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Cycle Life Considerations for Batteries
in Electric and Hybrid Vehicles

ABSTRACT

Field experience with electric vehicles has shown in a
significant number of cases, the performance of the batteries
starts to degrade in a few months or a few thousand miles
resulting in unhappy vehicle owners. This has occurred even
for batteries for which the manufacturer has claimed a cycle
life of several hundred deep discharge cycles. In this paper,
the reasons are explored for this large difference between the
expected and experienced battery cycle life and what life
cycle testing should be done to greatly reduce the uncertainty
in battery pack life. Test procedures for battery life testing
are discussed and it is shown that there is a large difference in
the cycle life that would be inferred from test results for one
or two modules compared to that from testing a pack of many
modules (at least ten), Measurements of the
module—to-module variability in terms of the standard
deviation of the module voltages showed that the increase of
these module imbalances signals the degradation of the
performance of the pack and they must be controlled through
quality control in the manufacturing process and monitoring
of module voltages during charge and discharge in the
vehicle. Test data for packs of sealed lead-acid batteries
discharged at constant power (10 W/kg) and on the SFUDS
cycle indicated the module—to-module variability was much
greater on the transient power SFUDS cycle and accordingly,
the battery pack cycle life on the SFUDS cycle was much
shorter than on the constant power cycle. The effects of load
leveling on the initial and life cycle costs of the energy
storage system in electric and hybrid vehicles as a function of
vehicle acceleration and range characteristics were studied
using spreadsheet models that related cycle life, $/kWh,
average depth—of-discharge, energy density, battery peak
power density, and load leveled battery power density. The
load leveling was done using ultracapacitors having an energy
density of 10 Wh/kg. The spreadsheet results show that the
advantages of load leveling the batteries are largest for hybrid
vehicles with relatively short all- electric range (less than 50
km) and for electric vehicles with 0-60 mph acceleration
times of 10 seconds of less. The over—riding factor in
assessing the operating cost of all the vehicles is battery cycle
life and how it is affected by the maximum working power
density of the battery and the average daily
depth—of—discharge it experiences over its life.
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INTRODUCTION

The uncertainty surrounding the cycle life of
batteries for electric and hybrid vehicles is much greater than
the uncertainty concerning their performance or initial cost.
Battery performance can be determined from a relatively
short series of tests in a few days or a week with a few
modules and the results can be used to estimate with good
confidence the performance of a battery pack in a vehicle
consisting of a fairly large number of modules (15-30). Asa
result, the vehicle performance (range, acceleration, and
energy consumption) when the batteries are "new" can be
predicted and road tests of vehicles have consistently
demonstrated close to the predicted performance. Initial cost
($/kWh) of batteries produced in large quantities is somewhat
uncertain (maybe to within a factor of two) primarily because
the manufacturing facilities required for their production have
not yet been designed and built. Once the unit price of the
batteries is set by the battery company, however, the initial
cost of the batteries in a vehicle is known to the vehicle
developer and can be included in establishing the price of the
vehicle. Hence the initial performance and price of the
vehicle can be stated with good confidence. The answer to
the question of how long (miles or months) the electric or
hybrid vehicle will continue to maintain its initial
performance and what the life cycle operating cost
(cents/mile) of the vehicle will be are much less certain,
because they depend on the cycle life of the batteries. Field
experience with vehicles has shown that in a significant
number of cases, the performance of the batteries starts to
degrade in a few months or a few thousand miles resulting in
unhappy vehicle owners. Even laboratory tests of battery
packs have often shown surprisely short cycle life. Short
cycle life in practice has occurred even for those batteries for
which the manufacturer has claimed a cycle life of several
hundred deep discharge cycles. In this paper, the reasons are
explored for this large difference between the expected and
experienced battery cycle life and what cycle life testing
should be done to greatly reduce the uncertainty in battery
pack life.

In the next section, test procedures for battery cycle
life testing are reviewed and how the life cycle test data can
be analyzed is discussed. Next the effects of the discharge
power profile on battery degradation are considered using
life cycle data for packs of sealed lead-acid batteries. The
paper is concluded with a discussion of vehicle and battery



design and cost trade—offs that are inherent in the
relationships between battery sizing (kWh and kW) and
vehicle use—patterns and what test data are needed to evaluate
these trade—offs.

TEST PROCEDURES AND DATA ANALYSIS

TEST PROCEDURES - In performing life cycle tests of
batteries, one must select a discharge profile ( power or
current vs. time), a cut—off voltage or AWWh criteria to
terminate a given discharge cycle, and a charging algorithm
that results in the batteries being completely recharged after
each discharge cycle. In addition, there is the question of
thermal management during the life cycle testing. The life
cycle testing is usually terminated when the Ah/Wh capacity
of the battery has degraded to 80% of the rated value or the
value at the beginning of the testing. Every part of the test
procedure can have a significant effect on the measured cycle
life of a battery and even under laboratory conditions, it is
difficult to maintain careful control of each of the test factors
during a cycle life test that could last many months. If the
capacity of the battery at periodic times during the cycling is
to be determined using a different test than the cycling
discharge profile, there can be questions concerning the effect
of those tests on the cycle life of the battery. In addition,
there is the question of how to relate cycle life under
laboratory conditions to cycle life under real world driving
conditions. The United States Advanced Battery Consortium
(USABC) is developing test procedures (Reference 1) for the
life cycle testing of batteries, including accelerated aging
tests, but there has been little experience with the USABC
procedures and no examples of how to relate their laboratory
test results to real world experience with battery packs in
vehicles.

Most battery manufacturers include information on
cycle life in the brochures for their batteries. In nearly all
cases, the basis for these cycle life claims is at best laboratory
tests of single modules using constant current discharges
(usually at the C/5 or C/3 rate) to at most a 80% depth— of—
discharge. Field experience with batteries in electric vehicles
has shown the claimed cycle life to be greatly optimistic in
almost all cases. There are several reasons for the much
shorter cycle life in vehicles. First, in vehicles the battery
pack consists of many modules in series or parallel. Control
of the discharge and charge of the pack in the vehicle is based
on the behavior of the average module in the pack and as a
result, individual modules, whose behavior can vary
significantly from the average, can be overdischarged and/or
undercharged. The module—to- module variability that
results from differences in the manufacturing of the
individual modules gradually causes imbalances in the
capacity of the modules and results in a degradation of the
pack performance over a relatively few cycles (often less than
100 cycles). Second, there are temperature differences
throughout the pack especially in packs that have no thermal
management system. These temperature differences result in
significant module-to—module variability and imbalances in
the pack after a number of charge/discharge cycles. Third,
the battery pack is subjected to almost random discharge
cycles both in terms of discharge profiles (power vs. time)
and depth—of-discharge before recharge. These random
charge/discharge cycles further enhance module—to-module
variability and imbalances in the pack in real world use of the
battery in a vehicle.
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In light of these large variations in charge/discharge
conditions, it is not surprising that a pack of many modules
would exhibit a much shorter cycle life than if the average
module were life cycle tested alone using a simple, repeated
discharge cycle under carefully controlled conditions as is
done by most battery manufacturers. [t would appear that
several steps must be taken to improve battery life and to
insure a much better correspondence between claims of
battery life based on laboratory testing and real world
experience. First, the quality control in the manufacture of
battery modules must be improved to reduce the inherent
module—to—module variability in capacity and resistance.
Second, thermal management of the battery pack must be
instituted to reduce temperature differences in the pack.
Third, battery pack monitoring and control systems must be
developed that sense module-to—module imbalances and can
comrect them before they result in battery pack degradation.
Fourth, test procedures must be developed that more closely
simulate real world charge/discharge conditions for batteries
in the laboratory. The present test procedures- that utilize
simple repetitive charge/discharge cycles to the same
depth-of-discharge for all cycles are not adequate.
Automated, computer controlled test equipment is presently
available that will permit more generaic life cycle testing of
complete battery packs after the real world test cycles are
better defined.

DATA ANALYSIS - The results of a carefully planned
and performed life cycle test of modules are reported in
Reference 2 for the Sonnenschein DF 6V-160 sealed
lead—acid battery. The tests were run on two modules using
the SFUDS cycle (Reference 3) to approximately 100%
depth—of—discharge based on characterization of the modules
prior to beginning the life cycle tests. Each SFUDS discharge
cycle during the life cycle tests was terminated based on a
specified kWh (100% DOD) from the modules or the
inability of the modules to sustain the 30 W/kg power step on
the SFUDS cycle with the voltage above the 1.3V/cell cut—off
voltage. The tests were done in an environmental chamber at
22 deg C. Recharge was done using a constant current (35A)
to a clamp voltage (2.35V/cell) followed by a current taper to
.2A or areturn of 108% of the AH taken from the modules in
the previous discharge. The condition of the modules was
tracked by performing a C/3 discharge after every twenty
SFUDS cycles. Life cycle testing was terminated after 383
cycles when the kWh capacity on the SFUDS cycle fall below
80% of the initial capacity of the modules. The modules
maintained essentially 100% capacity on the SFUDS cycle
for 279 cycles. The modules had 88.5% of their kWh
capacity at the C/3 rate when the life cycle test was
terminated. These two modules had a long cycle life on a
very rigorous test — 100% discharge on the SFUDS cycle. It
seems safe to say that the modules met the cycle life claim of
the manufacturer.

The question is whether one should conclude from
the test results that a pack of 20-30 modules of the batteries
would have a cycle life of several hundred cycles in an
electric vehicle in real world use. The answer to that question
can be derived from test data for the seven module pack from
which the two modules that were life cycle tested were
selected. Data for C/3 and SFUDS discharges of the pack are
shown in Figures | and 2 as plots of the standard deviation of
the module voltages (sdv) vs. net Ah out of the modules for
cycles 20 and 29. The rapid increase of the sdv near the end



of the discharge is typical for battery packs consisting of a
number of modules. One of the seven modules in the pack
was very weak, having a voltage of 1.48V on the high power
step of the SFUDS, when the discharge of the pack was
terminated with an average module voltage of 3.9V. The sdv
data for the C/3 discharge shows the same rapid rise, but the
rise starts at a larger value of Ah out. If testing of the seven
module pack had been continued, even greater
module—to-module imbalances would have developed and
the useful capacity of the pack would have decreased and life
cycle testing would have been terminated at a relatively low
number of cycles — much less than 300,

The life cycle data from this seven module pack illustrates
how life cycle data from one or two modules can lead to
misleading conclusions reguarding the life cycle
characteristics of a pack of the modules in a vehicle. Further,
it shows how the standard deviation of the voltages at various
depths—of-discharge can be used to track the
module—to—module variability in the pack and thus the
presence of module imbalances as the pack is cycled. These
imbalances are evident in both discharging and charging of
the batteries. They will continue to increase unless
something is done to correct them.

DISCHARGE PROFILE EFFECTS ON THE CYCLE LIFE
OF A BATTERY PACK

Life cycle tests of two 10 module packs of Sonnenschein
8G24 12V-52 Ah batteries were performed in the Battery
Test Laboratory of the Idaho National Engineering
Laboratory as part of a study to determine the effect on
battery cycle life of using ultracapacitors to load level the
battery in an electric vehicle. One of the packs was
discharged at constant power (10 W/kg) to simulate a load
leveled battery pack and the other one was cycled on the
SFUDS cycle to simulate the pack in a vehicle in city driving
without load leveling. The data from those tests are
summarized in detail in Reference 4. In this paper, the results
of the tests are discussed in terms of their meaning with
regard to life cycle testing of battery packs.

Twenty—eight modules of the 8G24 batteries were
purchased and divided into two packs of fourteen modules
each with the intent of selecting the ten of the fourteen in
each pack that were the best matched for the life cycle tests.
Characterization tests (Reference 1) of each pack were started
to determine the baseline capacities for 10 W/kg constant
power and SFUDS discharges. During the characterization
testing, the individual module voltages were measured and
recorded. The results of the first few tests of one of the packs
indicated that it contained seven modules that were
significantly weaker (exhibited lower voltages near the end of
discharge) than the others. These modules were removed
from the pack and characterization testing was continued.
The capacities of the packs on the two discharge cycles of
interest stabilized after only a few cycles and it was possible
to assemble two packs of ten modules each that had
essentially the same capacity and module-to-module
variability on the cycles. Pack A, the pack that was to be
cycled at a constant power of 10W/kg, had a capacity of 49.1
Ah on the constant power discharge and 48 Ah on the
SFUDS. Pack B, the pack that was to be cycled on the
SFUDS, had a capacity of 50 Ah on the constant power
discharge and 48 Ah on the FUDS. The standard deviation of
the voltages at the end of the constant power test for Pack A
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was .3385 V and for Pack B, it was .1985V. Hence, the
characteristics of the two packs were quite similar. Both
packs were charged using the same algorithm. The initial
current was 30A to a clamp voltage of 2.36V/cell. The
current was then tapered to a finishing current of .2A or an
ampere-hour overcharge of 2% to 5%. Both battery packs
seemed to meet the manufacturer's capacity specifications and
module—to—-module variability in each pack was relatively
small after the weaker modules were sorted out in the
characterization tests. The expectation was that both packs
would have a relatively long cycle life with that of the one
being cycled at constant power being somewhat longer based
on previous experience at INEL and elsewhere.

LIFE CYCLE TESTS OF THE PACK AT CONSTANT
POWER - Pack A was life cycled (see Table 1) at a constant
power of 10 W/kg with each discharge cycle terminated at an
average module voltage of 10.5 V (105 V for the pack). This
resulted in a 100% discharge for each cycle. The capacity of
the pack remained constant for the first 45 cycles at 5052 Ah
and 662 kWh. As shown in Figure 3, the
module—to-module variability of the pack as given by the
variation of the sdv with Ah out of the pack also remained
unchanged for the first 45 cycles at constant power. Figure 4
shows that the characteristics of pack A for discharge on the
SFUDS on cycle 46 was unchanged from earlier cycles.
Hence one can conclude that the 10 module pack had a cycle
life of at least 45 cycles for constant power discharges to
100% DOD.

The data for subsequent cycles indicated that the pack
began to degrade after cycle 45 as the Ah capacity decreased
slowly and the module—to-module variability increased
significantly between cycles 45 and 49. It was not realized at
the time that this was a critical period in the degradation of
the pack and cycles 50-54 were done at temperatures below
ambient (down to —10 deg C). All cycles after cycle 54
showed a much lower Ah capacity and larger
module—to—module variability (Figure 4) than was the case
before the low temperature testing of the pack. It is not
known why the low temperature testing of the pack so greatly
accelerated its degradation.

LIFE CYCLE TESTING OF THE PACK ON THE
SFUDS CYCLE - Pack B was life cycled (see Table 2) on the
SFUDS cycle with each discharge cycle terminated when the
average module voltage fell to 7.8V (78V for the pack) on the
30 W/kg step of the SFUDS cycle. This resulted in a 100%
depth-of-discharge for each discharge cycle. The capacity of
Pack B on the SFUDS cycle remained near the initial value of |
48 Ah for only ten cycles after the completion of the 13
characterization cycles. The variation of the sdv with net Ah
out of the modules for cycle 17 is shown in Figure 5. Note
that the sdv remains relatively small even for the high power
step on the SFUDS until near the end of the discharge. The
useful Ah capacity of the pack on any cycle corresponds to
the Ah value at which the sdv shows a sharp increase on the
high power steps. After cycle 23, the capacity of the pack on
the SFUDS cycle started to steadily decline and it become
evident that there were several weak modules in the pack.
Those modules were removed after cycle 25 and SFUDS
cycling was resumed with seven modules. Cycle 24 wasa 10
Wi/kg constant power discharge of Pack B and even though
the pack had significantly degraded for SFUDS cycling, its
capacity of 49 Ah at constant power and its sdv variation (see



Figure 6) were nearly the same as at the beginning of the life
cycle testing. Life cycle testing of Pack B was continued
through cycle 70 (Table 2) periodically removing the weak
modules as they exhibited voltages that were well below
7.8V at the end of the SFUDS discharges. After cycle 57,
only two modules remained from the original ten modules in
Pack B and those modules had an Ah capacity of less than
40Ah. The sdv variation on cycle 49 for six modules is
shown in Figure 7. A useful capacity of only about 35 Ah on
SFUDS is evident from the figure.

The cycle life of Pack B on the SFUDS cycle was very
short being at most 25 cycles including 13 characterization
cycles. Testing of Pack B also showed the value of looking
at the sdv variation with net Ah out as a means of
determining the useful capacity of the pack on cycles having
transient high power steps. As a battery pack degrades the
sdv increases and shows a sharp rise at smaller and smaller
values of Ah out. Determination of the sdv variation over
the life of the pack and identification of those modules
responsible for its increase are essential to understanding
degradation of packs and developing methods of extending
battery cycle life. This work suggests that tracking the sdv
variation in all battery testing is a good approach to
monitoring quality control in battery manufacturing since the
smaller the sdv variation at the beginning of life, the less
difficulty will be encountered in controlling increases in the
sdv variation as the battery pack degrades.

DESIGN, CYCLE LIFE, AND COST TRADE-OFFS

This section of the paper is concemed with the effect of
load leveling on the initial and life cycle costs of the energy
storage system in electric and hybrid vehicles as a function of
vehicle acceleration and range characteristics. Load leveling
the battery permits it to be designed to maximize energy
density and cycle life with the peak power being provided by
a pulse power unit, such as ultracapacitors.  Key
considerations in this study of the energy storage system
costs are the trade—offs between battery peak power density,
average depth—of-discharge, and cycle life. The magnitudes
of these trade—offs are highly dependent on the acceleration
performance (0-60 mph acceleration time) and the
all-electric range of the electric and hybrid vehicles. The
trade-offs are calculated using two spread sheet models in
which the size, cost, and cycle life of batteries are estimated
for various vehicle designs. One of the spreadsheets treats
the case of a load leveled system using a battery,
ultracapacitors, and interface electronics. The second
spreadsheet treats the case of a single battery (a primary
energy storage unit) that is designed to provide both the
energy and the power for the vehicle. In both cases, the
energy storage requirement (kWh) is calculated from the
vehicle range on the FUDS driving cycle and the maximum
power requirement is calculated from the 0-60 mph
acceleration time of the vehicle (Reference 5). The
use—pattern of the vehicle is described in terms of the average
daily travel. Print outs of the spread sheets are shown in
Tables 3 and 4. Each of the spreadsheets can be run for
either an electric or a hybrid vehicle. The inputs are listed on
the right side of the spreadsheets and the outputs are shown
on the left side. In all the cases considered, battery cycle life
is the key factor in determining the operating cost of the
vehicle.

In order to formulate the spreadsheet models, it was
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necessary to express analytically the functional relationships
(tradeoffs) between the energy density, peak power, initial
cost, cycle life, and average depth—of—discharge.
Unfortunately, at the present time, little information or data
are available to describe these trade—offs for batteries being
used in electric vehicles. Hence in this study, functional
relationships (models) were assumed for these trade—offs
based on what little information is available and on physical
intuition about batteries. The form of the relationships and
the constants used are shown below.

Relationship between cycle life and average
depth—of—discharge
Cycle life = cycle life at 80 DOD*DOD*exp(C4*(1-DOD)),
C4=3
where DOD is the average daily depth—of-discharge

Relationship between energy density and
battery peak power density
(Wh/kg)PR = (Wh/kg)LL*exp-B1*(PR-1)
where PR=(W/kg)req./(W/kg)LL, B1=.075

Relationship between density (gm/cm3) of a high power
battery and a load leveled design
(DSPR-DSMX)/(DSLL-DSMX) = exp-B2*(PR-1 )
where B2=.242, DSLL=2.5, DSMX=3.1

Relationship between the cycle life of a high power battery
and a load leveled battery
(Cycle life)PR = (Cycle life)LL*exp-B3(PR-1), B3=..173

Relationship between the cost ($/kWh) of a high power
battery and a load leveled battery
(Cost)PR = ($/kWh)LL*expB4*(PR-1), B4=.156

The exponential form of the relationships was selected
because it was compatible with the concept that the functional
behavior of the effects being modeled was of the threshold
type and was highly non-linear. The constants shown with
each of the relationships yield values that are reasonable
compared with available data or with the best estimates of the
expected magnitude of the various effects. The values of the
constants shown are for lead-acid batteries (40 Whikg).
Slightly different values (see Tables 3 and 4) were used for
nickel-metal hydride batteries (70 Wh/kg). Further analysis
and much laboratory testing of batteries are needed to explore
these functional relationships as they are critical in assessing
the important battery design trade—offs identified in this
paper.

Summaries of the spreadsheet results for a number
of electric and hybrid vehicle designs are given in Tables
5-10. The effects of vehicle performance and whether or not
the battery is load leveled are clearly shown in the tables. In
all cases, improving the acceleration performance of the
vehicle increases the operating cost (cents/mile) of the
vehicle. However, load leveling the battery significantly
reduces the variation with acceleration time (8-15 seconds)
of all the vehicle design and cost parameters. In principle, as
shown in Tables 5 and 9, load leveling should make battery
cycle life and energy density independent of the acceleration
performance of the vehicle. The volume and initial cost of
the load leveled battery systems are higher than those using
only a high power density battery, because of the added cost
and volume of the ultracapacitors and interface electronics.
The greater cycle life of the load leveled battery more than
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compensates for their higher initial cost resulting in a lower
vehicle operating cost in the high performance vehicles. The
variation in cycle life with vehicle performance shown in
Table 5 is due to differences in the average
depth-of-discharge of the battery and its maximum power
requirement in the case of the batteries that are not load
leveled. The baseline cycle life of the lead acid batteries was
300 cycles to 80% DOD and for the nickel metal hydride
batteries, 600 cycles to 80% DOD.

The spreadsheet results show that the advantages of
load leveling the batteries with ultracapacitors are largest for
hybrid vehicles with relatively short all-electric range and for
electric vehicles with 0-60 mph acceleration times of 10
seconds or less. The over—riding factor in assessing the
operating cost of all the vehicles is battery cycle life and how
it is affected by the working maximum power density of the
battery and the average depth—of-discharge that the battery
experiences over its life.
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Table 1: Summary of the tests of Pack A (10 W/kg discharges)

Cycles 1 thru 12 Charsctesization tests 14 modules
Cycle 13 10 Wikg, 49 A-h 14 modules
Cycle 14 SFUDS, 48 A-h 10 modules
Cycles 15 thru 45 10 Wikg, 50 A-h 10 modules
Cycle 46 SFUDS, 46 A-h 10 modules
Cycles 47 thru 49 10 Wikg, 49 Ah 10 modules
Cycles 50 thru 54 Low temperature testat 10 Wkg | 10 modules
Cycles 55 and 56 10 Wikg, 40 A-h 10 modules
Cycle 57 10 Whg. 33 A 10 modules
Cycles 58 thru 60 10 Whg, 37 A-h 6 modules
Cycles 61 thru 70 10 Wrkg, 40 a-h 4 modules
Table 2: Summary of the tests of Pack B (SFUDS Mmes)
Cycles | thru 4 Characterization tests 14 modules
Cycles § thru 12 Characterizatioa tests 7 modules
Cycle 13 10 Wig, 50 A-h 10 modules
Cycles 14 thru 23 SFUDS, 46 1048 A 10 modules
Oycle 24 10 Wikg. 49 A-h 10 modules
Cycle 25 SFUDS, 43 Ah 10 modules
Cycles 26 thru 33 SFUDS, 45 1047 A 7 modules
Cycles 34 thru 39 SFUDS, 40 1045 A-h 7 modules
Cyckes 40 thru 45 SFUDS, 401042 Ah 6 modules
Cycke 46 10 Wig, 45 Ah 6 modules
Cycles 47 thru 56 SFUDS, 361042 A 6 modules
Cycles 57 thru 70 SFUDS, 36 1040 A 2 modules




Table 3: Spreadsheets for Load-leveled Battery Systems‘
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__|PULSE POWER UNIT KWAKO 2.743269] 1.999321] 1370638( 0953161
RANGE (0 AND ENERGY UGE BAT ¢ FULSE POW WGT 304 T816} 3810217 3703801 Ire
[BAY + PLLEE POW VOL 146 0116] 145 6182 144.7651] 144.3108
110 MAX FUDS IOW. QNI §260702] 61.81938] 4108427
OALY 104 W FUDS KW 4458288 4.377263] 43197 N| 4 298968
OF THE LOAD LEVELED [MAX HOWAY KW 368749 34.76034] 3420724
ENERGY LT HWAY KW TAS0LY] T984de] TAves39] 7.9a028
[POW AT 65 KW 11.88¢83] 1167272 11.6192¢] 1143728
270 GRAD AT 65 kW 2230927 2252968 | 22.18253] 2189948
as P WGT 489.0083] 4320699 412.907%] 402.858
MAX 50 SYSTEMVOL 206 2551 166 4637} 17124114] 164979
FE 600 SYSTEM COST ST 317 €016.457] 6500431 6236809
179 HYBRO COR. [] 1
\VERAGE_DOO €3] 032 032
OF THE PULSE POWER UNIT |CYCLE DEPTH FACTOR 1ATIOVT| JATT817] TATT81I| SATT®IT
0] SYS UFE VEH MILES $2535.17 €2894.17] 0289417} 82896.97)
13 OPERAT CST CENTSAA §.150407] 7.284514] 6.869193] 6340334
[STORED Wi ] [RATTERY COST 4051413) 4006 383 39T257¢( 3934.138
ERc] 0926 T
ICHARACTERISTICS OF THE INTERFFACE ELECTRONCE
(X3
Y] CORRECTION FACTORS
COST k{1 ENERGY USE
(Y]
CYCLE CHARACTEIGSTICS. — rway 631
68 MPH [
VEH KWAKG 0025, [GRAGE 057
VEH KWKQ 0.063) POWER
USE WHAK 910 Fuos (Y]
HIWAY R | _jraway 084
MAX VEH KWAO [¥1] 63 WP D
VEH KWAKG 0.008 IGRADE 057
5 SPD_66 WPH CYCLE LFE AT SHALLOW DISCHARGEE LESS THAN DOD=8
i W VEH KWAKG ©.008 CYQLE »CYCLE-$0% DOOEXP
£ USE WHAGH o7 238 1
GRAD_65MPH ON 3%
VX O (7373 1060
USE WHKM 200}

Nickel Metal Hydride Battery

P




Table 4: Spreadsheets for Non-load-leveled Battery Systems

= |
© 1
START THE
JO FINAL T FOREV
1
oS0 WPH
__t_ﬁ____ 10! 2] €
CHARACTERISTICS [TOTAL STOR LA T WOT 3633883 31 T78.1812
0.22) 306161 320
0 BNERGY USE WHAGA 110.8967) 116.004] $t4.0641] 11:
0.003) 2434369] T7578%9) 30.T0406] 32929
waT 3918|316 4583 1812 336
0408812 93 06784 539
[BATYERY YOL 1192104 363 5071 8t
137 VEH IONKD -] Y
Gt |- 29 Q54T A5
\TTERY KNG 0391088} 0.2978%3] 0226221
RANGE (1) AND ENERGY USE RATIO 7521388 4504410
0] 39.03258] 38ADC4| 34 AFHEY
110 FUDS KW, 43TTi08] 4237408 3916404
OALY 14 4] 32.62971] 30ATA4]_28.9093] 39 0646
oF LOAD LEVELED HWA 581948] 8.712342)
ENERGY ETORAGE UNIT AT 68 1113911 1044129 1
:: AT 88 39118| 1.
BATTERY $Y6 TEM CHARA 33
X [ 9641990] 1272439] 1635183
COST 856] 16854541 JATT.804] 1289.320
00| 4383858 163363
\VERAGE DOD 03] (7] (Y] (1]
OF THE PULSE I68124] 18014, 124 24
10 \TTERY LFE N MLES 8977383 $0243.38] 11390 88
[H] TING COST CENTG PER MLE __ 41.80812] 3385409 181] 1058382
Wil BN UNIT COST $AOMH ST1%4] 172.7834] VAS9485)
0928
OF THE NTERFACE ELECTRONCS
X3
04
19
0078
CYCLE CHARACTERISTICS OERETY (ROA o)
VEH KWAD. 0023 mm, T °§ 1
VEH KWAKO 0.003| B 31
USE Wrac <
Y ir
VEH KW 0021
L] ”: [X13
$P0_6S WPH CYCLE Lt SHALLDW DISCHARGES LESS 500=9
VB INKG 0.008.
USE WHAGH | (1] 3 1
GMPHONYRE - |
VEH_IOVKGQ (X7
WM I5e
Lead-acid Battery
OF ANEV | 1
TYPE - COMPACT CAR | |
; 5 E’
WAYS 6ET FLAG=0 TO START THE CALCLLATION: CHANGE THE 1 []
ON T 0_FOREV
1 FORHV
— R P
[SPECIED 660 MPH_ACCELERATION TOAE BEC
0 10| 1 16|
TOTAL STOR UNIT WOT. 494.5582] 4324119 8T D48 82030
=) [¥7] WOT 1821060 A12] 474043} 1389.038
[y 19 ENERGY USE WAHIOA 1252916 1220047] $19.7256] (1194328
FR 0003 ENERGY DENSTTY. aTsA853] 6293768 86 [P
1 BATTERY WOT 434.0802] 4324119 387.042¢] 382,030
$45.0291] 1603827 97438 94
BATTERY VOL 1619026 142.7208] 120.783
VKD [X) 0.07)
STORUNITS 200 [MAX VEH ACCEL 7521088 102.1560 §0.00638
BATTERY KWAOQ ©307658| 0.236284| 0.17638%| 0.138122
POWER RATIO 6.187182]_4.72507] 3807315 2762438
0] MAX FLIOS KW 4623018 42.70807] 40201061 2095329
110 | W FUDS 45632861 4.378236] 4. 24212¢] 4.18T116
\VERAGE DALY M| 4 [MAX HIWAY KW 3822709} 35.64008] 33 58782] 3248243
OF THE LOAD LEVELED W HWAY KW 75054411 _7.29706] 7.570213] 6948182
[PRIMARY ENERGY STORAGE UNIT [POW AT §8_ KW 1216074 11.6753] N IIN[ L.
] 70 GRAD AT 88 KW 24.20485] 2 AT 21 BIETY 037
Zn F13 BATTERY SYSTEM CHARACTERISTICS
WAX 80 LFE 24585511 314 9748 388 5384 T8,
FE 500/ 9190902 716285] §008.94[ 118518
T8 WLEAGE COR. 1 [] 1
032 632 032
[CHARACTERISTICS OF THE PULSE POWER UNIT [CYCLE DEPTH FACTOR TATISTT| TATTNI] JATISW, 7
10 \TTERY LFE N MLES 33044 07] 4335033/ 5352€.9¢] 0600 43
(] OPERATING COST CENTS PERMALE | 27.16661] 1851941} 1085238
STORED Wrl ) BATTERY UNIT COST 3912324 312.8042] 256.7683) 79|
1
TRIP_EFfiIC] 0338
OF THE INTERFACE ELECTRONCS
KOAW [X)
04 BATTERY DESIGN FACTORS
COST 19 ENERGY DENSITY )
81 0.078
ORIVING CYCLE CRARACTERISTICS DENSTY (KOA D)
FUDS T B2 0.M2f
MAX VEH KWK 0025 28
W_VEM VKO [} DSMX EX]
ENUSE WiHKM 110
HWAY B [Xiz)
[MAX VEH KWAKG oo COST] 1)
WV_VEH IGVKQ 0.008) 0.186]
90|
[CONST £PD_63 MPH [CYCLE UFE SHALLOW DXISCHARGES LESS THAN DOO< 8
VEN OO 008 CYCLE-CYCLE&0%' 3-000)
[EN USE WHtOA [11
IGRAD SMPH ON 3% ]
W_VEH XWKQ (Y30 [HYBRID FACTOR 1 EXP (CSRANGEA
ENUSE Weioa___| 200} =]

Nickel Metal Hydride Battery

Electric
Vehicle

Electric
Vehicle



Table 5: Summary of Spreadsheet Result for Battery Cycle Life

l B-“ery‘ Cycle Life
0-60 mph ace. time

;[]z sec 10 5ec 12 5ec 15 sec

IEV Primary Storage
Pb-Ac, 150 km Hm 499 583 640
Pb-Ac, 100 km 308 388 4n 528
Pb-Ac, 80 km 232 300 374 428
Ni Mt Hy, 150 km 362 465 575 652

l EV Load Leveled
Pb-Ac, 150 km Hm 738 738 738
Pb-Ac, 100 km 685 685 685 685
Pb-Ac, 80 km 598 598 598 598
Ni Mt Hy, 150 km 886 86 286 886

I HYV Primary Storage
Pb-Ac, 100 km ’Jm 405 493 552
Pb-Ac, 60km 160 213 276 k2]
Pb-Ac, 48 ki 98 133 176 210
Ni Mt Hy, 48 km potvisble [ ... . o

HYV Load Leveled

Pb-Ac, 96 km Hm 705 705 705
Pb-Ac, 60 km 504 504 504 504
Pb-Ac, 48 km 367 367 367 367
Ni Mt Hy, 40 km 768 763 768 768

Table 7: Summary of Spreadsbieet Result for Battery Life in Vehicle Miles

I Battery Life in Vehicle Miles
0-60 mph acc. time

|ﬁlja sec 10sec 12 soc 15 sec

I EV Primary Slongﬂ
Pb-Ac, 150 km 38524 466592 54418 59646
Pb-Ac, 100 km 19198 24188 24374 33040
Pb-Ac, 80 km 11623 15004 18664 21344
Ni Mt Hy, 150 km 33844 43358 53526 60888
l EV Load Leveled
Pb-Ac, 150k 68772 687112 68772 68772
Pb-Ac, 100 km 42555 42555 42555 42555
Pb-Ac, 80 km 29689 29689 29689 29689
Ni Mt Hy, 150 km 22595 82595 82595 82595

[V i ]
Pb-Ac, 100 km 20041 25251 30668 34492
Pb-Ac, 60km 5977 <7971 10249 11999
Pb-Ac, 48 km 2904 3973 $247 6264
Ni Mt Hy, 48 km notvishle | ...

HYV Load Leveled

Pb-Ac, 96 km 42072 42072 42072 42012
Pb-Ac, 60 km 18793 18793 18793 18793
Pb-Ac, 48 km 10937 10937 10937 10937
Ni Mt Hy, 40 km 19174 19174 19174 19174
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Table §: Semmary of Spreadshect Result for Vehicle Operating Cost {cesta/mile)

Vehicie Oporatiag Cost (cona/mile)

I 0-60 mph acc. time l
8 3ec 10 sec 12 gec IS sec

[EV Pricary s:.ugeF]
Pb-Ac, 150 km ne 80 58 a8
Pb-Ac, 100 km 173 108 73 5.8
Pb-Ac, 80 km 248 149 96 74
Ni Mt Hy, 150 km 272 165 10.9 84

EV Load Leveled
Pb-Ac, 150 km L X1 72 63 s9
Pb-Ac, 100 km 102 86 74 83
Pb-Ac, 80 km 130 108 9.1 83
Ni Mt Hy, 150km 1 73 67 63
HYV Primary Storage

Pb-Ac, 100 km 165 103 70 55
Pb-Ac, 60km as 2.7 144 10.6
Pb-Ac, 48 km 790 26 247 175
Ni Mt Hy, 48 km notviable | ... P, s

| HV Load Leveled _l
Pb-Ac, 96 km 10.1 L X 73 6.6
Pb-Ac, 60 km 181 14.7 124 1.1
Pb-Ac, 48 km 286 2.1 192 17.1
Ni Mt Hy, 40km 170 141 120 109

Table 8: Summary of Spreadsheet Result for Energy Storage System Cost

I System cest ()
0-60 mph ace. time

I‘[Jn sec 10 s2c 1250 15 52

[EV Prizary Storage F‘
Pb-Ac, 150 km 4586 37129 3158 2866
Pb-Ac, 100 km 3311 2614 2149 1910
Pb-Ac, 80 km 2882 2233 1799 1577
Ni Mt Hy, 150 km 9190 7162 5808 s11s

I EV Load Leveled (,
Pb-Ac, 150 kan 5843 4974 4359 4031
Pb-Ac, 100 km 4370 3649 3138 2865
Pb-Ac, 80 ki 3862 3192 s 2460
Ni Mt Hy, 150 km 6731 6016 5508 5236

|nv Primary Storage
Pb-Ac, 100 km HJJII 2614 2149 19.10
Pb-Ac, 60k 2498 1885 1477 1269
Pb-Ac, 48 km 2293 1694 1298 1096
Ni Mt Hy, 48 km not viable

HV Load Leveled J

Pb-Ac, 96 km 4265 3555 3051 2781
Pb-Ac, 60 km 3393 2768 2324 2086
Pb-Ac, 48 km 3129 2529 2102 1874
Ni Mt Hy, 40 km 3259 2701 2304 2092




Tablc 9: Summary of Spreadsheet Result for Battery Eaergy Density

Eaergy Demsity - Whikg

0-60 mph ace. time
L_—_—|J 8scc 105 | 1280 15 5ec
IEV Primary SlongeJ
Pb-Ac, 150 km 31 338 36.1 376
Pb-Ac, 100 km 283 313 34.0 358
Pb-Ac, 80 km 26.6 29.7 327 347
Ni Mt Hy, 150 ki 415 529 58.0 613
| EV Load Leveled J
Pb-Ac, 150 km 40 40 40 40
Pb-Ac, 100 km 40 40 40 40
Pb-Ac, 80 km 40 4 40 40
Ni Mt Hy, 150 km 70 7 70 70
|Hv Primary StongeJ
Pb-Ac, 100 km 283 313 3. 358
Pb-Ac, 60km 243 ‘276 308 329
Pb-Ac, 48 km 25 257 2.4 314
Ni Mt Hy, 48 km not visble | e il ol ©
HV Load Leveled J
Pb-Ac, 96 km 40 40 40 40
Pb-Ac, 60 km 40 40 40 40
Pb-Ac, 48 km 40 40 40 40
Ni Mt Hy, 40 km 7 7 70 70

Table 10: Sumemary of Spresdsheet Result for Esergy Storage System Velame

E}m-n System Volume - Liters

0-60 mph acc. time
8 sec 10 sec 12 sec 15 sec

|EV Primary StongeJ

Pb-Ac, 150 km 289 259 27 26
Pb-Ac, 100 km 187 166 150 e

Pb-Ac, 80 km 152 133 120 13
Ni Mt Hy, 150 km 161 143 129 121

EV Load Leveled J
Pb-Ac, 150 km 394 367 348 338
Pb-Ac, 100 km m 249 234 26
Pb-Ac, 80 km 235 215 201 194
Ni Mt Hy, 150 km 206 186 2 165

HV Primary Stonge—l
Pb-Ac, 100 kn 187 166 151 143
Pb-Ac, 60kam 119 104 92 86
Pb-Ac, 48 km 100 86 76 70
Ni Mt Hy, 48 km not visble

HV Load Leveled J
Pb-Ac, 96 km 27 250 235 227
Pb-Ac, 60 km 194 176 163 156
Pb-Ac, 48 km 4] 154 141 134
Ni Mt Hy, 40 km ns 100 89 8
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4 - 6V, 160A Sonnenschein Modules

[} 7 modules, Cycle 29

& 13 L Capaclty on the SFUDS, 141 Al
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Figure T: Module variability for the 46 A

(C/3) and 7 W/kg discharges of the 7-module
Pack of Sonnenschein 6 V, 160 A-h batteries, Figure 2: Module variabili; on the SFUDS
for a 7-module pack of 6 V, 160 A-h
Sonnenschein batteries (Cycle 29)
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Figure 3: Module variability for 10 W/kg

* : 3 oge r
discharges for various cycles - Pack A. Figarc 4: Module variability on the SFUDS o

Pack A (10 modules), Cycles 14 and 46.
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Standard Deviation of Module Voltages
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Figure S: Module variability of Pack B on the

SFUDS for Cycle 17.

Standerd Deviation of Module Voltages

PACK B (being cycled on the SFUDS)

Cycle 46
(6 modules)
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Figure 6: Module variability for 10 W/kg

dischargcs for various cycles - Pack B, Cycles

13, 24, and 46.
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PACK 8 (being cycied on the SFUDS)
Cycio 49, & modiudes 50 - 80 W/kg steps
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Figure 7: Module variability on the
SKFUDS of Pack B for Cycle 49, 6 modules.



