Heliyon 9 (2023) e21294

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Development of assessment methods for photovoltaic module
enhancing techniques using the lifespan parameter

Sakhr M. Sultan?, C.P. Tso™", K. Sopian “, Raheem K Ajeel ?, K. Sobayel ?,
A. Ibrahim?, M. Z. Abdullah ¢

& Solar Energy Research Institute, Universiti Kebangsaan Malaysia, Bangi, 43600, Selangor, Malaysia

Y Faculty of Engineering and Technology, Multimedia University, Jalan Ayer Keroh Lama, 75450, Melaka, Malaysia
¢ Depratment of Mechanical Engineering, Universiti Teknologi Petronas, Seri Iskandar, 32610, Perak, Malaysia

4 School of Mechanical Engineering, Universiti Sains Malaysia, Nibong Tebal, 14300, Penang, Malaysia

ARTICLE INFO ABSTRACT
Keywords: The photovoltaic module (PV) enhancer is a technology used for improving the PV performance.
Solar energy Recently, much research has been conducted to propose new concepts of PV enhancer such as

Photovoltaic solar thermal collector
Lifespan
Assessment

coolers and reflectors. The PV enhancer performance is assessed by the common existing methods
available in the literature, which solely depends on total exergy or energy, volume, area, weight
and the manufacturing cost. These assessment methods are useful but cannot assess the PV en-
hancer’s performance when considering the lifespan parameter. Hence, this study is intended to
solve the current problem by linking the lifespan parameter into the existing methods by pro-
posing three enhanced assessment methods: yield times lifespan per cost per area, yield times
lifespan per cost per volume and yield times lifespan per cost per weight. The PV enhancer with
the highest values of these factors will have the optimum performance. The influential parameters
and limitations of the enhanced assessment methods are investigated. It is shown that the pro-
posed methods can assess and classify the performance of the PV enhancer with different models
when the lifespan is considered in the analysis. These assessment approaches can be applied by
manufacturers and designers of PV enhancers.

1. Introduction

Energy plays a vital role in economic activities. Consequently, a country’s energy consumption per capital is considered an eco-
nomic development indicator. Nowadays, energy is not only regarded as an input for production but is also considered a strategic
principle that creates the basis of international relation and forms the economy and politics of the world. The energy demand is
increasing daily, but the energy sources are limited. Furthermore, the energy resources distribution among countries is uneven. This is
not only valid for the energy reserves but also at the consumption levels. This makes countries lacking abundant energy resources face
difficulties in securing access to those resources in a manner that is both reasonable and sustainable, thereby hindering their ability to
meet the growing demand for energy. Nowadays, research is being conducted to find solutions to overcome the energy shortage. Solar
energy could be the future energy since the sun is not under anyone’s monopoly [1,2]. It can be divided into solar thermal collector and
photovoltaic system. Photovoltaic system is used to convert sun radiation into electrical current [3]. The photovoltaic efficiency can be
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Nomenclature

F factor

I electrical current, (A)

P power, (W)

PV photovoltaic module
RM Ringgit Malaysia

SS stainless steel

TEG thermoelectric generator
A% voltage, (V)

YPA yield per area, J/m3
YPV yield per volume, (J/m3)
YPW yield per weight, (J/kg)

Subscripts

YLPAC yield times lifespan per area per cost, (J.Year/m>. $)
YLPVC  yield times lifespan per volume per cost, (J.Year/m®. $)
YLPWC yield times lifespan per weight per cost, (J.Year/kg. $)
YPAC yield per cost per area, (J/m2. $)

YPVC yield per cost per weight, (J/m>. $)

YPWC  yield per cost per weight, (J/kg. $)

improved by implementing an enhancer like a cooler or a reflector.

1.1. Literature review on some of the existing PV coolers

Depending on the weather conditions, the suitable enhancing technique is selected [4]. For example, in areas where solar radiation
and ambient temperature values are high, a cooler is desirable to decrease the PV temperature. Consequently, the performance of PV
can be enhanced. Several cooler types are available including passive, active, forced or natural cooling, using liquid, air or phase
change materials (PCM). Fig. 1 indicates a diagram of a PV with a cooler. The fluid motion can enhance the transfer of heat to the PV
surface. In recent years, extensive studies on PV coolers were conducted (see Table 1) [5-9]. Generally, the PV enhancers are made of
stainless steel, aluminum, copper or other metals that have good thermal conductivity for heat transfer enhancement. Lifespans of
these PV enhancers may vary and can be influenced by different weather conditions [36].

1.2. Literature review on existing PV reflectors

A reflector is preferable in areas that have low solar radiation and ambient temperature values. It was first introduced in 1958 for
the purpose of increasing the collection area of the incident solar radiation. Consequently, there is a potential for enhancing the ef-
ficiency of the PV [37-41]. Fig. 2 shows a schematic diagram of a PV with a reflector. The power of a PV integrated V-trough
concentrating system under outdoor operating conditions was numerically and experimentally obtained [42]. Results showed that the
maximum power improvement was 31.2 %. In another study, an experiment was performed to explore the effect of reflector’s pa-
rameters on the output power [38]. It was shown that the reflectors boosted the output power by up to 60 %. An aluminum sheet based
PV was constructed to increase the output power by 15 % [39]. An outdoor experiment on a PV with a V-trough concentrating system

Inlet water temperature sensor
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Outlet water
Water pump water

temperature sensor
Hot water

Adr gap
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PV panel Pipe Tank

Connector Glass plate
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Fig. 1. A diagram of a PV with a cooler.
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Table 1
Earlier studies on a PV with an enhancer.

Authors and Reference

System Description

Sultan et al. [10]

Sultan et al. [11]
Mohamed et al. [12]
Mohammad et al. [13]
Nahar et al. [14]
Xiaojino et al. [15]
Ruobing et al. [16]
Fuentesa et al. [17]
Hossein et al. [18]
Alietal. [19]

Nahar et al. and Rahman et al. [20,21]
Fayaz et al. [22]
Sakellariou et al. [23]
Al-Shamani et al. [24]
Al-Shamani et al. [25]
Tiwari et al. [26]

Juwel et al. [27]

Bilbao et al. [28]

Fadhel et al. and Sultan et al. [29,30]
Oussama et al. [31]
Chao et al. [32]
Grubisic-Cabo et al. [33]

A novel baffle-based collector for PV enhancer was presented to enhance power from the system.
A glass rectangular cooler was imposed on the PV.

The analytical model was established based on energy balance equations.

The artificial neural networks (ANNs) were implemented for enhancing the PV cooler simulation model.
A mathematical model for a PV cooler was developed.

Experimental work was carried out to evaluate the efficiency of the PV with a cooler.

A PV cooler was examined to investigate the performance over a full day span.

A forced circulation mode was adopted to cool the PV.

A copper fin was developed.

The best combination of sheet and tube was determined.

A novel cooler type was attached at the backside of the PV.

An aluminum cooler was introduced.

A retrofitted PV cooler was installed together with a PV.

The rectangular tube was integrated with the PV’s backside.

The cooler was attached at the bottom of the PV.

The electrical performance was carried out for a series connected water-based PV cooler.
The energy balance equations were derived for the proposed PV cooler.

A transient model for water- based PV cooler was studied.

A new cooler configuration was proposed.

The considered PV air cooler was able to enhance the PV efficiency.

Exergy and energy analysis were evaluated.

Aluminum fin was installed at the backside of PV.

Karima et al. [34]
David et al. [35]
Anand et al. [38]
Palaskar et al. [39]
Bahaidarah et al. [42]
Naseer et al. [43]
Elberki et al. [44]
Moon et al. [45]

Jin et al. [46]
Amanlou et al. [47]
Monika et al. [48]
Eskandar et al. [49]
Muslizainun et al. [50]
Samira et al. [51]

An analytical model was developed.

A PCM tank was integrated to PV’s backside.

The influence of reflector’s parameters on the PV efficiency was experimentally studied.

An aluminum sheet based PV was numerically and experimentally studied.

A predication model was presented for a V-trough concentrating system.

A PV with a V-trough concentrating system was experimentally studied under outdoor operating conditions.
A PV with reflector and cooler was experimentally studied.

An aluminum sheet based PV was analytically studied.

A new reflector with a curved shape for PV was proposed.

A PV with a cooler and flat plate reflector was theoretically and experimentally studied.

An efficient method to enhance the PV performance by attaching flat stainless-steel (SS) reflector was determined.
A novel model of PV-TEGs enhanced with flat plate mirror reflectors was presented.

Mathematical modeling and experimental validation of bifacial PVT with mirror reflector were proposed.
Energy and exergy analysis of integrating PV with linear Fresnel reflector was studied.

was carried out. It was found that there is 48 % increment of the output power. An experiment and economic feasibility study on a PV
with a cooler and a reflector was performed [44]. Results showed that the PV efficiency increased to 10.68 %, and there are 4.2 years of
payback time. A numerical study on an aluminum sheet based PV was conducted to examine the impact of tilt angles on the PV ef-
ficiency [45]. Results demonstrated that the PV performance can be increased when the tilt angle increases. A new PV with a curved
shape reflector was proposed. Results indicated that the spatial solar power of the system was increased to 61 % [46]. An analytical and
experimental work was performed on a PV with a flat plate reflector and cooler [47]. Results revealed that the PV efficiency increased
to 36 %. A three dimensional model was proposed for a PV with a stainless steel (SS) to increase the PV efficiency to 34.16 % [48].

Sun

a PV panel
A reflector
a( ) B

Fig. 2. A schematic diagram for a PV with a reflector [45].
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1.3. The existing PV enhancer assessment methods

Existing assessment methods were suggested in a previous study, to evaluate the performance of different PV enhancer types, which
are based on yield per area (YPA), volume (YPV) or weight (YPW), as shown in Table 2 [52]. Later, in another study, YPA, YPV and
YPW were developed by including the PV enhancer’s manufacturing cost into the analysis (see Table 2) [53].

To demonstrate the significance of the developed factors, let us consider a PV enhancer with three distinct models: Model A, Model
B, and Model C. Table 3 presents their respective total energy values as 200 J, 150 J, and 130 J. Assuming a uniform area of 1 m? for all
models, Model A has a volume and weight of 0.5 m® and 1 kg, respectively, Model B has volume of 0.4 m® and weight of 2 kg, and
Model C comes with volume of 0.3 m® and weight of 3 kg. The manufacturing cost values are $20 for Model A, $18 for Model B, and $12
for Model C. Applying the existing method (Fypac), the Fypac values are 10 J/m?, 8.33 J/m?, and 10.83 J/m? for Model A, Model B, and
Model C, respectively. Model C exhibits a higher Fypac value compared with Model A and Model B, indicating better performance.
Furthermore, considering Fypyc values, the values are 20 J/m3, 20.83 J/m®, and 36.11 J/m® for Model A, Model B, and Model C,
respectively. Model C outperforms Model A and Model B in terms of Fypyc. Lastly, examining Fypwc values, it is found that 10 J/kg,
4.17 J/kg, and 3.61 J/kg are for Model A, Model B, and Model C, respectively. Model A shows higher performance as compared with
Model B and Model C, based on Fypwc. In conclusion, it is evident that Fypac, Fypvc and Fypwc can effectively evaluate the performance
of PV enhancer with different models when the lifespan parameter is not included in the analysis.

1.4. Motivation of the current work

Although the PV enhancer lifespan plays an important role in evaluating and comparing the performance of different models of PV
enhancers, it was not considered in previous studies. Consequently, the PV enhancer performance evaluation and comparison become
difficult. To illustrate the problem, we consider the examples given in Table 3. By assuming that the lifespan values for Model A, Model
B and Model C are now 3, 6 and 2 years, respectively. Now, which PV enhancer design is more effective? Because the existing
assessment methods are facing the difficulty of given an appropriate answer, enhanced assessment methods are proposed to solve the
current issue by creating a correlation between the PV enhancer lifespan and its exergy or energy, volume, area, weight and cost of
manufacturing. These enhanced assessment methods can evaluate and compare the performance of PV enhancer with different models,
as compared with the existing methods when the lifespan parameter is considered in the analysis. The influential parameters on the
enhanced assessment method will be studied in details. Also, testing the proposed methods on real case will be conducted to validate
their applicability. The modified methods can be valuable tools for PV enhancer designers and manufacturers, as they are the intended

Table 2
Existing equations for assessing and comparing the PV enhancer performance.
Equation’s number Equation Reference
[52]
YPA — Total exergy or energy (J) o
Area (m?)
[52]
YPV — Total exergy or energy (J) @
Volume (m?)
[52]
YPW — Total exergy or energy (J) @)
Weight (kg)
[53]
Total exergy or ener; J
Fypse — gy gy (J) @

Area (m?) x Manufacturing cost($)
[53]

F _ Total exergy or energy (J) )
Y€ Volume (m*) x Manufacturing cost ($)

[53]

F _ Total exergy or energy (J) ®
YPVC ™ Weight (kg) x Manufacturing cost ($)
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Table 3
Cases to demonstrate Fypac, Fypyc and Fypwc analysis.
Model  Total energy output Area Volume Weight Cost of manufacturing Fypac (J/m?. Fypve (J/m°. Fypwe (J/kg.
&) (m?) (m*) (kg) ® $ $ $
A 200 1 0.5 1 20 10 20 10
B 150 1 0.4 2 18 8.33 20.83 4.17
C 130 1 0.3 3 12 10.83 36.11 3.61

users of these approaches. It’s worth mentioning that extensive research should be carried out to develop more assessment methods for
PV enhancers.

2. The modified assessment methods for PV enhancer
2.1. The yield times lifespan per cost per area factor, Fyrpac

The Fyrpac represents the ratio of the total exergy or energy of the PV enhancer multiplied by its lifespan to the product of the area
and manufacturing cost of the PV enhancer, which can be denoted as

Total exergy or energy (J) x Lifespan (Year)

)

F =
YLPAC Area (m?) x Manufacturing cost ($)

2.2. The yield times lifespan per cost per volume factor, Fypyc
The yield times lifespan per cost per volume factor (Fypyc) is the ratio of the total exergy or energy of PV enhancer multiplied by its
lifespan to the product of volume and cost of manufacturing of the PV enhancer, which can be expressed as

Total exergy or energy (J) x Lifespan (Year)
Volume (m?) x Manufacturing cost ($)

(8)

Fyrpve =

2.3. The yield times lifespan per cost per weight factor, Fyrpwc
The yield times lifespan per cost per weight factor (Fy.pwc) is the ratio of total exergy or energy of PV enhancer multiplied by its
lifespan to the product of weight and cost of manufacturing of the PV enhancer, which can be written as

Total exergy or energy (J) x Lifespan (Year)
Weight (kg) X Manufacturing cost ($)

©)]

l::YLPWC =
From Egs. (7)-(9), the PV enhancer with higher Fy;pac, Fyipvc and Fy;pwc values has optimum performance.
3. Results and discussions

The conditions of applicability, significance and limitations of Fy;pac, Fyrpvc and Fyrpwc are similar to Fypac, Fypyc and Fypwc and
are all given in Ref. [53]. However, there is an additional limitation related to the proposed methods, as the following. The lifespan of
materials could vary from one place to another depends on weather conditions such as ambient temperature, humidity, solar radiation,
wind velocity, and etc., which may affect the Fy;pac, Fyipvc and Fyipwc values. In the following section, an analysis is given to
investigate the influence of changing the parameters such as manufacturing cost, lifespan, energy, area, volume and weight on the
values of Fyppac, Fyrpvc and Fyppwe.

3.1. Analysis on Fyrpac, Fyrpve and Fyrpwe

3.1.1. The impact of Fyrpac on PV enhancer with different models
It should be stressed that the numbers are arbitrarily selected to illustrate the applicability of proposed methods. There is no need to
justify the rationale of the selected values, as they do not affect the validity of the proposed methods. Consider the provided examples

Table 4
Cases to demonstrate Fy;pac analysis.
Model Total energy (J) Lifespan (Year) Area (m?) Manufacturing Fyrpac (J. Year/m>. $)
cost ($)
A 200 3 1 20 30
B 150 6 1 18 50
C 130 2 1 12 21.67
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in Table 3, where we have a PV enhancers available in Model A, Model B, and Model C. These models are associated with total energy
values of 200, 150, and 130 J, correspondingly, as indicated in Table 4. Assuming a uniform area of 1 m? for all models, we can further
specify the lifespan values, which are 3 years for Model A, 6 years for Model B, and 2 years for Model C. Additionally, the cost of
manufacturing for each model is 20$, 18$, and 12§, respectively.

By using Fyipac formula (Eq. (7)), the Fypac values are 30, 50 and 21.67 J.Year/m>. $ for Model A, Model B and Model C,
correspondingly. It can be seen that Model B has higher Fy;pac value as compared to the values of Fy;pac for Model A and Model C,
showing a better performance as compared to Model A and Model C. From above results, the decision on the performance of PV
enhancer with Model A, B and C has been changed accordingly, when applying the enhanced assessment method that includes the
lifespan parameter. On the other hand, when the existing assessment method is used that does not consider the lifespan parameter,
Model C was better in terms of performance as compared with Model A and Model B, as shown in Table 3. It is seen that the lifespan of
PV enhancer is a very significant entity that can be used to evaluate and compare the PV enhancer performance accurately. It is
revealed that Fyjpac is able to classify PV enhancer with different models.

3.1.2. The impact of changing the PV enhancer lifespan on Fyipac

Let us consider a scenario where the lifespan of PV enhancer models, as outlined in Tables 4 and is decreased. The total energy, area,
and cost of manufacturing values for all PV enhancer models are unchanged, as presented in Table 5. The updated lifespan values are 1
year for Model A, 2 years for Model B, and 3 years for Model C. Consequently, Model A exhibits an Fy;pac value of 11.11 J Year/m>.$,
while Model B and Model C have Fy;pac values of 27.27 J .Year/m?.$ and 39 J .Year/m2.$, respectively. Notably, Model C now has the
highest Fy;pac value, indicating superior performance as compared to Model A and Model B. These results demonstrate the influence of
the PV enhancer lifespan on the Fy;psc value.

3.1.3. The impact of varying the total energy of PV enhancer on Fypac

Assuming that the total energy of PV enhancer is changed for Model A, Model B and Model C, while the other parameters are kept
unchanged, as depicted in Table 4. Model A, Model B and Model C have total energy values of 100, 90 and 80 J, respectively, as
demonstrated in Table 6. Now, Fy;pac values are 15, 30 and 13.33 J .Year/m?. $ for Model A, Model B and Model C, respectively. Now,
Model B has higher Fyipac value and has better performance as compared with Model A and Model C. It is concluded that the PV
enhancer total energy has an effect on the value of Fy;pac. Suppose we modify the total energy of the PV enhancer for Model A, Model
B, and Model C, while keeping the other parameters constant, as displayed in Table 4. In this case, Model A, Model B, and Model C
exhibit total energy values of 100 J, 90 J, and 80 J, respectively, as presented in Table 6. Consequently, the Fy;pac values are 15 J.Year/
m?>.$ for Model A, 30 J.Year/m>.$ for Model B, and 13.33 J.Year/m?2.$ for Model C. Notably, Model B now has the maximum Fyjpac
value, indicating its superior performance compared to Model A and Model C. These results emphasize the impact of the PV enhancer’s
total energy on the Fy;pac value.

3.1.4. The impact of varying the PV enhancer area on Fyrpac

Assuming that the area of PV enhancer models is changed. The other parameters remain constant, as depicted in Table 4. Now, the
new area value of all PV enhancer models is 3 m?, as demonstrated in Table 7. By applying Eq. (7), FyLpac values are 10, 16.67 and 7.22
J.Year/m?. $ for Model A, Model B and Model C, respectively. Now, Model B exhibits the highest Fy; pac value. Hence, it performs better
as compared to Model A and C. It is shown that the PV enhancer area has an impact on the Fy;pac values.

3.1.5. The impact of varying the cost of manufacturing of PV enhancer on Fyipac

Assuming that the PV enhancer cost of manufacturing is reduced. The total energy, lifespan and area values remain constant, as
shown in Table 8. Now, the manufacturing cost values are $7, $8 and $9 for Model A, Model B and Model C, respectively. By applying
Eq. (7), FyLpac values are 85.71, 112.5 and 28.89 J.Year/m?. $ for Model A, Model B and model C, respectively. Now, Model B has the
maximum Fy;pac value. Consequently, it exhibits superior performance when compared with Model A and C. This demonstrates the

Table 5
Cases to illustrate the impact of varying the lifespan on Fyipac.
Model Energy (J) Lifespan (Year) Area (mz) Manufacturing Fyrpac (J.Year/mz. $)
cost ($)
A 200 1 1 18 11.11
B 150 2 1 11 27.27
C 130 3 1 10 39
Table 6
Cases to illustrate the impact of varying the PV enhancer total energy on Fyipac.
Model Total energy (J) Lifespan (Year) Area (m?) Manufacturing Fyrpac (J.Year/m?. $)
cost ($)
A 100 3 1 20 15
B 90 6 1 18 30
C 80 2 1 12 13.33
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Table 7
Cases to demonstrate the impact of varying the area of PV enhancer on Fyjpac.
Model Total energy (J) Lifespan (Year) Area (m?) Manufacturing Fyipac (J.Year/m?2. $)
cost ($)
A 200 3 3 20 10
B 150 6 3 18 16.67
C 130 2 3 12 7.22
Table 8
Cases to demonstrate the impact of varying the cost of manufacturing of PV enhancer on Fy;pac.
Model Total energy (J) Lifespan (Year) Area (m?) Manufacturing Fyipac (J.Year/m?2. $)
cost ($)
A 200 3 1 7 85.71
B 150 6 1 8 112.5
C 130 2 1 9 28.89
Table 9
Cases to demonstrate the analysis of Fyipyc.
Model Total energy (J) Lifespan (Year) Volume (m®) Manufacturing Fyipve (J.Year/m®. $)
cost ($)
A 200 3 0.5 20 60
B 150 6 0.4 18 125
C 130 2 0.3 12 72.22

impact of the cost of manufacturing of the PV enhancer on the value of Fy;pac.

3.1.6. The impact of Fy.pyc on PV enhancer

Table 9 is compiled using Table 3. Applying Eq. (8), Fypyc values are 60, 125 and 72.22 J .Year/m>.$ for Model A, Model B and
Model C, respectively. Now, Model B has the maximum Fy;pyc value and has superior performance compared with Model A and C.
From Table 3, by using the existing evaluation method, Fypyc, when the lifespan is not included in the analysis, Model C is better in
terms of performance as compared with other models. It can be revealed that the lifespan is an important entity for assessing the PV
enhancer performance. Hence, it is seen that Fy;pyc is a very significant factor that can be utilized to accurately evaluate and compare
the PV enhancer’s performance with different models.

3.1.7. The impact of varying the lifespan of PV enhancer on Fyipyc

Assume that the values of the lifespan of PV enhancer models, shown in Table 9, are changed. On the other hand, the total energy,
volume and cost of manufacturing values of the PV enhancer models are kept unchanged, as depicted in Table 10. The updated values
of lifespan are 1, 2 and 3 years for Model A, Model B and Model C, respectively. Now, Model A has Fy;pyc value of 22.22 J Year/m®. $.
The Fypyc values are 68.18 and 130 J.Year/m®. $ for Model B and Model C, correspondingly. Now, Model C has the maximum value of
Fyrpvc. Thus, it has better performance as compared with Model A and Model B. It is shown that the PV enhancer lifespan affects the
value of Fyrpvc.

3.1.8. The impact of varying the PV enhancer total energy on Fyrpyc

Assuming that the PV enhancer total energy is altered for all models, while the other entities are kept unchanged, as depicted in
Table 9. Model A, Model B and Model C have total energy values of 100, 90 and 80 J correspondingly, as demonstrated in Table 11.
Now, Fyrpvc values are 30, 75 and 44.44 J.Year/m°>. $ for Model A, Model B and Model C, correspondingly. Now, Model B exhibits the
highest Fyrpyc value and has better performance as compared with Model A and Model C. It is concluded that the PV enhancer’s total
energy influences the value of Fyppyc.

3.1.9. The impact of varying the PV enhancer’s volume on Fyppyc
Assuming that the volume of PV enhancer is changed while keeping the other parameters unchanged, as demonstrated in Table 9.

Table 10
Cases to demonstrate the impact of varying the PV enhancer’s lifespan on Fyppyc..
Model Total energy (J) Lifespan (Year) Volume (m>) Manufacturing Fyrpvc (J.Year/m>. $)
cost ($)
A 200 1 0.5 18 22.22
B 150 2 0.4 11 68.18
C 130 3 0.3 10 130
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Table 11
Cases to demonstrate the impact of varying the PV enhancer’s total energy on Fyipyc.
Model Total energy (J) Lifespan (year) Volume (m®) Manufacturing Fywpve (J.Year/m°>. $)
cost ($)
A 100 3 0.5 20 30
B 90 6 0.4 18 75
C 80 2 0.3 12 44.44

Model A, Model B and Model C have new volume values of 0.3, 0.2 and 0.1 m?, correspondingly, as depicted in Table 12. Applying Eq.
(8), Fypyc values are 100, 250.02 and 216.67 J.Year/ m°. $ for Model A, Model B and Model C, respectively. Notably, Model B exhibits
the highest Fy;pyc value, indicating superior performance compared with Model A and C. This highlights the influence of volume on the
value of FYLPVC~

3.1.10. The impact of varying the PV enhancer’s manufacturing cost on Fyppyc

Assuming that the manufacturing cost values have been decreased. The PV enhancer’s total energy, lifespan and area values remain
constant, as depicted in Table 13. The updated cost of manufacturing values for Model A, Model B, and Model C are 18, 11, and 10$,
respectively. By applying Eq. (8), the corresponding Fy;pyc values are 66.67, 204.55, and 86.67 J.Year/m°. $ for Model A, Model B, and
Model C, respectively. Model B now exhibits the maximum Fyypyc value, indicating superior performance compared to Model A and
Model C. These findings illustrate the influence of manufacturing cost on the value of Fyjpyc.

3.1.11. The impact of Fyrpwc on PV enhancer with different models

Table 14 is constructed based on the data provided in Table 3, considering lifespan values of 3, 6, and 2 years for Model A, Model B,
and Model C, respectively. By applying Eq. (9), the resulting Fy;pwc values are 30, 25, and 7.22 J.Year/kg.$ for Model A, Model B, and
Model C, respectively. Notably, Model A exhibits the highest Fy;pwc value, indicating superior performance compared with Model B
and Model C. It is seen that the lifespan is an important entity that can evaluate the performance of PV enhancer. It is seen that Fy;pwc is
a very vital factor that can assess and compare the PV enhancer’s performance with different models.

3.1.12. The impact of varying the lifespan of PV enhancer on Fyrpyc

Assuming that the PV enhancer’s lifespan, shown in Tables 14 and is changed. The total energy, volume and cost of manufacturing
values of PV enhancer’s models are kept unchanged, as illustrated in Table 15. The updated values of lifespan are 1, 2 and 3 years for
Model A, Model B and Model C, respectively. Now, Model A has Fy;pwc value of 10 J.Year/kg. $. The Fy;pwc values are 8.33 and 10.83
J.Year/kg. $ for Model B and Model C, correspondingly. Now, Model C exhibits the highest value of Fy;pwc. Thus, it has better per-
formance compared to Model A and Model B. It is demonstrated that the lifespan has an effect on the value of Fyrpwc.

3.1.13. The impact of varying PV enhancer total energy on Fyrpyc

Suppose we changed the total energy of PV enhancer models, while keeping the other parameters constant (refer to Table 14). In
this case, Model A, Model B, and Model C have total energy values of 50, 40, and 30 J, respectively, as indicated in Table 16.
Consequently, the Fy pwc values are calculated as 7.5, 6.66, and 1.66 J.Year/kg.$ for Model A, Model B, and Model C, respectively.
Notably, Model A exhibits the maximum Fy;pwc value, indicating superior performance compared to Model B and Model C. It is evident
that the total energy of the PV enhancer has an impact on the value of Fyrpwc.

3.1.14. The impact of varying the weight of PV enhancer on Fyipwc
Assuming that the weight of PV enhancer is changed while the other entities remain unchanged, as depicted in Table 14. Model A,

Table 12
Cases to demonstrate the impact of varying the volume of PV enhancer on Fy;pyc.
Model Total energy (J) Lifespan (Year) Volume (m®) Manufacturing Fyieve (J.Year/m®. $)
cost ($)
A 200 3 0.3 20 100
B 150 6 0.2 18 250.02
C 130 2 0.1 12 216.67
Table 13
Cases to demonstrate the impact of varying the PV enhancer’s cost of manufacturing on Fy;pyc.
Model Total energy (J) Lifespan (Year) Volume (m%) Manufacturing Fypve (J.Year/m®. §)
cost ($)
A 200 3 0.5 18 66.67
B 150 6 0.4 11 204.55
C 130 2 0.3 10 86.67




S. M. Sultan et al.

Table 14
Cases to demonstrate Fy;pwc analysis.

Heliyon 9 (2023) 21294

Model Total energy (J) Lifespan (Year) Weight (kg) Manufacturing Fyrpwe (J.Year/kg. $)
cost ($)
A 200 3 1 20 30
B 150 6 2 18 25
C 130 2 3 12 7.22
Table 15
Cases to demonstrate the impact of varying the lifespan of PV enhancer on Fypwc.
Model Total energy (J) Lifespan (Year) Weight (kg) Manufacturing Fyrpwe (J.Year/kg. $)
cost ($)
A 200 1 1 20 10
B 150 2 2 18 8.33
C 130 3 3 12 10.83

Model B and Model C have new weight values of 2, 3 and 4 kg, respectively, as demonstrated in Table 17. Applying Eq. (9), Fyrpwc
values are 15, 16.67 and 5.42 J.Year/kg. $ for Model A, Model B and Model C, respectively. Now, Model B exhibits the highest Fy;pwc
value, indicating superior performance compared to Model A and C. It is shown that the weight influences the value of Fy;pwc.

3.1.15. The impact of varying the PV enhancer’s cost of manufacturing on Fyrpwc

Let’s consider that the PV enhancer manufacturing cost, as depicted in Table 4, has been altered. While keeping the total energy,
lifespan, and weight values constant (as presented in Table 18), the new values of manufacturing cost for Model A, Model B, and Model
C are $18, $11, and $10, respectively. By applying Eq. (9), we calculate the Fy;pwc values as 33.33, 40.91, and 8.67 J.Year/kg.$ for
Model A, Model B, and Model C, respectively. Notably, Model B exhibits the highest Fy;pwc value, indicating better performance
compared to Model A and C. These results highlight the influence of manufacturing cost on the value of Fyipwc.

3.2. Experimental validation for the proposed methods

The experimental validation is conducted to support the applicability of the proposed methods on a real case, as follows. A previous
study was conducted for PVT with PCM [54]. Results revealed that 30 kWh is the highest energy obtained which is equivalent to 108
MJ. According to Ref. [54], the lifespan and cost of the PVT are 25 years and 1804 Yuan (1142.34 RM). If we assume that the PVT’s
area, volume and weight are 2 m2, 0.6 m® and 5 kg, respectively. Now, applying the proposed methods, the Fy;pac, and Fy;pyc and
Fypwc are 1.18 MJ.Year/m?.RM, 3.94 MJ.Year/m®.RM and 0.47 MJ.Year/kg.RM, respectively, as shown in Tables 19-21. From the
above results, it can be concluded that the proposed methods are applicable on a real case.

3.3. Summary for the existing and enhanced PV enhancer assessment methods

Table 22 illustrates the comparison summary between the existing and enhanced assessment methods for PV enhancer. From
Tables 22 and it is shown that the existing methods do not include the PV enhancer’s lifespan parameter, making the decision-making
process on the different models of PV enhancer difficult, as shown in the earlier parts of the results and discussions section. On the other
hand, the modified assessment methods include the lifespan in the analysis to accurately evaluate and compare the different types of
PV enhancers.

Table 16
Cases to demonstrate the impact of varying the total energy of PV enhancer on Fy;pwc.

Model Total energy (J) Lifespan (Year) Weight (kg) Manufacturing Fyrpwe (J. Year/kg. $)
cost ($)
A 50 3 1 20 7.5
B 40 6 18 6.66
C 30 2 3 12 1.66
Table 17
Cases to demonstrate the impact of varying the PV enhancer’s weight on Fyipwc.
Model Total energy (J) Lifespan (Year) Weight (kg) Manufacturing Fypwe (J.Year/kg. $)
cost ($)
A 200 3 2 20 15
B 150 6 3 18 16.67
C 130 2 4 12 5.42
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Table 18
Cases to demonstrate the impact of varying the manufacturing cost of PV enhancer on Fy;pwc.
Model Total energy (J) Lifespan (Year) Weight (kg) Manufacturing Fyrpwe (J.Year/kg. $)
cost ($)
A 200 3 18 33.33
B 150 6 11 40.91
C 130 2 10 8.67
Table 19
The applicability of Fy;pac on a real case.
Model Total energy (MJ) Lifespan (Year) Area (m?) Manufacturing Fyrpac (MJ.Year/m>2 RM)
cost (RM)
Previous study [54] 108 25 2 1142.34 1.18
Table 20
The applicability of Fy;pyc on a real case.
Model Total energy (MJ) Lifespan (Year) Volume (m®) Manufacturing Fyipyvc (MJ.Year/m®. RM)
cost (RM)
Previous study [54] 108 25 0.6 1142.34 3.94
Table 21
The applicability of Fy;pwc on a real case.
Model Total energy (MJ) Lifespan (Year) Weight (kg) Manufacturing Fyrpwe (MJ.Year/kg. RM)
cost (RM)
Previous study [54] 108 25 5 1142.34 0.47

4. Conclusion

Currently, PV enhancer research focuses on improving the PV performance. Assessment approaches are available in the literature to
evaluate the performance of PV enhancer. But the lifespan of PV enhancer was not considered in the existing assessment methods;
making the PV enhancer’s performance evaluation and comparison difficult when the lifespan is to be considered in the analysis. To
solve the current issue, a relationship between the PV enhancer’s lifespan and the existing evaluation methods is created. The outcomes
are three modified assessment methods, which are yield times lifespan per cost per area factor (Fyrpac), yield times lifespan per cost per
volume factor (Fyipyc) and yield times lifespan per cost per weight factor (Fyrpwc). The proposed factors play a crucial role in dis-
tinguishing the performance of a PV enhancer, with higher values indicating better performance. The limitations and influential
parameters of the proposed method were also highlighted, and examples were presented to illustrate the significance of these methods.

Is the PV enhancer’s lifespan included in the analysis?

_ Total exergy or energy (J)

Area (m?)
Total exergy or energy (J)

Volume (m3)
Total exergy or energy (J)
Weight (kg)
Total exergy or energy (J)

~ Area (m2) x Manufacturing cost($)
Total exergy or energy (J)

~ Volume (m3) x Manufacturing cost ($)
Total exergy or energy (J)

- Weight (kg) x Manufacturing cost ($)
Total exergy or energy (J) x Lifespan(Year)

Area (m?) x Manufacturing cost($)
__ Total exergy or energy (J) x Lifespan(Year)

Table 22
Summary for the existing and modified PV enhancer assessment methods.
Method Equation
Existi 52
xisting methods [52] YPA =
YPV =
YPW =
Existing methods [53]
Fypac
Fypve
Fypwe
Modified methods (current study)
Fyipac =
FYLPVC =
Fyipwe =

Volume (m3) x Manufacturing cost ($)
Total exergy or energy (J) x Lifespan(Year)

Weight (kg) x Manufacturing cost ($)

No

Yes
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It is seen that the enhanced approaches can accurately evaluate the performance of PV enhancer with different designs, compared to
the existing methods, when the lifespan parameter is included in the analysis. The potential users of the proposed methods are PV
enhancer designers and manufacturers. Future research should be carried out to develop more assessment methods for PV enhancers.
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