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ABSTRACT

This report describesthe testingof the GS E75A and GS EI50H flooded

lead-acid12-volttractionbatteriesand comparesthe selectedbatteriesto

U.S.-madeelectricvehiclebatteries. The resultsand conclusionsof the

testingare presented.

SUMMARY

The Japanese-madefloodedlead-acid12-volttractionbatterieswere

tested in the INEL BatteryTest Laboratoryto providea basis for performance

comparisonwith equivalentdomesticproducts. Tests coveredtwo different

batterytypes (threemoduleseach) and included:

• Constant-currentdischargesat specifiedrates

• Constant-powerdischargesat specifiedratesi

• Variablepower (simulatedSFUDS)

• Peak power

• Ten-dayopen-circuitstand.

Test specificsare containedin referencedINEL Electricand Hybrid Vehicle

ProgramTest Procedures. A glossaryof relatedtechnicalterms is includedin

this report as an appendix.

Test results in all categorieswere acceptable,but showed no

substantialdifferencesin performancefrom domesticproductsto justify their

higher purchasecost.
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LABORATORY TESTING OF THE (JAPAN STORAGE BATTERY)

TRACTION BATTERIES

. GS E75A AND GS E150H

INTRODUCTION

The GS E75A and GS EISOH batteriesare manufacturedin Japan by Japan

StorageBatteryCo., Ltd. and importedinto the United States by GS Battery

(U.S.A.),Inc. The GS E75A batteryis shown in Figure I, and the GS EI50H in

Figure 2.

The INEL ordered3 modulesof each type for initialevaluationtesting

at the Idaho NationalEngineeringLaboratory(INEL)BatteryTest Laboratoryon

August I, 1990, and receivedthe moduleson January 15, 1991. Testingwas

completedin March 1992. No tear-downexaminationsor chemicalanalyseswere

performed. This reportcovers the resultsof the tests performedon these 3

modules.
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Figure 1. Photograph of GS E75A battery.
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DESCRIPTION OF THE BATTERY

The GS E75A and GS EI50H modulesare of flat-platedesign. Containers

and covers are made of polypropylene.A single-pointwatering system is

incorporatedinto the cover. Terminalson these modules are the SAE post
°

type. The data recordedduring receivinginspectionof the batteriesis given

in Table I.

Table 1. Generalbatteryinformationfor GS E75A and GS E]5OH.

GS E75A GS E150H
i i i i i i iv,in ,, , , 1 , r ,,,J, ,,

Module wei,qht dry (avq) 17.82 kq (39.21 lb) 32.38 kq (71.39 lb)

Module weiqht wet (avq) 24.98 kq (54.96 lb) 46.94 kq (103.5 lb)

Module weight variance _+0.10 kg (0.22 lb) +_0.40 kg (1.80 lb)

Module heiqht (overall) 232 mm (9.05 in.) 258 mm (10.2 in.)

Module heiqht (container) 207 mm (8.07 in.) 222 mm (8.79 in.)

Module width 172 mm (6.80 in.) 182 mm (7.21 in.)

Module lenqth 304 mm (12.0 in.) 505 mm (20.0 in.)

Module cost (each) $330.00 $590.00

Rated capacityat 3-hour 6.6 A.h 135 A.h
rate

• ' , ' ' , ,, ,,,, ,,, m,

The moduleswere receivedin the dry-chargedstate. Upon receipt,the

moduleswere weighed in the dry state,filledwith 1.280 specificgravity

sulfuricacid, and reweighed.

The batterieswere configuredinto 2 packs,one for the GS E75A and one

for the GS EI50H. Each pack containedthree 12-voltmodulesof the same type.

The assignedpack numberswere'

Pack 66 .................... GS E75A

Pack 67 .................... GS E]50H

t
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TESTS PERFORMED

. CONSTANT CURRENT

Constantcurrentdischargetests were conductedas cycles I-I4 for the

GS E75A and cycles 1-18 for the GS EI50H" The purposeof this seriesof

dischargesis to assurethat the batterycapacityhas stabilizedand to

establishthe baselineactual capacityof the batteryunder test. Groups of

three dischargesare performed,approximatingeach of the followingrates.

C_/3,C2/2,CI/I, and CJ3, respectively(INEL Test ProcedureETV-BAT-984.)I

Each dischargeis terminatedat the specifieddischargecutoff voltageof

1.75 volts/cell. During this test series,the batterystands on open circuit

before dischargefor at least I hour (but no more than 24 hours) to allow the

batteryto reach test temperature. Additionally,the battery is allowedto

stand at open circuitafter discharge(priorto charge)for at least I hour

(but no more than 6 hours)until the test temperatureis reached. The initial

CJ3 dischargegroups are normallyrepeateduntil three consecutiveampere-

hour measurementsare within 2% of each other. (In the work reportedhere,

the ampere-hourmeasurementswere not within this tolerance. However,the

measurementswere only a fractionof a percentoutsidethe goal and thus the

laboratorymanager acceptedthe value in the interestof minimizingtesting

costs. Also the final CJ3 tests were made later in the testingto combine

the open-circuitstand test and tne CJ3 tests in order to minimize testing

costs.)

CONSTANT POWER

Constant power dischargetests were conductedas cycles 15-27 for the GS

E75A and cycles 19-27 for the GS EI50H (INEL Test ProcedureEHV-BAT-688).I The

purposeof this seriesof tests is to collectvoltage-vs-currentbehaviorof a

" battery as a function of depth-of-discharge under constant power discharge

regimes. Constant power is chosen fur this analysis (as opposed to constant
t
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current) because it more accurately represents circumstances related to

electric vehicle usage. A minimumof two discharges are performed at each of

the following approximate power levels: 7 W/kg, 21W/kg, and 42 W/kg based on

the battery pack weight (i.e. the sumof the weights of the modules tested).

Additional discharge cycles, at 60 W/kg, may also be performed. The cutoff

voltage on the discharges of 42 W/kg and 60 W/kg is 1.3 volts/cell. There is

no specified interval of time in which the battery must stand on open circuit

prior to reaching the specified beginning-of-discharge temperature.

VARIABLE POWER (SFUDS)

Variable power discharges were conducted as cycles 28-29 for the

GS E75A, and cycles 40-41 for the GS E]5OH. The Simplified Federal Urban

Driving Schedule (SFUDS)battery test cycle represents the power profile which

approximates the Improved Dual Shaft Electric Propulsion (IDSEP) vehicle

performing the Federal Urban Driving Schedule (FUDS). The power profile of

the SFUDSis segmented into discrete power steps (-10, O_ 10, 20, 50, and

79 W/kg of battery weight) of sufficient duration that the spectrum closely

approximates the actual IDSEP vehicle driving the FUDSve]ocity-vs-time

profile. The general profile of the SFUDSpower-vs-time discharge for the

IDSEP vehicle is shown in Figure 3. However, the battery test cycle that

simulates dynamometer testing of an electric vehicle on the SFUDSwas

developed assuming a battery weight of 695 kg, and therefore cannot be

directly appliedto most batteriesfor determiningthe actual test power

levels. The methodologyused in determiningthe actual power profileused for

this test was derivedfrom Reference2 and is summarizedbelow.

I. The number of batterymodules in serieswhich will form an IDSEP
batterypack is determinedsubjectto the minimum and maximum
voltageconstraintsof the IDSEPvehicle.

2. The total weight of these modules is then determinedand 100 kg is
added to the pack weight to arriveat the batterysystemweight.

3. The SFUDS power levels are then determinedemployinga formula
which correctsthe power requirementsof the IDSEP vehiclefor the
variationin batteryweight.

i
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4. The actual test power levels are then determined by multiplying
the corrected IDSEP power levels by the ratio of the number of
modules tested in series to the number of modules determined for
the IDSEP vehicle in step 1.

The discharge profile is repeated in groups of four SFUDScycles, with a

ten-minute open-circuit rest period between each group. The test is

controlled by the simulator. The voltage under load is clamped at 1.3

volts/cell minimum voltage (averaged over the pack) and the simulator limits

power subject to this minimum voltage. Whenthe test battery cannot produce

30 W/kg the test is automatically terminated. Thus, the results of variable

power tests represent what would be expected if the test batteries were

actually installed in an IDSEP vehicle and driven over the FUDSvelocity-vs-

time profile. Details of the test procedure can be found in Reference 2 and
ETV-BAT-g88.1

PEAK POWER

Peak power dischargeswere conductedas cycle 35 for the GS E75A and

cycles 61-62 for the GS EISOH. The purposeof this test is to determinethe

peak power capabilityfrom derivedresistancecalculationsof a battery at

variousdepths-of-discharge(i.e.80% DOD, 50% DOD and 0% DOD, respectively).

The method used is derived from a dischargeschedulethat emulates a portion

of the SAE J227a D power profilefor the IETV-Ivehicle. This procedureis

identifiedin INEL Test ProcedureEHV-BAT-S85(Method2)I and is outlined as

follows:

i. The battery is first dischargedat 12 W/kg for ten secondsand
then 44 W/kg for 60 seconds.

2. The battery is then dischargedat the approximateCJ3 rate to 50%
depth-of-dischargewhere the 12 W/kg (for 10 s) and 44 W/kg (for
60 s) dischargesare repeated.

3. The battery is then again dischargedat the approximateCJ3 rate
to 80% depth-of-dischargeand the 12 and 44 W/kg power-level
dischargesagain repeated.

4. Steps I-3 are repeatedat least once to verify repeatabilityof
test results.

o
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5. The peak power capabilityis derivedfrom the measuredchanges in
batteryvoltagecausedby changesin batterycurrentat the 8- and
6B-secondpointsof the 12 and 44 W/kg power levels,respectively.

" During the peak power portionof the test program,the peak power

informationat the selectedDOD conditionof the batterywas obtained. Peak

power dischargeswere performedon all modulesof each type.

10-DAY STAND TEST

Stand tests were conductedas cycles37-38 for the GS E75A and cycles

45-46 for the GS EI5-H. The purposeof the stand tests is to measurethe

amountof capacityloss associatedwith extendedperiodsof non-usestorageat

open circuit. For this test, the batteryis fully chargedand allowedto

stand on open circuitat ambienttemperaturefor 10 days. The capacity is

measuredunder constantcurrentdischargesat the approximateCJ3 rate before

and after the open circuitstand period. This procedureis repeateda minimum

of two times.

DATA ACQUISITION

Data were acquiredusing Neff 470 hardwareand software. Parameters

measuredwere: module voltages,batteryvoltage,charge/dischargeamperes,

module temperatures,and ambienttemperatureas a functionof time. The raw

data were then played back for subsequentanalysisinto a Lotus 123

spreadsheet. Calculationswere then performedto provideanalysesof the test
data.

Typicalcalculatedquantitiesinclude: standarddeviationof module

voltages and module temperatures;averagemodule temperatures;maximum

temperature;averagebatteryvoltage;averagecharge and dischargecurrent;

charge and dischargeampere hours;charge and dischargeenergy;power and

11



specific power as appropriate to the test performed. A minimum of 50 data

sets are taken during the course of any test to assure meaningful reported

data. However, a muchgreater number of data sets are recorded for tests

where it is judged appropriate. For instance, 10,000 or more time-specific

data sets may be recorded during SFUDStesting.

12



CHARGING CONSIDERATIONS

The charge algorithmobtainedfrom the batterydistributor3 was"

18 A constantcurrentto 2.4 volts/cell,then 2.25 volts/cellto 125% return

of previousA.h dischargefor GS E75A, and 36 A to 2.4 volts/cell,then 2.25

volts/cellto 125% return for GS EI50H. In practice,this algorithmwould

have requiredseveraldays on charge as the currenttaperedto less than 0.3 A

at approximately105% return. The algorithmused during evaluationwas 18 A

for GS E75A and 35 A for GS EISOH to 2.4 volts/cell,taper to 4 A, then 4 A to

125% return. This algorithmwas acceptableto the Japan StorageBatteryField

Sales Engineer.

t
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RESULTS OF BATTERY LABORATORY TESTING

Complete test data are presented in Tables 2 and 3. Constant current

tests were cycles ]-14 for the GS E75A and cycles 1-18 for the GS E150H.

" I. The capacitiesdeterminedby constant-currentcharacterization
tests were as follows:

GS E75A GS E150H
l-hourcapacity 54 Ah 88 Ah
2-hour capacity 63 Ah 109 Ah
3-hour capacity 69 Ah 126 Ah

2. The batteryreachedrated capacityafter 3 cycles for GS E75A, and
after g cycles for GS EI50H.

3. The coulombicefficiencywas 80% for GS E75A and 79% for GS EISOH.

4. The energy efficiencywas 67% for GS E75A and 64% for GS EISOH.

The attachedPeukertplot (Figure4) comparesthe GS E75A and GS
E150H moduleswith other batteriespreviouslytested at the INEL.

5. The specificenergydensityat the 3-hour rate was 30 W.h/kgfor
GS E75A and 32 W.h/kgfor GS EI50H,which is average for
commerciallyavailablelead-acidbatteries.

6. The volumetricenergy at the 3-hour rate was 62 W.h/lfor GS E75A
and 66 W.h/efor GS EISOH,which is also in the averagerange for
commerciallyavailablelead-acidbatteries.

Constant power tests were cycles 15-27 for the GS E75A and cycles 19-27

for the GS EI50H.

I. The Ragone plots (Figure5) indicatesthese batterieshave average
performancefor commerciallyavailablebatteries. The Ragone
plots were made using the constantpower data.

2. Voltagebehaviorunder load as a functionof depth-of-discharge
(DOD) at constantpower is shown in Figures6 and 7.

Variable power ($FUDS)tests were cycles28-29 for the GS E75A and

cycles 40-41 for the GS E150H batteries.

I. Voltagebehaviorunder load as a functionof DOD at variablepower
is shown in Figures8 and 9.

I
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2. Voltage behavior as a function of time at variable power (SFUDS)
for the respective batteries is shown in Figures 10 and 11.

3. The net specific energy density achieved during SFUDStests was
22.3 W'h/kgfor GS E75A and 20.9 W.h/kgfor GS E150H.

Peak power performancewas calculatedfrom cycle 35 for the GS E75A and

from cycles 61 and 62 for the GS EI50H batteries.

1. Peak power capabilitywas determinedusing method 2 as described
in ProcedureEHV-BAT-885.I This method emulatesa portionof the
SAE J227a D/ETV-Ipower profile.

Peak Power GSE75A GS EI50H
0% DOD 110 W/kg 98 W/kg
50% DOD 103 W/kg 85 W/kg
80% DOD 84 W/kg 47 W/kg

Peak power deals with the abilityof the electricvehicleto accelerate.

All other factorsbeing equal, the greaterthe peak power the better the

acceleration.

Stand tests were cycles 37-38 for the GS E75A and cycles 45-46 for the

GS EI50H batteries.

I. The batteryretained90% of its CJ3 capacity followinga 10-day
stand test on the GS E75A, and 95% of its CJ3 capacity on the GS
EISOH for an equivalentperiod.
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Table 3. Summarydata for GS E]50H battery.
Page ] of 2

nlSCll4B(_{ CJgARqF,

I).-_T[ DR ABOD EBOD I)CV EDT MAX.TEMP TIT) DATE ABIR EUIR CC % CIIAROE ECT MAX.I"EMIP I"IXJC WATER IqCYllE_
{_P,F) (_) {KWlI) (VOl.'J$) (AVO) |C) {Ah) (KWH) (- . -_ taVO _ PP_

(el)

C)'cle 1 05/22.91 45 29 84 54 2 93* 3.1$0 2643* 26 94 11152M 05/'22/91 I 1195 4.63* 4.14 13..242 27.88 30.10 12H 25k1

Cydc 2 05/211,.91 45 18 91 II '1 11 31.10 2682 2694 21| OIM 05/38/91 119.74 499 I 84 13.1.42 26.3*6 32.63 1211 25M

('yoRe } 05/30/91 45 08 105 19 5 67 31 50 28 $8 28 76 211 05/30/91 123356 3..42 1.32 117.46 2699 23*.28 1411 00M

Cyck 4 06,'03,91 4506 11416 391 3.150 2803 2828 211 32M 0M33/91 13.60i 568 1.3.1 119.14 27.55 3185 1311 43.M

Cy¢la ,5 06_05/91 4.187 110611 3 78 3*250 26 56 2697 211 28M 06/05,51 144.13. 6.11 4.00 130.24 24 44 34.26 13.H03.M

Cycle 6 06/IORI 45 16 115 91 4 03 3.1 50 27 99 28 3*5 211 34k| 06/10/91 13.8.67 5 80 4 O0 119.64 25.55 30.38 SEE NOTE FIRST 620 kilNS. DATA ONLY

Cycle T 06/11,'91 4499 11998 419 3.150 2654 26, 211 40M 06/11/91 13.4.71 3*.62 4.00 112.28 34.15 3399 SEE NOTE FIRST 3.13 MI]H$. DATA ONLY

C,_,, , 0_1,,, 4,16 12495 434 31,O 270, 27,6 211 46k1 06J17/91 1,6.99 ,.66 4.00 125.64 27.54 29.42 1511 3*OM _(_WA_EO_AGtU j_!_) DUE 110

(.'ycle 9 06.'19/91 4,06 124,7 43.2 3.141 2641 26.71 21148M 06/19/91 1,2.40 ,.92 407 130.2, 2662 30.23 1,11 lSM ,00 cW_LA-I_GREAJ_DIEDAF/'IER Cy.CUE,

Cycle tO 06.'24,'91 4,13. 12717 447 3161 27.65 2809 211 ,OM 06/25/91 182.13. 7.88 4.84 14Z43 29.42 31.94 |711 15M

Cyde II 06r26_ 1 4515 12642 443 3167 2655 27.26 211 48M 06/26/91 147.61 625 4.01 116.76 27.76 31.81 11Jl 35M CT_fEO_j_Ej_tU]FTyj) AT 1110MR)t

Cycle 12 06-e28_1 45 I0 12478 4 3*6 31 68 2814 21 30 2fl 48M 06/28/91 162.18 6.93* 3.99 129.97 26.99 30.82 151120M

Cy,:ic 13. 0";/01.`91 65 03, I I0 56 3.83* 3173. 26 26 27 37 I11 42M 07/01/91 144.16 6.21 3.99 13039 2624 29.21 13.1135M

Cy..le 14 07102/91 64 95 108 25 .I 76 3.174 27.56 27 98 I11 40M 07/02/91 14023 602 414 129 3*4 27.28 30.82 1211 40M

1%3 C)_I¢ 15 07433/91 64 92 1I0 37 312 31 3*5 27 48 28 OO Ill 42M 07/03/91 139.23. $.48 4.17 126.15(_ 27.81 30.81 1211 35M

Cp.le 16 07/01L'91 100 58 90 52 3. 08 31 33 28 75 29 3*5 3.4k1 07/01/91 1167'7 5.03 3.99 12900 2869 30.22 111105M

Cycle |7 07/0,/91 1003.i 117, 3*00 3123. 2911 2941 $2.5M 07/09/91 11451 4.96 4.19 130.41 28.58 29.94 '11120M

c,,le,, 0,,,,1 ,002, 8,,3, ,00 3*,22 2,,1 ,903* 3*2.3*.07,10/91114.07494 4.1, 129.99 28.4830.07 111103*.,,0 _,_,_,,_,_',_,0
Cy,:le 19 0711 I,'91 7 W/K(} 140 23* 4 99 3*211 26 25 26 49 411452,1 07111/91 176_13 756 3.97 125.&0 2690 31.62 161140M

c*)..,:l<20 07/I 3.?1 7 w/KO 142 30 5 06 3*201 25 53* 2603 4113*iM 07115/91 175.51 7.49 4.11 123134 2672 3255 I$11 30M

Cycle 21 07116:91 7 W/KO 143 51 5 12 3.195 25 3*9 26 _3 411543,! 07_16_1 17600 7.3.1 4.00 122.64 21.88 3*465 13.!140M

C) Fc _ 22 07117/91 21 W*'IKG 96 03* 3 33 31 93* 28 87 30.23 IH 06M 07117RI 124.24 5.39 400 12935 2170 30.62 1211052,1

Cycle 23 071111,91 21 W_K('i 91 62 3. 19 31 90 28 50 29.17 III 03*),| 07/18/91 124.49 3*.43* 4.14 133.88 2793 2925 1211 55M

C)c14 24 07/'22_1 21 W/KQ 9199 3 19 3.190 27 93 28 28 III 0.1M 07/22/91 118.69 3..16 400 129.02 26.59 28 18 I III 30M

Cy,;l_ 25 07,'23/91 42 W/KO 56 84 I 92 31.79 27.47 28 23* 19.23.M 07/21/91 73..3.9 3.22 3.99 129.47 2768 2156 711 15M

c,.,_, 07,,_14_,_0 ,,1 178 3,1,8 2,1, 2,48 17.,. 07/2_,17400327 3.97 140, 2,.47 2,41 8110,,
cyc,,, 07,,5/9,,2,,,_0 53,3,1180 ,1,, 2,93, 27.41 1800. 07,,,,,i ,3,.,9324 4.08 13,8.42 274, 2870 71120. ,00 _,_ot,m,_,,,,, _.,_,
Cycle 28 07/26,'91 45 01 12604 4.41 3.166 26 04 26 65 21148M 07/36/91 13.9.35 6 88 3.99 126.43 2707 28.$9 151120M

Cy,:t," 29 07/39/91 4496 13.189 464 3.160 2702 2749 211$6M 07/29/91 166.30 7.17 3.98 12609 2511 3.0.09 151140M

Cycle 30 07/30/91 44 97 121193* 4 $5 3.I 91 26 37 26 90 211$2M 07/30/91 164.68 7.09 4.13 127.73 27,41 30.23 i$11 $52`1 9_4 MAINlr ClIO TJ.n Ali'S

Cych 31 09r_5/91 43 06 114 90 3.99 31 97 26 12 26.42 211 36M 09/21RI 157.42 6 70 4.57 13.7.01 29.72 31.32 1411 43.&1

Cycle 3*2 09/26/91 44 45 124 46 4 35 31 49 27 00 2729 21148M 043/36/91 161.40 6.88 4.10 12968 27.57 31.14 151130M

Cy,,.le 3..I 09/27/91 4306 126.17 443* 3.189 2726 2764 211 48ki 09/27/91 16261 6.94 4.22 128.88 2205 3035 151140M

Cycle 34 09/30,'91 42 W/KQ 78 25 2 $4 24 16 30 06 3080 25.?$M 09/20R1 10i.33 436 4.10 129.$3 21.69 29.74 911$0M

Cycle 35 10_1/91 42 W/KO 76 81 2 49 23 91 28 90 29 6O 2525M 10/01/91 100.69 _. 35 4.23* 131.09 22."/9 2904 1011 15M

Cy,.Je 36 10.'02/91 42 W/KO 77 54 2 52 24 02 30 18 3*0111 25.75M 10/02/91 10OI8 432 4.10 12920 22 34 28 99 101103*M 600

Cyc_ 37 10_35/91 60 W/KQ 68.3*J 2 13. 2467 30.71 31 28 15M I0_0_1 87.93 3*80 4.10 12865 22 40 29.45 Ill 3Ok1

Cycle )l I_u?/91 40 WRCO 67 Ol 2 O8 24 57 215rt 30 3*5 14 6TM IH7/91 86.74 374 4.10 129.31 22 89 29.32 8Jl 20M

Cycle 3*9 10.'08,91 40 W/3*CO 67.41 2 I I 24 86 29 3*4 30 13. 14 83.M 16/08_1 85 83 3.70 4 13. 127.33 23.73 29.24 IN 25M

Cycle 40 10.'O951 SFUDS 113.00 2 91 -- -- -- 166 4M 10/09RI 134.18 $.62 4.13. i 18.74 22.75 30.73 i ill 35M T!II_E PART CIIAIQE - ABOD
• ' " _OLI LIFO



Table 3. (continued)
Page 2 of 2

DATE DR ABOD EBOD iX:V IEDT MAX.T1EMP l"lnD DATE ABIll _RIIL C_ % L_'IAIIOE _ IdlAX._p _ WATEll

A.P. Ah KW OLTB AVO Ab KWH AVQ_.),,.,_.__q_ _(md)

Cy<i4 41 I0/I 1/91 SFUDS ! 1300 2 97 -- -- _ 166.4M 10/I 1/91 145.21 6.21 4.10 128.56 26.4T 20.44 1411 _ A,BOD [qll:)M IdlPU

Cycle 42 10/16/91 44 1:1 12:1.99 446 32 05 27 26 27.97 21141M 10/16/91 1:17.68 6.'r/ 4.10 125.15 29.69 30.35 1511 ISM

Cyck 43 10/11/91 44 95 121.37 4 31 :1119 27 26 21 36 211421.1 10/18/91 141.19 6.36 4.05 122.10 27.11 31.02 1411 35M

C),:Ie 44 10/28'91 44 58 11463 4 05 31 71 26 93 2l 21 21133M 10/21/91 141.31 6.05 405 123.34 29.08 33.69 I111 33M

Cycl, 45 11/07/91 4490 11264 ]98 31:14 2149 2975 211301.1 I I'OTRI 14656 6.30 4.1:1 130.1i 21.$1 32.60 131123M 750 I0 DAY ITAND I"EST

Cycle 46 I I/0L'91 45 17 11931 4 24 31 IO 21 33 2111 211391.1 !1"O8/91 146.03 6.26 4.20 132.32 2?2`6 31.99 13H 05M 10 DAY IrTAND TEST

C)'clc 47 01R)6a_2 44 I0 II I I 2 16 32 52 27.7:1 21 53 III :elm 01_2 13.41 3.$? 9.$1 105.20 31.19 32.$$ 3H 23M i_)WIEII _|

C),.Ic 411 01e07,'92 44 64 76 )5 2 69 320.4 27:19 21 34 III 42M 01/07R2 103.43 4.37 4.12 135.50 29.17 31.62 71140M

C)clc 49 01.'01L'92 44 74 9006 3 II 32 13 2617 27.31 2110DM 01/01_3 i1:1.10 419 4.10 12858 2106 31.041 I011 131.1

Cy_;I,: 50 01t09_32 44 69 91187 3 51 32 OI 27 65 28 46 211 1231 01/09/93 12190 3.:10 4.14 130.3"/ 28 64 3131 1211201,1

Cycle 31 02/111.92 45 06 67 59 2 38 32 69 26 55 27 06 !11 30M 02/11/92 19.41 3.79 4.27 132.39 20.75 31.66 $11 IOM

C),;le 52 07JIgR2 45 04 76 57 2 71 32 19 26:13 27K III 421.1 02/19/92 91:10 4.16 4.13 12164 29.35 30.37 911 ISM

r_ Cycle 53 02/10,'92 43 07 11 13 2 11 32 37 26 49 26115 iii 41M 02/20/92 104.40 4.37 3.91 128.68 27.15 29.14 91145M

Cy_;le 54 02,'21/92 44 I:1 17.46 3 0 _, 32 22 26.59 26 15 III $7M 02/21/92 112.40 472 4.10 12152 21.43 29.46 101I 45M 650

Cycle 5:1 02/24/92 43 12 94.?6 3 31 32 16 26 31 26.:15 21106M 02/24/92 12213 3.14 4.15 121.90 27.89 29.1"/ I111

Cy,;le 56 02/2:1,'92 44 91 101.22 1:13 31.11 2619 272:1 211 15M 02/25/92 130.0'1 $.41 4.00 12145 2'7.73 29.76 12H 23M

C'y,:lo :17 02/26./'92 44 99 105.73 3 69 3160 27.06 27.37 211 21M 02/26/92 13665 5.76 403 129.24 2"/.87 50.03 1311 20M

CycL,. 58 02/2";/92 44.83 107.10 37"7 311'7 27.41 27."/0 2H 24M 02/27,'92 13664 $.75 4.13 126.99 27.40 30.01 1211 40M

Cycle 59 03_02992 44 94 107.1:1 377 31.12 26.66 26.9') 21124M 03/02/92 137.7') 511 4.13 127.76 26.16 30.13 1211 50M

Cycle 60 0];03;92 45 Oi IO11,02 3 711 31.79 26.311 27 04 211241.1 03A)_2 137.U 5.11 4.20 12"/.62 26.?9 30.21 ION IOM

Cycle 61 03_1_2 PK PWR 91 20 3.16 .... 03"O4_2 112.36 4.73 4.011 123.20 26.71 26.611 IOH IOM

_.,.,2 0],0:1,,2,,_,w,, 91- 423 .... 03"o_,2111,, 4.72 ,,0 1.. -.,, 211.,, 101110., ,_k._n4_4_050,,
•_,:son)ms: tU}OL) /imps _ Oul

EBOD Enerly i_llc_ Out I)i_lu_e NOTE: !. Pick wetl_ 140.83611 (llO.411_.Xlhlw.e nwdul_)
FI)T Av I Endm| l_T.IsilrlO Te_nq>c_duae

DR r)_h.,.,.go (A-Amid. I'.Po,a,_ Kw, F-FUDS Cycle)

Cousta_t CumrenlD_chu|ca done pes E'1"V-BAT-984

Consuml Pow,.+r Dbch_11es do_n,ep_r ETV-BAT-611 EBIR EnwEy _ in Rechlur|e

Furls I)uChUlU done I_ ETY-BAT-9111 and/c+ ETV-BAT.9013 _ End olPChallle Cunrad

Sl_nd Tclts done pet E'I'V-BAT-I1111 ECT Avl, EndlinI Cluule Tcnqmmrutwe

Peak Powcl Tesu done poe ETV-BAT-II:1 Trc)c Total Tl_ or Cluurle

DCV Duchaullc Cutoff VolMi¢ (. vii4¢s due to t_ne b_,rvld ipaclni)

TrD To_l Tune or/)_chui_e

AI_IF Am_s I:I,,II,:_ In R¢chu|l



CONCLUSIONS AND RECOMMENDATIONS

Basedon the data gathered during characterization testing, these

batteries appear to have averageperformancefor lead-acid type batteries for

the criteria investigated. Additional tests (e.g., life expectancy) could

provide a better overall appraisal of their merits. However,their relatively

high cost (comparedwith simtlar products from domestic suppliers) would most

likely be a deterrent whenconsidering a decision to purchase.

2g
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APPENDIX A

GLOSSARY OF TECHNICAL TERMS FOR RECHARGEABLE
BATTERIES
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GLOSSARY OF TECHNICAL TERMS
FOR

RECHARGEABLE BATTERIES
4

I I IIIIIIIIII II I ........ IIII IB II III II I I IIIII IIBII I IIliIII

average power (kW) Total energy withdrawn (or returned) from (or to) e cell or battery divided
by the time of discharge (or charge). May also be specified for test

, ...... regtmlthat include bothcharge and discharge. ...................

average voltage (V) The ratio of the .att-hours delivered to the ampere-hours delivered for a
_ ....................... given d!Icharle or charge. Not a $tmp)e average of v0)tage over time .......

baseline The procedure used in the accelerated-aging tests that provides a common
.............................. ........ experimental measurment and analytical conlpa_,!s0nba$!s. ,[ .........

battery (lectrochemtcal cells electrically connected tn a series and/or parallel
............ -- arran_emnt. ,.................

battery managementsubsystem System that monitors and/or controls someor all battery functions (charge,
watering, temperature, discharge, electrolyte flow, etc,). It may also

.... .......... provide an operator t,nterface. , ,,, , _ ,,

battery module A grouping of interconnected cells that are treated as a single mechanical
and electrical unit.

i , II,lllllll n I II II IIII riniiii, i iiillllllli i i i i1 ii i i iiii .... i .......

battery pack The parts of a battery systm that are physt;ally contained in an enclosure

that can be mo_,edas a single unit. , .........................

battery _ackage density (kg/L) Batter_ system weight divided by ba,tter_ syste_ volume. ........ ......

batter_ s_stem .... The battery plus all battery auxtliartep except the char_pr. .....

battery volume (L) The volume of the battery. Cell, battery, or battery system should be
specified. ,i / i H i

battery weight (kg) The weight of the battery. Cell, battery, or battery system should be
specified

,ll i i Hll i i ii=lHHI I I I I III HIiIUI ,I,, I II

benchmark The results of the characterization of the current status (both performance
and life) and used tn the actual-use simulation testing. These results
will form a reference, or benchmark, point that can be employed in future

............ d,e,terminations,of development,progress., ..............

capacity {C) (Ah) Generally, the total numberof ampere-hours that can be withdrawn from a

, , fu!l_ char_ed ce,ll or batter_ under,,spec,!fied conditions.

available capacity (Ah) The total number of ampere-hours that can be withdrawn from a fully charged
cell or battery for a specific set of operating conditions including
discharge rate, temperature, age, stand time, and discharge termination
criteria.

ill i

C,(Ah) The capacity inampere-hoursobtainedfrom a batterydischargedat a
constantcurrentsuch that a specifiedminimum voltageis reachedin
precisely! hours. _ is establishedonce and is not adjustedas it changes
with ti_.

_- I ,iiii . II i i ,i,,ii.iiii . ii II i "III'HI ii I i
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I III I ..................

gross capacity (Ah) The cumulative ampere-hours reeved from e battery operated on a test
)refill that can include _rattve other source.... I ]tttt .limaii

net capactty (Ah) The gross capacity less any mrs-houri returned to the battery from, for
or other

rated capacity (Ah) The manufacturer's specification of the total numberof ampere-hours that
can be withdrawn from a fully charged cell or battery for a specified

and cutoff voltai,l.. ...............

cell An assmbly of it least one positive electrode, one negative electrode, and
other necessary electrochemical and structural ccwqDonents. It ts used to
store and electrical en_t t t] t t tttt t ......... t

charge Conversion of electrical energy into chemical potential energy within a
of a direct current.

1 1 IN IN I I 1 IIIlllll illll

cutoff voltagi The cell or battery voltage at which charge is terminated.

charge rate (A) The current applied to a cell or battery to restore its available capacity.
This current is commonlyexpressed in terms of the rated capacity of the
ceil or battery, For example, the lO-hour charge rate of a 500-ompere-hour
cell or battery (rated at the S-hour discharge rate ) is expressed as:

rated canac|ty - 500 amnere-hours - 50 ampere I C5/10 rate.
:k ..... charge tim .......... 10 hoursiLH II I rll II ,,,,,m,,,,,,....... I

commissioning The proceIS of preparing the test unit for testing. The manufacturer of
products tu be tested eItablishas ipectfic instructions for the initiation,
or commissioning, of use. For sodium-sulfur modulesand batteries, these
procedures can include such items aI uncrating, heatup rates, break-in

.... , cycles, and control strategies. ....................................

constant current charging or The charging or discharging of a cell or battery at a controlled, constant
discharging _C) , , , rat e i,of e)Qctron flOW. i ,m,.i _ _ i L i .liH

current (AS .... The rate o.f...f!ow of electrons in a,,,,,Ctrcuit. Also called0, rate. '

cycle The period co_nenctng from the start of one charge/discharge to the start
of the next charge/discharge where said period includes discharge time,

.... open-c,i,rcult time, and cha,r,_e,,time, i i i i]i __ i i i i i i iiiiiiiiiii i

cycle life The numberof cycles,to a specifieddischargeterminationcriteria,such

as depth of discharge,undera specifiedcharge and dischargeregime,that
a cell or batterycan undergobeforefailingtenet its specifiedcapacity

.......... or efflclencyperfo_nce criteria. ..................

depth of discharge(DOD} (%) The ratioof the ampere-hoursdischargedfrom a cell or batteryat a given

i rate tOllthe availableilcapac)t_ under tile sa_llllillspecifiedlll,iCondltlon $ I....

dlschargecutoffvoltage The cell or batteryvoltageat which dischargeis te_inated. It is

............... generall_A funcltion °f dischar)erate i.................

dischargerate (AS The currentduring dischargeof a cell or battery. This can be expressed
in amperes,but more c_nly it Is no_lized to ratedcapacity (C), and

expressedas C,/X,where_ is the hour rate for the rated capacity,and _ is
a time specification,usually in hours. For example,the lO-hourdischarge
rate of a 500-ampere-hourcell or battery(ratedat the 5-hourdischarge
rate) is expressed as"

rated caoacity- 500 _mpere-ho_rs= 50 amperes• C5/I0 rate.

cnar_e,,,tlme I0 hourIll 'i"iI '' I -- l IBIllllllllllllll l
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IN 1111 _llllllllllll FI III Illll Illlll I J I IN HIIll mill IN Ill I .............. III II miNim I I IlllFll Ill Jllll

end-of-dtsoharge voltage The cell or battery voltage whendischarge te laminated.
( zODV ) ( V ) ............................................. ................................

energy density (Vh/L) The ratio of energy output from a cell, battery, or battery system to its
, .................................................. vo!.um. Not the sameas specific energy ......... ...........

energy output (Vh) The total number of watt-hours that can be withdrawn from a fully charged
cell or battery. The energy output varies with t_erature, rate, age,

............. stand time, and discharge cutoff voltage.,,,[ 11 ,, IHIII I 111 ,,l,IIII,[,, ...... . I I II .... ] i I -- ii H IIII II I

equalization The process of restoring al1 cells in a battery to an equal state-of-
charge. This can consist of a prolonged charge or a complete discharge to
a shorted condition, depending on the battery technologyi!! f , ,, II1[ I I 1 IIIIII 1 I II 1 I IIIIII I I ii1 i /: :? ........... iii - ,1 iiiii JI ii

failure criteria Specific cell or battery perfo_nce characteristics that Indicate the cell

............ . J.................. or battery can no longer perform its !ntended duty c_cle ....................

internal impedance (ohm) The opposition to the flow of an alternating current at a particular
frequency in a cell or battery at a specified state-of-charge and

....... _ ................................ t_rature. .................................

internal resistance (ohm) Opposition to direct current flow in a cell or battery. Its value may vary
with the current, state-of-charge, age, and temperature. It is the sumof

the ionic and electronic resistances of the celi c_onents.II II I ii iiiii I iiiiii i iiiii I I ................ ii _ _ .... : | , iii -

open circuit after charge The period during which the battery is placed on open circuit following a
(OCA¢}(hi charge.

I)1 I ii I I IIII ] I I II i[[I iiii II III I II i [I II iiiiiii H iiii)11 ii, I q iii III I I ii

open circuit after discharge The period during which the battery is placed on open-circuit discharge
.........{OC.A,,O)(h) ................... f,o1!owing a discharge. ..... _ ........................ .......

open-circuit voltage (OCV} (V) The voltage of a cell or battery at a specified state-of-charge and
tw_)erature in the absence of charge or discharge current. It varies with
the length of time following a charge or discharge 3so also rated eDen-

................................ _____ircui_re!tees. ,......................... _.

power profile test A cell, battery, or battery systm charge/dlscharge test that uses a
sequence of different po_r levels applied for a defined ti_ duration to
simulate battery operation in a vehicle, For example, power profile tests

...................................... have ,been,der_,ved,fr_,,,t,he ,FUDSand the J227_aOdriving p,rofi!,e,,test s. ,.......

rated open-circuit voltage (V) The _,_ufacturer's specification for the open-circult voltage of a fully
char_ledcell or battery.i i iiI I _ iii iii| ] i i i iii 'llllli!l i iiiiiii llrfl _ iiii iiiiii i Imlll _ II ___ ....

rated power (kW) The mnufacturer's specificationof the dlsc_argepower capabilityof a

.............. cell or battery.iiiiiii • ii iiiii i : iii ii iiiiiiiii llml : i i) ii __ :__ -

reference performance cycle (RPC) A specific cycle formulated to allow energy ancl power degradation of the

............... subject test,lIUpl)ttO be _n,l),toredand c_ipareOwith that for Other units.......

se_nt The repetitiveportionof FUDS and 8SFUOSdischargeregi_s. The duration
of a segmentis 1372 secondsfor the FUDS regimeand 360 secondsfor the

..................... GSFUDSregi_,L I III llJ II I II , . ,I,I I .... ......

self-d_scharge The processby which t_e availablecapacityof a cell or batteryis
spontaneouslyreducedby undesirablechemical reactionsor electronicshort
circuitswithin the cell

iiiiiiiiiiiii.ii i mllll I iiii iii,iii iiii II i I I i __ _I iiii I

specificenergy (Wh/kg) The ratio of energyoutputto batteryweight. Varieswith rate of

disch,arge' I ................................. -- I

ispecifiCllI II 'IIIpeak Dower,,I (W/k?)il IUll rThe ratioiof Deakliiimp°werlllill°theICelll.batterl_',or battery......svst_ weiqht II

d
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II - I II I fll" I!IIII I I I I " I ............

S_Jftc power (W/kg) ........ The ratio of rated pMr,,to the eel] or battery N|ght,

test untt A genertc descriptor for any of the battery-hardware configurations being
, ....... evaluated le.g., ca11, mdulm, battery) ..................

a

voltage depression A transient voltage drop at the start of discharge of a fully charged cell
or b_tter:f _ wttha lublaquent recovery,I I iiiiiiiii i ii I lllli I .....................

- ilml I i ii [ - I I II IIIIIII]IIH I II I III I I i lilt fl

_ __ Uiiiiiiiiiiiiiiii ...... 1111111111i i ii I i ii ii I iiii i ii i

i iii i I I I - - - iiiiiiiii _II: I I I I I II III I J[ llUlllllll J III I

II ] ii iiiii - - i_i1111111111111I iiiii I II III II I F I I

........... I I| II II I i I

I IIIIHI I!IIIIIIII I I[IIIIIIIIIII ] li _ I I IIIIIII[I I fllllllll III I I I II I I I

iiiiii _ irlllll III lull I II I [[1 IIII III I: ....

,,,,, III I IIII UlUl - iiiiiiiiiii I II I I III I I I II III

....... 1 lair II I II -- ii i llllnllnllllll II ii_ I I nl i i i i

[11 .......... - i iiii i I

i m ! ,m, I m m m m mmmm m m mmmlm m m m mHm iii IH i

_ ,, 11 n..,m.l,HI,, [L]:_ I:::: II III l I I I II IIIIIII IIIII I
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