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bstract

This communication presents a model of electrochemical cells developed in order to simulate their electrical, chemical and thermal behavior
howing the differences when thermal effects are or not considered in the charge–discharge process. The work presented here has been applied to
he particular case of the Pb,PbSO4|H2SO4 (aq)|PbO2,Pb cell, which forms the basis of the lead-acid batteries so widely used in the automotive
ndustry and as traction batteries in electric or hybrid vehicles.

Each half-cell is considered independently in the model. For each half-cell, in addition to the main electrode reaction, a secondary reaction is
onsidered: the hydrogen evolution reaction in the negative electrode and the oxygen evolution reaction in the positive.

The equilibrium potential is calculated with the Nernst equation, in which the activity coefficients are fitted to an exponential function using
xperimental data. On the other hand, the two main mechanisms that produce the overpotential are considered, that is the activation or charge
ransfer and the diffusion mechanisms.

First, an isothermal model has been studied in order to show the behavior of the main phenomena. A more complex model has also been studied

ncluding thermal behavior. This model is very useful in the case of traction batteries in electric and hybrid vehicles where high current intensities
ppear.

Some simulation results are also presented in order to show the accuracy of the proposed models.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The modeling of electrochemical cells, secondary batteries
r electrochemical energy storage devices in general has been
idely studied, there being a considerable number of previously
ublished works available [1–20]. The large number of works
arried out around this topic is partly motivated by the interest
roused by electric and hybrid vehicles. For this reason, many of
hese works have been developed as a part of simulation models
or these vehicles [1–6].
These works are sometimes based on empirical relationships,
nd other times on a detailed description of the physical and
hemical processes that take place in the cell, and even on the
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evelopment of equivalent circuits [6–8]. In order to develop
hese models various techniques have been used, such as lookup
ables, lumped parameters or bond graphs.

Taking the first works published as a starting point, differ-
nt extensions and modifications of increasing complexity and
recision have gradually been proposed. In some cases [4,9–11]
odifications have been made to previously published works

3,12], while in other cases, it has been the authors themselves
13] who have made suggestions for improving their own models
10].

There is also a wide variety depending on the goals. There are
sothermal models, for instance, to describe electrochemical cell
ehavior under normal charge or discharge conditions, models
hat seek to get as close as possible to the limit current condi-

ions [13], thermal models that include the effect of temperature
1,7,8,14,15], and even age on cell performance [1], models
hat study the recombination of gases during the charge pro-
ess, particularly in lead-acid batteries (VRLA) [10,13,16,17],
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r models specially developed to describe cell behavior during
pulse charge/discharge operation [17,18].

A highly interesting alternative for developing these types
f models is to use the bond graph technique. This technique
llows for the development of models that may belong to dif-
erent physical domains. This is especially useful to integrate
he models developed into other more complex and multidisci-
linary ones as, for example, a complete hybrid vehicle model,
ith all the components like engine, clutch, gear box, chassis,

nd power system, including the battery and the control system.
In this paper, based on two previous ones by the authors

21,26], a model for an electrochemical cell has been devel-
ped. The model has been applied to the particular case of the
b,PbSO4|H2SO4 (aq)|PbO2,Pb cell. This kind of cell forms the
asis of lead-acid batteries that are widely used in the automo-
ive industry as well as traction batteries in electric or hybrid
ehicles.

The main goal of this work has been to obtain a model capa-
le of reproducing cell behavior for both charge and discharge
onditions. Therefore, an initial isothermal model has been con-
tructed. In many cases, this isothermal model may be sufficient
o provide an adequate representation of cell behavior. How-
ver, in those cases where high charge currents are involved, the
hermal effects may be considerable. A thermal model has also
een developed for this case, aimed at providing an adequate
epresentation of these effects.

. Electrochemistry of the Pb,PbSO4|H2SO4
aq)|PbO2,Pb cell and bond graph models

.1. Equilibrium potential and open circuit voltage

Let us consider a cell such as shown in Fig. 1. It consists
f a lead electrode (Pb) and another of lead dioxide (PbO2)
ubmerged in an H2SO4 solution. When the two electrodes come
ogether (Fig. 1a), an electric current flows from one to the other

ue to a potential difference between the two electrodes. The
eaction giving rise to this electromotive force is:

bO2 + Pb + 2H2SO4 → 2PbSO4 + 2H2O (1)

v
t
T
c

Fig. 1. Pb,PbSO4|H2SO4
r Sources 165 (2007) 436–445 437

This reaction can be split into two parts. One that takes place
n the left electrode:

b + SO4
2− → PbSO4 + 2e− (2)

and the other that takes place in the right one:

bO2 + 4H+ + SO4
2− + 2e− → PbSO4 + 2H2O (3)

The electrode where oxidation occurs is called the anode
nd the one where reduction occurs is called the cathode. The
lectromotive force of a galvanic cell is defined as:

= Ec − Ea (4)

here Ec and Ea are the reduction potentials of the cathode and
he anode, respectively.

If a voltage greater than its electromotive force is applied to
he cell, the electrochemical process is inverted in the electrodes
Fig. 1b) and the direction of the reactions (2) and (3) is also
nverted.

The dependency of the electromotive force on the concen-
ration of substances taking part in the reaction is given by the
ernst equation:

= E◦ − RT

nF
ln Π

i
(miγi)

νi (5)

here E◦ is the normal or standard electromotive force, R
he molar gas constant, T the electrolyte temperature, F Fara-
ay’s constant, n the number of electrons exchanged, ν the
toichiometric coefficient, m the molality, and γ is the activity
oefficient. In our case, because of the high concentrations of
lectrolyte used, the solvent activity cannot be considered con-
tant and equal to the unit and must be included. The values of
ater activity can be obtained, for any concentration of H2SO4,

rom experimental data [22] by adjusting to a polynomial func-
ion.

In the case of the electrolytes, owing to the electrically neu-
ral condition, the concentration of one of the ions cannot be

aried without changing that of the other, since it is impossible
o separate the effects of the positive ions from the negative ones.
his means that the activity coefficients of the individual ions
annot be measured experimentally. For this reason the mean

(aq)|PbO2,Pb cell.
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onic activity coefficient γ± is defined as:

ν
± = γν+

+ × γν−
− ; ν = ν+ + ν− (6)

his being the only coefficient that can be measured experimen-
ally and able to be found in tables. In our case, as the reactions
f each electrode are to be looked at individually, it is neces-
ary to have some procedure to estimate the value of the activity
oefficients of the positive and negative ions separately. Tak-
ng Debye–Hückel’s theory for strong electrolytes as a starting
oint, a relation between these coefficients and the mean ionic
ctivity coefficient can be established:

n γ+ = (ν/ν−) ln γ±
(z−/z+)2 + (ν+/ν−)

; ln γ−
(ν/ν+) ln γ±

(z+/z−)2 + (ν−/ν+)

(7)

here z+, y and z− are the charges of the positive and negative
ons (in our case SO4

2− and H+ ions) and:

+ = (γ±)1/2; γ− = γ2
± (8)

The values of γ± can be obtained for any concentration of
2SO4, from experimental data [22] by adjusting to a polyno-
ial function.
The value given by the Nernst equation corresponds to the

eversible electromotive force, that is, when no current is passing
hrough the electrodes or when the current can be considered as
egligible and is called open circuit voltage Under the same con-
itions, the potential of each individual reaction in expression
4) is known as equilibrium potential.

.2. Overpotential

Under irreversible conditions, that is, when current is flowing
hrough the electrodes, the value for potential is different from
hat of equilibrium, the difference being known as overpotential,
nd represented by η. In our case, of all the different mechanisms
hat can give rise to overpotential, the most important ones are
hose of charge transfer and diffusion, and only these will be
aken into account.

.2.1. Charge transfer overpotential
Charge transfer overpotential is caused by the charge transfer

rocess between the electrode and the electrolyte through the
ouble layer. The electrochemical kinetics shows its relation to
urrent density by means of Butler–Volmer’s equation:

i

i0
= exp

(
zαF

RT
ηt

)
− exp

(
−z(1 − α)F

RT
ηt

)
(9)

here i0 is the exchange current density, z the number of elec-
rons exchanged, α the charge transfer coefficient and ηt is the
harge transfer overpotential. This relation is shown in Fig. 2 by
he solid line, while the dotted lines correspond to each of the
ddends of expression (9).
However, due to the features of the model, current density
as to be used as an independent variable, and, therefore, the
nverse relation ηt = f−1(i) is necessary which, given the form of
9), cannot be directly calculated. Nevertheless, as can be seen

t

η

Fig. 2. Current density according to the charge transfer overpotential.

n Fig. 2, for high values of |ηt|, one of the two addends in (9)
an be neglected, thus obtaining Tafel’s equations:

ηt � RT
zF

; ηt > 0

ηt = RT

zαF
ln

i

i0
(10)

|ηt| � RT
zF

; ηt < 0

ηt = RT

z(1 − α)F
ln

i0

|i| (11)

For values of /i/ near to i0 and lower, the representation of ηt
y Tafel’s equations is inadequate and leads to a considerable
rror in ηt. We have chosen to seek a function i = f(ηt), with
ehavior similar to that of (9) in the small value zone of /i/
nd that, at the same time, allows to obtain the inverse relation
t = f−1(i).

.2.2. Diffusion overpotential
When current is flowing through an electrode, the so-called

iffusion layer is created as a result of the transport of the differ-
nt species taking part in the reaction from or to the electrode.
his layer is a zone where the concentration gradient is other

han zero. As a result of this change in concentrations, a differ-
nce of potential is caused regarding the equilibrium potential.
he corresponding overpotential produced is known as diffusion
verpotential.

The diffusion layer takes on a complex profile and is usually
ubstituted by a simpler model, called the Nernst layer, where
he concentration gradient is taken as constant. By using this
pproximation, the electrochemical kinetics gives the expression
12) for diffusion overpotential, according to current density, and
he density of current limit of each of the species il,j diffused

hrough the electrode/electrolyte interface:

d = RT

nF
ln

∏
j

(
1 − i

il,j

)νj

(12)
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the dissipated electrical potential.

There should be a capacitor and a resistance for each reac-
tion. Both elements should be joined so that current intensity is
Fig. 3. Mixed potential formation EM in the anode.

here n in this case, is given by:

=
∑

j

νjzj (13)

nd where νj and zj are the stoichiometric coefficient and the
harge of species j, respectively.

.3. Secondary reactions and mixed potential

Frequently, two or more processes take place simultaneously
n an electrode, as occurs with the anode where, apart from the
ain reaction, the hydrogen evolution reaction takes place:

H+ + 2e− → H2 (14)

The current density versus potential behavior curve for the
lectrode, where the two reactions shown take place, is repre-
ented in Fig. 3.

The curve on the left shows the charge transfer process in
he electrode main reaction, where η1 is the overpotential of this
eaction, and E0 (1) is its equilibrium potential. Likewise, η2 is
he overpotential of the reaction (14) and E0(2) its equilibrium
otential. Because the two reactions are independent, the total
urrent density i is obtained by adding the densities of the two
eactions, that is:

= i1 + i2 (15)

n such a way, that when i = 0, the potential is neither E0(1) nor
0(2), but an intermediate potential EM, which will be called
ixed potential, resulting in:

0(1) + η1 = E0(2) + η2 = EM (16)
Likewise, the following secondary reaction occurs in the
athode:

2O → 1
2 O2 + 2H+ + 2e− (17)

ith oxygen evolution, and with everything commented regard-
ng the anode remaining equally valid.
Fig. 4. Equilibrium potential representation.

. Simulation model

The simulation model has been developed using block
iagrams in Simulink, and implementing the equations and
ynamic model of the battery in this program. In order to under-
tand the composition of the model, a model with its equivalents
n electrical components has been developed that represent the
ifferent mechanisms for accumulating potential energy (com-
liances or capacitors), kinetic (inertances or inductions) or
nergy dissipation (resistances or resistors). The structure of
he model and how the aforementioned electrical equivalents
epresent the phenomena are described in the above section.

.1. Isothermal model

The reversible behavior of the cell in respect of the equilib-
ium potential has been modeled by using a capacitor (Fig. 4a).
his element stores free energy, integrating the current inten-
ity (i), in order to obtain the electric charge (q), and thereby
btaining the equilibrium potential by means of Eq. (5), since
he electrical charge and molality are directly related by Fara-
ay’s laws. Fig. 4b represents the block diagram relative to this
lement. From Fig. 4 onwards, the number or numbers in brack-
ts placed inside the block refer to the expressions defined in the
ext of this paper. Thus, starting out from a state of initial charge,
nd for a positive current, the charge will gradually increase over
ime, as will the stored electrochemical energy. When the cur-
ent is negative, the charge will gradually diminish, in the same
ay as the stored energy. When the state of initial charge is once

gain reached, the equilibrium potential will also be the same as
t the point of departure.

The irreversible behavior of the cell has been represented
sing a resistance. This element directly relates the current den-
ity (i) with the overpotential (η) through expressions (9–12),
s is shown in Fig. 5. As a consequence of the principal of the
ositive production of entropy, the relations between the inten-
ity and overpotential variables must remain in the 1st and 3rd
uadrant, as can be seen in Fig. 2. In this way, the potential asso-
iated with the resistance will always be positive and represent
Fig. 5. Overpotential representation.
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Fig. 6. Main and secondary reactions representation.

he same for both, and the overpotential added to the equilib-
ium potential. In each electrode, the elements corresponding to
ach of the reactions (main and secondary) should be joined to
ne another so that they conform to expressions (15) and (16).
ig. 6 represents the equivalent circuit diagram for the main and
econdary reaction.

Finally, the group of elements corresponding to the cathode
hould be joined to those of the anode so that the current traveling
hrough both will be the same. The electromotive force of the
attery will be given by expression (4), where Ec and Ea are
he mixed potentials of the cathode and anode, respectively, in
ine with expression (16). Fig. 7 shows the equivalent electrical
iagram and its representation in a block diagram.
.2. Thermal model

In any chemical reaction, like in those described above,
esides the electrochemical energy, there are other energy trans-

c
t
p
k

Fig. 7. Full battery representation
r Sources 165 (2007) 436–445

ormations such as thermal energy and mechanical energy. The
ibb’s free energy variation will be expressed by:

G = −Srev dT + V dP + E dQ (18)

here dT, dp and dQ are temperature, pressure and charge vari-
tions, respectively, Srev, V and E the entropy (the part owing
o the reversible process), volume and the previously defined
quilibrium potential.

A special case would arise when the temperature and pressure
emain constant. It can easily be seen from Eq. (18) that under
hese conditions the changes in the available electrochemical
nergy arise out of the variations in the Gibb’s free energy, the
eversible behavior of the cell being able to be represented as
et out in Section 3.1.

In general, in a cell like the one described here, it can be taken
hat any process goes on at constant pressure. In many cases, par-
icularly where there are no very high charge currents, it can be
aken that the temperature remains equally constant. However,
hen the intensity of the current is high, as happens with traction
atteries for electric vehicles, the thermal effects can become
onsiderable. Under these circumstances, the temperature can-
ot be taken as constant. In this case, the reversible behavior of
he cell should be represented (maintaining the approximation
f constant pressure) using a capacitor where, in addition to a

hemical port, like that used in Section 3.1, should be added a
hermal port, aimed at taking account of the thermal energy flows
roduced as a result of the reversible part of the heat reaction,
nown as the Peltier effect.

for the isothermal model.
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ig. 8. Block diagram of a chemical reaction considering thermal effects.

Via the thermal port is received the temperature value infor-
ation, on which, in turn, the equilibrium potential depends, and
hich serves to calculate the Srev variable using the following

onstitutive relation:

rev = −
(

∂G

∂T

)
p

= Q

(
∂E

∂T

)
p

(19)

A port must be included in the block diagram, in order to
epresent the production of entropy as a consequence of the
rreversible process (Joule effect), in such a way that the ther-

al potential produced coincides with the electrical potential
issipated:

Ṡirr = ηI (20)

here I is the total electrical current due to the electrode reaction.
ig. 8 shows the corresponding block diagram.

The sum of Srev and Sirr of each of the electrode reactions will
ive rise to heating or, circumstantially, due to the reversible
rocess, cooling of the electrolyte. This will act as a thermal
ccumulator and supply the temperature starting out from the
alue of the entropy in line with the relation:

= Tref exp

(
S

m c

)
(21)
ν

here Tref stands for the temperature in the initial conditions of
he system, m the electrolyte mass and cν the specific heat per

ass at constant volume. For small variations in temperature,

f

a
2

Fig. 9. Complete block dia
r Sources 165 (2007) 436–445 441

nd taking the calorific capacity of the electrolyte as constant, it
an be established [23] that:

= Tref = Tref
S

m cν

(22)

If the temperature T is different from the ambient temperature
a outside the cell, the electrolyte will exchange heat with the
nvironment surrounding it through the walls of the container in
hich it is stored. The thermal power exchanged T Ṡext will be
iven by:

Ṡext = HA(Ta − T ) (23)

here H is the overall heat transfer coefficient and A is the con-
ainer’s external surface area. If the thermal resistance due to
lm coefficients of the container’s external and internal walls is
eglected, H will stand for the heat conduction transfer:

= k

ε
(24)

here k is the thermal conductivity of the material and ε the
hickness of the container walls.

Fig. 9 shows the complete block diagram of the battery taking
ccount of the above effects.

. Simulation results

The model developed has been used to represent several situa-
ions in order to observe their behavior, particularly with regard
o thermal effects, as well as, for contrasting the results with
ome of those found in literature. Annex I contains the values
aken into account in the simulation as well as the references
rom which they were taken.

Firstly, the charge process of a six element cell coupled in
eries (corresponding to a standard 12 V. battery) was simulated

or two different charge voltages.

Figs. 10–12 show the results of charging a battery at a volt-
ge of 14 V for 2500 s, with an initial electrolyte temperature of
98.15 K. The process was applied to an isothermal model and

gram of the battery.
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Fig. 10. Temperatures for a 14 V charge. Thick line, adiabatic thermal model.
Thin line, non-adiabatic thermal model.

Fig. 11. State of Charge for 14 V charge. Thick solid line, isothermal model.
Thin solid line, non-adiabatic thermal model. Dashed line, adiabatic thermal
model.

Fig. 12. Charge currents for 14 V charge. Thick solid line, isothermal model.
Thin solid line, thermal model. Dashed line, adiabatic thermal model.
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ig. 13. Temperatures for a 12.2 V charge. Thick solid line, adiabatic thermal
odel. Thin solid line, non-adiabatic thermal model.

wo thermal models. In a thermal model, which we have called
he adiabatic model, the battery does not interchange thermal
nergy with the outside. In the other thermal model, the battery
nterchanges thermal energy with the outside and we have called
t the non-adiabatic model. It can be seen that there are consid-
rable differences depending on the model chosen. In the case
here thermal exchange with the outside was taken into con-

ideration, the electrolyte temperature underwent an increase in
emperature of 11 K, and 21 K in the other case. The state of
harge (SOC) values vary between 94 and 84% at the end of the
harge process for both extreme cases. The charge current value
t the end of the process is 55 A for the isothermal model, 35.8%
reater than for the adiabatic model and 15.1% greater than for
he non-adiabatic model.

Likewise, Figs. 13–15 show the results obtained during charg-

ng at a voltage of 12.2 V. As can be seen, in this case the charge
urrent is much lower, and as a result the differences among the
hree models are therefore negligible. The difference found in

ig. 14. State of charge for a 12.2 V charge. Thick solid line, isothermal model.
hin solid line, non-adiabatic thermal model. Dashed line, adiabatic thermal
odel.
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Fig. 16. Discharge voltage for a 63 A current, followed by a period of zero
current.

Table 1
Voltage values during the discharge process (see Fig. 10)

V0 (V) V1 (V) V2 (V) V3 (V)

R
T

c
in order to obtain the values for the capacities for C1, C3 and
C10 and to be able to compare them with those provided by the
Ref. [8]. As can be seen in Table 2 and in Fig. 18, the values
coincide fairly well.

Fig. 17. Discharge voltage at constant current for I1, I3 and I10.

Table 2
Data relative to capacity for different discharge rates
ig. 15. Charge currents for a 12.2 V charge. Thick solid line, isothermal model.
hin solid line, non-adiabatic thermal model. Dashed line, adiabatic thermal
odel.

he charge current values at the end of the process was no greater
han 3% in the worst case.

. Model validation

A model of these characteristics is highly dependent on a large
umber of parameters, not only of an electrochemical nature,
ut also of a constructive nature (initial electrolyte volume and
ensity, size and internal surface area of the electrode, thermal
haracteristics of the container material, its surface area in con-
act with the air, its thickness, . . .). It is, therefore, complicated
o validate the model from either experimental or theoretical
esults found in literature, as the cell or model used as a refer-
nce would need to be perfectly defined. It is almost impossible
o do this by taking published data. A correct verification of the

odel would, therefore, require a series of laboratory tests to be
arried out. This will be the aim of a future work.

Nevertheless, in order to confirm the good behavior of the
odel it is necessary that some comparison should be brought to

ear with either experimental results or those provided by other
ufficiently contrasted models. Ceraolo [7] proposes a model for
ead-acid batteries, developed by constructing equivalent elec-
ric circuits. This model has been validated with laboratory tests
rovided by the author himself [8]. This model and the data
sed for its validation have been used to transfer them to the
odel developed in this paper and be able to proceed to an

nitial validation.
The battery used in [7] has a C10 capacity of 540 Ah. Once

ompletely charged and stabilized, it was discharged by a 63 A
urrent for a period of 7.197 h, at the end of which time the cur-
ent remained zero. In order to validate the model developed,
he same process was reproduced using the non-adiabatic ther-

al model presented in this paper. The results relative to the

oltage per element supplied by the battery during the discharge
rocess under the conditions described are shown in Fig. 16. As
an be seen from Table 1, they coincide fairly closely with those
upplied by the experimental results obtained in Ref. [8].

R
T

ef. [8] 2.115 1.995 2.01 1.788
his paper 2.119 1.962 2.02 1.786

A discharge at constant current was simulated up to a 1.8 V
ut-off voltage per element, in periods of 1, 3 and 10 h (Fig. 17),
C1 (Ah) C3 (Ah) C10 (Ah)

ef. [8] 227.5 357 540
his paper 233 361.5 457
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Fig. 18. Capacity vs. discharge time.

. Conclusions

This work has presented a model of an electrochemical cell
ncluding complex behavior, in order to show the different

ehavior presented in the charging–discharging process of an
lectrochemical cell.

The charging process for a standard 12 V battery for two dif-
erent voltage charges was simulated using both the isothermal

2
A
T
a

ppendix A. Parameters used during the simulation

arameter

nitial specific surface area for Pb electrode amax,Pb (cm−1)
nitial specific surface area for PbO2 electrode amax,PbO2 (cm−1)
nitial exchange current density i0,max,Pb Eq. (2) (A cm−2)
nitial exchange current density imax,PbO2 Eq. (3) (A cm−2)
nitial exchange current density imax,H2 Eq. (14) (A/cm2)
nitial exchange current density imax,O2 Eq. (17) (A cm−2)
nitial cell temperature T (K)
mbient temperature Ta (K)
tandard reduction potential E◦

Pb Eq. (2) (V)
tandard reduction potential E◦

Pb Eq. (3) (V)
tandard reduction potential E◦

H2
Eq. (14) (V)

tandard reduction potential E◦
O2

Eq. (17) (V)
harge transfer coefficient αPb Eq. (2)
harge transfer coefficient αPbO2 Eq. (3)
harge transfer coefficient αH2 Eq. (14)
harge transfer coefficient αO2 Eq. (17)
xponent for area correctiona, Pb electrode δPb

xponent for area correctiona, PbO2 electrode δPbO2

xponent for exchange current density correctionb ξPb Eq. (2)
xponent for exchange current density correctionb ξPbO2 Eq. (3)
xponent for exchange current density correctionb ξH2 Eq. (14)
xponent for exchange current density correctionb ξO2 Eq. (17)
b electrode sizec,e VPb (cm3)
b electrode sizec,f VPbO2 (cm3)
bO2 electrode sizec,e VH2 (cm3)
bO2 electrode sizec,f VO2 (cm3)
ean ionic activity coefficient γ±
ater activity χH2OγH2O

pecific heat capacity of electrolyte cν (J Kg−1 ◦C−1)
r Sources 165 (2007) 436–445

odel and the thermal model. With the latter, it can be seen that
hen the charge currents are high, the thermal effects are con-

iderable, and at the end of the charge process the electrolyte
eaches temperatures considerably higher than at the beginning.
his increase in electrolyte temperature has repercussions on

he charge current value, and as a result, on the state of charge.
mportant mistakes can be made if an isothermal model is used.
lso, important differences can be seen according to whether the

ell’s heat exchange with the environment is taken into account
r not. It is, therefore, important to make an efficient represen-
ation of the heat transmission process between the electrolyte
nd the environment surrounding the cell.

For those processes where the charge currents are moder-
te, the thermal effects are not significant, and the differences
etween both models negligible. This means that in many sit-
ations a much simpler isothermal model can be used without
ommitting any significant errors.
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Value Ref.

23,000 [20]
230,000 [20]
4.96 × 10−6 [20]
3.19 × 10−7 [20]
6.607 × 10−14 [24]
1.3 × 10−14 [16]
298.15 –
298.15 –
−0.356 [25]
1.685 [25]
0.000 [25]
1.229 [25]
0.775 [20]
0.575 [20]
0.42 [24]
0.657 [16]
1.5 [5]
1.5 [5]
0.0 [17]
0.3 [17]
1.0 [17]
0.0 [17]
49 –
151.9 –
49 –
151.9 –
Fitted from ref. data [22]
Fitted from ref. data [22]
Fitted from ref. data [22]
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Appendix A (Continued )

Parameter Value Ref.

Temperature coefficientd ∂Eo
Pb/∂T Eq. (2) (from S◦ tables) (V K−1) −1.154 × 10−3 [25]

Temperature coefficientd ∂Eo
PbO2

/∂T Eq. (3) (from S◦ tables) (V K−1) 3.27 × 10−4 [25]
Temperature coefficientd ∂Eo

O2
/∂T Eq. (17) (from S◦ tables) (V K−1) −8.46 × 10−4 [25]

Thermal conductivity of container k (W m−1 ◦C−1) 0.2 –
Thickness of container walls ε (m) 0.005 –
External surface area of containere A (m2) 0.26 –
External surface area of containerf A (m2) 1.03 –
Electrolyte volume/elemente (l) 1.0 –
Electrolyte volume/elementf (l) 5.25 –
Maximum electrolyte densitye,f (Kg l−1) 1.28 –
Maximum electrolyte concentrationb [SO4H2]max (mol Kg−1) 6.08 –

a The specific surface area for each electrode changes with SOC so that: aj = amax,j(1 − Q/Qmax)δj for charge, and aj = amax,j(Q/Qmax)δj for discharge;
j = Pb,PbO2.

b The exchange current density changes for each reaction with the concentration of acid [SO4H2], so that: i0,j = i0,max,j([SO4H2]/[SO4H2]max)ξj ; j =
Pb, PbO2, H2, O2.

c Current intensity I for any reaction is related to the corresponding current density i, the specific surface area, and the size of the electrode V by means of: Ij = ijajVj;
j = Pb, PbO2, H2, O2.

pond

R

[

[
[

[

[
[
[
[

[
[
[

[

[
[

[

d To calculate Srev using expression (19), taking as reference value that corres
e Values corresponding to the results in Figs. 10–15.
f Values corresponding to the results in Figs. 16–18 and Tables 1 and 2.
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