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summary 

Commercial lead-acid golf car batteries containing five different 
separator materials were cycle life tested. An accelerated cycle life test was 
employed in which the battery temperature was allowed to rise as the 
batteries became less efficient in power utilization towards the end of life, 
and there was no rest period between charge and discharge during cycling. 

The effects of continuous cycling and separator type on battery 
performance were monitored throughout the test together with battery 
temperature, end of charge current, energy balances, and capacity. Cycle life 
test data through correlation with actual expected life in the field allowed 
calculations to be made to determine the relative effective operating cost of 
various battery types. 

The battery made with FLEX-SIL@ rubber separators exhibited the 
best life and economics when compared with batteries containing ACE-SIL@ 
rubber, polyethylene, cellulose (paper), and sintered PVC separators. 

Introduction 

There are many sophisticated procedures being employed to determine 
the performance characteristics of batteries under numerous cycle regimens 
and at various temperatures [ 1 - 41. 

Laboratory testing, unless the cycle regimen reflects actual use 
conditions, does not give a good comparison with results obtained in the 
field. In order to obtain good correlative data, many laboratories attempt to 
simulate as closely as possible the actual conditions which a battery might 
experience in the field. Reasonable comparisons can be made to predict field 
behavior from results obtained in the laboratory [5]. Most commercially 
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produced industrial and automotive batteries are tested via the DIN 
(Deutsches Institut fiir Normen), the Navy WB-133, or the U.S. SAE (Society 
of Automotive Engineers) test procedures. 

Currently there seems to be no standardized life cycle procedure for 
golf-car-type motive power batteries. The procedure used in this study, with 
some variations, is one of the interim procedures being considered by the 
Battery Council International. 

The objectives of the work reported herein included the use of a test 
regimen which would continuously cycle golf car batteries, thus reducing the 
time required to reach end of life, and to allow the temperature of the cells 
to rise naturally, as they approach the end of life, without cooling to 
maintain a fixed temperature. Allowing the temperature to float simulates 
the real world situation where discharged golf car batteries are recharged and 
placed back in service without temperature regulation during the charge or 
discharge cycle. 

Additional objectives of this study were to study the effect of various 
separators and their influence on the electrochemical performance of 
batteries and their cycle life capabilities. 

Extrapolation of the laboratory data aIlowed estimation of what could 
be reasonably expected in actual field service. Thus, an estimated operating 
cost for these batteries can be obtained by using the energy consumption 
rates obtained in the laboratory. 

Experimental 

Five commercial 6 volt lead-acid golf car batteries containing nineteen 
6% antimony alloy plates/cell were used for these experiments. The batteries 
were engineered to have a capacity of 100 min at a discharge rate of 75 
amps. Each 6 volt battery was constructed with a different separator. The 
separators used were ACE-SIL microporous rubber; FLEX-SIL, a newly 
developed microporous rubber; microporous polyethylene; cellulose (paper), 
and sintered PVC. All separators incorporated a glass mat on the rib side. 
Table 1 presents the data on the above separators. ACE-SIL and paper are 
considered the two controls by the industry. 

The batteries were tested on a commercially available electronic cycle 
life instrument incorporating automatic sequencing of charge and discharge 
without rest periods in the cycle regimen. Instrument design allowed control 
of current and voltage limits at 25 A and 7.3 V, respectively, during the 
charging phase and a discharge of 75 A. The cycling procedure employed was: 

1. Discharge at 75 A for 1 h. 
2. Recharge at 25 A current limit and 7.3 V limit for 12 h. 
3. Repeat 1. and 2. continuously except when capacity tests are per- 

formed. 
A capacity test was performed periodically throughout the test accord- 

ing to the following regimen. 
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TABLE 1 

Initial properties of separators 

Cellulose FLEX-SIL ACE-SIL Microporous Sintered 
polyethylene PVC 

Thickness (in,) 
Backweb 0.037 0.015 0.030 0.015 0.017 
Overall 0.065 0.064 0.068 0.060 0.061 
Glassmat 0.010 0.010 0.010 0.015 0.010 

Electrical resistance (ma in.2) 
Standard method 35.2 - 45.0 - 20.0 
Boiled method - 35.0 - 27.0 - 

Mullen strength (psi) 18 55 40 90 40 

Total porosity (cm3/g) 1.72 0.52 0.90 0.95 0.55 

Pore diameter (pm) 19.0 0.03 0.35 0.2 14.0 

% Over 20 pm 46.51 1.0 2.2 0.2 19.0 

1. At end of charge, give an extra charge until the current is stable for 
0.5 h. 

2. Let the batteries stand on open circuit for 0.5 h to cool. 
3. Discharge at 75 A. Record time required for voltage to reach 1.75 V 

per cell. 
4. Recharge at 25 A current limit and 7.3 V limit for 12 h, then place 

back on cycle. 
5. Failure occurs when the capacity drops below 80 min capacity and/ 

or end of charge current reaches 15 A. 
A Hewlett Packard 2240A data logger was used to automatically 

monitor the voltage and current relationships of the batteries to obtain 
energy balance data. 

Results 

Capacity as a function of cycle life 
Figure 1 is a plot of retained capacity uersus cycles for the test 

batteries. Most cycle test regimens usually consider end of life as the point 
where the battery will no longer deliver 75 A for 80 min. It will be noted 
that the battery built with FLEX-SIL@ separators had the longest cycle life 
before its capacity dropped below 80 min. 

Based on an 80 min capacity failure (Fig. l), the batteries built with 
sintered PVC and cellulose separators had an early failure at 94 and 190 
cycles, respectively. The cause of early failure was a combination of shorts 
across the bottom of the plates and poor performance of the separator as it 
affects plate potentials, overcharge, and loss of active material. A large 
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Fig. 1. Capacity (min to 1.75 Vpc at 75 A) us. life cycles. X, FLEX-SIL@; A, microporous 
polyethylene; 0, ACE-SIL@; 0, sintered PVC; /, cellulose. 

amount of lead was absorbed by the cellulose separator. Analysis of the 
cellulose separator after cycle life testing showed that the amount of lead 
absorbed was 51 times higher than the sintered PVC which absorbed 3.6 
times more than the FLEX-SIL@ separator. 

The amount of lead absorbed by the cellulose separator and the high 
end of charge currents very early in life indicate that considerable lead 
treeing occurred. This resulted in numerous conductive paths through the 
separator, very high end of charge currents, and heat build-up. These factors 
may be attributed to the large pore size of a cellulosic separator. 

Early failure of the battery with sintered PVC separators appears to 
have been the result of poor electrochemical performance of that product. 
The large pore size of the sintered PVC separator and its chemical compoi 
sition may have contributed to this failure. 

The battery containing ACE-SIL@ separators failed to maintain 80 min 
of capacity after 167 cycles; however, it still exhibited a low temperature 
and end of charge current. Testing was therefore continued until the current 
exceeded 15 A, which occurred at 227 cycles due to sediment build-up and 
the resulting shorts at the bottom of the plates. 

The battery containing microporous polyethylene failed to deliver 80 
min capacity after 243 life cycles. It required 18% more power input and 2.7 
times the water consumption of the battery containing FLEX-SIL@ sep- 
arators. 

The battery built with FLEX-SIL@ separators had an 80 min capacity 
cycle life of 294, which is three times longer than the one built with sintered 
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PVC separators and 49 cycles more than the one containing microporous 
polyethylene separators. Besides having a good life, the battery containing 
the FLEX-SIL@ separators required less energy to recharge and required no 
water addition up to 240+ cycles. 

End of charge current as a function of cycle life 
Figures 2 and 3 illustrate battery end of charge currents and tempera- 

tures as a function of cycle life. It will be noted that as the end of charge 
current increases, the battery temperature increased and when the batteries 
reached end of life, the currents and temperatures increased rapidly. Based 
on energy consumption, failure occurred when end of charge current reached 
15 A. 

The results indicate that the battery built with sintered PVC separators 
failed at 133 cycles and 75 min capacity, that with ACE-SIL@ separators 
failed at 227 cycles and 74 min capacity, and the one with microporous 
polyethylene separators failed at 247 cycles and 78 min capacity. The 
battery containing cellulose separators failed at 164 cycles and 96 min 
capacity, that with FLEX-SIL@ separators failed at 290 cycles and 80 min 
capacity. 

50 100 150 200 250 300 
Life Cycles 

Fig. 2. End of charge current (A) us. life cycles. X, FLEX-SIL@; A, microporous polyethy- 
lene; 0, ACE-SIL@; 0, sintered PVC; /, cellulose. 
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Fig. 3. Battery temperature (“F) us. life cycles. X, FLEX-SIL@; A, microporous polyethy- 
lene; 0, ACE-SIL@; 0, sintered PVC; /, cellulose. 

The end of charge currents increased rapidly at about 94 cycles (over 
4 A) in batteries with sintered PVC and cellulose separators; and the battery 
with microporous polyethylene separators reached a high end of charge 
current at about 207 cycles, while the one with FLEX-SIL@ separators still 
had an end of charge current of less than 1 A up to 230 cycles. The battery 
containing ACE-SIL@ hard rubber separators reached an end of charge 
current of 4 A at 207 cycles as did the one with microporous polyethylene 
separators. Unlike the microporous polyethylene separators, the ACE-SIL@ 
separators maintained a charge current of 1 A or less prior to initiation of 
failure due to bottom shorts. This resulted in a low energy consumption for 
the battery containing ACE-SIL@ separators even though the rate of failure, 
once initiated, was more rapid. This indicates that the batteries containing 
sintered PVC, cellulose, and polyethylene separators required more recharge 
energy during cycling than the batteries with FLEX-SIL@ and ACE-SIL@ 
separators. The batteries containing ACE-SIL@ and FLEX-SIL@ separators 
exhibited a very low end of charge current through most of their lives until 
actual failure occurred, which was the result of sediment build-up and the 
resulting shorts across the bottom of the plates and not of performance 
failure of the separators. 
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Since failure due to a high rate of energy consumption occurred at 75 - 
80 min capacity, or no more than 5 min less than the 80 min capacity speci- 
fication, this difference is considered to be insignificant. Therefore, true end 
of usable capacity of the batteries is considered to be determined when 
excessive energy consumption or high end of charge current (> 15 A) occurs 
on recharge. 

An interesting phenomena observed in Fig. 2 is the low end of charge 
currents required by the batteries containing the rubber separators (FLEX- 
SIL@ and ACE-SIL@) as compared with the others, and that the battery 
with sintered PVC separators required the greatest amount of current for 
recharge. 

Analogous with the current requirement is that of heat build-up. Here 
again, those batteries containing separators that drew the least current on 
recharge also maintained the lowest operating temperatures. 

One could, therefore, set 15 A of recharge as a standard for failure 
instead of the 80 min capacity requirement. It should be noted that the 
rubber separators had an end of charge current which was 1 A up through 
190 cycles, with the FLEX-SIL@ going as long as 240 cycles. 

Battery energy use and cost 
Figure 4 is a plot of cumulative energy consumption during cycle life 

testing. Calculations can be made using various assumptions to determine the 
relative estimated cost of using batteries insulated with the various 
separators. 

This calculation would need to include cost of energy to recharge the 
batteries, the usable number of cycles for which the batteries can be put 
through, as well as the cost of replacing the batteries after failure. Specifi- 
cally, these are: 

(1) 120 cycles on the above accelerated test regimen is equivalent to 
300 cycles during actual use in the field and one year of service. This is based 
on the fact that an actual golf course season is about 300 cycle days/year 
and that the standard industry control battery containing ACE-SIL@ will last 
2 seasons in the field. 

(2) The dollar replacement cost per battery is $75.00. 
(3) The energy cost for recharging the batteries is $0.07 kW h. 
Utilizing these assumptions, the following calculations can be made: 
(A) The energy cost ($ E) per year is given by the equation 

$ E = (A/B) (300) (0.07) (1) 

where A is the cumulative energy consumed in kW h during recharge of the 
batteries during life cycling, B is the total number’ of cycles under test as in 
(A), 300 is the average number of cycles of field use per year of operation, 
and 0.07 is the electrical energy cost per kW h. 

(B) The battery replacement cost ($ R) per year of operation is 
determined by 

$ R = (120/D) $75 (2) 
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Fig. 4. Cumulative energy consumed (kW h) us. life cycles. X, FLEX-SIL@; A, micro- 
porous polyethylene; 0, ACE-SIL@; 0, sintered PVC. 

where 120 is the average accelerated cycle life which is equivalent to 300 
cycles of field service, D is the number of cycles successfully completed by 
the batteries before failure, and $75 is the battery replacement cost. 

(C) For a specific battery type, the yearly operating cost ($ P) is given 
in the equation 

$P=$E+$R. (3) 

Table 2 presents the estimated operating cost for each type of battery 
as determined by the above methods and assumptions. 

Based on the above assumptions, the results indicate that FLEX-SIL@ 
separators produce a cost effective battery having the potential for the 
lowest yearly operating cost of $46.00. Sintered PVC separators which gave 
the highest operating cost had almost twice that value, $86.00 per year. 
Batteries containing polyethylene and ACE-SIL@ separators were found to 
have a yearly operating cost of $54.00. 

Water usage of batteries 
If water use during cycle life is normalized on a per cycle basis, the 

battery containing the FLEX-SIL@ separators required the least amount of 
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TABLE 2 

Estimated yearly operating cost for batteries as a function of separator 
type 

Separator type in EE-4 
golf car battery 

Estimated operating 
cost per year ($) 

Sintered PVC 86.26 
Polyethylene 54.27 
Cellulose *unknown 
ACE-SIL@ 54.44 
FLEX-SIL@ 46.10 

*The unknown cost per year of the battery containing cellulose separators was due to 
equipment limitation during collection of energy consumption data. However, the total 
cost per year of the cellulose battery, based on the data available on the number of cycles 
and end of charge currents, could be similar to the battery containing the PVC separators 
since the end of charge current and the cycle life of these batteries are almost identical. 

water to maintain the electrolyte level. ACE-SIL@ required 10% more than 
FLEX-SIL@, microporous polyethylene used 270% more, and batteries 
containing cellulose and sintered PVC separators used 420% more than 
FLEX-SIL@. 

Figure 3 shows that the temperature of the batteries containing the 
sintered PVC and polyethylene separators had begun to increase at mid-cycle 
life while those batteries containing ACE-SIL@ and FLEX-SIL@ still had a 
low temperature towards end of life. The temperature of the battery 
containing cellulose separators increased rapidly after 100 cycles. This 
indicates that the higher end of charge current resulting from lower plate 
potentials resulted in an increased temperature, greater evaporation, and 
higher gassing rates. These all combine to increase the rate of water 
consumption of the batteries containing sintered PVC, cellulose, and poly- 
ethylene separators. 

Teardown analysis 
Table 3 contains the teardown analysis for these batteries. Briefly, final 

failure of all batteries was the result of shorts across the bottom of the 
plates. The FLEX-SIL@ , ACE-SIL@, and microporous polyethylene 
separators were generally in good condition after cycle life. The sintered 
PVC separators were in good condition but were discolored in areas where 
heat build-up was concentrated. This discoloration is a sign of polymer 
degradation. The cellulose separators had experienced severe degradation. 
The cellulose fibers were very weak. The sheet had become highly com- 
pressed, with overall thickness dropping from 0.065 to 0.043 in., deformed, 
and the original embossed ribs were only slight waves after cycle life. There 
were several shorts through the separators and there was evidence of 
extensive lead treeing through the separators. 

Table 4 presents the data on the washed and dried separators after cycle 
life testing. One will note that the cellulose and sintered PVC separators had 
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the highest lead retention, probably due to their larger pore sizes of 20 and 
14 pm, respectively. Metals analysis on the separators was determined by 
standard atomic absorption techniques and the pore size was determined by 
mercury intrusion porosimetry. 

The mode of failure in all cases was filling of the mud space by loss of 
active material to a level that caused shorts across the bottom of the cell. 
One may conclude that the life of these batteries was strongly influenced by 
the separators and their ability to reduce this active material loss. Separator 
pore size and composition influence the loss of active material. 

TABLE 4 

Extent of lead and antimony impregnation during cycle life testing 

Separator Cycle Separator Negative plate 
Pb (W) Sb (%) 

ACE-SIL@ 228 0.259 0.0037 
FLEX-SIL@ 294 0.087 0.0030 
Polyethylene 262 0.096 0.0033 
Sintered PVC 128 0.313 0.0016 
Cellulose 190 4.483 1.233 

Life Cycles 

Fig. 5. Capacity of batteries containing FLEX-SIL@ separators us. life cycles. X, 7.3 V 
limit on charge; 0, 7.4 V limit on charge. 
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Effect of recharge voltage 
The best performing battery type at 7.3 V (FLEX-SIL@ ) was taken and 

run against another FLEX-SIL@ battery but recharged at 7.4 volt limit. The 
purpose of this test was to see the effect of the higher recharge voltage on 
cycle life, capacity, end of charge current, and temperature. Figure 5 is a 
plot of the resulting data. It can be seen that by using the higher recharge 
voltage the capacity increased by about 5 - 8% for the first 200 cycles but 
the total cycle life is reduced by about 10%. 

Conclusions 

It is felt that the above described test procedure allows for the 
estimation of the actual field service life of a golf car battery in a few 
months rather than the 1 - 2 years required for complete field testing. The 
test also allows for the screening of separators to determine their effect on 
battery performance. 

Based on the above data, the battery constructed with FLEX-SIL@ 
rubber separators had the longest life, lowest operating current, temperature, 
and estimated yearly operating cost. The separator’s size and its chemical 
composition will influence plate potentials, charge currents, and battery life. 
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