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Abstract

Several commercial-grade hybrid-VRLA and AGM-VRLA cells and batteries have been assembled and tested under varying
charge–discharge rates in a temperature range between 50 and−40◦C. Impedance studies on hybrid-VRLA and AGM-VRLA cells have
been conducted to reflect on their resistive and capacitive values. A linear relationship is found to exist between logarithmic state-of-charge
values and ohmic impedance of batteries. In general, hybrid-VRLA cells and batteries perform better than their AGM-VRLA counterpart. A
field-performance study conducted on AGM-VRLA and hybrid-VRLA batteries for solar-lighting application also suggests the latter to be
superior.
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. Introduction

The lead–acid battery is one of the most successful electro-
hemical systems ever developed, and no other battery is yet
ble to compete with the lead–acid batteries on cost grounds,
lbeit batteries based on other chemistries are rapidly catch-

ng up [1]. In the past, although lead–acid battery designs
ave been optimized in several different ways, there are still
ertain new challenges facing the lead–acid battery designers
s additional failure modes have become evident in various
se modes[2–5].

There are three types of lead–acid batteries in common
se: (a) batteries with flooded or excess electrolyte, (b) low-
aintenance lead–acid batteries with a large excess of elec-

rolyte, and (c) batteries with immobilized electrolyte and
pressure-sensitive valve usually referred to as absorptive

lass-microfibre (AGM) valve-regulated lead–acid (VRLA)
atteries.

The flooded electrolyte lead–acid battery requires check-
ng of specific gravity of the electrolyte, periodic addition of

water to maintain electrolyte above the plates, and rech
soon after the battery discharge to prevent hard sulfa
which affects the battery capacity. The emission of acid fu
causes corrosion of metallic parts in the vicinity of the bat
and the seepage of acid on the top cover of the battery
lead to a leakage current resulting in increased self-disc
and ground-shunt hazards. To overcome these prob
AGM-VRLA batteries based on oxygen-recombination
cle [6] have emerged. These batteries offer the freedo
battery placement, cyclability without the addition of wa
or checking the electrolyte specific gravity, increased sa
and superior performance in some instances[7].

Both flooded electrolyte[8–12]and AGM-VRLA[13–14]
batteries can suffer from acid stratification. But AGM-VR
batteries are especially susceptible to failures owing to
heat generated by oxygen recombination within the cel
well as due to cell-to-cell variations in electrolyte volum
[15–16]. Indeed, partial heating of AGM-VRLA batteri
could cause dry-out with grid corrosion and even lea
thermal runaway[17–19]. Consequently, mitigating tempe
ature variations in AGM-VRLA batteries are pivotal to th
∗ Corresponding author.
E-mail address:shukla@sscu.iisc.ernet.in (S.K. Martha).

commercial success. The dissipation of local heat within the
AGM-VRLA batteries can be achieved by adequately filling



the void volume in the battery with a thermally conducting
gel, such as a gel formed from colloidal silica and sulphuric
acid electrolyte. The AGM-VRLA and gelled electrolyte
VRLA batteries have been combined to form the hybrid-
VRLA battery version, which exhibits both the higher power
density of AGM design and the improved thermal properties
of the gel design[20–24].

Among various techniques employed for the character-
ization of VRLA batteries, impedance studies are known
to provide several important battery performance parame-
ters, such as ohmic resistance, charge-transfer resistance,
double-layer capacitance, etc.[25–31], which are seminal:
(a) to derive information on optimum utilization of the bat-
teries, (b) to identify battery failure mode, and (c) to deter-
mine the state-of-charge (SoC)1 of the batteries. In general,
an electrochemical cell comprises resistive, capacitive and
inductive components. The resistive component arises due to
current collectors, electrolyte, bulk of the electrode materials,
electron-transfer reactions at electrode/electrolyte interface,
etc. The capacitive component arises due to double-layer ca-
pacitance while inductive component arises mainly due to
porous nature of the electrodes. The total impedance of a cell
comprises resistive and reactive components for the individ-
ual electrode processes. The high-frequency intercept of the
semicircle provides the value of ohmic resistance (R�), while
the low-frequency intercept gives the value of charge-transfer
r
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Monobloc AGM-VRLA (12 V/40 Ah) batteries were assem-
bled by connecting six 2 V/40 Ah cells in series by group
burning.

Industrial-grade 2 V/200 Ah AGM-VRLA cells were also
assembled with four positive plates (each of 60 Ah) and
five negative plates (each of 50 Ah) stacked alternately,
which were wrapped with 2 mm AGM separator, and sub-
sequently, strapped with polythene bands prior to placing
them in a polypropylene container. The containers were
filled with required amount of 5 M aqueous sulphuric acid
and were kept for 2 h for electrolyte soaking. Both the
AGM-VRLA cells and batteries were made positive lim-
ited to facilitate oxygen recombination at the negative
plates.

2.2. Assembly of hybrid-VRLA cells/batteries

AGM-VRLA (2 V/40 Ah) cells were constructed as de-
scribed in section 2.1, subjected to formation, and subse-
quently, filled with the required amount of gelled electrolyte
obtained by ultrasonically mixing 5 M aqueous sulphuric acid
with 5.5 wt.% colloidal silica procured from Eka Chemicals,
Sweden. The hybrid-VRLA cells, thus assembled were kept
for about 24 h for the gel to form fully and settle. As the gel
stiffens, it shrinks and leads to formation of numerous micro-
fine cracks. Monobloc (12 V/40 Ah) hybrid-VRLA batteries
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As a part of our on-going research programme on VR

atteries[32–38], in this communication, we report the a
embly and performance characteristics of hybrid-VR
ells and batteries in conjunction with their impedance s
es. The study indicates that the discharge characterist
he hybrid-VRLA cells and batteries are superior to AG
RLA cells and batteries over the operational temperat
etween−40 and 50◦C, although their impedance values
early similar. In a field-performance study conducted on
GM-VRLA and hybrid-VRLA batteries for solar-lighting

he latter are found to be superior.

. Experimental

.1. Assembly of AGM-VRLA cells/batteries

AGM-VRLA (2 V/40 Ah) cells were assembled by stac
ng three positive plates each of 14 Ah and four nega
lates each of 12 Ah. Positive and negative plates in t
ells were separated by placing 2 mm AGM separator
ained from Nippon Sheet Glass Co., Japan. The plates
trapped with polythene bands and connected to their re
ive lugs. Prior to placing them in a polypropylene contai
he cells were filled with the required amount of 5 M aq
us sulphuric acid and kept for 2 h for electrolyte soak

1 State-of-charge of a battery is the ratio between the available capa
n instant to the total available capacity.
ere assembled by connecting six 2 V/40 Ah cells in se
y group burning. Hybrid-VRLA (2 V/200 Ah) cells we
lso assembled as described in section 2.1, and subseq

heir formation, were filled with the required amount of ge
lectrolyte. Both the cells and batteries were made po

imited.

.3. Formation and testing of cells/batteries

All the 2 V/40 Ah cells and 12 V/40 Ah batteries we
ormed over three cycles by charging them galvanos
ally at C/10 rate followed by their discharge at C/5
sing an automated Keithly 228A voltage/current sourc

erfaced to a data acquisition system. Cells (2 V/200
ere formed over three cycles by charging them galv
tatically at C/10 rate followed by their discharge at
ate using a voltage/current source. The cells/batteries
harged/discharged at varying rates at temperatures
ng between−40 and 50◦C in temperature-controlled cha
ers.

.4. Impedance studies on 2V/200Ah hybrid-VRLA an
GM-VRLA cells

Impedance measurements at various state-of-c
SoC) values of 2 V/200 Ah hybrid-VRLA and AGM-VRL
ells were carried out in the frequency range between 10
nd 5 mHz by employing an Autolab PGSTAT 30 ins
ent. The cells were discharged to various voltages an
oC values for were fixed by taking 1.75 V as SoC = 0.



impedance parameters of the cells were evaluated from the
experimental impedance spectrum employing an equivalent-
circuit non-linear least square (NLLS)-fitting procedure due
to Boukamp[39]. The NLLS-fit technique was employed
using an appropriate equivalent-circuit with the circuit de-
scription code (CDC): (RL) R (RQ) (RQ), whereR, L, and
Q stand for the circuit resistance, inductance and constant
phase element, respectively. The elements within paren-
theses represent their parallel combination, while the ele-
ments without parentheses represent a series combination.
The starting values were obtained from the Data Cruncher
sub-program prior to using the values in the NLLS-fit pro-
gram.

2.5. Self-discharge studies on 2V/40Ah hybrid-VRLA
cells

Hybrid-VRLA cells (2 V/40 Ah) were stored for 30–90
days at 25◦C, and their discharge capacity values were ob-
tained at C/5 rate using a Keithly 228A voltage/current source
interfaced to a data acquisition system.

2.6. Cycle-life studies on 2V/200Ah and 12V/40Ah
hybrid-VRLA cells/batteries

Cycle-life data on 2 V/200 Ah and 12 V/40 Ah hybrid-
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Fig. 1. Discharge capacity data for 2 V/40 Ah (a) hybrid-VRLA cells and
(b) AGM-VRLA cells obtained at C/5 rate at (i) 50◦C, (ii) 25◦C, and (iii)
−40◦C.

3. Results and discussion

Fig. 1a and b depict the comparison between discharge
characteristics at 5 h (C/5) rate for the 2 V/40 Ah hybrid-
VRLA and AGM-VRLA cells at 50, 25 and−40◦C, re-
spectively. From the data, it is evident that the discharge
capacity values for the hybrid-VRLA cells are higher than
AGM-VRLA cells at all temperatures. The discharge data for
12 V/40 Ah hybrid-VRLA and AGM-VRLA batteries at var-
ious discharge rates at 25◦C, and their capacity values as per-
cent of nominal capacity at C/5 rate are shown inFig. 2a and
b, respectively. We find that both the low-rate and high-rate
discharge characteristics of the hybrid-VRLA batteries are
superior to their AGM-VRLA counterpart. The data depict-
ing the effect of temperature on the discharge characteristics
of the 12 V/40 Ah hybrid-VRLA and AGM-VRLA batteries
at C/5 rate are shown inFig. 3a and b, respectively. Inter-
estingly, the discharge capacity data for the hybrid-VRLA
batteries exhibit improved performance in the entire tempera-
ture range between−40 and 50◦C in relation to AGM-VRLA
batteries.

Discharge curves with varying rates obtained at 25◦C as
percentage of the nominal capacity of the AGM-VRLA cells
at 5 h (C/5) discharge rate for the industrial-grade 2 V/250 Ah
hybrid-VRLA cells are shown inFig. 4a, with the correspond-
ing data for AGM-VRLA cells shown inFig. 4b. From the
d are
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r

RLA cells and batteries were obtained for about 200 cy
t 25◦C, using a Bitrode Model LCN cycle-life tester. F

his purpose, the cells and batteries were discharged
.75 V (SoC = 0) at 5 h (C/5) rate.

.7. Studies on solar-lighting application of 12V/40Ah
ybrid-VRLA and AGM-VRLA batteries

Both 12 V/40 Ah hybrid-VRLA and AGM-VRLA bat
eries were fitted separately to a street-lighting s
hotovoltaic panel, which had two sub-panels, each c
rising 36 silicon cells. The impedance of each s
anel was 2.35 Ohms withVmp (voltage at maximum
ower) = 17 V, Isc (short-circuit current) = 2.5 A, andPmax
maximum power) = 40± 10%. The energy in each of t
atteries was used separately to light an 11 W CF l
uring the night hours. The batteries were charged du

he day time with depth-of-discharge (DoD) varying
ween 25 and 30%. The percentage overcharge was

to 9% more than the previous discharge. The ba
es were installed in the first week of February 2004
ourly data during battery charging was collected u
uly 2004 using data loggers. Provision was also m
o collect battery temperature (both ambient and cabi
urrent, energy input, and intensity of solar radiation.
he experiments were conducted on a set of two batt
f each hybrid-VRLA and AGM-VRLA types. During th

est period the lux was found to be vary between 86
06 mW cm−2, while the temperature varied between 21
1◦C.
ata, it is clear that the capacities of hybrid-VRLA cells
5–20% higher at low-discharge rates (C/10 to C/20)
–10% higher at high-discharge rates (C/5 to C) in r

ion to AGM-VRLA cells. In order to ascertain the fie
erformance reproducibility, a set of cells comprising
umber of 2 V/200 Ah AGM-VRLA and 60 numbers
V/250 Ah hybrid-VRLA cells have been discharged at C

ate concomitantly at 25◦C and the data are shown inFig. 5a



Fig. 2. Discharge capacity data for 12 V/40 Ah (a) hybrid-VRLA batteries
and (b) AGM-VRLA batteries obtained at 25◦C at (i) C/20, (ii) C/15, (iii)
C/10, (iv) C/5, (v) C/3, (vi) C/2, and (vii) C rates.

and b, respectively. From the data, it is clear that the perfor-
mance of the hybrid-VRLA cells is superior to their AGM-
VRLA counterpart.

The impedance spectra both for 2 V/200 Ah hybrid-VRLA
and AGM-VRLA cells were obtained at various SoC val-
ues. A typical impedance spectra for the hybrid-VRLA and
AGM-VRLA cells at SoC∼ 0.6 are shown as Nyquist plots
in Fig. 6a and b, and respective Bode plots are shown in
Fig. 7a and b. The Nyquist plot inFig. 6a and b comprise an
inductive distribution of the data at frequencies >0.057 kHz
followed by two capacitive semicircles in the frequency range

F h (a)
h
(

Fig. 4. Discharge capacity data for 2 V/200 Ah (a) hybrid-VRLA cells, and
(b) AGM-VRLA cells obtained at 25◦C at (i) C/20, (ii) C/15, (iii) C/10, (iv)
C/5, (v) C/3, (vi) C/2, and (vii) C rates.

between 0.057 kHz and 5 mHz. The phase angle (φ) versus
ac frequency plot inFig. 7a and 7b suggest the value ofφ

to be positive at high frequencies, which corresponds to the
inductive component of the cells. The phase angle gradually
becomes negative with its peak value at−15◦, reflecting the
capacitive behavior of the battery in the frequency range be-
tween 0.057 kHz and 5 mHz.

The impedance parameters for AGM-VRLA and hybrid-
VRLA cells were evaluated from the experimental impedance
spectrum by an equivalent-circuit NLLS-fitting procedure
due to Boukamp[39]. The equivalent-circuit, employed to fit
the experimental data, is shown inFig. 8. The high-frequency
impedance data are inductive in nature as shown inFig. 6
and could be fitted to a semicircle with the inductance (L)

F h
d and
(

ig. 3. Effect of temperature on the discharge capacities for 12 V/40 A
ybrid-VRLA batteries and (b) AGM-VRLA batteries at C/5 rate at (i) 50◦C,
ii) 25 ◦C, (iii) 0 ◦C, (iv) −20◦C, and (v)−40◦C.
ig. 5. Performance data obtained at 25◦C in % of nominal capacity at 10
ischarge rate for 60 industrial-grade 2 V/250 Ah (a) hybrid-VRLA cells
b) AGM-VRLA cells.



Fig. 6. Impedance spectrum for (a) hybrid-VRLA cell and (b) AGM-VRLA
cell at SoC∼ 0.6 represented in Nyquist plot of imaginary part (Z′ ′), vs. real
part (Z′).

Fig. 7. Impedance spectrum for (a) hybrid-VRLA cell and (b) AGM-VRLA
cell at SoC∼ 0.6 represented in Bode plot of logarithm of impedance (logZ),
and phase angle (φ) as a function of frequency (f).

and a resistance (RL) in parallel. The elementsR� andR1
represent the ohmic resistance and surface layer resistance,
respectively; the charge-transfer resistance (Rct) of the cell is
represented by the second semicircle with frequency range
between 57 and 5 mHz. The two capacitive semicircles are de-
pressed, and more so is the high-frequency semicircle. Hence,
a constant phase element (CPE) denoted asQ1 is taken in par-
allel to a resistanceR1 corresponding to the high-frequency

Fig. 8. Equivalent-circuit used for NLLS-fitting of experimental data of the
VRLA cells.

Fig. 9. Nyquist impedance spectra for the (a) hybrid-VRLA cells and (b)
AGM-VRLA cells at SoC≈ 0.6 at 25◦C. Experimental and simulated spec-
tra from NLLS-fit are shown as symbols (–©–) and (–�–) and as full lines,
respectively.

semicircle whileQ2 is taken in parallel toRct. The CPE arises
due to distribution of microscopic properties of the materi-
als. Both the resistive and capacitive components of the elec-
trode/electrolyte interface may change with the electrode po-
sition, non-uniform thickness of the electrode materials, etc.
Owing to these factors, the semicircles in the Nyquist plots are
depressed. The impedance plots comprising the experimental
data points and the curves simulated from the fit parameters
are shown inFig. 9. A good agreement is seen between the
experimental and the simulated data for all impedance repre-
sentations.

The inductance behavior was attributed to the geometrical
nature of conductors and electrodes, and not to the faradaic
processes in the battery. Accordingly, the inductive distribu-
tion of the impedance of the lead–acid battery is due to the
porous nature of the electrodes. The value for the inductance
of the lead–acid cells was found to be about 2.5× 10−7 H.
The total impedance of the cell at SoC∼ 0 is found to be about
0.015�, which is well within the range of the resistance val-
ues reported for the lead–acid batteries[25]. The shunting re-
sistance (RL) across the inductance (Fig. 9) is only schematic,
and is an artifact of the fitting procedure. The values of the in-
ductance (L) and the shunting resistance (RL), are therefore,
considered irrelevant for characterizing the cells and these
parameters have been omitted during the subsequent discus-
sion. The fitting procedure was repeated after excluding the
i
t am-
e ance
d trum.
T the
b rrent
c The
v he
h be
nductive dispersion of the impedance data, andL andRL in
he equivalent-circuit, while keeping the rest of the par
ters unaltered. It was, thus confirmed that the induct
ata did not influence the rest of the impedance spec
he resistanceR� is ascribed as the ohmic resistance of
attery, and includes the resistance of the electrolyte, cu
ollectors, battery terminals, and inter-cell connectors.
alues ofR� obtained from the NLLS-fit as well as from t
igh-frequency intercept of the Nyquist plot are found to



Fig. 10. The variation in impedance parameters (i)R�, (ii) RCT, (iii) R1,
(iv) RTotal with state-of-charge for the (a) hybrid-VRLA cell (–�–) and (b)
AGM-VRLA cell (–©–).

nearly similar for both the hybrid-VRLA and AGM-VRLA
cells (Fig. 10i).

In the literature[25–31], there is some inconsistency in
assigning the capacitive semicircles to the respective elec-
trodes of a battery. The charge-transfer resistance (Rct) re-
mains invariant for the SoC range between 0 and 0.8 but
increases substantially for SoC values between 0.8 and 1
(Fig. 10ii). The values ofRct are strikingly higher than
the values ofR� (Fig. 10i) and R1 (Fig. 10iii). The total
cell resistance (RTotal =R� +R1 +Rct) values for the hybrid-
VRLA and AGM-VRLA cells are shown inFig. 10(iv).
Although the ohmic, charge-transfer and surface-layer re-
sistance values are different for hybrid-VRLA and AGM-
VRLA cells, the total resistance values for both type of
cells happen to be nearly similar over the entire SoC
range. The ohmic resistance of the cells varies linearly
with logarithmic values of their SoC as shown inFig. 11,

F brid-
V

Fig. 12. Self-discharge data obtained at C/5 rate (i) before storage, (ii) 30
days of storage, (iii) 60 days of storage, and (iv) 90 days of storage for
2 V/40 Ah hybrid-VRLA cells.

and provides an attractive tool for monitoring of batteries
[38].

In order to check the self-discharge values of the 2 V/40 Ah
hybrid-VRLA cells, the cells were left standing for 30–90
days. FromFig. 12, it is seen that the hybrid-VRLA cells
exhibit 2, 10, and 20% decay in their capacity after 30, 60,
90 days of storage, respectively, at 27◦C. Under identical
conditions, 2 V/40 Ah AGM-VRLA cells exhibited a capacity
loss of about 5% after 30 days of storage.

The typical cycle-life data obtained both for the hybrid-
VRLA 2 V/200 Ah cells and 12 V/40 Ah batteries at 25◦C
and C/5 rate are shown inFig. 13i and ii,, respectively. The
data reflect a nominal loss of capacity 5% for both the hybrid-
VRLA cells and batteries over 200 cycles is superior to their
AGM-VRLA counterpart.

F ed
a

ig. 11. Ohmic resistance values as function of log (SoC) for (a) hy
RLA cell and (b) AGM-VRLA cell at 25◦C.
ig. 13. Cycle-life data for hybrid-VRLA (i) batteries and (ii) cells obtain
t C/5 rate at 25◦C.



Fig. 14. End-of-discharge (EoD) voltage data for (a) hybrid-VRLA and (b)
AGM-VRLA batteries during a solar street-lighting test application study
conducted from February 2004 to July 2004. The mean values and respective
standard deviations (S.D.) are also indicated.

During the field performance for solar-lighting applica-
tion, the end-of-discharge (EoD) voltage data both for the
hybrid-VRLA and AGM-VRLA batteries from February
2004 to July 2004 are shown inFig. 14, the end-of-charge
(EoC) voltage data for the hybrid-VRLA and AGM-VRLA
batteries for the period February 2004 to July 2004 are shown
in Fig. 15, and the data on variation in peak voltages of
the hybrid-VRLA and AGM-VRLA batteries from Febru-
ary 2004 and July 2004 are shown inFig. 16. A summary of
the data inFigs. 14–16is presented inTable 1.

From the data inTable 1, it is obvious that for the solar-
lighting application field test conducted on the batteries from
February 2004 to July 2004, (a) the respective mean values

F (b)
A tudy
c pective
s

Fig. 16. Variation in peak voltages of the (a) hybrid-VRLA, and (b) AGM-
VRLA batteries during a solar street-lighting test application study con-
ducted from February 2004 to July 2004. The mean values and respective
standard deviations (S.D.) are also indicated.

Table 1
Variation in mean values for the EoD, EoC and peak voltage values for
12 V/40 Ah hybrid-VRLA and 12 V/40 Ah AGM-VRLA batteries during
the solar-lighting application test from February 2004 to July 2004

Parameters Mean values

Hybrid-VRLA
battery

AGM-VRLA
battery

EoD voltage (V) 12.31 12.21
EoC voltage (V) 13.11 12.89
Peak voltage (V) 14.04 13.17

of the EoD voltages for the hybrid-VRLA and AGM-VRLA
batteries are 12.31 and 12.21 V, (b) the respective mean values
of the EoC voltages for the hybrid-VRLA and AGM-VRLA
batteries are 13.11 and 12.89 V, and (c) the respective mean
values of the peak voltages for the hybrid-VRLA and AGM-
VRLA batteries are 14.04 and 13.17 V. These data clearly
suggest a superior performance for the hybrid-VRLA batter-
ies.

4. Conclusions

The study indicates that the deep discharge characteristics
of the hybrid-VRLA cells and batteries are superior to AGM-
VRLA cells and batteries over the operational temperatures
between−40 and 50◦C. It is also found that the ac impedance
spectrum of the VRLA cells comprises an inductive part and
two capacitive components in the frequency range between
10 kHz and 5 mHz. The impedance parameters of the bat-
tery were obtained using a non-linear least square procedure.
It is found that the impedance parameters corresponding to
the low-frequency semicircle are useful for predicting SoC
of the battery. The ohmic impedance values of the batter-
ies vary linearly with the logarithmic state-of-charge value,
ig. 15. End-of-charge (EoC) voltage data for (a) hybrid-VRLA, and
GM-VRLA batteries during a solar street-lighting test application s
onducted from February 2004 to July 2004. The mean values and res
tandard deviations (S.D.) are also indicated.



which appears to be a convenient method to monitor state-of-
charge of the cells/batteries. The field trials for solar-lighting
application conducted both on the AGM-VRLA and hybrid-
VRLA batteries suggest the latter to be superior, presumably
owing to their lower internal resistance.
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