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Battery technologies of different chanistries, 
manufacbre and geameby were evaluated as candidates for 
use in Electric Vehicles (EV). The candidate batteries that 
were evaluated include four single cell and seven multiell 
modules repisen% four technologis, Lead-Aad, Nickel- 

staudard set of testing procedures for electric whicle 
batteries, basedon industryaccepted testing procedures, and 
any tests which were specifc to individual battery types were 
used m the evaluations. The batteries were evaluated by 
umduchg paformance tests, and by subjecting them to 
cyclical loading, using a computer oontrolled charge - 
discharge cycler, to simulate typical EV driving cycles. 
Criteria for comparison of batteries were: p e r f i i ,  
projected vehicle range, cost, and applicabirity to various 
types of EVs. The four battery technologies have individual 
strengths and wahessa and each is suited to fiU a 
particular application. None of the batteries tested can fill 
evay EV application. 

Chdmium., Ni&d-M& Hydride and &C-B&&. A 

INTRODUCTION 

Tbe center for Electrochemical Systems and Hydrogen 
Research (CESHEt) at Texas A&M.has been doing 
hdamental research on energy conversion and storage 
devices since 1987. During this period , the center has 
acquired 7 electric vehicles. The testing of commercially 
available and advand electric vehicle batteries was started 
in 1990. Todays storage battery powered EVs have ranges of 
30 to 150 miles per cbarge. The addition of a hydrogen fuel 
cell or other main energy device can increase this range , but 
batteries would still be needed for load leveling and 
acceleration Each type of electrically driven vehicle requires 
different battery performance characteristics. For example, 
for battery powered EVs the important @ormance 
C- * ‘cs are that they have a high energy and power 
density. Energy density translates to the range of the vehicle 
u d  power density relates to the acceleration and hill 

climbii ability. Hybrid EVs require very high power 
density batteries that have a weak current-voltage 
relationship such that the voltage is relatively in-t of 
load and will therefore not ovaload the main en= device 
as load changes. The bathies in a hybrid EV will be mainly 
used for load leveling @caking power) for the main energy 
device. There are many candidate technologies with different 

important characteristics include: C- cs. 
pcrfonrimce, cost, ruggedness, toxicity and life. 

The objective of the investigation reported here was to 
d e w  the strength and weaknesses of various b a r n  
technologies for EV use. Each EV application and 
configuraton may have different requirements and stress 
Werent charactexistics of the batteay. The objective was 
satisfied by first iden- a standard set of testing 
procedures for electric vehicle batteries based on in dust^^ 
accepted testing procedures, and any tests which are specific 
to individual battery types. The batteries were then evaluated 
by conducting perf’’e tests, and by subjecting them to 
cyclical loading using a computer umtrolled chargedischqe 
cycler to simulate typical EV driving cycles. Perfonnane 
characterizations andor Me evaluations were conducted on 
four single cells and seven 3 to 72 cell modules representing 
four technologies, (NickelCadmium, Nickel-Metal Hydride, 
Lead-Acid, and ZmoBromkk). Comparison of the batteries 
was based on: performance, projected vehicle range, cost and 
applicability to various t y p s  of EVs. The experimental 
apparatus is described followed by detailed descriptions of 
the pe14ormance characterization tests. Resuits are presented 
in graphical and tabular form to a allow an evaluation of each 
battery technology relative to the requirements of the various 

. .  

EV types. 

EXPERIMENTAL APPARATUS 

Loading of the batteries was accomplished with a 
computer wntrolled battery cycler. The computer controlied 
cyclers are capable of constiutt-current, constant-voltage, and 
constant-power modes of charge and discharge on the 
batteries. 
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The p o w  system~programs may contain up to my steps, 
witheachstepbebgactrarge,discharge,orrest This 
enables the user to program the cycler for steady-state and 
dynamic modes of operation. The cycler measurts amcat, 
voltage and temperature and calculates power, amphum and 
watt-hours. Cycles .such as the Simplified Federal Urban 
Driving Schedule (SFUDS), Society of Automotive Engineers 
(SAE) cycles, and any power ys. time cycle can be tested in 
the lab. The range of cyclers used allowed fix testing of 
power systems from AA size batteries to full scale EV 
battexies. 
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Atestingpocedurchas been developedto chrnadaize 
the p e d i i  0fEVbatteries basedonuatid labaatory 
~ a r ~ i o q u i p m e n t a v a i l a b l e [ 1 ] .  Whenamwbattery 
anives fbrtcsting it is physically iospectcd for cmy damage or 
defects The battery is then weighed and its volumetric 
dimensions are measrned The electralyte level is checked 
and sdjusted Bccording to the manufscbrers 
recommendations. The batte~~ is then connedcd to the 
cycling equipment and dischsrged to a known State Of 
Charge (SOC) btfore any cycling is begun. Same batteries 
require a bmk-in period before the performance testing is 
started 

Five standard tests are used to thmdmze - t h e  
p f i i  of the battery: (1) constant current discharges, 
(2) cons&nt power discharges, (3) peak power avaiIabiIity, 
(4)stand test, and (5 )  simulated driving cycles. The charging 
method is vay sensitive to battery design, so, each battay is 
charged according to manufkturers recommendations. The 
numbex of cycles each battery under goes during it's 
@ o r m a n c e ~  * tion is recorded, but, the usable life 
of the battery cannot be tested because of resource 
limitations. 

this testing is to verify the rated capacity, show the influence 
of current load on Capacity, and detemux . the batteries 
internal resistance . The industry standard for determining a 

CONSTANT CURRENT DISCHARGE - The purpo~e of 

kttuy's capacity is to dischaxge the battery at a c13 rate (the 
C, in amphorn, is @veri by each manufkbra). The ktemal 
 stance of a battery is a filnction of Depth Of Discharge 
@OD) and can be d d a t e d  f?om a range of constant current 
discharges. 

CONSTANT POWER DISCHARGE - The purpose of 
this testing is to determine the energy and coulombic capacity 
of the battery as a hmdion of discharge rate (power). This 
plot is commonly r e f d  to as a Ragone p ld  

PEAK POWER - The purpose of this test is to measure 
the capabiity of thebattery to deliver high power for up to 10 
secoradsatdifferentDOITs Tensecondswaschosenbeca~ 
it is more than the time required for high power demands 
usedktheSFUJX. Tbetestisperformedbydischargingthe 
battery at a range of high currents. then the battery is 
dischargedatad5 rate for five minutes and the process is re 
peated until thebattay is fidy discharged The peak power 

. at cach DOD is calculated h m  the highest power found at 
the end of each 10 seccmd discharge. 

STAND TEST - The purpose of this test is to assess the 

perid First, the battery is fidy charged and immediately 
discharged. Then, the battery is fully charged and open- 
circuited for d8-t periods of time h 2 hours to 72 
hours. Thesei&timeswherechosenbecausetheyare 
similarto n d  driving habits. The diff'mce between the 
capacity of the first test and the other tests is the capacity loss 
h r n  standing. 

test is to predict the range of a specific electric vehicle using 
the test battery, on a partidar.driving cycle. There are 
several driving cycles that are regularly used to test the 
performance of electric vehicles, but one, the SFUDS, seems 
to be the most widely us& The SFUDS is based upon the 
federal urban driving schedule, which is the cycle on which 
all Intemal Combustion (IC) cars derive their city fuel con- 
Sumptioa Figure 1 shows the SFUDS power vs. time profile. 
The SFUDS power spedra is derived from the U.S. 
Department of Energ)rs "Improved" Dual-Shaft Electric 
propulsion (IDSJP) vehicle 121. 

Capacity lossr ofthe battery aftet an extended opencircuit 

SIMULATED D W G  CYCLES - Ihe purpo~e Of this 
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Figure 1 SFUDS battery power vs. time profile. 



The IDSEP vehicle c k a c k r m  'cs are defined 
WOW 

curt, weight 2397 kg 
Battery system weight 695 kg 
Aaudymmic Dr8g Coefficient 0.37 
RollingRcshnce Coefficient 0.008 
Frontal Area 2.97 mz 

The SFUDS cycle is approximately 3.1 km long, 
so, the number of cycles the batteay completes 
times 3.1 Ian is ttbe range the IDSEP vehicle will 
havewiththctestbattery. Thetestisendedwfien 
the battery can no longer provide 50 w/kg as 
ptsQibedbythCSFUDSplUC&iUE. 

RESULTS AND DISCUSSION 
Figure 3 weight of each battery tested. 

The following subsections desaibes each of the eight 
batteries tested, the charging method used and brief 
desaiption of each batteries results. Next, a table ddailing 
the specifications and performance of each battay kskd is 
given. Fin~lly, two sections are used to convey the graphical 
andtabularnsultsofthestandardandspecializedtests The 
tested batteries CIM be divided into three groups, l e d  acid 
(four battexies), nickel positive el& (one battery pack 
and2 single cells) and azinc hmi& battery (32 cells). The 
nickel positive electrode batteries CoIlSisted of one nickel 
cadmium pack (20 cells) and rn nick1 metal hydride 
batteries. Each battery or cell was p r o v i d e d  by a M't 
mall- 

Due to limited availabaty the tested battery are of 
di fked  masses and capacities. The following bar charts 
graphidly describe the test weight and measured battery 
capacity at a 3 hour rate. 

Given an electric vehicle reqUiranent of 15 kwh the zinc 
bromidebattery is 1/3 tidl scale the nickel cadmium pack and 
lead acid batteries are approXimately 1/15 of fbl1 scale while 
the nickel metal hydride battaies are approximately l/3OOO 
of a fhll scale pack 

LEAD ACID BAlTERY DESCRIPTION - The four lead 
acid batteries tested consisted of two 3 cell modules and two 
6 ceq modules. All lead acid batteries were of approximately 
the same weight and capacity. 

Flooded Lea d-Acid ( C h h  '&I - S e v d  6 volt, 205 Ahr 
modules (3ET205) manufactmed by Chloride Motive Power 
of the United Kingdam were tested. These modules are used 
in many EVs including the G-Van fnnn VEHMA. The bat- 
teries were purchased in January 1992 for use in several EVs 
at Texas A M  University. 

A three step constant current method of 
36t24112 amps is applied till 7.2f7.5f7.9 volts is 
reached Then the voltage is held constant at 7.9 
volts till the current tapers to 6 amps. This 
allows for a 20% overcharge. Watering is 
required every two weeks or 15 cycles. In the G- 

The module attained a specific energy of 29 
Wh/kg (3 hr rate), but the peak power could not 
be tested because of the current limitations on the 
cyclers. This ba- uses a unique tubular 
positive electrode that should provide longer life. 
One of the G-Vans used at TAMU has over 8,500 
miles on it, during which 5 of the 36 batteries 
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0 4OOo 5@M 7~00 hadtobereplacedduetofailures. 
E nergy Capacity (Wh) Sealed Lead-Acid IDelCo) - Several 12 volt, 

10s Ahr modules (h427MF) manufactured by 
Delco-Remy of the United States were tested 

These modules are designed for use in marine .applications. 
The batteries were purchased in February 1992 for use as a 
temporary propulsion pack fa one of the Texas A&M EVs. 

A three step charge method, 15 amps to 14.8 volts, hold 
14.8 volts to 2 amps, 1 amp for four hours, was used that re- 
sults in a 5 -10% overcharge. But, the best results were at- 

Figure 2 Nominal energy capacity of each battery tested. 

The largest battery tested was the zinc bromide followed by 
the nickel cadmium battery pack, and the lead acid. The 
nickel metal hydride cells tested were very d. In 
interpreting the results the reader should keep in mind that 
there is a great differem in the different battery sizes. 



tainedwhenastandard12volttapeschargerwasd The 
battexyissealedandrequiresnomaintenanCe. 

rate)andapeakpowerofSS W/kgat5oa/oDOD. Ihebatter- 
ies require a veq long charge time and the p e r f i i c e  
seemed to be degrading a t k  only 50 deep cycles 

(EXIDE) - several 6 ~ d f  200 Ahr 
moduIes ( G G S )  menutectured by ExlDE Moiive Powa of 
Horsham,Pennsylvaniawentested. Thesemodulesarede 
signedforgolfcartsandEvcanvasions T h t k d k i e s m  
purcbasedmAugust1991 fortestjnganduscmoneofthe 
Texas A&M EVs. 

The moctule's charge seq- is 25 amps to 7.65 volts, 
hold 7.65 volts fot 3 hrs, then 4 amps for 3 hours, which 
provides a 20% overcharge. The battaies re@k wataing 
every 1s cyclesa twoweeks 

The modules attained a specific ~ ~ e r g y  of32 WMcg (3 
hr rate), but the peak power could not be tcstedbccsusc of 
theatmnt limitations on thecyclas. Ihespecificemrgyis 
onlyaverage,butthebatteryisvezykxpensivc. Thebattay 
packhas providedOVer3,500 U&S inthe -4 LYNX. - &&@ggg& - a l e  12 volt# 115 Ahr 
module (%522) manufmed by Johnson Controls Inc. for 
Searsretailstonsof theUnitedStateswastested. the 
battery is designed for starting and auxiliary usc m marine 
applications. The battery was purchased in August 1992 for 
evaluation for use in a high speed elec&ic vehicle 

The module requires a three step charging proceq 10 
amps to 14.8 volts, constant 14.8 volts to 2 amps, 1 amp for 
4 hours, which pvides a 20% overcharge The imttaies re- 
quire watering every 1s cycles or two weeks. 

'Ihe module attainedaspecific -of 34 WMrg (3 hr 
rate)andhadapeakpowerof82W/kgat%DOD. The 
specific ~ l ~ g y  capacity of the battery is the best ofthe lead- 
acid group, but the battery was damaged during &e high 
Po-- 

NICKEL l3AlTERY DESCRIPTION - The three nickel 
electrode batteries tested d s t e d  of a 20 cell nickel 
cadmiumpack and two small nickel metal hydride cdls The 
individual nickel d hydride cells were much d e r  then 
the individual nickel cadmium cells 
N- tho - One 25 volt, 44 Ahr 

m&Ie  (44SP100) and one 12 volt, 17 Ahr cell (17SP100) 
manufactured by uarathon Power Technologies Battery 
Products, Wam, Texas were tested. These WlIS are designed 
for airaaA auxiliary and starting purposes They were 
pvided for evaluation, as a possible battay'for use in a 

. hybrid Electric vehicle b e i i  mnshcted at Univdty of 
Texas at Arlingtos in May 1992. 

A constant current charge methd, 8.8 amps for seven 
hours, which provides a 40 % overcharge, uas recommended 
by the manufkcture. This high overcharge required tiquent 
water of the batteries. Every 5 to 10 cycles distilled w a r  
w a ~  added to each cell. A lower overcharge resulted is less 
water use and slightly less capacity. 

The 44SP100 module and 17SP100 cell attained specific 
energies of 35 Wh/kg and 30 Wh/kg (3 hr rate) respectively. 
The peak power at SOO? DOD was greater than 140 W/kg. 

Themodules attained specific energies O f z  whlkg (3 hr 

- 

This &d w t  be determined exactly because of the current 
limitations on the cyclers. The specific energy of this battery 
is not exceptional, but because of its high power density and 
low dependence on discharge rate the range provided by this 
battery should be very consistent. Also, this battexy should 
provide excellent cycle life (over IO00 cycles attainable says 

jJickel-Metal Hydride (Ovonicsj - Two different sets of 
1 1  volt, 3.5 Ahr (C-size) cells manufactured by Ovonic Bat- 
tery Company in Troy, Michigan were tested. These specific 
cells are designed to compete with the rechargeable NiCd 
batteries for use in radios, toys, ect. The company has been 
awarded money by the United States Advanced EMtery Con- 
Soaium to develop these into EV size batteaies. The original 
cells -purchased at an EV show in April 1992 and the 
second set was sent by Ovonics in November 1992. 

A constant cunrent charge procedure, -88 amps for 4.67 
horn, which provides a 17% overcharge, WBS determined to 
be the best method. The battery is sealed and requires no 
maintenance. 

The cells attained a specific energy of 50 Whlkg (3 hr 
rate) and had a peak power capability of 102 W/kg at 50% 
DOD. The Specific energy and peak power of this battery is 
excellent, but the self discharge is high. The second set of 
cells sent by Ovonics had a much improved self discharge 
rate. 

el-Metal H ~ d n  'de (Panason ic) - Six 1.2 volt, 1.4 Ahr 
cells (slightly smaller than Gcell) manufactured by 
Matsushita Battery Industrial Co., a division of Panasonic 
Industry, of Osaka, Japan were tested. The cells were sent in 
February 1992 for testing as a replacement for rechargeable 
Nicd batteries. The company m o u n d  in May 1992 that 
they had developed the worlds first sealed nickel - metal hy- 
dride batteries for EVs. The 6 volt modules have a capacity 
of 130 Ahr and weigh 1 1 kg (approximately 70 Wh/kg). 

A constant current charge method, .7 amps for 2.33 
hours, which provides 17% overcharge was used. The quick 
charge method was used to allow for life cycle testing. The 
batteries are d e d  and require no maintenance. 

Four cells were put in series to reduce cycler resolution 
limitations. The cells attained a specific energy of 51 Wh/kg 
(3 hr rate) and had the highest peak power, 192 Wlkg at 50% 
DOD, of all  the batteries tested. The energy capacity of the 
battery has virtually no dependence on discharge rate and the 
battery provides good range on the SFUDS cycle. The battery 
has over 95% of its original capacivafter lo00 cycles. 

ZINC BROMIDE BAITERY DESCRIPTION - The zinc 
bromide battery is a flowing electrolyte battery that uses 
electrolyte storage tanks and a plastic bipolar plate 
mnstmction [3]. This section briefly describes the laboratory 
testing of a 5 kwh zinc bromide battery and electric vehicle 
experience at Texas A&M University using a larger 22.5 
kWh zinc bromide battery from the same manufacturer. 

madactm)). 



Table 1 Summary 
Ch&al Couple &Acid 

Manufictun Chloride 

No. Cells 3 
No. Modulw 1 

Model 3ET205 

wciaht (kn) 
Per Module 32.8 
As Tested 32.8 

Submmed 12.054 
Volume (L) 

Box 13.2 
Electrical Characteristics 

NOldtd voltage 6 
NOtIlidAhf 205 

Cell Voltaae (100% SOC - 0% SOC) 2.15 - 1.75 

C h c  Method CYCYCYCV' 
charnc Time (hn) 8-10  

*tlarge (%) 15-20 
C/3 Capacity 

Ahr 164 
whr 950 

SP Entmy(WvW 29 
Vol  E h m  (W) 78.8 

Efficiency 
E n m  (%) 70 

Coulomb (Om) 78 
*** Peak Power, ( W k )  (at 500-6 DOD) 

Chloride ET-205 charge sequence, 36 amps to 7.2wlts, 24 amps to 7.5 volts, 12 amps to 7.9 volts, 7.9 voltr to 6 amp. 
Delco 105 marine charge sequence, 15 amps to 14.8 volts, 14.8 volls to 2 amp, 1 amp for 4 hr. 

Sean Die Hard charge sequence, 10 amps to 14.8 volts, 14.8 voh to 2 amps, 1 amp for 4 hr. 
Marathon 44SPlOO charge 6cquence, 8.8 mps for 7 hi. 
Ovonics charge sequence, 1.75 amps for 2.33 hr. 
Panasonic HHR140A charge sequence, .7 amps for 2.33 hrs. 
S.E.A. Zn-Br charge sequence, 25 amps to 64 volts. 

Exidc GC-5 charge scqumce, 25 amp to 7.65 wIU, 7.65 ~ l t r  for 3 hr, 4 amps for 3 hr. 

of specifications and performance for batteries tested during 1992 - 1993. 
&Acid PbAdd %Acid N*m Za-Br 
Dclw Exide SCrn MJPtllOll ovadcr P&c S.E.A 

M27MF (32-5 96522 41SP100 c+n HKR14OA ZBB-5/48 
6 3 6 20 1 4 32 
1 1 1 20 1 4 1 

25 30 26 1.6 0.0832 0.0313 100 
25 30 26 36 0.0832 ' 0.126 100 

10.47 11.21 10.62 13.4 0.024 0.0352 95.25 
12.23 12.63 11.68 14.7 0.0251 0.0364 113.58 

12 6 12 2s 1.2 1.2 50 
105 200 115 44 3 3  1.4 100 

2.15 - 1.75 2.15 - 1.75 2.15 - 1.75 1.3 - 1.0 1.3 - 1.0 1.3 - 1.0 1.8 - 1.0 

L 

1 

cyCv1a2 CYCVICI~ cycv/cl! d c p *  CI' c9 
8-12 8.10 8-10 7 4 2 4-6 
5-10 15 - 20 15-20 40 17 15 - 17 10-15 

543 164 15.9 46.3 338 1.31 117.4 
635 965 879 1133 4.20 6.47 Moo 
25 32 33 35 50 51 56 

60.0 86.1 82.8 14.6 174.1 183.1 58.8 

84 80 85 65 74 70 64 
97 86 90 75 88 110 87 
55 I** 82 > 138 102 197 56 

I I I 

Approximate Cvcks to Date >50 >so I >50 I >50 I >75 I >so I >lo00 >7 5 



7,iinoBromide L%E& - Two 5 kwh, 50 volt batteries 
and three 22.5 kwh, 120 volt batteries manufircbred by 
St7KiiengeselI*lilrEnergieSpeiicher\mdAnfri~, 

technology, along with three other companies, from Exxon in 

others seem tobedirecting their research towads utility loed 

SEA of Aushia were tested S.EA bought the rights to the 

1982. S.E.A. has concentrated on EV applicatio~~~ while the 

leveling. The first 5 kwh battay arrived in July 1991 for lab 
testingand a225kWhbatteryarrivedinJanua1y1992. ?he 
largerbatteries were con&-&& to fit into an exkting Texas 
A&M univasity Ev. 

Aconstantaarentchargemethod,2Sto30 ampst064 
volts forthe 5 kWh, and 50 to 60 amps to 144 volts forthe 
22.5 kwh, was recommended by S.EA This method 
provides a 1O-I5% overcharge, but a higher capacity can be 
attained with a higha overcharge. The only maintenance is 
stripping (descrii later) every 10 cycles and monthly pH 
monitoring. 

The 5 kwh module aUained a specific energy of 56 
Whlkg (3 hrrate) and a peak p o w  of 56 W/kg at W O O D .  
In Mar& 1993 the 5 kwh battery suddenly had a great 
increase in electrolyte pH level (normally 2 to 3 keasing to 
4+) and testing was stopped ai approximately the 75th cycle. 
Et=€!YandPo=- 'cs provided in Table 2 and 

discharge rate was not determined due to the short test cycle. 
it is anticipated that the reason for the pH increase will be 
determined soonandbatterytestingwill resume in July 1993. 

-c Vehicle w e n %  - In 1992 a 
22.5 kWh battery WBS installed into a 1982 GM-Opel with a 
compound wound DC motor. The Texas A M  car completed 
approximate ls00 km in testing and was able to travel 175 

Figures 5 and6 were measured before the pH increased self 
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km under normal traffic conditions from College Station to 
Austin, Texas on one charge. In February of 1993 a second 
22.5 kwh battery was instatled in a Geo Metro ("T-Star") 
with a 3 phase AC induction motor- The T Star was tested at 
the Chrysler proving Grounds in Phoenix, Arizona and 
cumpleted 189 km in two hours and was able to travel an 
addi t id  48 km before the speeds were below 50 km/hr. 
This same car was entered in the 1993 Amerbn Tour de Sol 
during the last week in May. The vehicle completed 11 34 
km during the week long competition, with a one day (single 
charge) tdal of 246 km The vehicle came in second place 
out of a field of 39 can. The zinc bromide powered T - S b  
has now reliably completed approximately 2500 km The 
zinc bromide battery is typically recharged in 5 hours and 
consistently provides greater then 160 km in normal M i c  
conditions. ._ 

SrANDARD TEST RESULTS 

Table 1 lists the various battery specifications including 
cell arrangemenf weight, volume, charging method., capacity 
and &ciency of each battery technology evaluated at Texas 
A&M University during 1992 - 1993. Figures 2 and 3 
graphically show the relative energy capacities and weights of 
the battaies fisted in Table 1. Figure 4 shows the 
normalized Peukext curves for several of the batteries tested 
at Texas A&M University. This normalizing procedure 
allows batteries of diffment sizes and chemistries to be easily 
c o q d  This figure demonstrates the effect of discharge 
rate on the coulombic capacity of the selected batteries. A 
good battery is one that is independent of discharge rak and 
will show up on the graph as a horizontal h e .  The nickel 
based batteries, which closely attain their rated capacity at all 
rates of discharge, tend to be independent of discharge rate, 
while the lead based batteries, which are more so afkcted by 
the rate of discharge, tend to be dependent on discharge rate. 

Marathon 
/ 

Qv on icr 

Chloride t 
0.00 0.50 1 .oo 1 SO 2 .oo 2.50 

Normalized Discharge Rate 



Figure 4 Peukert curves, show effect of discharge current on the available coulombic capacity of several battery technologies tested 
at TAMU. Noraalized capacity is equal to capacity divided by mating of each battery. Normalized discharge rate is equal io actual 

A composite plot, called a Ragone plot, wmpming the independent relationship with discharge rate, but the 

tecblogies energy capacity is shown in Figure 5. The ideal The Ovonics battery could not be tested in the lower specific 
hatrery, as presented on a Ragom plot, would have. a very power ranges because of cycler resolution limitations. The 
high specific energy capacity with no dependew;e on plot of specific peak power as a function of DOD is shown in 
dischatgerate. This would be a horizontal line on thewone Figure 6. An ideal EV battay would provide peak power 
plot. The SEA. h B r  battery has a very high energy W t y  with no dependence on DOD, this would be a horizontal line 
at Iowa rates of discbargt, but is seen to be very &o@y an the & In this plot the Nickel based batteries faired 
innuenced by discharge rate. The F’b-Acids have a lower much betta than either the Pb-Acids or the Zn-Br. The 
overall energy density snd show a similar d e p e d a q  on Panasonic battery showed exceptional power density with 

Bdh the nickel based batteries dem-te an almost 

dischargeratedividedbyMatingofeacllbattery. 

effect of oonstant pwer discharges on the battery Panasonic NI-MH shows a overall greater specific en erg^. 

discharge rate, but to a lesser extent than the Zn-Br battay. little dependence on DOD. 
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F i w e  5 Ragone plot, shows effkct of discharge rate (specific power) on the available energy capacity (specific energy) ofthe eight 
advanced battery technologies. 



. 

250 

200 0 s 
$ 
2 100 

ff 50 

150 

0 

a 

0 

Depth of Discharge, X 

Figure 6 Peak power plot, shows effect of DOD on the available peak power of several of the advanced battery technologies. 
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Figure 7 Selfdischarge plof shows effect of stand time on the available capacity of several advanced battery technologies. 
Ovonic(l): Original battery sent for testing, OvoNc(2): improved battery sent for testing. 

The Marathon Ni€d was expted to demonstrate similar 
capabilities, but the peak power could not be derived at the 
higher SOC due to the current limitations of the cyclers. 
S e v d  of the Pb-Acids could not be tested at alI due to this 
current limitation The S.EA battery is seen to have a low 
overall power density. 

When an EV is left charged or partially charged over a 
period of time the self discharge of the batteries becomes im- 
portant Figure 7 demonstrates the self-discharge that occurs 
for several advanced batteries. The Pb-Acid batteries show 

an initial loss in capacity in the first 12 hours of stand time, 
but there is virtually no fiuther capacity loss after this time. 
The flooded Pb-Acid batteries faired better than the sealed 
one. All the Nickel based batteries exhibit relatively high 
self discharge when compared to the PbAcid type. M e r  
three days they have lost over 10% of their original capacity. 
The original Ovonics battery had a TV high self discharge, 
almost double that of other Nickel based batteries, but the 
second one was much better. The Zn-Br battery should 
theoretically have very little self discharge since its reactants 



are stored in separate areas ofthe battery. but, in pradice the 
&&charge is as high higher than some Of the 0th- 
chemistriestested TheZu-Brbatteryoouldnotbeplotted 
because the bathies pH suddenly increased during its self 
discbargetest 

Some O f t h e  batteries have been tested under simulated 
driving pfiles. The d t s  of these tests are tabulated m 
Table 2. Most of the batteriescould not be tested because of 
cycler pourer or resolutian limitations A future project will 
betodetamrne adrivingcyclethatiswithinthepowerca- 
pabilitics of thecyclers for ai l  the battery technologies being 
tested The Ni-MH batteries provided a better range on the 
SFUDS, with the Panasooic batteFy going the fkrhst. 

Also, in Table2 arc theresults of c o b  of the 
range of the Marathon Nicd bat&eries with end without 
ngenaation during the SFUDS cycle. 'Ihe results show that 

qmaat i i dn .  l'hc inaease in range is a result of the battery 
having neax perf' coulombic efficiency during regaeration. 

the range of the mEp van WBS signscantly increesed with 

Table 2 Ranges of advanced batteries derived &om simulated 

I , 
, 

30 35 40 45 50 55 60 65 70 75 80 
Cycles 

Figure 7 Zinobromide energy capacity loss as a function of cycles between stripping. 

SF'ECIALIZEDTESTRESULTS APPLICATIONS OF DATA 

A Zn-Br battery requires a maintenance procedure called 
stripping every 10 or more cycles. The stripping procedure 
requires that the battery be deep discharged, then short cir- 
cuited The battery is left short circuited with the pumps 
running for 8 to 12 hours. This maintenance procedure 
cleans the electrode Surtace of unwanted Zinc and prevents 
Zinc dendrites h m  penetrated the separator. Figure 7 shows 
that the Zn-Br battery provides its best energy capacity on the 
second cycle after a strip and provides more than its rated 
nominal capacity for the fust three cycles after a strip. A 
well designed charger could be made that has the capability 
to charge and strip the battery, also it could take the energy 
during stripping and return it to the grid. 

The following paragraphs describe several methods for 
esfhating the range of the IDSEP van, however, these 
methods wil l  work well for any EV. 'fie lirs( method uses 
the Ragone plot and works well for constant speed ranges and 
the second method utilizes the peak power plot and can be 
used for any driving cycle. Finally, battery cost limitations 
are imposed and the range is derived. 

The range of the IDSEP van can be. estimated from the 
Ragone plot if the power vs. speed relationship for the 
vehicle is known. Since the IDSFP van uses 7 kW at 55 kph 
and the b a r n  weighs 695 kg, then the specific power 
required of the battery will be approximately 10 wkg. 
Moving vertically &om the 10 d k g  p i n t  on the abscissa or 
horizontal axis until the desild lxjtkry line IS intercepted 



and then moving h o h t a U y  left from the intemxption point 
to the ordinate or vertical axis gives the available specific 
energy. Dividing the specific energy by the specific power 
results in the dischatge time. Multiplying the discharge time 
by the speed of the vehicle results in the range. 

Table 4 shows the range provided by some of the 
advand EV batteries using the example above. The table 
indicates that the vehicle range is a simple hction of battery 
energy density and vehicle energy use (127 wh/km). A v q  
high energy density battay like the zinc bromide results in a 
longer range However, vehicles seldom travel at COIlsfant 
speed, during any particular driving cycle the peak power 
mpkment can be d d e x a b l y  higher than the average. 

Hornstra [4] has shown that the range of a particular 
vehicle on a given driving cycles can be determined by 
howing the average and peak power of the cycle. The 
average specific power required of the battery can be 
calculated from the average power and battay mass. 'ne 
energy capacity of the battery at this rate can be determined 
from the Ragone plot. Furthermore, the haws discharge 
time and vehicle range can be found. But, the vehicle will 
fail the driving schedule earlier than predicted by the Ragone 
plot because of peak power requirements placed on the 
battery. 

Table 4 Estimated Range of the IDSEF' van derived 6rom the Ragone plot (Figure 5). The van uses 7 k W  at 55 kph with a 695 kg 

Applying this requiremait to the peak power plot, the DOD 
at which the battery will fail the driving schedule is 
determined The fhction of the DOD multiplied by the 
battery discharge time derived fi-om the Ragone plot will give 
the discharge time. With a Ragme and peak power plot, the 
range of any EV on a driving cycle can be approximated. 

Utilizing Hornstra's method the SFUDS range for the 
four battery present& in Table 4 is caldated and presented 
in Table 5. Comparing Table 5 approximate d t s  with the 
Table 2 expexknentally simulated ranges shows that the 
predicted ranges over estimate by 8.5 % for the Pamisonic Ni- 
MH and 12 YO for the Marathon N i c d  

The Table 5 predicted ranges under the dynamic SFUDS 
case are substantially less then the steady speed case 

presented in Table 4. This is due to the much higher energy 
use, 227 Wh/km and the fact that the usable DOD is less then 
IOOO?. The most dramatic range reduction OcCuRed for the 
zinc bromide case which was limited to a usable DOD of 
60%. In contrast the nickel metal hydride battq had a 
usable DOD of 98%. This indicates the need for a power 
peaking device such as an ultra capacitor. Given power 
peaking the DOD of the zinc bromide could be extended to 
approximately 90% resulting in a predicted range of 176 laa 
There would be no range gain by incorporating power 
peaking with the nickel metal hydride battery. 

The above analysis of vehicle range as a hction of load 
and does not take into consideration m y  other important 
properties such as initial cost, life, and recyclability 
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Figure 8 Diagnun showing relationship between oosf range and the Ragone plot. 
The relatiamhip between batteq cost and EV range is provides the long& range and increased paylcad by weighing 
schematically represented in Figure 8 [SI. The diagram starts 
in the upper right quadrant with an acceptable market price 
range for EV batteries. If the battery is cheap, then more 
energy capacity can be purchased than if it is expensive. For 
example more kwh of low cast lead batteries can be 
purchased then nickel cadmium. The range of the vehicle can 
bede&mtned - from the average enecgy msumptim of the 
vehicle and the discharge rate of the battay. Gemrally low 
cost batteaies have low values on the Ragone plot However 
a larger mass of battery can be purchase and therefm the 
average electricaI load W/kg is less. The mass of batteay that 
the vehicle can carry is limited. 

For example consider an electric van with an acceptable 
battery cost of $SO00 and a maximum battery weight of 450 
kg. For an expensive battery such as the nickel cadmium the 
limitation bemmes cost. Using an estimated mass production 
cost of S700kWh [6] the $SO00 will only buy 7.1 kwh, with 
an appximate weight of 203 kg. For a zinc bromide battery 
(estimated mass produd cost of SZSOkWh [SI) $so00 will 
buy 20 kwh at an approximate weight of 357 kg. For a 
sealed electric vehicle lead acid battery (estimated mass 
produced cost of $200/kWh) $5000 will buy 25 kWh but the 
weight is 833 kg. In the lead acid case the limitation is 
weight. At a maximum of 450 kg the lead acid can provide 
13.5 kWh (30 Wh/kg) at cost of $2700. 

In this analysis the nickel cadmium provides the least 
range for an acceptable battery cost. n e  zinc bromide 

less than the maximum battery weight. The lead acid battery 
is weight limited and pvides a range between the other two 
batteries at a lower cost Note that this analysis only 
OoIlSiders initial cost xather then life cycle cost for the 
technologies. 

SUMMARY 

This paper presented the results of tests performed on 
four diffkrent battery technologies. Five standardized tests 
and several specialized tests were used to characterize and 
compare the different battery technologies. The results were 
summarized in graphical and tabular formats. Several meth- 
gaS were presented on determining the expected ranges of 
battery powered EVs. 

CONCLUSIONS 

The four battery technologies have individual strengths 
and weaknesses and each may be suited to fill a particular 
application. The lead acid batteries have a low specific 
energy and moderate power density, but they are cheap and 
can be easily recycled. This battery is applicable to 
inexpensive, short range cars and perhaps to larger vans that 
can accept a heavy battery pack The sealed lead acid 
batteries have similar performance characteristics and 



applications to the flooded ones but they have the advantage 

The tested nickel cadmium battery had a specific energy 
density slightly greater then lead acid, good power density 
and an anticipated long cycle lifc The nickel metal hydride 

However the nickel electrode used in both of these battery is 
costly. These bathies may best fill the needs of peaking 
& v i e s  in hybrid and high power EV applications 

power density and an anticipated long cycle life. The battery 
requires a control system far operation and will probably 
need b be hybridized with a power peakins device to meet 

pensive raw materials and is flexible in desiga l'his battery 
is probably best suited far EVs whm minimum battery 
weight end long range is importaut Le. commuter cars. 

of b e i i  maintenance free. 

. .  batteries have c v a  better performance dumcbsb cs. 

Tbe zinc bromide battery has high specific energy, low 

~ 8 c c e l c r a t i o n ~ ~  Theba#eryllstsinex- 
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Tasks required to Fulfill1 Objective 

Identification of a standard set of testing procedures for electric vehicle batteries 
based on industry accepted testing procedures, and tests which are specific to 
individual battery types from the literature. 

Determination of the limitations of the available testing equipment. 

e Evaluation of  batteries by conducting performance tests, and by subjecting them to 
cyclical loading, using a computer controlled charge - discharge cycler, to simulate 
typical EV driving cycles. 

Summarized results, battery characterization, performance and comparison data, in 
plots and tables. 

Comparison of the batteries based on: performance, projected vehicle range, cost, 
and applicability to various types of EVs. 

~ ~ -~ 
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Experimental Apparatus - Batteries 

Eight Batteries 

Four Technologies 

- Lead-Acid 

- Nickel-Cadmium 

- Nickel-Metal Hydride 

Zinc-Bromide 
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Experimental Apparatus - Cycler 

Module # 

1 & 2  

3 

4 

Specifications 

Voltage (volts) Current (amps) Power (watts) / Temp. (0 C) / Data Storage 
/ Accuracy / Accuracy Accuracy Accuracy 

0 -  18 * 50 900 0 - 200 120 lines 
f 0.0005 f 0.005 f 0.05 * l  

0 - 54 f 100 5400 0 - 200 120 lines 
0.005 * 0.05 f 0.5 * l  

0 -  160 f 200 32000 0 - 200 240 lines 
rt: 0.05 f 0.5 f 50 * l  . 
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Procedure 

0 Performance Tests 

Constant Current (Peukert Curves) 

Constant Power (Ragone Plot) 

Peak Power 

Self Discharge 

Driving Cycle Performance 
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Ragone Plot 

I Chloride I 

Peak Power Self Simulated 
Discharge Driving 

Cvcle 
X 

I Battery 

I Delco. I 

Constant 
Current 

X 
X 
X 
X 1 Exide 
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X X ;  

X '  X 
X 

r ~~ 

Sears X x 
~ 

X 1 Marathon I X X X 

I Ovonics I 
-~ 

X 
X 

X X X X 
X X X I Panasonic I X "  

I S.E.A. ' I X 

Test Matrix 
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Battery Specific Energy (cI3 rate) 
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Summary of Battery's Specifications and Performance 

Zn-Br khemicaI Couple PbAcid PbAcid PbAcid PbAcid Ni-Cd M-MH 
,Manufacture Chloride Delco Exide SearS Marathon Ovonics Panasonic S E A .  
Model 3ET205 M27MF GC-5 96522 44SP100 C-cell HHRlllOA ZBB-5/48 I 
No. Cells 3 6 3 6 20 1 4 32 
No. Modules 1 1 1 1 20 1 4 1 
Weight (kg) 
Per Module 32.8 25 30 26 1.6 0.0832 0.0313 100 
As Tested 32.8 25 26 36 0.0832 0.126 100 30 
Volume Q 
Submersed 12.054 10.47 11.21 10.62 13.4 0.024 0.0352 95.25 
Box 13.2 12.23 12.63 11.68 14.7 0.0251 0.0364 113.58 . 
Electrical Characteristics 

Ni-MH 

~ ~- __ 

1.2 50 
Nominal Ahr 205 105 200 115 44 3.5 1.4 100 

~~ 

Cell Voltage (100% SOC - 0% SOC) 2.15 - 1.75 2.15 - 1.75 2.15 - 1.75 2.15 - 1.75 1.3 - 1.0 1.3 - 1.0 1.3 - 1.0 1.8 - 1.0 
Charging 
Charge Method cI/cI/cI/cv' CVCVICIL CI/CV/CI3 cvcv/cf C13 CP CI' 
Charge Time (hrs) 8-10 8 -  12 8 -  10 8 -  10 7 4 2 
Overcharge (%) 15 - 20 5-10 15 - 20 15 - 20 40 17 15 - 17 
C/3 Capacity 
Ahr 164 54.5 164 75.9 46.3 3.58 1.31 
Whr 950 635 965 879 1133 4.20 6.47 
Sp. Energy (Wh/kg) 29 25 32 33 35 50 51 
Vol. Energy (WhL) 78.8 60.0 86.1 82.8 84.6 174.8 183.8 
Efficiency 

Coulomb (%) 78 97 86 90 75 88 80 
Peak Power, (WAcg) (at 50% DOD) *** 55 *** 82 > 138 102 197 

Energy (%) 70 84 80 85 65 74 70 

Approximate Cycles to Date >50 >50 >50 >50 >75 >50 >lo00 

CIS 
4- 6 

10- 15 

117.4 

56 
58.8 

64 
87 
56 

>75 

5600 , 
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Normalized Peukert Curves 
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Voltage Map of Marathon Ni-Cd 

C ur r 

Voltage 
(volt 8 /cell) 
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Peak Power Plot 
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Simplified Federal Urban Driving Schedule 
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Ranges of Batteries on Simulated SFUDS 

Battery Type/Model 
Ni-MH / Panasonic 
Ni-MH / Ovonics 
Ni-Cd / Marathon 

Range (km) 
138 
110 
90 
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Cycle Type 
SFUDS wregeneration 

SFUDS w/o/regeneration 

Range (km) 
90 
78 



0 

0 

Regen Efficiency and Range Increase 

Batteries 
Ni-Cd 

Pb-Acid 

= 15% increase in range 

SFUDS w & w/o regen 

SFUDS w & w/o regen I 

Efficiency of Regen 
= 100% Colombic 

= 90%Energy 

Cycle 
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Range of IDSEP van at Constant 55 kph Speed 

EV Battery 

S.E.A. 
Panasonic 
Sears 
Marathon 

Pb- Acid 

Specific Energy 

64 
50 
41 
35 

Discharge Time 
(W 
6*4 
5.0 
4.1 
3.5 

Range (km) 

~ 352 
' 275 
225 
192 

S pecillc Power (W f i g ) .  

Ni-Cd Ni-MH 2 n - B ~  
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Estimated Range of IDSEP van on the SFUDS 

EV Battery 

Panasonic 
S.E.A. 

Marathon 
Sears 

Specific Energy Usable DOD Discharge Time 

50 98 4.90 
64 60 3.84 
35 95 3.32 
41 80 3.28 

(Wh/kg) (%) (hr> 
Range 
(b) 
150 
117 
101 
100 

1 10 100 

s pedflc Powr Wkg) 

Pb- Acid Ni-Cd 

250 I 1 

1 1 

. ' ' . I . . .  I 
0 25 50 75 100 

Depth of Discharge, % 

Ni-MH Zn-Br2 

Comparison of Various Battery Technologies for Electric Vehicles Slide 21 



Comparison of Estimated and Simulated 
SFUDS Ranges 

Battery Type 

Panasonic 
Marathon 

Simulated Range 

138 
90 

Estimated Range 

150 
101 

(W 
Error 

+ 8.5 
3- 12 

(%) 
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Estimated Range of IDSEP Van with Cost 
($5000) and Weight (695 kg) Limitations at a 

Constant 55 kph 

EV Battery Estimated Cost Energy (Cost) Energy (Weight) 
($/kwh) (kwh) ( k W )  

Sears 200 25.0 21.0 
s .E. A. 250 20.0 20.0 

Panasonic 600 8.33 8.33 
Marathon 750 6.67 6.67 

Range 

165 
157 
66 
52 

(km) 
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Relationship between Cost and Range 

Avera e v  ene rgy  &e <Ni$iim> 
\ t Low cost battery ($/kWh) 

/ 
Range 

"expensive" batte 

Ragone Plot 
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Summary 

The lead acid batteries have a low specific energy and moderate power 
density, but they are cheap and can be easily recycled. 

The nickel cadmium battery had a specific energy density slightly greater 
than lead acid, good power density and an anticipated long cycle life, 

The nickel metal hydride batteries have even better performance 
characteristics. A single Panasonic cell was cycled over 1000 times with 
less than 5% capacity loss. 

The zinc bromide battery has high specific energy, low power density and 
an anticipated long cycle life, The battery requires a control system for 
operation. The battery uses inexpensive raw materials and is flexible in 
design. 
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0 

0 

0 

0 
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Conclusions 

The four battery technologies have individual strengths and weaknesses and each may 
be suited to fill a particular application. 

Regeneration will result in energy recovery levels that will be significant to vehicle 
range and thus worthwhile to implement. 

.ara 

The lead acid battery is applicable to inexpensive, short range cars (NEV) and perhaps 
to larger package vans that can accept a heavy battery pack. 

Nickel based batteries may best fill the needs of high power, long range EV 
applications and perhaps a peaking battery. 

The zinc-bromide battery is probably best suited for long range, moderate performance 
EVs, e.g. commuter cars. This battery would benefit from power peaking 
hybridization. 

I 

t 
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