EV' s performance; information about nationally recognized
data anal ysis nethods (those used by ATdS organi zers); and, conparison
i nformation and data about other similar and dissimlar vehicles that
were entered. However, the CCEVD eval uation of the ALAB car ended
shortly after the 1995 ATdS due to battery failure. The vehicle was
returned to the EV manufacturer for diagnosis and repair of the

ALAB/ battery charger/battery management system under a separate NAVC

engi neering project.

The Departnent initiated this research project in early 1996 to
partner with the ongoing CCEVD. The Departnment’'s participation in the
denonstrati on project was acconplished through the Bureau of Public
Transportation and their contractual agreenent(s) with The R deshare
Company. The research project was made possible through the | oan of two

EVs to the Departnment fromthe CCEVD

In addition to annual participation in the ATdS, eval uations of
the two EVs included the follow ng: observations and data gathered by
driver participants in conmuting and work trips; troubl eshooting and
repair after various breakdowns; data anal yses; and, independent tests
conducted by the Consuners Union. Eight (8) Departnent research

personnel were approved to participate in the work-trip elenent of the



eval uation, i.e., approved for driver insurance coverage provided
t hrough The Ri deshare Co. The conbination of driving activities,

conducted under a variety of battery levels, weather, traffic and
roadway conditions, was anticipated to provi de bal anced first-hand
eval uati ons of production-EV technology with two different battery

syst ens.

During 1996, the data and information were submitted to R deshare
on a monthly basis for subsequent transmittal to ARPA, where data from
this project becane part of a national data repository on EVs, which is
mai nt ai ned by ARPA. Departnent personnel periodically analyzed data
obtained fromthe two assigned EVs, and interimresults and prelimnary
i nformati on were posted on an Internet Wrld Wde Wb honepage,
mai nt ai ned by the author (Appendix B). After the two-year CCEVD s NAVC
project ended in 1996, the CCEVD continued to nmake the ALAB car

avail able to the Department for this research project.

During the final year of this project (1998), researchers
ref ocused the project objective on a test of the ALAB manufacturer’s
claimthat their |atest battery pack woul d provi de 400 charge/di scharge
cycl es under specific restricted operating paraneters, which are

delineated in the report section titled, “85 Ah ALAB Car — 1998.~

oj ective

The objective of the project was to conduct an eval uation of two
el ectric vehicles (EVs) provided by The Connecticut R deshare Conpany
(Rideshare). Two different EV configurations were to be evaluated, a
30-50 mile range EV (Connecticut Mtor Vehicle Registration #EV-2)

powered by a conventional sealed |lead acid batteries (CSLAB), and a 60-

6



80 mle range EV (CT Reg. #EV-1) powered by advanced | ead acid batteries
(ALAB). Both cars were to be driven daily for both the home-to-work
commute and for transportation to and from sel ected work destinations.
Only the | onger-range ALAB car was to be eval uated through participation
in the annual ATdS, because a mninmum 50-mle range on a single charge

i s required.

Par ameters of the Study

The tabl e bel ow delineates the primary differences between the

subconpact EVs, which were identical in outward appearance.

TABLE 1 Three different lead acid batteries in a subconpact electric

car
Convent i onal Advanced Lead Acid Battery
Vehicle Battery Type Seal ed Lead Acid (ALAB)
( CSLAB)
Regi strati on Nunber CT: EV-2 CT:EV-1 CT:EV-1
Eval uati on Year(s) 1995, 1996 1995, 1996 1997, 1998
Battery Capacity (Ah) 50 95! 85
Battery Capacity (kwh) 7.8 14.8 13.2
Spri ng, Spri ng, Spri ng,
Ti me of Year W nt er Sunmer , Wnter | Summer, | Wnter | Sumer,
Mont hs Fal | Mont hs | Fal | Mont hs | Fal |
Mont hs Mont hs Mont hs
Anti ci pated Driving Range <502 50 <70? 70 <652 65

1 95 Ah ALAB was discontinued in 1996 by manufacturer and replaced with

the 85 Ah ALAB.
2 Range in winter is anticipated to vary inversely with use of

accessories (electric heater/defroster, rear-w ndow defroster,
wi ndshi el d wi per, headlights). Also, at |ow anbient tenperatures
battery is anticipated to be |l ess efficient.
The EV powered by a 50 Anpere-Hour conventional sealed | ead
acid battery (CSLAB) had the |lowest first cost of the three

alternatives. The two ALABs have hi gher battery-power capacities of 95

and 85 Anpere-hours and cost five to seven times nore than the CSLAB.
7




The ALAB is a val ve-regul ated battery. Inside an ALAB are |ead-
fiberglass wire woven into |ightweight nesh. The nesh is coated with an
el ectrochem cal paste. The design uses a starved electrolyte system and
gas reconbi nation. They are mai ntenance free, spill-proof, and can be
mounted in any position. Cainmed battery attributes are: rapid
recharge, hi gh peak power (450-500 Wkg, 30 seconds @ 50% Depth of

Di scharge (DOD), termnal limted), 41 Wi/ kg, 90 Wh/I, 12 Volts per

battery (nomnal), 24.9 kg per battery. [2]

Cabin heating and wi ndshield defrosting in all cars was provided
by 1500 Watt electrical resistance units. The energy required fromthe
battery pack for lights, wi pers, heating and defrosting when driving in
snow ice stornms was anticipated to reduce the driving range by as nuch

as 20 mles (20 anpere-hours) per drive/battery-di scharge cycle.

Description of Basic Vehicle

The subconpact EV is a CGeneral Mtors (GY) Geo Metro 4-door sedan
that is retrofitted by the Sol ectria Corporation to becone their “Force”
nodel . The GM nodel years 1995 through 1999 are essentially identical

The vehicles examined in this study were all fromthe 1995 nodel year

PHOTO 1 1995 Subconmpact Electric Vehicle is retrofitted
General Motors Geo Metro 4-door sedan

8



The 1995 EVs in our project all had 1994-production year notors and
belt-type drive trains. The nmotor is the Solectria nodel AC GQu20, with
42 kW peak power, and is mcroprocessor controlled. The notor
controller is the Solectria nodel AC32560, which operates at 156-180
Vol ts and a maxi num current of 240 Anps. The five 4-door sedans
purchased by Ri deshare nmay have been the | ast Forces built before the
manuf acturer changed its standard drive train to a quieter direct-drive

design in the spring of 1995.

In 1998, the notor and belt drive systemwas upgraded on our 1995
ALAB car. This car received a factory upgrade of its notor and drive
train, so under the hood it is essentially a 1998 Force. A Solectria
not or, nodel ACgtx20, replaced the original Solectria notor.
Manuf acturer’s specifications for the new AC i nducti on notor state that
it will deliver approximately 44 HP and is a brushl ess seal ed design
that wei ghs 78 pounds (lbs.). Conpany specifications further state that
it has extrenely low electrical resistance; nom nal power is 12 kW and
nom nal torque is 20 Nm whil e nmaxi mum power and torque are 37 kWand 70
Nm respectively. Nom nal motor speed is 4,000 rpm while maxi num
motor speed is 12,000 rpm The manufacturer states the notor has an
efficiency of 92% A Sol ectria nodel AT1200 gearbox with the standard
12:1 gear ratio replaced the belt drive assenbly. The manufacturer
descri bes the gearbox as |ightweight, weighing 35 pounds, and supporting
a maxi mum i nput torque of 10 Newton-nmeters (Nm. The factory upgrade
al so included new watertight electrical connectors, an El ectronmagnetic
Interference (EM) sock around hi gh-voltage wires under the hood to

i nprove radi o reception, and a newer fuse box design

By conparison, the 1995 gasoli ne-powered version of this car, a

Ceneral Mdtors Geo Metro 4-door sedan, was powered by a 1.3-liter four-



cylinder engine, providing 70 horsepower (hp). The electric notors in

the CSLAB and ALAB cars provide about 40 hp. [3]

For the four-year project period, we used original-equiprent-
manuf acturer (CEM Coodyear Invicta G radial tires, size P155/80R13
This is a 44-psi tire with a tread wear rating of 280, traction rating A
and tenperature rating B. The Invicta weighs about 14.5 I bs. and has a

maxi mum | oad rating of 959 Ibs. (3,836 Ibs. for a set of four).

Each year for the ATdS, CGoodyear provided a new set of tires to
each entrant. 1In 1998 they supplied a larger tire, the Integra radial
tire, size P165/70R13, which were wi der and one pound heavi er than the
Invicta. In reaction, we changed the wheels on the ALAB car to a
lighter, wider (13x5.5 inch) alloy wheel. At the ATdS that year, after
consulting with Goodyear representatives it was decided to run the
smal l er year-old Invicta tires on the new alloy rins. The conbination
of an Invicta tire and the allow wheel is 3 Ibs. lighter than the sane

tire mounted on the OEM stock steel wheel with hubcap

CSLAB Car — Wnter of 1995/1996

In Novenmber 1995, the first EV was put into service and the
eval uati on began under this project. This EV was the short-range
conventi onal - seal ed- | ead- aci d-battery car (CSLAB car). It was assigned
Connecticut notor vehicle registration nunber “EV-2.” The CSLAB car is
not equi pped with a battery managenent system so data collection
consi sted of reading and recording data from vari ous gauges that nonitor
el ectrical usage in the EV. Evaluation and data-acquisition activities
were carried out over a five-nonth winter period. Data were recorded on

ARPA- approved sheets provided by R deshare in accordance with vehicle
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denonstrati on-project requirenments, and the drivers provided witten

comment s about the perfornmance of the EV in daily commuter service

Arrangenments were nmade with Consunmers Union in January 1996 to
provide the automobile to the testing facility in Modus, CT, for their
subsequent evaluation. CSLAB car was eval uated during the period
February 5-15, 1996. A summary of the results, "Evaluation of an
Electric Car by an I ndependent Auto Testing Facility,” was conpleted in
March 1996 (Appendix C). The acceleration data will be of particular
i nportance to fleet managers that need to understand the limtations of
the CSLAB car in cold weather. It took 27 seconds to accelerate the
quarter mle, reaching a top speed of 52 nph. To reach 60 nph required
0.4 mles. Even with a thermal managenent system and heating el enents
inthe two battery boxes, extrenely cold tenperatures degraded CSLAB
performance. Drivers need to be nade aware of the effect of |ow
tenperatures, so they can conpensate for safe driving in a car that wll

be slower that nost other vehicles on the road.

At the end of our five (5) nmonth eval uati on period, the project
coordi nator at Ri deshare reassigned the CSLAB car to another individua
(non- ConnDOT conmuter). W prepared to begin our evaluation of the next

EV, the ALAB car.
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FIGURE 1 Single-charge distances from 196 drives in CSLAB Car during
wi nter of 1995/1996

Figure 1 shows the record of 196 single-charge drives in CSLAB
el ectric subconpact, from Novenber 7, 1995 to March 29, 1996. The
average di stance driven was 13.6 niles between charges, which was the
appr oxi mate one-way conmmuting di stance for the two-person car pool. The
shortest drive was three mles. The |longest drive on a single charge
was 45 miles. Researchers followed the nmanufacturer’s recomendati on
that the CSLAB car be plugged in whenever the car was parked. This

procedure is called “opportunity charging.”
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FIGURE 2 Monthly distribution of 196 single-charge drives in CSLAB car
during winter of 1995/1996

The nunber of drives in each nonth is shown in parentheses (Figure
2). Inall, the car was driven 2,828 nmiles in cold weather. The
electric heater was used on 125 of the 196 drives. Electric w ndshield
W pers were used on 28 drives and electric lights were run on 31 drives.
Energy was nmeasured with a separate AC kWh neter at the point where
electricity entered the car. The energy consuned during this w nter
period was 1,582 AC kWh, which is the total “wall-plug” energy used for
notive power plus all autonobile accessories. Based on a $0.106/ kW
utility rate in Connecticut, the retail cost for electricity was
approximately $0.06/mle driven. At the |ower national average cost of
electricity of $0.086/ kW, the cost of electricity per nile calcul ated

to $0.05/nile.
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95 Ah ALAB Car - 1996

The second EV was anticipated to provide a reliable driving range
bet ween recharges of 70 mles. |In winter, due to power consunption for

heati ng and defrosting, we anticipated a 50-nile range.

The Advanced Lead Acid Battery (ALAB) car had experienced battery
failure in 1995 under the CCEVD project. Follow ng diagnosis and repair
by the EV manufacturer to correct problens experienced in 1995, the car
was delivered to New York Gty on May 10, 1996 and was driven in the
1996 Anerican Tour del Sol (ATdS). A principal fromthe battery-
managenment conpany provided training on use of a |aptop conputer to

nmoni tor battery cell paraneters as we drove

At the 1996 ATdS, the ALAB car earned recognition as the "Best
Sedan using Lead Acid Batteries” in the production category; “1st Pl ace
- Total ATdS Mles for Lead Acid Batteries;” tied for “1st Place - Range
on a Single Charge;” “4th Place - Overall Efficiency in Production
Category;” and, “4th Place - Total ATdS Mles Overall.” Engineers |ater
utilized the data collected that week as a perfornmance benchmark in

their anal yses of problens that soon occurred with the ALAB.

U U
B |

Ihat
a0,

Lo 30
2] 20 a0 a0 __Bo 120
Cell Uoltage Ue v, Charge Throuwgheut File: TS32 recorded :

E/ZCrEF
14. 5.96

FIGURE 3 Record of voltages over the discharge cycle of ALAB during
141-mile drive at the 1996 ATdS
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The graph was produced by the battery managenment system (Figure
3). It describes the energy-usage by the ALAB car in a single drive.
The X-axis represents the depth of discharge (DOD) of the ALAB, where

100% woul d i ndicate a conpletely drained battery.

The upper half of the graph is a record of battery cell voltage
over the length of the entire discharge cycle. Voltage values are
reported as the average cell voltage in the six-cell ALAB. Each cel
has a nomnal 2 Volts, so six cells conbine to produce the nom nal 12-
Volt ALAB. Initial cell voltages fromthe fully charged ALAB are about
2.2 Volts, i.e., the battery voltage is 13.2 V when fully charged. The
m ni mum cel |l voltage the battery can tolerate w thout damage was thought

to be 1.6 Volts per cell, or 9.6 V for the battery.

The | ower half of the graph shows the anperage draw throughout the
141-mile drive. Anperage usage is expressed as a percentage of 160
anperes (Amp). The maxi mum avail abl e output is 200 Anp, or 125% of 160
Amp. To illustrate, a 40% val ue on the graph represents 80- Anpere | oad
on the battery. Note the two anperage spi kes at 37 and 42% DOD ( X-
axis). The two spikes record the vehicle passing slower-noving traffic
twice during the tined leg of the rally. The acceleration spikes
regi stered 125% val ues on the graph, representing the naxi mum 200 Anp
|l oad on the batteries. 1In all, on that day the ALAB car was driven over
the 63.6-nmle "leg" plus nine (9) 8.6-mle "laps." The final “ninth”
lap was not counted in official rally statistics because the EV did not
conplete the "lap” within the prescribed tine l[imt. 1In retrospect, the
two accel eration spi kes had expended energy that woul d have been nore
beneficially used later in the day to drive the car further. That basic

trade off between performance and single-charge driving range, i.e.
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efficiency, was clearly illustrated through data collected in the ATdS.
More detailed data and information about the daily perfornmance of the
ALAB car at the 1996 ATdS is provided in the project’s Wb site, which

is included in this report as Appendix B

I mredi ately follow ng the ATdS, on May 20, 1996, the eighteen-
month (18) conmuter and work-trip el ement of the evaluation was
initiated. Instrument data and narratives of significant events were
recorded in accordance with vehicle denonstration project requirenents
and subnmitted nonthly to Ri deshare. Beginning on June 7, 1996, the ALAB
car |ost about ten percent of its driving range. At roughly two-week
intervals, the battery capacity dropped in successive 10% i ncrenments
until on July 29 the daily commuter/work-trip eval uati on was suspended.
At that point the range of the car had dimnished to 10 mles (16 Km

(see Figure 5).

79 Drives during 1996 in ALAB Electric Car
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FIGURE 4 Monthly distribution of 79 single-charge drives in ALAB
car during ATdS and during four nonths of daily use in
Connecti cut during 1996

In Figure 4, the nunber of drives represented by each bar appears
i n parentheses. The graph displays statistics about the shortest,

| ongest and average distances driven on each fully-recharged ALAB. The
16



95 Ah ALAB delivered 79 cycles during its lifespan, but only sixteen
full-capacity cycles were experienced before the first 10%loss in

battery-capacity occurred.

As a result of the progressive battery failures that occurred
during the spring and sumer of 1996, which resulted in di m nishing
range, the car was renmpoved from comuter service for repairs. Because
the car was not working properly during the commuter evaluation, it was
not provided to the Consuners Union autonobile testing facility in
Moodus for their evaluation in 1996. The evaluation of the ALAB car was
suspended on July 29, 1996. The vehicle was towed to an EV speciali st
on Cctober 3, 1996. Data fromall battery cycles had been recorded and
was provided to the EV specialist, EV manufacturer, Rideshare, and the
battery conpany for their analyses. July 1996 was also the [ ast nonth
data was transmitted by R deshare to DARPA under the CCEVD project, as

this project was now conpl et ed.

Si x problem areas were identified that contributed to failure in
the ALAB car. Problens were identified with wiring and el ectrica
conmponents that required repair. Three of the thirteen batteries were
found to be mounted incorrectly, which was thought to have lead to
i nternal damage fromroad shocks. The battery manufacturer identified
errors in pre- and post-delivery battery cycling procedures, principally
associated with battery overcharging. The car manufacturer and
researchers had foll owed the manufacturer’s recommendation that the ALAB
car be plugged in whenever the car was parked, i.e., at every
opportunity. What was not known was that recharging after short drives
was resulting in overchargi ng, which damaged the cells due to battery
gassing. Pre-delivery test-drives by the car manufacturer nmay have been
too short between recharges. New procedures were recomended by the

battery manufacturer that established a mniml battery depth-of-
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di scharge (DOD) percentage of 10%that must be reached before
rechargi ng, representing a mninumdrive of 8-9 mles. Another problem
was overchargi ng and gassing that occurred when the fully charged ALAB
car was initially unplugged and driven with the regenerative-brake
circuit turned on. Regeneration is a beneficial concept that extends
the range of the vehicle, however the system has no saf eguards agai nst
overcharging the batteries. A manual procedure was established to drive
a mnimal distance (about 7 miles or until 7-8 Anp-hours was drawn off
the ALAB) with the regeneration circuit turned off, after which the
circuit could be turned on. The fifth problem area occurred in normal
commuting situations. GOccasionally, the ALAB was inadvertently
overdrawn when attenpting to accunul ate data on performance for routine
70-ml e single-charge drives. Wile driving in comuting situations, it
is not practical to keep the | aptop conputer running and connected to
the battery managenent system which is necessary to nonitor battery-
cell voltages. Therefore, a daily-comuting procedure was recomended
tolimt the DOD to 80% so that battery voltages would al ways remnain at
or near nom nal 12 volts/battery throughout the drive. This change
shifted the driver’s priority away fromtesting manufacturer’s cl ains
about the nunber of nmiles that could be driven per charge. The new
driver enphasis was to control the electrical -use-per-charge paraneter
and sinply docunent whatever nunmber of miles were driven. Another
problem was identified in the thermal nmanagenent system The
capabilities for regulation of tenperatures in the two battery boxes was
identified as too Iimted for our operating environnment in terns of

hi gh-tenperature control. The EV Specialist advised that overheating in
the battery box woul d cause battery damage, while too-cold tenperatures

woul d only reduce single-charge driving range without harmto the ALAB.

The breakdown of the ALAB car in 1996 del ayed the Departnent's

eval uati on schedul e, but nuch was | earned about current problens wth
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the state-of-art ALAB car. All of the problens in the ALAB car were

bel i eved to be repairable.

It was necessary to replace the 95 Ah ALAB battery pack with new
85 Ah ALABs. The manufacturer had discontinued production of the 95 Ah
batteries sonetinme in 1996 and began producing a slightly smaller ALAB
with 85 Ah capacity. The manufacturer stated that the 85 Ah ALAB had
been devel oped for one of the big three autonakers that intended to use
the ALAB in their battery-electric mnivan. It was believed al so that
the ALAB would remain “healthier” if charged at a quicker rate. A dual-
anperage charger was installed for 1997, which operated at either 30 or
50 Anps. Finally, a new |owvoltage cut-off guideline of 1.8 V/ cel

(10.8 V/battery) was established.

The revised project work plan called for resum ng the ALAB-car
eval uation. Once all the repairs were conpleted, the Departnent's

eval uation resuned in May 1997.

85 Ah ALAB Car — May 1997 to March 1998

The repaired 85Ah ALAB car was delivered in time for participation
in the 1997 Anmerican Tour De Sol (ATdS), again with the support of
Ri deshare. Results fromthe 1997 ATdS were again positive; details are
reported in Appendix B. On odd-nunbered years, the ATdS featured hilly
and nount ai nous highway terrain. The ALAB car had no problemdriving
t he Kancamagus H ghway. The drives on this highway reached an el evation
of 2,800 ft above mean sea | evel and involved clinbing grades of up to

12.7 percent at 35-40 nph.
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Lincoln, N.H. to N. Conway, N.H.
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FIGURE 5 Elevation data for a hill-clinbing el enent of ALAB car
eval uation at the 1997 ATdS

On May 24, 1997, after a 41-nmile drive over the Kancamagus H ghway
and wi thout recharging (Figure 5), the car was driven another 10 mles
on local roads to the top of Cathedral Ciffs in North Conway, New
Hanpshire. This drive involved short steep grades of up to 19%t hat
requi red the maxi mum anperage draw of approximately 144 Anps. Pack
vol tage remai ned at the nom nal 156 volts (12 V/ battery) throughout the
hill clinmb. 1In one section of road with the 19% grade, the ALAB car
slowed to a halt and it was necessary for the two passengers to get out
of the car before it could clinb the 19% grade. That appeared to define
the grade-clinmbing limts of the ALAB car. To summarize, grades
encountered in the 1997 ATdS were higher than those generally found in
Connecticut. The ALAB car denonstrated that although it is underpowered
it could clinb all but the nost severe grades (19% wth three adults

(combi ned wei ght of 600 Ibs). Mre details are presented in Appendi x B.

Fol | owi ng the 1997 ATdS, the ALAB car continued to function
normal |y and data gathering resumed fromdaily conmuting and work trips
in the ALAB car. Data were recorded frominstrument and battery-
managenent system output daily in accordance with the Departnent’s

research project work plan requirenents.
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FIGURE 6 Monthly distribution of 60 single-charge drives in ALAB
car during ATdS and five nonths of daily use in
Connecticut during four nonths in 1997 and March 1998

Data fromthe ALAB car with the 1997 ALAB battery pack was
collected in May, June, Novenber and Decenber in 1997 and March 1998.
The graph displays statistics about the shortest, |ongest and average
di stances driven on each fully-recharged ALAB (Figure 6). Battery
capacity loss first occurred on June 5, 1997 after just seventeen (17)
drives. Atotal of 1,423 nmles were driven in 60 drives with the 85 Ah
battery pack. Half of that ml|eage was accurnul ated in May 1997. The car
was idle for repairs during the nonths of July, August, and Septenber
1997 due to failures of the 30/50-Anmp charger on June 15. The 12-Anp
charger was reinstalled and the car returned to commuter service, but
the battery pack devel oped an open circuit (shook apart on rough roads
in construction zone), which idled the car in Cctober. The car was
operated again in Novenber and Decenber. During this period the ALAB
continued to | ose capacity. The car was again idle in January and
February in 1998 for troubl eshooting. In March 1998, the ALAB car was
again used for limted conmuting. The 85 Ah ALAB continued to

experi ence progressive battery capacity |osses. During March 1998, the
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si ngl e-charge driving range of the car dimnished to about 11 mles,

mar ki ng the end of the 1997/1998 eval uati on peri od.

Because the car was not working properly during the conmuter
eval uation period in 1997, it was not provided to the Consuners Union

autonobile testing facility in Modus for their eval uation.

85 Ah ALAB Car - 1998

The five 4-door sedans purchased by The Connecticut Ri deshare Co.
have 1994-production-year notors and belt-type drive trains. |In fact,
these cars may have been the last units built before the manufacturer
changed its standard drive train to the quieter direct-drive design. In
1998, to gather data and informati on about the newer notor and drive
train, we upgraded the notor and belt-drive systemon our 1995 ALAB car
The car received a factory upgrade of its notor and drive train, making
it essentially a 1998-nodel EV under the hood. The upgrade was

described earlier in the section, “Description of Basic Vehicle.”

Al so upgraded were the |aptop conputer and battery-nonitoring
software. The on-board, 12 Anp, 220-Volt battery charger was repl aced
with an on-board 22 Anp, 220 Volt Charger. The new charger supplied
20.5 Amp +/- 0.5 Amp, for 3.2 kWat 156 Volts DC output. The charger was
still controlled by the original 1995 conputerized battery managenent
system but our systemdid receive a software and EPROM upgrade. The
EPROM profile supplies 19.8 to 20.8 Anmp, and it was anticipated that the
act ual anperage range woul d be even narrower, from 19.5 to 20.4 Anp.

For an 80% DOD, the new 20.5- Anmp chargi ng system was designed to
recharge the ALAB pack in two chargi ng-cycle phases, as follows: 3.5 to

4 hours under the first phase at the 20-Anp rate to basically recharge
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t he pack; followed by 4-4.5 hours under a second phase at | ow anperage
to equalize voltage levels in individual batteries, resulting in uniform

cell voltages across all thirteen batteries.

A new objective was established in 1998 to test the ALAB
mauf acturer’s new claimthat if certain [imtations were observed, the
battery woul d provide 400 cycles, or as nmuch as 18,000 mles (45
m | es/ charge x 400 cycles) over the life of the ALAB pack. The
principal change involved Iimting the demands on the new ALAB. Wth
i nput fromthe EV consultant and an article about ALAB technol ogy
published in the Battery Di gest Newsletter, we established a new
[imtation guideline of 70 percent DOD based on the one-hour discharge
rate of the battery or approximately 72 Ah, instead of the advertised

t hree- hour di scharge rate (85 Ah). [4]

As in 1997, the car battery was not recharged until nore than 10
percent discharge had occurred. Additionally, the car would be driven
observing a limtation on the peak anperage draw fromthe ALAB of about
100 Anps. Travel on expressways was avoided in view of the peak | oad
[imtation, although on the highways in the Connecticut river valley the
car woul d accelerate to 55 nph under the 100 Anp current draw, albeit at
a slower rate than would have occurred at a higher anperage. Under
t hese operational limtations, the car was being driven a lot like a

nei ghbor hood el ectric vehicle.

At the 1998 ATdS, as in 1997, the Connecticut team observed the
conservative battery voltage cutoff of 1.8 V/ cell (10.8 V/battery). The
ALAB- car team won various trophies and received special recognition from
several governnent officials and the press at the conclusion of the
event. Although it was not an objective of the study to “win” at the

ATdS, the ALAB car did run well, we obtained good data and did
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contribute to a favorable reputation for the partnering organi zations
that made this project possible. The five (5) longest drives in 1998
occurred during the ATdS and were acconplished within the voltage-cutoff
gui deline. The good showi ng was indicative that this year the ALAB car

woul d run better that in previous years.

Foll owi ng the 1998 ATdS, the ALAB car was running well and data
gat hering resuned fromdaily commuting and work trips in the ALAB car
Data were recorded frominstrunment and battery-managenent system out put
daily in accordance with our research work plan requirenents.

Periodically, information was posted to the project Wb Site (see

Appendi x B)
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FIGURE 7 Constant three percent grade on 1.4-mle (2.2-km
section of 1-384 slowed the ALAB car from 65 nph to
57 nph at full power

During this period the vehicle was used for commuting and work
trips. One routine work trip is fromthe Hartford area to the
Uni versity of Connecticut (UConn). A common route for a portion of this

tripis Interstate 1-384. The speed limt inthis 8 5-mle Interstate
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is 65 nph. One 1.4-mle stretch has a constant 3 percent grade (see
Figure 7). In six drives to UConn during June and July in 1998, the
ALAB car could not maintain the 65 nph speed on the 1.4 km section with
the 3 percent grade. At full power, speed gradually dropped from 65 nph

to about 57 nph and held steady thereafter to the crest of the hill

The ALAB car ran well in May and June, and 48 single-charge drives
were conpl eted. However, just seven weeks after the car entered service
with the new ALAB, problens developed with battery #4 after a 56-mle

drive on July 5, 1998.
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FIGURE 8 Voltage pattern in 1998 ALAB reveals that battery #4 is
very weak by discharge cycle #50, July 5, 1998

The graph produced by the battery managenent system describes the

energy usage on that drive (Figure 8). The x-axis represents the depth
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of discharge (DOD) of the ALAB. The drive utilized only fifty percent

of the battery capacity (50% DOD) .

The upper half of the graph records battery cell voltage during
the entire discharge. The voltage values are reported as a cell voltage
in a six-cell battery. Each cell has a nomnal two volts, so six cells
conbi ne to produced the nom nal 12-Volt battery. Cell voltages are
reported in three lines for the highest, |owest and average batteries in
a 13-battery pack. The two lines representing batteries wth highest
and average voltage are very close to each other on the graph. At fifty
percent DOD, average voltage is approximately 1.95 V., very close to the
nom nal value. Only battery #4 had |ow voltage. It is represented as
the | owest-voltage |ine on the graph. From 44 percent to 49 percent
DOD, voltage of battery #4 plunges from1.9 Vto 1.7 V, belowthe 1.8-V.
[imt, indicating permanent capacity |oss has occurred in that battery
(#4). The ALAB car was taken out of service in August for replacenent
of battery #4. Data fromthe 68 single-charge drives with the origina

13-battery pack is presented in Figure 9.
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FI GURE 9 Singl e-charge distances from 68 conmuting and work-trip drives
in ALAB Car during 1998 before Battery #4 failed and was
repl aced

The distribution of single-charge distances driven in commuting

and work trips shows that the majority of drives were acconplished
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within the 70 percent DOD limt. W avoided small short cycling battery

di scharges (short drives) and deep di scharges (long drives).

The repl acenent battery was a spare ALAB, taken from storage. Two
spare ALAB units had been purchased in 1997 and stored at room
tenperature with periodic trickle charging. Followi ng that repair, the
ALAB car was returned to commuter service in the |ast week of October
Duri ng Cctober and Novenber, the spare battery experienced progressive
capacity | osses and the single-charge driving range was reduced.

However, another 35 drives were conpl eted before another problem arose:
the 20.5-Anp battery charger failed at the end of Novenber. At that
time the ALAB car was taken out of service and the evaluation of the

ALAB car was concl uded.

103 Drives during 1998 in ALAB Electric Car

120
E 100
£ 80 O Longest
Q 60 - O Average
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FIGURE 10 Mnthly distribution of 103 single-charge drives in ALAB
car during ATdS and six nonths of daily use in Connecticut
during 1998

The graph in Figure 10 displays statistics about the shortest,
| ongest and average di stances driven on each fully-recharged ALAB.
There were a total of 103 drives on the 1998 ALAB pack, including drives
in October and Novenber, which occurred after battery #4 was repl aced

with a spare ALAB.
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FIGURE 11 Voltage pattern this 24-mle drive on Novenber 3, 1998 shows
that replacenent battery #4 is very weak by conparison to the
other twelve ALAB units

The graph fromthe battery management system on Novenber 3, 1998
records the voltages for the second cycle after battery #4 was repl aced
with a spare (Figure 11). The spare was the better of two ALAB units
held in storage for 18 nonths with occasional trickle charges to
mai ntain the battery. The top of the graph shows batteries with
hi ghest, average and | owest voltages. The |lowest voltage |line
represents the replacenent battery, starting at 1.93 V (11.58 V/ when
fully charged, while the other twelve ALAB units start at 2.06 V/ cell
(12.36 V/battery). Anperage draw for driving was very nodest, w th peak
draw below 70 A (refer to | ower half of graph and y-axis on the right,
where 0.4 refers to 0.4 x 160A = 64 A). After a 20 percent discharge

(0.2 on x-axis), average cell voltage is 2.0 (12.0 V/battery), but the
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repl acenent battery registers 1.8 V/cell (10.8 V/ battery), the | ow

vol tage cutoff for driving the ALAB car

Overall, the 1998 ALAB car was driven 3,815 mles on the battery
pack in nmostly warm weat her and consunmed 961 AC kWh. The energy
consumed during this spring, sumrer and fall period was 961 AC kW, wth
a retail cost of approximately $0.027/nmile driven, based on a $0.106/ kW
utility rate in Connecticut. At the |ower national average cost of
electricity of $0.086/ kW, the cost of electricity per mle calcul ates

to $0.022/nile driven.

Average commuting di stance driven during My through August was 35
mles per charge. The effect of the drives that occurred after battery
#4 was replaced with a spare was 33.1 miles/charge, a slight reduction
in the overall average distance driven per charge in the ALAB car over a
total of 103 drives. The standard deviation was 13.1 mles per drive,
meani ng that two thirds (68 drives) were from20 to 46.2 m | es between

battery recharging.
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Fi ndi ngs

The principal finding is that the 1995-nodel electric car nust be
viewed in nore than one context. Firstly, the vehicle body, chassis and
drive train are adequate for the transport of personnel within
Connecticut for nost routine non-energency state business. Drivers do
notice that the drivetrain is somewhat underpowered as conpared with
nost ot her vehicles on the road, but that was also true for the
gasol i ne-powered Geo Metro. The EV manufacturer that converted the CGeo
Metro to an electric vehicle has placed a higher priority on efficiency

versus power, and both accel eration and top speed reflect that priority.

Secondly, the electric car nmust be viewed in the context of its
battery since many different batteries could power the car. Two

different battery types were evaluated in this project.

The first type was a 50 Ampere-hour conventional sealed |ead acid
battery (CSLAB). The finding is that this car/battery configuration is
reliable, although actual col d-weather range was al nost half the
manuf acturer’s cl ai med war m weat her range, because of the power-draining
effect of the electric heater/defroster, rear-w ndow defroster
wi ndshi el d wi pers, and headlights. Fuel-fired heater/defroster units
are now options on this electric subconpact car and are anticipated to

provi de nore consistent year-round single-charge driving range.

The second type was an advanced | ead acid battery (ALAB). The car
was operated on two (2) different versions of the production ALAB. The
first was a 95 Anpere-hour ALAB. The second was an 85 Anpere-hour
battery. Several conbinations of battery chargers, charging profiles
and driving/operating parameters were utilized during the four years in

attenpts to elimnate premature battery failure. The finding is that
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this car/battery configuration with the ALAB i s uneconom cal due to

premature battery failure.

A 1985 Transportati on Research Board publication about daily
driving-di stance needs in the U S. comercial -vehicle market provides a
met hod to determ ne how many and where short-range el ectric subconpacts
could be utilized in fleets. The nmethod could be applied to state

government fleets.

The regul ati ons associated with the Energy Policy Act of 1992 and
the Clean Air Act were not prescriptive as to which alternative fue
vehi cl es nmust be purchased for state fleets. Fleet nanagers can
exerci se considerable judgnment in their purchasing decisions. Although
there are obvious fuel conservation, energy independence and air quality
benefits to electric vehicles, there are very few electric vehicle
nodel s that can actually be purchased and are supported in Connecti cut
by their manufacturers. The |ack of avail abl e vehicle makes and nodel s
continues to limt a fleet manager’s options for incorporation of EVs

into the state fleet.

It will be inportant to base state purchasing and | easing
deci sions on the nost reliable information avail abl e about the
practicality, performance and reliability of available electric

vehi cl es.

The practicality of electric vehicles for work trips is determ ned
largely by their driving range and crui sing speed capabilities as

conpared with fleet-usage needs.

In this project, we found nmarketing clainms of both the electric

car and battery manufacturers were inaccurate as applied to Connecti cut
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(Table 2). It is unlikely that a fleet manager will make deci sions

about the acquisition of EVs for the fleet based solely on

manuf acturers’ cl ai med performance and warrantees. Prudent deci sion-

making will likely involve careful assignnent of EVs to daily driving

m ssions that are well within the vehicles’ capabilities and cl ose

nmoni toring thereafter to build experience.

TABLE 2 Findings for three different lead acid batteries in a

subconpact electric car
Convent i onal Advanced Lead Acid Battery
Vehicle Battery Type Seal ed Lead Acid (ALAB)
( CSLAB)
Regi strati on Nunber CT: EV-2 CT:EV-1 CT:EV-1
Eval uati on Year(s) 1995, 1996 1995, 1996 1997, 1998
Battery Capacity (Ah) 50 95! 85
Battery Capacity (kwh) 7.8 14.8 13.2
Spri ng, Spri ng, Spri ng,
Ti me of Year W nt er Summer , Wnter | Summer, | Wnter | Sumer,
Mont hs Fal | Mont hs | Fal | Mont hs | Fal |
Mont hs Mont hs Mont hs
Anti ci pated Driving Range <502 50 <70? 70 <652 65
bserved Driving Range ~30 ~40 ND® ND* ND? ~45
Cost/mle for electricity at
2 5
$0. 106/ KWh (CT rate) $0. 06 $0. 03 ND* ND* ND* $0. 027
Cost/mle for electricity at
2 5
$0.086/KWh (Nat'| rate) $0. 05 $0. 025 ND* ND* ND* $0. 022
Battery Cost per mle (between
5 6
- pack’ 1 epl acement s) $0.11 to $0.19 ND* $1. 66

NOTES:

1 95 Ah ALAB was discontinued in 1996 by manufacturer and replaced with the 85 Ah ALAB.
2Range in winter varied inversely with use of accessories (electric heater/defroster,

rear-w ndow defroster,

wi ndshi el d w per,
tenperatures battery is anticipated to be less efficient.

headl i ghts) .

Al so, at

wi nter that summer due to use of these electric accessories.
® Not deternined because ALAB car was not operated in winters of 1995/1996 (by

Ri deshare),

1996/ 1997, 1997/1998 or

| ow anbi ent
Cost/mle is higher in

1998/ 1999 primarily due to battery failures.

4 Not deternined because ALAB car was not operated |ong enough before batteries began to

| ose capacity.

°® Data provided by Rideshare from CCEVD proj ect.

summer and fall nonths.

their

Capi t al
and CSLAB repl acenent cost per

pack.

battery packs were from 11,300 to 22,100 mles over

Average 0.287 AC kWh/nile in spring,
cost/m | e based on experience with four
Di stances driven in the four
24 to 32 nonths.

CSLAB cars

CSLAB cars on

® Cost/mile based on 103 drives before 1998 ALAB pack failed in final year of

eval uati on.
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In table 2 we are reporting the single-charge range of the ALAB
car as 45 nmiles because that was sustainable for 50 drives before one of
the thirteen batteries began to | ose capacity. It is inportant to note
a noticeable difference between 40-mle drives in the CSLAB and ALAB
cars. By design, the ALAB car has full power throughout the drive
because the DOD is constrained to 70 percent in order to avoid danagi ng
the battery. This constraint causes the battery voltage to remain at
its nomnal 12 volts throughout the drive. Thus, driver has consistent
power for acceleration and hill clinmbing in the ALAB car. The CSLAB
car, in contrast, is driven to a deeper discharge |level, and as voltage

declines so does power for acceleration and hill clinbing.

An eval uation involving a single ALAB car and a single CSLAB car
cannot provide statistically definitive predictive statenents about a
large fleet of electric cars (population), but good quality control in
the manufacture of the electric vehicles makes it likely that in-service
tests of only a small sanple of EVs will provide sound first-hand data
and experience useful in evidence about the accuracy of marketing
clains of EV and EV-battery manufacturers, and nmuch useful firsthand
i nformati on about both capabilities and limtations of the subconpact

battery/electric car

Sunmary of Costs

The capital cost of the CSLAB car with options was $34,776 in
1995, which included a $500 mul ti pl e-car-purchase di scount. The options
included in the CSLAB car were: battery thermal nmanagenent, electric
heating and air conditioning, cabin preheat, trip odoneter, energency
shutof f button, 2 kWcharger, analog volt neter, digital anp-hour neter,

and installation charge for ACVWatt neter (for project data collection).
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Present-day pricing of CSLAB cars in a fleet procurenent would be
det erm ned through conpetitive bidding and could be | ower or higher
dependi ng on quantity, options and conpetitive market factors. For use
in Connecticut fleets, a fuel-fired heater should be included in the car

specification. This option was not available in 1995.

The capital cost of the base ALAB car, including the same options
as on the CSLAB car (electric heater and air conditioning, etc.) was
$43,546 in 1995, which included the $500 nul tipl e-car-purchase di scount.

The ALAB nodel is no |longer available fromthe EV manufacturer

The *fuel’” cost for the CSLAB car is based on a conbi nati on of
ConnDOT and Ri deshare records (see Table 2). Rideshare observed average
electricity consunption of 0.287 kWh/mile in spring, sumer and fal
nonths. The cost per mile calculates to $0.03/mile for electricity in
wi nter driving, based on a $0.106/ kW utility rate in Connecticut. At
the |l ower national average cost of electricity of $0.086/ kW, the cost

of electricity per mle calculated to $0.025/m | e.

ConnDOT" s observed average electricity consunption for w nter
mont hs was 0.559 AC kWh/ mile. Energy usage is higher in cold weather
due to the use of the electric heater, used on 125 of 196 drives.

El ectric windshield wi pers were used on 28 drives and electric lights
were run on 31 drives. The cost per mle calculates to $0.06/mle for
electricity in winter driving, based on a $0.106/ kW utility rate in
Connecticut. At the | ower national average cost of electricity of

$0. 086/ kWh, the cost of electricity per mle calculated to $0.05/mle.

The repl acenent cost of the CSLAB is reported in Table 2 as a per-
mle cost based the 1998 repl acenent cost of $2, 145/ pack (13 batteries)

pl us $275 for shipping and labor to install and cycle the battery.
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Ri deshare provided data fromboth the CCEVD project and their

mai nt enance records in subsequent years. Distances driven in the four
CSLAB cars on their battery packs ranged from 11,300 to 22,000 mles
over 24 to 32 nonths. The resultant cost-per-mle range is $0.11 to

$0. 19.

In the final year of the ALAB-car evaluation, the car was driven
3,815 mles on the ALAB pack in nostly warm weather. The energy
consumed during this spring, sumrer and fall period was 961 AC kW, wth
a cost-per-mle of approximately $0.027/mle driven, based on a
$0. 106/ kWh utility rate in Connecticut. At the |ower national average
cost of electricity of $0.086/ kW, the cost of electricity per nmle

calculates to $0.022/nmle driven.

The price of ALAB packs varied each year during this evaluation
Prices for 13-battery packs were: $5,720 in 1995; $7,345 in 1996;
$7,020 in 1997; and, $6,045 in 1998. These prices do not include

shi pping and labor to install and cycle the batteries.

The repl acenent cost of the ALAB is reported in Table 2 as a per-
mle cost based the 1998 repl acenent cost of $6, 045/ pack (13 batteries)
pl us $275 for shipping and to install and cycle the battery. The
di stances driven in the ALAB car in 1998 before battery failure on this
pack was 3,815 mles over 7 nonths. During that period the car was idle
for over three nonths due repairs to correct for the failure of one of
the thirteen batteries and two failure occurrences of the battery
charger. Based on the 1998 price of the ALAB and its service life of

3,815 nmiles, the capital cost per mile for the battery was $1. 66/ m | e.
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Basi ¢ Subcompact Car, Electric Drivetrain

A major U S. autonobile manufacturer manufactures the subconpact
car body and chassis. The body and chassis are designed as an
i nexpensive |ightweight steel car nodel. A fleet manager cannot escape
the fact that this subconpact car is one of the | east expensive, no-
frills economy cars on the market. [4] It has adequate seating for four
adults, but limted interior room Trunk space is |less than the Genera
Motors internal conbustion engine (ICE) version of this subconpact car
due the to space required for the battery box. Al these EV
characteristics nmust be taken into consideration and will determn ne
where the battery/electric subconpact can and cannot be assigned in

st at e agenci es.

The electric notors, gearboxes, notor controllers, regenerative
brakes, and ot her conponents unique to the battery/electric cars were

very reliable in the cars we drove during the four-year project.

Reliability shortcom ngs we observed were al nbst exclusively in
the area of the batteries thenselves and battery rechargi ng equi prent.
In 1997, one charger breakdown disrupted data collection for a nonth.
In 1998, two charger breakdowns di srupted data collection, and over 100

days el apsed awai ting charger repairs/replacenent.

On-board chargers are beneficial because they provide the driver
with greater versatility when the battery nust be recharged.
Qpportunity charging can occur at a variety of unplanned |ocations if
the electric car is equipped with common extension cords and el ectrica

adapt ers.
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50 Ah CSLAB- powered El ectric Subconpact Car

It is recoomended that electric subconpacts in the fleet utilize
the CSLAB when the fleet vehicle will have short routine driving

m ssions and do not require significant expressway driving.

The needs of the state fleet are year round and the seasonally
| ower range of the CSLAB car in winter cannot be ignored. The driving
range on a single charge with conventional sealed |ead acid batteries
(CSLAB) is sufficient for a winter driving mssion of about 30 mles
round-trip, and a three-seasons driving mssion of about 45 niles. The
addition of a fuel-fired heater/defroster is anticipated to increase the

Wi nter driving range and inprove driver/passenger confort.

The CSLAB responds well to opportunity charging. Recharging
facilities should be prearranged for those | ocations where the CSLAB car
wi |l be parked during the day, in addition to overnight charging. Where
day-time opportunity charging is available, year-round daily driving
requi renents can be accommodat ed by the CSLAB car that exceed 30 mles.
The daily range of those CSLAB cars will depend on the tinme avail able
for opportunity charging during the workday, i.e., howlong the car is

parked and plugged in for opportunity charging.

During |l onger drives and at hi gher speeds, the CSLAB voltage
decreases to and bel ow nonmi nal voltage levels. The driver will then
noti ce that avail abl e power has di m ni shed somewhat and remains this way
t hrough the remai nder of the drive. At |lower voltage |levels, the driver
will notice that the CSLAB car is |less able to accelerate and clinb
grades, at rates and speeds conpatible with faster highway traffic.

Thi s predictable and repeatabl e performance characteristic of the

conventional |ead acid battery needs to be considered when assigning the
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CSLAB car. Drivers should receive training on what to expect and how to

operate the vehicle safely, given its limtations.

The fleet manager will need to plan for disruptions to fleet-car
availability to facilitate changi ng out the battery packs every ei ghteen

to twenty-four nonths, the anticipated life of a CSLAB.

85 and 95 Ah ALAB-powered El ectric Subconpact Car

It is recoomended that electric subconpacts in the fleet not
utilize the ALAB. The ALAB is prone to early failure, making it very
unreliabl e and uneconomical in a fleet. The CCEVD and this project
eval uated ALAB batteries produced in 1995, 1996, 1997, and 1998. The
1995 and 1996 production batteries were identical, rated at 95-anpere
hours. The 1997 and 1998 ALAB production batteries also identical

rated at 85-anpere hours.

Each year when the ALAB was new, the driving range of the electric
vehicle was sufficient for a daily-driving mssion of forty-five mles
round-trip, and that lasted for up to 50 drives. Progressive capacity
| osses in the ALAB reduced the single-charge driving range over tine
t hroughout the battery pack’s cycle life and nade it difficult for

drivers to know how far they could drive the ALAB car

Protracted project delays occurred due to battery failures each
year. Charger failures were also a delaying factor in 1997 and 1998.
The project evolved into a four-year effort to both investigate and
t roubl eshoot the Advanced Lead Acid Battery (ALAB) in a subconpact

electric car.
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The project successfully assenbl ed various battery charging,
nmoni toring and control equi pnent conponents in an effort to overcone
failures of the ALAB. Through trial and error, we ultimtely
denonstrated that an electric vehicle equi pped with the ALAB coul d be
made to run relatively well for a short time if restricted to
nei ghbor hood el ectric operating paraneters that avoid hi gh-anpere | oads
on the ALAB, if not recharged prior to a minimal 5 percent DOD, and if
not driven distances that result in over 70 percent DOD (about 45 mles
or 70 Ah). However, even under these restricted conditions, the ALAB

did not denmonstrate sufficient cycle life for fleet use.

In the final year, the project observed a useful life of ALAB to
be about 50 cycles before one of the thirteen batteries failed, which
l[imted driving range thereafter. Unfortunately the repl acenent
battery, the better of two spare ALABs in storage for eighteen nonths,
had | ost capacity while in storage. It was one volt |ower than the rest
of the batteries in the pack. Overall, the |argest nunber of cycles on
an ALAB pack occurred in the fourth and final year of the project, and
was 103 cycles. This was very uneconom cal for a $6,500 battery pack

and represents a capital cost of $1.66/nmle for the battery.

Cycle life of the ALAB appears to be shortened as a result nany
factors: the design of the battery, re-charge parameters, opportunity
chargi ng, regenerative braking to a nearly-full ALAB, inprecise re-
chargi ng (anperage fluctuations fromthe charger), high peak discharge
| oads such as for hard accel eration, and deep discharges of the battery

associated with long drives that require nore than 70 percent DOD.
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Devel opnents after Concl usion of Project

In [ate 1998, menbers of the CCEVDP suggested the ALAB car be used
to test another type of battery and a wintertime fuel-fired heater
Al so, there were discussions with a fuel cell manufacturer about a
possi bl e eval uati on of a preproduction prototype hydrogen fuel cel
functioning as a range extender for the EV. A private EV Speciali st
anal yzed several possible fuel-cell/EV conbinations in Novenber 1997.
In our sinmplified analysis, the EV operated as a conventiona
battery/electric car. A small on-board fuel cell was started after
sufficient DOD occurred during the drive. Thereafter, the fuel cell was
assuned to run continuously, delivering energy to the battery. The
results suggested that even a very snmall fuel cell could suppl enment
battery capacity and doubl e or even quadruple the driving range of the

subconpact EV.

The Departnment converted the ALAB car to nickel cadmi um batteries
(NiCd) in 1999, which were anticipated to provide four years or nore of
service. The N Cd pack consists of 26 six-volt batteries (156 V) and
cost approximately 34% nore that the 1998 cost for the ALAB. A
favorabl e battery-repl acement cost-per-mle paraneter is anticipated,
whi ch woul d be lower than for the CSLAB car if the NCd battery were as
long-lived as is clainmed. The clainmed range of the car is 70 mles per

charge. That evaluation is anticipated to be conpleted in four years.

New Jersey DOT initiated a research project with the EV
specialist, a New Jersey fuel cell manufacturer and others to
i nvestigate the concept of a fuel-cell range extender. New Jersey
installed NiCd batteries in their fuel-cell hybrid EV. Their car was

unvei l ed at the 1999 ATdS.
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Appendi x A.  Information about the Energy Policy Act of 1992

Energy Policy Act of 1992 (EPACT) -- The primary objective of the

1992 Act is to strengthen national energy security by reducing
dependence on inported oil. Final rulemaking by the Federa
Department of Energy under 10 CFR Part 490, "Alternative Fuel
Transportation Program" was nandated by the Energy Policy Act of
1992. The DCE program applies nationwide and DOE will directly
adm ni ster the program The new regul ati on, issued around 3/19/96,
calls for certain percentages of new fleet vehicles to be powered by

alternative fuels.

For exanple, alternative fuels nust power 10 percent of new
light duty notor vehicles acquired in 1997 through purchase or |ease
by state governnent fleets. Percentages rise each year for both
public and private sector fleet operators: 15%in 1998, 25%in 1999,
50% in 2000, and 75%in 2001. Exenptions remain in force for
energency nmotor vehicle, |aw enforcenment and vehicl es used for
nati onal security, non-road vehicles, and “notor vehicles that are
normal |y parked at the personal residence of the individuals that

usual ly operate them?”
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Electric Commuter Vehicle Evaluation in Connecticut

Appendix B

Internet Site for Electric Commuter Vehicle Evaluation in Connecticut

Advanced Lead Acid Battery (ALAB) Electric Car

1996

1996 American Tour de Sol -- Daily records of the sedan's
performance

1996 American Tour de Sol -- Results, including a 141-mile drive on
a single charge

1996 performance of the electric car following the 1996 Tour de Sol

1997

Pictures of 1997 Advanced Lead Acid Battery (ALAB) Electric Car

American Tour de Sol Results in 1997 - Hilly & Mountainous
Highway Terrain

1997 performance of the electric car following the 1997 Tour de Sol

1998

American Tour de Sol Results in 1998 - Level Highway Terrain

1998 performance of the electric car following the 1998 Tour de Sol

Future of the electric car following the 1998 Tour de Sol

Connecticut Department of Transportation
Bureau of Engineering and Highway Operations
Division of Research

http://ourworld.compuserve.com/homepages/JSime_ConnDOT/ [12/26/1999 12:31:08 PM]



1996 ATdS Daily Recordof Performance
Electric Commuter Vehicle Evaluation in Connecticut

Daily records from the Connecticut team's production electric car at the 1996 Tour de Sol

Firstly, data from the "leg" driven on Sunday at Tour de Sol is shown below. Top lines graph the voltage history
(high-, average-, and low-voltage batteries) during the entire battery discharge cycle. Bottom lines graph the
record of amperage draw throughout the 65.4-mile drive on Sunday.
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Next, datafrom Monday at Tour