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ABSTRACT ARTICLE HISTORY
Due to the excessive use of photovoltaic (PV) systems as a grid Received 2 April 2021
connected or standalone micro-grid, and high installation cost of ~ Revised 11 October 2021
these systems, it is recommended and required to properly size Accepted 13 October 2021
them. This research paper presents and offers a new approach for

determining the optimum grid connected PV size, feeding a typical

house in Tunisia, as well as the efficient power flow management,

in order to improve its profitability, reliability and feasibility under

a 20-year study period. A multiobjective function is proposed and

formulated to be optimized using two optimization algorithms,

which are the particle swarm optimization (PSO) and the genetic

algorithm (GA). In fact, the objectives consider the economic aspect

in terms of maximizing the net present value (NPV) and a non-

economic concern, including minimizing the lost of power supply

probability (LPSP). Simulation results showed that the PSO algo-

rithm is faster than the GA and presents better performance in

terms of speed convergence toward the optimal solution. Then, it

proved that a PV system comprising 56 PV modules, 7 batteries and

2 inverters based on maximizing the NPV can sustainably augment

its profitability, while a PV system comprising 66 PV modules, 10

batteries and 2 inverters can guarantee its reliability and feasibility,

based on minimizing the LPSP.

Introduction

A renewable energy use has become an important reason to decrease the
excessive demand of fossil fuels (oil, gas .. .), since these sources cause damage
to the environment(CO, emissions). In fact, one of the important sources of the
renewable energy is the sun because of its free availability and cleanliness. That is
why solar energy and especially photovoltaic (PV) energy is quickly becoming
a necessity and an essential part of energy balance and CO, emissions reduction
(Moghimi et al. 2018). Added to that, grid-connected PV modules have recently
experienced a rapid growth worldwide and have become more popular espe-
cially in developed countries (Hanen 2018).
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Motivation and incitement

These systems were essentially installed to generate electricity and to
compensate the energy withdrawn from the grid, for the same purpose,
to reduce electricity bills. Thence, this type of PV system is used in this
study. Nevertheless, a high PV penetration level on the electricity grid can
affect its quality and safety and cause voltage rise, frequency perturbation
and power losses increase (Khenissi et al. 2020).

However, the generation and the interaction between the PV-battery
system and the electricity grid should be managed to ensure load supply
at any time and any weather conditions, since the power produced by PV
systems is highly dependent on the temperature T and the irradiation
G (Khenissi, Fakhfakh, and Neji 2018). The reasons are truly understand-
able, with the liberation of power systems; the residential grid-connected
PV systems can supply power to the grid during peak hours or charge the
battery during non-peak hours for later domestic use or for selling back to
the grid during peak hours (Regis, Muriithi, and Ngoo 2019). That is why
it is essential to use a technique or a method to manage the energy
transfer between every system components (PV modules, battery, inverter,
grid, load).

Furthermore, it is essential and important to determine the exact size of
every system component. In terms of optimal sizing of PV modules, batteries
and inverter numbers to ensure load supply at any time of the day. Actually, all
these challenges are taken into account in this article.

Literature review

In fact, several researchers in literature have investigated and developed
different methods and approaches to reach an optimal sizing of off-grid or
on-grid PV system, with or without battery storage unit, either using
single-objective or multi-objective functions.

The first group of papers discusses the sizing of standalone PV system. In
fact, authors in Maleki, Nazari, and Pourfayaz (2020) have developed an
economic assessment for an optimization approach to tackle the optimum
size of an off-grid PV/battery system using an Improved Harmony Search
(IHS) algorithm to minimize the TLCC in order to provide the electricity
demand. Added to that, authors in Zhang et al. (2020) have proposed a socio-
economic approach to size an independent solar system with hydrogen storage
device and to properly determine its appropriate capacity and location in rural
areas.

Besides, an artificial intelligence (AI) has been shown to be effective
in PV system sizing in Khatib and Muhsen (2020), and this paper
presented an Al-based standalone PV system sizing method.



1932 I. KHENISSI ET AL.

Differential evolution multi-objective optimization is used to find the
optimal balance between system’s reliability and cost. Two objective
functions are minimized, the loss of load probability and the life cycle
cost.

In Jiménez-Castillo et al. (2020), the authors have developed a method
to size an off-grid PV generator without a storage device in order to
maximize the economic profitability of this system based on estimating
the net present value (NPV) for different PV generation power taking into
account the economic parameters such as self-consumption electricity and
electricity sell to the grid. However, authors in Charfi, Ahmad, and Maher
(2019) have used the PSO algorithm to obtain the optimal sizing of
isolated PV systems.

Another research direction is to size the storage battery to either have
minimum operational cost or scheduling its charge and discharge to
always ensure load demand, as presented in Weniger, Tjarko, and
Volker (2014), Hanen (2018) and Kharseh and Holger (2019), or to
optimize the battery storage capacity using a multi-objective function
based on maximizing the (NPV) and the self sufficiency ratio, as have
been described in Zhang et al. (2017).

In Regis, Muriithi, and Ngoo (2019), the authors have proposed an optimi-
zation approach uses, which the (PSO) algorithm in order to find the optimal
sizing of a battery storage unit integrated in a PV system with the lowest
system operation cost.

In addition, other researchers’ efforts have been concentrated on
sizing a PV system connected to the grid using different economic
parameters and algorithms. In Charfi, Ahmad, and Maher (2019) and
in Ndwali, Njiri, and Wanjiru (2020), a new approach of sizing optimi-
zation has been proposed in this study to size a grid-connected PV
system without battery storage based on using a mixed integer linear
programming to solve a multi-objective function to not only minimize
the total life cost (TLCC) and the energy purchased from the grid, but
also to maximize the reliability of the system by minimizing the power
supply probability (LPSP). A swarm intelligence approach is used in
Ciabattoni et al. (2016) to find the optimal sizing of grid-connected
PV micro-grid (MG) components. This approach is based on maximiz-
ing the NPV to ameliorate the profitability of the system using the
artificial Bee Colonies (ABC) algorithm.

Added to that, in Ashtiani et al. (2020), authors have used a teaching-
learning based optimization (TLBO) algorithm for a techno-economic
analysis of PV systems connected to the grid based on the total net
present cost (TNP) minimization in order to reach the optimal sizing of
this system. Then, authors in Samy, Mosaad, and Barakat (2020) have
presented an optimization methodology to find the optimal rating and
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number of hybrid renewable system components. The system proposed in
this study is a grid-connected hybrid system feeding a typical load of
a tourist resort in Egypt. In fact, these sizes are found based on minimiz-
ing the cost of electricity (COE) after using two techniques, which are the
Hybrid Firefly/Harmony Search optimization technique (HFA/HS) and
the particle swarm optimization (PSO) algorithm.

Besides, Gabr, Helal, and Abbasy (2020) has applied a techno-
economic feasibility of a rooftop PV system connected to the grid of
three residential household types, with different levels of electricity
demand (low, medium, and high). In fact, the economic sizing of the
PV system is found based on different economic parameters such as the
NPV, cost of energy (COE), payback period and finally electricity bills
saving. To do this, Hybrid Optimization of Multiple Energy Resources
(HOMER) software has been used. However, authors in Cui et al. (2019)
have developed a techno-economic evaluation methodology for a grid-
connected PV system, taking into account the use of economic para-
meters such as the NPV, the maintenance cost, the system life cycle cost,
using the Risk Management Software, without considering the sizing
optimization criteria. A metaheuristic optimizer known as Crow Search
Algorithm (CSA) based on the intelligence performance of crows has
been used in Gharibi and Askarzadeh (2019), in order to solve multi-
objective optimization function that aims to size a hybrid energy system
integrated to the grid. The levelized cost of energy (LCOE) and LPSP are
used in this approach to solve the sizing problem.

Added to that, authors in Elbaz and Guneser (2021) proposed a multi-
objective bat algorithm (MOBA) to size a hybrid grid-connected PV
system considering both economic and environmental concerns. The
aim of this research is to reduce the LPSP, the COE and the greenhouse
gas (GHGs) emissions. Kefale, Getie, and Eshetie (2021) presented
a method to determine the optimal design of a grid-connected PV
system based on minimizing power losses and ameliorating the voltage
profile. A multi-objective function has been formulated to be optimized
by the selective particle swarm optimization (SPSO). Besides, in Zidane
et al. (2021), an optimal PV inverter sizing has been proposed using
a multi-objective function with the aim of reducing the LCOE, and the
optimization has been performed by a multi-verse algorithm.
Additionally, in Attia et al. (2021), the authors formulated a multi-
objective optimization (MOO) based on minimizing the project lifespan
cost, maximizing system reliability and reducing CO, emissions, in order
to size a grid-connected PV system. A MILP model has been used to
solve this optimization problem.
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Advantages and cavities of previous studies

As can be seen, and referred to the aforementioned literature, the majority of
papers have focused on sizing optimization of off-grid solar - hybrid renew-
able system, or of grid-connected PV system without battery storage unit, or
sizing only the battery storage capacity of an on-grid solar system. However,
a few papers have given the attention to sizing all the grid-connected PV
system components.

Added to that, according to the above literature and despite the
existing researchers works that aim to determine the optimal sizing of
solar system integrated to the grid, based on an economic analysis in
order to ameliorate the profitability of the system with the use of
different economic parameters such as NPC, LPSP, LCC, TLCC, LCOE,
COE and environmental parameters such as reduction of CO, emission.
Limited attention, on the NPV economic parameter in the sizing opti-
mization, has been given, and a few efforts have evenly been devoted to
this parameter only by developing a techno-economic analysis without
taking into consideration sizing optimization issue.

In other words, determining the optimal sizing of a grid-connected PV
system with attention given to the NPV parameter was not covered in depth.
Remarkably, not enough detail has yet been described and given to the effect of
using this parameter on the sizing optimization resolution. Besides, most of
the methods mentioned above provide a sizing optimization resolution
focused only on ameliorating system profitability with no attention to the
feasibility of it by not taking into consideration the power flow management
optimization of the system under study.

Contribution

The main objective of this paper is to propose an optimization approach
not only to find properly the optimal number and components of a grid-
connected PV system but also to determine the optimal power flow
management, in order to improve and ameliorate system profitability,
reliability and feasibility under a period of study (20 years). In fact, the
sizing decisions are PV panels, batteries and inverters number, the energy
purchased from the electrical network, the energy injected to the grid and
the electricity tariffs, during 24 hours. Maximizing the NPV and mini-
mizing the LPSP are the key objectives of this research paper.

It is worth noting the contribution and novelty of this method, com-
pared with the other methods described in the above literature, on sizing
optimization resolution by summarizing it as below:
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First of all, a new optimization structure for obtaining the optimal
number and components of the establishment of a grid-connected PV
system schemes with storage units is proposed. This method differs with
previous studies in taking into consideration three criteria: the profit-
ability, reliability and feasibility of the whole system.

Then, a multi-objective optimization function is carried out to analyze
both the profitability and the reliability of the system. This function differs
with the previous studies in using economic and non-economic parameters,
which are NPV and LPSP by maximizing the NPV, which was not covered in
depth in most previous studies in the sizing optimization issue and mini-
mizing the LPSP using two optimization algorithms, which are PSO and GA
algorithms.

Finally, a power flow management optimization is developed and
applied to ameliorate the feasibility and the reliability of system with the
aim of satisfying loads demand at any time of the day. As has been
mentioned above, PV system sizing based on enhancing system feasibility
was not covered in depth and will not be taken into account in most
previous studies in the sizing optimization issue.

Paper organization

The reminder of this paper is organized as follows; Section II presents the
system under study used in this paper and gives the mathematical model
of each system. Section III highlights the main optimization problem and
explains the economic study used in this analysis period. Section IV
presents the optimization algorithms chosen in this paper, which are
PSO and GA, and presents the proposed method on which this work is
based. Simulation results are given in Section V. Finally, conclusion and
some perspectives are presented in the sixth and final section.

Mathematical modeling of the different elements of the system under
study

The whole system proposed in this paper consists of PV modules used to
generate electricity from the sun and feed a typical house in Tunisia with
average energy consumption around11.6 kWh/ day (Charfi, Ahmad, and
Maher 2019). Its simplified block is given in figure 1:

Added to that were an inverter to integrate PV panels to the grid and
an energy storage element used to store the power or to feed the load
when needed. The system under study is given below
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AC | DC

PV system ]

Grid

Inverter

Figure 1. Simplified block of grid-connected PV system.

Mathematical model of PV system

PV module consists of several solar cells that produce electricity from sunlight.
As a result, the power produced by these panels highly depends on weather
conditions, which are the temperature and the irradiation.

In fact, the current produced by these modules can be written as follows
(Kumar et al. 2015):

V 4+ R V 4+ R
Igpy = Nplpy — Nplg X |exp(q NSKT;) -1 =N, R, : (1)
Iph = G(Isc + KI(T - Tr)) (2)

Mathematical model of battery storage element

The storage element used in this work is the lead acid battery, and this type of
battery is easy to install and has low maintenance cost compared to Li-ion
(Khenissi et.al. 2020). It is important to cite that the batteries begin to charge
when the total power produced by the PV panels exceeds the load. However,
batteries began to discharge when the load demand is higher than the available
energy produced by the PV array. Added to that, its equivalent circuit is given
in Figure 2 (Khenissi et.al. 2020):

Then, the voltage across the battery can be given by the following equation
(Khenissi et.al. 2020):

Viat = npEp + 1p(Rpar X Ipar) (3)

I
s (D
" Vbat

Figure 2. Equivalent circuit of the CIEMAT battery.
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Where 1y, is considered as the number of batteries.

As a matter of fact, the important parameter that describes the level of
charge of the battery is the state of charge (SOC). It can be written using the
equation below (Khenissi et.al. 2020):

Ihal(t)dt

SOC = SOC, — | Cou (4)

Load characteristics

In this paper, a typical household in Tunisia is used as a load. Daily and load
electricity consumption are respectively given in Figure 3.

Daily Profile

Figure 3. Daily load consumption profile.

Economic study and problem formulation
Objective function

As has been mentioned before, the main goal of this research paper is to give
a new approach to size a grid-connected PV system with storage elements
based on an economic and non-economic analysis during a period of 20 years,
in order to ameliorate the profitability, the reliability and the feasibility of the
system under study.

In fact, the objective of this work is to maximize the important investment
parameter, which is the NPV to improve the profitability of the system and to
minimize the system LPSP to reduce load power losses and to always guaran-
tee loads supply.

To do so, two objective functions are used to be optimized and the for-
mulation of these functions are given as follows:

f1 = MaxNPV (Npy, Noar, Niny) (5)
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£2 = MinLPSP (N, Npat, Niny ) (6)

The NPV parameter of a project is used to evaluate the investment status of the
whole system for a period of time. It is explained as the difference between the
present worth of the cash inflows and the present worth of cash outflows of an
analysis period of investment (Pham et al. 2008). When this parameter is
positive, that means that the system is profitable and amortized. However, if it
is negative, that shows the opposite. In fact, the following equation is calcu-
lated to determine the NPV, where I is the initial investment, d is the discount
rate, N is the project period and finally C is the total cash flow after tax in the
period of study in Ndwali, Njiri, and Wanjiru (2020):

Noo¢
NPV = —Iy + - (7)
2oy
C=Cy—Cy (8)
IO == (va X NPV) + (Cbat X Nhat) + (Cim/ X Ninv) + CSYS (9)

In fact, C is calculated by summing the cost of the energy purchased from the
grid, which is given as C._puren Co_sysis the maintenance cost of every system
component and finally the replacement cost C,_ss is the cost of the element
that needs to be replaced. It is given as follows:

Ccf - Cefpurch + Co‘_sys + Crep_sys (10)

Added to that, C;; represents the total annual income and what the system
brings to the user. It is calculated by summing the cost of the energy selling to
the grid and the energy savings achieved. It is given in equation (11)
(Riffonneau et al. 2011):

Ciy = Z Z ((P5<k) X Ce—sell) + ((Pload(k) - Pg(k)) X Cg)) (11)
j=1 |k=1

Where:

Cefpurch = Pg X Cg (12)
Co_sys = (Co_pv X va) + (Co_bat X Nbat) + (Co_inv X Ninv) (13)

Crep_sys == (Crep_hat X Nhat X Rh_k) + (Crep_inv X Ninv X Rim/_k) (14)

Where
*P(k), Pioad(k) andPy(k) are, respectively, the power injected to the grid,
load power demand and the power taken from the grid.
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* Ce—senn and C, are, respectively, the price of 1 kW selling to the grid and
that taken from it.

* Rp_k or Riyy_i is equal to 1 when the component (battery or inverter) will be
replaced in the year k; however, it is equal to 0 when this element will not be
replaced.

Otherwise, as has been mentioned before, the LPSP parameter is used not
only to know if the load is always supplied at each hour h from the renewable
source or not, in other words, to ensure the load power demand satisfaction,
but also to evaluate the system reliability.

LPSP can be characterized and defined as the load that the system is
incapable to satisfy divided by the total load in the period of study. And it
can be written as follows (Bakelli, Arab, and Azoui 2011):

5™ (Praa(t) — (Ppo(8) + Py (1)
Lpsp = = (15)

N
Z Pload(ti)
i=1

Actually, if LPSP = 0 that means that the load is totally satisfied; however, if
LPSP = 1 that means that load is not satisfied (Mehdi, Zazi, and El Ballouti 2006).

Optimization constraints

The constraints given below should be satisfied in the economic sizing opti-
mization process of the system under study
- PV modules constraint

va_min S va S va_max (16)

-Battery number constraint:

Npat_min < Nbar < Npar_max (17)
- Inverter constraint
Niny_min < Niny < Niny_max (18)
- SOC constraint
SOChin < SOC < SOCax (19)
-LPSP constraint:
0<LPSPL 1 (20)

-Load flow constraint (Armaghani et al. 2014)

Pg:va+Pbat_Pload (21)
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Optimization algorithms and the proposed method

Reaching an optimal system investment with an optimum PV systems sizing
and efficient batteries energy management is a difficult combinatorial-
optimization issue. Therefore, as has been mentioned before, there are several
techniques that are presented in literature to solve this complex optimization
issue. Such as classical and analytical techniques that are based on the load
flow and also, meta-heuristic algorithms (PSO, GA, fuzzy logic ...). In fact,
classical methods are used to solve simple problems, and it is efficient when the
shape of the objective function is known in advance. However, meta-heuristic
algorithms are considered to solve complex problems and cover all other
method limits. Therefore, the PSO and GA algorithms are used in this research
work, since they are considered as the most powerful methods that deal with
continuous and discrete optimization problems (Prakash and Sujatha 2016).

PSO algorithm

In fact, it was developed in 1995 by Dr. Eberhart and Dr. Kennedy
(Hooshmand 2008) and is defined as an iterative method where its principal
consists of initializing a number of particles that take a random position in
a space of possible solution. As an explanation, every particle has a memory
and after the interaction with each other, they move to the best position
(g_best), and this is by changing their velocity and position.

The expression of the velocity V} as well as the position X! of the particle ‘i’
at the iteration ‘t’ are given using Eqs (22) and (23) as shown below:

VA =W x ViF G X x (Poest; = Xi) 4 Co X 12 X (ghesty = Xi) - (22)

Where P}, . is the “personal best particle” and g, , . is the “global best
position,” w is the inertia weight factor, which should be less than 1.
However, C; and C, are acceleration constants, and the sum of these constants

should be greater than 4 (Prakash and Sujatha 2016).

GA algorithm

This algorithm is presented as one of the techniques used to optimize the best
position and size of the PV system in the distribution network. It is considered
as an adaptive method, which can be used to solve search and optimization
problems such as for online process control, such as in a chemical plant, or
load balancing on a multi-processor computer system (Kashyap, Mittal, and
Kansal 2019). It is a robust technique, which can deal easily with huge
problems number (Kashyap, Mittal, and Kansal 2019). .
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In fact, its principle is based on the genetic system of a biological organism
and can be presented as artificial intelligence (AI) method (Kashyap, Mittal,
and Kansal 2019). . It consists of collecting a group of individual called
chromosomes to constitute a population. These individuals are composed of
a discrete unit called genes, and this population is randomly initialized. The
main goal of this technique is to converge to the global solution, and this is by
using three steps and operators, which are crossover, mutation and reproduc-
tion operator.

Proposed method

As has been mentioned before, the main goal of this paper is to give
a new approach to size the whole system by evaluating the system profit-
ability, reliability and feasibility after maximizing the NPV and reducing
the LPSP as minimum as possible and finding the optimal power flow
management.

As better understanding, an optimal sizing of all the system components
should be investigated (PV modules, batteries and inverter) and an efficient
batteries energy management should be done in one hand, to reduce the load
power losses and always ensure their need, and in the other hand, to calculate
the power purchased to the grid and that taken from it to reach the best NPV
parameter. To achieve this target, a proposed flow chart is used, and it is
explained in the Figure 4. To calculate the NPV and LPSP parameters, the
value of the power taken from the grid as well as that injected to it should be
determined in the instant k.’ In fact, these values depend not only on PV
modules, batteries and inverter numbers, but also on the power flow between
all the PV system components. That is why this power flow should be properly
managed.

To get a better understanding, if the power generated by the PV systems is
higher than load demand, and batteries are full of charge (SOC = 90), the
excess of power will be injected directly to the electrical network. However, if
batteries are not fully charged (10 < SOC < 90), they will continue to charge till
their maximum.

And, if there is an excess of power after charging all the batteries, the
amount of power will be injected to the grid.

Nevertheless, if the power demand is higher than the power produced from
PV modules, and batteries are empty (SOC = 10), loads will take their need for
power directly from the grid. However, if batteries are not empty (10 < SOC <
90), and the power demand is less than that stored in storage components,
these elements will feed directly the consumer, if not, loads will take the power
from batteries and the grid. Consequently, after this power flow management
P_g, and P_s, and will be determined, and then NPV and LPSP values also.
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Figure 4. Flow chart of the proposed optimization technique (PSO or GA).

Simulation results

The main goal of this article is to offer an approach to find the optimal
size of a PV-batteries-inverters system in terms of PV panels, batteries
and inverters number, the energy purchased from the electrical network,
the energy injected to the grid and the electricity tariffs, during 24 hours.
To reach this target, two objective functions are used. The first one f; is
applied in order to find the optimal PV system size that gives an optimal
economic status during 20 years. In this step, the second function f, is
considered as an equality constraint. However the second function f, is
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used to find the optimal number of system components in order to satisfy
load demand requirements at any time. In this step, the second function
fi is considered as an equality constraint.

Simulation results are given after using Matlab Software, and system para-
meters are given in the next step.

System parameters

The different elements used in this work are presented in the tables 1-2
(Brahmi, Charfi, and Chaabene 2017), (Totalenergies 2021).

Table 1. System parameters.
Parameter  SOC, (%)  SOCmin(%)  SOCmax (%) N (years) d Copurch®  Cosen (@
Value 70 10 % 20 04 0,1450 0,1450

Table 2. System cost parameters.

Component Cost (%) Maintenance Cost () Replacement Cost (%) Lifetime (years)
PV module (250 W) 180 2.66 180 20
Battery (100Ah) 264 2.64 264 5
Inverter 1942 19.43 1942 15

Optimization techniques and optimal sizing results

Please insert Table 3 System profitability analysis

The main objective of this part of work is to discuss and analyze system
profitability for a 20-year study period. To reach this target, finding the
optimal system size using two optimization algorithms (PSO algorithm and
GA) will be held in this section. In fact, the constraints used in this part are
selected and taken from Charfi, Ahmad, and Maher (2019):

55 < Npy, < 65, 6 < Npgy < 10, 2 < Ny < 3, 10 < SOC < 90, 0 < LPSP < 1

Simulation results are given in the following curves after choosing 100 as
iteration number:

Table 3. Optimization parameters.

PSO parameters Values GA parameters Values
Iteration number 100 Iteration number 100
Population number 50 Population number 50
w 0.9 Crossover percentage (%) 70

=G 0.73 Mutation percentage (%) 20
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Figure 5. Convergence characteristic of the objective function ‘f1’ case (a) and ‘f2’ case (b).

Figure 5 presents the result of using the first objective function f1 (case (a))
that aims to maximize the system NPV in a period of 20 years. This objective
function is used to find the best system size that gives the optimal economic
status in order to ameliorate the profitability of the system. In fact, the two curves
shown in this figure present the optimal NPV using two optimization algorithms,
which are PSO algorithm (blue curve) and GA algorithm (green curve).

Simulation results in this figure prove that the first algorithm converges to
the optimal NPV in the ‘fourth’ iteration; however, the second algorithm
converges to it in the ‘sixth’ iteration, and the best NPV given by these two
algorithms is 24644.354€, while the best sizing of the PV-batteries system
according to this value is 56 PV modules, 7 batteries and 2 inverters.

The aim of using ‘f2" optimization function (case (b)) is to reach the optimal
number of system components that ameliorate the system reliability and
satisfy loads demands at any time of the day by minimizing loads power losses.
According to (b), it is clear that the PSO algorithm converges to the optimal
LPSP in ‘iteration 2’; however, GA algorithm converges to the same LPSP in
‘iteration 6'. Added to that, the best LPSP of this study is 0.1119, while the best
sizing of the PV-batteries system accordingly to this value is 66 PV modules,
10 batteries and 2 inverters.

As a conclusion, PSO algorithm is faster than GA and show better perfor-
mance than it in terms of speed convergence toward the optimal solution.
Added to that, it is clear also that by maximizing the system profitability, its
reliability decreases and by maximizing the system reliability (min LPSP) and
decreasing loads power losses, system profitability decreases. The next figure
explains better this point.

The next figure illustrates the system profitability during the 20-year study
period after using the optimal size found above with the two optimization
algorithms and objective functions.
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Figure 6. NPV evolution during the analysis period.

Figure 6 explains the system reliability during the period of study. The blue
curve presents the evolution of NPV using the first objective function f1, which
aims to maximize the NPV; however, the green curve presents the evolution of
this parameter using the second optimization function f2 that aims to mini-
mize the LPSP. In fact, as has been mentioned above in the previous section,
a positive NPV means that the system is profitable and amortized. However, if
it is negative, that shows the opposite. Added to that, when the amortization
period P,, is shorter, the system will be economically more attractive.
According to these two curves, it is clear that the period of amortization
using the second objective function is longer than that using the first objective
function. It is about 9 years with f1 and 16 years with f2. That means that the
system is well profitable, efficient and amortizable by maximizing the NPV.

All these results can be summarized in this table.

Please insert Table 4.

System feasibility analysis

Analyzing system feasibility and reliability consists on determining the power
flow between system components (PV panels, loads, batteries and the grid)
and trying to properly and correctly manage it, in order to determine the
power extracted from the electrical network and that injected to the grid and
make a difference between them. The main goal of this part is to find the

Table 4. Results summary.

Optimization Npy Npat Niny NPV (€) LPSP Pam (years)
fq 56 7 2 24644354 0.2 9
fy 66 10 2 77060 0.1119 16
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Figure 8. Energy management using ‘f1’ (a) and'f2’ (b) optimizations.

optimal system size that ameliorate and enhance its feasibility and reliability
by reducing grid intervention (the power purchased from the grid using the
two function mentioned above).

To reach this target, the irradiation G and the temperature T during a day
should be determined.

In fact, the irradiation profile used in this paper, to help the PV system to
generate electricity (a), as well as the temperature (b), are taken over a 24-hour
period for the Tunisian country for the month of March (Infoclima 2020). It is
given in Figure 7.

Actually, the optimal power flow management of the whole system using
the two objective functions f1 and f2 after determining the best system size is
presented in Figure 8, in order to explain batteries behavior and their inter-
action with the whole system during the day.

Figure 8(a) and 8(b) presents the active power of PV panels, batteries, loads
need and finally the power extracted from the grid and injected to it during
the day. According to these two figures, it is clear that the power produced by
PV panels in case (b)r is higher than that in case (a) because of the higher
number of PV modules found with ‘2’ (66 modules).

Then, when there is no power produced by PV modules (Ppv = 0), there is
a power consumed by the load (from 1 a.m to 7 a.m) and from (8 p.m to 11
pm). In these cases, batteries will compensate this need and will feed loads, in
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Figure 9. Power extracted from the grid (a) and electricity tariffs (b) before and after optimization.

the night when there is no sun and in the morning when the irradiation is low.
Besides, according to these two figures, (from 7.00 am to 9 am and from 10 pm
to midnight), batteries are completely discharged, and the power produced by
PV panels is still less than loads demand (P pv < Pload). In this case, the system
will extract the power from the grid to satisty loads need. However, this
extraction has a lower value (see (b)) compared to that in (a). This is explained
by the use of 10 batteries with ‘2" optimization compared to 7 batteries with
‘1’ optimization. Added to that, from 9 am to 4.30 pm, PV panels begin to
produce electricity, and the power produced by these modules is higher than
the power consumed by loads (P_ pv > P_ load). In this case, PV panels will
feed loads and the excess of power is stored in batteries and PB < 0. As results
during this period of time, loads demand is successfully satisfied without
interaction with the grid. In other words, there is no power extracted from
the grid; however, there is power injected to the grid in (b) because of the
highest number of PV panels used in this case (66 modules). As a conclusion,
when the number of modules and batteries increase, the power extracted from
the grid decreases and the system can inject power to the grid when there is an
excess of power production. So the optimal size found using ‘’ that minimizes
LPSP leads to loads demand satisfaction and grid interaction minimization
compared to the optimal size after using ‘f1’ optimization function. Hence,
minimizing LPSP ameliorate system feasibility.

The next figures present the difference between the power extracted from
the grid, as well as the electricity tariff before and after using the optimization
function (f1 and f2) proposed in this paper, during 24 h hours.

According to (a) in Figure 9, it is clear that after optimization technique, the
power extracted from the grid decreases compared to that without using the
proposed method. Added to that, this power decreases more with ‘2’ optimi-
zation than with ‘f1" optimization. We notice also that, in some period of time,
it is equal to zero, which means that there is no power taken from the grid and
there is no interaction between the PV system and the electrical network.
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Besides, according to (b) in Figure 9, the cost of the electricity during
the day before using the optimization method is higher than that after using
it, and in some period of the day, there is no need to pay the electricity tarift
because there is no power taken from the grid. However, it is clear that with ‘2’
optimization that aims to minimize LPSP electricity tariffs is less than that
after using ‘f1’ optimization. That proves that minimizing LPSP can lead to
a decrease in electricity during the day.

Conclusion

This paper proposed a new approach to determine the optimal size of a grid-
connected PV system with storage element. To reach this target, two objective
functions have been used and was based on maximizing the NPV in order to
ameliorate system’s profitability and on minimizing the LPSP in order to
satisfy all loads requirements. Besides, two optimization algorithms have
been used, which are the PSO algorithm and the GA technique. In fact, the
flow chart of the proposed method has been presented in this work to evaluate
the two objective functions. In fact, according to the simulation results, it can
be concluded that using the first objective function ’f1’ by maximizing the
NPV, the optimal system size is 56 PV panels, 7 batteries and 2 inverters, and
the system will have many advantages such as less components, system
reliability and profitability amelioration, less system installation cost and
short amortization period (system begins to be profitable after 9 years); how-
ever, it has 0.28 as LSPS, which is acceptable and high electricity tariffs
payment during the day. While using the second objective function ‘2" by
minimizing the LPSP, the optimal system size is 66 PV modules, 10 batteries
and 2 inverters, which proved that the system has more components compared
to the first optimization, high system installation cost, long amortization
period (system begins to be profitable after 16 years), which shows that the
system is not profitable, despite having less LPSP compared to ‘1’
optimization.

As a conclusion, simulation results have proved that the PSO algorithm is
faster than the GA and presents better performance in terms of speed con-
vergence toward the optimal solution. Added to that, it have determined the
optimal system size, which is 56 PV modules, 7 batteries and 2 inverters that
gives the best economic, profitable and reliable system based on maximizing
the NPV compared to the size found after using the second objective function
that aims to minimize the LPSP.
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