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bstract

With commercialization of the VRLA battery design the H2SO4 concentration of the electrolyte filled in the battery has increased to over
.30 g cm−3. On the other hand, it has been established that the electrochemical activity of PbO2 depends on the concentration of H2SO4, the
ighest activity being achieved in solutions with concentrations from 1.10 to 1.28 s.g. H2SO4. At CH2SO4 > 1.29 g cm−3, the PbO2/PbSO4 electrode
ets partially passivated. The present investigation determines the initial capacity performance and the changes in battery capacity on cycling of
2 V/32 A h batteries with six different electrolyte concentrations between 1.15 and 1.33 s.g. H2SO4. The batteries are cycled with two discharge
urrents, 3.2 and 8 A. The utilization of PAM is 50% against 37% NAM utilization. The utilization of H2SO4 (ηH2SO4 ) varies between 38 and 88%,
epending on the concentration of H2SO4 in the electrolyte (CH2SO4 ). At CH2SO4 = 1.24 g cm−3, ηH2SO4 ≈ ηPAM. At CH2SO4 < 1.24 s.g., the H2SO4

oncentration limits the capacity of the battery (H-region of H2SO4 concentrations), whereas at CH2SO4 > 1.24 s.g., the capacity of the battery is
imited by PAM (P-region). It has been established that in the P-region of H2SO4 concentrations, the initial capacity of the battery is higher than
he rated value (C0), but the life of the battery is short (maximum 100 cycles). In the H-region of H2SO4 concentrations, the initial capacity is
ower than C0, but the cycle life is considerably longer than 100 cycles and depends on the discharge current and the H2SO4 concentration. The
oltage of charged cells on open circuit declines with decrease in H2SO4 concentration, which allows charging of batteries at lower voltages, as
s the case with IT batteries, and reversible sulfation of the plates is avoided as well. The obtained results of the present investigation suggest that

ead-acid batteries can be divided in two types depending on the concentration of H2SO4 in them: H-type batteries with CH2SO4 < 1.24 s.g., and
-type batteries with CH2SO4 > 1.24 s.g. Currently, VRLA batteries of the P-type are commercially produced. H-type batteries have lower initial
apacity than the rated value, but long cycle life and allow to be charged at lower voltages (e.g. 2.27 V per cell). P-type batteries have initial capacity
igher than or equal to the rated value, but short cycle life and require high charge voltages.
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. Introduction

The lead dioxide active mass in the lead-acid battery is built
f particles and agglomerates interconnected in aggregates and
keleton [1,2]. The PbO2 particles and agglomerates, in turn,
onsist of crystal and hydrated (gel) zones [3]. Hydrated zones
xchange ions with the H2SO4 solution and are in equilibrium
ith the crystal zones [4]. It is in the hydrated zones that the
lectrochemical reaction of PbO2 reduction proceeds during bat-
ery discharge [5] and oxygen is evolved as a result of water
ecomposition during overcharge [6]. Gel zones interact with
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he H2SO4 solution and the latter influences the electrochemi-
al activity of PAM. It has been established that lead dioxide is
lectrochemically active in the concentration range from 1.10 to
.28 s.g. H2SO4 [7,8]. Within this concentration range, H2SO4
issociates to HSO4

− and H+ ions and �-PbO2 is predominantly
ormed in PAM.

The aim of the present work is to investigate the correlation
etween the above influence of H2SO4 concentration on the
lectrochemical activity of the PbO2 active mass and the capacity
nd cycle life performance of the lead-acid battery.

Hampson et al. [9] have established that the anodic current

owing through the PAM during oxidation of PbSO4 can be
etermined by the following equation:

= nFSk
(
Cx

Pb2+ + C
y

H+
)

(1)
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here S is the reaction surface of PbO2, k is the rate constant,
is the number of electrons involved in the electrochemical

eaction. CPb2+ and CH+ are the concentrations of Pb2+ and H+

ons that take part in the anodic reaction, x and y are the reactions
rders.

It is evident from Eq. (1) that the rate of PbSO4 oxidation
o PbO2 will depend on the pH of the solution (i.e. on H2SO4
oncentration). On the other hand, the concentration of Pb2+ ions
ill be determined by the solubility of PbSO4, and the PbSO4

olubility, in its turn, depends on the concentration of the H2SO4
olution [10,11]. Thus, the H2SO4 concentration influences the
harge processes in the lead-acid battery.

Takehara and Kanamura have investigated the influence
f H2SO4 concentration on the processes of PbSO4 oxida-
ion to PbO2 [12,13]. They have established that the high-
st rate of PbSO4 oxidation is in 0.5 M H2SO4 solutions
1.048 s.g.). Hattori et al. [14], Mathews et al. [15], Tsub-
ta and co-workers [16] and Eckdunge and Simonsson [17]
ave found that the concentration of H2SO4 affects not only
he kinetics of the electrochemical reactions in PAM, but
lso the utilization of the active materials in the lead-acid
attery.

With the introduction of VRLA batteries, the volume of elec-
rolyte in the lead-acid battery was reduced. To compensate for
he reduced amount of H2SO4 in the cells, its concentration was
ncreased from 1.28 to 1.31–1.34 s.g. H2SO4. This technologi-
al change was made ignoring the effect of H2SO4 concentration
n the electrochemical activity of PAM, which might have been
he reason for the dramatic decrease in VRLAB cycle life.
he above unfavourable situation in the development of the
attery industry necessitates ever more in-depth investigations
nto the influence of H2SO4 concentration on the performance
f lead-acid batteries. That is, indeed, the aim of the present
aper.

. Experimental set-up

.1. Battery manufacture

Standard non-formed 3BS SLI positive and negative plates
rom the current production line of the START battery plant in
he town of Dobrich were used. Both positive and negative plates
ere produced with PbCaSnAl grids. The weight of the positive

ctive mass per plate was 95 g and of the negative active mass
as 83 g plate−1.
The plates were formed in H2SO4 solution with a density

f 1.06 g cm−3 employing a formation algorithm developed
n our laboratory with initial step-wise increase of the cur-
ent followed by gradual decrease during the second stage of
ormation. The formation time was 18 h and the quantity of
lectricity flowing during the formation process was twice the
heoretical capacity of the plates. After formation, the plates
ere washed and dried at 60 ◦C for the positive plates and at

40 ◦C in nitrogen atmosphere for the negative plates, respec-
ively.

The thus produced dry-charged plates were assembled into 12
atteries (12 V/32 A h) comprising three positive and four nega-

c
[
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r
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ive plates per cell. The positive plates were enveloped in AGM
eparator (H&V, USA) with a thickness of 3 mm (425 g m−2).
he compression applied to the active block (comprising posi-

ive, negative plates and separators) reduced the seprator thick-
ess by 25%. We chose to use AGM separators despite the
ooded battery design so as to avoid expansion of PAM and
AM, which would impair the performance of the batteries.
he basic aim of our investigation was to determine the infuence
f H2SO4 concentration on the electrochemical activity of the
ositive plates.

The cells were flooded with 530 ml of electrolyte per cell so
hat a “mirror” was formed over the plates but no free electrolyte
olume remained above the active block. Thus, a maximum
lectrolyte volume was involved in the charge and discharge
rocesses. This electrolyte level was maintained throughout
he cycling test. The frequency of water additions is indicated
n the respective cycling curves. Six different H2SO4 solu-
ions were used with the following concentrations: 1.15, 1.18,
.21, 1.24, 1.27 and 1.33 g cm−3. Two batteries were filled
ith each of the above solutions. The above technology of
attery manufacture ensured identical initial structure of the
ositive and negative active masses. During battery cycling,
he structure and properties of the active masses would change
epending on the H2SO4 concentration and the latter would
lso determine the capacity and cycle life performance of the
atteries.

.2. Battery cycling tests

First, all batteries were subjected to initial cycling at 10 h rate
f discharge for 10 cycles to adjust the PAM and NAM struc-
ures to the respective H2SO4 concentration. The charge was
onducted with I = 12.5 A up to 15 V and then further charge
ontinued at U = 15 V to 110% overcharge. After the charge
nd discharge cycles, the batteries were left on open circuit for
0 min.

After the above initial cycles, during which the capacity was
easured, the batteries were set to cycle life tests employing

wo different schedules: C10, 10 h discharge rate (Idisch = 3.2 A)
nd C4, 4 h discharge rate (Idisch = 8 A). Discharge was con-
ucted down to 1.70 V per cell (at C10) and 1.40 V per cell
at C4). Charging was performed according to the above-
escribed program used for the initial capacity tests. The battery
ycling test was conducted at 25 ◦C and the end-of-life crite-
ion was when the battery failed to deliver 70% of its rated
apacity.

.3. Electrochemical equivalent for H2SO4 solutions with
egard to concentration

Fig. 1 presents the correlation between the electrochemical
oncentration in g cm−3. The data are taken from Bode’s book
18]. The data from this figure will be used for calculating the
pecific capacity of H2SO4 as an active material involved in the
eactions that proceed at both types of electrodes.
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ig. 1. Electrochemical equivalents for H2SO4 depending on its concentration
n the lead-acid battery [18, p. 43].

. Results and discussion

.1. Correlations between utilization of the active materials
PAM, NAM and H2SO4) and H2SO4 concentration in the
attery

Fig. 2 presents the utilization of the active materials (ηPAM,
NAM and ηH2SO4 ) as a function of H2SO4 concentration. The
alculated utilization coefficient of PAM during discharge is
0% against 37% calculated for NAM. Based on the PAM
tilization coefficient, the rated capacity of the batteries was
alculated to be 32 A h.

The investigated H2SO4 concentration range can be divided
n two regions with regard to the utilization of H2SO4:

a) CH2SO4 < 1.24 g cm−3. In this concentration region the uti-
lization coefficient of H2SO4 is the highest (from 52 to 87%).
Hence, H2SO4 limits the capacity of the cells and thus the
cycle life of the batteries. We will call this concentration

region H-region and the batteries with the above concentra-
tion of H2SO4 as H-type batteries.

b) CH2SO4 > 1.24 g cm−3. In this concentration region the uti-
lization of PAM is the highest. It is PAM structure and phase

ig. 2. Utilization of H2SO4 as a function of its concentration in the lead-acid
attery. The specified utilization of PAM is 50% and the NAM utilization is
7%.
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ig. 3. Initial capacities (on cycling at 10 h discharge rate) for the six types of
atteries with different H2SO4 concentrations.

composition that limit the capacity and cycle life of the
batteries. We will call this concentration region P-region
and the batteries with the above H2SO4 concentration as P-
type batteries. Currently, VRLA batteries of the P-type are
commercially available. It has been established that the pro-
portion between gel and crystal zones in the PbO2 particles
and agglomerates changes depending on the H2SO4 con-
centration [8]. At CH2SO4 > 1.30 g cm−3, the share of gel
zones decreases considerably, which results in a substantial
decrease in capacity of the PbO2/PbSO4 electrode. So the
original reason for the decline in electrode capacity is actu-
ally the H2SO4 concentration, which is responsible for the
changed proportion between the gel and crystal zones in the
particles.

c) CH2SO4 around 1.24 g cm−3. At this H2SO4 concentration,
the utilization coefficients of both PAM and H2SO4 are
almost equal (ηPAM = 50%, ηH2SO4 = 52%).

The present investigation aims to establish the influence of
he above two H2SO4 concentration regions on the performance
f lead-acid batteries.

.2. Initial capacity of the batteries cycled at 10 h
ischarge rate

The measured initial capacities versus the number of cycles
re presented in Fig. 3. The initial capacity values until the
0th cycle are average values from the tests of the two batter-
es (later cycled at 10 and 4 h rate of discharge). After the 10th
ycle, the results are only for the battery set to 10 h discharge
ycling.

During the first cycles, certain changes occur in the struc-
ures of PAM and NAM. The active mass structure obtained after
he formation process (at CH2SO4 = 1.06 g cm−3) is transformed
nto the structure corresponding to the respective H2SO4 concen-
ration. Hence, the C10/cycle number curves feature a minimum
ollowed by gradual increase up to a maximum that corresponds
o the new active mass structure formed at the respective H2SO4

oncentration.

P-type batteries exhibit a capacity higher than the rated value
f 32 A h during the first cycles, after which their capacity
eclines. H-type batteries have a capacity lower than the rated
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ig. 4. Maximum initial capacity (on 10 h discharge cycling) for the six types
f batteries with different H2SO4 concentrations.

alue (C0). The battery with CH2SO4 = 1.21 g cm−3 has capac-
ty performance closest to C0. Its maximum initial capacity is

max = 30.9 A h, which is by 3.4% lower than the rated value.

.3. Determination of the H2SO4 concentration yielding
aximum initial capacity equal to the rated value

Fig. 4 presents the measured maximum initial capacity val-
es Cmax as a function of H2SO4 concentration. It can be
een from the data in the figure that Cmax = C0 at CH2SO4 =
.22 and 1.33 g cm−3.

Fig. 5 gives the Cmax values as a function of H2SO4 utiliza-
ion. The data in the figure indicate that the battery meets the
equirement to reach maximum initial capacity within the first
0 cycles when the utilization of H2SO4 is ηH2SO4 ≤ 57%. This
orresponds to CH2SO4 = 1.22 g cm−3.

.4. Charge and discharge U/t curves for the batteries with
ifferent electrolyte concentrations

The electromotive force (E) for the lead-acid cell depends on

he concentration of H2SO4 according to the equation:

= E0 +
(

RT

F

)
ln

(
aH2SO4

aH2O

)
(2)

ig. 5. Maximum initial capacity (on 10 h discharge cycling) as a function of

2SO4 utilization.
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Fig. 6. Changes in battery voltage on discharge with a current of 3.2 A.

At 25 ◦C, E0 = 2.040 V. As the H2SO4 concentration is high,
H2O is not constant and cannot be included in E0. The cell volt-
ge depends on the concentration of H2SO4 and this dependence
hould be taken into account during battery charge.

Batteries with different electrolyte concentrations were set to
ycling at two discharge currents corresponding to 10 and 4 h

ate of discharge. The discharge curves, obtained during the first
alf of battery life, for batteries with four H2SO4 concentrations
re presented in Fig. 6. The first value (at t = 0) gives the battery
oltage on open circuit 30 min after charge. For comparison,
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ig. 7. Battery voltage (measured after 30 min open circuit stay following
harge) (�); after discharge (�); 5 min after the beginning of discharge (�)
s a function of H2SO4 concentration.

he figure gives also the charge voltage (13.62 V per battery
r 2.27 V per cell) and the end-of-discharge voltage (10.05 V)
equired for batteries for IT systems. We have not used this
harge voltage in our experiments.

The data in Fig. 6 evidence that with increase of the H2SO4
oncentration, the battery voltage on open circuit increases, too.
t constant charge voltage (e.g. 13.62 V), the batteries with
H2SO4 = 1.27 g cm−3 will charge slowly, whereas those with
H2SO4 = 1.33 g cm−3 will be charged only partially. That is
hy it is very important that the electrolyte concentration in the

ead-acid battery is selected accounting for the voltage capabili-
ies of the charging device. When the supplied charging voltage
s low (13.6–13.8 V), the battery should be of the H-type, i.e.

2SO4 concentration in the electrolyte below 1.24 g cm−3.
Fig. 7 shows the measured voltages for batteries with different

2SO4 concentrations after discharge (after 30 min stay on open
ircuit) (�), 5 min after the beginning of discharge (�), and after
harge (after 30 min stay on open circuit) (�). The charge voltage
13.62 V) and the end-of-discharge voltage (10.05 V) are also
iven in the figure.

The data in Fig. 7 evidence that at H2SO4 concentrations
igher than 1.30 g cm−3, the battery does not charge fully at

3.62 V. Hence, if the above charge voltage is used, the batteries
hould be of the H-type to avoid reversible sulfation.

Fig. 8 presents the charge curves (for 150 min) of batteries
ith different H2SO4 concentrations after 10 h discharge, and
ig. 8. Battery voltage vs. time of charge with 12.5 A up to 15 V. The preceding
ischarge was conducted with 3.2 A.

ig. 9 shows similar curves for batteries cycled at 4 h discharge
ate.

It is well known that the charge process of both PAM and
AM proceeds in two stages: during the first stage PbSO4 is oxi-
ized to PbO2 in PAM and it is reduced to Pb in NAM. When the
attery reaches about 70% state of charge, the electrochemical
eaction of charge at the positive plates is no more able to main-
ain the current constant and the potential of the positive plates
egins to increase tending to involve another electrochemical
eaction in the current consumption process. Such an electro-
hemical reaction is the decomposition of water (second stage of
harge). The later the latter process starts, the higher the charge
cceptance of the battery and thus the better the efficiency of the
harge process.

The data in Figs. 8 and 9 give grounds for the following
onclusions:

(a) The profile of the charge curves depends on the current and
capacity of the preceding discharge.

b) The charge curves, and especially the efficiency of the
charge process, depend on the concentration of H2SO4. The
value of 15 V is achieved the fastest, i.e. the charge process

is least efficient, at H2SO4 concentration of 1.33 g cm−3.
Charging of batteries is most efficient, irrespective of the
discharge rate, when the concentration of H2SO4 in the elec-
trolyte is lower than 1.24 g cm−3. On C4 discharge (Fig. 9)
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ig. 9. Battery voltage vs. time of charge with 12.5 A up to 15 V. The preceding
ischarge was conducted with 8 A.

and CH2SO4 = 1.15 g cm−3, the battery reaches 72% state
of charge (SOC) for 1 h and after 90 min its SOC is 88%.

It follows from all above said that H-type lead-acid batter-
es are more readily charged than P-type batteries. A possible
xplanation of this finding could be looked for in the correlation

etween PbSO4 solubility and H2SO4 concentration, which is
resented in Fig. 10 [10,11]. The solubility of PbSO4 is much
igher in the H-region of H2SO4 concentrations than in the
-region. Hence, the PbSO4 crystals will maintain higher con-

ig. 10. Dependence of the solubility of PbSO4 crystals on H2SO4 concentra-
ion, as determined by Vinal and Craig [10], and Danel and Plichon [11].
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ig. 11. Dependence of the specific electroconductivity of H2SO4 solution as a
unction of H2SO4 density [18, p. 75].

entration of Pb2+ ions in the solution when the concentration
s within the H-region, which will facilitate the charge process
see Eq. (1)). During battery discharge, the H2SO4 concentration
ecreases. If the H2SO4 concentration in the batteries decreases
o 1.10–1.11 g cm−3 at the end of discharge, this corresponds to
he region of maximum solubility of PbSO4 (see Fig. 10). Hence,
hese batteries exhibit the highest charge efficiency. Such batter-
es can be H-type batteries with electrolyte concentrations 1.21
nd 1.24 g cm−3.

The power output of lead-acid batteries depends strongly on
he conductivity of H2SO4. Fig. 11 presents the specific electro-
onductivity of H2SO4 solution as a function of its density [18,
. 75]. It can be seen from the figure that within the concentra-
ion range from 1.16 to 1.29 s.g. the conductivity is the highest
χ > 0.765 × 10−2 �−1 m−1). An interesting finding is that the
aximum electrical conductivity is measured for H2SO4 solu-

ion with a density of 1.22 g cm−3, i.e. within the H-region. It
an be expected then that the electrolyte in H-type batteries will
ave sufficiently high electrical conductivity to maintain high
ower output.

.5. Cycle life of P- and H-type batteries as a function of
2SO4 concentration

Fig. 12 presents the relationship between battery capacity and
ycle number for batteries with different H2SO4 concentrations
ycled with discharge current of 3.2 A (10 h discharge rate) and
A (4 h discharge rate) down to end-of-discharge voltage of
.70 V per cell (C10) and 1.4 V per cell (C4), respectively. The
ischarge was conducted down to 100% DOD. The end-of-life
riterion was accepted to be when the battery capacity fell down
o 22 A h, irrespective of the H2SO4 concentration. The cycles
uring which water was added to the batteries (15–20 ml H2O
er cell) are marked in Fig. 12.

The data in Fig. 12 evidence that the capacity of P-type batter-
es on cycling declines down to a certain value and is arrested at

hat level for a certain number of cycles after which the capacity
ecreases until battery end of life. The H-type batteries exhibit
n initial capacity decline, passing through a minimum, followed
y gradual increase in capacity, which then passes through a flat
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aximum (on cycling with C4 A). The duration of this maxi-
um depends on the concentration of H2SO4 in the battery. The
ore diluted the H2SO4 solution (H-type), the longer the cycle

ife of the battery.
Fig. 13 shows the cycle life of the batteries under test versus

2SO4 concentration.
A comparison between the data in Figs. 12 and 13 suggests

he following conclusions:

a) The number of cycles versus CH2SO4 curves for batteries
with 1.24 g cm−3 H2SO4 concentration pass through a min-

imum for both discharge cycling modes, i.e. these batteries
have the shortest cycle life (Fig. 13).

b) The cycle life of P-type batteries is short (less than 100
cycles, Fig. 13), but their capacity is high, above the rated

Fig. 13. Cycle life of the batteries under test as a function of H2SO4 concentra-
tion on cycling with discharge currents, 8 and 3.2 A.

ig. 12. Capacity vs. number of cycles dependences for batteries with different H2SO4 concentrations on cycling with different discharge currents: 3.2 A to 1.70 V,
nd 8 A to 1.40 V.
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value (Figs. 3–5). Obviously, within this H2SO4 concentra-
tion region the positive plates undergo fast passivation [8]
and lose their electrochemical activity, thus reaching early
end of life. If the batteries are re-activated, they can endure
some more cycles.

c) Batteries with H2SO4 concentrations within the H-region
have long cycle life, which increases with decrease in H2SO4
concentration (Fig. 13). However, the capacity of these bat-
teries is lower than the rated value and it declines with
decrease in CH2SO4 . Moreover, the higher the discharge rate
on cycling, the longer the cycle life of these batteries. Thus,
on C4 discharge the battery endures 550 cycles against 200
cycles at C10 discharge rate. If we compare these data with
the 100 cycles achieved by P-type batteries, we can conclude
that the processes that take place in H-type batteries differ
essentially from those in P-type batteries. That is the reason
for the more than twice longer cycle life of H-type batteries
as compared to their P-type counterparts.

The observed differences in behaviour of P- and H-type bat-
eries on cycling indicate that there is a difference between the
rocesses that occur in the two H2SO4 concentration regions.
hese experimental findings give us grounds to distinguish two

ypes of lead-acid batteries with regard to the H2SO4 concen-
ration of the electrolyte they are filled with, namely P-type and
-type lead-acid batteries.

. Conclusions

The performance of 12 V/32 A h batteries with different
2SO4 concentrations (between 1.15 and 1.33 g cm−3) has
een investigated at 50% PAM utilization and 37% NAM uti-
ization. Two H2SO4 concentration regions have been distin-
uished: CH2SO4 < 1.24 g cm−3 (H-region) in which H2SO4
imits the capacity of the battery (H-type batteries), and

H2SO4 > 1.24 g cm−3 (P-region) in which the lead dioxide
lates limit the capacity of the battery (P-type batteries). Batter-
es with H2SO4 concentration above 1.22 g cm−3 have a capac-
ty higher than or equal to the rated value during the first 10
ycles. This latter concentration corresponds to 57% utilization
f H2SO4. Below this concentration, the battery cannot reach its
ated capacity within the first 10 cycles.

The concentration of H2SO4 should be chosen taking into
ccount the standard charge voltage employed by the battery
ser. When the specified charge voltage is lower than 14 V, the
atteries should be filled with electrolyte with H2SO4 concen-
ration within the H-region so as to allow complete charge of
he batteries and to avoid reversible sulfation. H-type batter-
es (CH2SO4 < 1.24 g cm−3) operate within the concentration

egion of enhanced solubility of PbSO4 and hence improved
harge efficiency. On cycling at 4 and 10 h discharge rate (100%
OD), P-type batteries have shorter cycle life (max. 100 cycles),
hereas H-type batteries have long cycle life (200–250 cycles),
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epending on CH2SO4 and on the discharge current. These exper-
mental results give us grounds to divide lead-acid batteries in
wo types:

P-type batteries, ηPAM = 50%, ηH2SO4 < 57%,

ηNAM ≤ 40%

H-type batteries, ηPAM = 50%, ηH2SO4 > 57%,

ηNAM ≤ 40%

P-type batteries are currently produced as commercial
RLABs and have higher initial capacity, but shorter cycle life.
he experimental data reported in this paper evidence that H-

ype batteries have a bit lower initial capacity, but considerably
onger cycle life than their P-type counterparts.

The boundary ηH2SO4 value between the two types of batteries
epends on battery design and grid alloy used. Sb and PbSb
lloys have been found to increase the share of hydrated (gel)
ones in the PbO2 particles and agglomerates [19]. This will
nfluence the ion exchange between the solution and the hydrated
bO2 zones, which, in turn, affects the activity of the PbO2 plate
nd hence the boundary ηH2SO4 value between the two types of
atteries.

The observed influence of H2SO4 concentration on the
ehaviour of lead-acid batteries and the clear distinction between
he two types of LAB imply that, most probably, it is the high

2SO4 concentration in VRLAB that limits the cycle life per-
ormance of these batteries. Maybe, the performance of VRLAB
ould be improved substantially if H2SO4 solutions with con-
entrations within the H-region are employed, moreover that, as
rule, these batteries are charged with lower voltages.
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