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bstract

The results of road tests on valve-regulated lead-acid (VRLA) batteries in an idling-stop (stop and go) vehicle are reported. Idling-stop systems
re simple systems to improve fuel economy of automobiles. They are expected to spread widely from an environmental perspective. Performances
f a conventional flooded battery, a conventional VRLA battery, and an improved VRLA battery were compared in road tests with an idling-stop
ehicle. It was found that the improved VRLA battery was suited to idling-stop applications because it had a smaller capacity loss than the

onventional flooded battery during partial-state-of-charge (PSoC) operation. The positive grid was corroded in layers, unlike the usual grain
oundary corrosion of SLI battery grid. It is because the corrosion proceeded mainly under PSoC conditions. The corrosion rate could be controlled
y potential control of positive plates.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Major changes have come to automotive systems in recent
ears, and it is not overstated to call it the second industrial
evolution for motor vehicles. This new wave includes the sys-
em transition to hybrid vehicles, 42 V mild hybrid systems, and
dling-stop systems, and also includes X-by-wire systems and
uel cell vehicles.

Secondary batteries are the key for all these next-generation
utomotive systems. For example, the commercialized hybrid
ehicles are equipped with two types of batteries. One type is
i-MH battery for the power train, and the other is lead-acid
attery for auxiliaries control.

Idling-stop systems, which shut down the engine when a vehi-
le is stopped, are the simplest way to improve fuel efficiency.
here is a growing need for these systems in Japan to cut auto-
obile exhaust emissions and to improve fuel efficiency [1].

hese systems have been first developed for delivery trucks and
uses to shut down their engines when parked or stopped, but
ecently efforts are being directed to passenger cars when they

∗ Corresponding author. Tel.: +81 75 316 3626; fax: +81 75 316 3798.
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re stopped for relatively short time periods at traffic signals or
n congested traffic.

Lead-acid batteries are likely candidates for these applica-
ions because wide spread will require low cost. Lead-acid
atteries offer the best cost/performance ratios of all batter-
es, and for this very reason they have been used to supply
utomobile cranking power for over a half century. Lead-acid
atteries have a wider operating temperature range than other
atteries. Conventional flooded batteries have been used with-
ut any special temperature control under the harsh conditions
f automotive applications, from below freezing point to near
oiling temperatures.

Features of VRLA batteries are that they do not need
ater replenishment unlike flooded batteries, and that there

re few limitations on their installation orientation. Fluid elec-
rolyte is eliminated by absorbing and retaining the sulfuric
cid electrolyte in nonwoven micro-glass fiber mat separa-
or. Batteries can be closed because oxygen gas evolved from
ater decomposition on the positive electrode surface during

harging is reduced to water on negative electrode surface.

late packs of battery are closed with safety valve that keeps

nternal pressure below a certain level by releasing pressure
hen it rises. Therefore, they are called “valve-regulated”

ype.
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The engine stops when an idling-stop vehicle is stopped, and
atteries must cover the entire electrical load in the vehicle dur-
ng that time, and they must be capable of quick restoration
harging during the engine is on. Batteries are discharged more
requently in these vehicles than conventional automobiles and
he batteries are used in a partial state of charge (PSoC) more
ften [2,3]. Therefore, even if a battery has not deteriorated, it
ight not be able to restart the engine at a low state of charge.
atteries are expected to have plenty of endurance even under
SoC conditions. We used an idling-stop vehicle to determine
ow well lead-acid batteries perform.

. Lead-acid batteries for idling-stop applications

Vehicle road tests have been conducted to develop a battery
uited for idling-stop systems. Three types of lead-acid batteries
ere examined: a flooded battery presently used for most auto-
otive applications; a VRLA battery mainly used for backup;

nd an improved VRLA battery. These batteries were installed
n the auto-idling-stop vehicle and were evaluated under various
onditions. The improved VRLA type incorporated the tech-
ologies of the 36 V VRLA battery for mild hybrid applications.

.1. Improved VRLA battery

Hybrid-vehicle batteries are used in a partial state of charge
o accept the regenerated power efficiently, but even under these
onditions they are expected to supply high power and to be
ighly reliable. The main technical elements of this improved
RLA battery are as follows.

1) Positive plates: Active material of even higher density than
is used in conventional cycling applications was employed
to decrease the active material deterioration. Usually, use of
high-density active mass decreases active material utiliza-
tion, but the use of new additives improved utilization for
high-current discharges [4,5].

2) Negative plates: High-density active material with plenty
of carbon was used to prevent sulfation in PSoC use. The
carbon particles form a conductive network with lead in
the active material and suppress the formation of large lead
sulfate particles, which acts as an insulator [5–8]. Because
automotive applications require tolerance to high tempera-
tures, the negative active material additive was optimized to
improve the activity of reaction sites on negative plates and
the acceptance of regenerative charge.

.2. Experimental

.2.1. Relationship between alternator voltage and battery
oC

Idling-stop vehicles frequently discharge their batteries that

ould therefore become undercharged during vehicle operation.
oad tests at different alternator voltages were conducted to
etermine the charging voltage needed for SoC maintenance
nd to investigate the effects of battery differences.
Sources 174 (2007) 54–60 55

Test vehicle: The test vehicle was a gasoline-powered car
ith 1.1-L displacement and a continuously variable transmis-

ion (CVT), modified to idle-stop automatically. The idling-stop
ystem stops the engine when speed is 0 km h−1, and automati-
ally starts it with an ordinary starter when the driver depresses
he accelerator. The CVT ensures that the car will not acceler-
te suddenly. Alternator voltage was continuously variable to set
attery charge conditions. Maximum battery load to start engine
as 500 A, and the engine started in about 0.7 s.

1) Test batteries
A) Conventional flooded automotive battery
B) Conventional VRLA automotive battery
C) Improved VRLA battery with hybrid technology

Capacity: 27 Ah/5 h rate. (Note: Each battery has the same
capacity.)

The positive grid of each battery was made of
Pb–0.06%Ca–1.4%Sn alloy. The negative grid was conven-
tional Pb–Ca–Sn alloy.

2) Test description:
Alternator voltage settings (battery voltage): 15.0, 14.4, 13.8
and 13.2 V;
Test period: 1 week;
Test course: commuting road, 15 km one way, 10 times a
week (in the morning and in the evening on weekdays). The
vehicle was parked during the rest of time.

.2.2. SoC after 2 months driving
The same vehicle was used under the following conditions to

tudy battery behavior during relatively long-term road testing.

1) Test batteries:
(A) Conventional flooded automotive battery
(C) Improved VRLA battery with hybrid technology

2) Test description:
Alternator voltage settings (battery voltage):
Battery A: 13.4 V;
Battery C: 13.2 V;

(Note: Based on the results of Section 2.3.2, the bat-
tery voltages were chosen to keep the batteries at the
same SoC.)
Test period: 2 months.
Test course: the same profile as the test in Section 2.2.1.

.2.3. Battery life test
The same vehicle was used under the following conditions to

tudy battery life during long-term road testing.

1) Test battery:
(C) Improved VRLA battery with hybrid technology

2) Test description:
Alternator voltage settings (battery voltage): 14.0 V.
(Note: Based on the results of Section 2.3.2, the volt-
age was chosen to keep the SoC high at as low charging
voltage as possible.)
Test period: 3 years.
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Table 1
Frequency and duration time of idling stops and the average discharge current
of the lead-acid battery during the full driving course

Items From
office

To office Full-day
total

Driving time (min) 67 73 140
Driving distance (km) 15 15 30
Average discharge current (A) 29 16 22
Number of idling stops (times) 22 16 38
Accumulated idling stop duration (min) 13.7 21.5 35.2
Idling stops per kilometer (times) 1.5 1.1 1.3
Idling stops per minute (times) 0.33 0.22 0.27
T

i
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Test course: Road around city area, 15 km par round, 15
times a week (three times in the daytime on weekdays).
The vehicle was parked during the rest of time. It was
almost the same profile as the test in Section 2.2.1.

The average temperature of Kyoto area is as follows.
The monthly mean daily maximum temperature is 35 ◦C
in summer and 8 ◦C in winter.
The monthly mean daily minimum temperature is 24 ◦C
in summer and 1 ◦C in winter.
The annual mean temperature is 16 ◦C.

.3. Results and discussion

.3.1. Driving pattern example
Fig. 1 shows examples of vehicle speed, engine revolutions,

attery voltage, and battery current. When vehicle speed was

km h−1 idling-stop kicked in and the engine stopped. The
attery was discharged and voltage gradually dropped. Large
urrent flowed at the next engine ignition, and there was charg-

Fig. 1. Example of commuter driving data with idling stops.
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otal idling-stop ratea (%) 20.5 29.5 25.1

a Accumulated idling-stop duration time/driving time.

ng current when the engine started. In this instance alternator
oltage was held at 13.2 V.

Table 1 presents the analysis results of idling-stop frequency
nd the average discharge current. The return-trip average dis-
harge current was 29 or 13 A higher than when going to the
ffice, which was because headlights were used only on the
eturn trip while the blower fan was always on. Idling-stop fre-
uency was 1.1 times per kilometer to the office and 1.5 from the
ffice, accounting for 29.5 and 20.5% of driving time, respec-
ively.

.3.2. Relationship between alternator voltage and SoC
after 1 week of driving)

Fig. 2 shows the battery SoC after 1 week of road test. All
atteries maintained 100% SoC at a charging voltage of at least
4.4 V, while the SoC dropped below that voltage. When the volt-
ge was set at 13.2 V, the SoC was 76% in the flooded battery and
9% in the VRLA battery. By contrast, the SoC of the improved
RLA battery tended to be high at 88%. This improved battery’s
oC declines only a little even at a low charging voltage.

.3.3. Road test results (after 2 months of driving)
Road test was conducted at a low alternator voltage setting
ith a flooded battery and improved VRLA battery to acceler-
te undercharge. Voltages were chosen for batteries of different
ypes to keep the same SoC, with reference to the results in
ig. 2. They were 13.4 V for the flooded battery, and 13.2 V for

ig. 2. Effect of alternator voltage on remaining SoC after 1-week road test.
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ig. 3. Remaining SoC of conventional flooded battery and improved VRLA
attery after 2-month road test.

he VRLA battery. Batteries were removed after 2 months of road
est, their capacities were measured, and they were disassembled
or study.

1) Residual capacity: The capacities of both batteries were
measured before and after full charge. Results are shown in
Fig. 3. Residual capacity without charge after the road test
was 43% in the flooded battery, while 67% in the improved
VRLA battery. Even after full charge, the flooded battery
recovered to only 85%, but the improved VRLA battery
recovered to 102%.

2) Disassembly results: No positive grid corrosion was found
at all in either battery, probably because low-SoC use pre-
sented little opportunity for exposure to the high voltages
that induce grid corrosion. Fig. 4 graphs the results of analy-
sis for lead sulfate in the positive and negative active material
of the flooded battery. Positive active material had softened
at the plate tops in this battery. It is because the charge and
discharge reactions concentrated near the top of the plates.
The reason of this phenomenon is that continuous use in
a discharged state caused lead sulfate accumulation at the
bottom, and then charge and discharge reactions were hin-
dered at the bottom. Full charging eliminated almost all the

lead sulfate in the positive plates, while that at the bottom
of the negative plates could not be eliminated. Fig. 5 shows
the lead sulfate analysis results for the improved VRLA
battery. Although there was a lead sulfate accumulation of

ig. 4. Accumulated PbSO4 in plates of conventional flooded battery after 2-
onth road test and after full charge.
ig. 5. Accumulated PbSO4 in plates of improved VRLA battery after 2-month
oad test and after full charge.

about 20% in both the positive and negative plates just after
road test had been concluded, there was no large difference
between the top and the bottom as in the flooded battery, and
no positive plate softening. The lead sulfate was eliminated
after full charge.

.3.4. Road test results (after 3 years of driving)
Road test with an improved VRLA battery was conducted

or 3 years. Alternator voltage of 14.0 V was chosen to keep the
oC high at as low charging voltage as possible, with reference

o the results in Fig. 2. Battery was removed every 6 months and
ested for capacity after full charge, and disassembled for study
fter 3 years, 32,000 km of road test.

1) Capacity change: Results appear in Fig. 6. The capacity was
70% after the 3-year road test.

2) Disassembly results: Positive active material had softened
without the bottom of plates in this battery. It is because
continuous use in a discharged state for a long time caused
lead sulfate accumulation at the bottom, then charge and
discharge reactions were hindered at the bottom and the
charge and discharge reactions concentrated near the top of
the plates. Fig. 7 shows the cross-section of positive grid

before and after the road test. Positive grid corrosion was
observed, but that was not grain boundary corrosion as is
usually observed in the deteriorated conventional SLI bat-
tery [9,10]. The grid was corroded in layers, and surface of

Fig. 6. Change in the battery capacity during the idling-stop road test.
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Fig. 7. Photographs of cross-section of positive plat

grid on corrosion layer was smooth. It is probably because
low-SoC use presented little opportunity for exposure to the
high voltages that induce grain boundary grid corrosion.

.3.5. Discussion
The results of this test suggest that the following kind of

anagement for the lead-acid batteries in idling-stop vehicles
ill improve battery endurance further.

1) Using PSoC condition: Positive grid corrosion can be lim-
ited with controlled overcharge.

2) Periodical equalizing charge: Excessive undercharge can be
limited by periodically charging to eliminate the accumu-
lated lead sulfate. The improved VRLA battery can maintain
a higher SoC than flooded batteries or conventional VRLA
even at a low voltage setting.

n the next section, corrosion characteristics of positive grid were
nvestigated to know how to control corrosion rate.

. Corrosion characteristics of Pb alloy under
dling-stop operation

.1. Positive grid corrosion

Corrosion morphology of positive grid is generally grain
oundary attack, but the positive grid of the battery on the idling-
top vehicle corroded in layers. Therefore, constant potential
orrosion test was conducted to observe the corrosion mor-
hology of grids at various potential on the positive electrode.
nd potential step corrosion test was conducted to compare the

orrosion rate under different potential conditions.

.2. Experimental

.2.1. Constant potential corrosion test

Ordinary three-electrode cells were prepared for the test.

1) Test cells:
Working electrode: Pb–0.06%Ca–1.4%Sn alloy cast
sheet;

3

3

c

st grid); (a) before and (b) after the 3-year road test.

Counter electrode: Pb sheet;
Reference electrode: Pb/PbSO4 (5.26 M H2SO4 aque-
ous solution);

The potential described below is based on this elec-
trode.
Electrolyte: 4.50 M H2SO4 aqueous solution.

2) Test description:
Potential settings: 2.02, 2.12, 2.22, and 2.32 V;
The equilibrium potential of PbSO4/PbO2 (5.26 M
H2SO4 aq) is 2.12 V.
Temperature: 90 ◦C;
Test period: 2 weeks;
The cross-section of test electrode was observed after
the test.

.2.2. Potential step corrosion test
Ordinary three-electrode cells were prepared for the test.

1) Test cells:
Working electrode: 20 mm × 5 mm × 2 mm
Pb–0.06%Ca–1.4%Sn alloy cast sheet;
Counter electrode: Pb sheet;
Reference electrode: Pb/PbSO4 (5.26 M H2SO4 aque-
ous solution);
Electrolyte: 3.94 M H2SO4 aqueous solution.

2) Test description:
Potential step pattern: to repeat 10,000 cycles keeping
50 s at anodic potential and 10 s at cathodic potential;
Anodic potential: 2.24 and 2.30 V;
Cathodic potential: 1.70, 1.80, 1.90, 1.95, 2.00, and
2.05 V;
Temperature: 40 ◦C.

The mass loss of test electrode was measured after
the test.

.3. Results and discussion
.3.1. Constant potential corrosion test results
Fig. 8 shows the cross-section of the Pb alloy cast sheet and

orrosion layer after the constant potential corrosion test. The
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ig. 8. Photographs of Pb alloy cast sheet after constant potential corrosion tes

lectrode corroded along grain boundary at more positive poten-

ial than equilibrium potential (Fig. 8(c and d)), while it corroded
n layers at less positive potential (Fig. 8(a and b)). It is ascer-
ained that grain boundary corrosion can be suppressed under
he equilibrium potential of PbSO4/PbO2.

ig. 9. Photographs of cross-section of Pb alloy cast sheet after the potential
tep corrosion test; anodic potential 2.30 V, cathodic potential 1.90 V.

s
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e

F
s

) 2.02, (b) 2.12, (c) 2.22, and (d) 2.32 V vs. Pb/PbSO4 (5.26 M H2SO4 aq).

.3.2. Potential step corrosion test results

Fig. 9 shows the cross-section of the Pb alloy sheet and corro-

ion layer after the potential step test of anodic potential 2.30 V
nd cathodic potential 1.90 V. The electrode corroded in lay-
rs. Fig. 10 shows the mass loss of test electrode during step

ig. 10. Relationships between mass loss of Pb alloy cast sheet after the potential
tep corrosion test and cathodic potential during the cycles.
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ests at various anodic and cathodic potential. Corrosion rate is
igher when the anodic potential becomes more positive, and
t becomes the maximums at 1.90–1.95 V cathodic potential. It
s found out that corrosion can be suppressed with less positive
nodic potential and preventing cathodic potential from 1.90 to
.95 V during cycles.

.3.3. Discussion
Grain boundary corrosion of positive grid can be sup-

ressed under PSoC conditions of batteries, because the positive
rid potential tend to be under the equilibrium potential of
bSO4/PbO2. The positive grid corrodes in layers, so the service

ifetime of grid will become longer for the same corrosion rate.
It was effective to suppress the positive grid corrosion by

ontrolling the anodic and cathodic potential during the PSoC
ycles. Therefore, it may be also effective for batteries in idling-
top vehicles to be charged at lower voltage or to be designed
ith larger size.

. Conclusion

This paper has described an example of lead-acid battery
erformance in an idling-stop application. The improved VRLA
attery, enhanced through use in a 42 V mild hybrid vehicle,

erforms excellently in idling-stop applications.

The results suggest that the following kind of the lead-
cid batteries and their management in idling-stop vehicles will
mprove battery endurance further.

[

Sources 174 (2007) 54–60

1) Large size batteries.
2) Using PSoC conditions with lower charging voltage.
3) Periodical equalizing charge.

The success of idling-stop systems depends greatly on a
ombination of battery management and the improved VRLA
attery.

eferences

[1] http://www.eccj.or.jp/idstop/eng/031110note.pdf.
[2] T. Ohmae, T. Hayashi, N. Inoue, J. Power Sources 116 (2003)

105.
[3] G.J. May, D. Calasanzio, R. Aliberti, J. Power Sources 144 (2005)

411.
[4] K. Yamanaka, et al., GS News Tech. Rep. 60 (2) (2001) 8.
[5] T. Koike, T. Hayashi, N. Higa, K. Nishida, M. Tsubota, GS News Tech.

Rep. 54 (1995) 6.
[6] K. Nakamura, M. Shiomi, K. Takahashi, M. Tsubota, J. Power Sources 59

(1996) 153.
[7] M. Shiomi, T. Funato, K. Nakamura, K. Takahashi, M. Tsubota, J. Power

Sources 59 (1997) 147.
[8] D. Berndt, Maintenance-Free Batteries, Lead-Acid, Nickel/Cadmium,

Nickel/Metal Hydride. Handbook of Battery Technology, second ed.,
Research Studies Press Ltd., Taunton, Somerset, England, 1997,
(Eds.), Valve-Regulated Lead-Acid Batteries, Elsevier B.V., Amsterdam,
2004, pp. 15–35.

10] E.M.L. Valeriote, J. Electrochem. Soc. 128 (1981) 1423.


	Idling-stop vehicle road tests of advanced valve-regulated lead-acid (VRLA) battery
	Introduction
	Lead-acid batteries for idling-stop applications
	Improved VRLA battery
	Experimental
	Relationship between alternator voltage and battery SoC
	SoC after 2 months driving
	Battery life test

	Results and discussion
	Driving pattern example
	Relationship between alternator voltage and SoC (after 1 week of driving)
	Road test results (after 2 months of driving)
	Road test results (after 3 years of driving)
	Discussion


	Corrosion characteristics of Pb alloy under idling-stop operation
	Positive grid corrosion
	Experimental
	Constant potential corrosion test
	Potential step corrosion test

	Results and discussion
	Constant potential corrosion test results
	Potential step corrosion test results
	Discussion


	Conclusion
	References


