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Abstract: The world is inconceivable without an everlasting demand for energy. Nowadays, various
kinds of renewable energies, such as solar energy, are developing rapidly, since they have the least
negative environmental impacts. Irradiation intensity is one the most important parameters in
photovoltaic (PV) technology, and so integration of mirrors with a PV module can improve its
performance. Mounting mirrors increases the radiation intensity but, at the same time, raises the
surface temperature, which in turn reduces the electrical efficiency. The novelty of this study is
keeping the cell temperature low despite receiving more radiation by installing 10 aluminum fins on
the back of the panel. All tests were experimentally performed in the hot climate of Dezful, Iran. As
a result, the best tilt angle of the mirror was found at 30◦, where the output power was enhanced
by 3.3% and electrical efficiency was reduced by 0.5% compared with the conventional case. When
aluminum fins were added as heat sinks, both output power and electrical efficiency were enhanced
by 11.4% and 13.1%, respectively. Moreover, comprehensive discussions on both energy and exergy
are provided. The entropy generation was also calculated and accordingly, the case of PV 30 + fin
generates 1.6% less entropy than the base one.

Keywords: photovoltaic; energy efficiency; entropy; reflector; fin

1. Introduction

Among different sources of renewable energies, solar photovoltaic technology is
more attractive, due to its economic justifiability and wider geographical accessibility [1].
Despite the advantages of PV systems, this technology is faced with some challenging
issues, such as dust accumulation [2,3], aging effect [4], panel manufacturing method [5],
shadow effect [6], and also the negative impact of PV cell temperature increments on
electrical output [7,8]. For a long time, it was accepted that the electrical efficiency of the
crystalline type of photovoltaic module dropped by about 0.45% for each 1 ◦C rise of its
temperature [9]. However, in a recent study, Shiravi et al. [10] developed a more accurate
correlation for electrical efficiency as a function of PV cell temperature. Their findings
showed a strong relationship between irradiation intensity and electrical performance.
Accordingly, a reduction in the range of 0.125% to 0.75% in electrical efficiency for each
1 ◦C temperature rise was revealed. Additionally, some scholars focused on finding a
mathematical model to estimate the PV cell temperature in terms of various ambient
conditions [11,12].

Since it is found that temperature control of PV modules is very important, different
cooling methods were proposed by many scholars. For instance, wind blowing [13],
circulation of nanofluids [14,15], thermoelectric technology [16], water spray and water
film [17,18], and phase change materials (PCMs) [19,20] are the methods that were recently
employed. Mounting fins is another popular technique for PV cooling.

Using L-shaped fins at the back side of a PV module was investigated by Cabo
et al. [21], experimentally. All tests were performed by means of a solar-simulator, under a
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unique radiation of 1014 W/m2 and ambient temperature of 33 ◦C. Finally, it was reported
that using fins could bring the temperature of a PV cell around 5 ◦C lower than the finless
case. As another geometry, Fudholi et al. [22] mounted the5-groove shape heat sinks on
the back side of PV module. The experiments were carried out in an indoor condition with
constant radiation of 385 W/m2 by a projector. The effect of wind flow is studied in the
range of an air flow rate of 0.007 to 0.07 kg/s, which was blown through the5-grooves. As
a result, PV module temperature was dropped from 43.7 ◦C to 39.1 ◦C, for the lowest and
highest air flow rate, respectively. Firoozzadeh et al. [23] conducted empirical research on
comparing the straight and zig-zag form fins as a heat sink of PV modules in an indoor
condition and under irradiance of 630 W/m2. They investigated various numbers of 10 to
40 for both mentioned fin arrays. Lastly, it was found that using 10 zig-zag fins showed
almost the same results with 40 straight fins, and in both cases, about a 15 ◦C reduction in
temperature and 14% promotion in the output power were observed. In a numerical study
by Sedaghat et al. [24], the evaluation of pin fins with a height of 6 cm was investigated.
The research was conducted with a 50 W PV module, according to the climate of Shiraz,
Iran. In their research, 55% of the back surface of the considered PV panel was covered
with the mentioned pin fins. Finally, an 8 ◦C reduction in PV module temperature was
reported and the mentioned drop led to 4% promotion in the output power. Additionally,
implementing the porous media at the back of PV cells is another technique that was
investigated by some researchers. Tahmasbi et al. [25] conducted a numerical approach
by ANSYS software on the effect of porous metallic media as a heat sink for a PV module.
They found that increasing in porosity led to enhancement in the electrical efficiency, but
the thermal efficiency had an optimum point and the maximum of that occurred for the
porosity of 0.5.

Application of reflectors in order to enhance the received irradiation to the PV module
is another interesting point that is under the focus of some scholars. Tabasi et al. [26] tried
to find an optimum tilt angle for an integrated mirror to the PV modules as a reflector
by modeling with a genetic algorithm (GA). Finally, it was revealed that the maximum
power generation occurred when a horizontal mirror was placed against the photovoltaic
module with a tilt angle of 69.08◦. In this specific case, the annual electricity production
of 614 kWh was estimated. In experimental research, Malik and Chandel [27] studied
different mirror tilt angles for the summer and winter climates of Hamirpur, India. They
found the optimum mirror tilt angles of 15◦ and 40◦ for winter and summer, respectively.
Moreover, the effect of using mirrors was investigated in terms of the produced power and
a moderate enhancement of 12.4% was observed. In a simulation-based study, Agrawal
et al. [28] focused on a PV module (crystalline type) with a stainless steel sheet installed in
front of it as a sunlight reflector. Additionally, the effect of wind velocity was evaluated.
The climatic conditions were set according to Jaipur, India. As the employing reflector
leads to an increment in the temperature of PV cells, the authors calculated the effect of
this temperature rise on the lifetime of the panels. Finally, it was reported that using such a
reflector decreases the PV lifespan from 25 to 21 years.

Palaskar et al. [29] used an aluminum sheet as a reflector in front of the PV module,
experimentally. As a result, an improvement of 15% in electricity generation was reported.
Then, Tabaei and Ameri [18] studied the simultaneous effect of using a thin water layer
as a coolant and a high-glossy foil as a mirror experimentally in the climate of Kerman,
Iran. Finally, a significant enhancement of about 50% in power generation was reported in
comparison with the conservational PV module.

Employment of metal fins and reflectors as two common useful ways to enhance
the electricity generation of PV panels, were separately reviewed in literature. The main
novelty of this paper is the combination of both fins and mirror. In this regard, three
different tilt angles of 20◦, 30◦, and 40◦ are experimented. In the assessment section, both
1st and 2nd laws of thermodynamics are calculated and discussed.
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2. Experimental Setup Description
2.1. Equipment and Ambient Condition

The photovoltaic section of the solar energy laboratory in Jundi-Shapur University
of Technology, Dezful, Iran, was established in 2018. The laboratory has both indoor and
outdoor facilities. All tests of this paper were performed in the outdoor section, under
the ambient conditions of October, 2021. The longitude and latitude of the location are
32.430052◦ and 48.365899◦, respectively. In this site, there is no shadow of buildings, trees,
etc., from 7:30 am to 6 pm. Since the variation in irradiation during daytime is an important
parameter in efficiency assessment, sample values in the experiment days are illustrated in
Figure 1. In addition, a histogram of the measured temperatures and emitted irradiations
during the day are depicted in Figure 2. Accordingly, it is evidenced that the temperature
range of 30 to 38 ◦C and radiation range of 700 to 1000 W/m2 have the largest portion
during the test days.
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All experiments were conducted using two 60 W multi-crystalline types of PV modules.
Additionally, the electrical and thermal characteristics were monitored by a seven-channel
thermal/electrical data-logger. The specifications of the equipment are given in Table 1.
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Table 1. Specifications of the experimental setup.

Equipment Parameter

PV panel

Manufacturer: Yingli Solar Co., Baoding, China
Nominal power output (PMax): 60 W

Nominal module efficiency (ηm): 14.4%
Voltage at PMax

(
Vmpp

)
: 18.47 V

Open-circuit voltage (VOC): 22.86 V
Current at PMax

(
Impp

)
: 3.25 A

Short-circuit current (ISC): 3.44 A

Temperature sensor
Model: DS-18B20, China

Operating range: −55 to +125 ◦C
Accuracy: 0.1 ◦C

Solarimeter
Model: TES-132, China

Operating range: 200–2000 W/m2

Accuracy: 1 W/m2

In total, four thermal sensors were used. Three of them were attached at the back side
of the PV module to have an average module temperature, and one was used to measure
the ambient temperature. Aluminum fins were installed at the back side of the considered
PV panel. This material has thermal conductivity of 204 W/m-K [30]. Totally, 10 fins were
installed for the designated tests. The fins have rectangular geometry (50 cm × 4 cm) with
1 mm of thickness, as shown in Figure 3.
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2.2. Experimental Procedure

It is obvious that the existence of soil on the front surface of PV modules decreases
its electricity generation, significantly. In this regard, extensive experimental research
was conducted by Kazem et al. [31–35], where they studied the effects of various dust
substances, such as cement, sand, limestone, sawdust, fly ash, etc., on the output of the poly
and mono crystalline PV modules. They found that different substances cause different
negative impact values on PV performance. Moreover, it was shown that polycrystalline PV
cell type is more affected than monocrystalline. Therefore, some other researchers focused
on proposing and enhancing the cleaning methods to conquer the defect [36,37].

According to the mentioned important issue, in this study, the PV modules were
fully cleaned before starting each test to avoid any discrepancy in data collecting and be
confident about validity of the results.

The experimental section of this study can be classified into three main following
phases. Moreover, a graphical overview of the research procedure is shown in Figure 4:
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Stage 1. Conduct tests with a bare PV panel, without mirror, with and without fins.

Stage 2. Conduct tests with a bare PV panel and mirror. Find out the best mirror tilt angle.

Stage 3. Conduct tests with a finned PV panel and mirror at the best-found tilt angle.

Furthermore, it should be noted that the PV panel tilt angle is kept at a 30◦ constant
for all tests, based on the latitude value of the location. According to the above three stages,
a total of six tests were selected among all performed tests, which are tabulated in Table 2.
Moreover, and as a sample demonstration, an actual view of two cases is illustrated by
Figure 5. It is necessary to state that several mirror tilt angles were experimented with, and
three cases of 20◦, 30◦, and 40◦ were selected as the best ones to explore further.

Table 2. List of experimental cases.

No. Name Fin Mirror

1 Conventional PV × ×
2 PV + Fin X ×
3 PV 20 × 20◦

4 PV 30 × 30◦

5 PV 40 × 40◦

6 PV 30 + Fin X 30◦Sustainability 2022, 14, x FOR PEER REVIEW 6 of 14 
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3. Governing Equations
3.1. Energy Efficiency Calculations

Based on the first law of thermodynamics, energy cannot be created, instead can only
be converted to other forms of energy. Therefore efficiency, defined as the proportion of
useful energy output to input energy, is an important consideration in all energy applica-
tions. In this study, the input power of energy (Pin) for a PV panel is obtained from the
electromagnetic radiation emitted by the sun, which can be calculated by [8]:

Pin = Ae f f G (1)

where Ae f f and G stand for the effective photovoltaic cell area in (m2) and the normal
irradiance of the sun in (W/m2), respectively. The effective PV cell area is calculated by the
apparent panel area multiplied by a packing factor provided by the manufacturer.

In this study, the output power of energy (Pout) from the PV panel is the produced
electrical power calculated by Equation (2) [38]:

Pout = VI (2)

where V and I stand for voltage in (V) and current in (A), respectively. The mentioned
parameters are accessible through the data logger measurements. Finally, the electrical
efficiency of PV panels (η) can be obtained by [39,40]:

ηel =
VI

Ae f f G
(3)

Additionally, the power of lost heat from the cell interface, which is equipped with 10
rectangular fins at the back of the panel (Figure 3), could be calculated by [41]:

Pth = hA(Tcell − Tamb) (4)

where h, A, and Tcell are the free convective heat transfer coefficient in W/m2K, surface area
of panel and fins in m2, and cell temperature in K, respectively. Heat transfer coefficient is
considered as [42]:

h =
k Nu

L
(5)

where L and K stand for width of cell in (m) and heat conduction coefficient in (W/mK),
respectively. From ref. [43], the following relation is selected to calculate the dimensionless
Nusselt number for the natural convection of mentioned geometry based on Grashof and
Prandtl numbers.

Nu = 0.59 (Gr Pr)0.25 (6)

Gr =
g β (Tcell − Tamb)

ν2 (7)

Pr =
Cp µ

K
(8)

3.2. Exergy Efficiency Calculation

A comparison of the efficiencies of different energy conversion processes sets the stage
for the second law of thermodynamics. Actually, the exergy (Ex) is the useful portion
of energy, which can be used, or the maximum available work, which is equal to the
Helmholtz free energy variations (∆A) at a constant ambient temperature.

As it is shown in Figure 6, the PV panel is a closed system with one energy inlet as
sun radiation and two energy outlets as waste thermal energy and electrical work. The rate
of thermal exergy could be calculated as:
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.
Ex =

.
Q
(

1− Tamb
T

)
(9)

where
.

Q is the rate of heat transfer from the system, T is temperature of system, and Tamb
is ambient temperature. Therefore, the input rate of exergy, which is obtained from sun
radiation, is calculated by the presented equation by Jefer [44]:

.
Exsun = GAe f f

(
1− Tamb

Tsun

)
(10)

where Tsun is the equivalent surface temperature of the sun which is reported as 5800 K [45].
The output rate of exergy of waste heat energy from the panel surface to the ambient can
be calculated by [46]:

.
Exth = Pth

(
1− Tamb

Tcell

)
(11)

The rate of output exergy of electrical work (
.

Exele) is equal to the rate of electrical
power [47]. At the end, the exergy efficiency of the system is estimated by [48]:

ηEx =
VI + (h A(Tcell − Tamb))

(
1− Tamb

Tcell

)
Ae f f G

(
1− Tamb

Tsun

) . (12)
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3.3. Entropy Generation Calculation

The irreversibility of PV panels can be estimated by entropy generation. The only
thing responsible for the entropy generation of the mentioned closed system is heat transfer
from the sun to the panel and from the panel to the ambient. So the relation of (13) is
suggested for calculation of rate of entropy generation [43]:

.
Sgen =

Pin − Pth
Tamb

. (13)

4. Uncertainty Analysis

The measuring equipment always has some unavoidable inaccuracies. Therefore, in
any experimental engineering research, it is important to check and report the uncertainty
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values of the results. In this paper, the uncertainty analysis was calculated by the presented
method in our previous article [49], as:

wR =

√(
∂R
∂x1

w1

)2
+

(
∂R
∂x2

w2

)2
+ . . . +

(
∂R
∂xn

wn

)2
. (14)

In the above equation, wR reports the sum of uncertainty in the presented results,
R, is known as a function of the independent variables of x1, x2, . . . , xn, and finally,
the uncertainty value of independent parameters is shown by w1, w2, . . . , wn. For each
considered variable, the uncertainty value is calculated by dividing the accuracy value of
the relevant sensor by the smallest obtained value of the considered variable. Therefore,
for this study, the equivalent uncertainty was found as less than 1.82%. This section is
divided by subheadings. It must provide a precise and brief description of the results, their
interpretation, as well as the experimental conclusions that can be drawn.

5. Results and Discussion
5.1. Temperature Variations

As the first step, the temperature variation in the PV module versus time is investigated
by Figure 7. As evidence, the cases equipped with aluminum fins attained to lower
temperature level. Accordingly, the average values of all cases for the midday (12:00′ to
13:00′) are listed in Table 3. Therefore, a temperature difference of 10.2 ◦C was observed
between the PV + fin case and the conventional one because of the higher heat transfer rate
from back side of the PV panel to the environment while receiving the same irradiation.
Another obtained conclusion of the graph is the influence of the reflector on the PV module
temperature, which has an increment effect that was expected due to it receiving more
irradiation.
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Table 3. Mean temperature of all cases for 12:00′ to 13:00′.

Case Mean Temperature (◦C)

Conventional PV module 69.5
PV 20 71.6
PV 30 73.2
PV 40 70.1

PV + Fin 59.3
PV 30 + Fin 62.4
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5.2. Energy Analysis

As declared in the last paragraph of the introduction, the main purpose of the study is
to increase the electricity production of the PV modules by implementing both installing
aluminum fins from one hand, and using mirrors on the other. Therefore, the output power
calculation plays a beneficial role in finding out more about the performance of each case.
In Figure 8, the variations of output power are reported, almost from sunrise to sunset. The
first task is to have a comparison between the cases of without fins and with reflector. As a
result, the case of using a mirror with a tilt angle of 30◦ in front of the PV module shows the
highest production because of it gaining more energy from the same sun radiation due to
the optimum angle of the mirror relative to the average sun radiation. Therefore, according
to the stage 3 of the described experimental procedure in Section 2.2, the next experiment
should be performed on the simultaneous use of fins and a reflector with a tilt angle of
30◦. So, as is clearly seen in the magnifier view of Figure 8, two cases integrated with fins
build up the highest electrical output power, due to the extended area, for heat transfer,
which leads to a higher rate of cooling for the cell surface. The cases of PV 30 + Fin and
PV + Fin reached to 49.6 W and 48.11 W at 13:00′, respectively. While the conventional PV
panel, as the weakest case, attained 43.9 W at the same time. Furthermore, the advantage
of mounting fins rather than using a reflector is obvious.
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The electrical efficiency is another parameter that is investigated here by Figure 9.
Again, a magnifier shot is presented to have a better sight of the midday, but the assessment
of the electrical efficiency has some challenges in it because of the dependency of the
nominator and denominator of the electrical efficiency equation (see Equation (3)). The
mentioned dependency let us know about how the inputs affect the outputs. Accordingly,
using a reflector has simultaneous effects on the nominator and denominator because of
increment in cell temperature, which leads to lower output power and the gaining of higher
irradiation, respectively. So, it is important to find out about the balance of Ae f f . G and VI.

To assess the results, it is clear that for both cases of 20◦ and 40◦, an increase in the
emitted irradiation did not have a positive effect on the electrical efficiency. In contrast, the
case of 30◦ shows a different behavior and a positive result is seen. Then, the evaluation
of fin-integrated cases must be considered, too. Accordingly, mounting fins has no effect
on the denominator of Equation (3), and is only influenced on its nominator, which is the
output power due to lowering the surface temperature. As a result, the case of PV 30 + Fin
illustrates the highest electrical efficiency value. As a complementary conclusion for this
section, Figure 10 is depicted. In this column graph, the arithmetic average values of all
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cases in terms of electrical efficiency and produced power are exhibited. The advantage of
PV 30 + Fin is proven again by giving attention to Figure 8.
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5.3. Exergy Analysis and Entropy Generation

There are two kinds of output exergies in PV systems: electrical and thermal. Both of
them were discussed in Section 3.2, in detail. As described, the electrical exergy is equal to
electrical energy, which is the output power. However, in this part, the thermal aspect of
the exergy is considered. Therefore, it is not without grace to refer to the exergy definition:
in any energy system, an amount of accessible energy, which can potentially be turned into
useful work, is known as the exergy. Therefore, the thermal exergy can be calculated, just
when the obtained heat is employed in a secondary purpose, e.g., a performed work by
Chamkha et al. [50], which used the mentioned heat for a solar desalination system. In this
study, the absorbed heat by fins was dissipated to the ambient medium. In a more accurate
explanation, the absorbed heat is out of reach. Therefore, it cannot be considered in the
calculation. Accordingly, the thermal exergy of the system is zero (

.
Exth = 0). Unfortunately,

in some papers it was took into account [51–54]. So, the exergy efficiency will be the same
as electrical efficiency, as observed in Figure 9.

According to the definition, the entropy, illustrates the amount of irreversibilities in the
system. As is easily found from Figure 11, the conventional PV and PV 30 + Fin illustrates
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the highest and lowest entropy generation, respectively. In a quantitative description, the
best case attained up to 1.63% lower entropy generation. Furthermore, the columns of
this figure have inverse behavior with the output power columns of Figure 10, so that the
higher the electricity power generation, the lower the entropy generation.
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6. Conclusions

The effect of the simultaneous use of installing aluminum fins as heat sink and mirrors
as reflectors were experimentally concerned in this paper. The former was used as a coolant
of PV modules and the latter as an irradiation-emitting riser. The tests were conducted
in the hot climate of Dezful, Iran. Firstly, different mirror tilt angles were experimented
with, and it was understood that 30◦ is the best one. Then, 10 fins were mounted on the
back side of the panel, incorporated with this optimum mirror tilt angle, and a significant
improvement was observed. The following explained the major results of the study:

• Although the use of a mirror increased the obtained radiation by the PV panel, but
the temperature of PV cells increased too, so that in the midday, the case of PV 30
attained to about 3 ◦C more of a temperature in comparison with the conventional
one. However, the results show a positive outcome in the system, and 2.2 W more
output power was measured for the mentioned case. Moreover, when the fins were
also added to this case (PV 30 + fin), the output power was 4.1 W more than the
conventional one due to lower PV temperatures at higher irradiations.

• Dual behavior of the increase in emitted irradiation and surface temperature for the
cases of mirrors integrated on the electrical efficiency was explored because of the
obtaining of more radiation at the same condition. Afterward, it was illustrated that PV
30 has lower electrical efficiency than the conventional case, and when fins were also
used (PV 30 + fin), the electrical efficiency of the panel was more than the conventional
one due to a higher heat transfer rate in the presence of fins, which leads to lower PV
cell temperature.

• Calculation of both electrical and thermal exergies was discussed in detail, and the
mistake made by some scholars was described. Then, the generation in entropy as one
of the important thermodynamic concepts was calculated, too. Consequently, the case
of PV 30 + fin showed 1.6% lower entropy generation compared with the base case.

As the final statement, some proposals are presented for scholars who want to develop
the border of this scientific field:

• Simultaneous application of phase change material and reflectors to enhance the
output power of PV panels.
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• Assisting of artificial intelligence (AI) techniques to find optimum features of the
investigated system, such as; surrounding conditions, PV tilt angle, mirror dimensions,
mirror tilt angle, fin numbers, etc.

• Performing of the life cycle assessment (LCA), energy payback time (EPBT), and envi-
ronmental evaluation to find out the economic justification of the investigated system.
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