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Abstract

Valve-regulated lead-acid (VRLA) batteries that have aged on a float charge at constant voltage occasionally suffer
from thermal runaway. Operating conditions for a VRLA battery have been simulated by changing the electrolyte
saturation level in the separator and the ambient temperature. The charge current, battery temperature and cell
overpressure were measured during current-limited constant-voltage charging. The experiments show that applied
voltage, saturation level and ambient temperature are significant variables in the oxygen cycle. However, the
saturation level of the electrolyte in the separator pore volume is critical. When it is lower than 80%, thermal
runaway occurs readily. Significant corrosion of the positive grid and poor conductivity between the grid and the
active mass (AM) is also found in aged VRLA batteries, and many inactive PbSO4 crystals appear on the negative
plates. As a result, both positive and negative plates have a very high resistance, which can accelerate thermal
runaway.

1. Introduction

The VRLA battery is designed to operate on the concept
of the ‘‘internal oxygen cycle’’, or ‘‘oxygen recombina-
tion’’ [1–10]. The electrolyte, which is starved, is
immobilized by adding a gelling agent or using an
absorptive glass mat (AGM) separator. At the end of
charge or during overcharge, the oxygen evolving from
the positive plate transfers through the gas space and/or
the pores of AGM or through cracks of the gelled
electrolyte to the surface of the negative plate, where it is
reduced to water. The oxygen cycle causes the potential
of the negative electrodes to shift in the positive
direction and thereby reduces the rate of hydrogen
evolution to a much lower level. Accordingly, the
battery needs no maintenance [11–13]. However, a small
amount of hydrogen evolution is still unavoidable,
which leads to some water loss. Dry-out of electrolyte
accelerates oxygen transport. Reduction of oxygen on
the negative plate generates a great deal of heat.
Thermal runaway may occur near the end of the battery
life [14–16].
Thermal runaway is considered one of the most

serious failure modes, although its incidence is small
[17–18]. It depends on the difference between the rates of
heat generation and its dissipation. During charging, the
electrical energy introduced to cell is converted into
chemical energy. Lead sulphate is converted into lead
dioxide on the positive and lead on the negative plates.
Subsequently the chemical energy is changed into heat

energy through oxygen recombination on the negative
plates. Heat effects derive from two sources. One is from
the reversible heat effect of the cell reactions. The other
is from Joule heating caused by the current [1, 11]. The
internal oxygen cycle represents a special form of Joule
heating. A temperature difference is created between the
battery and the surrounding medium. Consequently,
some of the heat dissipates into the surroundings.
Berndt [19] suggested that heat generation has an
exponential relationship with temperature, but heat
dissipation has a linear relationship. When heat
exchange is ineffective, the current and temperature of
the battery rise quickly, resulting in thermal runaway.
Thermal runaway is usually considered to be the

result of positive feedback of current and temperature
when a battery is in float charge at constant voltage.
There have been many published studies discussing this
issue from different perspectives [20–22]. However, the
mechanism and associated parameters of the processes
resulting in thermal runaway are still controversial
issues. The aim of this work is to probe the mechanism
and influential factors of the thermal runaway processes
in AGM VRLA batteries and to reduce its incidence.

2. Experimental

The battery tested was a commercial 12 V, 12 Ah VRLA
electric bicycle battery with 7 positive and 8 negative
plates. Its C2 capacity was 10 Ah. A current-limited
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constant voltage (CCCV) charge algorithm was applied.
The charging current was 4 A until the battery reached
15.6 V (2.6 V per cell). The total charging time was about
14 h. A constant voltage of 2.6 V/cell, higher than the
typical 2.4–2.5 V/cell, was used to accelerate thermal
runaway.
To observe the effect of temperature on thermal

runaway, charge–discharge cycles of the battery were
conducted at different ambient temperatures. A temper-
ature sensor was attached to the outside of the container
to measure the battery temperature. At the same time, a
pressure sensor (MP � 100D) was used to measure the
overpressure inside one of the cells. The initial separator
saturation was 100%. When the battery was over-
charged the evolved gas was vented from cells. The
resulting degree of saturation was a function of the
amount of water loss and the initial electrolyte amount.
In order to accelerate thermal runaway we obtained
different saturations by overcharging at a constant
current of 1.5 A. An Arbin Instruments BT2000 device
carried out the charging–discharging of the batteries. All
the data were recorded by a HP 34970A Data Acqui-
sition/Switch Unit connected to a PC.

3. Results and discussion

In practical applications not all floated cells suffer from
thermal runaway, except under extreme conditions.
Experiments have shown that applied voltage is the
main factor responsible for thermal runaway [21].
However, there are also other parameters which cause
thermal runaway.

3.1. Effects of separator saturation

Figure 1 shows the evolution of the charge current
during IU charging at different saturations. The exper-
iments were carried out at a 25 �C ambient temperature.
The battery was charged at a constant current (CC) for
3 h, followed by a constant voltage (CV) charge. It was
obvious that the total charge current accepted by the

battery went into charge, oxygen evolution and grid
corrosion. Just after the transition from CC to CV
charging, the charge current dropped quickly, and then
maintained a low value at high saturations. With the
decrease in saturation, great changes took place in the
tail current. In the major course of CV, the lower the
saturation, the higher was the sustained charge current.
Even at 80% saturation, the charge current became
increasingly high and ascended to 3.3 A at the end of
charging. It was clear that after CC charging the CV
charging regime caused the falling current. To compen-
sate for the limited charge voltage, the current had to
decrease and then be kept at a low value. At different
saturations, the higher finishing charge current at lower
saturation was caused by oxygen cycling. When satura-
tion was low, there was more gas space in the AGM
separator for the oxygen generated from the positive
plates to transport to the negative ones, where the
oxygen recombination occurred. Oxygen reduction
shifted the potential of the negative electrode to a less
negative value. Since the applied voltage was un-
changed, the potential of the positive electrode shifted
more positively, which in turn led to the generation of
more oxygen on the positive plates. So the charge
current became increasingly high. In fact, the increased
current at CV was mainly used for oxygen evolution on
the positive plates and for the reduction of PbSO4

produced in the oxidation of Pb by oxygen on the
negative plates. Because the charge efficiency never
reached 100% during overcharging, the higher the
overcharge current, the more PbSO4 accumulated on
the negative plate. Therefore, the potential shift of the
positive and negative plates resulted in discharge of the
negative plates. In this case the negative plate could not
reach a full state-of-charge. When the battery was often
undercharged the negative plates would suffer from
serious irreversible sulphation, which led to PCL-3
failure [23].
Figure 2 shows the evolution of the battery temper-

ature at different saturations. The different starting
temperatures were due to different rest times after
discharging. This indicates that the battery temperature
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was closely associated with the saturation level. In the
CC stage, the battery temperature remained almost
unchanged within about 2 h and then rose rapidly. At
the beginning of CC charge the lead sulphate was
transformed into PbO2 in the positive and Pb in the
negative plates. Not much heat was generated with these
reactions, so the battery temperature did not change
much. With charging, the polarization of the positive
plates increased. Then more oxygen was generated at the
positive plate and oxygen recombination occurred,
producing a large amount of heat that caused the
battery temperature to rise rapidly. In this process Joule
heating was neglected because the internal resistance of
battery was very small (see Table 1, discussed in Section
3.4). A peak appeared about 15 min after CV, not just at
the transition from CC to CV. This was because the
temperature change lagged behind the falling current. In
the following CV stage the charge current dropped
continually and the recombination rate became slow,
resulting in only a small amount of heat generation.
Consequently, the battery temperature decreased grad-
ually. However, at 80% saturation, the battery temper-
ature rose to about 73 �C in the later charging. This
temperature increase could lead to thermal runaway
(discussed in Section 3.3). It can also be seen from
Figure 2 that the lower the saturation, the higher was
the battery temperature and the faster was the rate of
oxygen recombination.
The evolution of overpressure in the cell at different

saturations during IU charging is shown in Figure 3. At
the beginning of the CC charging the overpressure
decreased rapidly and the falling range was larger at
lower saturation. On the one hand the chemical reac-
tions on both the positive and negative plates made the
stress on the structure of plates relax [24], causing an
increase in cell space. On the other hand the lead
reduced on the negative plates reacted with the oxygen
in the gas space. These two factors resulted in a rapid
fall in the overpressure in this period. At a lower
saturation more gas space provided the channels for
oxygen transport, which accelerated oxygen recombina-
tion on the negative plates. So the lower the saturation,
the smaller the overpressure in the cell became. After
charging for about 1 h the overpressure reached a
minimum and then rose rapidly. At this time, since the
potential of the positive plate increased continually, the
rate of oxygen evolution was much faster than that of
oxygen recombination. Once the gas pressure exceeded
the limited value, the valve would open and gas would
escape. So the subsequent pressure remained almost
constant.

3.2. Effects of ambient temperature

Figure 4 shows the evolution of the overpressure in the
cell during IU charging at different ambient tempera-
tures at 85% saturation. The overpressure falling range
at 35 �C is larger than that at 25 �C. They are 55 and
29 kPa, respectively. This is because the elevated tem-
perature accelerated oxygen transport and its recombi-
nation on the negative plates. So more oxygen in the gas
space was consumed. However with increase in polar-
ization during charging, more oxygen evolved at higher
temperature, which led to a rapid rise in the overpres-
sure.
The battery temperature evolution at different ambient

temperatures is shown in Figure 5. The starting temper-
ature is higher than the surrounding temperature, as
explained in Section 3.1 (see Figure 2). In the course of
CC charging the battery temperature difference between
25 and 35 �C ambient temperatures was about 10 �C.
Higher ambient temperature made the battery tempera-
ture rise correspondingly. Experiments in [20] showed
that an increase of 10 �C brought about a four-fold
increase in the rate of oxygen evolution. But Figure 5
shows that the heat generation and its dissipation almost

Table 1. The resistance of cell and plates

Cell Resistance/mOhm

Cell Positive plate Negative plate

Before thermal runaway 3.18 1.10 2.20

After thermal runaway 67.74 26.74 41.17
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reached equilibrium and the battery temperature differ-
ence between 25 and 35 �C ambient temperatures was
less than 10 �C during CV charging. This is because more
oxygen escapes from the valve at higher ambient tem-
perature. This means that the oxygen recombination was
not accelerated at 85% saturation because part of the
oxygen escaped and the heat emanated from the battery.

3.3. The process of thermal runaway

Figure 6 shows the evolution of the battery temperature
and the charge current during IU charging at 80%
saturation. At 25 �C ambient temperature the charge
current dropped and then rose slowly during CV
charging. Since the saturation was relatively low, the
lowest charge current was still higher than 2.1 A and at
the end of charging, it was nearly six times the current at
90% saturation (see Figure 1). In the latter stages of CC
charging the battery temperature rose rapidly and a
peak (61 �C) appeared after several minutes of CV
charging. With decrease in charge current, the battery

temperature descended a little, and then rose again. At
the end of CV charging the battery temperature reached
75 �C. It is obvious that both temperature and charge
current are closely related to each other. Under these
conditions thermal runaway could occur at any mo-
ment.
Figure 6B shows that the battery temperature rose

with the increase in ambient temperature from 25 to
30 �C. When it reached 77 �C, the charge current went
up exponentially over about 7 h. When the battery was
charged for 7.6 h, the battery temperature reached
86 �C and the charge current was 16.5 A. At that time,
thermal runaway occurred. A lot of oxygen escaped
from the battery, which led to a sharp fall in the oxygen
cycle current. Since the change in temperature lagged
behind the heat generation or dissipation, the battery
temperature rose continually and then dropped rapidly.
Figure 7 shows the change in cell overpressure during
IU charging at different ambient temperatures and 80%
saturation. In about 3 h, the cell vent was opened and
the overpressure remained almost constant at 25 �C
ambient temperature. After 6 h of charging, the over-
pressure was falling due to the larger vent port that
opened because of the high float current at 30 �C
ambient temperature. At 7.6 h, the overpressure ex-
ceeded 100 kPa, which was a limiting value of the
pressure sensor. At such a high temperature the battery
container was distorted and thermal runaway occurred.
It is noted that the battery was out of control and

appeared abnormal at 80% saturation. When the
battery was severely starved there was a great deal of
gas space. This promoted oxygen transport to the
negative electrodes again, where the oxygen was recom-
bined, accompanied by a large amount of heat. Since the
rate of heat dissipation in the battery was slow, the
battery temperature increased, thus increasing the
charge current. The rate of oxygen evolution and the
grid corrosion thus also increased. With the elevated
ambient temperature the heat exchange between the
battery and the surrounding medium became slow, and
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the internal oxygen cycle reactions entered into self-
accelerating processes, causing the battery temperature
and the charge current to increase more and more.
Serious sulphation occurred on the negative plates and
more electrolyte was lost [25]. After nearly 7.6 h the rate
of gas evolution exceeded that of both oxygen recom-
bination and gas release. Thermal runaway occurred. It
could be expected that at lower saturation and higher
ambient temperature the battery would suffer serious
consequences.

3.4. Effects of thermal runaway on active mass (AM)
structure

As mentioned in Section 3.1, the constant voltage and
oxygen recombination during charging made the posi-
tive electrode potential shift positively. When thermal
runaway occurred the very high temperature and violent
oxygen evolution accelerated the corrosion of the
positive grid, as confirmed by the scanning electron
micrograph (SEM) shown in Figure 8. The corrosion
layer was about 100 lm thick and the contact between
grid and AM was obviously poor. This also increased
the resistance of the positive plates and then the
temperature of the battery.
Figure 9 shows the SEM of positive and negative

active mass (PAM and NAM) of the normal plates and
after thermal runaway. The NAM of the normal plate in
Figure 9A1 has a dendritic structure. It can be seen from
Figure 9A2 that the NAM after thermal runaway has
lost its dendritic lead structure and is composed of sand-
like, poorly crystallized PbSO4 particles. In Figure 9B1,
the PAM has a coralloid structure and the connection
among the particles is good. For the positive plate after
thermal runaway the contact between the PAM particles
is very poor and many big PbSO4 crystals remain in
Figure 9B2 even though the battery temperature has
risen to a very high value and the charge current has
exceeded 15 A. Apparently the violent oxygen evolution
caused many PbSO4 crystals to lose conductivity so that
they became inactive.

To further confirm the results we measured the cell
resistance by applying a 5 A current pulse for 1 ms to
the cell and measured the response of the potentials of
the positive and negative plates using a reference
electrode. The resistances of the positive and negative
plates including separator were thus determined and the
values are shown in Table 1. Clearly the measurement
includes all polarization resistance except the concen-
tration difference. The resistance of both positive and
negative plates has increased about 20 times. Evidently,
the large number of inactive PbSO4 crystals caused
higher plates resistance.
Figure 10 shows the XRD patterns of the PAM and

NAM after thermal runaway. Many PbSO4 crystals
remained on the positive and negative plates. While a-
PbO2 was hardly observed the b-PbO2 was dominant
along with PbSO4. The violent gassing had caused
loosening of the AM structure and formation of much
inactive PbSO4. On the negative plate the rate of oxygen
recombination was so high that more PbSO4 crystals
were produced. Therefore, as the saturation decreased
and the ambient temperature increased the oxygen cycle
was accelerated and the resistance on the separator and
the positive and negative plates became increasingly
higher. These factors further accelerated the oxygen
cycle and elevated the battery temperature. Finally
thermal runaway occurred.

4. Conclusions

In AGM–VRLA batteries there are many parameters
that affect thermal runaway, such as the applied
voltage, saturation, ambient temperature and charge
current. Most of them are important to oxygen
recombination at the negative plates. The higher charge
voltage increases the polarization of the positive plates,
causing oxygen evolution to increase exponentially.
The lower saturation levels provide more channels in
the AGM separator for oxygen to transport from the
positive plates to the negative plates, where oxygen is
reduced. This leads to a potential shift of the negative
plate in the positive direction, which makes the
potential of the positive plates increase again. There-
fore, the rate of oxygen recombination becomes
increasingly high. As the ambient temperature is
elevated, the battery temperature also rises. Then, the
battery voltage on open circuit drops and polarization
increases at the given charge voltage, resulting in
violent oxygen evolution. Higher temperatures also
accelerate oxygen transport and its recombination on
the negative plates. In the extreme case, the battery
temperature can exceed 80 �C. When the charge
voltage, saturation and temperature reach their critical
values, thermal runway occurs. Even if it does not
occur, the higher temperature and oxygen cycle current
at low saturation can lead to serious corrosion of the
positive grid and poor conductivity between the grid
and the AM. At the same time depolarization by a

Fig. 8. Scanning electron micrograph of the cross section of the

positive grid after thermal runaway.
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large amount oxygen reduction causes many inactive
PbSO4 crystals to form on the negative plates. Thus the
resistance on both the positive and negative plates
increases greatly, which also accelerates thermal run-
away of VRLA batteries.
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Fig. 9. Scanning electron micrographs of the active mass of (A) negative and (B) positive plates. Subscript 1 and 2 denote AM of the normal

plate and after thermal runaway, respectively.
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