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ABSTRACT

This report describes the testing of the GS E75A and GS E150H flooded
lead-acid 12-volt traction batteries and compares the selected batteries to
U.S.-made electric vehicle batteries. The results and conclusions of the
testing are presented.

SUMMARY

The Japanese-made flooded lead-acid 12-volt traction batteries were
tested in the INEL Battery Test Laboratory to provide a basis for performance
comparison with equivalent domestic products. Tests covered two different
battery types (three modules each) and included:

] Constant-current discharges at specified rates
o Constant-power discharges at specified rates

° Variable power (simulated SFUDS)

. Peak power

] Ten-day open-circuit stand.

Test specifics are contained in referenced INEL Electric and Hybrid Vehicle
Program Test Procedures. A glossary of related technical terms is included in
this report as an appendix.

Test results in all categories were acceptable, but showed no
substantial differences in performance from domestic products to justify their
higher purchase cost.




LABORATORY TESTING OF THE (JAPAN STORAGE BATTERY)
TRACTION BATTERIES
GS E75A AND GS E150H

INTRODUCTION

The GS E75A and GS E150H batteries are manufactured in Japan by Japan
Storage Battery Co., Ltd. and imported into the United States by GS Battery
(U.S.A.), Inc. The GS E75A battery is shown in Figure 1, and the GS EI50H in
Figure 2.

The INEL ordered 3 modules of each type for initial evaluation testing
at the Idaho National Engineering Laboratory (INEL) Battery Test Laboratory on
August 1, 1990, and received the modules on January 15, 1991. Testing was
completed in March 1992. No tear-down examinations or chemical analyses were
performed. This report covers the results of the tests performed on these 3
modules.



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

The GS E75A and GS E150H modules are of flat-plate design. Containers
and covers are made of polypropylene. A single-point watering system is
incorporated into the cover. Terminals on these modules are the SAE post
type. The data recorded during receiving inspection of the batteries is given
in Table 1.

Table 1. General battery information for GS E75A and GS E150H.

| | esesa | e eison
Module weight dry (avq) 17.82 kg (39.21 1b) 32.38 kq (71.39 1b) |
Module weight wet (avq) 24.98 kg (54.96 1b) 46.94 kq (103.5 1b) |
Module weight variance + 0.10 kg (0.22 1b) + 0.40 kg (1.80 1b)
Module height (overall) 232 mm (9.05 in.) 258 mm (10.2 in.)

[ Module height (container) 207 mm (8.07 in.) 222 mm (8.79 in.)
Module width 172 mm (6.80 in.) 182 mm (7.21 in.)
Module length 304 mm (12.0 in.) 505 mm (20.0 in.)
Module cost (each) $330.00 $590.00
Rated capacity at 3-hour 6.6 Ah 135 A‘h
rate _ _

The modules were received in the dry-charged state. Upon receipt, the
modules were weighed in the dry state, filled with 1.280 specific gravity
sulfuric acid, and reweighed.

The batteries were configured into 2 packs, one for the GS E75A and one
for the GS E150H. Each pack contained three 12-volt modules of the same type.
The assigned pack numbers were:

Pack 66 . . . . . . . . . ... GS E75A
Pack 67 . . . . . . . ..o GS E150H






TESTS PERFORMED

CONSTANT CURRENT

Constant current discharge tests were conducted as cycles 1-14 for the
GS E75A and cycles 1-18 for the GS E150H: The purpose of this series of
discharges is to assure that the battery capacity has stabilized and to
establish the baseline actual capacity of the battery under test. Groups of
three discharges are performed, approximating each of the following rates:
Cs/3, C/2, Cy/1, and C4/3, respectively (INEL Test Procedure ETV-BAT-984.)
Each discharge is terminated at the specified discharge cutoff voltage of
1.75 volts/cell. During this test series, the battery stands on open circuit
before discharge for at least 1 hour (but no more than 24 hours) to allow the
battery to reach test temperature. Additionally, the battery is allowed to
stand at open circuit after discharge (prior to charge) for at least 1 hour
(but no more than 6 hours) until the test temperature is reached. The initial
Cs/3 discharge groups are normally repeated until three consecutive ampere-
hour measurements are within 2% of each other. (In the work reported here,
the ampere-hour measurements were not within this tolerance. However, the
measurements were only a fraction of a percent outside the goal and thus the
laboratory manager accepted the value in the interest of minimizing testing
costs. Also the final (C,/3 tests were made later in the testing to combine
the open-circuit stand test and tne C,/3 tests in order to minimize testing
costs.)

CONSTANT POWER

Constant power discharge tests were conducted as cycles 15-27 for the GS
E75A and cycles 19-27 for the GS E150H (INEL Test Procedure EHV-BAT-688).' The
purpose of this series of tests is to collect voltage-vs-current behavior of 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
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current) because it more accurately represents circumstances related to
electric vehicle usage. A minimum of two discharges are performed at each of
the following approximate power levels: 7 W/kg, 21 W/kg, and 42 W/kg based on
the battery pack weight (i.e. the sum of 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 E150H. 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 SFUDS is segmented into discrete power steps (-10, 0, 10, 20, 50, and
79 W/kg of battery weight) of sufficient duration that the spectrum closely
approximates the actual IDSEP vehicle driving the FUDS velocity-vs-time
profile. The general profile of the SFUDS power-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 SFUDS was
developed assuming a battery weight of 695 kg, and therefore cannot be
directly applied to most batteries for determining the actual test power
levels. The methodology used in determining the actual power profile used for
this test was derived from Reference 2 and is summarized below.

1. The number of battery moduies in series which will form an IDSEP
battery pack is determined subject to the minimum and maximum
voltage constraints of the IDSEP vehicle.

2. The total weight of these modules is then determined and 100 kg is
added to the pack weight to arrive at the battery system weight.

3. The SFUDS power levels are then determined employing a formula
which corrects the power requirements of the IDSEP vehicle for the
variation in battery weight.
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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 SFUDS cycles, with
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. When the 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 FUDS velocity-vs-
time profile. Details of the test procedure can be found in Reference 2 and
ETV-BAT-988."

PEAK POWER

Peak power discharges were conducted as cycle 35 for the GS E75A and
cycles 61-62 for the GS E150H. The purpose of this test is to determine the
peak power capability from derived resistance calculations of a battery at
various depths-of-discharge (i.e. 80% DOD, 50% DOD and 0% DOD, respectively).
The method used is derived from a discharge schedule that emulates a portion
of the SAE J227a D power profile for the IETV-1 vehicle. This procedure is
identified in INEL Test Procedure EHV-BAT-885 (Method 2)' and is outlined as
follows:

1. The battery is first discharged at 12 W/kg for ten seconds and
then 44 W/kg for 60 seconds.

2. The battery is then discharged at the approximate C,/3 rate to 50%
depth-of-discharge where the 12 W/kg (for 10 s) and 44 W/kg (for
60 s) discharges are repeated.

3. The battery is then again discharged at the approximate C4/3 rate
to 80% depth-of-discharge and the 12 and 44 W/kg power-level
discharges again repeated.

4. Steps 1-3 are repeated at least once to verify repeatability of
test results.
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5. The peak power capability is derived from the measured changes in
battery voltage caused by changes in battery current at the 8- and
68-second points of the 12 and 44 W/kg power levels, respectively.

During the peak power portion uf the test program, the peak power
information at the selected DOD condition of the battery was obtained. Peak
power discharges were performed on all modules of each type.

10-DAY STAND TEST

Stand tests were conducted as cycles 37-38 for the GS E75A and cycles

45-46 for the GS E15-H. The purpose of the stand tests is to measure the
amount of capacity loss associated with extended periods of non-use storage at
open circuit. For this test, the battery is fully charged and allowed to
stand on open circuit at ambient temperature for 10 days. The capacity is
measured under constant current discharges at the approximate C,/3 rate before
and after the open circuit stand period. This procedure is repeated a minimum
of two times.

DATA ACQUISITION

Data were acquired using Neff 470 hardware and software. Parameters
measured were: module voltages, battery voltage, charge/discharge amperes,
module temperatures, and ambient temperature as a function of time. The raw
data were then played back for subsequent analysis into a Lotus 123
spreadsheet. Calculations were then performed to provide analyses of the test
data.

Typical calculated quantities include: standard deviation of module
voltages and module temperatures; average module temperatures; maximum
temperature; average battery voltage; average charge and discharge current;
charge and discharge ampere hours; charge and discharge energy; power and
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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 much greater 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 SFUDS testing.

12



CHARGING CONSIDERATIONS

The charge algorithm obtained from the battery distributor® was:
18 A constant current to 2.4 volts/cell, then 2.25 volts/cell to 125% return
of previous Ah discharge for GS E75A, and 36 A to 2.4 volts/cell, then 2.25
volts/cell to 125% return for GS E150H. In practice, this algorithm would
have required several days on charge as the current tapered to less than 0.3 A
at approximately 105% return. The algorithm used during evaluation was 18 A
for GS E75A and 35 A for GS EI50H to 2.4 volts/cell, taper to 4 A, then 4 A to
125% return. This algorithm was acceptable to the Japan Storage Battery Field
Sales Engineer.
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RESULTS OF BATTERY LABORATORY TESTING

Complete test data are presented in Tables 2 and 3. Constant current
tests were cycles 1-14 for the GS E75A and cycles 1-18 for the GS E150H.

1. The capacities determined by constant-current characterization
tests were as follows:
GS E75A GS E150H
1-hour capacity 54 Ah 88 Ah
2-hour capacity 63 Ah 109 Ah
3-hour capacity 69 Ah 126 Ah

2. The battery reached rated capacity after 3 cycles for GS E75A, and
after 9 cycles for GS EI50H.

3. The coulombic efficiency was 80% for GS E75A and 79% for GS E150H.
4. The energy efficiency was 67% for GS E75A and 64% for GS E150H.

The attached Peukert plot (Figure 4) compares the GS E75A and GS
E150H modules with other batteries previously tested at the INEL.

5. The specific energy density at the 3-hour rate was 30 W-h/kg for
GS E75A and 32 Wh/kg for GS E150H, which is average for
commercially available lead-acid batteries.

6. The volumetric energy at the 3-hour rate was 62 Wh/f for GS E75A
and 66 Wh/¢ for GS E150H, which is also in the average range for
commercially available lead-acid batteries.

Constant power tests were cycles 15-27 for the GS E75A and cycles 19-27
for the GS E150H.

1. The Ragone plots (Figure 5) indicates these batteries have average
performance for commercially available batteries. The Ragone
plots were made using the constant power data.

2. Voltage behavior under load as a function of depth-of-discharge
(DOD) at constant power is shown in Figures 6 and 7.

Variable power (SFUDS) tests were cycles 28-29 for the GS E75A and
cycles 40-41 for the GS E150H batteries.

l. Voltage behavior under load as a function of DOD at variable power
is shown in Figures 8 and 9.
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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 SFUDS tests was
22.3 Wh/kg for GS E75A and 20.9 W-h/kg for GS E150H.

Peak power performance was calculated from cycle 35 for the GS E75A and
from cycles 61 and 62 for the GS E150H batteries.

1. Peak power capability was1determined using method 2 as described
in Procedure EHV-BAT-885." This method emulates a portion of the

SAE J227a D/ETV-1 power profile.

Peak Power GS E75A GS E15
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 ability of the electric vehicle to accelerate.
A11 other factors being equal, the greater the peak power the better the
acceleration.

Stand tests were cycles 37-38 for the GS E75A and cycles 45-46 for the
GS E150H batteries.

1. The battery retained 90% of its C;/3 capacity following a 10-day
stand test on the GS E75A, and 95% of its C,/3 capacity on the GS
E150H for an equivalent period.
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Table 2. Summary data for GS e75A battery.

TOTAL SUMMARY BATTERY DATA SHEET PACK NO.56 BS ETSA
! DISCHARGE " CHARGE ' .
} 13 DR ABOD  EBOD DTV EDT  mAl.TEWP, moi ABIR EBIR C€C T CHARGE  ECT  MAL.TEWP. TIOC : MOIES 1
} (A, P,F) (AN} (KWH) (YDLTS) 1AV6.) () {Ah) (KNH)  (ases) 1A¥6.) (I i i
1107731491 21,82  §8.18 2.01 3I.45  23.8% 26.45 20 40N 1307/31/91  74.94 .13 411 12881 7.38  28.02 7 40M ICHARGE INTERUPTED AT 4 HRS. 5 MINS. FOR 3 HRS. |
2 108/01/91 2.04 4170 2,16 3L .17 25.82  2H 48N 1:08/01/91 80,30 3.38 29.00 29.90 M oM { i
3 108/02/91 22,02 85.31 2.2% 340 25.13 23.32 108/02/91  B2.90 3.30 7.23  30.31 oM 1M } {
4 108/05/91 .91 82.19 2,36 3212 26.43 26.91 34 04M 1:08/05/91  8].A 3.70 .11 3.12 94N {
5 108/04/91 .95 6.3 .31 .97 /.4 25.31 34 04N 1:08/08/91  86.77 3.8 3.84  30.77 94 50K JINTERUPTED CHARGE - POWER FAILIRE §
6 108/08/91 2,02 b9.36 2.4 I3 5.2 25.72  3W o9n 1i08/08/91  B1.12 3.68 - 7.23  30.23  9H YoA H : i
1 108/12/91 21.99  20.37 2.4 .93 K. 26.48 W 1208 1108/12/91  B1.3] 3.6 9.00 311 9 lon : . !
8 108/13/91 22,03  49.41  2.45 32.14 24.98 25.37  3H O9K 1108/13/91  87.20 3.67 £.3¢  32.03  9H 208 300 INATERED BATTERY 1
9 108/14/94 312.06 8303 2.2t 3105 26.20 21.00  1H SBM 1108/14/91  80.91 1.43 1.67 3208  8H S5 | 1
10 108/15/91 3.9  62.85 2.20 31.89  21.25 21.60 100/15/91 9058 3.9 32.52 32.88 %M 4OM ICHARGER DI NOT FOLLDY INSTALLED PROGRAN i
11 108/14/91 32.05  &4.10 2.24 31.68 2842 20.21 24 oo 1108/16/91  B2.6L 3.83 7 29.08 9 ISM 1760 PART CHARGE {
12 108/19/91 49.98  54.98 1.90 365 27.33 28.01 W O6M 1108/19/91  71.06 3.03 28.82 30.42 7 S0M H i
13 108/20/9§ 49.99  33.32 .84 1.5 25.97 26.01 W 04N 1108/20/91  48.90 2.9 1,43 3093 7H A0M H !
14 108/21/91 9.9 54.06 1.87 3158 27.38 28.31 N OSN :108/21/91  4B.76 2.9 1.10 - 31.94  7H 30N { i
15 108/22/91 N6 75.29 2.6 .3 L 23.79 AR 38M 1108/22/91  98.80 4.19 33.29 3407 IR 72 f {
16 108/23/91 iKE 79.03  2.83 3241 .48 2378 AW OSIN 108/23/91 91.58 L1l .08 3467 10M A0 i
17 10872891 /e 77.68  2.77 32.% 3.3 25.58 AW 45M 1108/26/91  97.80 12 30.44  31.55 10H 3oM !
18 108727791  21M/K6  57.64 2,01 31.97  25.70 27.48  IH 140 1:08/27/91  74.BL .2 3.6 32.03  BH 45K H
19 :08/28/9%  210/KB  535.74 1.95 3199 28.2% 28.61  1H 120 1108/28/91  T4.83 .2 3.78 3234 BH 3N !
20 108/29/91  UW/KE  35.82 1.85 31.89 28.23 875 (H 1M Mi0e/29/81 7211 3.12 3.8 3245 BH M {
21 108/30/91  A2M/k6  37.39  1.27 31.87  28.04 28.42  23.5M 1108/30/98  41.58 2.06 30.38  30.56 54 25M i
22 109/03/90  429/k6  35.16 118 31.78  27.11 21.72  22.0M 1109/03/91  48.18 2.10 2099 30.60 S SoM ! t
23 109/04/91  &/%6 3015 1.16 3190 28.49 26.78 21,5 1109/04/9f  43.73 1.90 3.8 3355 SH o0M | !
26 109/05/91  s0M/KE  23.73 0.78 31.63  2¢.01 25,73 10.25M 1:i09/05/91  29.98 1.3 28.6h  29.31 34 Jom ! i
25 109/08/9)  &0M/KE 2099 0.73 3l.66  24.8% 23.46  9.50M 13109/08/91  27.00 == 2.8 .25 WM ICHARGE AMP/HRS ARE FROW WPE i
26 109/09/91  AON/KE  20.00 --- 3L.66  24.49 25.23  B.B3m 1109/09/91  25.90 1.3 28.44 28,75 W OSM DISCHARGE ANP/HRS ARE FRON PG
27 109/10/91  60M/YS  20.01 0.4 3173 23,51 .16 B.678 1109/10/98  26.38 1.17 3145 331 SH 20M
109/11/91 SFUDS  45.10 1.47 20.00 34.80 TOR 1109/11/91  55.58 .31 29.04 30.19  &H OSH
108712491 SFUDS 4482 1.47 22.10 32.90 T08 1i09/12/91  50.29 2.12 28.51  28.95 AW S
109/13/91  AKE 42.91  L.57 20.10  2B.45 28.73  29.23M 1109/13/91  59.1% 2.53 .73 123,54 23.58  31.33 64 45M
109/86/91  AZWKE  48.40 1,59 24.51  30.9% JL19 29.87M 1309716/91  61.02 2.81 4.05 126.07 3151 3211 &H S0M
09717/91 sOM/KE  41.73 132 25.19  30.93 3156 17.50m 1109/17/91 54,12 2.34 L2 1.4 3.9 31.88 4 25M
:09/18/93  &0W/kE 4131 L3I 2472 30.15 30.60  17.17M 1109/18/%1  50.04 2.15 408 124,13 30.728  30.77  SH 3oM
iCvele 34 109/19/91 2,00 71,52 293 .87 25.38 25.50 34158 110911991 N 4.03 $.43 13210 377 3221 1M ISA
iCvcle 35 i09/20/91 PEAK POWER 3 0, S0 & 801 DOD 1109720/%1  77.96 3.3 408 - .07 ML SR M
\Cvcle 36 109/23/91 2093 75.65  2.49 V.84 28.9% .11 2 1092391 99.7% L2 §.13 1.8 .77 32.35  fLH Som
iCvcle 37 110/04/91 22,28 68.94 2,44 3.4 21.09 24.32 34 08M 1110/04/91  B89.04 .12 4271 129.16 29.18  33.B4  9H 20m 10 DAY STAND TEST
iCvele 38 310714/91 22,00 41.14 2.38 32.48  25.8b 25.98 34 O3 {110/14/91  B1.4S L $15 130,25 22.89  32.11  1oR OSM 10 DAV STAND TEST

iCvcle 49
iCvcle 50
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Acroovas: AROD Asos Battery Out Discharoe
EBOD Eneroy Batterv Dut Discharg

11§ Ava. Ending Discharee Teaperature NOTE: 1. Module 1 weighs 24.%1 ko (34.92 1bs)

bR Discharge (A-Asps, P-Power Xu. F-FUDS Cvcle) Module 2 weighs 24.93 kg 156.96 Lbs)
Constant Current Discharqes done per ETV-BAT-984 Rodule 3 weighs 25.11 ke (53,34 1bs)
Constant Power Discharges done ger ETV-BAT-688 Total Pack Weighs 74.93 kg (163.22 lbs)

Fuds Discharges done per ETV-BAT-988 and/or ETV-BAT-9013
Stand Tests done per ETV-BAT-B8B
Peak Power Tests done per ETV-BAT-BBS
Ay Discharge Cutoft Voltage (8 varies due lo tise interval spacing)
110 Total Tise of Discharqe
ABIR Aags Battery In Recharge
EMR mana-« Battery In Recharge
cc End of Charge Current
(134 “3. Ending Charge Teeperature

Tne b3t Tiee Al Phccaa
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Table 3. Summary data for GS E150H battery. Page 1 of 2
DISCHARGE __CHARGE
DATE DR ABOD EBOD ncy EDT MAX.TEMP TD DATE ABIR EBIR cc % CUHARGE ECT MAXTEMP TroC WATER NOTES
(APF) (Ah)  (KWH) (VOLTS) (AVG) (©) {Ah) _ (KWH) (amps) (AVO) °C) (D)
Cycle 1 037229) 4529 8434 293 3150 26 43 2694 1H 2M 03122591 19 46) 414 13242 2788 30.10 12H 25M
Cycle 1 03/28.9} 518 IR )] 3N 3tso 26 82 2694 L oM 032891 19.74 499 184 131.42 2636 31.6) 128 25M
Cycle ) 03/30/9) 4508 105 19 167 3150 2838 1’176 2H 20M 033091 123.56 s 132 117.46 2699 3328 1411 0OM
Cycte 4 06039} 4306 11416 3ss %0 2503 8128 M 060391 136 04 s68 1.51 119.14 27.53 s 13H 45M
Cycle § 06.03/91 41387 tio 6 37 3130 26 36 2697 2H 18M 06/03/9¢ 14418 611 4.00 130.2¢ 2444 3426 13H OSM
Cycle 6 06/10M}§ 4316 s 40 i s 2799 2813 TH 34 06/10/31 13867 ss0 4.00 119.64 2833 3038 SEE NOTE FIRST 620 MINS. DATA ONLY
Cycle 7 06/11/9% 4499 11998 419 3150 2€ 34 % 2H 40M 06/1191 147 3.62 4.00 1218 3418 3399 SEE NOTE FIRST 313 MINS. DATA ONLY
Cyule 8 06/1791 4516 12498 434 3130 2706 27 56 2 a6M 06/1791 156.99 6.66 4.00 125.64 27.54 2942 15H 30M %ﬁ%ﬁ"mum DUE TO
Cycle 9 06/19/9] 4506 124 67 4 3na 26 4) 26.78 H aM 0671991 162.40 692 407 130.26 2662 3023 1508 ISM 500 gﬂr&mm AFTER CYCLE 9
Cycle 10 06/24191 4313 12787 447 3168 2763 2809 211 SoM 0672391 18213 788 484 142.43 294 3194 178 1M
Cyule 11 06726/91 4319 126 62 443 367 2633 2128 2H a8 067261 14764 628 408 116.76 21.76 F 1R 1] i IsM g"g m&umtn AT 1%0M FOR
Cycle 12 0672891 4510 12478 436 3168 .14 230 2H aaM 06/28/91 162.18 693 399 12997 2699 3082 151 20M
Cycle 1) 07/0191 6503 110 36 i nis 26 26 2737 100 42M 07/0191 144.16 6121 39 13039 2624 2921 1311 3sM
Cyude 14 02:0271 6493 108123 37 3174 27.56 2793 11 40M 070294 140.23 602 414 129 34 2728 3jos2 1241 40M
Cycle 1S 070391 6492 103? kX 33 33 27 48 1800 11 a2 070391 13923 548 417 126.13 27.81 3081 121 35M
Cycle 16 07/08:91 100 38 90 52 jos 3N 17 2938 33M 07/08/91 11677 503 399 129.00 28.69 3022 114 oS\
Cycle 12 07170991 100 31 nn 300 Ny 911 2941 S2.5M 070991 11451 496 419 130.47 2858 2994 1111 200
Cycle 18 07/10/91 100 28 3778 Joo nn 2851 2908 S23M 071091 11407 494 4.16 129.99 pixl] 3007 114 05M 750 gﬂ}&smnm AFTER CYCLE 18
Cyuie 19 071191 7 W/KQ 1402) 49 i 26128 26 49 4H 43M 071191 176.13 736 197 125.60 2690 31.62 1611 40M
Cy:le 20 071391 T W/KO 14230 S06 3201 2588 2603 4 SIM 011591 175.51 749 4.1} 123.34 2672 3258 1311 30M
Cycle 21 02169} 7 W/KG 143 3t s12 ns9s 2339 2633 1 S 071691 176.00 71.51 4.00 12264 238 3465 1511 90M
Cycle 22 911N 11 WKG 96.03 3 319 387 3023 tH 06M oMM 12424 339 400 12933 2870 3062 121 O3M
Cycle 23 071191 1 WXa 9162 KR} 319 28 50 2937 oM 071891 124.49 5.4 4.14 13588 2793 29.2% 1211 S3M
Cycle 24 07112291 21 W/KG 9199 319 3t 79 28128 1o 07122/9% 118.69 516 4.00 129.02 26.59 28188 1111 30M
Cycle 23 071123791 42 W/KQ 5684 192 3179 2747 2828 19.25M 0772391 759 in 399 129.47 2168 2856 MM
Cycls 26 012491 41 WO 5 178 3168 2611 26.48 17.95M 072491 7400 mm 197 140.12 15.47 6.4 st oSM
Cycle 27 012391 41 WO NN 180 n7s 269) 2741 18.00M Q125/81 n”e 324 408 138.42 27.43 2870 TH oM 700 5&1}53‘”@ WR CcYCLE 17
Cycle 28 0772619} 4501 126 04 441 I 66 26 04 26 63 IH M 0712691 15938 (%] 399 126.43 2707 839 13H 20M
Cycle 29 0772991 4496 15189 464 3l s0 2702 1749 24 S6M 0172991 166.30 717 .98 126 09 i 30.09 1511 aOM
Cycle 30 0773091 4497 12893 459 9 2637 26 %0 H M 0713091 164.68 1.0% 41 12171 74 3023 13H 33M 9724 MAINT CHO 23.22 All'S
Cycle 31 0572391 4306 11490 399 u» 26.12 26.42 21 IEM 0972591 15742 670 457 137.01 9.72 nn 141 45M
Cycls 32 092691 4443 124 46 433 31 49 2700 1729 2H 4aM 0926791 161.40 688 410 129 68 2157 316 13 30M
Cydle 33 09727191 4306 126.17 49 b 1% ) 2726 1764 2H 4 092781 162,61 694 422 12858 208 3533 1511 40M
Cycle 34 0973091 41 W/KQ nyn 21%4 416 3006 Joso 25.75M 093091 10133 436 410 129.53 2169 29.74 Sit SOM
Cycle 38 100191 42 W/KQ 7681 24 392 2890 29 60 252508 1001731 100.69 4133 428 131.09 19 2904 10H 1SM
Cycle 36 1002791 42 W/KO 7734 232 2402 3018 on 25.15M 10/:0291 100.18 4N 4.10 129.20 2234 2899 1011 03M 600
Cycle 37 1070391 60 WXO 6833 AR} 2467 omn s 15M 100331 3793 Jso 4.10 128 63 21240 2943 81{ 30M
Cycle 38 aur9g 60 W/KQO 6708 208 487 7N 303s 1467 100791 86.74 374 410 12938 2289 2932 SH 20M
Cycle 39 100891 60 W/XQO 6144 211 2486 2934 301 14IM 100891 1358 170 413 12133 n3n 2921 SH I15M
Cycls 40 100991 SFUDS 11300 191 —-— —_— - 166 4M 100931 134.18 s62 41 118.74 1275 3073 1iH ISM

IREE PART C| -
Ofi HN! HARGE - ABOD
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Table 3. (continued) Pa
ge 2 of 2
-DISCHAROE CHAROR
DATE DR ABOD EBOD DCV EDT MAX.TEMP T DATE ABIR EBIR cc * CI“IAIQ! ECT MAX.TEMP Troc WATER NOTYS
(ArF) (Ah) _(KWH) (VOLTS) (AvVO) © (AR)  (KWH)  (ampe) (AVQ) (as) (mD)
Cycle 41 1071191 SFUDS 11y o0 197 - - - 166.4M twvim 14327 62 410 128 56 16.47 3044 141 20M ABOD FROM MM
Cycle 42 10/16/91 4438 123.99 446 3208 2726 1797 201 oM /1631 15768 en 4.10 128.13 2969 3033 154 35
Cycle 43 10/18/91 4498 1237 LBl 3y 1726 2836 pUR IV /18791 14819 636 403 122.10 7.2 ji0 1411 35M
Cyule 44 1072894 4438 11463 403 un 269 ;2 2H 33IM 1012391 13138 6.05 403 12334 2908 3369 T 3asu
Cycle 43 110791 49 1264 39 31 34 1849 2973 2H 30M naM 146.56 630 413 130.13 28.51 32.50 131 35M 750 10 DAY STAND TEST
Cycle 46 110091 4317 11938 424 s 133 2881 TH 39 110891 146.03 626 420 12232 2726 3y 13H 05M 10 DAY STAND TEST
Cycle 47 0170622 4480 81l 286 38 1773 2833 HSIM 01/06/92 33,41 1 9.53 105.30 3189 3255 3H 25M POWER aLITCH
Cyule 48 0107792 4464 %)) 2869 3204 2739 834 1L 420 0in07191 103.43 437 412 135.50 .17 3162 M 0M
Cyule 49 010892 44 90 06 Jis 3212 687 2738 21 00M ol i15.30 419 4.10 12858 2806 3ot 100 150
Cycle 30 01/09/91 44 69 9187 3N 3201 2763 1846 2H 120 0109792 12890 s.50 414 13037 2864 N 121 200
Cyucle 31 ovig9 43 06 6739 138 3269 26 3% 2706 1H oM oV 89.48 b N 427 13239 30.78 3166 SH 10M
Cycle 52 021992 4303 76 37 17 iy 26 33 2106 11 420 0V/19/92 98.30 416 413 128 64 2938 3o3? o ISM
Cycle 33 0120/92 4507 8113 s nn 2649 26385 1H aaM 02120/92 104.40 43 i 12868 27.85 29.14 Sl 4SM
Cycle 34 022192 4483 87.46 Jos nn 2699 2683 1H 57 0221791 11240 47 416 12852 2843 946 JOM 43M 630
Cycle 33 022491 4512 9476 mm 3216 2618 26.33 211 06M oM 122.13 314 413 128.90 2789 .17 1111 30M
Cycle 36 0272892 4498 101.22 315 nn 2689 2718 21 15M 0272392 13002 pX: ] 4.00 128.43 21.13 29.76 124 15M
cle 37 0212692 449 103.73 369 3160 27.06 21.57 IH 2IM 0212692 136.63 .76 403 12924 21.87 3003 131 20M
Cycle 38 0272792 44823 107.60 wn nw 2741 2770 2H 24M 022151 136 64 578 [A)) 12692 2140 30.06 12H OM
Cycle 39 030292 4494 107.3% amn 3tn 26.66 2699 2H 24 030232 137.7% 581 (23] 127.2¢ 26.16 30.13 121 s0M
Cycle 60 030382 4501 10802 1378 nr» 2638 2708 2H 24M 030392 13788 s8I 420 12761 2.7 3028 10H 100
Cycle 81 030492 PK PWR 120 316 - — —_ - 03042 11236 475 4.08 12320 2671 2668 10H 10M
Cycle 62 03/05/92 PK PWR 9148 412 — — —_— - 030592 1L n 4.10 12228 2758 1868 10 H coM a”m&‘m&;’ 0%
Actunyms: ABOD Amps Battery Out Dischasge
EBOD Energy Batiery Oui Discharge NOTE: 1. Pack weighs 140.83Kg (310.420ba Xthveo modules)
EDT Avg. Ending Discharge Temperature
DR Duscharge (A-Amps, P-Power Kw, P-FUDS Cycle)
Constant Cwrrent Discharges done per ETV-BAT-984
Constant Power Discharges done per ETV-BAT-688 EBIR Energy Battery In Recharge
Fuds Duscharges dons per ETV-BAT-988 and/or ETV-BAT-9013 cc End of Chargs Current
Stand Tests done per ETV-BAT-138 ECT Avg. Ending Charge Temperatuse
Peak Power Tests done per ETV-BAT-383 TTOC Tutal Time of Charge
Dev Dischasge Cutoff Vokage (* varies due 1o time interval spacing)
T Total Time of Discharge
ABIR _ Ames Peery In Rechacee




CONCLUSIONS AND RECOMMENDATIONS

Based on the data gathered during characterization testing, these
batteries appear to have average performance for 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 (compared with similar products from domestic suppliers) would most
likely be a deterrent when considering a decision to purchase.
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GLOSSARY OF TECHNICAL TERMS

FOR

RECHARGEABLE BATTERIES

average power (kW)

Total energy withdrawn (or returned) from (or to) & cell or battery divided
by the time of discharge (or charge). May also be specified for test
regimes that include both charge and discharge.

| average voltage (V)

The ratio of the watt-hours delivared to the ampere-hours delivered for a
given discharge or charge. Not a simple average of voltage over time.

baseline

The procedure used in the accelerated-aging tests that provides a common
experimental measurement and analytical comparison basis.

i battery

Electrochemical cells electrically connected in a series and/or parallel
arrangement .

battery management subsystem

System that monitors and/or controls some or all battery functions (charge,
watering, temperature, discharge, electrolyte flow, etc.). It may also
provide an operator interface,

battery module

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

battery pack

The parts of a battery system that are physigally contained in an enclosure
that can be moved as a single unit.

battery package density (kg/L)

Battery system weight divided by battery system volume.

battery system

The battery plus all battery auxiliaries except the charger.

battery volume (L)

The volume of the battery. Cell, battery, or battery system should be
specified.

battery weight (kg)

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

benchmark

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

capacity {C} (Ah)

Generally, the total number of ampere-hours that can be withdrawn from a
fully charged cell or battery under specified conditions.

available capacity (Ah)

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

C, (Ah)

The capacity in ampere-hours obtained from a battery discharged at a

constant current such that a specified minimum voltage 1s reached in

precisely 1 hours. ( is established once and is not adjusted as it changes
with time.
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gross capacity (Ah)

The cumulative ampere-hours removed from a battery operated on a test
profile that can include regenerative braking or other source charging.

net capacity (Ah)

The gross capacity less any ampere-hours returned to the battery from, for
example, regenerative braking or other charging.

rated capacity (Ah)

The manufacturer's specification of the total number of ampere-hours that
can be withdrawn from a fully charged cell or battery for a specified
discharge rate, temperature, and discharge cutoff voltage.

An assembly of at least one positive electrode, one negative electrode, and
other necessary electrochemical and structural components. It is used to
store and provide electrical energy.

| charge

Conversion of slactrical snergy into chemica)l potential energy within a
cell by the passage of a direct current.

: charge cutoff voltage
{ccov} (v)

The cell or battery voltags at which charge is terminated.

i charge rate (A)

The current applied to a cell or battery to restore its available capacity.
This current is commonly expressed in terms of the rated capacity of the
cell or battery. For example, the 10-hour charge rate of & 500-ampere-hour
cell or battery (rated at the 5-hour discharge rate ) is expressed as:

rated capacity = 500 amperg-hoyrs = 50 ampere = Cs/10 rate.
charge time 10 hours

commissioning

The process of preparing the test unit for testing. The manufacturer of
products tu be tested establishes specific instructions for the initiation,
or commissioning, of use. For sodium-sulfur modules and batteries, these
procedures can include such items as uncrating, heatup rates, break-in
cycles, and control strategies.

constant current charging or
discharging {C}

The charging or discharging of a cell or battery at a controlled, constant
rate of electron flow.

current (A)

The rate of flow of electrons in a circuit. Also called rate.

cycle

The period commencing from the start of one charge/discharge to the start
of the next charge/discharge where said period includes discharge time,
open-circuit time, and charge time.

|

cycle life

The number of cycles, to a specified discharge termination criteria, such
as depth of discharge, under a specified charge and discharge regime, that
a cell or battery can undergo before failing to meet i1ts specified capacity
or efficiency performance criteria.

ll

depth of discharge {DOD} (%)

The ratio of the ampere-hours discharged from a cell or battery at a given
rate to the availahle capacity under the same specified conditions.

discharge cutoff voltage

The cell or battery voltage at which discharge 1s terminated. [t is
generally a function of discharge rate.

discharge rate (A)

The current during discharge of a cell or battery. This can be expressed
in amperes, but more commonly i1t is normalized to rated capacity (C), and
expressed as ( /X, where i is the hour rate for the rated capacity, and X is
a time specification, usually in hours. For example, the 10-hour discharge
rate of a 500-ampere-hour cell or battery (rated at the 5-hour discharge
rate) 1s expressed as:

rated capacity « 500 ampere-hours = 50 amperes = Cg/10 rate.

charge t 1me 10 hour .



end-of -discharge voltage
{E0DV) (V)

The cell or battery voltage when discharge is terminated.

| energy density (Wh/L)

The ratio of energy output from a cell, battery, or battery system to its
volume. Not the same as specific energy.

| enargy output (Wh)

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

stand time, and discharge cutoff voltage.

equalization

The process of restoring all 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 technology.

; failure criteria

Specific cell or battery performance characteristics that indicate the cell
or battery can no longer perform its intended duty cycle.

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

temperature.

internal resistance (ohm)

Opposition to direct current flow in a cell or battery. Its value may vary n
with the current, state-of-charge, age, and temperatyre. It is the sum of
the ionic and electronic resistances of the cell components.

i open circuit after charge

{OCAC} (h)

The period during which the battery is placed on open circuit following a
charge.

| open circuit after discharge
{0CAD} (h)

The period during which the battery is placed on open-circuit discharge "
following a discharge.

open-circuit voltage {OCV} (V)

The voltage of a cel) or battery at a specified state-of-charge and
temperature in the absence of charge or discharge current. It varies with

the length of time following a charge or discharge. Sge also rated open-
girguit voltage.

power profile test

A cell, battery, or battery system charge/discharge test that uses a
sequence of different power levels applied for a defined time duration to
simulate battery operation in a vehicle. For example, power profile tests
have been derived from the FUDS and the J227aD driving profile tests.

rated open-circuit voltage (V)

The manufacturer's specification for the open-circuit voltage of a fully
charged cell or battery.

rated power (kW)

The manufacturer's specification of the discharge power capability of a
cell or battery.

reference performance cycle (RPC)

A specific cycle formulated to allow energy and power degradation of the
subject test unit to be monitored and compared with that for other units

segment

The repetitive portion of FUDS and GSFUDS discharge regimes. The duration
of a segment 1s 1372 seconds for the FUDS regwme and 360 seconds for the
GSFUDS regime.

self-discharge

The process by which the available capacity of a cell or battery 1s
spontaneous ly reduced by undesirable chemica) reactions or electronic short
circuits within the cell

specific energy (Wh/kg)

The ratio of energy output to battery weight.
discharge.

Varies with rate of

specific peak power (W/kg)

{ The»rqt}ovof peak power to the cell,

battery,

or battery system weight
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The ratio of rated powsr to the cell or battery weight.

test unit A gsneric descriptor for any of the battery-hardware configurations being
avaluated (e.g., cell, module, battery).

voltage depression A transient voltage drop at the start of discharge of a fully charged cell
or battery, with a subsequent recovery.

|
|










