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Abstract

A load-leveling (LL) system is needed for the effective use of electric power to preserve the environment in Japan. Although the valve
regulated lead-acid (VRLA) battery is considered to be one of the suitable candidates, high requirements of long cycle life such as 2000
cycles or a calendar life of 7 years needed to be solved. We are currently developing a new VRLA battery for this application, and have
succeeded in achieving over 2000 cycles with a 35 Ah class VRLA battery. It was confirmed by the detailed investigation after a cycling
test of the battery that this cycle performance was achieved by improving the charge acceptance of the negative plate, avoiding the grid
corrosion by applying an optimized charge condition.
© 2003 Published by Elsevier B.V.
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1. Introduction and a running cost of the system. The lead-acid battery is
more suitable for LL use than any other new types of battery
Development of load-leveling (LL) system to level the de- as its cost per Wh is incomparably low. On the other hand,
mand on electricity during daytime and night time has been concerning running costs, lifetime, maintenance cost, and
undertaken mainly by electric power companies and by eachthe energy loss during charge and discharge are the major
organization. Lead-acid batteries and new types of batteryfactors.
such as Na-S, Li-ion and so forth have been proposed for the Firstly, short life produces a high cost system and spoils
energy storage means for this system, and the developmenthe advantage of its initial cost even if the battery price is
for this practical use has been in progress. It is especially low. Therefore, improvement in life performance is highly
believed that despite the lead-acid battery’s advantage ofrequired to the lead-acid battery for LL use. Secondly,
low manufacturing cost it can only be applied successfully maintenance cost is not a problem as VRLA batteries frees
if the life performance improves. Previous valve regulated you from water filling that the conventional type of battery
lead-acid (VRLA) batteries were usually behind compared needs. Finally, regarding energy loss during charge and
with other new type batteries as they only performed 500 discharge, general lead-acid batteries for cycle use used to
cycles with 80% depth of discharge (DOD). perform the discharge capacity (Watt-hour efficiency) of
In recent years, developing VRLA battery for electric ve- 70-75% against charge capacity and were not superior to
hicles (EVs) has accelerated the improvements of severalother new type batteries. This is attributable to the charac-
performances of the lead-acid battery such as high powerteristic of the lead-acid batteries requiring the charge ca-
density, high energy density, long life, and charge accep- pacity of 110-120% against discharge capacity (Ah). Thus,
tance. So, we have undertaken the development of long lifeimprovement in this Watt-hour efficiency is also necessary.
VRLA battery for LL use based on the technology of the  Therefore, the following methods were applied into an
EV use. improved 35Ah class (5HR) VRLA battery to extend the
Cost saving is the most required target for LL use batter- cycle life and to achieve higher energy efficiency for LL
ies. The cost mainly consists of a battery price (initial cost) application[1]:

(1) Add conductive carbon fiber in the active materials of
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(2) Maintain uniformity of the electrolyte concentration by charge, concentrating on the length of intervals between the
arranging the direction of the plates like horizontal pan- additional charges. Four patterns of additional charge were

cakes. made and are shownTrable 1 All patterns would uniformly
(3) Restrain the grid corrosion of positive plates by mini- have the average charge capacity of 104% throughout the
mizing the over charge capacity. cycle life test.

In addition to those methods, we report in this paper about
the relationship between charging patterns with additional . )
interval charge and life performance for LL use VRLA bat- 3- Result and discussion

teries. .
3.1. Result of life performance test

Capacity change of 20HR during the cycle life test is
shown inFig. 1 It indicates that even if battery specifica-

The VRLA battery is 2 V single cell (35 Ah/5 h rate (HR)) tions and average charge capacity are the same, a _Charging
[1]. To accelerate the cycle life test, it was discharged at pattern _changes Infe performance. And thesg _charglng pat-
29 Ah/3HR (about 80% DOD against 20HR capacity) during terns with shortgr intervals .between the additional charges
the life performance test and discharged at 20HR during theproduce Iong(_ar "f?' It also illustrates that as to t_he VRLA
capacity test. Three steps of constant current charge werepattery used in this test ha; perform'ed a long life Of. over
applied to the battery during the cycle test, in order to charge 2000 cycles at the k_)es_t that is three times as long as it used
the discharged battery efficiently within 8 h. The test method to perform (Type 4_'”:'9' D). I
details are indicated in thgable 1 _Also the pgttery in the test pattern Type 4 has maintained

Note that the test conditions are based on the case of smalhIgh _Wh eff|C|er_10y (.Jf 83_85% thrc.)u.ghout the test. It.proyes
LL system in which 12V batteries with 35 Ah/5HR class that it shall maintain high Wh efficiency even considering
are used, discharged in 16 h during operation and chargeoIhe voltage loss of an assembled battery.
within 8 h by utilizing night time electric power.

In the previous work, we indicated that positive plate of 3.2. Analysis result
a lead-acid battery requires 102% charge capacity against
discharge capacity for a full chardg]. This means that the We have implemented the tear down analysis on the
charge capacity of 102% decreases the corrosion of the gridType 3 which performed 1900 cycles (additional charge/3
to its minimum. However, the same study has also proved cycles) and the Type 4 which performed 2100 cycles (ev-
that the 102% charge capacity is not enough for the full ery 104% charge) to investigate how the charging pattern
charge of negative plates at this stage. affects the life performancefFigs. 2 and 3indicate the

Therefore, in this examination, we have attempted to in- quantitative result of lead sulfate in the negative active
vestigate the best charging pattern by a method of executingmaterials and the measuring result of electrolyte specific
additional charges every cycle in addition to every 102% gravity. They also indicate the tear down analysis result of

the battery in the vertical position that performed 600 cycles
which compares the effect on plate structure of pancake

2. Experimental

rientation.
Table 1 orientatio
Cycle life test condition of life cycle
Test battery 35 Ah/5HR VRLA (2V cell pancake position) 90
Temperature 25C .
Discharge DOD 80% of 20HR 10.5A (3HR) to 2.46h 80
Charge 70
First step 35A to 2.35V = 60 S e
Second step 8.75A to 2.35V 2 50 Ty e
Third step 1.75A to 102% =
g 40
Additional Charge % 30 —4—Typel 102% x 27cycles + adding charge L
Type 1 1.75A to 9h per 27 CyCIeS S —H—Type2 102% x 9cycles + adding charge
Type 2 1.75A to 3h per 9 CyCIeS 20 —A—Type3 102% x 3cycles + adding charge
Type 3 1.75A to 1 h per 3 cycles 10 . .
Type 4 1.75A to 20 min every CyCIe T;;peti Every Iu:yt:le Adding It:y(:le (104% c‘harge)
. 0
Capacity test 20HR (1.75A to 1.75V) 0 500 1000 1500 2000 2500
Charge Cycles
First step 8.75A to 2.35V . . . . . . .
Second step 175A to 115% Fig. 1. Capacity change of 35Ah cell during cycling with various addi-

tional charge conditions.
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Fig. 2. Distribution of the amount of lead sulfate in the negative electrode after the cycle life test.

3.2.1. Residual lead sulfate quantity 104% capacity every time. The reason why the lead sulfate
We have investigated the distribution of lead sulfate in left uncharged during the 102% charge becomes less likely
the active materials. Accumulated lead sulfate was left par- to be charged during the interval to the next additional charge
tially at the lower part of plates in the case of the vertical shall be explained later.
plate orientation because it was affected by the stratifica- The Types 1 and 2 have longer intervals between the ad-
tion of electrolyte. On the other hand, for pancake orien- ditional charges than the Type 3. Therefore, sulfation pro-
tation, lead sulfate remains at either of the upper/lower gresses more quickly in those two and their cycle lives are
part of the plates were not found. It is assumed that the shortened.
stratification was suppressed in the case of the pancake
position. 3.2.2. Specific gravity of electrolyte
We have confirmed (in the comparison between the pan- The maximum difference of the specific gravity in the
cake positions) that the Type 3, where additional chargescell of vertical position is 0.020 which makes it obvious
were made every 3 cycles, has more lead sulfate left. Thatthat the electrolyte was stratified. However, the specific
shows the Type 3 is more likely to cause the sulfation to gravity of the Types 3 and 4 positioned horizontally were
the negative plates than the Type 4 which was charged with0.005 and 0.008, respectively and were less stratified
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Fig. 3. Distribution of the electrolyte concentrations (specific gravity) in the cell after the cycle life test.
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Stratification of the electrolyte occurs during cycling.

¥ Pl

Sulfation occurs at the lower part of the negative plate.

-

The lower part of the negative plate can’t be reduced.

S

Charge/discharge reaction is made only at the
upper part of the positive/negative plates.

S

The upper part of the positive plate is overcharged
extraordinarily.

The reaction is made
only at the upper part.

The grid is cut or
thinned,

The conductivity
reduces.

The upper part of the positive grid is corroded. The reaction is il/pnssihle. The reaction is difficult.
‘ Negative plate Positive plate

Conductivity of the grid reduces since it is cut or thinned.

Fig. 4. The failure model of the vertical position cell.

compared with the vertical position. This proves that the 3.3. Battery failure model

pancake position enables the plates to obstruct the deposit

of high density electrolyte during charging and to prevent  The processes of battery failure in both cases of the ver-

stratification. tical and pancake positions are illustratedrigs. 4 and 5
Also, the average values of the electrolyte specific grav- respectively as models.

ity was calculated which are 1.282 in Type 3 and 1.270 in  In case of the vertical position, stratification of electrolyte

Type 4, respectively. The specific gravity of Type 3 is higher occurs rapidly and it causes sulfation at the lower part of

by 0.012, even though it has more lead sulfate left in the negative plates. The sulfation prevents the battery from being

negative plates. It is assumed that this is because the actuatharged and discharged in the upper parts of both its positive

capacity of negative plates was decreased by the sulfate andnd negative plates. As aresult, charge and discharge activity

the additional charge worked as overcharge for the negativebecomes concentrated only in the upper parts of the plates,

plates and accelerated the electrolyte loss. It is generallywhich are consequently overcharged, and the corrosion of

known that higher specific gravity of the electrolyte accel- the positive grid causes a short life.

erates the corrosion rate of the positive grid. Therefore, the On the other hand, in the case of the pancake position

increase of the specific gravity in the Type 3 may accelerate where there is no stratification of electrolyte, all plates

the corrosion of its positive grid. are equally charged without localized sulfation. Uniform

Stratification of the electrolyte doesn’t occur during cycling.

:

Local sulfation doesn’t occur in the negative plate.

:

negative plate  The uniform reaction  positive plate

' 'l 74' v +\

The uniform failure The uniform grid corrosion

.

The battery becomes the end of life by positive grid corrosion.

The uniform reaction

Fig. 5. The failure model of the pancake position cell.
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Vfartical position after 426 cycles Pancake position after 2100 cycles
Discharge : 10.5A -2.4H Discharge : 10.5A - 2.77H

Charge: 115% against discharge capacity Charge: 104% against discharge capacity

Fig. 6. Appearance of the positive grid after the life cycle test.

deterioration of the active material of negative plates as These models demonstrate that positive grids are partially
well as the equal grids corrosion of positive plates occurs. corroded at the upper part in the vertical position and are

The battery life is ended by the grids corrosion of positive equally corroded in the pancake position at the end of battery
plates after all. life. The positive grids’ appearance for the vertical position

10 min.

Fig. 7. The crystal growth of lead sulfate during standing after discharge on the negative el¢¢lrode
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after 426 cycles and for the pancake position after 2100 4. Conclusion
cycles, are indicated iRig. 6.

Next, we would like to explain why the Type 4 charging In addition to the three methods previously acquired to
pattern, in which the battery was charged 104% againstimprove life performance such as addition of conductive car-
discharge capacity every time, has performed longer life bon fiber to negative plates, pancake position of plates, and
even though they were charged with the same chargingdiminution of charge capacity, the investigation results of
capacity in the same pancake position. Recent study us-each charging pattern have proved that applying the charg-
ing atomic force microscope (AFM) has indicated that it ing method of charging 104% against discharge capacity,
is easy to reduce (charge) lead sulfate crystals formed bywith no additional charge, shall restrain the accumulation
electrochemical reaction if the charge operation is made speed of the lead sulfate in negative plates and enable the
immediately after discharge. However, the crystals becomeflat pasted plate design VRLA battery to achieve the life
hard to reduce by their growth from recrystallization, when performance of 2000 cycles or more.
some standing time is applied after dischargg(7) [3,4]. We believe that this study has shown us that application of

We consider that the lead sulfates are left without whole the appropriate charge capacity and pattern enables VRLA
reduction by insufficient charge such as charge pattern of battery to achieve much better life performance in addition
Types 1-3 in this study. Then they get recrystallized (see to the suppression of the grid corrosion of positive plates,
Fig. 7) and become hard to reduce. Therefore, it is assumedsulfation of negative active materials, and stratification of
that even repeating additional charge promotes decrease o€lectrolyte at the same time.
electrolyte as the active materials of negative plates have
already turned hard, so that the excess current to the negative
plates generates gas. References
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