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a b s t r a c t

The storage of energy in batteries is a cause of the failure and loss of reliability in PV systems. The battery
behavior has been largely described in the literature by many authors; the selected models are of Monegon
and CIEMAT. This paper reviews the two general lead acid battery models and their agreement with
experimental data. In order to validate these models, the behavior of different battery cycling currents
has been simulated. Results obtained have been compared to real data. The CIEMAT model presents a
good performance compared to Monegon’s model.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Battery is a crucial component in a stand-alone photovoltaic sys-
em. It acts as a dumper by allowing the storage of excess energy
rom the PV array and, provides energy for the loads during night
r non-sunny days. It can be considered as a stabilizer since it feeds
he loads with constant voltage.

Batteries are used in most stand-alone PV systems, and are in
any cases the least understood and the most vulnerable compo-

ent of the system. They remain a complicated element, since they
re the only dynamic element in a PV system. In fact many phenom-
na can occur such as charge and discharge. Many parameters vary
uring these processes such as voltage, current, density, temper-
ture, resistivity, etc. This leads to a complicated behavior of this
lement and thus makes predictions of the state of charge much
ore complicated. Battery state of charge evaluation usually con-

ists of measuring manually the electrolyte density; this method
an only be employed by people in charge of the maintenance of
n installation and is not feasible for a private individual wishing
o have at least daily information.

The battery behavior has been largely described in the literature

y many authors.

An important contribution was given by Shepherd [1]. The
nowledge of internal battery processes permitted to derive an
mpirical equation which represents a wide variety of batteries in
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ischarge and a complete set of discharge curves. This equation uses
minimum of experimental data for the parameters fitting. Besides,

t includes an exponential term that gives an approximation of the
otential drop at the beginning of discharge and another term asso-
iated with changes in the electrolyte concentration. Nevertheless,
he applicability of this equation appears to be limited to average
emperatures and it can be applied for battery charging if differ-
nt values for parameters are used. Modifications to the Shepherd
odel were proposed by Hyman [2] to include low current effects

or PV application, and were used by Facinelli [3] for a program to
imulate solar systems. Other contributions appear in this work:
emperature effects, a function for charging efficiency and a simple

odel for the battery lifetime. Other models were developed con-
erning the internal electrochemical, chemical and physical battery
rocess. Mayer and Biscaglia [4], in a discharge model, used for the
tate of charge meter purpose, takes into account the over voltages
orresponding to different phenomena. The equations for voltage,
apacity and internal resistance depend on many parameters.

Most of the models require the knowledge of appropriate
arameters, excepting the Monegon model [5] and CIEMAT model
6–9] do not keep the parameters fixed. Thereby, they must fit for
ach battery design, the values used in charge also differs from
hose used in discharge. They are non linear equations, which takes
nto account not only the charge and discharge but also the over-

harge. It also necessitates few input parameters.

This paper reviews the calculations from the two general lead
cid battery models and the agreement with a set of experimen-
al data obtained from tests with a charge–discharge equipment.
n order to validate these two models, the behavior of different

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:n_achaibou@hotmail.com
dx.doi.org/10.1016/j.jpowsour.2008.06.059
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attery cycling currents has been simulated. Results obtained have
een compared to real data gathered with charge–discharge equip-
ent at currents typical in photovoltaic applications at ambient

emperature (25 ◦C) for five different batteries.

. Battery modeling

Sizing is one of the most important tasks during the design
f a stand-alone PV system. The sizing procedure will determine
he power rating of the PV array and the battery storage capacity
eeded to power the required load; the electrical configuration of
he array may also be considered at this stage. More sophisticated
izing procedures will ensure that the reliability of power delivered
o the load is appropriate for a given application and optimise the
ost of the system. The availability of a mathematical model fitted to
xperimental data is important to understand better the behaviour
f batteries along the life cycles in realistic conditions.

The battery is a complex electrochemical system. Some of its
ffects are imperfectly understood theoretically and although prac-
ical electrochemists know what works and what does not, there
s still an element of art in the main electrochemical disciplines,
ncluding battery technology.

Only lead acid and to a small extent nickel-cadmium batter-
es are used in PV systems. Nickel-iron batteries are rarely used in
ny application, and suffer from a particularly high self-discharge
ate that makes them unsuitable for most PV applications. Nickel-
ydride and rechargeable lithium batteries are relatively modern
evelopments whose main applications today are in high value
lectronic goods such as mobile phones and laptop computers. They
re considerably more expensive today per kWh than lead acid bat-
eries, and often need some rather sophisticated protection in their
harging circuitry which is not easy to adapt to the changing nature
f PV charge currents. There are other rechargeable battery types
nder development for such future battery applications as electric
ehicles or load levelling. These are not commercially available yet,
xcept in some limited cases.

A practical battery basically consists of the following items:

A container.
Positive and negative electrodes. Often called plates, these hold
the different active material on some form of conducting support.
An electrolyte (normally a liquid).
Separators to stop the electrodes touching.
Positive and negative connections to the external circuit.

The energy stored in a lead acid battery is chemical energy
hat can be converted into electrical energy during discharge and
ice versa during re-charge. The positive electrode consists of lead
xide, the negative, lead. Both are converted to lead sulfate in the
ischarge process. The electrodes are immersed in sulfuric acid.

The chemical reactions follow the redox pattern. The current
n the external circuit flows conventionally from the positive to
he negative electrode. The two reactions can be written as follows
10,11]:

Positive:

PbO2+4H+ + SO4
2− +2e−→ PbSO4+2H2O (1)

Negative:

2− −
Pb + SO4 → PbSO4+2e (2)

The reversible potentials are V+ = +1.685 V and V− =−0.356 V,
iving an open circuit e.m.f. V = 2.041 V.

During charging the reactions are:

t
o
p
b
a

ources 185 (2008) 1484–1491 1485

Positive electrode:

PbSO4+2(OH)−→ PbO2+H2SO4+2e− (3)

Negative electrode:

PbSO4+2H+ +2e−→ Pb + H2SO4 (4)

The fully charged cell has

positive electrolyte negative
PbO2 (lead dioxide) dilute H2SO4 Pb (spongy lead)

The overall cell reactions are

bO2 + 2H2SO4 + Pb
discharge−→ ←−

charge
2PbSO4 + 2H2O (5)

his equation lies at the base of the so-called “theory of double
ulphation” laid in 1884 by Gladstone and Trible [12].

During discharge the active parts of both electrodes are con-
erted to lead sulphate, and the concentration of the electrolyte is
educed by both the removal of sulphate ions and the formation
f water. During charge, the lead sulphate at the negative plate is
educed to spongy lead, and it is oxidised at the positive electrode
o lead dioxide. There is a release of sulphate ions at both plates and
herefore an increase in the concentration of the electrolyte. Mea-
urement of the concentration indicates the state of the electrodes:
he relative density of the electrolyte is read by a hydrometer.

Lead sulphate, the product of the discharge reaction, is practi-
ally insoluble in the electrolyte, a factor that endows the cell with
ts high degree of reversibility.

During cycling the lead sulphate remains where it is formed and
he structure of the active materials is relatively undisturbed.

The modelling of electrochemical cells, secondary batteries or
lectrochemical energy storage devices in general has been widely
ublished works available [1–14]. These works are sometimes
ased on empirical relationships, and other times on a detailed
escription of physical and chemical processes that take palace in
ell, and even on the development of equivalent circuits. There is
lso a wide variety depending on the goals. There are isothermal
odels, thermal models include effect of temperature, and even

ge on cell performance, models that study the recombination of
ases during the charge process.

Many models have been developed to describe the voltage evo-
ution taking into account the variation of the internal resistance.

ost of the proposed models based on the experimental identi-
cation of the intrinsic parameters for each type of battery. The
dvantage of the battery models developed by CIEMAT and Mone-
on is there ability to cope with a wider range of lead acid batteries
nd requires few manufacturers’ data technological parameters.

The voltage of the battery reflects the different ‘chemical
otentials’ of the two active materials when they react with the
lectrolyte—simplistically speaking, the more reactive the two
aterials, the higher will be the voltage of a battery they comprise.
uring the oxidation and reduction reactions, the active materials
hange into different chemical forms.

The simplest equation to represent the relationship between the
oltage (V) the current (I) during charge and discharge is given by

= Voc ± IR (6)

here Voc is the open circuit voltage and R is the internal resis-
ance. The current I is positive during charge and negative during

he discharge. The internal resistance is variable, and depends on
ther parameters such as capacity, charge/discharge current, tem-
erature. The two models analyzed below describe the battery
ehaviour under the variation of the external characteristics: volt-
ge, current, state of charge and temperature. Three processes are
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Table 1
Batteries electrical proprieties

Battery type Symbol Nominal capacity (Ah) Nominal voltage (V)

Varta solar ‘Bat1’ 100 12
ENPEC ‘Bat2’ 160 6
ENPEC ‘Bat3’ 80 12
Fulmen TXE 225 ‘Bat4’ 220 2
Tudor STTH 180 ‘Bat5’ 180 2
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Fig. 2. Photo of the experimental device.

Table 3
Charge and discharge current rate of the various types of battery

Bat1 Bat2 Bat3 Bat4 Bat5

Charge
I(C5) = 20 I(C20) = 8 I(C10) = 8 I(C5) = 44 I(C7.5) = 24
I(C10) = 10 I(C40) = 4 I(C20) = 4 I(C10) = 22 I(C10) = 18
I(C20) = 5 I(C55) = 4 I(C18) = 10
I(C70) = 1.4 I(C36) = 5

Discharge

�
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SOC = 1− (9)

T
B

P
N
C

S

M

D

W

Fig. 1. Diagram of the experimental device.

onsidered: discharge, charge and overcharge, and their mathemat-
cal formulations are given as below.

.1. CIEMAT model

This battery model is proposed as a tool to simulate and optimize
V storage systems. The normalized form of the equations with
espect to the battery capacity allows us to generalize its use for
ny type and size of lead acid batteries [8].

.1.1. Discharge voltage equation
The discharging is given by the following equation:

= [2.085− 0.12(1− SOC)]− I

C10

(
4

1+ I1.3
+ 0.27

SOC1.5
+ 0.02

)

× (1− 0.007 �T) (7)
he first term represents the open circuit voltage variation with the
tate of charge (electrolyte concentration) and the second is due to
he internal resistance variation which is represented by the sum
f series resistances caused by other different phenomena.

D

Q

able 2
atteries technical description

‘Bat1’

ositive plate Flat with pocket
egative plate Flat, alloy of grid; lead-antimony
ontainer and lid Container and the lid are heat-welded and

electrolyte tight from shock-proof and
stable plastic at the temperature

eparators Microporous with low electrical resistance

aintenance Minimal water consumption, which gives a
long lifespan and a very small maintenance

imensions (mm): L*× L*×H 372*×175*×195

eight (kg) dry 18
I(C5) = 20 I(C10) = 16 I(C10) = 8 I(C5) = 44 I(C7.5) = 24
I(C10) = 10 I(C20) = 8 I(C20) = 4 I(C10) = 22 I(C10) = 18
I(C20) = 5 I(C40) = 4 I(C40) = 2 I(C55) = 4 I(C18) = 10
I(C50) = 2 I(C80) = 2 I(C36) = 5
I(C70) = 1.4

Where the temperature variation is

T = T − 25 (8)

epth of discharge (DOD) is the fraction or percentage of the
apacity which has been removed from the fully charged battery.
onversely, the state of charge (SOC) is the fraction or percentage
f the capacity is still available in the battery. It is similar to con-
idering whether a bucket (or drinking glass) is half empty or half
ull:

Q

C

OD = Q

C
(10)

= It (11)

‘Bat2’–‘Bat3’ ‘Bat4’–‘Bat5’

Tubular, matter Tubular open type
Flat, alloy of grid; Lead-antimony Flat, alloy with low antimony content
Container made of ebonite, the lid
is adapted to seal tightly

Transparent container on visible level;
explosion-proof stoppers and sintered
ceramics discs

Fine sheets of synthetic matter or
cellulose, insulating and porous

Microporous with low electrical
resistance

The reserve of electrolyte is not
significant enough

Large reserve of electrolyte (very low
maintenance, long lifespan)

400*×150*×190 210*×100*×400
198*×189*×380

18–32 17–16
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he efficiency during discharge is assumed to be 100%; however, the
otal amount of useful charge available during discharge is limited
y the current rate and temperature given by the capacity. This last
s normalized with respect to discharge current corresponding to
10 rated capacity (I10) is

C

C10
= 1.67

1+ 0.67(I/I10)0.9
(1+ 0.005 �T) (12)

hen the discharge current tends to zero, the maximum capacity
hat can be removed is about 67% over C10 capacity at 25 ◦C.

.1.2. Charge voltage equation
The charging equation is given by the following equation:

= [2− 0.16 SOC]+ I

C10

(
6

1+ I0.86
+ 0.48

(1− SOC)1.2
+ 0.036

)

× (1− 0.025 �T) (13)
n this case, the state of charge (SOC) is function of the efficiency
onversion �c and SOC0:

OC = SOC0 +
�cQ

C
(14)

ig. 3. Voltage versus time in charge and discharge at various currents and 25 ◦C for
Bat1’. (a) Discharge; (b) Charge.
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ig. 4. Voltage versus time in charge and discharge at various currents and 25 ◦C for
Bat2’. (a) Discharge; (b) Charge.

c = 1− exp
[

20.73
I/I10 + 0.55

(SOC− 1)
]

(15)

.1.3. Overcharge voltage equation
The overcharge can be represented by the following exponential

unction:

= Vg + (Vec − Vg)
[

1− exp
(

0.95C − Ahrestored

I�

)]
(16)

here Vg and Vec represent the gassing and final charge voltage,
espectively

g =
[

2.24+ 1.97 ln
(

1+ I

C10

)]
(1− 0.002 �T) (17)

ec =
[

2.45+ 2.011 ln
(

1+ I

C10

)]
(1− 0.002 �T) (18)
hrestored represents the ampere-hours stored in the battery with
egard to the battery capacity C for the charge current I during this
our. It is assumed that 95% of the capacity is already restored at
he start of the charge.
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ig. 5. Voltage versus time in charge and discharge at various currents and 25 ◦C for
Bat3’. (a) Discharge; (b) Charge.

The time constant � is inversely proportional to charge current
ntensity and, as an approximation, can be written as

= 17.3

1+ 852(I/C10)1.67
(19)

.2. Monegon model

In a report for photovoltaic stand-alone systems, presented by
onegon [2], the equations for battery charge and discharge are

iven in a normalized form with respect to the battery capac-
ty, thus their parameters are fixed. Furthermore, the open circuit
oltage and internal resistance are functions of the temperature
nd an attempt to represent the operate during overcharge is
ade.

.2.1. Discharge voltage equation
= 2.094(1− 0.001(T − 25))

− I

C10

(
0.189
SOC

− 0.15(1− 0.02(T − 25))
)

(20)
ig. 6. Voltage versus time in charge and discharge at various currents and 25 ◦C for
Bat4’. (a) Discharge; (b) Charge.

.2.2. Charge voltage equation

= 2.094(1− 0.001(T − 25))

+ I

C10

(
0.189

1.142− SOC
+ 0.15(1− 0.02(T − 25))

)
(21)

.2.3. Overcharge voltage equation

= 2.094(1− 0.001(T − 25))( )

+ I

C10

0.189
1.142− SOC

+ 0.15(1− 0.02(T − 25))

+(SOC− 0.9) ln
(

300I

C10
+ 1

)
(22)
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Data is collected automatically via a data logger for both charge and
discharge with different currents.

The comparison between real data and model simulation is pre-
sented in Figs. 10 and 11 for charge and discharge processes of
‘Bat1’.
ig. 7. Voltage versus time in charge and discharge at various currents and 25 ◦C for

Bat5. (a) Discharge; (b) Charge.

. Experiments and results

Battery discharge and charge tests were carried out upon lead
cid batteries at different currents. All tests are carried out room
emperature.

Within the framework of this experimental characterization,
ve types of lead acid batteries of various technologies and various
anufacturers were chosen and tested [15]. Technical descriptions

re given in Tables 1 and 2.
The tests which were carried out for the measurement of the

haracteristic parameters of the battery are as follows: charge
rocess, discharge process, determination of the electrolyte den-
ity. The synoptic diagram of the experimental device is given in
igs. 1 and 2.

The tests of charge and discharge processes were carried out
or various currents. The currents chosen in this study are suit-

ble to cover the range operating conditions, including PV systems
pplications, see Table 3.

The results obtained of the densities, the tensions and the capac-
ty are corrected at the temperature of 25 ◦ C using the following F
ources 185 (2008) 1484–1491 1489

ormulas [16]:

25 = d+ 0.0007(T − 25) (23)

25 = V + 0.005(T − 25) (24)

25 =
C

1+ 0.003(T − 25)
(25)

he voltage and current were recorded periodically. Some of the
esults obtained for voltage versus time in charge and discharge
t various currents and 25 ◦C for differents type of batteries are
resented in Figs. 3–7:

Variation of the open circuit voltage according to the density of
he electrolyte is given in Fig. 8.

The linear approximation of the experimental points gave for
he type of battery ‘Bat1’ the following expression:

oc = 1.264d+ 0.546 (26)

onsidering the batteries are new and consequently they do not
resent a sign of degradation, nor stratification, it is noted of these
esults that all energy is accumulated in the battery.

From the discharge curves, we calculate the capacities of the
atteries for end of discharge voltage of 1.75 V/element for ‘Bat1’,
.9 V/element for ‘Bat2’ and ‘Bat3’ and 1.8 V/element for ‘Bat4’ and
Bat5’, and from the charges curves we determine the values of Vg,
g, Vfc, tfc. Results are resumed in Table 4.

. Models validation

For the implementation of the battery model described previ-
usly, the model is considered as a black box which is illustrated by
he synopsis of the figure (Fig. 9).

The principle implementation consists in finding a solution of
he battery model in order to determine the charge or discharge
oltages. The battery was cycled from 30% to 100% for charge and
rom 100% to 30% for discharge at standard test condition T = 25 ◦C.
ig. 8. Open circuit voltage according to the density of the electrolyte for ‘Bat1’.
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Table 4
Capacities, gassing voltage and final charge voltage according to the current for
T = 25 ◦C

I (A) C (Ah) tg Vg tf Vfc

‘Bat1’
20 60 2.222 2.341 4 2.606
10 64 5.179 2.187 10 2.567
5 65 9.540 2.135 18.42 2.477
2 66
1.4 67.2 28.12 2.103 49.42 2.425

‘Bat2’
16 80
8 104 7.708 2.18 15.23 2.47
4 124 30.687 2.12 40 2.42
2 155

‘Bat3’
8 46.4 6.57 2.228 9.05 2.534
4 60 11.05 2.164 17.87 2.393
2 72

‘Bat4’
44 88 1.676 2.55 2 2.75
22 202.4 6.25 2.29 8.68 2.52

4 308 47.148 2.055 95.4 2.47

‘Bat5’
24 156 6 2.3 10.98 2.666

t
t

R

w
t

d
c
m
n
f

18 184.5 7 2.255 12.65 2.633
10 230.8 18.42 2.155 30 2.589
5 262.1 33.93 2.122 70 2.489

The values of root mean square error (RMSE) [3] that indicate of
he models performance to represent the battery behavior during
he processes are given in Table 5 calculated with the equation:

MSE =
[

1
N

∑N

i=1

[
Ci −Mi

Mi

]2
]1/2

× 100 (27)

here Ci and Mi are the computed values and measured, respec-
ively and N is the number of point of the measured values.

The Monegon model is not adapted to represent the process of
ischarge. A higher value of ‘RECM’ is observed. Concerning the pro-

ess of charge, the calculated errors show the inefficiency of this
odel in the description of the process itself, and even in the phe-

omenon of overcharge. The term included in the Monegon model
or the overcharge does not reproduce this process and the error

Fig. 9. Synopsis of battery model.

F
2

v
p
f
o
a
m
o

T
M

R

ig. 10. Monegon model fitting for discharges and charges at various currents and
5 ◦C for ‘Bat1’. (a) Discharge; (b) Charge.

alues show this deviation clearly. These great variations are due
robably to the value of the various parameters which are identified
or another type of battery under different operational conditions,

r can be that the batteries used for the description of this model
re different from those used in the photovoltaic applications. This
odel suggested does not refer to a specific type of battery, it refers

nly that the batteries used are with acid lead. The alloy of the plates

able 5
odels fitting for charge and discharge processes at T = 25 ◦C

Models

Monegon CIEMAT

Discharge Charge Discharge Charge

MSE (V/cell)
‘Bat1’ 0.052 0.061 0.022 0.021
‘Bat2’ 0.025 0.059 0.029 0.045
‘Bat3’ 0.033 0.062 0.010 0.047
‘Bat4’ 0.044 0.041 0.028 0.024
‘Bat5’ 0.011 0.043 0.018 0.022
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[

[
[

ig. 11. CIEMAT model fitting for discharges and charges at various currents and
5 ◦C for ‘Bat1’. (a) Discharge; (b) Charge.

s with lead calcium and the mode of discharge is very weak, the

ated capacity is C500. However, it is possible to improve this model
y substitution of new values of these parameters according to the
xperimental data, and by inclusion of a term which takes account
f the variation of the tension of open circuit with the state of charge
f the battery.

[

[
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The ability of the CIEMAT model to represent the behaviour
f the battery is checked by comparing the errors calculated by
his model compared to the other model. Also, if we compare the
esults obtained with those given by Monegon, which follows the
ame objectives of generalization, we can make the remark that
he generalized model of CIEMAT is considerably better. The pre-
ision of this standardized model is more than satisfactory, which
nables him to approach the majority of the problems currently
ncountered in the photovoltaic system.

. Conclusion

This work presents an experimental study for different type of
atteries. The two models used for comparison with experimental
ata are general and can be applied for wide range of lead acid
atteries. We analyzed the Monegon model and found that the
quation of charge and discharge does not reproduce the exper-
mental curves. Probably the value of parameters was fitted for
nother type of battery and different operational conditions. The
erm included in Monegon model for the overcharge does not
eproduce these effects and values of RMSE indicate the devia-
ion. The CIEMAT model presents a good performance to represent
ynamic and complex battery operation. This is in contrast to Mon-
gon’s model; witch presents significant limitations with respect to
harging process. In this way, other results could be evaluated con-
idering parameter variations effects in the life of battery. The aging
odel describing life time of a battery is useful for an economic

nalysis.
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