Pre prints.org

Article Not peer-reviewed version

Design and Multi-Objective
Optimization of a Photovoltaic
System by a Genetic Algorithm

Khadidjatou THIAW , Amadou DIAO , Amy SADIO , Senghane MBODJI :

Posted Date: 4 September 2023
doi: 10.20944/preprints202309.0114.v1

Keywords: photovoltaic system; LPSP; TLCC; optimization; genetic algorithm

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1962664

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 September 2023 do0i:10.20944/preprints202309.0114.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Design and Multi-Objective Optimization of a
Photovoltaic System by a Genetic Algorithm

Khadidjatou Thiaw !, Amadou Diao 2, Ami Sadio ! and Senghane Mboji **

1 Resherch team in renewable energy materials and laser, Department of Physics, Alioune Diop University
of Bambey, Senegal

2 Semiconductors and solar energy laboratory, Faculty of Science and Techniques, Cheikh Anta Diop of
University of Dakar, Senegal; ama_diao@yahoo.fr

* Correspondence: senghane.mbodji@uadb.edu.sn; Tel.: 00221 77 522 0101

Abstract: This study is focused on an optimal sizing method based on genetic algorithms (GA) in order to
design a high-performance photovoltaic system that would be installed in the Alioune Diop University of
Bambey, Senegal. The multi-objective optimization allowed us to find a better trade- off between the Total Life
Cycle cost (TLCC) and the Loss of Power Supply Probability (LPSP). The goal is to minimize the TLCC while
maintaining a good satisfactory of the system with a desired LPSP, under certain constraints. The expressions
of the TLCC and the LPSP are established according to the total photovoltaic energy and the battery capacity.
The toolbox of Matlab software is used to implement the optimization problem with twelve blocks of the site
and its different corresponding loads. The obtained results have led to a several combinations of the
photovoltaic and battery capacities of which the best one is selected based on the lowest LPSP, that guaranteed
a better load coverage during the night. The results of this proposed method are compared with intuitive
method that has been firstly applied. For the block with the lowest load demand, the proposed optimization
model leads to a reduction a reduction of 70% and 48% in the storage capacity and the TLCC respectively for
a LPSP of 0.007 %.

Keywords: photovoltaic system; LPSP; TLCC; optimization; genetic algorithm

1. Introduction

The sizing is a very important step in the design of PV systems. It makes it possible to determine
the size of the various components of the system. The installation of these systems offers more
security to the environment and is an alternative to the disadvantages associated with the use of
conventional energy sources. However, the high investment cost of these systems, and their limited
technical performance, due to the environmental constraints, prompted researchers to deepen their
research by making more accurate the optimization of the most expensive components, such as the
storage device and the PV field. Several sizing and optimization methods have been used in the
literature for the design of PV systems. The methods such as analytical, intuitive, numerical are used
to obtain the optimum size of system components. A new analytical model has been developed by
[1] to determine the sizing optimum of a stand-alone PV system. Formulas have been used for
calculating the capacity (Ca) of the photovoltaic field and the capacity (Cb) of the storage battery. The
main drawback of the analytical method is the complexity of derivation of the equations, but it is
simple and precise[2].

With traditional optimization methods, it is not easy to find all the optimal solutions and are
often constrained by the unavailability of meteorological data. However, to achieve better system
sizing at minimum cost, several optimization techniques have been used but the most popular
models have been revised in [3], such as graphical construction model, probabilistic model, iterative
optimization techniques, artificial intelligence techniques. However, artificial intelligence techniques
offer an alternative for the sizing of photovoltaic systems in many areas that lack complete data and
have been presented in [4]. There are artificial neural networks (ANN), fuzzy logic (FL), genetic
algorithm (GA) and hybrid systems.These methods each have their own characteristics but Genetic
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Algorithms are very effective for finding the global minimum, very suitable for optimization
problems and overcome the unavailability of meteorological data [5]. The performance of standalone
photovoltaic systems has been analyzed by several authors through the sizing and optimization of
the size of these systems. For example, Dhaker Abdes et al.[6] study the total life cycle cost, embodied
energy, loss of power probability for the optimal design of hybrid power systems. The proposed
analysis uses a multi objective to minimize the total life cycle cost, stored energy and loss of system
power probability. A multi-objective optimization based on genetic Algorithm has been used by [7]
for the minimization of the total cost of electricity (TLCC) and the Loss of Power Supply Probability
(LPSP) of the load, simultaneously. In another work, a procedure has been developed by M Zagrouba
et al. [8], which identifies the parameters of solar cells and modules using genetic algorithms. The
analysis shows that it is possible to perform a numerical technique based on genetic algorithms to
identify the electrical parameters of photovoltaic solar modules and cells in order to find the
maximum power point. Similarly, the work of Ami Sadio et al [9] analyzes the performance of PV
systems through a comparative study based on the method of genetic algorithms for the optimal
sizing of an autonomous photovoltaic system in the Ngoundiane site. To minimize the cost while
covering the load demand with a specified value for the loss of load probability a sizing optimization
of a hybrid system using genetic Algorithm has been applied in[10]. Effective analysis has been used
to find the optimal PV/battery combination that satisfies load demand at minimal cost. Hence, D H
Mubhsen et al.[11], developed a multi-objective optimization algorithm to optimize the size of a
photovoltaic pumping system (PVPS) based on two technical (reliability) and economic (cost)
objective functions. Genetic algorithms are also used by Muhammad Shahzad Javed et al.[12], in their
technical-economic evaluation study of a stand-alone hybrid solar-wind-battery system. In the
literature, the use of genetic algorithms offers great performance in the studies carried out. In
addition, the previous study of certain authors is based on simple sizing methods or on software like
HOMER to solve their problems[12]. Among these methods, we can note the intuitive method or the
use of evolutionary algorithms. The objective of the optimization problem in this study is to
simultaneously minimize the cost and the energy deficit of the system. The optimization must make
it possible to achieve the best possible compromise between these two criteria. The resolution of this
type of problem involving two objectives with the same weight, leads to the research for several
solutions called Pareto solutions and not single optimal solution.

Thus, in this study an optimization algorithm to solve a multi-objective problem is be developed.
The two objective functions used, are the total life cycle cost (TLCC) and the loss of system power
probability (LPSP). The mathematical expressions of these functions are expressed according to the
photovoltaic and storage capacities, which represent the decision variables. The objective is to find
the optimal configurations of photovoltaic and storage capacities corresponding to satisfactory
reliability and minimum cost. In the following, Matlab software will be used to run the optimization
problem. Thus, the two objective functions is transformed into mathematical functions, dependent
on two variables. All the constraints are be expressed as a function of these two variables. After, the
terminals the limit of the "objective" functions and the properties of the genetic algorithm is defined.
Finally, the obtained results is presented and commented.

2. The Genetic Algorithm (AG)

The most widely heuristic approach used to solve nonlinear-variable problem is the AG.

Due to their very good ability to find the solutions when there is a nonlinear relationship
between the variables of the problem, the GAs are considered as the best alternative to solve problems
in different aspects of life.

It consists of randomly creating an initial population and using the rules of natural genetics to
form the next generation from the one already created. Similarly, genetic algorithms are very effective
in finding the global minimum and are used to overcome the unavailability of meteorological data
[5]. To reduce the chances of obtaining a local minimum, the parameters of the algorithm are defined
based on the following assumptions:
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e  population size: the number recommended for less than five population variables decision is
200, but research has shown that a variation in size from 100 to 3000 has no significant change
on the results [13];

. selection and crossing: in most case, the roulette function are considered for the selection
with the crossover fraction equal to 0.8[10];

¢  mutation: GAs use a random mutation procedure to explore new solutions; research has shown
that this procedure alters a small percentage of the population except the best individuals; thus
a mutation rate between 1% and 20% is often used; for a higher mutation rate too many vouchers
parameters can be mutated, then the algorithm stops[8].

3. Input parameters description Results

In our study, we used the sunshine data from the Ndem site which is located in the Bambey area
and the load demand from building-block number 4, of Bambey University for the optimization. The
average annual variations in temperature and irradiation are given by the following Figures 1 and 2

respectively:
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Figurel. Annual variation of solar irradiation in the Ndem area.
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Figure 2. Annual variation in ambient temperature in the Ndem area.

The site has a high average annual solar radiation of about 5.89 kWh/m?2. The months of April
and May are the sunniest with 7.06 kWh/m?, 6.87 kWh/m? respectively. While the lowest average
irradiation is noted in January and December with 5.26 kWh/m?, 4.88 kWh/m? respectively, as shown
in the Figure 1. The annual variation in ambient temperature is illustrated in the Figure 2. The analysis
showed that the months of September and October present the highest average monthly ambient
temperatures which are 29.8°C and 29.5°C, respectively. However, the months of February and
December recorded the lowest average monthly ambient temperatures of around 25.2°C and 25°C,
respectively.

The Table 1 shows the values of load demand for all the blocks of the site. Nevertheless, the case
of the building-block number 4, corresponding to the lowest load demand, is used in this study.
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Table 1. Load demand in the blocks

Blocs 1 2 3 4 5 6 7 8 9 10 11 12
EL(Wh) 244734 118687 51846 31010 67205 47680 122010 109207 101956 181339 46998 14227

EL corresponds to the load demands in the building-blocks

4. Sizing method proposed

4.1. Formulation of the optimization problem

The elaboration of the optimization problem consists to the determination of the mathematical
expressions of the two objective functions according to the two decision variables, as well as the
constraints associated with the problem. Firstly, the expression of the objective function CTCV is
determined, then after the objective function LPSP is established. Hence, a change of variable and the
definition of the associated constraints is carried out. The total life cycle cost is used to make the
economic evaluation of the system. It is given by the following equation.

C1Cv=C,,+C),;+CR, (1)

Where Ccap is the initial capital cost, which corresponds to the component, and the installation
costs, CM25 is the maintenance cost and CR represents the replacement cost. The initial capital cost
consist of the component costs and the maintenance cost. It is given by the following equation:

Ccap = va + Cbat + Cinv + Creg + Cinst ’ 2

Where, Cpv, Cbat, Cond et Creg represent the costs spent for the acquisition of panels, batteries,
inverters and regulators respectively; Cinst is the investment cost. To calculate the maintenance cost
over the lifetime of the system and replacement cost, Equations (3) and (4) are used respectively

a+ i)V —1}

i+ i)Y

CM25=CM{ )

CR = Y cC x FD (i,C)
comp “)

7

Where, N is the lifetime of the component, CM the maintenance cost for each year, which
represents 1% of the initial capital cost, CC, is the total cost of the components, FD the reduction factor
which is a function of the market participation rate (i) and component type (C).The reduction factor
is determined from the following equation:

1 N
FD = ( j ’ ©®)

1+

The total life cycle cost of the system (TLCC) includes the total cost of materials, the cost of
maintenance, and the replacement cost of the batteries, the inverters and the regulators. The
maintenance cost represents 1% of the total cost of materials. As for the cost replacement, we assume
that the modules have a lifetime equal to that of the project and therefore will not require any changes,
while the other components such as the batteries, inverters and the regulators have a lifetime of 5, 10
and 10 years, respectively, and will require changes

Coqp =311.358P,, +321.90Cay,, +4461434.909 - ©)

cap

Cir25 = 66.49P,, +15.50Cay,, +407496.23709 @)
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CR =1210 .05Ca p, + 3850964 .704 . (8)

Prv is the total power of the PV; Cavat corresponds to the total storage capacity of the batteries.
This allowed us to come to the global equation of the TLCC depending on the variables of the
optimization problem.

TLCC =377.87P,, +1547 .45Cay,, + 8719895 .85 ©)

The second objective function named loss of power supply probability (LPSP) is defined as the
load demand not satisfied by the system over a given period. It is determined by the ratio between
the energy deficit (LPS) which represents the load that is not satisfied by the system and the load
demand (EL). This model is widely used in the literature to evaluate the reliability of the system.
LPSP varies from 0 to 1. When the LPSP is 1, it means that there is an unmet load during the whole
simulation period and when the LPSP is equal to 0, there is not an unmet load. Its expression is given
by the following equation:

Lpsp = LIPS (10)

E;

The LPS is a function of the average energy produced by the photovoltaic system Epvav, the
average energy stored in the batteries Ebatav, which are given respectively by the Equations (11) and

(12)
Gref
Epvav:ApvxninvxnwireXIan 1- Ttamb"’%(TNOCT_zo)_Tref (11)
Ey
Ebatav = Ebat min T Epvav o 1 bat (12)
mny

Where Apv is the area of the PV array, 1y, Nwire and 1,4, are the efficiencies of the inverter,
wire, and the batteries respectively, 1, is the nominal efficiency given by the manufacturer. I is the
solar irradiance in W/m2, 3 is the temperature coefficient, Tamb is the ambient temperature, TNOCT
is the nominal cell temperature of module, Tref is the reference temperature. So LPS is defined by the
following equation:

LPS = EL - (E pvav + Ebamv + Ebat min hinv (13)

The mathematical expression is determined according to the two decision variables Ppv and Cabat
by considering the input parameters. Thus, we obtained the Equations (14), (15) and (16):

E v =222 Ppy 14
Epuay = 2.368 P, + 34455 .55556 (15)
LPS = 2.06 - 0.000142034  Ppy + 0.000069654  Ca 4y, (16)

To simplify the two objective functions, the following changes of variables are performed Hence,
we set: X=TLCC, Y = LPSP, Xi= Prv and Xz = Cava.. We thus obtain the Equations (17) and (18).

X =377.848X, + 1547.45X, + 8719895.85 (17)
And
Y =2.06-0.000142034X; + 0.000069654X, (18)
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4.2. Delimitation of the research space with the intuitive method

To obtain the maximal power of the PV array and storage capacity of the batteries, the Equations
(19) and (20) are used respectively.

1000%Ed

Bov = — 7 (19)
Constant 1000 represents the reference illumination under optimal conditions of sunshine and

temperature, Ed is the daily energy consumed and K is the overall efficiency of the system:

N jXE d

Capgyt = ———
t
a dpXUsXNpat

(20)

Where, N; is the number of autonomous days, d,is the depth of discharge rate of batteries and
Usis the voltage of the system. To delimit the research space and avoid obtaining unfeasible solutions,
the objective functions and the decision variables will have in domains in which the constraints can
be defined. Thus, all the possible solutions will appear in the defined space and the considered
constraints will allow to choose the best solutions for each iteration. The delimitation of the research
space is characterized by the lower and upper bounds of the decision variables which are thus given.
The variable X1 is delimited by the unit power of the solar module (Pu) and the value of the maximum
power (Ppv) obtained from the intuitive method. Similarly, the variable X is between its minimum
value, which is represented by the unit capacity of a battery and its maximum value that is the
maximum storage capacity obtained with the intuitive method. Thus, its two variables satisfy the
following conditions:

280 < X; < 16240 (21)

500 < X, < 2153.47 (22)

4.3. Definition of the constraints

In the research space, we look for finding the optimal combination of the two decision variables
that minimizes the two objective functions while satisfying the following constraints:
e the average energy produced by the PV array must be able to supply the load of the building-
block while recharging the storage system. This is governed by Equation (23):

0.148X, — 3445.55556 = 0 (23)
e  the loss of power supply probability varies from 0 to 1.This is expressed by the following
inequalities 24 and 25:
1.06 — 0.000142034X; + 0.000069654X, < 0 (24)
0.000142034X; — 0.000069654X, —2.06 < 0 (25)

The GA interface of Matlab software is used to run the optimization process according to the
principle of genetic algorithm given in Figure 3.
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Input: The Objective Functions TLCC (Equation 17) and LPSP
(Equation 19), the constraints (Equation 23, 24 and 25), the lower

and upper bounds of decisions variables (Equation 21 and 22)

N generations = 1: 200

1

Define of population initial

!

Sélection : Tournement

1

Crossever : Fraction of crossever
0.8

|

Mutation : Contraints dependant

|

Calculation of two objective functions

If all generations finished
(N generation=200)

Output: optimal combinations (Cpv and Cabat)
with minimum TLCC and LPSP

Figure 3. Flowchart of Genetic Algorithm

The parameters of the genetic are defined in the optimization toolbox as show in the table below

Specifications Values
Population size 200
Initial Population Random
Selection Tournement
Crossever Fraction of crossever 0.8
Mutation Contraints dependant

5. Results and discussion

After 13 iterations, the optimization provided the optimal values of the objective function with
their corresponding decision variables. The results obtained for the building-block number 4, is
presented in the following table.

Table 3. Optimal sizing combinations for 13 iterations for the building-bloc 4

Index X1 (Wp) X2(Ah) Y (%) X(FCFA)
1 14941.65 910.33 0.001 15 774271.29
2 14766.33 648.49 0.007 15 303151.43
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8
3 14354.85 606.07 0.06 15 081720.69
4 13563.34 637.71 0.17 14 831706.10
5 13164.87 608.10 0.23 14 635226.57
6 12582.45 628.27 0.31 14 446375.46
7 12343.98 585.04 0.34 14 446375.46
8 11869.93 585.09 0.41 14 110327.77
9 10322.86 579.35 0.63 13 516892.63
10 10005.46 583.13 0.67 13 402 810.15
11 9590.56 591.06 0.73 13 258314.70
12 9047.481 582.03 0.81 13 039145.76
13 8642.18 584.87 0.87 12890387.24

From the results of the optimization presented by Table 3, the Pareto front is generated; it gives
the set of compromise solutions corresponding to a combination of PV and storage capacities. A set
of optimal solutions has been found unlike to the multi-objective optimization method used by Amy
sadio et al[9], who finds a single optimal solution. Among these solutions, the choice is made by
considering the combination, which minimizes total life cycle cost while satisfying system needs. The
optimal solutions are represented by the indices 2 from the Table 3 above. Figure 4 gives the variation
of the total cost over the life cycle according to the Loss of Power Supply Probability.

i w107 Pareto front
X:0.007863
1.55 [ . 1 530407
&
1.5 *
= L 2
< &
6 1.45 "—*
% £
Y 1.4 d
'—
1.35 4
2
- k2
1.3 %
£
L
1.25

© o1 02 03 04 05 06 07 08 09 1
LPSP( %)

Figure 4. Variation of the total life cycle cost according to the loss of power supply probability of the
building-block number 4.

Figure 4 shows that the two objective functions are antagonistic. Indeed, the increase of LPSP
leads to a decrease in TLCC. This is explained by the fact that when the PV and storage capacities are
low, the energy generated by the system becomes weak, which increases the risk of an energy deficit.
At the same time, the TLCC is reduced. A decrease in the LPSP from 0.31% to 0.001% improves the
reliability of 30.9% for a cost increase of 8.41%. While a decrease of the LPSP from 0.87% to 0.001%
leads to an increase in the reliability of the system of 86.9% with a cost increase of only 18.28%. This
shows that the reliability of the system can be increased significantly without a considerable increase
of TLCC. This was justified by the work of Razman Ayop and al[14], who demonstrated that the
reliability can be significantly improved without a significant increase in total life cycle cost. The
optimal values of the objective functions are chosen by considering the lowest LPSP, corresponding
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to the lowest capacity of the battery, capable to satisfy the load demand during night and at a minimal
cost. Thus, the results of the optimization provide an optimal combination with an LPSP of 0.007%
and a TLCC of 15303151.43FCFA corresponding to battery and PV capacities equal to 648.69Ah and
14766.33Wp, respectively. With the proposed method, the obtained results are satisfactory with a low
LPSP at a reduced cost. In Carlos Eduardo et al.[15], it has been shown that if the LPSP increases, the
system becomes less robust, with lower cost and lower energy production. This justifies the
antagonistic relationship between the two objective functions.

From Figure 5, we noted that the found average value of the LPSP is close to the optimal value
that is obtained. In Figure 6 we have the variation of the capacity of storage system versus the total

PV system.
LPSP mean :0.0603917
| rmm—— e srmm - £ ITRC A S AR e e mImEtEin pem mm nems e - sepe
0.8+
3"9_‘ 0.6
o
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104+
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Figure 5. Variation of the loss of power supply probability according to the generations (building-
block number4).
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Figure 6. Variation of the storage capacity according to that of the PV system for Block 4

From Figure 6, we note the evolution of the capacity of the storage system based on total PV
capacity. For values included between 8642.18 Wp and 14766.33 Wp, the storage capacity varies
slightly. Below 14766.33 Wp, corresponding to the optimal point, there is a strong increase in storage
capacity from 648.69 Ah to 910.33 Ah. This is explained by the fact that, below the optimum point,
the energy generated by the PV field is not very large to satisfy all the load requirement so the system
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does not require a large battery capacity. This is explained by the fact that, below the optimum point,
the energy generated by the PV field is not very large to satisfy all the load requirement so the system
does not require a large battery capacity. Beyond this point, a greater PV capacity is obtained and
implies higher storage capacities. The optimal combination shown in Figure 4, gives an optimal
capacity of the PV field equal to 14766.33 Wp which approximately requires a storage capacity of
648.69 Ah. The choice of the optimal combination is based on the satisfaction of the night load
demand by the PV system. This criterion must also respect the optimization conditions, which
minimizes the total cost over the life cycle and the loss of power supply probability of the system.
These results have been compared to those found with the intuitive method through the table below.

Table 4. Comparison between the proposed method and the intuitive method

. Genetic algorithm
Designation Intuitive method
method
Total capacity of
2153.47 48.4
storage system (A h) >3 648.49
Total capacity of PV 16240 14766.33
array (Wp)
ALSP (%) 0.007
2 737.52
TLCC (FCFA) 9 998757.5 15 303151.43

The comparison made between the two methods shows that, The applied method leads both a
reduction of the cost and the storage capacity by 48% and of 70%, respectively. This shows that the
optimization method with Genetic algorithms is economically reliable and reduces the energy that is
not consumed in the storage system.

Hussein A.Kazema et al [16] in their study obtained similar evolution curves of the PV capacity
based on storage capacity to those generated in this study. Their results showed that the size of the
storage battery found with the intuitive method represents 266% of the storage battery size obtained
with the same method digital. The cost of the designed system with the intuitive method corresponds
to 150% of the cost compared to the result of the numerical method. In fact, hourly values of
meteorological and load demand data were used in order to obtain precise results. While in our
study, average values of these data have been used. Indeed, the use of hourly data offers more
precision in the sizing and optimization study of photovoltaic systems.

6. Conclusions

In this study, a multi-objective optimization problem is considered for the sizing of a PV system
in the Bambey site using GAs. The optimization consisted in minimizing the total life cycle cost and
the Loss of Power supply Probability in relation to the PV, and the storage capacities of the system.
Thus, the research for a better compromise between the two-optimization parameters for a minimum
cost and a satisfactory reliability is carried out using the optimization toolbox of the Matlab software.
For this, the mathematical expressions of the two objective functions, the associated constraints and
the limit have been established. An intuitive sizing method is used for a delimitation of the research
space but also for a comparative study with the proposed optimization method. With the proposed
methods, we obtain a cost reduction of 48% and a reliability of 99.3%, which show that the proposed
method is reliable economically and technically, with a greater satisfaction of load demand, and a
greater reduction of batteries capacities of 70%. The comparison made with the literature shows that
this proposed method is reliable and especially with the use of the hourly data.
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