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Abstract

Theoretical cell model is applied for evaluation of valve-regulated lead–acid batteries under discharge, recharge and overcharge conditions.

The previously presented models are improved by introducing a new formula for electrode morphology, applying charging factor to state-of-

charge, electrode porosity and acid concentration as well as considering the recombination of oxygen as mass-transport limited evolution

process. Also, a new model is proposed for the ohmic resistance of a battery. The modified cell model is calibrated using experimental data.

Results show that high prediction accuracy can be obtained for the full discharge–recharge cycle including deep discharge and overcharge.

The modified cell model is applied for evaluation of the gas formation processes using externally measured current, voltage and temperature

of a battery.
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1. Introduction

The purpose of the paper is to propose a model for

overcharging of a battery. The model covers the full dis-

charge–recharge cycle including deep discharge and over-

charge. The model is an extension of previously presented

model [19] that is modified by developing new formula for

electrode morphology, applying charging factor to state-of-

charge, electrode porosity and acid concentration as well as

considering the recombination of oxygen as mass-transport

limited evolution process and other.

Uninterruptible power supply (UPS) systems are used to

power telecom switching systems that contain ac/dc power

supplies and storage batteries connected in parallel. Valve-

regulated lead–acid (VRLA) battery technologies are typi-

cally used. The life expectancy of VRLA batteries has turned

out to be much shorter and more unpredictable than expected

necessitating the use of proper battery monitoring equip-

ment. Total uninterruptibility of operation is required. This

means that the conditional monitoring of a battery cannot be

based on extensive discharging due to increased risk of down

time, even if it is considered as the only reliable method to

assess the state-of-health.

Many attempts have been made to find a reliable method

to assess the state-of-health without discharging battery.

Impedance or conductance of a battery has been proposed

as a viable candidate for this purpose but has turned out not

to contain the information required [12]. If the requirement

of discharging can be somewhat relaxed, i.e. a short dis-

charge of 10–20% of total capacity is allowed then a more

complex theoretical cell model may be used in assessing the

state-of-health. It has turned out that a short discharge, and

the subsequent recharging up to the overcharge may provide

the information needed for the accurate prediction of dis-

charge behaviour of a battery and its state-of-health. The key

is the overcharge process that is considered in more detail in

this paper.

The history of modelling of a lead–acid battery dates back

to the late 1950s. A good review of the development in the

theory of flooded porous electrodes prior to 1975 can be

found, e.g. in [15]. Many researchers have made improve-

ments in the modelling. As a result quite complete model

was developed as described in [8,17,20]. This model was

later extended to 2D-model [2,5,9]. From the overcharging

point of view the following two improvements are signifi-

cant.

1. Two-step reaction: It is shown in [7,18] that the

dissolution process is the rate limiting factor at higher
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Nomenclature

AH2
active surface area for hydrogen reaction

(cm2/cm3)

Amax maximum active surface area (cm2/cm3)

AM active surface area for primary reaction

(cm2/cm3)

AO2
active surface area for oxygen reaction

(cm2/cm3)

c acid concentration (mol/cm3)

cPb2
concentration of lead ions

c�Pb2
saturation constant

cref electrolyte initial concentration (mol/dm3)

D electrolyte diffusion constant (cm2/s)

EA activation energy (kJ/mole)

f molar activity coefficient

F Faraday’s constant (C/mol)

gj electrode resistance of single layer (O)

h layer thickness (cm)

i current density in electrolyte (A/cm2)

iapp applied current (A)

iH2
app applied current for hydrogen reaction (A)

iM
app applied current for primary reaction (A)

iO2
app applied current for oxygen reaction (A)

ik current density of positive or negative

electrode through single layer (A/cm2)

iH2
current density generated by hydrogen

reaction (A/cm2)

iM current density generated by primary reaction

(A/cm2)

iO2
current density generated by oxygen reaction

(A/cm2)

iH2

0 exchange current density for hydrogen reaction

(A/cm2)

iM
0 exchange current density for primary reaction

(A/cm2)

iO2

0 exchange current density for oxygen reaction

(A/cm2)

IPbSO4
limit current density for cathodic reaction (A/cm2)

jH2
transfer current density for hydrogen reaction

(A/cm2)

jM transfer current density for primary reaction

(A/cm2)

jO2
transfer current density for oxygen reaction

(A/cm2)

kore oxygen recombination efficiency

kH2
m heat flux density for hydrogen reaction

(mW/cm2)

kO2
m heat flux density for oxygen reaction

(mW/cm2)

kPbSO4
mass-transfer coefficient for lead ions (cm/s)

K1 equivalent volume to charge constant (cm3/C)

K2 equivalent molarity to charge constant

K3 absolute constant (mol/C)

nH2
number of moles of hydrogen generated on

negative electrode (mol)

nO2
number of moles of oxygen generated or

reduced on electrode (mol)

n
g
O2

, n
g
H2

number of gas moles of oxygen or hydrogen

accumulated in the free space of battery (mol)

nH2O number of water moles (mol)

pH2
hydrogen partial pressure (Pa)

pO2
oxygen partial pressure (Pa)

pref
O2

, pref
H2

reference value of partial pressure of oxygen or

hydrogen (Pa)

pi electrolyte resistance of single layer (O)

Q0 oxygen flow velocity through separator (cm/s)

Qmax theoretical capacity of electrode (C/cm3)

QJoule heat (J)

ri charge-transfer resistance of single layer (O)

R universal gas constant (J/mol K)

Rbat battery ohmic resistance (O)

RH2
charge-transfer resistance of electrode for

hydrogen reaction (O)

RM charge-transfer resistance of electrode for

primary reaction (O)

RO2
charge-transfer resistance of electrode for oxy-

gen reaction (O)

Rcell cell resistance (O)

Rþ
n positive electrode resistance (O)

R�
n negative electrode resistance (O)

Racid electrolyte resistance in electrodes or separator

(O)

Rcond resistance of battery conducting elements (O)

Rsep electrolyte resistance in separator (O)

S gross-section area of electrode (plate area)

(cm2)

t0
þ transference number

T temperature (K)

T0 298.2 K—standard temperature, i.e. 25 8C
u float voltage (per cell) (V)

U thermodynamic equilibrium potential for pri-

mary reaction (V)

UH2
thermodynamic equilibrium potential for hydro-

gen reaction (V)

UO2
thermodynamic equilibrium potential for oxy-

gen reaction (V)

v voltage drop due to applied current (V)

w polarization (V)

Greek letters

aAh charging efficiency

aa anodic apparent transfer coefficient for primary

reaction

ac cathodic apparent transfer coefficient for pri-

mary reaction

aH2
c apparent transfer coefficient for hydrogen reac-

tion

aO2
apparent transfer coefficient for oxygen reaction
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overvoltage, and the diffusion rate is limiting factor at

lower overvoltage, respectively. A new dissolution-

electrode reaction model was proposed including the

effect of state-of-charge. This model was applied to the

prediction of a cell behaviour in [13] demonstrating a

good fit of model and experiment for acid concentration

and porosity of electrodes.

2. Overcharging: The latest progress has been made in

description of the behaviour of a battery under float

charging. The gas formation process of VRLA batteries

has been analysed in [3,4] using simple lumped parameter

model of the behaviour of battery under float charging.

This model was thoroughly tested experimentally. The

gas formation processes were also analysed in [1] with a

distributed parameter model and in [11] with a 2D-model.

It is suggested in [15] that the dissolution-limited

electrode reaction model, proposed in [18], could improve

the accuracy of the model. They show somewhat better

accuracy of model against measured data provided in [1].

Regardless of suggested model, even better accuracy is

shown in [10] on the same set of data using simple single-

step reaction model but with different function for

electrode morphology. The latter model is tested on a

new set of data in [14], showing less agreement of the

model with measured data during overcharging.

Accuracy and reliability of the proposed models are not

high for overcharging. They have only been tested in a few

experiment. This work is continued in this paper on a new set

of experimental data with improved model. The following

changes are introduced in the proposed earlier models [1,16].

1. The battery model is modified with respect to electrode

morphology. The charging factor is applied in state-of-

charge, electrode porosity and acid concentration

models. Mass transport of oxygen through separator is

considered in more detail. The recombination of oxygen

is considered as a mass-transport limited evolution

process. The model for battery ohmic resistance is

proposed and applied to voltage drop prediction.

2. It is shown that the theoretical cell model can be

simplified when applied to battery testing. The single-

step reaction model has the same prediction accuracy as

the two-step reaction model. The partial pressure of

gases can be eliminated from the electrode reaction

equation using preset pressure window for valve.

3. The model is calibrated using experimental data in

respect to gas formation processes.

4. High prediction accuracy of the model is demonstrated

in a wide range of charge–discharge processes, includ-

ing deep discharge and overcharge. It is shown that

different behaviour of individual batteries in series

during the overcharge can be predicted.

5. The model is applied to the unobservable gas formation

processes in the battery. Oxygen evolution and recom-

bination processes and water dry-out are evaluated

during discharge, recharge and overcharge.

6. Model for the ohmic resistance is proposed based on the

charge-transfer resistances for the primary reaction and

gassing reaction. The ohmic resistance is different for

charge, discharge and overcharge processes—it depends

strongly on the state-of-charge of the battery.

7. It is shown that high charge-transfer resistance can

explain the high float voltage during overcharge but

there is no direct link between the overcharge voltage

and the battery capacity.

The following conventional reaction schemes of VRLA

battery are considered in this paper.

Positive electrode: primary reaction: charge or discharge

PbSO4 þ 2H2O , PbO2 þ HSO4
� þ 3Hþ þ 2e�;

oxygen evolution

2H2O ! O2 þ 4Hþ þ 4e�;

grid corrosion

Pb þ 2H2O ! PbO2 þ 4Hþ þ 4e�;

Negative electrode: primary reaction: charge or discharge

PbSO4 þ Hþ þ 2e� , Pb þ HSO4
�;

oxygen reduction

O2 þ 4Hþ þ 4e� ! 2H2O;

hydrogen evolution

2Hþ þ 2e� ! H2:

The oxygen evolution and reduction processes are well-

balanced by the special design of VRLA battery.

2. Model

The charge–discharge behaviour of a battery depends on

electrode kinetics affected by the electrode potential in solid

matrix and electrolyte, electrode porosity, and the acid

density in pores of electrode. The electrode kinetics are

different for the primary reaction and gassing reactions.

The basic model developed for lead–acid cell by White,

b tortuosity exponent

g, r electrode morphology coefficients

e porosity

Z surface overpotential for primary reaction (V)

ZH2
surface overpotential for hydrogen reaction (V)

ZO2
surface overpotential for oxygen reaction (V)

y state-of-charge

k acid conductivity (S/cm)

sbulk conductivity of bulk electrode (S/cm)

fs solid matrix potential (V)

fl electrolyte potential (V)
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Newman, Simonsson and other authors is analysed and

modified in this section.

2.1. Electrode kinetics

The electrode reaction current is related to the material of

the electrode (lead or lead dioxide) and electrolyte (water

and sulphuric acid) as follows:

@i

@x
¼ @iM

@x
þ @iO2

@x
þ @iH2

@x
; (1)

where i is the current density in the liquid phase in pores

of electrode (A/cm2) and iM is the current density gener-

ated by primary reaction with lead or lead dioxide (A/

cm2)

@iM

@x
¼ AMjM;

where AM is the active surface area per unit volume of

porous electrode (cm2/cm3), jM the transfer current density

for primary reaction (A/cm2), AMjM the volumetric reaction

rate (A/cm3) and iO2
is the current density generated by

oxygen reaction,

@iO2

@x
¼ AO2

jO2
;

where AO2
is the active surface area for oxygen reaction, jO2

the transfer current density for oxygen reaction and iH2
is the

current density generated by hydrogen reaction,

@iH2

@x
¼ AH2

jH2
;

where AH2
is the active surface area for hydrogen reaction

and jH2
the transfer current density for hydrogen reaction.

2.1.1. Surface area

The active surface area between solid and liquid phases

depends on the utilisation of the electrode. The surface area

in discharge and recharge reactions can be estimated as

1. Primary reaction

AM ¼ Amax
r

expðgyÞ ðrechargeÞ; (2)

AM ¼ Amaxy
b1 ðdischargeÞ: (3)

2. Oxygen and hydrogen reactions (for both discharge and

recharge)

AO2
¼ AH2

¼ Amaxy
b1 :

where Amax is the maximum active surface area (cm2/

cm3), r, g the electrode morphology coefficients, b1

the tortuosity exponent and y is the state-of-charge

(SOC).

The exponential function (2) can predict the surface area

rather precisely as shown in [19] where the simplified (2)

and exact formulas were introduced and compared. The

exact formula

AM ¼ rAmax
expðg� gyÞ � 1

expðgÞ � 1
;

is more useful for overcharging. It has better asymptotic

properties for y ! 1.

The state-of-charge is defined as a charge fraction from

theoretical capacity

@y
@t

¼ aAh

Qmax

@i

@x
;

where Qmax is the theoretical capacity (C/cm3) and aAh is the

charging efficiency.

The charging efficiency is defined for charging process as

the ratio between required charge (Ah) and available capa-

city (Ah). It improves the model accuracy. A local loss of

accuracy is small (3–6%) per single step but it accumulates

during recharge process if this parameter is ignored (total

loss is large). This simple fact has not been recognised

properly in the literature.

The state-of-charge is always lower than the one calcu-

lated based on pure current due to heat generation (Joule

effect) and dissipation, current losses through isolation and

battery gassing.

Some parameters cannot be identified uniquely and they

are reduced from model. For example, the exchange current

density and maximum surface area cannot be estimated as

independent parameters using the current–voltage and tem-

perature measurements. They are considered as a total

parameter or product of the exchange current density and

maximum surface area. If one of them is chosen as a constant

using the values presented in the literature then another can

be estimated from data. If the maximum surface area is

chosen as a constant then the same constant can be applied

for oxygen, hydrogen and primary reactions. The exchange

current densities of these reactions can be estimated

uniquely from measured data. The number of estimated

parameters of model is minimised.

2.1.2. Single-step reaction

The volumetric reaction rate depends on overpotential as a

two-directional process. Both processes, anodic and catho-

dic, are limited by acid concentration

jM ¼ iM0
c

cref

� �b2

exp aa
F

RT
Z

� �
� exp �ac

F

RT
Z

� �� �
; (4)

where iM0 is the exchange current density for standard

temperature of 25 8C (A/cm2), c the acid concentration

(mol/cm3), cref the initial concentration (reference value)

(mol/dm3), b2 the tortuosity exponent, Z the surface over-

potential (Z ¼ fl � fs � U), fl � fs the electrode polari-

sation (V), fs the solid matrix potential (V), fl the

electrolyte potential (V), U the thermodynamic equilibrium

potential (V), aa the anodic apparent transfer coefficient, ac
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the cathodic apparent transfer coefficient (ac ¼ 2 � aa), T

the temperature (K), R the universal gas constant and F is the

Faraday’s constant.

Thermal relationship: The exchange current density

depends on temperature. The following formula can be used

for correction of the exchange current density in a wide

temperature range [4]

iM
0 ðTÞ ¼ iM

0 exp
EAðT � T0Þ

RT0T

� �
; (5)

where EA is the activation energy, EA ¼ 50 kJ/mole,

T0 ¼ 298:2 K—standard temperature, i.e. 25 8C.

This simplest reaction rate equation is adequate descrip-

tion of the charge–discharge behaviour of a battery under

high or medium charging rates. A more complex two-step

reaction model was suggested in [6,18] and later in [16] for

the batteries under low charging rate.

2.1.3. Two-step reaction

The dissolution of sulphate crystals and formation of lead

ions in solution is limited by solubility. The dissolution

transfer current density is equal to

jM ¼ 2FkPbSO4
ðcPb2

� c�Pb2
Þ; (6)

where cPb2
is the concentration of lead ions, c�Pb2

the satura-

tion concentration and kPbSO4
is the mass-transfer coefficient

for lead ions (cm/s).

The diffusion of lead ions from solution into the lead is

limited by ions concentration. The diffusion transfer current

density is equal to

jM ¼ iM0
c

cref

� �b2

exp aa
F

RT
Z

� �
� cPb2

c�Pb2

exp �ac
F

RT
Z

� �" #
:

(7)

Partially, this is similar to the single-step reaction model but

the cathodic reaction is dissolution-limited.

2.1.3.1. Two-step reaction model. Dependence on the lead

ions can be eliminated from Eq. (7) using equality between

dissolution (6) and diffusion (7) current densities. The two-

step reaction model can be expressed as

jM ¼ iM0
c

cref

� �b2

IPbSO4
exp ðaa þ acÞ

F

RT
Z

� �
� 1

� �

	 iM
0

c

cref

� �b2

þIPbSO4
exp ac

F

RT
Z

� �( )�1

; (8)

where IPbSO4
is the limit current density for cathodic reaction

(A/cm2)

IPbSO4
¼ 2FkPbSO4

c�Pb2
:

Its value is higher by an order of magnitude for positive

electrode. The mass-transfer of lead ions into solution is

much faster at positive electrode than at negative electrode.

The two-step reaction model is assumed, as in [16], to be

suitable model for negative electrode and single-step reac-

tion model for positive electrode. However, this was not

confirmed based on experiment (Section 3). Nearly equal

accuracy was achieved experimentally for both reaction

models. A simpler single-step reaction model is suggested

in this paper.

2.1.4. Oxygen reaction

The transfer current density for oxygen reaction depends

on overpotential as a two-directional process. Both pro-

cesses, anodic and cathodic, are limited by acid concentra-

tion. The cathodic reaction is limited by the partial pressure

of oxygen [16]

jO2
¼ iO2

0

c

cref

� �b3

	 exp aO2

F

RT
ZO2

� �
� pO2

pref
O2

 !b4

exp �aO2

F

RT
ZO2

� �2
4

3
5;

(9)

where iO2

0 is the exchange current density for oxygen reac-

tion, b3, b4 the tortuosity exponents, ZO2
the surface over-

potential for oxygen reaction (ZO2
¼ fl � fs � UO2

), UO2

the thermodynamic equilibrium potential for oxygen, aO2

the apparent transfer coefficient for oxygen, pO2
the oxygen

partial pressure (Pa) and pref
O2

is the reference pressure.

This model is close to the earlier presented in [1] model

and obtained by eliminating the partial pressure from anodic

reaction.

Thermal relationship: The exchange current density can

be corrected using (5) when the temperature deviates from

the standard temperature. The activation energy is higher

(EA ¼ 69 kJ/mole) for oxygen reaction than for primary

reaction [4].

2.1.4.1. Oxygen evolution. The electrode potential

U ¼ 1:75 V on positive electrode is shifted far over the

equilibrium potential (UO2
¼ 1:23 V) for oxygen. The

current density for cathodic reaction is essentially lower

than for anodic reaction because of shifted potential (0.52 V)

to higher values. The cathodic reaction can be ignored on

positive electrode. The oxygen evolution can be predicted as

a single-directional anodic reaction on positive electrode

that is not limited by partial pressure of oxygen

jO2
¼ iO2

0

c

cref

� �b3

exp aO2

F

RT
ZO2

� �
: (10)

The reduction rate depends on oxygen transfer through

separator and on oxygen recombination rate on negative

electrode.

2.1.4.2. Oxygen reduction. The electrode potential of

U ¼ �0:32 V on negative electrode is shifted far below

the equilibrium potential for oxygen (UO2
¼ 1:23 V). The
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recombination process is a single-directional cathodic

reaction of (9) in this case

jO2
¼ �iO2

0

c

cref

� �b3 pO2

pref
O2

 !b4

exp �aO2

F

RT
ZO2

� �
: (11)

This is a very fast process because of shifted potential of

1.55 V to lower values. It is mainly limited by oxygen

transport through separator and slightly by oxygen partial

pressure. The latter limitation is insignificant and can be

ignored. The oxygen partial pressure is close to reference

pressure pref
O2

under correctly operating valves. The gas

pressure is limited in a narrow band within the preset

pressures between the opening pressure and the closing

pressure of the valve. The gas content is stable—90%

hydrogen and 10% oxygen, as is the partial pressure for

both gases.

Another recombination model suggested in [16] assumes

no oxygen transfer through separator and consequently no

reduction without oxygen partial pressure. The recombina-

tion process depends on mass-transfer and oxygen pressure

but is independent of electrode potential

jO2
¼ �4kO2

m

F

RT
pO2

; (12)

where kO2
m is the heat flux density (mW/cm2).

However, it is unrealistic to assume in (12) that low partial

pressure can control the recombination process so well that

the usual recombination efficiency (99%) can be obtained.

The oxygen volumetric concentration is rather low in

exhaust gases (less than 10%). The oxygen evolution and

recombination current varies in a wide range during

recharge. Anyway, they are close to each other because

of high recombination efficiency. Therefore, large variations

of partial pressure of oxygen should be concluded from the

model (12) which has been not reported in the literature.

Probably, the variation of the partial pressure is relatively

slow. It is an integrated value over certain accumulation

period (several hours) for gases in free space of battery head.

Both slow variation and low partial pressure fail to explain

high recombination efficiency in either of the models (11) or

(12).

It is much more practical to evaluate the recombination

rate proportionally to evolution rate and mass transport rate

through separator than to do it by partial pressure of oxygen.

The following mass-transfer and recombination model is

proposed and verified in this paper.

2.1.4.3. Oxygen transfer. The oxygen transfer through

separator is evaluated by a simple mass-transfer model

@iO2

@t
¼ Q

@iO2

@x
; iO2

ðxp=sÞ ¼ iO2
ðxp=sÞ; (13)

where Q is the oxygen flow velocity through separator (cm/

s) and iO2
ðxp=sÞ is the current density at the boundary

between positive electrode and separator.

In general, the flow velocity depends on partial pressure.

A linear function Q ¼ Q0pO2
=pref

O2
can be used to approx-

imate this relationship. Approximation with constant flow

velocity Q ¼ Q0 is a practical approach resulting from

constant partial pressure under normal operating conditions

of valves. This practical approach was used in analysis of

test batteries.

The current density at the boundary between positive

electrode and separator can be calculated as a boundary

value solution of Eq. (10).The oxygen transfer in separator

can be the rate-limiting step in the case of rapid changes in

the evolution of oxygen on positive electrode. A transport-

delay through separator is observable as a shock wave is the

consequence of rapid change of oxygen evolution. This

wave can be predicted by the model (13).

2.1.4.4. Oxygen recombination. The oxygen mass-transfer

and reduction on negative electrode is proposed to be

evaluated as follows:

@iO2

@t
¼ Q0

@iO2

@x
þ koreAO2

jO2
; iO2

ðxs=nÞ ¼ iO2
ðxs=nÞ;

(14)

where kore is the oxygen recombination efficiency (ORE),

jO2
the transfer current density on negative electrode for

oxygen reaction, calculated by single-directional (11) or

two-directional process model (9) using reference pressure

pO2
¼ pref

O2
, AO2

is the active surface area of negative elec-

trode and iO2
ðxs=nÞ is the current density at boundary

between separator and negative electrode, calculated as a

solution of Eq. (13) at boundary.

Penetration of oxygen is not deep in negative electrode.

The reduction rate is fast because of shifted potential, there

is not much oxygen penetrated under the surface layer of

negative electrode.

Steady-state model: A simple and useful model is the

following recombination model for steady-state reaction

j�O2
¼ �jþO2

kore

Aþ
O2

Aþ
O2

: (15)

In this model the volumetric reaction rate for recombination

is considered proportional to the evolution rate A�
O2

j�O2
¼

�koreAþ
O2

jþO2
. The transfer current density for recombination

process is proportional to the transfer current density for the

evolution process.

The steady-state oxygen recombination process with con-

stant ORE can be evaluated by this reduced order model

(15). More general oxygen recombination process with

variable ORE should be evaluated by the dynamic models

of (9) and (14). The oxygen mass-transfer is limited or

delayed in the case of rapid changes in the applied current.

2.1.4.5. Applied model. The two-directional reaction model

of (9) is used for experimental data analysis in Section 3. It is

assumed that the oxygen partial pressure is close to the
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reference pressure. The exchange current density is corrected

using (5) with measured temperature. The oxygen transfer

through separator is estimated by the mass-transfer model of

(13) and the oxygen recombination by the steady-state process

model of (15).

2.1.5. Hydrogen reaction

The transfer current density for hydrogen reaction

depends on overpotential as a two-directional process. Both

processes, anodic and cathodic, are limited by acid concen-

tration. The anodic reaction is limited by the partial pressure

of hydrogen

jH2
¼ iH2

0

c

cref

� �b5

	 pH2

pref
H2

 !b6

exp aH2

F

RT
ZH2

� �
� exp �aH2

F

RT
ZH2

� �2
4

3
5;

(16)

where iH2

0 is the exchange current density for hydrogen

reaction, b5, b6 the tortuosity exponent, ZH2
the surface

overpotential for hydrogen reaction (ZH2
¼ fl � fs

�UH2
), UH2

the thermodynamic equilibrium potential for

hydrogen, aH2
the apparent transfer coefficient for hydrogen,

pH2
the hydrogen partial pressure (Pa) and pref

H2
is the

reference pressure.

This model is similar to the oxygen reaction model of (9)

modified for the hydrogen reaction.

Hydrogen pressure: The hydrogen partial pressure is close

to reference pressure pH2
¼ pref

H2
under correctly operating

valves.

Thermal relationship: The exchange current density can

be corrected using (5) when the temperature deviates from

the standard temperature. The activation energy is lower

(EA ¼ 54 kJ/mole) for hydrogen reaction than for oxygen

reaction [4].

2.1.5.1. Hydrogen evolution. The electrode potential

U ¼ �0:35 V on negative electrode is shifted far below

equilibrium potential (UH2
¼ 0 V) for hydrogen. The

hydrogen evolution can be predicted as a single-directional

cathodic process on negative electrode [16]

jH2
¼ �iH2

0

c

cref

� �b5

exp �aH2

F

RT
ZH2

� �
: (17)

Steady-state model: The following steady-state reaction

model is a simple hydrogen evolution model

j�H2
¼ �jþO2

ð1 � koreÞ
Aþ

O2

2A�
H2

: (18)

The evolution rate of hydrogen is proportional to the imbal-

ance between oxygen evolution and recombination rates

2A�
H2

j�H2
¼ Aþ

O2
jþO2

þ A�
O2

j�O2
or to the oxygen evolution rate

2A�
H2

j�H2
¼ ðkore � 1ÞAþ

O2
jþO2

. The hydrogen evolution trans-

fer current density is proportional to the oxygen evolution

transfer current density.

The hydrogen evolution can be evaluated using the

steady-state model of (18) in the case of constant ORE.

More general dynamic model (16) should be used in the case

of variable ORE.

The hydrogen evolution is much smaller (1 � kore ¼ 10�2

times) than oxygen evolution. Its real effect on overall

current (1) is insignificant if compared with oxygen evolu-

tion or recombination current.

2.1.5.2. Hydrogen reduction. A similar model to (12)

was proposed for hydrogen recombination in [16]. No

hydrogen transfer through separator and consequently no

recombination without hydrogen partial pressure was

assumed. The recombination process depends on mass-

transfer and hydrogen pressure but is independent of

electrode potential

jH2
¼ �2kH2

m pH2
;

where kH2
m is the heat flux density (mW/cm2).

It is extremely difficult to measure the real hydrogen

recombination rate experimentally. A small recombination

rate is expected according to a consistent model.

2.1.5.3. Hydrogen recombination. The hydrogen recom-

bination process on positive electrode is far too slow and

can be ignored [3]. It is much slower than could be expected

by single-directional anodic process for potential of 1.75 V

that is far shifted over zero equilibrium potential for

hydrogen. A slow recombination process is in good

agreement with measurements but not with potential. The

hydrogen content is about 90% of exhaust gases.

A similar model to the oxygen recombination process of

(14) can be used for the hydrogen recombination process but

with much lower recombination efficiency (Zore < 0:1). As a

result, a simple process like transport of hydrogen through

separator into positive electrode can be simulated with this

model but is insignificant for battery analysis.

2.1.5.4. Applied model. The two-directional reaction model

of (16) is used for experimental data analysis in Section 3.

It is assumed that hydrogen partial pressure is close to

reference pressure. The exchange current density for

standard temperature is corrected using (5) with measured

temperature. Zero recombination process at positive

electrode is assumed.

2.2. Potential in solid matrix

The conductivity of bulk electrodes is high: 0.5 kS/cm for

positive electrode and 48 kS/cm for negative electrode. The

voltage drop on solid matrix is 104 times smaller than

voltage drop on electrolyte for positive electrode and 106

times less for negative electrode. The voltage drop is almost
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zero on solid matrix of porous electrode. It is especially low

in the case of float charging with low rate. The voltage drop

on solid matrix can be ignored or considered as a small

component of polarisation (Section 2.6).

2.3. Potential in electrolyte

Ohm’s law for solution relates the current and potential in

electrolyte

i

keff
¼ � @fl

@x
þ RT

F
þ ð1 � 2t0

þÞ
@ ln fc

@x
;

where i is the current density in electrolyte (A/cm2), fl the

potential in electrolyte (V), keff the conductivity of porous

electrodes or separator, keff ¼ keb7 , k the acid conductivity

(S/cm), e the porosity, b7 the tortuosity exponent, t0
þ the

transference number and f is the molar activity coefficient.

2.4. Electrode porosity

The electrode volume fraction filled with electrolyte can

be evaluated as

@e
@t

¼ K1aAh
@i

@x
; (19)

where e is the porosity, aAh the charging efficiency and K1 is

the equivalent volume to charge constant (cm3/C).

The electrode porosity is not affected by current for heat

generation (Joule effect) and dissipation. This current is

eliminated from (19) using charging efficiency factor.

2.5. Acid concentration

The acid concentration depends on migration and diffu-

sion of species. The migration is induced as ion current by

primary reaction and oxygen, hydrogen reactions. The

diffusion is induced by concentration gradient which is

largest between positive electrode and separator

e
@c

@t
¼ @Deff

@x

@c

@x
þ ðK2 � cK1ÞaAh

@i

@x
þ K3

@iO2

@x
þ @iH2

@x

� �
;

(20)

where c is the acid concentration (mol/cm3), Deff the diffu-

sion in porous electrodes or separator (Deff ¼ Deb8 ), D the

electrolyte diffusion constant (cm2/s), e the porosity, b8 the

tortuosity exponent, aAh the charging efficiency and K2 is the

equivalent molarity to charge constant (mol/C)

Kþ
2 ¼

ð3 � 2t0
þÞ

2F
; K�

2 ¼ ð1 � 2t0
�Þ

2F
;

K3 is the absolute constant (mol/C), Kþ
3 ¼ �K�

3 ¼ ð2FÞ�1
.

The ion migration due to water decomposition is

accounted for in (20). The acid concentration is not affected

by current for heat generation and dissipation. This current is

eliminated from (20) using charging efficiency factor.

2.6. Resistance

Current flow through surface area of electrode (inter-

face between electrode and electrolyte), generates heat

proportional to the voltage drop caused by reaction hin-

drance [3]

d QJoule

dt
¼ Ziapp; (21)

where QJoule is the heat (J), Z the overvoltage of single

electrode (V) and iapp is the applied current (A).

This heat is equal to the same amount of heat gener-

ated by the current flow through equivalent ohmic resis-

tance

d QJoule

dt
¼ i2appR; (22)

where R is the ohmic resistance of single electrode (W).

2.6.1. Charge-transfer resistance

The charge-transfer resistance can be calculated as ohmic

resistance from heat equality (21) and (22) as

R ¼ Z
iapp

: (23)

This is similar to Ohm’s law but the voltage drop is

considered as the deviation from the equilibrium potential,

and the resistance depends on direction of the applied

current: the charge-transfer resistance is different for dis-

charge and recharge reactions.

2.6.2. Local resistance

The charge-transfer resistance can be calculated as a local

parameter for every layer in the electrode

ri ¼
Zi

AijihS
; (24)

where ri is the charge-transfer resistance of layer, ri ¼ rðxiÞ
(O), Z(xi) the overpotential of layer (Zi ¼ ZðxiÞ) (V), Ai the

active surface area of layer (Ai ¼ AðxiÞ) (cm2/cm3), ji the

transfer current density of layer (ji ¼ jðxiÞ) (A/cm2), h the

layer thickness (cm) and S is the gross-section area of

electrode (cm2).

2.6.3. Cell resistance

The cell resistance is equal to the overall charge-transfer

resistance in both electrodes, and to the electrolyte resis-

tance in separator and in pores of electrodes

Rcell ¼ Rþ
n þ R�

n þ Rsep; (25)

where Rcell is the cell resistance (O), Rþ
n the positive

electrode resistance, R�
n the negative electrode resistance

and Rsep is the electrolyte resistance in separator.

The electrode resistance can be calculated as a sum Rn of

local charge-transfer resistances for every layer connected in

parallel and electrolyte resistances connected in series
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(resistance on solid matrix of electrode is ignored in this

formula)

Ri ¼ pi þ
riRi�1

ri þ Ri�1

; R0 ¼ p0 þ r0; i ¼ 1; . . . ; n;

(26)

where ri is the charge-transfer resistance and pi is the

electrolyte resistance of single layer.

The electrolyte resistance can be calculated as a sum of

single layer resistances over separator

Rsep ¼
Xn

i¼0

p
sep
i : (27)

The electrolyte single layer resistance pi ¼ pðxiÞ can be

calculated using the conductivity of layers in positive or

negative electrodes, or in separator using the relationship

pi ¼
h

kðci; TÞeiS
: (28)

The electrolyte conductivity k depends on acid concentra-

tion ci ¼ cðxiÞ and temperature. It can be evaluated using the

empirical formula k(ci, T) suggested in [15]. The volume

fraction filled with acid in electrodes and separator is

accounted for through porosity ei ¼ eðxiÞ in (28).

The conductivity of solid matrix of electrodes was ignored

in (26). If it were accounted for, the calculation formula would

be more complicated. The electrode resistance can be calcu-

lated as a sum Rn of local charge-transfer resistances for every

layer connected in parallel and electrolyte resistances and

solid matrix resistances connected in series (Fig. 1)

Rn ¼ T�1
n þ

Xn�1

i¼1

L�1
i ðPi�1 þ piÞðGi�1 þ giÞ;

where

Tn ¼ ðPn�1 þ pnÞ�1 þ ðGn�1 þ gnÞ�1;

Li ¼ Pi�1 þ pi þ Gi�1 þ gi þ ri;

Pi, Bi, i ¼ 1; 2; . . . ; n � 1 are defined as solution of the

system

Pi ¼ S�1
i ðPi�1 þ piÞri; P0 ¼ 0;

Gi ¼ S�1
i ðGi�1 þ giÞri; B0 ¼ r0:

The resistance of porous electrode depends on solid

matrix volume fraction and conductivity of electrode

material

gi ¼
h

sbulkð1 � eiÞS
;

where sbulk is the conductivity of bulk electrode: 500 S/cm

for lead dioxide and 4800 S/cm for lead.

2.6.4. Component resistances

The applied current is a sum of primary reaction current

and gassing currents

iapp ¼ iMapp þ iO2
app þ iH2

app;

where iapp is the applied current (A), iMapp the primary

reaction current, iO2
app the oxygen reaction current, and iH2

app

is the hydrogen reaction current.

The charge-transfer resistance (23) combines these com-

ponent resistances of primary and gassing reactions. It is the

resistance of primary reaction if the battery is deep dis-

charged

RM ¼ Z
iM
app

;

and it is the overall resistance of oxygen and hydrogen

reactions for battery under overcharge, respectively

RO2
¼

ZO2

iO2
app

; RH2
¼

ZH2

iH2
app

:

2.6.5. Overall reaction resistance

The overall reaction resistance is a sum of component

resistances connected in parallel

1

R
¼ 1

RM

þ 1

RO2

þ 1

RH2

:

The cell resistance (25) can be calculated by layers (26) for

total reaction in three reaction components where local

resistances for oxygen and hydrogen reactions are

rO2
i ¼ ZO2

i

AO2
i jO2

i hS
; rH2

i ¼ ZH2
i

AH2
i jH2

i hS
: (29)

Fig. 1. Distribution of the resistances in electrochemical cell.
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The local charge-transfer resistance in (26) should be

replaced with component reaction resistances

1

ri

¼ 1

rM
i

þ 1

rO2
i

þ 1

RH2
i

: (30)

in order to get the overall reaction resistance.

2.6.6. Conducting elements

The resistance of conducting elements includes

1. grid resistance (bulk electrode);

2. inter-cell connector resistance;

3. connector resistance of battery terminals.

Total resistance of conducting elements is considered as a

constant Rcond.

2.6.7. Battery resistance

The battery ohmic resistance Rbat is a sum of cell resis-

tances and conducting elements resistances

Rbat ¼ Rcell þ Rcond:

2.6.8. Float voltage and polarisation

The float voltage of cell is defined as a sum of equilibrium

potential and polarisation u ¼ U þ w. The polarization is a

sum of overvoltage and voltage drop

w ¼ Zþ v:

Here u is the float voltage, U the equilibrium potential, w the

polarization, v is the ohmic voltage drop due to current.

2.6.9. Voltage drop

The ohmic voltage drop depends on current pathways as

follows:

v ¼ S
Xn

k¼0

iþk
Xn

j¼k

pþ
j þ

Xk

j¼0

gþ
j

 !
þ iapp

Xn

j¼0

p
sep
j

þ S
Xn

k¼0

i�k
Xn

j¼k

p�
j þ

Xk

j

g�
j

 !
þ iappRcond;

where ik is the current density of positive/negative electrode

through single layer at depth x ¼ xk, pj the acid resistance at

depth xj, gj the electrode resistance at depth xj and S is the

plate area.

The electrode resistance is much lower than acid resis-

tance—500 times lower for positive electrode and 5000

times lower for negative electrode—so it can be ignored.

The voltage drop relationship is simple for the lumped

parameter model

v ¼ iappðRacid þ RcondÞ; Racid ¼ pþ þ psep þ p�:

A single current pathway is considered in this case.

2.6.10. Applied model

The battery ohmic resistance is evaluated as a sum of cell

resistances and conducting elements resistances in experi-

mental data analysis in Section 3. The conducting elements

resistance is considered as a constant. The total cell resis-

tance is calculated using (25), where the component resis-

tances of electrodes and electrolyte calculated using (26) and

(27) and using local charge-transfer resistances (24), (29)

and (30) and by means of the electrolyte resistance (28).

2.7. Gassing and water loss

Battery gassing is a result of incomplete recombination of

oxygen and/or hydrogen evolution. Water dry-out is a con-

sequence of extensive gassing.

2.7.1. Oxygen evaluation and reduction

The oxygen evaluation rate is proportional to the oxygen

reaction current on positive electrode

d nevl
O2

dt
¼ Kþ

3 iO2
þ

app

and the reduction rate is proportional to the oxygen reaction

current on negative electrode

d nrec
O2

dt
¼ K�

3 iO2
�

app ;

where nO2
is the number of moles of oxygen generated or

reduced on a single electrode (mol) and iO2
app is the oxygen

reaction current (A).

The reduction rate is proportional to the evolution rate

according to steady-state recombination model

d nrec
O2

dt
¼ kore

d nevl
O2

dt
or iO2

�

app ¼ �koreiO2
þ

app ;

where kore is the oxygen recombination efficiency.

2.7.2. Hydrogen evaluation

The hydrogen evaluation is proportional to the hydrogen

reaction current on negative electrode

d nevl
H2

dt
¼ K�

3 iH2
�

app ;

where nH2
is the number of moles of hydrogen (mol) and iH2

�
app

is the hydrogen reaction current on negative electrode.

The hydrogen recombination process on positive elec-

trode is very slow and can be ignored. The hydrogen

evaluation current on negative electrode can exceed the

corrosion current on positive electrode [3] by value of

hydrogen escape current.

The evolution and recombination processes between elec-

trodes are irreversible by switching from discharge to

recharge. The potentials for primary reactions are shifted

far from the equilibrium potentials for oxygen or hydrogen

reactions. This makes reversion impossible. The gassing

process during recharge is similar to discharge but more

extensive because of more far shift of potentials.

Apossible imbalancebetweenevolutionandrecombination

rates will trigger the accumulation process of gasses in free

space of battery. The oxygen accumulation and recombination
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processes are well balanced in VRLA battery. The hydrogen

evolution is progressive accumulation process but is much less

extensive than evolution of oxygen

d n
g
O2

dt
¼ Kþ

3 iO2
þ

app þ K�
3 iO2

�

app ;
d n

g
H2

dt
¼ K�

3 iH2
�

app ;

where n
g
O2

, n
g
H2

is the number of gas moles (oxygen or

hydrogen) accumulated in the free space of battery (mol).

Steady-state process: The following simplified models

can be used for approximation of steady-state gassing

processes

d n
g
O2

dt
¼

d nevl
O2

dt
�

d nrec
O2

dt
¼ ð1 � koreÞ

d nevl
O2

dt

and

2
d n

g
H2

dt
¼

d n
g
O2

dt
:

The hydrogen evolution current is only 1/100 of the oxygen

evolution current because of the relationship 2iH2
�

app ¼
ð1 � koreÞiO2

þ
app .

The partial pressure of gases is proportional to the number

of gas moles in the free space of battery accumulated under

closed valve. Pressure that is any higher than the preset

opening pressure of valve will trigger gas escape with rates

d nesc
O2

dt
¼

n
g
O2

n
g
O2

þ n
g
H2

ðKþ
3 iO2

þ

app þ K�
3 iO2

�

app Þ;

d nesc
H2

dt
¼

n
g
H2

n
g
O2

þ n
g
H2

K�
3 iH2

�

app :

The water dry-out equals to hydrogen escape through valve

d nH2O

dt
¼

d nesc
H2

dt
:

Here nH2O is the number of water moles of dry-out (mol).

High water loss (over 10%) can drastically affect battery

performance. Batteries with more than 15–20% water loss

are replaced in most applications [11].

3. Experiment

The proposed model was tested experimentally. It was

first calibrated and then its accuracy was evaluated against

the measured data. A simple testing system, shown in Fig. 2,

was used to record measured data in the experiment.

3.1. Experiment

Four batteries, connected in a string and placed into a

container, were charged and discharged periodically at

elevated temperature of 40–50 8C. The batteries were

charged up to 99–100% of real capacity and discharged

to under 5–10%. A relatively low charging voltage of 2.22

VPC was used to prevent increased water decomposition

during extended charging of 25 h. The applied current and

float voltage of batteries, as well as temperature in the

container, were measured and recorded continuously.

The data presented in this paper is relevant to the following

operation of batteries. A string of fully charged batteries was

discharged after 1 day of rest with constant current at rate

C10=I ¼ 5:6 h and then charged at rate C10=I ¼ 4:6 h for a

short period until the voltage of 2.20 VPC was reached.

The charging current was reduced further gradually to

maintain approximately constant voltage at 2.22 VPC (i.e.

average value over all cells of batteries in string). Actually,

increasing voltage from 2.20 to 2.24 VPC was carried out

in the experiment. This made sure that all batteries were

charged completely like they are charged in the taper charging

procedure.

Fig. 2. Battery testing system.
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Two sets of batteries A and B from the same manufacturer

were used for testing.

Specification: type: VRLA battery, GEL technology;

nominal voltage: 12 V; capacity: C10 ¼ 28 Ah or more;

cut-off time: 5, 10 or 20 h at discharge current of 5.1, 2.8

or 1.6 A for cut-off voltage 1.70–1.75 VPC.

Battery design: number of sections: 6; number of positive

plates: 4; negative plates: 3; plate height: 11.3; width:

15.4 cm; thickness of positive plate: 0.23, negative plate:

0.22 cm; thickness of separator: 0.36 cm.

A lumped parameter model is used for data analysis in this

paper. It has the same approximation accuracy as the dis-

tributed parameter model. The charge–discharge rates of the

experiment are relatively low (4–6 h). The electrochemical

processes are in weak dependence on the location in elec-

trode [19] for rates that are over 1–2 h. The lumped para-

meter model used was obtained as a modification of the

distributed parameter model approximated with a single

layer per electrode.

3.2. Model calibration

The model calibrated earlier [19] on the same type of

batteries is partially used in this paper. Adaptation is made

with respect to a new string. A different string of batteries

was used in the earlier paper. There it was detected that

battery 2 is the weakest link of the string. Its calibrated

model is applied on batteries 2 and 3 in this paper. They were

tested here as the weakest link of the string. The SOC-related

tortuosity exponent (3) for discharge process (i.e. electrode

morphology) was changed between these batteries (Table 1).

The new calibration data for electrodes and separator

thickness is presented in Table 2.

The primary reaction was analysed in the earlier paper

without gas formation processes. However, some minor

gassing took place in the experiment. This gassing was

formally contributed into the parameters of (2). The gassing

process is accounted for separately in this paper. New

calibrated values of parameters of (2) are shown in Table 3.

The charging efficiency factor is important for extended

charging its calibrated values are presented in Table 4.

No other changes were made in the calibrated model with

respect to the primary reaction.

The gassing process model is calibrated in this paper

using similar identification method as earlier. The calibra-

tion results are shown for oxygen reaction in Table 5. They

are shown in the same minimal collection as they were

applied for data analysis.

The following data was used as constants in the calcula-

tion algorithm:

1. oxygen flow velocity through separator: Q ¼ 3:6 mm/h;

2. oxygen recombination efficiency: kore ¼ 0:99;

3. equilibrium potentials versus hydrogen electrode:

UO2
¼ 1:23 V for oxygen, UH2

¼ 0 V for hydrogen.

3.3. Model accuracy

The charge–discharge behaviour of the batteries under

test was predicted as follows.

The applied current for the model was chosen as close as

possible to the one measured in the experiment. A special

control algorithm was used to stabilise the applied current of

the model at measured values. The feedback control drives

overpotential on both electrodes and, eventually, the elec-

trochemical reaction to make the tracking errors minimal.

High tracking accuracy was obtained (Fig. 3). The model

current can emulate the measured current in many details

including the perfect charging curve and deviation of the

measured current from the perfect curve. The tracing error is

relatively large during transition from discharge to recharge

for a short period (10–20 min). It can be reduced somewhat

Table 1

Electrode morphology

Battery number Positive electrode Negative electrode

B1, B4 0.45 0.39

B2, B3 0.26 0.22

Table 2

Thickness of electrodes and separator

Battery

number

Positive

electrode

Separator

(mm)

Negative

electrode

B1 0.490 2.334 0.381

B2 0.474 2.277 0.363

B3 0.473 2.269 0.364

B4 0.490 2.351 0.382

Table 3

Charging exponent

Battery

number

Positive

electrode, r
Negative

electrode, r
Both

electrodes, g

B1 11.09 11.16 5.642

B2 8.987 8.393 5.271

B3 9.369 8.680 5.295

B4 13.13 10.93 5.466

Table 4

Charging efficiency

Parameter B1 B2 B3 B4

aAh 0.921 0.931 0.933 0.918

Table 5

Oxygen reaction parameters

Parameter B1 B2 B3 B4

i0;O2
(pA/m2) 2.650 1.490 1.940 5.900

aa;O2
0.670 0.701 0.693 0.635

76 A. Tenno et al. / Journal of Power Sources 111 (2002) 65–82



smaller using shorter sampling interval. Relatively large

sampling interval (20 s) was used to facilitate fast calcula-

tion. The calculation speed of one physical second per one

hour of battery time was achieved with this sampling interval

(on a 533 MHz Pentium III PC).

3.3.1. Model accuracy

Typical charging curves are shown in Fig. 4. They were

first measured and later predicted using the model. The

prediction accuracy is high. The model can predict measured

voltage in full range of charge–discharge processes includ-

ing deep discharge and overcharge. The following situation

is demonstrated in Figs. 4 and 5. Higher voltage is measured

on batteries 2, 3 and lower voltage on batteries 1, 2 during

overcharge (the string voltage is constant). Respectively,

higher voltage is model-predicted on batteries 2, 3 and lower

voltage on batteries 1, 2.

The two-step reaction model for negative electrode (8)

suggested in [16] was tested against single-step reaction

model (4). The limit current density IPbSO4
¼ 1 A/cm2 in

two-step reaction model was chosen from best fit with

experimental data. However, the prediction accuracy for

single- and two-step reaction models was similar for all

the tested batteries. Therefore, simpler single-step reaction

model was used for further analysis.

Fig. 3. Applied current profile. The measured current (M) and model

reproduced currents (S) are almost identical except for some differences

during the transaction from discharge to recharge.

Fig. 4. Typical charging curves of tested batteries. Model-predicted and

measured voltage is shown as a pair of fine and bold lines in the closest

neighbourhood for every battery.

Fig. 5. This figure is a zoom of Fig. 4 for overcharge, showing charge–

discharge voltage on tested batteries: model-predicted (S) and measured

(M) voltage. The model can predict measured voltage in full range

including overcharge.

Fig. 6. State-of-charge: model-predicted charge (S) and charge calculated

by applied current (N). The capacity of batteries (calculated by applied

current) is overestimated while model-predicted capacity is more realistic.
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3.3.2. State-of-charge

The state-of-charge is shown in Fig. 6 for full cycle of

charge–discharge processes; the model-predicted charge

and the charge calculated by applied current are shown.

The model predicted capacity (maximum charge) of 36, 34,

34 and 36 Ah is lower than the capacity of 37 Ah computed

using applied current. This is because the applied current is

higher than real charging current due to heat generation and

dissipation, current loss through isolation and water decom-

position in battery.

3.3.3. Resistance

The battery ohmic resistances measured with direct-cur-

rent method during discharge are shown in Fig. 7. The

measured resistance is compared with model-predicted

values. Here, as an exception, a distributed parameter model

with six layers per each electrode was used. The distributed

parameter model can approximate the charge-transfer resis-

tance and conductivity in electrodes more accurately than

the lumped parameter model. However, the prediction accu-

racy is not very high. The model predicts smoother changes

of resistance than measured.

The measured resistance is a good indicator of battery

capacity in deep discharge. Unfortunately, these mea-

surements are not applicable for testing of fully-charged

batteries.

4. State estimation

The calibrated model can be applied for the evaluation of

the unobservable processes in battery using observable

processes. The gas formation processes are evaluated and

analysed using current–voltage and temperature measure-

ments in this section. Their possible use in battery monitor-

ing is discussed.

A retrospective analysis is applied. The unobservable

processes are evaluated by means of theoretical cell model,

using current–voltage and temperature measurements

recorded experimentally in charge–discharge processes.

The cell model calibrated previously in another experiment

for the same batteries is used for analysis beside measured

current, voltage and temperature processes.

Charging efficiency: The share of applied current between

primary and gassing reactions is in favour of gassing reac-

tion during overcharge (Fig. 8). The charging process is

ineffective during overcharge—it is up to 15 times slower

than gassing reaction by share of current that depends on

battery. The primary reaction current is lower for batteries 3

and 2 than for batteries 1 and 2.

4.1. Gas formation

The terms ‘‘initial-charge period’’, ‘‘float-charge period’’,

‘‘overcharge period’’ and ‘‘voltage disburse’’ are used as

follows.

The initial charging period when constant current is

applied is the initial-charge period.

The limited charging period between initial-charge and

overcharge periods is the float-charge period. A constant

voltage is applied to limit current in this period.

The inflation or deflation of voltages of single batteries

during overcharge is the voltage disburse.

The charging period after the disburse of voltages starts is

the overcharge period. Exact timing of disburse can be

observed from charging curves (Fig. 4).

4.1.1. Oxygen current

All batteries in a string were charged rather completely

to reach the state of overcharge. Battery 1 was charged up to

99.4% of maximum capacity, battery 2 to 99.9%, battery 3 to

Fig. 7. Ohmic resistance: model-predicted resistance (S) and resistance

measured by direct current method (M) during discharge.

Fig. 8. Share of applied current between primary and gassing reactions

evaluated using the model and the current, voltage and temperature

measurements. The charging turns quickly into extensive gassing for the

batteries 2, 3.
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99.9%, battery 4 to 99.4%. The voltage disburse starts at

98% of maximum capacity for all batteries. The applied

current was nearly equal to the primary reaction current until

this point (98%) was reached, from there further on the

primary reaction current was increasingly more and more

compensated by oxygen evolution and recombination cur-

rent (Fig. 8) and a little by hydrogen evolution current

(Fig. 9). These secondary processes are less stable; they

depend on gas formation and transport through separator.

Symmetry between the evolution and recombination pro-

cesses is good for oxygen (Fig. 9). The recombination

efficiency is either nearly constant or a time-varying process

in a very narrow band.

4.1.2. Float-charge period

The oxygen evolution and recombination currents are

slightly higher for batteries 1 and 4 than for batteries 2

and 3 during float-charge period. This difference cannot be

observed directly from measured data, it is masked by high

current of the main reaction.

4.1.3. Overcharge period

The oxygen current for battery 3 is higher than for other

batteries during overcharge; for battery 2 it has an increasing

trend. Difference between the batteries is observable by

oxygen current during overcharge (Fig. 9), it is large enough

not to be masked by the current of main reaction. The

oxygen current can be used to distinguish between see-

mingly equal batteries under overcharging.

4.1.4. Hydrogen current

The hydrogen evolution current is slightly higher for

batteries 1 and 4 than for batteries 2 and 3 during the

float-charge period (Fig. 10). This difference cannot be

observed directly from measured data, but is masked by

high current of primary reaction or oxygen reaction. The

hydrogen current for battery 3 is higher than for other

batteries during overcharge. The hydrogen current cannot

be used to distinguish between seemingly equal batteries.

4.1.5. Gas escape and water loss

The gas escape and water dry-out evaluated using the

observable current–voltage measurements are shown in

Figs. 11 and 12.

Initial-charge period: The gas escape is small during the

initial-charge period but it increases substantially during the

float-charge period and before or during the overcharge

period depending on battery. A high primary reaction current

can be produced with relatively low overvoltage during

initial-charge period. This overvoltage is not sufficient to

produce current of the secondary reactions, they are hin-

dered by the low value of state-of-charge.

Float-charge period: When the charging proceeds at

constant voltage, it will be more difficult to produce the

Fig. 9. Oxygen evolution and recombination current on positive (P) and

negative (N) electrodes evaluated using the model and the current, voltage

and temperature measurements. These oxygen evolution and recom-

bination processes are well balanced.

Fig. 10. Hydrogen evolution current on negative electrodes evaluated

using the model and the current, voltage and temperature measurements.

This current is much smaller than oxygen evolution current.

Fig. 11. Gas reaction current of tested batteries evaluated using the model

and the current, voltage and temperature measurements. This is mainly

oxygen reaction current.
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current of primary reaction because of reaction hindrance

with increased value of state-of-charge. As a result, higher

overvoltage should be applied. This produces more current

in secondary reactions than in primary reaction. Both oxy-

gen and hydrogen currents are relatively high during the

float-charge period (Figs. 9 and 10).

Overcharge period: In the next period there will be a drop

of gassing current because of lower current demand. It is

mainly compensated by oxygen current. The oxygen evolu-

tion is a more productive process than hydrogen evolution,

especially for high value of state-of-charge. The oxygen

evolution current is high but still in good balance with

recombination current. As a result, it has little effect on

oxygen escape. The primary reaction is completely hindered

during overcharge. The water loss at the end of charging

processes is relatively small. Ageing of batteries 1 and 4 is

less during the overcharge than it was during the main

charge period.

The disburse of voltage is not related to electrolyte density

or conductivity during overcharge, there are no changes as

shown in Fig. 13.

4.2. On relation of capacity and overcharge voltage

The solution of the battery monitoring problem could be

simplified if some simple indicators of the state-of-health of

battery would be found. Unfortunately, it seemed unlikely.

The float voltage during overcharge or resistance cannot be

used as simple indicators. This is shown on the basis of

measured and evaluated data in the following example.

Example 1. Higher voltage during overcharge may predict

lower capacity. For example, the voltage of batteries 2 and 3 is

higher and the capacity lower in comparison with batteries 1

and 2. This conclusion can be made comparing the predicted

voltage for overcharge and the state-of-charge in Figs. 4 and 6.

The same conclusion can be made by inspection of the

measured voltage in dependence of the degree of discharge

or recharge in Figs. 14 and 15. Lower cut-off voltage will turn

into the higher voltage during overcharge.

Unfortunately, this is not true in general. Higher voltage

during overcharge may predict lower capacity. This is shown

in Fig. 16 for another set of batteries during deep discharge

and overcharge periods.

High charge-transfer resistance during overcharge can

explains high float voltage for both sets of batteries. This

is shown in Fig. 17 (for basic set). The ohmic resistance in

batteries 2 and 3 is higher than in batteries 1 and 2.

Battery resistance and capacity are related through

charge-transfer resistance for primary reaction. This rela-

tionship is well observable in the condition of deep dis-

Fig. 12. Water drying out evaluated using the model and the current,

voltage and temperature measurements. It is in good correlation with

oxygen reaction current in Fig. 11.

Fig. 13. Electrolyte density (D) and conductivity (C) evaluated using the

model and the current, voltage and temperature measurements. The

voltages disburse in Fig. 4 is not affected by electrolyte concentration or

conductivity.

Fig. 14. Measured voltage of batteries shown in dependence on the degree

of discharge or recharge.
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charge. Unfortunately, it is not observable on well-charged

battery due to the lack of primary reaction. The charge-

transfer resistance of primary reaction is masked by large

values of the charge-transfer resistance of gassing reactions.

The battery ohmic resistance and battery capacity are not

related during overcharge.

Therefore, float voltage during overcharge cannot be used

as an indicator of battery capacity nor resistance.

No evidence that the state-of-health of a battery can be

detected with some simple indicator like resistance or float

voltage during overcharge. The state-of-health can be

detected using a complex model-based method. It can be

evaluated in the form of natural electrochemical processes

by direct current–voltage and temperature measurements

from model.

5. Conclusion

A theoretical model based on the internal electrochemical

processes of VRLA battery was introduced that may be used

to predict the unobservable processes such as reaction rate,

overpotential, current density, porosity, acid concentration,

gassing, water dry-out and other electrode parameters by

observable current–voltage and temperature measurements.

The introduced model was a modified version of the pre-

viously presented model [19] with respect to gassing and

other processes. It was calibrated on measured data and

tested against experiment. High prediction accuracy was

demonstrated relevant to the full discharge–recharge cycle

including deep discharge and overcharge of a battery. The

case sensitive prediction of individual behaviour of batteries

during overcharge was shown possible.
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