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The operating conditions of the battery storage in the standalone photovoltaic (PV) application
have an important influence on its electrical and physicochemical properties. Consequently, it is
important to elaborate a mathematical aging model in order to estimate the battery lifetime and
to determine their replacement time. In this context, this paper presents a mew methodology
lifetime estimation of battery storage under operating conditions related to the depth of
discharge. The proposed methodology is based firstly on the modeling of the battery by an
electrical equivalent circuit. Then, the research of the correlation between the electrical
equivalent circuit parameters and the various degradation modes is carried out. An analysis of
the wvoltage drops by the wvariation of the electrical parameters is done to develop the
mathematical expressions that adequately describe the rated capacity loss of the battery
according to each degradation mode. This study is completed by the use of these capacity losses
to develop a diagnostic system allowing the estimation of the number of battery remaining cycles
taking into account the depth of discharge. Therefore, this new methodology allows drawing
conclusions about the battery lifettime and its available rated capacity in the standalone
photovoltaic application.

Keywords: Battery; Electrical equivalent circuit; Depth of discharge; Aging; Available capacity;
Lifetime.

1. Introduction

The use of the electrical energy storage system is a primordial solution to optimize
energy resources in the various power electronic applications. The development of energy
storage systems can be considered as the heart of the standalone photovoltaic system that
allows compensating the intermittent and the fluctuation of the renewable energy sources
[1-5].In these applications, the lead acid batteries are widely applied due to their low-costs,
high rate of recycling, ease manufacturing process and availability in large quantities [6].
One main limitation of these technologies resides in the battery ageing.

During the exploitation phase, a shutdown of the lead acid battery due to the unfavorable
conditions in the PV applications causes a major problem [7-9]. The principal signatures of
the end of battery lifetime are related to the dramatic acceleration of aging mechanisms.
These aging mechanisms are the stratification of the electrolyte, the corrosion of the
electrodes, the hard sulfating phenomenon and the poor-cohesion of active mass [10,11].
Indeed, the impact of these aging mechanisms on the battery performances results in an
increase of the rated capacity loss.

With the rise of the energy storage element use, it is necessary to incorporate a battery
lifetime estimation model. In fact, the estimation of the lifetime indicators is challenging
and remains an area of active research. Recently, much diagnostic analysis has been
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developed to indicate the lead acid battery lifetime such as electrochemical models,
performance models, statistical approach and genetic algorithm [12-17]. The authors
propose to develop methodology lifetime estimation for battery storage which takes into
account the weaknesses of the different models. Indeed, the electrochemical model requires
an important simulation time related to the complex numerical algorithms and requires also
battery specific information that is difficult to obtain [18, 19].The performance model
cannot properly model all the aging phenomena and requires a database about the battery
specific information [20, 21]. Similarly, the statistical method requires a large amount of
data to be reliable [21,22]. However, the genetic algorithms are time consuming calculation
and its adjustment is delicate [23].

To address these issues related to the important simulation time and the necessity of a
database in this work, the authors propose new methodology battery lifetime estimation.
This methodology consists to elaborate a mathematical aging model based on the modeling
of the battery by an electric equivalent circuit. Meanwhile, the proposed aging model
estimates the number of battery remaining cycles during its operation period related to the
depthof discharge. The methodology lifetime estimation of the lead acid battery contains
three stages.

In the first stage, a topology description of the photovoltaic system is firstly presented.

The second stage consists of analyzing the degradation of the battery. Firstly, the battery
is modeled by an electrical equivalent circuit that presents the Ohmic, charge transfer and
diffusion phenomena. Then, the study of the correlation between the electrical equivalent
circuit parameters and the different degradation modes is performed. The correlation study
is completed by developing an approach that allows describing adequately the available
rated capacity. This approach is based on the determination of the capacity loss associated
with each degradation mode by simulation analysis of the parameter variation. The results
obtained allows to develop a relationship that expresses the available rated capacity as a
function of the various capacity losses associated with each degradation mode.

The third stage consists to propose a diagnostic system that allows estimating the number
of the battery remaining cycles related to the depth of discharge. Finally, the proposed
diagnostic system is applied to evaluate the lifetime of three used batteries. In this context,
the identification of the electrical parameters of the batteries is carried out with
experimental measurements of their voltage response.

2. Topology description of standalone photovoltaic system

The stand-alone photovoltaic system is a system that dependent only solar energy as a
source of electrical energy. This system is composed of a DC-DC buck converter, PV
generator, a bidirectional DC-DC converter and battery packs. The battery packs store the
energy produced by PV generator during the day (sunshine phase) and serving during the
night (dark phase) or during periods when solar radiation is insufficient. Fig. 1 shows the
configuration of a standalone photovoltaic system with battery energy storage.

The DC-DC buck converter is controlled by a Maximum Power Point Tracking (MPPT)
that presents oscillations around the Maximum Power Point (MPP) of the PV generator. In
fact, the output voltage and output current of the PV generator are detected and sent to the
MPPT controller. However, the bidirectional DC-DC converter provide the charging and
discharging mode of the battery packs
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Fig 1.Configuration of the standalone photovoltaic system..

3. Degradation analysis of the battery
3.1. Modeling of the battery

The battery lifetime estimation is a complex process that cannot be directly measured
from the battery. For that, a modeling of the battery by an electrical equivalent circuit is
required. The electrical equivalent circuit parameters can be identified through the
experimental measurements of the Standard impedance spectroscopy (EIS). The EIS is
performed by exciting the battery with small sinusoidal currents to prevent a significant
change of the State Of Charge (SOC) and for different frequency. Then, the response is
recorded and plotted in Nyquist diagram.

In this section,an electrical equivalent circuit model of the battery based on the results of
impedance spectroscopy is introduced. This study starts with an experimental measurement
carried out on a new flooded lead acid battery with a rated capacity given by the
manufacturer (Cmanufactured) 0f 90 Ah and a rated voltage of 12V. The Nyquist diagram is
performed with small sinusoidal currents Idc = 100 mA at SOC = 100%, the amplitude of
the AC perturbation 10mV, and a frequency range [10 mHz- 500 Hz].

Figure 2 illustrates the simplified electrical equivalent circuit with the corresponding
effects in the Nyquistdiagram of the new flooded lead acid battery.The Nyquistdagram
(Figure 2.a) allows to graphically visualizing three respective influence zones: Ohmic zone,
the charge transfer zone and the diffusion zone. By the mean of Nyquist diagram, a
simplified electrical equivalent circuit is developed as shown in figure 1.b[24, 25].

With :

Eeq: Equilibrium potential,

Ra: Internal resistance,

Rye: Charge transfer resistance,

Cai: Double layer capacity,

Z, : Diffusion impedance.

The diffusion impedance presents an infinite sum of parallel RC cells and can be express
by equation (1).
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Fig. 2.a:Nyquist diagram of battery, b:Electrical equivalent circuit.

The expression of the constants is given by the following equations (2):

1 __ 81 =o_1 _ 2
- %’ ,_(2 _1)2 20 =1 @ —1)2_8 (2)

N

From the Nyquist diagram of the battery (Figure 2,a), the parameters Ro, Ri, and Cqar are
determined graphically.The parameters K; and K> are identified by the least squares method
by minimizing the criterion of the equation (3) for the performed N experimental
measurements. This method allows to select among the functions Umeder i(i = 1 ... N) those

which reproduce the best experimental data Umecasure ;-
2

(1 2= |——| = () (€)

The results of the identification are shown in Table 1.
Table 1: Estimated electrical equivalent circuit parameters of the new flooded battery.

Value
Eeq (V) 12.84
Ra () 0.024
Ri(QY) 0.036
Ca (F) 330
K, 6.45 107
K 9.561073

418



R.Yahmadietal: A new methodology of battery lifetime estimation related to the depth of ...

3.2. Correlation between the electrical equivalent circuit parameters and the various
degradation modes

The lead acid batteries are storage means sensitive to the operating conditions [27,28].
Indeed, many factors such as cycling, overcharge, charge incomplete and deep discharge
limit the battery performance by the appearance of different degradation modes, namely
electrolyte stratification, hard sulfating of electrodes, corrosion of electrodes and poor-
cohesion of the active mass. In fact, these various degradation modes change the properties
of the battery and act on the electrical equivalent circuit parameters [26,29,30].

The approach presented in this paper for the mathematical ageing model development
requires a study of the correlation between the degradation modes and the electrical
parameters, which is the challenging goal [31]. The internal resistance Rq results the sum of
connector resistances and electrolyte resistance. The variation of Ro causes an over voltage
AVommic and shows the appearance of the electrolyte stratification and the electrodes
corrosion. In fact, the corrosion of electrode appears when the electrolyte level is too low,
the electrodes come into contact with the air and become oxidized. The lead Pb of the
positive grid is converted to lead dioxide PbO- that leads to the increase in resistance across
the corrosion layer between the grid and the active mass [32]. Consequently, the electrode
corrosion increases the internal resistance Ro by the variation of the connector resistances
in the positive and negative electrode.

However, the electrolyte stratification occurs due to the differences in the acid
concentration, in which the acid is frequently denser at the bottom of the battery [33]. The
electrolyte stratification increases the electrolyte resistance and therefore the internal
resistance Rq is increased.

The poor-cohesion of the active mass generates on the electrode potential a second over
voltage of charge transfer AV and presents the variation of the charge transfer resistance
Ri and the double layer capacitance Ca during the battery life cycles. The poor-cohesion of
the active mass comes from the loss of active mass and shedding. The shedding show a
mechanical loosening while the loss of active mass is related to loosening of the active
mass particles that resulting in a loss of electronic conductivity[4].

The change in distribution of impedances (K; and K>) generates on the electrode
potential an over voltage AVairand indicates the existence of the hard sulfating phenomenon.
The hard sulfating phenomenon is occurring when the lead sulfate crystals (PbSOs) are
crystallized and cannot be removed during charging mode. This lead to the decrease of the
active mass amount and so the diffusion of the acid is slow down [32].

Consequently, the aging of lead acid battery causes a decreasing of the available rated
capacity and the battery will fully discharge faster than a new battery. The correlation
between the degradation modes and the electrical equivalent circuit parameters is presented
in Figure 3.
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Fig. 3. Correlation between the degradation modes and the electrical equivalent circuit
parameters

3.3. Analysis of available rated capacity

Several factors affecting the available rated capacity of the battery such as cycling, deep
discharge, overheated, overcharge and charge incomplete. In fact, during the battery
lifecycle, a repeated chemical transformation of the active mass is produced and creates
changes in its morphology.

This change is shown by a modification in the cohesion, PbO, distribution and crystal
size that generates a slow deterioration of the chemicals in the active mass. Consequently,
the active mass volume is reduced and hence causes a decrease of the available rated
capacity of the battery. For that, the authors propose an approach to determinate the
available battery rated capacity by analysis the voltage drops.

In this section, the particular details of the proposed approach for analysis the available
rated capacity is provided as depicted in Figure 4.This approach starts with a harmonic
characterization of the fully charged battery. Then, the identification of the electrical
equivalent circuit parameters from the Nyquist diagram is carried out (Section 2).

The identified parameters are used to simulate the voltage response of fully charged
battery with discharge current Cmanufactured/10.
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parameter variation

For each degradation mode, determinate the mathematical expression that
describes adequately the rated capacity loss
Determinate the mathematical expression of the available rated capacity

Fig. 4. Analysis approach of the available rated capacity
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With:
TIcman/10 : Discharge current
The rated capacity loss AC is determined by equation (5).
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Fig. 5. Impact of the parameter variation on the battery voltage response during the
discharge mode

From the identification of discharge time tq, the available rated capacity and the capacity
loss are determinate as illustrated in Table 2.

Table 2:Available rated capacity and capacity loss of the battery for each parameters
variation

Parameters ta (s) Carc (Ah) AC (Ah)
0.024 36000 90.00 0
0.031 34815 87.04 2.96
Ra | 0.038 33568 83.92 6.08
0.05 31431 78.57 11.43
0.057 30185 75.46 14.54
0.069 28051 70.12 19.88
0.036 36000 90.00 0
0.04 34815 88.37 1.63
R | 0.049 33746 84.36 5.64
0.06 31788 79.47 10.53
0.067 30541 76.35 13.65
0.08 28228 70.57 19.43
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6.45 102 36000 90.00 0
6.3 102 35242 88.10 1.9
Ki 59102 33053 82.63 7.37
5.5102 30865 77.16 12.84
5.3102 29771 74.42 15.58
5102 28130 70.32 19.68
9.56 10-3 36000 90.00 0
9.7710-3 34552 86.38 3.62
K> |10.210-3 31751 79.37 10.63
10.5510-3 | 29718 74.29 15.71
10.7 10-3 28908 72.27 17.73
10.8510-3 | 28130 70.32 19.68

The total capacity loss presents the sum of the loss due to corrosion of the electrodes,
stratification of the electrolyte, hard sulfating of the electrodes and poor-cohesion of the
active mass. This total rated capacity loss is given by the following equation:

A=A +A +A4 (6)

With

ACcorrosion 1 the rated battery capacity loss due to the electrode corrosion and the
electrolyte stratification.

ACiuifating 18 the rated battery capacity loss due to the sulfating phenomena

ACpoor-cohesion 18 the rated battery capacity loss due to the poor-cohesion of the active mass.

From equation (6) and (7), the available rated capacity is determined by the following
equation:

= - +4 4 - ) (7)

In this context, the analysis of the impact of the parameter variation on the available
rated capacity is done. Figure 6 presents the various rated capacity loss as a function of the
associated parameters. For these different curves, the main goal is to develop mathematical
functions that have the best fit to a series of data points. In fact, the rated capacity loss
related to the each degradation mode is estimated using linear approximations.

The ACcorrosion 1 related to the variation of R, the ACpoor-cohesion 18 related to the variation
of Ri while the ACsuing is estimated as a function of K and K». For that, an estimated
polynomial expression of the various capacity loss as a function of each electrical
parameter is done by equation (8)- (10).

A = 5 o ®)
A4 = )
A4 =4 1+4 2= o 1T 2 (10)

The curves-fitting by Ordinary Least Square procedure (OLS) allows to obtain the
polynomial expressions that adequately describes the rated capacity loss of the battery
related to the each degradation mode. The approximation results show that:

The ACcorrosion €Xpression is given by equation (11).

A =443 ,—1072 (11)
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The ACpoor-cohesion €Xpression can be obtained by equation (12).
A - = 443.3 — 16.05 (12)

The ACisutatingt €Xpression is given as a function of K by equation (13).

A ,=—0136 ,+87.75 (13)
Equation (14) can be used to describe the ACsuitaing2 €xpression as a function of Ko.
A ,=—1866 10° 245343 10* ,-—3403 (14)
Finally, the available rated capacity expression is the following.
= — (443 Q+ 4433 —-0136 ,—1.866 10° 3+5343
104 ,-—279.32) (15)

4. Lifetime battery estimation

The estimation of the battery ageing is based on the creation of several indicators in order
to quantify its lifetime. The main used indicator in the literature is the number of remaining
cycles (Nremaining-cycle). In this context, a diagnostic system that allows the calculation of
Nremaining-cycle related to the depth of discharge is developed to estimate the battery lifetime.

4.1. Diagnostic system

In the standalone photovoltaic applications, the battery lifetime is typically controlled by
the gradual decreasing of its available capacity. Consequently, the most critical lifetime
indicator is the number of remaining cycles of the used battery. A lead acid battery is
declared defective if it shows a capacity loss AC at fully charge equal 20% of its rated
capacity Cman Which is the industry standard end of life definition [34]. In this context, the
rated capacity loss is generally stands in relationships to the number of remaining cycles.
The variation of AC as a function of the number of remaining cycles Nremaining-cycle 1S linear
(Figure 7).
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For that, the battery capacity loss can be defined as:

)

(16)

WithNmanufactured 18 the number of manufactured cycles given by the manufacturer.
The number of remaining cycle’s expression is given by:

e

425

(17



J. Electrical Systems 20-4 (2024): 415-432

The choice of the Depth Of Discharge (DOD) limit is a key parameter in the analysis and
estimation of the lead acid battery performances. Therefore, the authors propose to integrate
the effect of the depth of discharge in the mathematical aging model. Battery manufacturers
generally characterizes the lifetime in terms of a maximum number of manufactured cycles
Nmanufactured for different DOD [35]. For that, it usually provides the experiment datasheet to
describe their relationship. Figure 8 presents the evolution of the number of manufactured
cycles as a function of DOD for lead acid battery using experimental data.
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Fig. 8. Number of battery manufactured cycles as a function of DOD (manufacturer’s data)

The result shows that the influence of DOD has an exponential form on the number of
manufactured cycles Nmanufactured- In this context, the Nmanufactured 1S estimated by using the

exponential function as shown in equation (18).
— G837 0038 (18)

The basic relationship between the number of remaining cycles, the depth of discharge
and capacity loss is determined by the following equation:

= (1—ﬂ) 6837 0038 (19)

The diagnostic system also includes an analysis of the produced global capacity of the
battery during its lifecycle. This global capacity presents the total amount of energy during
its operating where its evolution depends most strongly on the interrelationship between
DOD and Nmanufactured. Equation (20) gives the formula for calculating the global capacity of

a new battery (GCnew-battery)-

— = T (2 0)

Figure 9 shows the evolution of the global capacity of a new battery as a function of
DOD. The results show that the optimum choice of the DOD is 26%.
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Fig. 9. Global capacity of a new battery as a function of DOD

The global capacity of used battery has the following mathematical expression (21).

100

Harmonic characterization of battery
/ Determination
004 A of the
g i 5|  parameters
E e (Ra, Ree, K1 and K2)

002 003 004 005 006 007 008 008 01
Q

Acsulfaﬁng
/K

5 <

> €

z

DOD
Manufactured rated
capacity Cman
\4
Determination of the Determination of the

available rated capacity number of remaining cycle

Carc Nremnin ing-cycle

2

Determination of the global capacity

GCused_battery

Fig. 10.Diagnostic system for estimating the battery lifetime

427



J. Electrical Systems 20-4 (2024): 415-432

0.06 0.06
(@ ®) ‘
oos. . Spectroscopy of battery N°1 oos Spectroscopie de batterie I\AI/°‘2/

004 004 7
g / g z{j
8 o0 N o003
Ro=0.0245Q 002 Rg=0.025Q

0.02
R.= 0.037Q R,= 0.04Q
Ca= 330F oor C 4= 330F
0.01

Ki=63510° K.=610*
/ K,=9.6107 / K,=9.710"
goz 0.04 06 0.08 01 012 0002 0.04 0.06 0.08 0.1 012
R(Z)IQ R(Z)Q
(C) 0.06
Spectroscopy of battery N°3
005 .
0.04 /
a /‘/
& oos P — #~
E / S
T /
002 Ro=0.0247Q
/ R= 0.046Q
001 Ca=330F -
K;=6.41 10
I K.=9.6310>
(?02 0.04 0.06 0.08 01 012 0.14
R(Z)/Q

Fig. 11.Responses voltage of: a) the first battery; b) the second battery

A recapitulation of available rated capacity for each battery is shown in Table 3.

Table 3: Aging rate of each battery

Battery N°1 | Battery N°2 | Battery N°3
Acorrosion (Ah) 0.1335 0.355 0.222
ACPoor- cohesion (Ah) 0.3521 1.682 4.341
Acsulfating (Ah) 2.047 8.549 1.757
Available rated capacity Carc(Ah) 87.468 79.414 83.678
Rated capacity loss AC (Ah) 2.532 10.586 6.320

Battery N°1 (Fig.11 (a)) has a rated capacity loss equal to 2.532Ah due to the appearance
of the electrode corrosion, hard sulfating phenomena and the poor-cohesion of the active
mass. Indeed, the variation of the interne resistance Ra generates the rated capacity loss by
the electrode corrosion in order of 0.1335Ah.The variation of R« shows a rated capacity
loss in order of 0.3521Ah associated to the poor-cohesion of the active mass. The sulfating
phenomenon represents by the variation of Z, which generates a capacity loss of 2.047Ah.

The rated capacity loss of the battery N°2 (Fig.11 (b)) is equal to 10.586. This rated
capacity loss is due to the poor-cohesion of active mass in order of 1.682Ah and the hard
sulfating phenomenon in order of 8.549Ah. The battery N°3 (Fig.11 (c)) has a rated
capacity loss equal to 6.320Ah that presents the sum of the electrode corrosion loss in order
of 0.222Ah, hard sulfating phenomena loss in order of 1.757Ah and the poor-cohesion of
the active mass loss in order of 4.341Ah.

The calculation of the capacitance losses of the tested batteries allows estimating the
number of remaining cycles according to DOD. Equation (19) allows plotting the curve of
the evolution of Nremaining-cycle @8 a function of DOD for three batteries as illustrated in Figure
12.
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Fig. 12. Number of remaining cycles as a function of DOD

For the increase of DOD every 10% until reach the value 100%, the respective Nremaining-
cycle Of the three used batteries are grouped in the Table 4.
Table 4: Available rated capacity of each battery

DOD (%) Nremaining-cycle
Battery N°1 Battery N°2 Battery N°3

10 4000 1916 3019
20 2720 1300 2054
30 1851 887 1398
40 1260 604 951
50 857 411 647
60 583 280 441
70 397 190 300
80 270 129 240
90 183 88 139
100 125 60 94

Usually in the standalone PV application, the maximum DOD is fixed at 50% in order to
avoid the deep discharge which causes the electrolyte stratification and the hard sulfating of
the electrode [4,9]. In this case, the number of remaining cycles is respectively 857 for the
battery N°1with global capacity equal to 37480Ah and 411 for the battery N°2with global
capacity equal to 16320 Ah. The battery N°3 has a number of remaining cycles equal to 647
with global capacity equal to 27086Ah.For battery aging, it is necessary to represent the
evolution of the global capacity as a function of the depth of discharge in order to find the
maximum lifetime by an optimal choice of DOD. Figure 13 shows the global capacity of
the batteries as a function of DOD.
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The results show that when DOD is 26%, theGCuyscd-batteryis 49115Ah for battery N°1,
21381 Ah for batteryN°2 and 35477Ah for battery N°3. Consequently, this paper provides
an accurate approach for estimating battery lifetime. Particularly, the influence of DOD is
considered in this new methodology. However, the proposed mathematical aging model
allows predicting the number of remaining cycles precisely at different DOD. For that, a
suitable choice of DOD is request to improve the battery use efficiency.

5. Conclusion

The overall scope of this research work was to develop a new methodology lifetime
estimation using the voltage drops to determinate the number of remaining cycles of the
battery. This method allows predicting the exploitation period of the storage system under
optimum conditions related to the depth of discharge. In fact, the complete methodology for
the available capacity analysis was presented. It is based on the study of the correlation
between the various electrical equivalent circuit parameters and the degradation modes
(stratification of electrolyte, corrosion of electrodes, hard sulfating of electrodes and poor-
cohesion of active mass). Then, a mathematical expression is developed to describe
adequately the available rated capacity as a function of electrical equivalent circuit
parameters.

After that, a diagnostic system is developed to estimate the battery lifetime by the
calculation of the number cycle remaining as a function of the depth of discharge. The
validation of this diagnostic system is assured by an analysis of the experimental discharge
characteristic of three lead-acid batteries. The determination of the different electrical
parameters of the used batteries allows to calculate the available rated capacity and to
estimate the number of remaining cycles which taken into account the depth of discharge.
From these data, the battery global capacity is calculated so that is possible to choice of
optimal DOD. The results show that a choice of DOD of 26% presents a higher global
capacity and ensure the maximum battery lifetime. Finally, the aims of developing reliable,
realistic and scalable methodology lifetime estimation for battery storage in the standalone
photovoltaic applications were successfully achieved.
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