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Abstract: Today, the use of renewable energy is increasing day by day, and this development requires
the optimization of these technologies in various dimensions. Solar systems have a higher acceptance
due to their high availability and accessibility; the most common solar technology is photovoltaic
cell. In this research, modeling was done to achieve the most economically optimal arrangement of
photovoltaic panels, inverters, and module placement to generate more electrical energy by consider-
ing economic parameters, for which the CPSO algorithm was used. Four different combinations of
module and inverter were studied in this research, among which the second combination, which
included PV module type one and inverter type two, was the best case. One of the significant results
of the present study is 191,430 kWh of electrical energy during the studied year by the solar cell
connected to the grid, which requires $42,792,727 to produce.

Keywords: CPSO optimization; photovoltaic cell; renewable energy; electrical energy

1. Introduction

The use of fossil fuels to supply electricity is a common method that is associated with
emissions. The increasing use of fossil fuels has reduced these reserves [1–3]. Energy is used
in residential and industry sections, etc., and therefore, predicting energy consumption
can be very helpful. Moayedi et al. [4] investigated double-target-based neural networks
in order to predict both cooling and heating energy consumption in residential buildings.
They provided unique double-target equations that could estimate these two outputs
simultaneously. The reduction of fossil fuels and the pollution caused by this type of
fuel has necessitated the use of renewable energy systems (RES) [5–7]. One of the main
problems of renewable energy is the storage of generated power when there is no access
to production resources. One of the ways is to use batteries. This technology also has
its own losses [8,9]. Battery research was done to uncover its potential [9–11]. Then,
after the investigations, the battery usage in the power networks was evaluated [12,13].
Among these types of energy generation systems, the on-grid photovoltaic system can
be mentioned, which is supported by many countries around the world [14–17]. On-
grid photovoltaic system is used to supply grid power through energy obtained from PV
modules [18–20]. Much work has been done on the design of on-grid photovoltaic systems.
The effect of diverse variables on the system performance was investigated in [21–25].
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In [26], research was conducted to provide heat and power by a photovoltaic thermal
system to supply different consumption needs of a building. In [27], authors investigated
the presence of PV generation, aiming to decrease power loss and enhance voltage profile.
In [28], authors conducted research to improve efficiency of PV grid-connected system
under partial shading conditions. In [29–31], the PV size ratio was analyzed to reduce the
overall cost. According to simulations performed for different areas, it can be observed
that the best of them depends on the technical specifications of the inverter, the slope angle
of PV modules, and the cost of equipment. In [32], the authors investigated the optimal
building-integrated photovoltaic window performance for total consumed energy in terms
of output energy, cooling and heating load, and artificial lighting to meet visual comfort
and energy savings in specific buildings in a semi-arid weather condition. In [33,34], a
method for the best design and economic investigation of an on-grid photovoltaic system
was shown. Table 1 gives information on some recent work conducted in the field of
modeling PV and optimization with different algorithms.

Table 1. Recent studies on modeling/optimization PV.

Algorithm Connection Mode Purpose Authors Reference, Year

Modeling Off-grid Two-diode model of photovoltaic (PV) module Mahmoud et al. [35], 2018

PSO On-grid Maximum accessible power Gupta [36], 2018

Modeling Off-grid Two-diodes PV system model using
Proteus software Yaqoob and Obed [37], 2019

SPSO On-grid Sizing and siting of the solar
photovoltaic system Kefale et al. [38], 2021

Optimal design On/off grid Established optimal Off/On grid photovoltaic
systems configurations Hassan [39], 2021

In these papers, it is observed that the profitability and design of the on-grid pho-
tovoltaic system can be greatly affected by parameters like the required land cost for
installation, financial aid, and the sale price of electricity to the grid. In this method, the
profit obtained is maximized using a genetic algorithm.

In the mentioned methods for designing the system, some important factors, such as
the slope angle of PV modules, the price of required land to install the system, the structure
of the panel supports, and economic parameters, such as taxes and inflation rates, which
can have a great impact on the design, were not considered. In this section, a new approach
for the optimal design of an on-grid photovoltaic system is presented and is applicable to
systems that sell all the output energy to the power grid. This method aims to provide the
best number of PV modules, best number of inverters, the best slope angle of PV modules,
the best place to install the module in the existing area, and the best module distribution
among the inverters so that the overall net profit is maximized during system operation.
The profit is calculated concerning the net present value (NPV) method. The minimization
of the objective function, which is the cost of the system, is done using the CPSO algorithm.

The structure of this paper is as follows: Section 2 presents the Materials and Methods
along with the system description and required data, and Section 3 presents the simulation
results. Finally, the conclusions are drawn and presented in Section 4.

2. Materials and Methods

In this study, an on-grid photovoltaic system is considered as a complement to the
national electricity grid in one of the villages in the northwest of Iran. With the optimal
design of on-grid photovoltaic system, in addition to generating adequate power, the cost
of building the system will be minimized. The aim of the proposed method is to provide
the numbers of modules and inverters for installation, the best slope angle of PV modules,
the best distribution of modules among inverters, and the optimal use of the available area
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for installation considering the support structure of panels using CPSO algorithm. Among
the types of equipment, the most economical type of combination is selected, and finally,
the net profit of the whole system, which is calculated taking into account the net present
value (NPV) method, is expressed along with the analysis of pollution reduction.

In an on-grid photovoltaic system, several DC-to-AC inverters are used to convert
the output DC voltage of the PV modules to the AC voltage corresponding to the grid.
The input of each DC-to-AC inverter is a set of vertical rows of PV modules to which it is
connected.

2.1. Required Data

The method presented in this study is for optimum design of on-grid photovoltaic
system in one of the villages of Osco city located in northwestern Iran (east Azerbaijan),
with a longitude of 46 degrees and 6 min and 30 s and a latitude of 37 degrees and 55 min.
The location has a relatively good radiation intensity (between 2 to 8 kWh/m2 per day). The
average daily amount of sunlight and ambient temperature was obtained from the regional
meteorological office. Graphs related to radiation intensity and ambient temperature can
be seen in Figures 1 and 2.
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The technical and economic specifications of the types of PV modules and DC/AC in-
verter that enter the optimization process as primary information are shown in Tables 2 and 3.
The installation cost of each equipment is included along with their initial cost. The main-
tenance cost of photovoltaic modules is 1%, and the inverter maintenance cost is 1.5% of
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the initial cost of each of them. As can be seen in the tables, two characteristics of the
equipment were entered for each module and inverter, so there are four modes of PV
module and inverter combination, from which the most suitable one will be selected.

Table 2. Specifications of PV modules.

Type VOCSTC
(V)

ISCSTC
(A) VMPP (V) IMPP (A) Prated

(W)
NCOT

(◦C) CPV ($) MPV
($/Year) LPV1 (m) LPV1 (m) Life

Time

1 29 8 23.4 0.27 170 47 515 5.15 1.29 0.99 25

2 19.8 3.4 15.9 0.15 50 45 202 2.02 1.22 0.329 25

Table 3. Inverter specifications.

Type (%) ηINV (%) ηMPPT Pmax (W) MTBF (h) CINV ($) MINV ($/Year) Vimin (V) Vimax (V) Rcost

1 94.4 100 3000 219,000 1450 25 150 450 14.5

2 95.3 100 7000 219,000 3008 45 335 560 30

2.2. Modeling of Photovoltaic Cells

The power generated by the photovoltaic system can be expressed as follows [38–40]:

PPV(i, t) = ηm·ηelec·Am·Gt(i, t)·(1− βt(Tc(i, t)− Tr)) (1)

Cell temperature is obtained from the following equation:

Tc(i, t) = Ta(i, t) + Gt(i, t)·
(

NOCT − 20
800

)
(2)

The energy generated by the photovoltaic system is as follows:

EPV(i, t) = PPV(i, t)·∆t (3)

Radiation intensity and temperature are factors that have a direct effect on the output
power of solar cells. Monocrystalline solar cells, for example, are able to convert only 25
percent of the sun’s energy into electricity. This phenomenon is due to lack of energy in
sunlight. Photons that have more energy than the energy gap band can convert their energy
into electricity.

2.3. On-Grid Photovoltaic System Modeling

To determine the amount of power generated by the photovoltaic system, after de-
termining the type of solar module and electric inverter, the photovoltaic system was
modelled. In this research, a single PV diode model was used for photovoltaic modelling.
Figure 3 shows the electrical model of the PV module.
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According to the above figure, the PV output current can be calculated as Equa-
tion (4): [16–21].

I = Ipv − Io ×
[

exp(
V + IRs

α× Ns ×Vt
)− 1

]
− V + IRs

Rp
(4)

Vt is also the thermal voltage and is obtained as follows:

Vt =
K× T

q
(5)

The purpose of PV module modeling is to determine five parameters of ideal coeffi-
cient ( ), module current (IPV), reverse saturation current (Io), series resistance (Rs), and
parallel resistance (Rp). A simple I–V curve for a solar cell is shown in Figure 4. For a
resistive load, the load profile is a straight line with a slope. Therefore, it can be said that
the delivered power to the load depends only on the amount of resistance. Nonetheless, if
the value of resistance R is small, the cell will operate in the M–N range specified in the
curve in Figure 4. In this case, the cell acts as a constant current source, which is often equal
to the short-circuit current. On the other hand, if the value of resistor R is large, the cell
will operate in the P–S range specified in Figure 4, in which case the cell acts as a constant
voltage source, often equal to the open circuit voltage.
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Figure 4. I–V curve for a solar cell.

Therefore, to examine the single-diode model of the photovoltaic module, the follow-
ing two modes can be considered:

1-For short circuit conditions at temperature T (I = Isc(T), V = 0): [21]

Isc(T) =
Rp

Rs + Rp
×
[

Ipv − Io

(
exp(

Isc(T)× Rs

α× Ns ×Vt(T)

)
− 1)

]
(6)

2-For open circuit conditions (I = 0, V = Voc(T)):

Voc(T) = Rp ×
[

Ipv − Io(exp(
Voc(T)

α× Ns ×Vt(T)
)− 1)

]
(7)

By placing I = Imp(T) and V = Vmp(T) in Equation (4), the maximum power for a
given temperature T can be calculated as follows:

Pmp(T) =
Rp ×Vmp(T)

Rs + Rp
×
[

Ipv − Io(exp(
Vmp(T) + Imp(T)Rs

α× Ns ×Vt(T)
)− 1)−

Vmp(T)
Rp

]
(8)
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The relationship between the effect of solar radiation intensity (G) and operating
temperature (T) on Ipv can be expressed as follows:

Ipv(G, T) =
G
Gn
× (Ipv,n + KIsc ∆T) (9)

According to Figure 4, the maximum power is in point A and can be calculated as
follows:

Pmax = Vmax × Imax (10)

In addition, the maximum efficiency is the ratio of the maximum power to the radiant
optical power:

A =
Pmax

Pin
=

Vmax × Imax

A× G
(11)

Figure 5 shows the arrangement of photovoltaic cells in relation to different modules.
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2.4. DC/AC Converter (Inverter)

Electricity generated by solar panels is DC and is converted to AC power with the
help of inverters. Inverters are made in different types and sizes, and some of them have
very high efficiency [5]. One of the main components of on-grid photovoltaic systems
are inverters that convert the DC power generated by solar cells to AC in proportion
to the voltage and frequency of the grid and automatically shuts off power when not
needed. In the application of on-grid photovoltaic systems, the inverter has the following
tasks: converting the current waveform to sinusoidal current, converting DC current to AC
current, and increasing the voltage of PV arrays if they are less than the grid voltage. An
on-grid photovoltaic system requires an on-grid inverter. Figure 6 shows a simple block
diagram of an on-grid inverter.
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There are a number of different structures, in each of which the inverters have different
connections to the photovoltaic system. Each of these structures has advantages and
disadvantages, and the choice of each depends on the application of the photovoltaic
system.

2.5. Suitable Conditions for Installation and Setting Up of Photovoltaic Systems

The efficiency of photovoltaic panels depends on the orientation, location, and weather
conditions. Number of cloudy days, wind speed to determine the strength of a metal or
building structure, rainfall and snow height to determine the height of solar panels from
the ground, the amount of sultry or steamy air, and the amount of lightning and thunder
to provide appropriate safety equipment are some of the factors that should be considered
when installing photovoltaic systems. They are very important to install PV panels to
provide maximum efficiency. For fixed panels, the southern direction in the northern
hemisphere is the best direction for collecting solar radiation compared to tracking panels
that track maximum solar radiation. Fifteen degrees to the west or east will not have much
effect on the efficiency of solar panels. In addition, the angle of deflection of the panel is
also an important factor in the design of solar systems. The deflection angle is the angle that
solar panels make with the horizon and varies from 0 to 90 degrees. Due to the deviation of
the earth’s axis, the angle of the sun’s radiation changes throughout the year, so the angles
of deflection are different in winter and summer. In summer, the deflection angle is usually
between 10 to 15 degrees less than latitude, and in all seasons, the deviation angle is about
10 to 15 degrees higher than the latitude of the target area. Snowfall is also effective in the
amount of optimal deflection angle. In order to prevent the accumulation of snow on the
solar panels, the angle of deviation is usually considered to be about 60 degrees [40–42].

In investigating the temporal position of the installation site and its conditions in
relation to the movement of the sun, the possibility of the shadow of the surrounding
heights and mountains or even the shadow of buildings and trees and determining the
hours of the day that the presence of these shadows may prevent direct sunlight to solar
panels is investigated. Therefore, we tried not to overshadow not only the solar panels on
each other but also other buildings and natural obstacles on the solar panels. For houses
with a chimney, the installation location of the arrays should be as far away as possible
from the shadow of the chimney as well as the soot particles coming out of the chimney.
The longitude and latitude as well as the height of the installation site of solar systems are
necessary factors to calculate the radiant power of sunlight. Usually 80 to 85% of sunlight
(1000 W/m) is received on sunny days, and this amount is higher in the highlands and
desert areas. Depending on the size of the PV arrays on site, arrays may be installed on
rooftops or floors. The arrays installed on the buildings are designed to withstand wind
speeds of 175 km/h. In order to install PV panels on the ground, concrete bases are used to
hold them in place. The installation height of the array from the ground should be higher
than the maximum height of snowfall in the area. In the case of small systems (one or two
PV arrays), solar panels can be installed on towers to keep them away from surrounding
shading sources, including trees and buildings.

2.6. CPSO Algorithm

In recent years, many improved methods have been introduced. In comparative parti-
cle swarm optimization (CPSO), the compression coefficient enters the velocity equation,
which reduces the particle motion, which ensures the convergence of the algorithm [43].
The original PSO equation can be represented by variations. Therefore, the new method
(CPSO) will have these strategies:

1. Proper convergence of the system.
2. The system can examine different areas and prevent premature convergence.
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To ensure the convergence of the PSO algorithm, the CPSO speed can be expressed as
follows [44,45]:

vi+1(j) = x·(vi(j) + C1r1,i(j)·(pbest(j)− xi(j)) + C2r2,i(j)·(gbest(j)− xi(j)) (12)

x =
2∣∣∣2− C−
√

C2 − 4·C
∣∣∣ (13)

C = C1 + C2, C > 4 (14)

The convergence profile of the system can be controlled with C. In CPSO, the value
of C must be greater than 4 to ensure stability. As C increases, the compression ratio x
decreases, and the variation in values decreases and results in a slower response. For
example, when the compression ratio is used, C is 4.1 (for example, c1, c2 = 2.05) and
the value of x is 0.729. CPSO causes individual convergences during simulation. Unlike
other evolutionary calculations, CPSO ensures the convergence of the algorithm using
mathematical principles. Therefore, CPSO guarantees a higher quality solution than the
simple PSO method. Since the objective function used has several variables, and on the one
hand, due to the fact that the constraints are nonlinear, doing this with other algorithms
will cost more. On the other hand, to minimize costs using genetic algorithms and PSO,
we will have to change the coefficients used, which due to the high dependence of these
algorithms on changing variables, will often cause divergence in them. Figure 7 shows the
block diagram of this method of optimization.
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2.7. Cost Minimization Process Function

In the proposed method, the variables used in the optimization are N1, N2, and β,
which are the best number of PV panels, the best number of DC/AC inverters, and the best
placement of the modules in the area, respectively. They were calculated using the best
values of the three variables mentioned. The objective function that is minimized during
the optimization process is equal to the system cost function.

min{ f (x)} = min{Cc(x) + Cm(x)} (15)

The total net profit earned during system operation is related to the amount of energy
produced by the PV modules and the price at which they sell the energy generated to the
grid. The capital investment is calculated as follows:

Cc(x) =
(

1− S
100

)
− (N1CPV + N2CINV + CL + CB) (16)

The cost of land required for PV installation is obtained as follows:

CL = D1 + D2·C1 (17)

The present value of the maintenance cost during the operation of the system is
obtained by the Equation (18).

Cm(x) = (N1·MPV + Ndc MINV)·(l + g)·

1−
(

1+g
1+i

)n

i− g

+ RTC (18)

RTC ($) is equal to the present value of the total cost of repairing DC/AC inverters for
grid photovoltaic systems, calculated as follows:

RTC = Ndc·Rcost·
[

∑
∀j=k∗

1 + gj

1 + jj

]
(19)

The value of k* depends on the number of times of repairs during the life of the system,
Nr, which is calculated by:

Nr =
n·24.365
MTBF

(20)

The total profit from the sale of energy from the photovoltaic system to the public
grid, PE ($), is calculated as follows:

PE = (1− tax/100)·Co·N1·Etot·

(
1−

(
1

1+i

)n)
i

(21)

Etot = ηINV ·ηMPPT ·
365

∑
d=1

Pd
M(d, B)

1000W/KW
·∆t (22)

E = N1·Etot (23)

The simulation timestep is set to ∆t = 1 day. Total profit from PV system is obtained
from the following equation:

NPV = PE −min(Cc + Cm) (24)

The optimization constraints are as follows:

NL
1 ≤ N1 ≤ Nu

1 (25)
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NL
2 ≤ N2 ≤ Nu

2 (26)

βL ≤ β ≤ βu (27)

(N1, N2, β) constraints = Satisfied (28)

βL, NL
2 , NL

1 is the lower limit, and βu, Nu
2 , Nu

1 is the upper limit of the optimization
variables, and the values of (N1, N2, β) are the system design constraints, shown in the
previous sections. The lower limit of constraints is equal to:

NL
2 = NL

1 = βL = 0 (29)

The maximum slope angle is βu = 90◦, so the upper limit of the other two variables,
Nu

2 , Nu
1 , will be entered as input by the system designer.

3. Results

The simulation results for all combinations are obtained by considering the value of
zero for the amount of financial aids and taxes (S, tax = 0). The cost of metal rods is 33 $/m,
and the foundation cost is 230 $/m3. The wall size of concrete foundations is considered to
be hw = 0.25 m and tw = 0.3 m. Annual inflation rate is 6%, annual nominal discount rate is
8%, electricity sales price to the grid (C0) is 0.11 $/kWh, and system lifetime is 25 years.
The upper limit of the variables N1, N2, are considered as N1

u = 2000 and N2
u = 100, while

the available land is DIM1 = 10 m (southern part) and DIM2 = 100 m (western part). The
simulation results for different combinations of module and inverter for state C1=0 $/m2

are shown in Tables 4–6.

Table 4. Results of optimal PV system for different combinations of module and inverter.

Combination Type of PV
Module

Type of
Inverter N1 N2 β (◦) NPV ($) n (y) IRR (%)

1 1 1 585 21 25 574,760 6 19

2 1 2 540 10 28 584,943 5.8 20

3 2 1 825 46 7 549,568 8.1 14

4 2 2 636 36 22 564,069 7.5 17

Table 5. Details of the optimal combination of the components of the on-grid photovoltaic system.

Combination Nrow Fy (m) N2 Nsermin D1 (m) D2 (m) Ns Np

1 4 5.89 21 7 29.03 99.56 15 1

2 7 3.48 15 7 24.03 95.45 18 2

3 12 8.17 46 8 97.76 89.81 22 2

4 9 6.14 14 8 90.76 95.94 27 5

Table 6. The best economic results from the simulation.

Type Cc ($) Cm ($) PE ($)

1 368,122 71,026 1,013,908

2 363,253 64,674 1,012,870

3 403,703 64,512 1,020,783

4 374,779 74,215 1,013,063
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Among the obtained results, combination 2 is the best answer and has the highest
profit, which consists of modules type 1 and inverters type 2. It can be concluded that the
best solution for an on-grid photovoltaic system is obtained when modules and inverters
are used with higher nominal power. The inverter conversion factor should also be higher.

Details of the optimal combination of on-grid photovoltaic system components for
all combinations are shown in Table 5. For the optimal case (combination 2), the space
occupied for the installation of the desired system is 86.2% of the total available area. There
is also a distance of 3.48 m between the panels to prevent any mutual shading. PV modules
are evenly distributed among 15 DC/AC inverters in 36 modules (18 in 2).

The economic results of the system are shown in Table 6 under mentioned conditions.
In combination 2, which is the best-case scenario, the total installation cost is 35.8%, and
the maintenance cost is 6.3% of the money obtained by selling of electricity to the power
grid. As can be seen, the money earned by selling of electricity to the power grid is not
the highest amount in combination 2, but due to the fact that the cost of equipment in
this case is the lowest amount compared to other cases, it causes the highest profit. This
value is obtained according to the amount of energy produced by PV modules. The value
of E (kWh), which is the total electricity generated by the on-grid photovoltaic system,
is shown in Figure 8 for all days of the year. As can be seen in the figure, the maximum
power generation at a suitable radiation intensity is about 785 kWh. By obtaining the
total daily generated energy, its annual value is obtained, for which, in 25 years of system
operation, the total amount of generated energy by the on-grid photovoltaic system is
equal to 191,430 kWh.
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Figure 9 shows the convergence process of the CPSO algorithm to obtain the optimal
value that is the lowest value of total initial and maintenance cost (($)42,7927). The algo-
rithm in MATLAB software performed the desired optimization with an initial population
of 60 and 200 iterations. Unlike other methods that diverge under the influence of various
parameters or output at higher iterations, this algorithm has high speed and accuracy in
convergence.
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Figure 10 shows the convergence of the ACO algorithm to find the lowest cost. Com-
paring the answers obtained from the CPSO and ACO algorithms, it can be seen that the
algorithm used in this research is less costly, and convergence in this method also occurs in
lower iterations, as shown in Table 7.

Table 7. Optimal solutions for CPSO and ACO algorithms.

Algorithm Optimal Solutions Iteration

CPSO ($)427,927 40

ACO ($)445,530 130
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4. Conclusions

Solar-power-generation technologies are currently making promising progress, and it
can be expected that in the near future, with the development of new technologies in this
field and the continuous reduction of generation prices with these methods, solar power
plants will have an acceptable share of the total electricity generation required by the world.
The construction of solar power plants is a good choice for the long-term goals of electricity
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supply, taking into account environmental issues. Therefore, in this paper, photovoltaic
cell modeling was performed with the aim of reducing investment costs and increasing
efficiency.

According to the results obtained from the optimal measurement of the on-grid
photovoltaic system in Tables 3–5, it can be concluded that the total gain obtained during
system operation is influenced by factors such as the type of module and inverter used
in the system, arrangement of modules in the area for installation, the distribution of PV
modules among inverters, and the slope angle of PV modules, which also affect the amount
of generated energy and the cost of the structure of the supports. According to the results
obtained in this research, the combination of the photovoltaic module type one and inverter
type two is the best case for energy production.

Future works:
The research conducted in this work has been on the control section of these resources,

and the following items can be analyzed in future works:

1. Compare on-grid mode with off-grid mode,
2. Calculate the cost of producing each unit of energy from this system,
3. Add another renewable source as a complement to this system, and
4. Use other optimization algorithms and compare with the current research.

Author Contributions: R.A.: Formal analysis, Investigation, Methodology. M.M.: Methodology,
Writing. S.R.S.: Methodology, Writing—review & editing. M.H.A. and M.S.: Formal analysis,
Investigation, Methodology Validation, Reviewing, editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All necessary data are provided in the manuscript.
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Nomenclature

RES renewable energy systems
PV photovoltaic
CPSO comparative particle swarm optimization
NPV total profit from PV system ($)
VOC,STC open-circuit voltage under STC (V)
ISC,STC PV module short-circuit current under STC (A)
VMP maximum power point voltage (V)
IMP maximum power point current (A)
Prated rated power of PV panel (W)
NCOT nominal operating cell temperature
Am total area of photovoltaic panels
ηm module efficiency
ηelec electrical inverter efficiency
Tr is the reference temperature of the photovoltaic cell
βt the thermal coefficient
Gt the total solar radiation (W/m2)
Ta ambient temperature
EPV energy generated by the PV
Io the diode saturation current
α the ideal coefficient
Ns are also the number of series cells
Vt the thermal voltage
T the temperature of the PV module
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q electron charge (1.60217646 × 10−19)
K Boltzmann constant (1.3806503 × 10−23 J/K)
G solar radiation
Ipv,n the current of PV under standard test conditions (STC)
Gn intensity of solar radiation under standard test conditions (STC)
A the area of the solar panel
N1 best number of PV panels
N2 best number of DC/AC inverters
β best placement of the modules in the area
Cc(x) the total capital investment ($)
Cm(x) the maintenance cost ($)
S percentage of financial aid
CPV capital investment of the PV modules ($)
Cinv capital investment of the inverter ($)
CL the cost of land required for PV installation ($)
CB cost of structure ($)
Cl land price in terms of ($/m2)
D1 land dimension (southern part)
D2 land dimension (western part)
MPV annual maintenance cost of each unit of PV modules ($/year)
MINT annual maintenance cost of each unit of inverters ($/year)
g annual inflation rate (%)
i the annual discount rate (%)
k* the number of years the DC/AC inverter needs to be repaired
Rcos the cost of repairing each inverter ($)
MTBF the average time between inverter failures (h)
tax the amount of tax for profit, energy sales price (%)
Etot the total energy generated by each PV module in one year (kWh)
E the total energy generated by PV modules in one year (kWh)
ηINV is the DC/AC inverter efficiency
ηMPPT efficiency maximum power point tracker
n payback period
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