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Abstract— The battery is an essential component in providing continuous electricity supply using renewable energy sources. It can be
found in many daily applications, such as in the telecommunication system, radio microwave system, emergency lighting, the backup
system of power plants, even in a photovoltaic system. It is often used as the backup source in case of a failure in the main supply
system. The duration of how long the battery can still supply energy to loads without being charged is defined as the battery
autonomy day. If during its daily utilization the battery often exceeds its autonomy day, it can result in the deterioration of the
battery lifetime. It produces the deviation of the battery lifetime specification which has been previously determined by the
manufacturer. This paper presents the results of battery lifetime prediction at a base-transceiver station (BTS) of Telkomsel
Company in Indonesia. It has two main purposes which are to evaluate the policy of autonomy day and to predict the remaining
lifetime of the battery before reaching its time limit. The obtained results show that there have been some alterations from the
batteries’ former policy of autonomy day, from 72 hours to 43.03 hours and 43.26 hours for both existing batteries respectively with
considered depth-of-discharge (DOD) of 20%. By using a linear data curve fitting, the results of calculation and analysis indicate that
the remaining useful lifetime of both batteries were 5.72 years and 5.77 years. Another approach using an exponential data curve
fitting resulted in the remaining lifetime of 7.12 years and 7.16 years for both batteries respectively.
Keywords— autonomy day; battery lifetime; lead-acid battery.

even provides some interesting incentives to support such
type of initiatives.
Telkomsel is the most important telecommunication
company in Indonesia. It possesses many base-transceiver
stations (BTS) in various locations to support their operation
services around the country. In a telecommunication system,
a BTS is an equipment to facilitate the wireless
communication between the user equipment and the
telecommunication network. In general, the BTS is supplied
using the power provided by the state electricity company,
using a diesel-generator set, and/or using a photovoltaic (PV)
system. The main limit of the PV systems is the low
conversion efficiency of the PV panels, which is strongly
influenced by their operating temperatures [3]. A
combination of supply systems is normally adopted to
provide a power back-up during a failure of the main supply
system. In the case of a PV system, the battery utilization
must consider the duration of how long it can still support
the loads without being charged, which is defined as its
‘autonomy day’. The autonomy day has also a close
connection to the lifetime of a battery. These two variables
must be controlled simultaneously, as a part of the energy
management system [4].

I. INTRODUCTION
Electricity is one of the daily necessities which rises
exponentially from year to year as a result of the expanding
technology and the complex human needs. The sources of
electricity are nowadays still dominated by the fossil energy,
which is widely known to become the main cause of
environmental pollution and global warming. The energy
demand has been continuously increasing from time to time,
but the energy supply has been decreasing in the last three
decades [1]. As many types of research have proven, this
problem demands a very serious concern because during the
recent hundred years the average global temperature has
been rising within the range of 0.74 ± 0.180C [2]. One of the
wise solutions to this problem is the use of renewable energy
sources.
Indonesia is a tropical country which is endowed with
various choices of alternative energy resources. There is a
great potential to harness energy from the sun radiation. This
is a good opportunity for many enterprises and companies to
turn into the use of more eco-friendly energy supply system,
as the Indonesian government has also the commitment and
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II. MATERIAL AND METHOD
A. Battery Lifetime Prediction
The battery lifetime is defined as an estimated time for a
battery to support the loads until the energy inside it is used
up. The designed lifetime is normally specified and
determined during the manufacturing process based on the
assumption of standby operation at 250C [5]. Some factors
which affect the battery lifetime are [6]:
• State-of-Charge (SOC) and Depth-of-Discharge (DOD)
• Corrosion
• Active material degradation
• Temperature
• Overcharging
The SOC represents a ratio of the remaining useful
capacity to its full capacity, being stated in percentage. For a
lead-acid battery, the SOC is proportional to its open circuit
voltage [7], as shown in Fig. 1.

Fig. 2 The relationship between the charging voltage and the cycle life of a
battery for various DOD values [8]

Fig. 1 The open circuit voltage as a function of the state-of-charge

To determine the SOC, a model presented in [8] can be
used, as expressed in Eq. (1).
SOC(t) = SOC(0) +

1
i B (τ )dτ
CN

∫

Corrosion is an unavoidable process occurring on
everything which can oxidize [9]-[10]. The loss of capacity
caused by the corrosion Ccorr can be obtained using Eq. (6),

(1)

C corr (t ) = C corr limit

where SOC(0) is the initial state of charge of the battery
(in %), CN is the nominal capacity of the battery (Ah), iB(τ)
is the battery current (A) at time τ, and τ is the operation
time (in hours).
A battery is at its best usage when operating at its 80%
capacity, which means that it has only delivered 20% of its
energy or being called as its depth of discharge (DOD) [9][13]. The relationship between the charging voltage and the
cycle life of a battery for various DOD is shown in Fig 2. As
seen, there is a certain charging voltage value which will
give the maximum cycle life at a certain DOD level.
A low-percentage condition of SOC which occurs
repeatedly during a very long time can result in a mechanical
stress on the active material of the battery. It damages the
plate surface of the sulfate crystal so that it cannot take part
anymore in the chemical reaction [6]. The global aging at the
cathode triggers the deterioration of the battery capacity each
time it is used, as expressed in Eq. (2).
C deg (t) = C deg limit

with

Z W (t) =

1
CN

I
IZ =  B
 0


Z (t )
-C Z  1− W
1.6Z IEC

e

t

∑I

Z

(τ )Δt





IB > 0

ΔW(t )
ΔWlimit

Ccorr limit = 0.16Cd

(6)

(7)
with
where the notation Cd represents the normalized capacity
value of the battery discharge (i.e. 1.642). Based on the
value of open-circuit voltage U, the loss of cathode plate
dimension ∆W is found using Eqs. (8)-(9), and ∆Wlimit is
determined using Eq. (10).
For U<1.74V,
 ΔW (t − 1) 

ΔW (t ) = k s 
ks



1/0.6

For U 1.74V,

+ Δt

ΔW(t ) = ΔW(t − 1) + ksΔt
ΔWlimit = 365 • 24 • k s L80%

(8)
(9)

(10)
where ks is corrosion rate (0.0435 mpy) and L80% is the lifetime of
battery in years as given in the datasheet.

The open-circuit voltage U is determined based on the
value of battery current IB using Eqs. (10)-(11), with some
notations is given in Table 1.
For IB>0,

(2)
(3)

U = U(0) − gH + ρ c

τ =0

IB < 0

where Cdeg represents the capacity loss because of the
material degradation (in Ah), Cdeg limit is the capacity limit (i.e.
0.8 of nominal capacity CN), CZ is a constant, ZIEC is the
cycles number as determined by IEC, and IZ is the battery
current (in A).
The remaining capacity of the battery can be found [6],
(5)
C R (t) = C0 − Ccorr (t ) − Cdeg (t )

(4)

IB
ρ M I F
+ 0.5 c c B
CN
C N (C c − F)

(11)

IB
ρ M I F
+ 0.5 d d B
CN
C N (C d − H )

(12)

For IB 0,
U = U(0) − gH + ρ d
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TABLE I
LEAD-ACID BATTERY PARAMETERS AND VARIABLES [9]

Parameter
U(0)
g
H
F
ρc, ρd
IB
Mc, Md
Cc, Cd

Description
Open-circuit voltage
Coefficient relating the U
variation with respect to
SOC
Normal DOD value
Normal SOC value
Internal resistance at
charging, discharging
Battery current
Coefficient of ρ variation
with respect to SOC
Normalized capacity at
charging, discharging

recommended voltage to start the discharging process [11][13].

Value
2 volt

TABLE II
SPECIFICATION OF THE BATTERY A600 16 OPZV 2300

Parameter
Nominal voltage
Nominal capacity
Temperature
Max charge current
Cells per bank
Bank
Lifetime expectancy

0.054 volt
[%}
[%]
0.43609,
0.37885
[A]
0.36488,
0.28957

Value
2V
2300 Ah
250C
200 A
24
2
18 years at 20OC to 80% SOC

As seen, the evolution of the discharging process for both
batteries is similar. Because of the on-site condition of the
measurement, the voltage and current measurements were
not performed when the battery voltage is at its maximum
value. The data at the initial measurement time (t = 0) has
been taken as the reference data to calculate the initial value
of the battery state of charge.

1.001, 1.642

The operating temperature influences the battery capacity
and voltage. At a higher temperature, the internal resistance
of the battery is small, hence the voltage is higher and the
capacity being transferred is also higher [7]. The relationship
between the operating temperature and the number of cycles
of a battery is represented in Fig. 3, based on Eq. (13)-Eq.
(14).
For 0<T 20oC, the number of cycles NC is obtained as
(13)
N C(T ) (%) = 100%
For T>20oC, the number of cycles NC is obtained as

(

)

N C (T ) (%) = 37.68T −1.101 − 0.3897 x100%

(14)

The overcharging occurs when the battery charging
exceeds its capacity ([11]-[12]). This condition may
accelerate the corrosion rate on the cathode, producing O2
and H2. If the gasification is excessive, water vaporization
may happen, which makes the battery over-oxidated and
may cause an explosion [7].
Fig. 4 The experiment results on the battery voltage vs. time

At the beginning of the measurement, the terminal voltage
of battery bank 1 was 52.8V whereas that of the second one
was 52.9V. At the time the batteries reached the end of their
autonomy day, the battery voltage drops from 52.8 V to 49.8
V in the first bank and from 52.9 V to 49.8 V in the second
bank.
B. Battery Current Measurement Results
The measurement results of battery current on the standalone mode are given in Fig 5. The measured currents refer
to the load currents because the batteries were applied in
series with the loads. It was the current produced by the
battery to supply the load at the base-transceiver station
during the specified autonomy day.
As can be observed in Fig. 5, at the initial time the first
bank was injected with a current of 4.05 A and the second
one with 4.02 A, putting both batteries in charging
conditions. The flowing current into batteries would become
more and more smaller as the number of charges in the
battery become more and more higher. At a certain moment
the battery could not accommodate anymore the incoming
current, and it reached the fully-charged state.

Fig. 3 The relationship between the operating temperature and the number
of cycles of a battery [10]

III. RESULTS AND DISCUSSION
The battery lifetime prediction method proposed in this
paper has been implemented by switching the batteries to a
stand-alone mode. The data were then obtained by
measuring the voltage and current of the batteries during its
initial autonomy day, which was 72 hours. The specification
of the batteries under consideration is given in Table 2.
A. Battery Voltage Measurement Results
The measurement results of battery voltage on the standalone mode are given in Fig 4. The measured voltages are
the end-voltage or cut-off voltage of the battery, which is the
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Using Eq. (19) the SOC of the batteries can be presented
as shown in Fig 6.

Fig. 5 The experiment results on the battery current vs. time

Because of the on-site condition, the initial measurements
were not performed when the current value was 0A. The
battery current measured using a clamp meter at full-load
condition was of negative value as it flew in the opposite
direction toward the load. The load current varies along the
time because the data traffic at the system were not the same
all the time.

Fig. 6 The battery SOC vs. time

As shown, the initial state-of-charge of the first bank was
97.78% and 97.96% for the second bank. It can be
understood that the SOC of both battery banks was almost
linear with respect to time because the battery current was
almost constant all the time. As it reached the autonomy day,
the first bank was at its 67.37% of SOC and 67.44% SOC for
the second bank.
Based on the curve in Fig. 6, the time needed for each
bank to reach its 80% SOC was 43.03 hours for the first
bank and 43.26 hours for the second bank. If the autonomy
day were set to be 72 hours, the battery capacity would need
to be upgraded. By modifying Eq. (15), the required capacity
for the first bank must have been at least 3934 Ah and 3907
Ah for the second bank. As the banks were installed in
parallel, the capacity must have been the same. The
manufacturer data showed that the available capacity around
3900Ah could be fulfilled using the battery nominal capacity
of 3950Ah if it were required to have 3 days of autonomy
with the remaining capacity of 80% at each battery.

C. Battery State-of-Charge
The battery capacity, which has a different value
depending on the load current at each time, has been
measured in discharging mode. The measurement has been
done based on the open-circuit voltage of the battery at the
initial state of measurement (t = 0). The remaining SOC at
each time has been measured using the elaboration of the Eq.
(1). The integration of the current value over the time will
represent a trapezoidal area. Since the current being
delivered at each time is different, the integration could be
replaced with a summing operation as follows.
SOC(t ) = SOC(0) +

1
CN

 t

 L t  x100%


 t =1 

∑

(15)

SOC(t ) = SOC(0) +
1
CN

 t 1


x[i B (t ) + i B (t − 1)]x [τ (t ) + τ (t − 1)] x100%


 t =1 2


∑

D. Battery Lifetime Prediction Results
A battery cycle is composed of the discharge time and
recharge time. In general, the battery manufacturers provide
the data of the available capacity as a function of charging
time for the various percentage of DOD, as shown in Fig. 7.
As seen, it indicates the characteristics of battery
recharging at 2.25 Vpc, by assuming that after using up the
battery until its 80% capacity, it would be recharged during
approximately 20 hours until reaching its maximum capacity
again.
During the measurement, the obtained battery cycle of the
first battery bank was 63.03 hours, whereas the cycle of the
second battery bank was 63.26 hours. The manufacturer’s
data showed that for the A600 battery type considered in this
paper, the lifetime was estimated to be as long as 18 years
under the operating temperature of 20OC at 80% of its
capacity.
If the temperature rises, the life expectancy of the battery
will drop and can be calculated using Eq. (14) by
considering the operating temperature of 25OC. It was
obtained that the life expectancy dropped to 12.58 years. In

(16)

When t reaches 1, the equation becomes
SOC(1) = SOC(0) +

1
x [i B (1) + i B (0)] x [τ (1) − τ(0)] x100%
2C N

(17)
When t reaches t+1 for the next period, the equation
becomes
SOC(t + 1) = SOC(0) +

1  [i B (t ) + i B (0)] x [τ (t ) − τ (0)] + 
x
x100%
2C N [i B (t + 1) + i B (t )] x [τ (t + 1) − τ (t )]

(18)

which can be simplified furthermore as

SOC(t + 1) = SOC(t ) +
1
x [i B (t + 1) + i B (t )] x [τ(t_1) − τ (t )] x100%
2C N

(19)
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order to convert the life expectancy into the number of
cycles, Eq. (20) can be used.
n cycle =

life expectancy(years)
x 365 x 24
cycle(hours)

(20)

Fig. 9 The linear curve fitting results of the remaining capacity data as a
function of the cycle-number for the first battery bank

Fig. 7 The typical battery recharging data provided by manufacturers [14]

By using Eq. (20) it was found out that the first battery
bank had 1748 cycles, whereas the second battery bank had
1742 cycles. By assuming that these cycles were repeated
daily, the batteries’ lifetime could be predicted using the
formula of the remaining capacity of the proposed models,
as shown in Eq. (2)-(12), based on the parameters of leadacid batteries given in Table 1. The obtained results are
shown in Fig 8.

Fig.
10 The linear curve fitting results of the remaining capacity data as a
function of the cycle-number for the second battery bank

The approach using exponential curve fitting is shown in
Fig. 11 for the first battery bank, whereas for the second
battery bank is given in Fig. 12. By substituting the ordinate
value with 0.8, it has been found that the first battery bank
had to pass 83413 periods, being equal to 1940 cycles or
13.95 years.
Fig. 8 The remaining battery capacity

In order to get the relationship between the remaining
battery capacity and the period number, an approach using
the linear and exponential curve fitting has been considered.
The linear curve fitting result for the data obtained in the
first battery bank is given in Fig. 9, whereas the result of the
second battery bank is given in Fig. 10, respectively.
As seen in Fig. 9 and Fig. 10, the abscise represents the
period and the ordinate represents the battery capacity. The
period is the discharge time for the battery to reach its 80%
capacity. By substituting the ordinate value with 0.8 in the
curve of the first bank, the required period to be reached is
75088 or the same as 1746 cycles, being equal
approximately to 12.56 years. For the second bank, the
required period number is approximately 75089, being equal
to 1746 cycles or 12.6 years.

Fig. 11 The exponential curve fitting results of the remaining capacity data
as a function of the cycle-number for the first battery bank
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