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Abstract: The electrical performance of a photovoltaic (PV) module is hugely affected by its tempera-
ture. This study proposed a passive cooling mechanism for the cooling of a PV panel. The proposed
cooling system is made up of a combination of aluminum fins and paraffin wax integrated at the PV
panel’s rear side. The average temperature for the cooled panel for the entire period of the experiment
is 36.62 °C against 48.75 °C for the referenced PV module. This represents an average reduction of
12.13 °C for the cooled panel. The average power for the cooled panel is 12.19 W against 10.95 W for
the referenced module which is 11.33% improvement. The electrical efficiencies for the cooled panel
and the referenced modules are 14.30% and 13.60%, respectively, representing an improvement of
5.15% in the electrical efficiency. The cooled solar PV module had an average exergy efficiency of
7.99% compared to 5.61% for the referenced module. In terms of the economics, the results from the
computations show that LCOE of the cooled panel can range between 0.198 and 0.603 $/kWh, while
that of the referenced module ranges from 0.221-0.671 $/kWh depending on the number of days
it operates.

Keywords: passive cooling; photovoltaic panel cooling; exergy efficiency; levelized cost of energy;
paraffin wax

1. Introduction

The generation of electrical energy from coal dependent power plants is identified
as the world’s principal source of power generation. The coal dependent technologies
however have their demerits, i.e., they play a key role in global warming which comes
with dire consequences on the environment [1-4]. For this reason, a number of innovative
technologies have been adopted in several countries to suppress pollutions from fossil
power plants, some of these include integrated coal gasification, direct coal fuel cells, and
carbon capture use and storage. Notwithstanding these efforts to reduce these harmful
emissions from the various fossil-based power plants, there still exist an urgent need to
find more efficient, cheap, and environmentally friendly alternative energy technologies to
minimize global warming and pollution [5,6].

Renewable energy (RE) is identified as the surest option to liberate the world from
destruction relative to pollution from power plants due to the need to meet our energy

Inventions 2021, 6, 69. https:/ /doi.org/10.3390/inventions6040069

https:/ /www.mdpi.com/journal /inventions


https://www.mdpi.com/journal/inventions
https://www.mdpi.com
https://orcid.org/0000-0002-6947-4349
https://orcid.org/0000-0002-5667-9476
https://orcid.org/0000-0003-3955-6420
https://orcid.org/0000-0003-0094-1778
https://doi.org/10.3390/inventions6040069
https://doi.org/10.3390/inventions6040069
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/inventions6040069
https://www.mdpi.com/journal/inventions
https://www.mdpi.com/article/10.3390/inventions6040069?type=check_update&version=2

Inventions 2021, 6, 69

20f21

requirements. To that effect, solar energy which is one of the RE options available for
electrical energy generation has gained much attention and use globally [7-9]. Solar energy
is one of the most abundant renewable energy resources on earth, it comes at no cost. It
is estimated that most people around the world live in areas that receive solar irradiation
intensities that range between 500 W/m? and 750 W/m? per day. Similarly, the quantity
of solar energy that strikes the earth’s surface is estimated to be about 173,000 TW which
is 10,000 times more than the world’s primary energy requirement of 157,063.7 TW h [10].
This suggests that the world has enormous RE resource which is not fully utilized.

Solar photovoltaic (PV) technology is one of the most widely used technologies
globally, particularly in countries with abundant sun energy such as Africa and Asia [11].
Report by the IEA indicates that, renewable power globally is expected to increase by
about 50% which would be largely driven by solar PV technology which would account for
almost 60% of this expected growth between 2019 and 2024 [12]. The PV module consist of
a collection of solar cells which converts solar irradiance directly into a stream of electrical
charges. The improvement in its efficiency coupled with its maturity has played a key role
over its acceptance and use among end-users. The low maintenance cost, long-life span,
as well as its green source of energy are all some of the positives associated with the PV
system [13]. Despite these positives associated with the PV technology, its performance is
affected by various factors during operation conditions, which may lead to a significant
reduction in its electrical efficiency. Temperature is one of the main factors that affect a PV
module’s electrical performance [14,15], particularly under hot weather conditions where
the PV cell’s temperature can reach as high as 70 °C. For instance, it is estimated that above
the PV panel’s operating temperature, the yield power of the PV system could reduce by
up to 0.65%/K, conversion efficiency to 0.08% /K, and fill factor to 0.2%/K [16,17]. Over
80% of solar radiation that falls on a PV cell is either converted into thermal energy or
reflected [18]. The increase in the modules temperature does not only affect its performance
but it can also reduce the life-span of the PV module by damaging the material used to
fabricate it [19].

Researchers are therefore focused on finding appropriate mechanisms to cool the PV
panel under operating conditions. Studies such as Sudhakar et al. [5] combined natural
water cooling system and a phase change material (PCM) to effectively manage the temper-
ature of a PV module. They found out that, an up to down continuous water supply cooling
method was the best as it resulted in an average temperature reduction of 5.4 °C, electrical
efficiency of 12.4%, and power enhancement percentage of 13.54%. Nada et al. [20] also
studied about the possibility of using PCM to control the PV panel’s to enhance its effi-
ciency. They assessed four different modules, i.e., building integrated, free standing, Al,O3
nanoparticles-enhanced PCM integrated and PCM integrated experimentally. According
to their study, the addition of the nanoparticles to the PCM led to a reduction of the PV
module to 59 °C.

In other studies, Duan [21] proposed a new heat sink consisting of PCM and a metal
foam (porous) for a concentrator PV system cooling. Results from the study suggest that
embedding a metal foam in the PCM could significantly affect the cooling effect of CPV
relative to a pure PCM as heat sink. Essa et al. [22] also experimentally assessed a PV
efficiency enhancement strategy using a porous metallic media that is combined with
PCM. According to their study the porous metallic media integrated with PCM at all times
produced the highest efficiency compared to PCM only. It reached a maximum efficiency of
23%. Furthermore, Arefin [23] empirically and numerically assessed a hybrid PV-thermal
water heating system with water cooling on the front surface. Results from the study
suggest that the PV system’s efficiency with active cooling was about five times higher
than that of the referenced PV panel. The front surface cooling led to a 1.5% increase in
the panel efficiency. Alizadeh et al. [24] used single turn pulsating heat pipes (PHP) to
cool PV modules whose results were compared to a copper fin with same dimensions. The
outcomes disclosed that the PHP is more efficient, it led to an 18% improvement in the
electrical power output compared to the referenced system.
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Moreover, Amr et al. [25] employed the passive cooling technique to cool a PV system,
they attached fins at the back of the module. The outcome of their study suggests a drop
in the module’s temperature and an enhanced electrical efficiency as a result of the fins.
Shmroukh [26] developed a cooling system for a PV panel in Qena city in Egypt. The
results of the study established that the combination of the PV panel with an open-loop
system increased the average efficiency of the module by 11.3% while that of the uncooled
was only 6.2%. NiZetic¢ et al. [27] conducted a study on backside convective cooling of
PV panels both numerically and experimentally. The outcome of the study revealed that
the specific convective profiles of the modules have a substantial impact on the panel’s
electrical efficiency rate of degradation which is estimated to be in the range of 2.5% to
4.5%. Agyekum et al. [28] used water to simultaneously cool both the front and rear side
of a PV module. Results from their study suggests that the proposed cooling mechanism
led to a temperature drop of 23.55 °C which resulted in a 11.9% improvement in the
electrical efficiency.

Similarly, Bayrak, et al. [29] empirically assessed the performance of different cooling
mechanisms for a PV panel using aluminum fins, PCM and thermoelectric (TE). Results
from their study indicate that the highest power generation of 47.88 W was obtained
from the PV with fins, whereas the PV with TEM and PCM generated the least power of
44.26 W. Machniewicz et al. [30] studied the changes in the performance of PV module
using PCM on a PV panel with four different melting temperatures. Their results shows
that the temperatures between 18 and 25 °C were the most efficient relative to performance.
Radziemska and Kucharek [31] conducted an empirical study on PV/PCM and according
to their outcomes the PV /PCM module has a lower temperature than the referenced system.
Chen et al. [32] empirically considered the consequence of U-and L-shaped fins on a PV
system’s electrical performance under natural ventilation. Results from their study shows
that the cooled PV module recorded electrical efficiency that is 0.3-1.8% higher than that
of the referenced PV module. Agyekum et al. [33] combined both active and passive
techniques to cool a PV module. They used both aluminum fins and ultrasonic humidifier
to cool the PV module. Results from their study indicate that their proposed approach
could reduce the temperature of the panel by 14.61 °C averagely.

Information from the above literature has shown that a PCM is an effective thermal
absorber and storage medium that is capable of minimizing a PV panel’s temperature. One
of such PCMs is the paraffin wax which is usually applied in a single block behind the PV
module for cooling purposes. However, one major disadvantage that is associated with the
single block application is the difficulty in preventing leakage of the melted paraffin wax.
This normally results in loss of the paraffin wax which demands frequent replacement. The
inclined nature of PV panels also makes it difficult to keep the melted PCM in position. As
a result, this study proposed a mechanism that uses independent containers to house the
PCM which are then fixed behind the PV module. This is combined with aluminum fins
which will also rely on natural ventilation to cool the PV module. Unlike the conventional
single block application mechanism of cooling PV modules using PCM as demonstrated in
most of the reviewed literature, one advantage of this cooling mechanism is the ability of
sections of the rear side of the PV panel to be cooled by ambient air. This is because the
back of the module is not fully covered and makes room for natural air cooling. This study
therefore adds to the current growing literature in relation to the cooling of PV modules.

The rest of the paper is organized as follows: Section 2 covers the materials and
method used for the experiment; the results obtained from the experimental process are
also presented in Section 3. Conclusions and future research recommendations are also
presented in Section 4.

2. Materials and Methods

The materials used in the construction of the experimental rig and the various equip-
ment used in recording the experimental data are presented in this section. The section
also present the mathematical models used for the data reduction.
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2.1. Experimental Setup and Process

The experiment was conducted in the month of July during the summer period at Ural
Federal University, Russia. The experiment was conducted by comparing an enhanced PV
system integrated with horizontal aluminum fins and PCM i.e., paraffin wax in aluminum
containers attached to the panel’s backside. In most studies, the PCM is fixed at the rear
side of the panel in a single compartment. In this study we did something different by
putting the PCM in separate capsule-like aluminum containers which were latter fixed at
the back surface of the PV module. The approach proposed in this study is unique and
simple to construct. One major problem the cooling mechanism in the study resolves is
the leakage of melted PCM. The proposed cooling method in this study is able to store the
melted PCM without leakage, thereby reducing maintenance and replacement cost. This
mechanism also allows the back of the panel to be cooled by natural air since the capsule
containers do not fully cover the entire rear surface.

A total of 12 capsule-like aluminum containers were installed at the back of a PV panel
(herein known as the cooled PV panel). The installation was done with thermal glue in
order to provide adequate contact between the surface of the panel and the paraffin wax
containers. The application of the thermal glue is very important and must be carefully
done in order to increase the contact surface area between the paraffin wax containers and
the back of the panel. As a result, enough thermal glue must be applied to achieve the
maximum contact. The experimental setup is as presented in Figure 1.

Figure 1. Experimental setup.

In conducting the experiment, both panels were positioned 45° to the south to obtain
maximum solar radiation. Figure 2 shows the rear side of the two panels (i.e., referenced,
and cooled PV modules). Figure 3 is the schematic diagram of the experimental set-up. The
temperature of the two panels were recorded using seven thermocouples manufactured
by Weewooday and supplied by Amazon, for each module. The thermocouples were
attached at different positions to allow us to find the mean temperature distribution of the
PV module at each reading. The current and voltage were measured with a clamp meter
(RS Components Ltd, China). The wind speed with anemometer, the intensity of the solar
radiation was also measured using pyranometer supplied by Amazon, while the ambient
temperature and humidity was measured using the GM 1362-EN-01 thermometer manu-
factured by Shenzhen Jumaoyuan Science And Technology Co., Ltd., Shenzhen, China.
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Figure 2. Rear side of the PV panels: referenced (left) cooled (right).

Paraffin wax
container

PV panel

Figure 3. Schematic diagram of the experimental set-up.

2.2. Phase Change Material

A PCM is a material that is able to store energy in the form of latent heat. Latent heat
storage is about phase transition of a material, i.e., energy is released or stored as a result of
the variation in the enthalpy of the phase change. As a result of the contribution of the phase
changes, at the phase change temperature of the material, thermal energy storage operates
virtually isothermally [34]. Latent heat thermal energy storage in terms of energy density
is higher compared to that of sensible heat thermal energy storage. A PCM’s melting
temperature must therefore be as low as possible to obtain the maximum improvement in
electrical performance [35]. To find out the phase change of PCM (liquid or solid), with
specific heat capacity for every phase, the temperature field is given as presented in [36] as
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indicated in Equation (1). A PCM’s behavior under varying temperature is presented in
Figure 4.
E/cs T < Ty (solid phase)
T = Tw 0 < E<H, T >Ty (meltzone) 1)
Tw+ (E—H)/cL E>H, T > Ty (liquid phase)

where the thermal energy is denoted with E (J/kg), c is the specific heat capacity for every
phase, and the latent heat is represented by H (J/kg).

dar
4+—>
Liquid s
A A
/ Sensible
Stored heat (Q) dQ PCM dQ sensible /
2
/ L~
Solid

Temperature (T)

Figure 4. Behavior of PCM under varying temperature [37] (Copyright from Elsevier, Licensed
number 5147210406326).

In this study, the paraffin wax was used as a PCM to cool the PV module, the charac-
teristics of the used PCM are as follows: the melting point is 28 °C, thermal conductivity
0.2 W m~! K=1, and heat of fusion 222 kJ/kg.

2.3. Data Reduction

The efficiency of the PV module is affected by the temperature of the panel and
the ambient temperature, this is because the voltage and current of the module is sub-
ject to its temperature. The maximum power of the PV module can be estimated using
Equation (2) [38].

Punp = Viup X Imp = Ve X Isc X FF 2

The fill factor is denoted by FF, the open circuit voltage is represented by V., the
maximum power point on the I-V curve of the module is symbolized by subscript m. I, is
the short circuit current. The FF and V,. reduces considerably with temperature, this is
because the thermally excited electrons start to dominate the semi-conductor’s electrical
properties, the I increases slightly [28,38].

The PV module efficiency can be defined as the ratio of the output energy generated
by the PV cell to the energy input from the sun as shown in Equation (3) [39].

n= Eout/Ein 3)
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The PV module’s efficiency can also be estimated with Equation (4).
Pmux
= 4
=7 @

where the maximum power is denoted by Py4y, the surface area of the module is repre-
sented by A (m?) and the solar irradiance under STC is denoted by E (W /m?).
The solar cell’s efficiency can also be computed using Equation (5) [17].

Npo = 1T [1 - ,B(Tpv - TrT)} ®)

where the efficiency of the PV cell is denoted by 7., 17,7 signifies the efficiency of the PV
module under reference temperature which is normally 25 °C. B denotes the temperature
coefficient of power which is a material property and for crystalline silicon modules is
0.004 K1, T, is the PV module’s temperature and T, is the reference temperature of the
PV module.

The effect of temperature on the PV panel can be calculated using the relation for PV
array power output as shown in Equation (6) [39,40].

Ppy = Ypo fpo(Gr/Gr, s7) [1 4 ap(Tc — T, s1c)] (6)

where the PV arrays-rated capacity is represented by Y, (kW), the PV derating factor is
also represented by f,, (%), the current time step incident solar radiation on the array
is denoted by Gr (kW/m?), ap is the temperature coefficient of power (%/°C), Gr, stc
represents the incident solar radiation at STC (1 kW/m?). T¢ (°C) denote the temperature
of the cell at current time step, Tc, s7c is the temperature of the cell at STC (25 °C).

The PV module’s performance enhancement as a result of the integration of the PCM
can be assessed using stated parameters. The efficiency enhancement percentage (EEP) and
the power enhancement percentage (PEP) are the differences in percentages in efficiency
and power of the PV-PCM module relative to the reference PV panel. The equations used
for the calculation of these parameters are presented in Equations (7) and (8) [41].

PEP — Pout pcm — Pout ref

5 x 100% ?)
out ref

_ Nout PCM — Yout ref
Mout ref

EEP

x 100% 8)

The power output of the PV-PCM module is represented by P,,; pcy the power output
from the reference PV module is denoted by Py, ¢ The electrical efficiency of the reference
panel and the PV-PCM module are represented by #,,¢ re and o, pcm, respectively.

The average temperature reduction (T4r) can be calculated by summing the various
temperature change amid the cooled panel and the referenced panel as presented in Ref [5]
as indicated in Equation (9).

1 t=n

1AR - § <]pv, t— TpvaCM, t) (9)
N
=0

where the temperature of the cooled panel and the reference panel are represented with
Tpo—pcm and Ty, respectively. The t in the equation varies from 0 to 7, this stands for
the time at the commencement and the end of the experimentation. The total number of
measurements is also denoted by N.

2.4. Exergy Analysis

Exergy is the value that demonstrates the maximum useful work of a system enclosed
in an environment in a constant pressure and temperature in a reversible process. Hence in
calculating the exergy efficiency of a system, the following assumptions are made [42]:
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e  There is no irreversibility for the environment.
e  Uniformity in the environment relative to intensive properties.

The electrical exergy for a PV system is intended to make use of the present energy as
a useful energy. An analysis of exergy takes into account the energy capability and quality.
The overall exergy balance for a PV system can be mathematically expressed as follows:

ZEin = ZEout (10a)

Z Ein = Z Eout + Z Eloss + Z Eirreversihility (10b)
The exergy efficiency for a PV system can be defined as the ratio of the total out-
put exergy to the total input exergy, this is expressed mathematically as indicated in
Equation (11) [29].
Exout

lpsystem = Ex: (11)
in

where the input exergy for the PV module include the solar radiation intensity exergy as
expressed in Equation (12) [29,43].

Ex;, = (1 - T”) LA (12)
Ts

The output exergy can also be calculated using Equation (13) [29].

: T,
Exout = Vinly — (1 - = )hcA(Tcell - Tu) (13)

cell

The exergy efficiency of the PV module can therefore be calculated using
Equation (14) [44].

Vinlm — [(1 - TZ”)(hcA’(Tcell - Tu))}
#)System = (1 B %>~IS~A

(14)

where the maximum power voltage and current of the system are represented by V,, and
I, respectively. The ambient temperature is denoted by T, (K). Ts denotes the sun surface
temperature assumed to be 5762 K, the module surface temperature is denoted by T.;; (K).
The global solar radiation (W/ m?), and the module area is denoted by A (m?), the area of
the module used in this study is 0.4275 m?. The convective heat transfer is denoted by &,
it depends on the velocity of wind v and can be calculated using Equation (15) [42].

he = 5.7 +3.80 (15)

2.5. Analysis of Measurement Errors

Errors associated with experiment are calculated using uncertainty analysis. There
are basically two forms of errors, namely variable error and fixed error during measure-
ments [5]. Accuracies associated with the various instruments used for the experiment are
presented in Table 1. The experimental errors as a result of the measurement of the various
data are estimated using the method provided in [45]. The resultant N in this method is a
function of the independent variables as presented in Equation (16).

N=N(Y1, Yo, Ys,... Yy) (16)

The percentage of uncertainty in the resultant “N” can be computed using Equation (17).

ON 2 [ON 2 ON 2
uN — \/(aYlAyl) + (aYzAYZ) + -+ (aYnAYn) (17)
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where uncertainties in the independent variables are represented by AY;, AY, ... AY),.
The percentage of total uncertainty for the PV system in this experiment is equivalent
to 3.2% which is acceptable in this kind of analysis.

Table 1. Accuracies and uncertainties of various instruments.

Instrument Range Accuracy Uncertainty, %
GM 1362-EN-01 thermometer, °C —30-70 +2% 1.15
Clamp meter, V +1.5 0.87
Pyranometer, W/ m? 0-2000 +5% 2.89
Anemometer, m/s 0-25 0.2 0.12
Thermocouple, °C —200-1370 +£0.1 0.06

3. Results and Discussion

The results for the PV panel’s temperature, exergy, and electric efficiencies of the two
panels are presented and discussed in this section. The weather characteristics on the day
of the experiment are also presented in this section.

3.1. Weather Characteristics

The details of the weather characteristics on the day of the experiment is presented
in Figure 5. According to the results gathered, the highest solar radiation of 1391 W/m?
for the day was recorded at 12:30 pm, while the least solar radiation for the experimental
period was recorded at 17:00 pm which is 543 W/m?. The average solar radiation for the
experimental period is 994.59 W/m?. The highest ambient temperature of 37.6 °C was
recorded at 14:30 pm while the least was recorded in the morning around 9:00 am at the
start of the experiment. The average ambient temperature for the day is 33.7 °C. Similarly,
the humidity of the day drops with increasing ambient temperature. The experimental day
recorded an average humidity and wind speed of 43.45% and 5.35 m/s, respectively.

~ o
£ 1400 { 4[5 Solar radiation "I 38 E
B —m— Ambient Temperature L 36 2
< 1200 + L <
g o}
g 1000 - __32 =
5 800 - 30 =
= 600 -28 g
= L 26 5
(2 400 T T T T T T T T T T T T T T T T T T E
9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 <

Time (Hour)
"Teom
= - 5.8 E
= 56 3
= -5.4 &
£ S
T -5.2 g
30 - E—8—N 8§ —E—8 — N 5.0 B

T T T

T T T T T T T T T T T T T T
9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30
Time (Hour)

Figure 5. (a) Solar radiation and ambient temperature (b) humidity and wind speed characteristics
for the experimental day.

3.2. Effect of Cooling Process on the Temperature of the Panel

The effect of the proposed cooling mechanism on the temperature of the PV model
is discussed in this section. The results of the temperature of the modified model, i.e.,
cooled panel is compared to a reference model without any modification. The temperature
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results for both panels are presented in Figure 6. The results show that the mechanism
proposed in this paper has a positive effect on the thermal management of the cooled panel.
As can be seen from the figure, the cooled panel recorded relatively colder temperatures
throughout the experimental process. The difference in temperature between the cooled
and referenced panel in the early hours of the experiment was relatively insignificant, this
is due to the fact that the PCM was still in the solid phase. However, when the temperature
of the panel increased with increasing ambient temperature, the temperature of the PCM
in the containers also increased which led to their melting. According to the obtained
results, the cooled panel recorded its highest temperature of 46.52 °C at 14:30 pm against
62.6 °C for the referenced module during that same period. This is an indication that the
combination of the paraffin wax and the aluminum fins worked perfectly even under very
high temperature conditions. The average temperature for the cooled panel for the entire
period of the experiment is 36.62 °C against 48.75 °C for the referenced PV module. This
represents an average reduction of 12.13 °C for the cooled panel. The highest temperature
of both cells were recorded after mid-day when the ambient temperature was highest. In
other studies, Mays et al. [46] using only aluminum fins obtained a temperature of 49.9 °C
for the cooled panel against 56 °C for the referenced module, representing a reduction of
6.1 °C. A study by Mahamudul et al. [47] using RT35 PCM for the temperature management
of PV panel obtained a temperature reduction of 10 °C. For Hernandez-Perez et al. [48] they
conducted a numerical study on passive cooling mechanism which used discontinuous
finned heatsink. Their proposed mechanism resulted in a temperature reduction of 7 °C.
In the study of Luo et al. [49], both numerical and experimental studies were conducted
on thermal management of a PV module using form-stable paraffin/expanded graphite
composite PCM. According to their study, the maximum temperature of the cooled module
was 57.0 °C against 61.7 °C for the conventional module. Nada et al. [50] improved the
performance of a PV module with the integration of a cooling mechanism using PCM-
integrated PV modules using nano particles. They obtained a temperature reduction of
8.1 and 10.6 °C for a PV module integrated with pure PCM and an enhanced PCM using
nanoparticles, respectively. Results from the reviewed literature indicate that the proposed
cooling mechanism in this paper has been effective as the temperature reduction in the
current study is relatively higher than most of the reviewed literature which used similar
passive cooling approach.

(o [ P R T T R S R B
65 —: a [®—Cooled panel
60 + —®&— Reference panel

Temperature (°C)

— T T - T T T T * T T T " 1

9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30
Time (Hour)

L | L | L | L | L | L |

—M— Reduction —

20-I L 1 L 1 L 1

12
10

(o]
1

Temperature (°C)

LI — T T T T T T T
9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30
Time (Hour)

Figure 6. (a) Temperature (b) change in temperature for the cooled and referenced module.
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One positive impact of the PCM and aluminum fins on the temperature distribution of
the cooled panel is the stability the cooling mechanism had on the PV module’s temperature.
A standard deviation of the temperature readings for the experimental period for the cooled
panel is 6.06 °C against 11.27 °C for the referenced module. Similarly, the uncertainty in
the results of the cooled panel is 1.46 against 2.73 for the referenced panel. This indicates
that the cooling mechanism, i.e., the integration of both PCM and aluminum fins was able
to not only improve the rate of heat dissipation from the panel but also helped to bring
uniformity in the temperature variation of the PV module.

The testo infrared camera (manufactured by Testo in Germany) was also used to
record the temperature profile for the two panels. This helps to pictorially see the effect
of the cooling mechanism on the temperature distribution of the panel. The reading was
taken at exactly 12.00 pm mid-day at which time the paraffin wax had fully melted, and
the solar radiation intensity was high. The minimum temperature for the cooled panel
was 34.9 °C and a maximum temperature of 43.9 °C, it however, recorded an average
temperature of 37.5 °C. In the case of the referenced panel, a minimum temperature of
38.1 °C and a maximum temperature of 43.9 °C were recorded, it also recorded an average
temperature of 42.1 °C. Note that these values are only for the specific time mentioned
supra and not for the entire experimental period. These values vary slightly from that
recorded using the thermocouples supra because of the fact that the thermocouples have
direct contact with the panel and so can give a more accurate result. During that same
period, the thermocouples recorded average temperatures of 34.04 °C and 44.9 °C for the
cooled and referenced panels, respectively. The histogram for the temperature distribution
of the two panels relative to their percentages are presented in Figure 7. The percentage
of the various temperatures on the surface of the panel are presented on the y-axis. The
thermal image of the two panels is also presented in Figure 8.
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3.3. Electrical Performance of the Module

The effect of the proposed cooling mechanism on the electrical performance of the
module is presented in this section. The results for the voltage and current recorded during
the experimental period are illustrated in Figure 9. The negative effect of temperature on
the voltage of a PV cell is clearly shown in the results. The voltage dropped considerably
with increasing PV cell temperature. The average voltage for the cooled panel during the
entire experimental period is 18.85 V while the referenced panel recorded 17.33 V. This
represents a difference of 1.52 V, which is a significant drop in the voltage of the referenced
panel. The proposed cooling mechanism proved its effectiveness during the entire period
of the experiment as the voltage of the cooled module remained higher than the referenced
PV module.
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Figure 9. (a) Voltage, (b) current for the cooled and referenced panel.

Similarly, the current of the of the cooled panel was relatively higher than the refer-
enced module but only slightly, this was expected because, temperature affects the short
circuit current but only slightly. The cooled module recorded an average current of 0.65 A
whiles the reference module recorded 0.63 A. The change is insignificant as the current
for both panels remained almost same till after mid-day when the ambient temperature
increased sharply which affected the temperature of the PV cell.

The power output for both panels is represented in Figure 10. The output power of
the cooled panel was identified to be highest during the entire period of the experiment.
The power of both modules increased with increasing solar radiation along the day. Both
modules recorded their highest solar radiation after mid-day, precisely at 12:30 pm when the
highest solar radiation was recorded. The power however started to decrease after mid-day
when the temperature of the cell increased, and the intensity of the solar radiation reduced.
The average power for the cooled panel is 12.19 W against 10.95 W for the referenced
module. This is 1.24 W difference between both panels, which is 11.33% improvement in
the power output due to the temperature reduction of the cooled panel occasioned by the
proposed cooling mechanism. In the study of Luo et al. [49] who employed the traditional
way of applying paraffin PCM for temperature management of a PV module, they obtained
a maximum power of 18.30 W for the PV-PCM panel against 17.85 W for the conventional
or referenced module. There is only 0.45 W difference between the two modules.
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Figure 10. Power output for the cooled and referenced modules.

3.4. Electrical and Exergy Efficiency

The conversion efficiency of a PV panel is defined as the ratio of the maximum power
that is generated by the photovoltaic module to the received solar radiation on the area of
the PV module at a given module surface temperature. The efficiency of the PV modules
were calculated using Equation (5) and the results are presented in Figure 11. The efficiency
of the referenced module is on the lower side because of the high temperatures it recorded
throughout the period of the experiment. The calculated average efficiency for the cooled
or modified panel and the referenced modules are 14.30% and 13.60%, respectively. This
represents an improvement of 5.15% in the efficiency of the PV module. The highest
electrical efficiency improvement of 8.35% occurred at 1:30 pm. This is a significant
improvement considering the fact that this proposed mechanism does not utilize any form
of active mechanism or water to cool the model. This is also a mechanism that uses a
relatively small quantity of PCM i.e., paraffin wax compared to the traditional methods
of applying the PCM at the rear side of the panel. Comparing the results obtained by
the studies presented in Table 2, it can be found that the proposed mechanism in this
study is effective. It produced results that are either better than or competitive to the other
mechanisms presented in other published studies.
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Figure 11. (a) Efficiency (b) improvement of the two modules with time.

Table 2. Comparison with other studies.

Tpy without

Tpy with

Temperature

Efficiency

Reference Cooling Mechanism Cooling, °C Cooling, °C Reduction, °C Improvement, %
[51] PCM RT28HC 75.2 57.7 18 1.1-2.8
[52] PCM 53.7 49.2 42 1.49
[53] PCM RT-22 53 35 18 2.3-4.5
[54] Inorganic PCM 63 54 9 10.0
[55] PCM RT27 32.6 224 10.2 5.90
[56] RT35, 35 °C/240 k] /kg 60 54.9 51 5.00

Organic PCM (melting o
[57] temperature: 46-48 °C) 54.88 47.58 7.30 4.22%
[52] PCM 53.7 49.2 42 1.49%
Organic PCM (melting
[58] temperature 25 °C 36 3 5 3.10
[59] RT42 53 425 10.5 5.9%
RT42,38-43 °C/174 K] /kg, o
[60] (0.5 wt% CuO added) 72 62 10 5.35%
Organic PCM (melting )
[41] temperature: 36-60 °C) %61 50:5 56
[53] Paraffin wax 58 47 11 -
[31] PV with Praffin 71 64 7 -
Current PCM (paraffin wax) and
study aluminum fins 48.75 36.62 12.13 5.15

Exergy assessment is a thermodynamic analysis of processes and systems which
combines the first and second thermodynamic laws to find a system’s available energy
values and the amount of energy loss [61]. The exergy efficiency for the two PV panels
were calculated using data provided by supra and Equation (14). The variations of the
exergy efficiency for the two modules are presented in Figure 12. As can be seen from
the results, increasing ambient temperature and cell temperature leads to a reduction in
the exergy efficiency. The exergy efficiency of the PV modules are however higher when
the solar irradiation is lowest. This can be seen from the results presented in Figure 12,
the exergy efficiency reduced from the start of the experiment up until mid-day for the
cooled panel, it however, started increasing again when the solar radiation started reducing.
However, the exergy efficiency of the referenced PV module saw a reduction up until
3:00 pm before it started to increase again. This can be attributed to the fact that the
temperature of the referenced module was relatively hotter especially after mid-day when
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the cell temperature of the module was very high. This is because the rate of increase for
input exergy is relatively more than the rate of increase of the output exergy with increasing
solar irradiation at constant ambient temperature. The cooled solar PV module recorded
an average exergy efficiency of 7.99% against 5.61% for the referenced module.
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Cooled panel
1= Reference panel

-
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N
o
1
]
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; W
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Figure 12. Exergy efficiency of both modules with time.

3.5. Economic Analysis

An analysis of the cost of energy generation for the two panels (i.e., referenced and the
cooled modules) were examined using the levelized cost of energy (LCOE) methodology.
This method is a widely used approach to assess the economics of renewable power plants.
It is a measure of cost that compares varying approaches of electricity generation on
comparable basis [62,63]. The LCOE is the evaluation of the average total cost used to
construct and operate a power plant over its entire lifetime divided by the whole generated
energy output of the entire lifetime of the power plant. It is also defined as the minimum
cost at which the generated electricity from the power plant must be sold to be able to
get a break-even over the project’s lifetime [64,65]. The LCOE can be mathematically
expressed as [66]:

LCOE — LCinp + LCosm + LCfuel (18)
Eannual
LCiup = CRF X Ciyp (19)
n
lorp (141
crRF = ( fff) (20)
((1+igff) ) -1
LCO&M = CO&M X CELF (21)
1— K"
CELF = (Ko&M X 1_&@ CRF (22)
147,
Koem = 7 it (23)

where the investment cost is denoted by Cjy,,,, 1 is the plant’s lifetime, the capital recovery
factor (%) is represented by CRF, Cpg is the annual cost of operations and maintenance,
CELF is the constant-escalation levelization factor, i, ffis the effective discount rate and r;,
is the nominal escalation rate (%).
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The constituent of the cooling mechanism in this paper includes aluminum fins,
containers, and paraffin wax. The cost of a 25 kg paraffin wax is 5000 rubles equivalent
to $68.16 using an exchange rate of 1 ruble = $0.0136. However, the total weight of the
paraffin wax used for the construction is 2.4 kg, i.e., 0.2 kg for each of the 12 containers.
This translates into $6.54 for the cost of the paraffin wax used for the cooling. Similarly, the
cost of the aluminum sheet is 640 rubles also equivalent to $8.74, however, only one-third
of it was used for the experiment, this also translate into some $2.91. The thermal glue
used to help in the conduction of heat from the rear surface of the panel to the aluminum
containers and fins costs $4.10. In effect, the total cost of the equipment used for the cooling
and a $50 assumed cost for the 30 W PV panel is $63.55.

In terms of the energy generated by the power plant, we took into consideration two
scenarios, the first scenario includes a situation whereby the power plant works all year
round without any poor weather situations. The second scenario also looks at a situation
where there is poor weather conditions such as that of Russia. In the first scenario, all
12 months in a year (i.e., 365 days) were considered and assumed to have same intensity of
solar irradiation all year round. For the second scenario we considered only the summer
period of 4 months in Russia which is 120 days of effective solar radiation. In all, we
assumed that the panel received effective solar radiation for a period of 9 h per day. In
effect, the cooled power plant would generate a total of 40.04 kWh and 13.17 kWh of energy
for the first and second scenarios, respectively. Similarly, the referenced module would
generate 35.97 kWh and 11.83 kWh for the first and second scenarios, respectively. The
LCOE of both panels are therefore calculated using the parameters provided in Table 3.

Table 3. Parameters used for the LCOE calculation.

Parameter Cooled PV Referenced PV

Investment cost (Cj;,,), $ 62.88 60.00
Annual operation and maintenance cost (Cogn), $ 3.50 3.50
Effective discount rate (i, ) %o 5.00 5.00
Lifetime of the plant (n), years 30.00 30.00
Nominal escalation rate (1), % 1.00 1.00
Capital recover factor (CRF), (%) 6.50 6.50
KoM 0.96 0.96
Levelized cost of fuel (LCfe), $/kWh 0 0

Constant-escalation levelization factor O&M, (CELF) 1.10 1.10

The results from the computations show that in the case of the first scenario (i.e.,
365 days) the cooled panel would have an LCOE equivalent to 0.198 $/kWh compared to
0.221 $/kWh for the reference PV module. Moreover, for the second scenario (i.e., 120 days),
the cooled PV module recorded an LCOE of 0.603 $/kWh against 0.671 $/kWh for the
reference PV module. It is clear from these values that despite the extra cost incurred to
cool the panel (i.e., the integration of the aluminum fins and paraffin wax), the cooled panel
still performed better in terms of cost under both scenarios. It therefore suggests that the
integration of the proposed cooling mechanism to a PV module would not only enhance
the electrical and exergy efficiencies but also improve its cost-effectiveness.

4. Conclusions and Future Research Recommendations

This study assessed the effectiveness of a passive cooling mechanism on a PV system’s
output performance, this included the electrical and exergy efficiencies, the economics as
well as the power output. The study assessed the viability of combining aluminum fins
and paraffin wax to cool a PV module. The following are the results attained from the
experimental analysis:

e The cooled panel’s average temperature for the entire experimentation period is
36.62 °C against 48.75 °C for the referenced PV module, this represents an average
reduction of 12.13 °C.
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e The average voltage for the cooled panel during the entire experimental period is
18.85 V while the referenced panel recorded 17.33 V. This represents a difference of
1.52 'V, which is a significant drop in the voltage of the referenced panel.

e  The cooled module recorded an average current of 0.65 A while the reference module
recorded 0.63 A. The change is insignificant as the current for both panels remained
almost same till after mid-day when the ambient temperature increased sharply which
affected the temperature of the PV cell.

e The average power for the cooled PV module is 12.19 W against 10.95 W for the
referenced module. This is 1.24 W difference between both panels, which is 11.33%
improvement in the power output due to the temperature reduction of the cooled
panel occasioned by the proposed cooling mechanism.

e  The calculated average efficiency for the cooled or modified panel and the referenced
modules are 14.30% and 13.60%, respectively. This represents an enhancement of
5.15% in the efficiency of the PV module.

e  The cooled solar PV module recorded an average exergy efficiency of 7.99% against
5.61% for the referenced module.

e In terms of the economics, the results from the computations show that in the case of
the first scenario (i.e., 365 days) the cooled panel would have an LCOE equivalent to
0.198 $/kWh compared to 0.221 $/kWh for the reference PV module. Furthermore,
for the second scenario (i.e., 120 days), the cooled PV module recorded an LCOE of
0.603 $/kWh against 0.671 $/kWh for the reference PV module.

In effect, the proposed mechanism for PV panel cooling has proven to be techno-
economically effective. Although the proposed cooling mechanism came with extra cost
due to its modification, it still recorded the least LCOE due to its high efficiency. As per
the results obtained from this study, it shows that the proposed cooling mechanism can
be employed in hot weather conditions to enhance the performance of solar PV panels.
Further studies should concentrate on developing an optimal dimension for the aluminum
fins used in the study, a study in the future can also assess the effect of rectangular shape
containers for the housing of the paraffin wax.
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