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Abstract: Over the past few years, electricity demand has been on the rise. This has resulted in
renewable energy resources being used rapidly, considering the shortage as well as the environmental
impacts of fossil fuel. A renewable energy source that has become increasingly popular is photovoltaic
(PV) energy as it is environmentally friendly. Installing PV modules, however, has to ensure harsh
environments including temperature, dust, birds drop, hotspot, and storm. Thus, the phenomena of
the non-uniform aging of PV modules has become unavoidable, negatively affecting the performance
of PV plants, particularly during the middle and latter duration of their service life. The idea here
is to decrease the capital of maintenance and operation costs involved in medium- and large-scale
PV power plants and improving the power efficiency. Hence, the present paper generated an offline
PV module reconfiguration strategy considering the non-uniform aging PV array to ensure that this
effect is mitigated and does not need extra sensors. To enhance the economic benefit, the offline
reconfiguration takes into account labor cost and electricity price. This paper proposes a gene
evolution algorithm (GEA) for determining the highest economic benefit. The proposed algorithm
was verified using MATLAB software-based modeling and simulations to investigate fourteen
countries to maximize the economic benefit that employed a representative 18-kW and 43-kW output
and the power of 10× 10 PV arrays in connection as a testing benchmark and considered the electricity
price and workforce cost. According to the results, enhanced power output can be generated from
a non-uniformly aged PV array of any size, and offers the minimum swapping/replacing times to
maximize the output power and improve the electric revenue by reducing the maintenance costs.

Keywords: solar photovoltaic; rearrangement; non-uniform aging; reconfiguration; gene evaluation
algorithm; maintenance cost; electric revenue

1. Introduction

In the last 10 years, the increased greenhouse gas emissions resulting from fossil
fuels being excessively used and the requirement of saving these resources has led to the
necessity of using renewable energy, particularly solar energy using photovoltaic (PV)
plants.

PV modules tend to be located in an exacting outdoor environment and are thus
damaged by various factors such as storms, wind, bird droppings, and hail, which leads to
the modules becoming non-uniformly aged, thus adversely impacting their efficiency as
well as the array’s overall efficiency [1]. However, the differences in the cell characteristics

Energies 2021, 14, 59. https://dx.doi.org/10.3390/en14010059 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2801-698X
https://orcid.org/0000-0002-1007-1617
https://orcid.org/0000-0002-5201-272X
https://orcid.org/0000-0002-4513-8105
https://dx.doi.org/10.3390/en14010059
https://dx.doi.org/10.3390/en14010059
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/en14010059
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/1/59?type=check_update&version=3


Energies 2021, 14, 59 2 of 24

of a module involve other factors concerning the modules’ non-uniform aging. An aged
PV array’s performance can be easily and rapidly improved by replacing the aged modules
with new ones. However, not only can this be economically costly for the power plant
owner, but the discrepancy in the specifications of other modules that were previously
healthy with replaced modules as well as the bucket effect phenomenon may hinder the
extraction of the best power of the array [2,3].

An aged PV cell’s power decreases below its rated power. This reduction in the
cell’s short circuit current is significantly more sensitive compared to a reduction in the
cell’s open-circuit voltage, and thus, an aged cell’s short-circuit current is used to indicate
the cell’s health [4–6]. Considering the fact that a PV module ages unevenly, every PV
module is regarded as a series of three connected submodules that have varied aging
conditions [7,8].

To enhance a PV array’s output power, typically in the mismatch condition, different
online as well as offline methods that have definite or heuristic algorithms have been
presented. In [9–11], online rearrangement methods were implemented for enhancing
the mismatched PV array’s efficiency. However, these methods have the drawbacks of
involving complicated computations and needing expensive switches and relays. In [2],
a series-parallel array, despite the modules’ non-uniform aging, involved every module’s
health status being indicated using a single short-circuit current, which led to considerable
reduction in the calculations. Hence, a definitive offline rearrangement algorithm was
introduced for improving the efficiency of the PV array.

Moreover, the advancement in materials technologies has ensured the economic pro-
duction of monocrystalline silicon as well as multi-crystalline silicon in substantial quanti-
ties. On the other hand, the efficiency of their energy conversion from solar to electricity
remains low. The typical efficiency of monocrystalline silicon solar cells is approximately
20% and that of multi-crystalline silicon solar cells is 18% [12,13]. Regarding power electron-
ics, implementing high-performance switching devices such as super junction MOSFETs
and silicon carbon and innovative converter topologies such as multilevel DC–DC as well
as resonant DC–AC converters can enhance the efficiency of energy conversion [14,15].
This aspect of energy conversion efficiency can increase to 95% [14]. It should be noted,
however, that these figures indicate the PV cells’ nominal and healthy operation, but they
can undergo different faults and aging conditions that can reduce the PV cells’ lifetime as
well as their operational efficiency [16]. In terms of such faulty or aged PV systems, energy
efficiency can be easily improved by replacing aged PV modules with new ones. This,
however, is not economically viable for most owners of PV system. Thus, the present paper
proposes a reconfiguration strategy concerning aged PV systems to improve the maximum
power generation by rearranging the positions of the PV modules while decreasing labor
cost. This proposed reconfiguration strategy is based on the bucket effect concerning the
maximum short-circuit current of PV strings and minimizing the swap times, for which it
is important to introduce a PV system’s basic structure and working principles.

A PV system involves three levels of components: the PV cell unit, PV module, and PV
array (Figure 1). To limit the PV module hotspots, a bypass diode is connected parallel
with the PV cells. This structure is called a cell unit (which includes m PV cells). In this
PV system, assume that n cell-units are linked in a series forming a PV module to increase
the output voltage and that s PV modules are linked in a series for developing a PV string.
Different PV strings are connected using diodes and in parallel to form a PV array. It is
possible for the diodes to stop the current flow between the strings, but this can be harmful.

In order to achieve quick calculation with low computing resources, this paper
proposed a genetic-algorithm-supported reconfiguration for medium and large PV ar-
rays exhibiting non-uniform aging. Therefore, the strategy offers the minimum swap-
ping/replacing times to maximize the output power and to improve the electric revenue by
reducing the maintenance cost. However, solar power plants can achieve better financial in-
crements within a decade. The rest of this paper is organized as follows. Section 2 presents
the electrical characteristics of PVs. In Section 3, we discuss the offline reconfiguration
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strategy. Section 4 describes the photovoltaic array reconfiguration optimization scheme.
Section 5 shows the cases of studies and simulation results, Section 6 is the analysis of
outcomes, and our conclusions are presented in Section 7.

Figure 1. Componential structure of the photovoltaic (PV) array.

2. Electrical Characteristics of Photovoltaics (PVs)

Although the PV module has solar cells that directly convert solar irradiance into DC
electricity by the photovoltaic effect, the PV array consists of a number of series-connected
(NS) and parallels connected modules (NP) [17], as shown in (Figure 2).

Figure 2. The equivalent of a PV circuit of an array.

The mathematical representation of the PV array [3] is given in Equation (1).

IArray = Np ISC − Np ID

exp

VArray + IArray
Ns
Np

RS (q)

nVT Ns

− 1

− VArray + IArray
Ns
Np

RS

Ns
Np

RSh
(1)

where IArray is the output current (A); VArray is the voltage (V) of array; ISC solar cell
photocurrent (A), where ID is a solar cell diode reverse saturation current (A); RS is the
series resistance (Ω); RP the parallel resistance (Ω); Array is the idealist factor of the p–n
junction solar cell diode (value 1–5); nVT represents the thermal voltage (V) depending on
the module temperature as VT = k× TC/q, where TC solar cell operating temperature (K);
q is the electron charge 1.6× 10−19 C; and k is the Boltzmann’s constant 1.38× 10−23 j/k.

Simulation and representation were based on the Solarex MSX60 PV module compris-
ing 36 polycrystalline cells with in-series linking [3,17,18], as shown in Table 1.

An I–V curve is generally used to identify the outputs of single-diode PV [2]. Generally,
to show the PV performance characteristics, there are five key parameters: short-circuit
current (ISC); open-circuit voltage (VOC); current at the MPP (Impp); the voltage at the MPP
(Vmpp); and power at the MPP (Pmpp). The study of the mismatch due to non-uniform
aging is illustrated in the following sections.
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Table 1. Parameters for the [MSX60] Solarex photovoltaic module at 1000 W/m2.

Parameter Value Units Symbols

Open-circuit voltage 21.10 V VOC
Short-circuit current 3.8 A ISC

MPP power 60 W Pmpp
MPP current 3.5 A Impp
MPP voltage 17.10 V Vmpp

Cell temperature 25 ◦C T

3. The Offline Reconfiguration Strategy without Replacing Extremely Aged Modules

According to the authors of [7,19], the short-circuit current (ISC) varies more than the
open-circuit voltage (VOC) when a PV cell reaches an aging experiment, due to the p–n
junction qualities of the cell. This work assessed the aging status of the PV module based
on the ISC while keeping the VOC unchanged for various aging conditions. Furthermore,
it is believed that uniform aging is experienced by each of the cell units in the same PV
module, so the entire PV module can be characterized by a single maximum ISC of each of
the cell units. In the case of in-series PV modules forming a PV array, their output currents
will be the same, while the total voltages of the module are applied to obtain the output
voltage [7].

In the long service time, the non-uniform aging of a PV array is a well-known phe-
nomenon that results from dust, water corrosion, and shadow [3,20]. An example of en-
hancement in aging and the global maximum power point (GMPP) is illustrated in Figure 3.
Regarding aging improvement, it is important to change the PV modules’ position based
on the aging information. Once rearranged, the characteristic of the PV array output can
still involve multi-maximum power points. GMPP refers to the algorithm that determines
the global maximum power point. Furthermore, the PV module parameters were as shown
in Table 2. To determine the aging condition, the modules were covered using a plastic
membrane in Figure 3a,b. Furthermore, the pre-rearrangement 10 × 10 PV array GMPP was
3.969-kW in a medium condition as shown in Table 3, while the post-rearrangement of the
array GMPP was 4.2 kW, as shown in Figures 3 and 4a. There was a 5.7% improvement in
the entire array efficiency when the array’s working end was the GMPP (Figure 3a). Hence,
the proposed aging array rearrangement complements the GMPP.
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Table 2. PV array 10 × 10 parameters before arrangements.
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Figure 4. The output result for the 10 × 10 PV array. (a) PV array with the rearrangement. (b) The aging modules were
covered with a plastic cap for clarification.

To enhance the effective service time, two important steps should be followed. First
is the PV array fault diagnosis and second is the PV array reconfiguration. PV array
fault diagnosis involves four well-known methods: thermal camera [21], time-domain
reflectometry (TDR) [19,22], applying voltage/current sensors, and earth capacitance
measurement (ECM) [22]. The thermal imaging camera can adapt to the non-uniform
temperature distribution of the faulty PV array to locate the defective PV module in
the background of the online application [23]. The disconnection of the PV modules
can be located using an ECM, and the degradation of the PV arrays can be calculated
using a TDR. However, ECM as well as TDR can only be utilized in an offline fault
diagnosis [21]. Power loss analysis is recommended concerning scale PV array fault
diagnosis [24,25]. To reconfigure the PV array, [26,27] provided an example for small-scale
reconfiguration. The authors in [9] suggested a classical optimization algorithm (COA)
for reconfiguring (RTCT) reconfigurable total cross-tied arrays. To minimize costs, a gene
evaluation algorithm (GEA) was applied as the COA requires strong computational effort.

Furthermore, in small-scale PV arrays, the look-up table method has been developed,
which cannot be used effectively for large PV arrays [28]. [5] generated a thorough search
algorithm [4] devised (sorting algorithm) according to the best and worst paradigm to make
the selection of a configuration faster. The fuzzy logical algorithm was also suggested in [29]
for identifying the best reconfiguration. Additionally, [5] summarized the most effective
online reconfiguration concerning the PV array. However, no reports on large-scale PV array
reconfiguration are available. PV array reconfiguration is currently mainly used by relay
networks that need a large number of relays and have a high device cost. In terms of large-
scale PV arrays, the only viable option for reconfiguring PV is to swap PV modules offline by
human labor. An example of such a solution is presented in Figures 5 and 6).

Before flawed PV modules are substituted at higher financial costs, reorganization of
such modules can be undertaken via a remedial measure following the identification of
the PV array aging map. A variety of reconfiguration strategies are available in the case of
PV arrays of large scale, differing in terms of the duration of line reconnection and wiring
distances, which determine how efficient and expensive each strategy is. Reconfiguration
cost modeling is important for establishing the best reconfiguration strategy. To minimize
complexity, the number of reconfigured panels can be used to estimate that cost.
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Figure 5. PV array reconfiguration considering the labor cost.

Figure 6. An example of the offline reconfiguration to swap PV modules through human labor in
location.

4. Photovoltaic Array Reconfiguration Optimization Scheme
4.1. Reconfiguration Based on Gene Evolution Algorithm (GEA)

The configuration generating the highest power out of all potential connection patterns
with the smallest number of PV module substitutions can be identified based on GEA.
This algorithm is advantageous because it can undertake a local arbitrary search to some
extent and mutation processes can speed up the convergence to an improved solution
when the iteration is near an improved solution for a given number of times; moreover,
it hinders precocity by affording multiple practical solutions. GEA application requires
representation of every configuration based on a row of numbers acting as a chromosome
and calculation of the power produced by every configuration based on a fitness function.
Pre-prepared chromosomes constitute the fitness function inputs. Subsequently, the GEA
relies on the fitness function outputs to determine the chromosomes to be chosen as parents
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for the future generation of chromosomes [3]. This necessitates on and off switching of the
GEA-computed PV array module as well as the smallest number of substitutions.

pvi =
pvw

npv

∑
j=1

sn(j)vOC

j = 1, 2, 3, . . . , nm (2)

The GEA consists of the following steps:

• Creation of the fitness function as a normalized quantity: the suggested fitness function
is expressed by Equation (2), as follows in Figure 7 and the GEA is intended to increase
the pvi value to the maximum;

• Parametric design underpinned by three conditions, namely, a population size of 300,
a chromosome length of n*m, and number of evolution times of 3000;

• Decimal-based encoding approach: direct encoding with the PV module number; thus,
chromosome expression can take the form of a sequence {1, 2, 3,..., nm};

• Fitness assessment of all chromosomes in the population: after chromosome conver-
sion into a two-dimensional array (n*m), pvi calculation is undertaken based on the
formulated fitness function;

• Appraisal to achieve iterations or optimization aim: steps 6–8 can be bypassed only if
appraisal succeeds;

• Choice of parents for the future generation: this involves sorting the fitness from large
to small to choose the surviving chromosomes, followed by arbitrary selection of
individuals surviving despite small fitness;

• Parental chromosome crossbreeding: this issue is challenging due to the cross-over
approach; the order cross-over technique is employed in the case of the direct use of
the point cross, which will cause problems of PV-model duplication and omission in
the offspring chromosomes; two hybridization points are chosen arbitrarily between
the parents by the sequential hybridization algorithm, with subsequent exchange
of hybridization segments and the relative locations of the parental models help
to establish the other locations; for example, the chromosome can be given as the
sequence {1, 2, . . . , 10}.

Figure 7. The first step of the reconfiguration algorithm (before arrangement).

Suppose: Parent one = {10, 8, 6, 3, 7, 4, 1, 5, 9, 2} and Parent two = {1, 5, 10, 6, 9, 8, 2, 4,
3, 7}. Then, the random hybridization points are 4 and 7.

As expressed:

v Parent one = {10, 8, 6, 3, | 7, 4, 1, 5, |, 9, 2}
v Parent two = {1, 5, 10, 6, | 9, 8, 2, 4, |, 3, 7}.

In order to swap the hybrids, first



Energies 2021, 14, 59 9 of 24

v Parent one’ = {#, #, #, #, | 9, 8, 2, 4, |, #, #}
v Parent two’= {#, #, #, #, | 7, 4, 1, 5, |, #, #}.

Then, start from the second crossbreeding point of one of the parents, get to the group
{9, 2, 10, 8, 6, 3, 7, 4, 1, 5}; then remove the elements in the crossbreeding {9, 8, 2, 4},
finally accessing the {10, 6, 3, 7, 1, 5}.

Finally, coordinate the hybridization point 7 filled in the parent one’:

v Parent one’ = {3, 7, 1, 5, | 9, 8, 2, 4,|, 10, 6}, from the second crossing point in turn.

Similarly:

v Parent two’ = {4, 9, 10, 2, | 7, 3, 1, 6,|, 8, 5}.

• Chromosomal mutation: this helps to both diversify the population and to ensure uni-
versal optimization; the particular rate of mutation for the chosen mutant individual
is the basis for the arbitrary selection of three integers that meet the condition 1 < u < v
< w < n*m and the genes between v and u including u and v, with paragraph insertion
after w; the fourth step is subsequently undertaken;

• Optimal output chromosome: comparative analysis between every configuration
satisfying every step and the initial configuration is shown in Figure 8.

Figure 8. The final step of the reconfiguration algorithm (after arrangement).

Nine iterations were enough to obtain the ideal reconfiguration for a 10 × 10 PV
array with heterogeneous aging. Figure 9 shows this in the final step, alongside the
smallest number of swap times and the highest amount of output power. Python 3.8.2
Intel (R) Core (7M) i7-8565u CPU @1.80 GHZ/windows 10/8 GB/512gb SSD/UHD 620 is
suitable for determining the best configuration for a sizable PV array. For the purposes of
direct comparative analysis, the PV arrays, pre- and post-reconfiguration, are illustrated in
Figures 7 and 8.

Identification of the ideal reconfiguration made it possible to reach the last step
by enhancing the output power and reducing the number of swap times as much as
possible. The factors that need to be considered in assessing the cost of reconfiguration are
discussed below.
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Figure 9. Displayed the flow chart of Gene Evolution Algorithm (GEA) procedure of PV array
reconfiguration.

4.2. Cost Analysis of Rearrangements for PV Array

According to the survey, the PV array is assumed to need to be rebuilt on average
once a year, and the PV array will produce 8 h of power per day. To swap panels from
one position to another, a professional grid worker requires an average of 45 mints and
30 mints to install a new module [30].

Some criteria need to be identified to explain the economic benefit work outlined
below for the aging PV collection:

• PVpre is the PV array output power before arrangements
• PVpost is the output power after arrangements
• Ae is the additional electricity
• Hw is the average hourly wage of the manpower (60 min)
• Ep is the electricity price
• Ns is the number of swaps/replace
• Ts is the time per swap/replace
• Cper is the cost per swap/replace
• C sawp is the cost of swaps
• C replace is the cost of replace
• Wt Cost is the cost per watt peak (cents/Wp)
• Ss is the size per module (Wp)
• USD is United States Dollar ($)

PV array output difference Ae = PVpost − PVpre (3)

Next, equations are subject to swap PV modules:

Compute the cos t per swap Cper =
45
Hw
× Ts (4)

Compute the cos t of swap Cswap = Cper × Ns (5)
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Here, equations are subject to replace PV modules:

Compute the cos t per replace Cper =
30
Hw
× Ts (6)

Compute the cos t of replace Creplace = (Ns × New pnael) + (Ns × Cper) (7)

The total economic benefit in the next equations from swap/replace:

A year electric revenue Ae × 8× 365× year× Ep − Cswap/replace (8)

Total electric revenue = A year electric revenue× 10 years (9)

The cost-effectiveness of the topology reconstruction technique for PV arrays was
validated by considering 2020 as the PV system benchmark, the average cost of electricity
price, average handling cost associated with PV panel replacement, and average labor cost
in various countries [31–34]. Table 4 outlines these aspects.

Table 4. Electricity price and labor cost in 2020.

Country
Electricity

Prices
$/kWh

Hourly Wage
$/hr

Cost Per Swap
$/time

Cost Per
Replace
$/time

Saudi Arabia 0.059 7.98 5.98 3.99
Pakistan 0.108 1.42 1.07 0.71

India 0.097 1.19 0.89 0.60
France 0.177 24.87 18.65 12.44

United Kingdom 0.242 17.2 12.9 8.60
Germany 0.301 27.91 20.93 13.96

Greece 0.179 8.28 6.21 4.14
Cyprus 0.263 7.11 5.21 3.56
Jamaica 0.219 1.24 0.93 0.62
China 0.091 9.57 7.17 4.79
Japan 0.249 26.33 19.74 13.17

Australia 0.227 33.35 25.02 16.68
Brazil 0.127 6.05 4.54 3.03

US states 0.126 15.47 11.8 7.78

The following part explores two cases regarding the economic advantages pre- and
post-arrangements of the proposed method.

5. Case Studies and Simulation Results

The suggested algorithm was verified by the random generation of heterogeneous
aging factors for 10 × 10 PV arrays. MATLAB Intel (R) Core (7M) i7-8565u CPU
@1.80 GHZ/windows 10/8 GB/512GB SSD/UHD 620 was used to assemble a PV ar-
ray model to calculate the highest possible power outputs that such PV configurations
would be capable of, both before and after =intervention. The 10 × 10 PV arrays were
established to have equivalent computing times of 18-kW and 43-kW, respectively.

5.1. Case 1 (Arrange Aging Modules of 10 × 10 PV Array)

Under typical test conditions of 1000 W/m2 irradiance and 25 ◦C module temperature,
a normal module has a maximum short-circuit current of 1 p.u. (STC). Table 5 shows a
standard large-scale PV array with heterogeneous aging, which serves as a testing branch,
with every number denoting the highest aging-related output power. As is conventional
for PV arrays available on the market, every string contains PV modules within a series
connection, while the strings have a parallel connection (SP). Furthermore, the aging factors
are in the spectrum of 0.9–0.4 p.u. (Table 5), so the plotting of the I–V and P–V curves was
undertaken as shown in Figure 10a,b, with the suggested algorithm enabling output power
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enhancement of 3.87% for the 18-kW 10 × 10 PV array and 1.76% for the 43-kW 10 × 10 PV
array, respectively. The increase in power was reflected by the fact that the mean average
computation time was 0.129375 s.

Table 5. The parameters associated with the two types of 10 × 10 PV arrays (i.e., 18-kW and 43-kW)
after application of reconfiguration in 14 different countries.
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Figure 10. The outputs associated with the two types of 10 × 10 PV arrays, namely, 18-kW (a) and 43-kW (b) before and
after the implementation of reconfiguration.

5.1.1. Scenario One (Initial–Final Rates Return of Electricity Revenue)

Figure 10a,b illustrates the output power enhancement in the case of a 10 × 10 PV
array. At the same time, Table 5 details the outcomes of the simulation based on the cost
of electric power and labor in fourteen countries necessitating forty-four manual swap
times. Table 6 indicates the initial and final rate returns of electric revenue for the two
types of 10 × 10 PV arrays (i.e., 18-kW and 43-kW), without taking into account the most
remarkable economic advantage. Thus, in the case of the 18-kW 10 × 10 PV array, the post-
reconfiguration electric revenue increased by 3.87%, while in the case of the 43-kW array,
the increase achieved by the suggested approach was 1.76%, according to Table 6.

Table 6. The original and final rate returns of electric revenue associated with the two types of
10 × 10 PV arrays, without taking into account the greatest annual economic advantage.

Country

Initial Rate
Return of
Electric

Revenue
18-kW ($)

Final Rate
Return of
Electric

Revenue
18-kW ($)

Initial Rate
Return of
Electric

Revenue
43-kW ($)

Final Rate
Return of
Electric

Revenue
43-kW ($)

Saudi Arabia 17,795.83 18,484.95 33,625.78 34,216.7
Pakistan 4071.93 4229.61 8793.18 8947.71

India 3657.19 3798.81 7897.58 8036.37
France 46,714.07 48,523.01 100,877.35 102,650.11

United Kingdom 36,496.54 37,909.82 78,812.97 80,197.99
Germany 56,743.08 58,940.38 122,534.63 124,687.99

Greece 20,246.53 21,030.55 43,721.66 44,490.01
Cyprus 19,831.8 20,599.76 42,826.06 43,578.66
Jamaica 8256.97 8576.71 17,830.62 18,143.97
China 17,154.88 17,819.18 44,454.42 45,235.64
Japan 46,940.28 48,757.98 121,639.03 12,3776.65

Australia 59,910.13 62,230.07 147,855.74 150,454.07
Brazil 14,364.86 14,921.12 31,020.4 31,565.53

US states 28,503.5 29,607.26 71,810.99 73,072.96

5.1.2. Scenario Two (Net Profits of Additional Electric Revenue)

Regarding the cost of high labor and low electricity price in some countries, Table 7 and
Equation (5) reflect that, by reducing the number of swap times, the suggested approach
can make the offline reconfiguration more cost-effective, whilst also significantly enhancing
overall profit (Table 8). However, it is unclear how the process benefits profitability in
countries where labor price is high, but the electricity price is low, in which case the labor
cost can be diminished. Still, the electric revenue profit cannot be increased.



Energies 2021, 14, 59 14 of 24

Table 7. Assessment of economic advantages taking into account minimum handling times.

Country

Cost of
Swapping 44

Modules
$/time

Best
Cost-Effective
Maintenance
Period Time

Additional
Electric

Revenue
18-kW ($)

Cost of
Swapping 44

Modules
$/time

Best
Cost-Effective
Maintenance
Period Time

Additional
Electric

Revenue
43-kW ($)

Saudi Arabia 263.34 8 607.9 263.34 7 327.58
Pakistan 46.86 1 110.82 46.86 1 107.67

India 39.27 1 102.35 39.27 1 99.52
France 820.71 7 988.23 820.71 7 952.05
United

Kingdom 567.60 4 845.68 567.60 4 817.41

Germany 921.03 5 1276.27 921.03 5 1232.32
Greece 273.24 3 510.78 273.24 3 495.10
Cyprus 234.63 2 533.33 234.63 2 517.97
Jamaica 40.92 1 278.82 40.92 1 272.43
China 315.81 5 348.49 315.81 6 465.41
Japan 868.89 5 948.81 868.89 6 1268.73

Australia 1100.55 7 1219.39 1100.55 8 1497.78
Brazil 199.65 3 356.61 199.65 3 345.48

US states 510.51 6 593.25 510.51 7 751.46

Table 8. The original and final rate returns of electric revenue associated with the two types of 10 × 10 PV arrays, taking
into account the greatest annual economic advantage.

Country

The Initial Value of
Electric Revenue

without Considering
Labor Cost 18-kW ($)

Net Profit of Final
Value Electric
Revenue by

Considering Labor
Cost 18-kW ($)

The Initial Value of
Electric Revenue

without Considering
Labor Cost 43-kW ($)

Net Profit of Final
Value Electric
Revenue by

Considering Labor
Cost 43-kW ($)

Saudi Arabia 17,795.83 18,221.61 33,625.78 33,953.36
Pakistan 4071.93 4182.75 8793.18 8900.85

India 3657.19 3759.54 7897.58 7997.1
France 46,714.07 47,702.3 100,877.35 101,829.4

United Kingdom 36,496.54 37,342.22 78,812.97 79,630.39
Germany 56,743.08 58,019.35 122,534.63 123,766.96

Greece 20,246.53 20,757.31 43,721.66 44,216.77
Cyprus 19,831.8 20,365.13 42,826.06 43,344.03
Jamaica 8256.97 8535.79 17,830.62 18,103.05
China 17,154.88 17,503.37 44,454.42 44,919.83
Japan 46,940.28 47,889.09 121,639.03 122,907.76

Australia 59,910.13 61,129.52 147,855.74 149,353.52
Brazil 14,364.86 14,721.47 31,020.4 31,365.88

US states 28,503.5 29,096.75 71,810.99 72,562.45

The outcomes of the simulation are presented in Table 8. It can be seen that man-
ual swap had to be performed forty-four times, according to the costs associated with
electricity and labor force in the fourteen countries that were examined. The suggested
algorithm considered one decade following PV module installation was used to determine
the most remarkable economic advantage. Meanwhile, Table 7 indicates the extra electric
revenue profit made possible by the (18-kW and 43-kW) PV array and the associated cost
of labor, the calculation of which was undertaken based on Equations (3)–(9). Furthermore,
the proportion of net electric revenue profit achieved after the reconfiguration was carried
out based on the suggested approach is provided in Figure 11.
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The outcomes of the simulation are presented in Table 8. It can be seen that manual 
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the proportion of net electric revenue profit achieved after the reconfiguration was carried 
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In order to achieve the maximum net profit return, the suggested algorithm yielded 
a particular maintenance time in each case. This explains the discrepancies that have been 
noted concerning maintenance times. To give an example, the algorithm indicated that, in 
countries like Pakistan, India, and Jamaica, maintenance could be carried out in the first 
year to achieve a net profit from the electric revenue due to the high cost of electricity, but 
low labor cost. On the other hand, the algorithm indicated that maintenance could be con-
ducted in the second year in countries like Cyprus to attain a better net profit from electric 
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account the greatest annual economic advantage.

In order to achieve the maximum net profit return, the suggested algorithm yielded a
particular maintenance time in each case. This explains the discrepancies that have been
noted concerning maintenance times. To give an example, the algorithm indicated that,
in countries like Pakistan, India, and Jamaica, maintenance could be carried out in the
first year to achieve a net profit from the electric revenue due to the high cost of electricity,
but low labor cost. On the other hand, the algorithm indicated that maintenance could
be conducted in the second year in countries like Cyprus to attain a better net profit from
electric revenue. In contrast, maintenance could be conducted in the third year in Greece
and Brazil and in the fourth year in the case of the UK to benefit net profit. Furthermore,
maintenance can be carried out in the fifth year in Germany, China, and Japan, and in
the sixth year in the U.S. Moreover, the increase in electric revenue profit in France and
Australia could be enhanced by undertaking maintenance in the seventh year after PV
installation, according to the suggested algorithm. Finally, the algorithm indicated that
in a country like Saudi Arabia, maintenance can be carried out in year eight to achieve a
net profit from the electric revenue due to the low cost of electricity, but high labor cost.
Figure 12 illustrates the increase in electric revenue.
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5.2. Case 2 (Combine Swap/Replace Aging Modules of 10 × 10 PV Array)

In relation to the second case that was explored, the outcomes produced by the
assessment of the maintenance costs associated with the two types of PV arrays served as
the basis for reaching a conclusion with regard to the extent to which the profit from the
electric revenue could be increased to enhance the economic advantages in the fourteen
countries that were considered in Table 9. Furthermore, as indicated in Table 10, related to
the conditions before reconfiguration, aging factors in the range of (0.9–0.4 p.u.) and lacking
homogeneity were produced arbitrarily for a 10 × 10 PV array of large scale, which
consisted of ten strings within a parallel connection and ten modules within a series
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connection. Once the aging factors were identified in the PV array, it was necessary to
undertake the substitution of the aged PV panel with a new PV panel (1 p.u.). In other
words, substitution is required in the case of all aged PV panels with less than 0.6 p.u.
The conditions refer to this after reconfiguration in Table 10. Furthermore, Table 10 also
shows that when the suggested method was applied, the PV array of 18-kW displayed
an enhancement in power of 11.35% after the reconfiguration. The same table revealed
that the PV array of 43-kW achieved an enhancement in the power of 10.8% after the
reconfiguration. Meanwhile, Figure 13a,b illustrates the plotting of the I–V curve and the
P–V curve, which was accomplished in a mean computational time of 0.159364 s. Table 10
lists the parameters that need to be taken into account concerning the costs of electric
power and labor in the fourteen countries examined.

Table 9. The PV array 10 × 10 parameter inputs.

Parameters Input 10 × 10 PV Array 18 kW 10 × 10 PV Array 43 kW Unit

Number of Replace 6 6 PV module
Number of Swap 38 38 PV module
Time per replace 30 30 Minute
Time per swap 45 45 Minute
Cost per panel 40 70 USD

Cost per watt peak 0.22 0.36 Cents/Wp
Size per module 180 430 Wp

Initial Output 12.912 27.883 kW
Final Output 15.957 33.990 kW

Difference 3.045 6.108 kW
Number of Replace 6 6 PV module

Number of Swap 38 38 PV module

Table 10. The parameters associated with the two types of 10 × 10 PV arrays (i.e., 18-kW and 43-kW)
after application of reconfiguration in 14 different countries.
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Table 10. Cont.
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after the implementation of reconfiguration.

5.2.1. Scenario One (Initial-Final Rates Return of Electricity Revenue)

In the earlier part, the enhancement of the output power associated with the 10× 10 PV
arrays was addressed, and the process is illustrated in Figure 13a,b. The outcomes of the
simulation are presented in Table 10. It can be seen that manual swap had to be performed
38 times and manual replacing six times, according to the costs associated with electric
power and labor force in the fourteen countries that were examined. Meanwhile, Table 11
provides the initial and final rate returns related to the electric revenue of both the 18-kW
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10 × 10 PV array and the 43-kW 10 × 10 PV array, but without taking into account the
most significant economic advantage. It can thus be observed that, by comparison to
the final rate return of electric revenue, the initial rate return of electric revenue before
reconfiguration is lower. This reflects the positive effect of the suggested approach, which
determined an 11.35% increase in the electric revenue of the 18-kW 10 × 10 PV array in
all of the examined countries following the implementation of reconfiguration. Similarly,
the approach also had a favorable impact on the 43-kW 10 × 10 PV array, increasing the
related electric revenue by 10.8% in all of the fourteen countries according to Table 11.

Table 11. The original and final rate returns associated with the 18-kW and 43-kW 10 × 10 PV arrays,
without taking into account the greatest economic advantage per year.

Country

Initial Rate
Return of
Electric

Revenue
18-kW ($)

Final Rate
Return of
Electric

Revenue
18-kW ($)

Initial Rate
Return of
Electric

Revenue
43-kW ($)

Final Rate
Return of
Electric

Revenue
43-kW ($)

Saudi Arabia 8897.92 9908.17 14,411.05 15,966.74
Pakistan 8143.86 9068.49 17,586.37 19,484.83

India 7314.39 8144.85 15,795.16 17,500.27
France 20,020.31 22,293.38 28,822.1 31,933.48

United Kingdom 18,248.27 20,320.14 19,703.24 21,830.23
Germany 22,697.23 25,274.22 24,506.93 27,152.48

Greece 13,497.69 15,030.19 14,573.89 16,147.15
Cyprus 9915.91 11,041.73 21,413.03 23,724.59
Jamaica 8256.97 9194.44 17,830.62 19,755.46
China 10,292.93 11,461.57 14,818.14 16,417.78
Japan 28,164.17 31,361.87 40,546.34 44,923.36

Australia 25,675.77 28,590.94 36,963.94 40,954.23
Brazil 9576.57 10,663.88 20,680.26 22,912.72

US states 14,251.75 15,869.86 20,517.43 22,732.31

5.2.2. Scenario Two (Net Profits of Additional Electric Revenue)

As can be deduced from Table 12 and Equations (5)–(9) about the costs of labor
and electricity price in the investigated countries, the approach put forth in this paper
can reduce the number of times that substitutions are performed, thus making offline
reconfiguration less expensive. At the same time, this would also determine a significant
rise in overall profit (Table 12). On the other hand, there is a lack of clarity about how the
approach benefits profitability in countries where labor and electricity price is expensive;
in the case of such countries, the cost of labor can be diminished, but the electric revenue
profit cannot be increased.

The outcomes of the simulation that are presented in Table 13 point to the fact that
manual swap had to be performed thirty-eight times, while substitution had to be per-
formed six replacement times, according to the costs associated with electric power and
labor force in the fourteen countries that were examined. Meanwhile, Equations (4)–(10)
facilitated the calculation of the extra electric revenue profit associated with the (18-kW and
43-kW) PV array and the equivalent cost of labor. The figures that were thus obtained are
given in Table 7. Furthermore, the proportion of the net profit of electric revenue that was
achieved following the application of the reconfiguration based on the suggested approach
is indicated in Figure 14.
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Table 12. The assessment of economic advantage, taking into account the lowest number of times that handling is required.

Country

Cost of
Swap/Replace

Modules
$/Time

Best
Cost-Effective
Maintenance
Period Time

Additional
Electric

Revenue
18-kW ($)

Cost of
Swap/Replace

Modules
$/Time

Best
Cost-Effective
Maintenance
Period Time

Additional
Electric

Revenue
43-kW ($)

Saudi Arabia 491.37 4 518.88 671.37 3 884.32
Pakistan 284.73 2 639.91 464.73 2 1433.74

India 277.49 2 552.97 457.49 2 1247.62
France 1023.41 3 1249.66 1203.41 2 1907.97
United

Kingdom 781.8 2 1290.07 961.8 1 1165.19

Germany 1119.17 2 1457.83 1299.17 1 1346.38
Greece 500.82 2 1031.68 680.82 1 892.45
Cyprus 463.97 1 661.86 643.97 1 1667.59
Jamaica 279.06 1 658.42 459.06 1 1465.77
China 541.46 3 627.18 721.46 2 878.18
Japan 1069.4 3 2128.3 1249.4 2 3127.63

Australia 1290.53 3 1624.65 1470.53 2 2519.77
Brazil 430.58 2 656.73 610.58 2 1621.88

US states 727.31 3 890.81 907.31 2 1307.57

Table 13. The original and final rate returns associated with the substituting modules of the 10 × 10 PV arrays, taking into
account the greatest economic advantage per year.

Country

The Initial Value of
Electric Revenue

without Considering
Labor Cost 18-kW ($)

Net Profit of Final
Value Electric
Revenue by

Considering Labor
Cost 18-kW ($)

The Initial Value of
Electric Revenue

without Considering
Labor Cost 43-kW ($)

Net Profit of Final
Value Electric
Revenue by

Considering Labor
Cost 43-kW ($)

Saudi Arabia 8897.92 9416.8 14,411.05 15,295.37
Pakistan 8143.86 8783.76 17,586.37 19,020.1

India 7314.39 7867.36 15,795.16 17,042.78
France 20,020.31 21,269.97 28,822.1 30,730.07

United Kingdom 18,248.27 19,538.34 19,703.24 20,868.43
Germany 22,697.23 24,155.06 24,506.93 25,853.31

Greece 13,497.69 14,529.37 14,573.89 15,466.33
Cyprus 9915.91 10,577.76 21,413.03 23,080.62
Jamaica 8256.97 8915.38 17,830.62 19,296.4
China 10,292.93 10,920.11 14,818.14 15,696.32
Japan 28,164.17 30,292.47 40,546.34 43,673.97

Australia 25,675.77 27,300.42 36,963.94 39,483.71
Brazil 9576.57 10,233.3 20,680.26 22,302.15

US states 14,251.75 15,142.56 20,517.43 21,825.01

The analysis that was performed based on the same interval of maintenance applied
in the earlier part revealed that suboptimal electric revenue was achieved. This can be
attributed to the fact that the substitution of solar panels with new ones in countries like
Pakistan, India, and Jamaica is highly expensive. On the other hand, the rate of the electric
revenue was medium in the case of the other countries that were analyzed. Thus, it was
concluded that, in the case of the latter, maintenance can begin from the second to the
fourth year, as indicated in Figure 15. Despite such observations, it can be attested that an
approach involving a mixture of PV panel swap and substitution could help to ensure that
the performance of midlife maintenance is advantageous in the majority of countries.
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6. Analysis Outcomes

To establish the extent to which electric revenue can be increased to enhance economic
advantages in the 14 countries analyzed, the outcomes of maintenance cost analysis for the
two types of PV arrays are discussed in the following part. According to those outcomes,
the suggested algorithm is arbitrarily applicable to PV arrays of different dimensions
and enhanced the maximum power output for both types of PV arrays considered. Fur-
thermore, in the first case, the algorithm considered relevant aging factors to reorganize
the positions of individual PV modules in every string, thus attenuating the effect of the
bypass diodes. Consequently, PV modules in all strings were less affected by mismatch
losses, although voltage limits were overlooked. Other studies addressing this issue are
available [7,30,35–37]. The suggested algorithm hierarchically and iteratively sorts PV
modules. The generated P–V curves in Figures 10 and 13 reflect the usefulness of the
strategy of PV array reconfiguration for making systems more efficient and reducing their
operating costs.

Furthermore, the suggested algorithm can yield results speedily because it does not
need access to all potential online and offline configurations for a given PV array, thus
simplifying the process. For instance, the algorithm determined the best PV module con-
figuration in the first case based on just nine steps, with an average computational time
of 0.129375 s. Thus, by identifying the ideal module configuration rapidly, the algorithm
accelerates the real-time implementation process. The suggested algorithm is also advan-
tageous because it involves reorganization solely of the affected PV modules, leaving the
others unchanged. Moreover, in the first case, the reorganization enhanced the efficiency
of maintenance management. Costs and advantages are the main determinants of offline
reconfiguration methods. Such methods are needed to make reconfiguration more efficient,
more profitable, and more cost-effective in terms of labor since the creation of an aging map
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for PV plants is essential. Reconfiguration as a way of capitalizing on the strengths of a
PV plant is justified when the profitability engendered by higher power production offsets
the costs of labor force reorganization. Taking these aspects into account, the suggested
approach is useful as it involves the substitution of only PV module positions based on
manpower rather than complete substitution of aging modules with new ones.

An overview of the approach that has been put forth in the present study in order to
address the intended research question is provided in the following part. More specifically,
two particular strategies were identified as a viable way to make solar power plants more
efficient, on the one hand, and to achieve higher financial returns, on the other hand,
on the basis of the application of a suitable reconfiguration. The proposed strategies were
underpinned by the GEA, which is an algorithm that is capable of both simulation and
analysis of the potential manner in which aging PV arrays can be reorganized as well
as of the output power and economic advantages associated with the various solutions
of reorganization. Hence, the first case study revealed that the reorganization of the PV
modules that showed signs of aging acceptably improved the output power of the PV array
and at the same time, increased the electric revenue. Meanwhile, the second case study
also demonstrated a rise in the output power of the PV array as well as a marked increase
in financial returns; this was attributed to the fact that the suggested algorithm helped to
establish the best reconfiguration not only in terms of identifying the PV modules that had
to be position swapped, but also in terms of identifying the PV modules that had to be
substituted completely. The following example can serve to illustrate the capability of the
suggested algorithm. Based on the instruction given by the algorithm, aged PV modules
with a production of less than 0.5 p.u. should be substituted, whereas PV modules with a
production higher than 0.6 p.u. should be retained; in this way, it is possible to preserve
the PV modules that display signs of aging instead of recycling them. This kind of strategy
can be a viable option for PV plants of a medium-to-large size that require maintenance.
The extent to which the application of the suggested algorithm can increase the financial
returns of electric revenue is indicated in Table 14, with the figures being expressed as
a percentage.

Table 14. Comparative analysis of electric revenue rate returns in 14 countries over a period of one decade.

Case One (Swapping Age Modules) Case Two (Swap/Replace Age Modules)

Country

Net Profit
of Electric
Revenue
18-kW ($)

Profits
Return

Net Profit
of Electric
Revenue
43-kW ($)

Profits
Return

Net Profit
of Electric
Revenue
18-kW ($)

Profits
Return

Net Profit
of Electric
Revenue
43-kW ($)

Profits
Return

Saudi
Arabia

18,484.95 2.39% 33,953.36 0.97% 9416.8 5.8% 15,295.37 6.1%

Pakistan 4229.61 2.72% 8900.85 1.22% 8783.76 7.9% 19,020.1 8.1%
India 3798.81 2.8% 7997.1 1.26% 7867.36 7.6% 17,042.78 7.8%

France 48,523.01 2.12% 101,829.4 0.94% 21,269.97 6.4% 30,730.07 6.6%
United

Kingdom
37,909.82 2.32% 79,630.39 1.04% 19,538.34 7.01% 20,868.43 5.9%

Germany 58,940.38 2.25% 123,766.96 1.01% 24,155.06 6.4% 25,853.31 5.5%
Greece 21,030.55 2.52% 44,216.77 1.13% 14,529.37 7.6% 15,466.33 6.1%
Cyprus 20,599.76 2.69% 43,344.03 1.21% 10,577.76 7.7% 23,080.62 7.8%
Jamaica 8576.71 3.38% 18,103.05 1.53% 8915.38 7.9% 19,296.4 8.2%
China 17,819.18 2.03% 44,919.83 1.05% 10,920.11 6.1% 15,696.32 5.9%
Japan 48,757.98 2.02% 122,907.76 1.04% 30,292.47 7.6% 43,673.97 7.7%

Australia 62,230.07 2.04% 149,353.52 1.01% 27,300.42 6.3% 39,483.71 6.8%
Brazil 14,921.12 2.48% 31,365.88 1.11% 10,233.3 6.9% 22,302.15 7.8%

US states 29,607.26 2.08% 72,562.45 1.05% 151,42.56 6.2% 21,825.01 6.3%
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7. Conclusions

A persistent issue for PV arrays of large scale is that PV modules do not age homo-
geneously. If this is not addressed, this issue diminishes the PV array output power and
causes PV module deterioration. Standard online global-MPPT methods are limited in
monitoring the affected maximum instead of the maximum possible power of PV arrays
with heterogeneous aging, with no attempt to reorganize such PV arrays. Therefore, a new
algorithm for 10 × 10 PV array reconfiguration was put forth in this study, considering
the costs associated with labor force and electric power in fourteen countries, namely,
Saudi Arabia, Pakistan, India, France, the UK, Germany, Greece, Cyprus, Jamaica, China,
Japan, Australia, Brazil, and the U.S. Due to cost discrepancies between the examined
countries, the outcomes obtained were more favorable in both case studies related to
the reconfiguration of aged PV modules and the substitution of aged PV modules with
new ones (Tables 8 and 13), where switching the positions of the PV panels led to a slight
increase in the output power of the PV array.

Nevertheless, the advantage gained in terms of electric revenue enhanced production
and decreased maintenance costs over the period of a decade in the investigated countries.
Hence, the approach applied in the first case and second case could also be employed
for the maintenance of aged PV arrays in other countries (e.g., South Africa, Turkey, etc.).
It can be concluded that based on the suggested algorithm, solar power plants can achieve
better financial increment within a decade.
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