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bstract

Future vehicle applications require the development of reliable and long life batteries operating under high-rate partial-state-of-charge (HRPSoC)
orking conditions. Work presented in this paper deals with the study of different design parameters, manufacturing process and charging conditions
f spiral wound valve-regulated lead-acid (VRLA) batteries, in order to improve their reliability and cycle life for hybrid vehicle applications.

Test results show that both electrolyte saturation and charge conditions have a strong effect on cycle life at HRPSoC performance, presumably
ecause water loss finally accelerates battery failure, which is linked to irreversible sulphation in the upper part of the negative electrodes. By adding
xpanded graphite to the negative active mass formulation, increasing the electrolyte saturation degree (>95%) and controlling overcharge during
egenerative braking periods (voltage limitation and occasional boosting) it is possible to achieve up to 220,000 cycles at 2.5% DOD, equivalent

o 5500 capacity throughput.

These results could make lead acid batteries a strong competitor for HEV applications versus other advanced systems such as Ni–MH or Li-ion
atteries.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Environmental concerns and already established terms to
educe vehicle emissions support the development of mild
ybrid vehicles in Europe, with functions such as stop-start,
oosting and regenerative braking. Efficient energy manage-
ent in vehicles with such functions demands the development

f batteries with improved charge acceptance as well as longer
ife under high-rate partial-state-of-charge (HRPSoC) working
onditions [1].

Previous work on the development of spiral wound valve-
egulated lead-acid (VRLA) batteries for future automotive

pplications was focused on active material formulations to
mprove cycle life under high rate partial state of charge working
onditions, and demonstrated the high power capability of this
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attery design as well as the life increase achieved by means of
he addition of expanded graphite to the negative active material
ormulation [2,3].

Within the ALABC ISOLAB project [4], different battery
esign and process parameters have been studied, in order to
mprove the reliability and cycle life of spiral wound VRLA
atteries for HEV applications. Although irreversible sulphation
f the upper part of the negative electrodes has been previously
onsidered as the main battery failure mode under HRPSoC con-
itions [5], water loss and local heating could also promote and
ccelerate such ageing mechanisms and therefore, valve opening
ressure, initial electrolyte saturation degree as well as charg-
ng conditions along the life test have been considered as key
arameters to improve cycle life of VRLA batteries.

A higher valve opening pressure may allow the development
f higher internal pressure inside the battery and thus a higher
as accumulation reducing the water loss in the cells.
Although for deep cycling applications a lower saturation
egree favours complete and consistent IUi charging and, thus,
alances the charge completion of positive and negative plates,
oating and shallow cycle applications may respond to different
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orking conditions. In mild hybrid partial state of charge oper-
tion, battery complete recharging is infrequent. Provided that
erformance is not reduced by electrolyte saturation, a higher
aturation degree may suppress any occasional negative active
aterial oxidation and the increased electrolyte reserve may

e beneficial for applications at higher temperatures and with
ifficult charge control.

Finally, the use of different charging conditions, with occa-
ional boosting phases, would allow to establish the best
ompromise between recuperation of braking energy (favoured
y higher charging voltages) and life limitation due to battery
vercharge or undercharge.

. Experimental

.1. Battery assembly

The 6 V/24 Ah spiral wound module prototypes, sized
75 mm × 65 mm × 190 mm, were assembled with coils pre-
ared winding positive and negative plates and absorptive glass
at (AGM) separator materials. They presented several design

mprovements, compared to previous modules [2], that ensured
solation of individual cells as well as a larger acid reservoir to
mprove the battery filling and formation processes. Positive and
egative electrodes were prepared pasting lead-tin alloy concast
rids with specific active material formulations adapted to high
ower and partial state-of-charge battery working conditions,
nd described previously [3].

To establish the influence on battery life of the design and
rocess parameters considered in this study, different batches of
odules have been assembled, according to the characteristics
entioned in Table 1. It shows the experimental matrix with the

ange of values of the controlled variables in each batch.
To study the effect of the valve opening pressure, prototypes

ere assembled using valves manufactured with different rub-
er materials. Bunsen valves prepared with rubber materials with
0◦, 60◦ and 70◦ Shore A nominal hardness, led to opening pres-
ure values of 20, 45 and 100 kPa, respectively, on preliminary

alibration measurements.

The effect of the electrolyte saturation degree was studied
ontrolling the filling acid quantities so that, after battery for-
ation, the saturation degree was estimated as 90, 95 and 100%.

c
o
5
S

able 1
xperimental matrix with design and process conditions

eference Valve opening
pressure (kPa)

Electrolyte
saturation (%

0 kPa 20 97
5 kPa 45 97
00 kPa 100 97
0% 20 90
5% 20 95
00% 20 100
.66 V cell−1 20 97
.5 V cell−1 20 97
.5 V cell−1 + boost 20 97
.4 V cell−1 + boost 20 97
r Sources 168 (2007) 12–21 13

Results from the valve opening pressure and saturation degree
tudies were used to select the characteristics of the proto-
ypes for the charging conditions study, which included charging
oltages of 2.4, 2.5 and 2.66 V cell−1 and occasional boosting
eriods every 500 cycles of 2 h at 2.5 V cell−1.

.2. Electrical testing

Electrical testing of the batteries was carried out with com-
uter controlled cycling equipment: Bitrode LCN-7-100-12 for
nitial characterisation and cycle life tests of 6 V modules,
igatron UBT BTS-500 mod. HEW 2000-6BTS in high rate
ischarges and Digatron HEW 2000/12-700/36 BTS-600 for
haracterisation and cycling of a 36 V battery.

Preliminary characterisation of the modules included C20
apacity (1.2 A, 25 ◦C) and cold cranking at 400 A and −18 ◦C.
ycle life test was carried out according to EUCAR power assist
rofile, at 60% SOC, 2.5% DOD and 5 C discharge rate [6],
hich simulates vehicle boost during acceleration and recov-

ry of braking energy. During the test, the modules were air
raught cooled by means of fans located under the modules.
very 10,000 cycles the C2 capacity (10.0 A, 25 ◦C), AC inter-
al resistance (measured with a Milliohmeter Hewlett Packard
od. 4338-B at 1 kHz and 25 ◦C) and weight loss of the modules
ere checked.
When the modules reached the failure criterion (V < 1.5 V

ell−1), they were recharged and torn down to determine the
ailure mode. Chemical analyses of the active material samples
ere carried out using internal volumetric (PbO2) and gravimet-

ic (PbSO4) procedures. Active material porosity was measured
ith a mercury intrusion porosimeter Micromeritics Autopore
405 and specific surface (BET) with a Micromeritics FlowSorb
I 2300. Finally, the morphological studies have been carried out
ith the Scanning Electron Microscope Hitachi S-3000N, model

NCAx-sight.
To check the reliability and durability of the different valve

aterials (with opening pressures of 20, 45 and 100 kPa), three
odules of each type were connected in series and tested at
onstant voltage overcharge conditions, at a floating voltage
f 20.4 V, equivalent to 2.27 V cell−1, in a heated chamber at
5 ◦C to accelerate ageing processes, as described in the British
tandard BS 6290 (Part 4). These conditions can also simulate

)
Charge voltage
maximum (V cell−1)

Boost (every 500
cycles)

2.66 No
2.66 No
2.66 No
2.66 No
2.66 No
2.66 No
2.66 No
2.5 No
2.5 2 h at 2.5 V cell−1

2.4 2 h at 2.5 V cell−1
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Fig. 1. Six volt module, 36 V battery and location of thermocouples for the
thermal study.

Table 2
Testing conditions of the thermal study

Test conditions Air cooling rate
(l min−1)

Discharge 60% SOC 10 A, 48 min 2667
700 PA cyclesa Charge 43.2 V
700 PA cyclesa Charge 45 V
700 PA cyclesa Charge 48 V
700 PA cyclesa Charge 43.2 V 1333
700 PA cyclesa Charge 45 V
700 PA cyclesa Charge 48 V
5800 PA cyclesa Charge 45 V
Charge 43.2 V/6 A/6 h + 0.6 A/4 h
Rest 2 h
2 h capacity check 10 A
C
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attery use during vehicle operation (1000 h, or rather 42 days,
se per year, at the temperature of the engine compartment).
fter each 42 day life unit, the batteries were discharged at

oom temperature to check the available capacity at the 2 h rate
10.0 A until 1.75 V cell−1), AC internal resistance and weight
oss, and then placed again in the heated chamber at the floating
oltage.

.3. Thermal study of a 36 V system

The thermal study of a 36 V battery has been carried out
o determine the influence of air draught cooling and charging
oltage on the temperature at different module positions in a
6 V system for hybrid electric vehicle applications, as well as
he ageing effects of working temperature on the modules. The
attery was assembled with six modules similar to those used
or the charge conditions study, which were connected in series.

The 36 V system was submitted to a partial-state-of-charge
ycling test (Power Assist Cycle Life Test according EUCAR
rocedure) at 2.5% DOD and 60% SOC. The temperature evo-
ution is very important in this HRPSoC cycling test because
he selective accumulation of lead sulphate in negative plates of
piral configuration depends on it. The aim of this test was to
heck the effect of different air draught cooling rates and con-
tant charge voltages on the temperature evolution in different
ocations of the battery. To refrigerate the 36 V system, three
ans (ebm W2G115-AD19-02, 48 V DC, 4.6 W) were located in
he bottom of the 36 V battery.

For the temperature recording, thermocouples were fixed to
ix different positions of the battery, as shown in Fig. 1: on
ne external side of module 6, on module 2 between modules
and 3 and on module 3 between modules 3 and 4. Data were

ecorded automatically with a data logger connected to a portable
omputer. Finally, Table 2 shows the detailed test profile with
ower assist cycling at three different charging voltage condi-
ions (43.2, 45.0 and 48.0 V) and two cooling rates (high level of
667 l min−1 and low level of 1333 l min−1, with external volt-
ge inputs of 40.0 and 20.0 V, respectively). A sequence of 700

icrocycles was carried out at each charging voltage and cool-

ng rate and rest periods of 90 min were programmed between
he 700 cycle sequences, to let the battery cool down. After the
ix sets of 700 cycles, 5800 power assist cycles were carried out

3

o

able 3
nitial electrical test results of 6 V modules with different design and process parame

eference Weight (kg) Resistance (m�)

0 kPa 4.72 2.36
5 kPa 4.71 2.37
00 kPa 4.71 2.34
0% 4.67 2.28
5% 4.71 2.24
00% 4.74 2.21
.66 V cell−1 4.72 2.36
.5 V cell−1 4.81 2.38
.5 V cell−1 + boost 4.74 2.44
.4 V cell−1 + boost 4.80 2.38
harge 43.2 V/6 A/20 h + 0.6 A/4 h

a PA: power assist cycle; 90 min rest after each 700 PA sequence.

o complete the 10,000 microcycle life unit, charging at 45.0 V
nd at the lower cooling rate (1333 l min−1). A capacity check
nd a full charge were performed before starting a new life unit.

. Results and discussion
.1. Initial characterisation of 6 V modules

Table 3 shows the results of the preliminary characterisation
f the modules. In the initial tests, no significant differences,

ters

C20 capacity (Ah) Cold cranking (400 A)

Voltage (10 s) (V) Time (3.6 V) (s)

24.1 3.87 27
24.1 3.82 26
24.0 3.84 25
24.2 3.90 23
24.3 4.00 27
24.3 4.03 26
24.1 3.87 27
24.7 3.88 29
24.5 3.78 25
24.7 3.78 24
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charge at an average of 20 ◦C and this result corresponds to about
8 years of floating life at 20 ◦C, a very good durability result for
high rate VRLA batteries with thin plate design.
ig. 2. Capacity evolution of modules with different valve opening pressures
long the power assist cycle life test.

hat could be related to the design changes, have been observed
mong the different groups.

.2. Life tests of modules with different valve opening
ressure

Fig. 2 shows the capacity evolution during the power assist
ife test of the modules having different valve opening pressures.
he capacity difference observed along the life test between the
odules with 20 and 45 kPa valve opening pressures is not con-

idered significant for the application. However modules with
igh pressure valves (100 kPa) showed a higher capacity decay,
nd the reason for that behaviour was determined in the tear
own at the end of life test, as it was confirmed that high work-
ng pressure stressing of the lid/container welding had resulted
n some small leakages, thus accelerating water loss.

In order to estimate the power capability evolution of the
odules along cycle life test, the impedance at 1 kHz (AC resis-

ance) has been also determined after the capacity control every
0,000 cycles. The behaviour is quite similar for the three types
f modules and relatively independent of the valve opening pres-
ure. However, data indicate that in the modules with the highest
alve pressure (100 kPa) the internal resistance increases at a
aster rate than in the other groups. As shown in Fig. 3, the low-
st internal resistance values along life correspond to modules
ith 45 kPa valve opening pressure.
Weight loss has also been measured during the life test and

gures obtained at battery failure represent around 5 wt.% of
he initial electrolyte weight for modules with valve opening
ressure of 20 and 45 kPa. As shown in Fig. 4, the lowest accu-
ulated weight loss values correspond to modules with 45 kPa

s valve opening pressure, which may better retain the gases
nder high rate PSOC conditions. In the modules with the high-
st opening pressure (100 kPa), after 40,000 cycles, the weight
oss increased at a faster rate. The reason for this behaviour is
he development of small leakages in the lid/container thermo-

elding that could not withstand such high internal pressure.
he increased weight loss is probably the main reason for the
ore pronounced capacity decay after 40,000 cycles shown in
ig. 2.

F
s

ig. 3. Internal resistance of modules with different valve opening pressures
long the power assist cycle life test.

Weight loss has been mainly ascribed in all the tests per-
ormed to gas evolution and water vapour loss, promoted by
igh temperature battery operation. Ohmae et al. have recently
eported on the relationship between temperature and water con-
umption in VRLA batteries for advanced vehicle applications,
ue to increased gas evolution on overcharge and water loss from
vaporation at battery temperatures over 60 ◦C [7].

Fig. 5 shows the capacity evolution of the modules having dif-
erent valve opening pressures (20, 45 and 100 kPa) measured
fter each 42 days life unit of the overcharge test at 2.27 V cell−1

nd 55 ◦C. There are no clear differences in available capacity
mong the three types, that was practically constant until the
ixth unit, and then it dropped dramatically. The modules com-
leted the six units with capacity values similar or higher than
he initial 2-h rated capacity (20 Ah). According to Arrhenius
aw, every 10 ◦C temperature increase, ageing phenomena rates
re doubled, and thus, performing the tests at 55 ◦C accelerates
he processes 11.3 times, with respect to 20 ◦C. That means that
very 42-days life unit corresponds to 1.3 years floating over-
ig. 4. Accumulated weight loss of modules with different valve opening pres-
ures along the power assist cycle life test.
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ig. 5. Capacity evolution of modules with different valve opening pressures
long floating test at 2.27 V cell−1 and 55 ◦C.

The significant capacity loss observed after the 6th life unit
as been ascribed to the increase of internal resistance. Fig. 6
hows the impedance values of the modules at 1 kHz measured
fter each life unit was completed. The values obtained with the
hree valve types are very similar and relatively independent of
he valve opening pressure and reveal that, after the fifth life unit,
he internal resistance increased exponentially, reaching values
p to 35–45 mOhm (15–20 times the initial values) at battery
ailure.

Battery weight was also checked after each overcharge life
nit to establish if there was any relationship with the valve
pening pressure. Fig. 7 shows the accumulated weight loss
long the overcharge test and no significant differences between
rototypes can be appreciated. The average weight loss is about
0 g per life unit and represents at the end of life 10 wt.% of
he initial electrolyte weight. It was expected that modules with
igher vent opening pressure (100 kPa) should last longer than
he others, however, they showed in fact similar behaviour to
odules with lower opening pressures. This experimental fact
ould only be explained if water loss is not the main failure
ode under floating conditions, as already shown by the weight

ig. 6. Internal resistance of modules with different valve opening pressures
long the floating test at 2.27 V cell−1 and 55 ◦C.
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ig. 7. Accumulated weight loss of modules with different valve opening pres-
ures along the floating test at 2.27 V cell−1 and 55 ◦C.

oss measurements, with no significant differences among the
ifferent valve opening pressures.

Finally, tear-down analysis of the batteries after failure
howed strong corrosion of positive grids, as expected due to
he ageing conditions, that provoked a significant conductivity
oss in the plates and the subsequent exponential internal resis-
ance increase. Corrosion of positive grids has been reported
s major failure mode in batteries subjected to extensive over-
harge conditions [8], and water loss in VRLA batteries, up to
critical value often quoted as 10 wt.% of the initially available
lectrolyte, may also contribute to electrical resistance increase
9], as it would indicate a too low separator saturation level (esti-
ated as 80–85% in our study). However, in this case, corrosion

f positive grids is considered the major cause for the exponential
lectrical resistance increase, because in a parallel test reported
elow, modules subjected to power assist cycle life test with
vercharge conditions showed at battery failure similar weight
oss (11%) and a much lower internal resistance (5.7 mOhm, just
.6 times the initial values).

.3. Life test of modules with different saturation degrees

In this study, although the three groups had similar initial per-
ormance, cycle life behaviour led to different results: as shown
n Fig. 8 the modules with 100% saturation degree completed
70,000 cycles, whereas the non-saturated modules completed
30,000 cycles.

Along the whole life test, batteries with the highest satura-
ion degree (100%) led to higher capacity values. Moreover,
nfluence of any electrolyte stratification on performance, at
igher saturation, was not significant. This is probably due to
he high charging voltage (2.66 V cell−1) and relatively high
nternal temperature developed inside the cells during the test
around 40 ◦C). This result indicates that the best battery design
or hybrid vehicle applications is quite different from that used
n deep discharge applications, probably because water loss is

trongly related to the failure mode of VRLA batteries working
nder HRPSoC conditions.

The evolution of the internal resistance, shown in Fig. 9, can
e used as an indirect measure of the power capability. Here, the
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for VRLA batteries. High capacity values along the test were
ig. 8. Capacity evolution of modules with different saturation degrees along
he power assist cycle life test.

nitial amount of electrolyte has a significant influence on the
nternal resistance evolution. With low initial saturation degree
90%), the internal resistance is doubled after 130,000 cycles
nd therefore the instantaneous power would be reduced by half.

similar internal resistance increase was observed in saturated
ells (100%) after 170,000 cycles, and this result represents over
250 capacity turnovers.

Fig. 10 shows the accumulated weight loss along the test,
hich is equivalent to around 5 wt.% of the initial electrolyte
eight for partially saturated modules and 8 wt.% for the 100%

aturated cells, and thus directly related to the recombination
ate in every case. Highly saturated cells (100%) could not effec-
ively recombine the oxygen evolved during overcharge and thus
eight loss slope is higher until cycle 60,000 when, in conse-
uence of declining saturation, oxygen cycle rate increased and
hus, weight loss slope afterwards is similar to that obtained for
he modules with lower saturation degrees. However, very small
ifferences have been observed between the partially saturated
ells (90 and 95%), probably because recombination was almost

qually effective in both cases and the differences in capacity and
nternal resistance evolution were due to the actual electrolyte
emaining in the cells.

ig. 9. Internal resistance of modules with different saturation degrees along
he power assist cycle life test.

m
(
p

F
t

ig. 10. Accumulated weight loss of modules with different saturation degrees
long the power assist cycle life test.

.4. Life test of modules with different charging profiles

In order to avoid water losses due to battery overcharge, dif-
erent charge strategies have been tested, with voltage limited at
.4, 2.5 and 2.66 V cell−1 and including a boost charge (2 h at
.5 V cell−1) every 500 cycles to maintain an appropriate state
f charge during mild hybrid HRPSoC cycling.

As shown in Fig. 11, low charge voltage limits (V = 2.4–
.5 V cell−1) facilitate longer life durations (up to 220,000
ycles charging at 2.5 V cell−1 and 200,000 charging at
.4 V cell−1 + boost), when compared to the higher charge volt-
ge (2.66 V cell−1) used in former tests. Available capacity along
he power assist life test decays steadily for each level of charge
oltage limit. Particularly interesting are the stable capacity
alues obtained at constant voltage of 2.5 V cell−1 charging
onditions. Although an initial capacity drop was observed,
robably due to partial undercharging, finally 220,000 cycles
ere completed. This result is close to 5500 capacity turnovers

s total energy throughput. It is an impressive data never reported
aintained with a lower voltage (2.4 V cell−1) and boost period
2 h at 2.5 V cell−1 every 500 cycles), and the modules com-
leted 200,000 cycles till they reached the failure criterion.

ig. 11. Capacity evolution of modules with different charging profiles along
he power assist cycle life test.
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ig. 12. Internal resistance of modules with different charging profiles along
he power assist cycle life test.

These results demonstrate the need to control regenerative
raking charging voltage and, moreover, that occasional boost
harging could be avoided by consistent control of battery state
f charge.

As shown in Fig. 12, the internal resistance evolution during
he life test reflects also the benefits of controlling the overcharge
y reducing the charge voltage (both at 2.4 V cell−1 + boost
nd constant voltage at 2.5 V cell−1), whereas even the ‘small’
vercharge produced by higher voltage of 2.66 V cell−1 and at
.5 V cell−1 with unnecessary boost tends to increase the internal
esistance and reduce the available power. Results of the cycle
ife test indicate that boost seems to be unnecessary because
nternal resistance tends to increase, and capacity along life of

odules charged at 2.5 V cell−1 is similar both with and without
oost up to cycle 120,000.

Finally, Fig. 13 shows that weight loss is directly related to
he overcharge developed by each charge strategy. Particularly,
ower weight losses, of around 5 wt.% of the initial electrolyte

−1
eight, have been observed at 2.5 V cell constant voltage,
hereas due to the small overcharge generated by the boosting
rocess, the cells maintain higher capacity during early cycles,
ut at the expense of a water loss increase, quantified as 11 wt.%

ig. 13. Accumulated weight loss of modules with different charging profiles
long the power assist cycle life test.
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t failure after 160,000 cycles. Comparing the weight loss evo-
ution of the different groups, constant voltage at 2.5 V cell−1

eems to be the best charge strategy among those tested, both
rom the practical point of view (boost would be very unreliable
n the vehicles) and to extend life by reducing overcharging and
he associated water loss and internal resistance increase due to
orrosion phenomena.

.5. Failure mode analysis

After reaching the failure criterion (V < 1.5 V cell−1) in the
ifferent life tests, the modules were torn down for visual inspec-
ion and physical and chemical analyses of active materials,
ecause PbO2 and PbSO4 contents and specific surface and
orosimetry can provide valuable information about the different
geing mechanisms during cycling. Visual inspection showed
ainly strong sulphation of the negative electrodes, specially in

heir upper part.
The analysis results of the different types of 6 V modules

ged according to the power assist life test, in comparison to
on-aged batteries, are shown in Table 4.

Samples of positive active material from aged batteries con-
ain very high levels of lead dioxide (>95%), and show certain
ncrease in the positive active material porosity, that indicates
nly moderate degradation, mostly in terms of specific surface
rea, that decreases with longer ageing periods. However, battery
ailure is clearly linked to irreversible sulphation of the negative
ctive material, and mainly in the upper part of the electrodes
35–57% PbSO4), as reported previously [5]. BET specific sur-
ace values are also lower in aged batteries and in the upper part
f the electrodes, and are linked to lead sulphate levels and the
umber of cycles completed till battery failure.

Higher lead sulphate contents correspond to batteries charged
t 2.66 V cell−1 and with lower saturation levels. Therefore, tem-
erature increase associated to higher recombination rates and
igher water loss seems to be a key factor on battery ageing and
ife duration.

.6. Thermal study of a 36 V system

Temperature outside the modules in the positions defined
reviously in Fig. 1 was recorded by means of 6 thermocou-
les located in the 36 V battery, at the three different charging
egimes and two cooling rates considered. Four thousand and
wo hundred cycles in total were recorded in each logging period,
00 for each charging and cooling conditions. Data showed
lear differences between temperatures recorded by thermo-
ouples B2 (lowest values, as it was located just over one of
he fans) and A1 and A2 located on one battery side, which
re clearly lower than those recorded by thermocouples B1, C2
nd C1, the latter always with the highest values. As expected,
he temperature difference was broader with the lower cooling
ate.
The temperature values recorded by the different thermocou-
les along the test for the different cooling and charging rates led
o conclude the following trends for the temperature evolution
long ageing and at the different battery positions:
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Table 4
Chemical composition, specific surface and porosity of negative and positive plates of 6 V VRLA batteries with different design and process conditions, aged
according to power assist life test

Module batch and ageing conditions Negative platesa Positive plates

PbSO4 (%) BET (m2 g−1) PbO2 (%) PbSO4 (%) Porosity (%) BET (m2 g−1)

Non-aged modules 4.7 0.72 79.4 6.0 43.1 5.1

20 kPa 54.3 (T) 0.64 (T) 96.5 <0.2 53.1 1.24
130,000 cycles 16.0 (B) 0.84 (B)

45 kPa 52.5 (T) 0.62 (T) 96.5 <0.2 53.0 1.03
130,000 cycles 39.3 (B) 0.72 (B)

100 kPa 47.8 (T) 0.74 (T) 96.4 <0.2 54.2 1.41
110,000 cycles 14.4 (B) 0.90 (B)

90% 34.7 (T) 0.50 (T) 96.4 <0.2 52.8 1.69
130,000 cycles 22.4 (B) 0.58 (B)

95% 57.1 (T) 0.40 (T) 96.4 <0.2 54.6 1.35
140,000 cycles 36.4 (B) 0.50 (B)

100% 35.9 (T) 0.51 (T) 96.3 <0.2 53.0 1.10
170,000 cycles 38.2 (B) 0.48 (B)

2.4 V cell−1 + boost 41.2 (T) 0.55 (T) 95.0 0.4 55.2 1.00
200,000 cycles 18.7 (B) 0.66 (B)

2.5 V cell−1 39.3 (T) 0.51 (T) 95.1 1.3 55.6 0.90
217,000 cycles 10.4 (B) 0.69 (B)

2.5 V cell−1 + boost 41.6 (T) 0.46 (T) 95.7 1.1 53.2 1.41
163,000 cycles 22.3 (B) 0.59 (B)
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.66 V cell−1 57.1 (T) 0.40 (T)
40,000 cycles 36.4 (B) 0.50 (B)

a T: top, upper part of the electrode; B: bottom, lower part of the electrode.

Around 5 ◦C difference is observed between the highest (C1)
and lowest (B2) temperatures recorded.
Under similar charging and cooling conditions, only a small
temperature increase is observed along life, just around 1 ◦C.
For the same charging regime, 4–5 ◦C difference has been
observed between high and low cooling rates.
With the high cooling rate, temperature increase is just 1–2 ◦C
when the charging voltage is increased, whereas for the low
cooling rate, temperature increase is higher: 2–3 ◦C.

A calculation of the net overcharge, which is directly related
o the charge acceptance, calculated for each 700 microcy-
le testing period, showed that charge acceptance is higher at
igher voltage and lower cooling rates (higher temperature),
s expected, and, for the different charging voltages, values at
5 V are more similar to 48 V than to those obtained at 43.2 V.

long ageing, a slight increase in net overcharge could also be

ppreciated.
In order to study the ageing degree in the different modules

ue to temperature gradients in the 36 V battery, the cycle life

a
t
m
r

able 5
haracterisation of modules before and after the thermal study

odules no. Weight loss (g) Ri increase (%, 25 ◦C) Capacity loss (

–6 24 17 31
–5 36 23 39
–4 26 17 34
96.4 <0.2 54.6 1.35

est was stopped after 64,200 cycles and then the modules were
ested individually and their electrical performance compared to
nitial values, as shown in Table 5, in terms of capacity, internal
esistance and weight loss for thermally equivalent modules 1–6,
–5 and 3–4. The final capacity values were established after a
harge/discharge/full charge conditioning cycle. Capacity and
nternal resistance values showed different ageing degrees for
he different positions in the battery (external or internal) and
he location of the fans under the modules. When compared with
esults of former tests, internal resistance and weight loss values
orrespond to an intermediate ageing degree.

After tear-down, the active materials from the modules ref-
renced 1, 4 and 5 were analysed and results are included in
able 6, whereas Fig. 14 shows the SEM micrographs of the
egative active material on the surface of the upper part of the
egative electrodes. Analytical figures and photographs show

n accumulation of lead sulphate mainly in the upper part of
he negative electrodes, and the sulphate content is higher in

odule no. 5, in which the highest temperature values were
ecorded. Besides the increase of lead sulphate in the upper part

%, first C2) Capacity loss (%, second C2) Ri increase (%, −18 ◦C)

23 45
25 56
27 47
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Table 6
Chemical composition, specific surface and porosity of negative and positive plates of modules aged in different positions of a 36 V battery (64,200 power assist
cycles)

Module no. Negative platesa Positive plates

PbSO4 (%) BET (m2 g−1) PbO2 (%) PbSO4 (%) Porosity (%) BET (m2 g−1)

Non-aged modules 4.7 0.72 79.4 6.0 43.1 5.1

1 15.5 (T) 0.75 (T) 95.8 <0.2 54.0 1.10
11.8 (B) 0.78 (B)

4 18.5 (T) 0.71 (T) 95.9 <0.2 51.7 0.91
8.2 (B) 0.73 (B)

5 36.6 (T) 0.70 (T) 96.0 <0.2 53.5 1.04
13.4 (B) 0.71 (B)

a T: Top, upper part of the electrode; B: Bottom, lower part of the electrode.
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ig. 14. SEM micrographs of negative active material from the surface of the u
he thermal study.

f the negative electrode in the order module no. 1 < module
o. 4 < module no. 5, the SEM micrographs of the surface of
he upper part of the negative electrodes show that the crystal
ize also increased in the same order: the size of polyhedral
ead sulphate crystals is 3–4 �m in module no. 1, 6–7 �m in

odule no. 4 and up to 10 �m in module no. 5. Photographs
how also globular lead particles, equivalent to those observed
n SEM micrographs of negative active material just after for-

ation [5], especially when lead sulphate contents are low (i.e.
odules nos. 1 and 4 in Fig. 14, or in the lower part of the

lectrodes).

. Conclusions

In order to optimise life performance of spiral wound VRLA
atteries under HRPSoC conditions, several design and process
arameters (valve opening pressure and electrolyte saturation
egree), as well as charging strategies, have been studied.

Valve opening pressure in operational range has a limited
nfluence on cycle life results, and the best results have been
btained at intermediate pressure values (20–45 kPa), whereas
much higher pressure (100 kPa) seems to be unreliable, due
o potential leakages in the polypropylene thermal welding
rea.

Excellent control of electrolyte saturation has been demon-
trated and the exploitation of this characteristic in modules with

(

p
a

part of negative electrodes of modules nos. 1, 4 and 5 of the 36 V battery after

igh electrolyte saturation has led to an improvement in high rate
artial state of charge cycle life of around 25% when comparing
odules with initial 100% saturation degree with batches with

0–95% saturation degree.
According to the cycle life results, maintenance of avail-

ble capacity appears to be improved with low constant voltage
harging procedures (2.4–2.5 V cell−1), whereas occasional
oosting could be avoided by a consistent control of the state of
harge of the modules. The cycle life results obtained (nearly
20,000 cycles at 2.5% DOD, and 60% SOC, that is equiva-
ent to 5500 capacity turnover), confirm that the VRLA battery
ould be competitive for the claimed 10,000 capacity turnover
f Ni–MH batteries.

A thermal study of a 36 V system, under a partial-state-
f-charge-cycling test for hybrid electric vehicle applications
as been carried out. Measurements of temperature in different
ocations of the battery when cycling the battery with different
harging voltages and cooling rates has shown that the highest
emperature difference between different locations in the battery
s 5 ◦C, and a similar value is observed when comparing temper-
tures with high and low cooling rates. Battery ageing degree
nd charging voltage increase have a lower effect on temperature

1–2 ◦C increase).

Individual testing of modules located in different battery
ositions showed higher performance loss (in terms of avail-
ble capacity and internal resistance increase) of modules with



Powe

h
t
t

A

B

R

[

[

[

[

[

[

[

M.L. Soria et al. / Journal of

igher working temperature along the test. Lead sulphate con-
ent in the upper part of the negative electrodes was higher in
hose modules, linked to larger lead sulphate crystals.

cknowledgement

This project has been funded by the Advanced Lead Acid
attery Consortium (ALABC ISOLAB project).

eferences
1] E. Karden, P. Shinn, P. Bostock, J. Cunningham, E. Schoultz, D. Kok, J.
Power Sources 144 (2005) 505–512.

2] F. Trinidad, C. Gimeno, J. Gutiérrez, R. Ruiz, J. Sáinz, J. Valenciano, J.
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