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Abstract: Several studies state that phase change material (PCM) improves the electrical power and
efficiency of the photovoltaic (PV) module. To find the suitable PCM for tropical climatic conditions,
multi-PCMs are examined simultaneously with melting temperatures of 31 ◦C, 35 ◦C, 37 ◦C, and
42 ◦C. In this study, PCM containers are integrated behind the PV module with a thickness of 50 mm.
The performance of the multi PV-PCMs is monitored year-round and compared with PV-noPCM. The
experimental results show that the selected four PCMs performed the cooling process autonomously
in all the climates, such as PCM with a melting temperature of 37 ◦C and 42 ◦C enhanced the higher
cooling rate in summer, and the same PCMs failed to achieve a higher cooling rate in winter. The
lowest temperature drop was noted for pre-monsoon and monsoon seasons due to the low irradiance.
On the other hand, the highest temperature drop of 16.33 ◦C is observed for pre-summer (March)
and 15.7 ◦C, and 17.14 ◦C for summer (April) as compared to PV-noPCM. The results of the present
investigation highlight the requirement for choosing the proper PCM melting temperature based on
optimal year-round performance. Further, it is recommended that a single PCM melting temperature
for cooling the PV modules year-round in tropical climates is inappropriate, and instead, a cascaded
structure with different PCM melting temperatures is recommended.
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1. Introduction

An increase in global energy demand widely increased fossil fuel consumption, re-
sulting in the depletion of the ozone layer and the rise of environmental pollution [1–3].
Several studies show that producing electrical energy using sustainable methods could
minimize human-made disasters and healthy lifestyles for future generations [4,5]. A solar
photovoltaic (PV) system plays a dominant role in the energy market; however, its internal
loss restricts the operation of the power plant [6,7]. Solar farms have undergone several
losses among the rise in the PV module operating temperature becomes a greater threat to
the power production and lifetime of the solar farm [8]. Reducing the temperature of the PV
module enhances the voltage profile resulting in higher power and efficiency attained [9].
In the past, sensible heat storage materials have been widely employed to remove the
excess heat from the PV module, specifically, water sprayed over the PV module’s glass
surface [10,11]. Considering the thermal load requirements for low and midsized com-
mercial applications, water channels are attached behind the PV module to utilize the hot
water [12,13]. In subtropical conditions, air flows in the front and back surface of the PV
module for room heating purposes [14], and depending on the application, working fluids
are alternatively changed and the excess heat is utilized for useful applications and also
to improve electrical power production [15]. The above-mentioned methods are mostly
operated by an active method because passive techniques using water and air are not effec-
tive due to the low specific heat capacity of the materials [16]. However, the active method
consumes external power sources, and adequate maintenance is required which makes the
entire system complex [17]. To overcome this issue, phase change material (PCM) is widely
used as an alternative to water- and air-based cooling techniques [18,19]. Comparatively,
PCM-specific heat capacity is lower than water; however, PCM dominates the cooling
operation as PCM stores the heat energy using latent heat of fusion (Hm) [20]. During the
solid and liquid state, the performance of PCM is lower than water and air; notably, during
the melting state PCM stores the heat energy in higher order (J/g) as compared to sensible
heat storage materials (J/g·K) [21,22].

In the past two decades, PCM gained popularity in storing heat energy and is often
called heat batteries [19,23]. Particularly for cooling the PV module, PCMs are attached
behind the PV module to remove the excess heat and it naturally dissipates the heat energy
to the surroundings [24,25]. PCM changes its phase during the charging and discharging
period, considering its phase-changing property. PCMs are often filled in a container to
avoid PCM leakage [26,27]. To avoid the complexity of PCM container fabrication, Jae-Han
Lim et al. [28] filled the solid PCM in a plastic bag and attached it with a PV module. During
the sunshine, PCM absorbs the heat energy from the PV module, but it is not effective
as compared to metal containers. The thermal conductivity of the plastic bag is less than
a metal-based PCM container, resulting in thermal resistance increased between the PV
module and PCM. Several studies reported that metal-based PCM containers increased
the heat transfer rate and enhanced the cooling rate in higher order [29,30]. Notably,
the decrease in thickness of PCM container material decreases the conduction resistance
between the PV module and PCM but low thickness PCM container material failed to
maintain the smooth surface. An uneven PCM container surface creates contact resistance
and reduces the heat transfer rate, resulting in lower cooling achieved. To avoid contact
resistance, PCMs are filled over the tedlar surface whereas the PCM gains heat energy
without using a secondary layer between the PV module and PCM [31]. This technique
improves the cooling rate; however, it is hard to enclose the sides and back surfaces of
the PCM. Secondly, due to low PCM thermal conductivity (0.2–0.3 W/m·K), there have
been struggles to store and discharge the heat energy in an efficient way, resulting in the
Hm of the PCM not being utilized effectively [32–34]. Velmurugan et al. developed a
composite PCM using expanded graphite (EG) to increase the thermal conductivity of the
PCM. Comparatively, prepared composite PCM enabled the cooling effect as compared
to pure PCM [35]. Further, several studies reported that thermal conductivity-enhanced
PCM exhibits higher cooling and faster discharging during the non-sunshine hours which
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favors resuming the cooling process for a consecutive day [36,37]. The above-mentioned
contact resistance and low thermal conductivity resistance are common in designing the
PCM as a cooling agent and it is necessary to consider them for effective cooling. Apart
from these issues, several researchers stated that PCM melting temperature is the major
concern in cooling the PV module [38]. As mentioned earlier, PCMs are latent heat storage
materials, and they store heat energy in the form of Hm which will be activated during
the PCM melting. If the selected PCM does not reach the melting temperature during
the effective sunshine hours, PCM is not capable of cooling the PV module effectively
and, under certain conditions, an inappropriate PCM melting temperature is adverse to
the PV module operations and increases the PV module operating temperature higher
than the unmodified or uncooled PV module [39]. Notably, the PV module operates in
the range of 60–80 ◦C under tropical conditions and the operating temperature of the PV
module is highly correlated with environmental factors such as solar irradiance, wind
speed, humidity, ambient temperature, atmospheric pressure, and other parameters [40,41].
All these parameters are unpredictable for annual PV module cooling; for example, selected
PCM can reduce the PV module operating temperature higher in summer, and in winter
it will not be effective due to the variation in the environmental factors that affect the
operation of the PCM as a cooling agent for the PV module [27,42]. Several studies suggest
performing the theoretical simulation to minimize the uncertainty in the experiment;
however, it is difficult to include all the above-mentioned environmental factors in the
simulation. Considering these complications, in this study, four different types of PCMs
are examined under tropical climatic conditions of Chidambaram, Tamil Nadu, India to
find the relationship of the PCM operation in cooling the PV module. All the PCMs are
examined under outdoor climatic conditions for twelve months to find the reliability of
PCM in cooling the PV module. Further, comparative studies are performed between the
summer, winter, and monsoon seasons for all four PCMs to recommend the suitable PCM
for large-scale solar farms.

2. Materials and Methods
2.1. Materials

In this study, four different melting temperature PCMs are purchased from Pluss
Advanced Technologies Pvt. Ltd., Haryana, India. Further, without undergoing any
chemical treatment, purchased commercial PCMs are utilized for cooling the PV module.
Thermophysical properties of the commercial PCMs are listed in Table 1 [43].

Table 1. Thermophysical properties of the commercial PCMs.

PCM OM31
(PCM1)

OM35
(PCM2)

OM37
(PCM3)

OM42
(PCM4)

Melting temperature (◦C) 32 35 37 42
Latent heat of fusion (J/k) 187 202 218 199

Thermal conductivity (W/m·K) 0.21 0.20 0.16 0.19

2.2. Experimental Setup

PV module cooling’s performed under real-time operating conditions at Chidambaram,
Tamil Nadu, India (11.39◦ N, 79.70◦ E). A total of five polycrystalline PV modules are
used in this study (Table 2); the first PV module is unmodified and considered a refer-
ence system, and the remaining four PV modules are integrated with a 5 cm thickness
(23 cm ×13.6 cm × 5 cm (L × W × H)) = 1.372 kg) of PCM1, PCM2, PCM3, and PCM4 re-
spectively as shown in Figure 1. Considering the phase-changing property of the PCM,
a 2 mm thickness of the aluminum sheet is used to fabricate the PCM container and 20%
of the PCM container volume is kept empty for PCM volume expansion. PCM-filled
containers are directly integrated behind the PV module back surface without using any
heat-conductive materials. The reason behind the direct integration of the PCM container
is to avoid resistance in heat transfer and the surface of the PCM container contains high
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thermal conductivity (247 W/m·K) which helps to transfer the heat from the PV module
to the PCM in a faster way. To make the comparative study, five PV modules (with and
without PCM containers) were examined simultaneously. During the experimentation
period, PV module operating temperatures are measured using K-type thermocouples
at an interval of 15 min. Considering the examined 5 Wp polycrystalline PV module
surface area, a single K-type thermocouple is placed at the center part of each PV module’s
front surface considering the hottest area [27]. Following that, the ambient temperature
is measured using the sixth K-type thermocouple at the experimental site. Table 3 shows
the experimental device measurement range and accuracy and the corresponding voltage
and current profiles are recorded to calculate the maximum power, performance ratio (PR),
efficiency (η), and capacity utilization factor using Equations (1)–(4), respectively.

Table 2. PV module specification.

Specification Range

Rated power (Pmax ) 5 W
Open circuit voltage (Voc ) 22.3 V
Short circuit current (Isc ) 0.3 A
Electrical efficiency (ηelc ) 11.5%

Voltage at Pmax
(
vvmp ) 17.8 V

Current at Pmax
(

Imp ) 0.28 A
Temperature co-efficient (β) −0.45%/◦C

Dimension (L × W) 30 cm × 20 cm

Energies 2023, 16, x FOR PEER REVIEW 4 of 19 
 

 

are directly integrated behind the PV module back surface without using any heat-con-
ductive materials. The reason behind the direct integration of the PCM container is to 
avoid resistance in heat transfer and the surface of the PCM container contains high ther-
mal conductivity (247 W/m·K) which helps to transfer the heat from the PV module to the 
PCM in a faster way. To make the comparative study, five PV modules (with and without 
PCM containers) were examined simultaneously. During the experimentation period, PV 
module operating temperatures are measured using K-type thermocouples at an interval 
of 15 min. Considering the examined 5 Wp polycrystalline PV module surface area, a sin-
gle K-type thermocouple is placed at the center part of each PV module’s front surface 
considering the hottest area [27]. Following that, the ambient temperature is measured 
using the sixth K-type thermocouple at the experimental site. Table 3 shows the experi-
mental device measurement range and accuracy and the corresponding voltage and cur-
rent profiles are recorded to calculate the maximum power, performance ratio (PR), effi-
ciency (η), and capacity utilization factor using Equations (1)–(4), respectively. 

 
Figure 1. Schematic view of an experimental setup. 

Table 2. PV module specification. 

Specification Range 
Rated power (𝑃௠௔௫) 5 W 

Open circuit voltage (𝑉௢௖) 22.3 V 
Short circuit current (𝐼௦௖) 0.3 A 
Electrical efficiency (𝜂௘௟௖) 11.5% 

Voltage at 𝑃௠௔௫ (𝑣௩௠௣) 17.8 V 
Current at 𝑃௠௔௫ (𝐼௠௣) 0.28 A 

Temperature co-efficient (β) −0.45%/°C 
Dimension (L × W)  30 cm × 20 cm 

Table 3. Measuring device range and accuracy. 

Device Name Range Accuracy 
K-type thermocouple −270 to 1370 °C ±0.30% 

Multimeter 200 mV to 1000 V, 200 µA to 10 A ±1.3% 
Pyranometer 0 to 1600 W/m2 ±0.25% 

Temperature indicator −50 to 400 °C ±1.1% 

Figure 1. Schematic view of an experimental setup.

Table 3. Measuring device range and accuracy.

Device Name Range Accuracy

K-type thermocouple −270 to 1370 ◦C ±0.30%
Multimeter 200 mV to 1000 V, 200 µA to 10 A ±1.3%

Pyranometer 0 to 1600 W/m2 ±0.25%
Temperature indicator −50 to 400 ◦C ±1.1%
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A solar cell is a current generator, an increase in solar irradiance generates a higher
current than voltage; however, the product of maximum current with the voltage produces
the maximum power.

Maximum power = maximum voltage × maximum current (1)

The performance ratio is generally used in large-scale solar farms to evaluate the
long-term performance of the system.

PR =
PV power generation

Installed capacity × Solar irradiance
1000

× 100 (2)

The efficiency of the solar PV modules is widely calculated to find the output of the
system following the received input as solar irradiance.

Efficiency (η) = ηelc

(
1 − β

(
TPV − Tre f

))
(3)

where η obtained efficiency under real-time operating conditions, ηelc is the manufacturer-
rated efficiency under STC, β is the temperature coefficient, TPV is the real-time PV module
operating temperature, and Tref is the PV module operating temperature at STC.

The capacity utilization factor is mainly used to evaluate the annual performance of
the solar PV system.

CUF =
Annual energy

Day × 24 h × installed capacity
× 100 (4)

3. Results
3.1. PV Module Thermal Profile Using PCMs
3.1.1. Pre-Summer

Cooling the PV module over the raise in the PV module operating temperature will
improve the voltage and current production. It is noted that during the summer, the PV
module temperature rises abruptly; however, under tropical locations, a non-summer
period also requires the cooling system to obtain a higher efficiency and performance
ratio. During March, the experimental location’s ambient temperature started raising
higher than 30 ◦C at the experimentation starting period and reached the peak ambient
temperature of 33.91 ◦C. The rise in ambient temperature is highly correlated with the
rise in PV module temperature as compared to solar irradiance and other environmental
factors [18]. Figure 2 shows the overall performance of the PV module operations using four
different PCM melting temperatures. Owing to the effective solar irradiance, the ambient
temperature rose higher than in winter, resulting in the PV module operating temperature
reaching a peak of 66.17 ◦C. At the starting period of experimentation, the PV-noPCM
operating temperature was sustained at 45 ◦C and the corresponding PCM1-, PCM2-,
PCM3-, and PCM4-assisted PV module operating temperatures were maintained at 34.1 ◦C,
35.8 ◦C, 36.4 ◦C, and 39.1 ◦C, respectively. Notably, PCM1 maintained a lower operating
temperature than other PCMs and PCM4 maintained a higher operating temperature;
however, it is lower than PV-noPCM. Considering the low melting temperature of PCM1,
the early period of the experiment enhanced effective cooling and PV-PCM4 exhibits
lower cooling due to the high melting temperature. A further increase in solar irradiance
delivers higher PV module operating temperatures; during 09:30, PV-noPCM temperature
reached 57.46 ◦C and, notably, PV-PCM1, PV-PCM2, PV-PCM3, and PV-PCM4 operating
temperatures reached 48.52 ◦C, 47.02 ◦C, 44.34 ◦C, and 45.01 ◦C, respectively. The PV-
PCM1 cooling effect started declining due to the liquefaction of PCM at an early stage of
experimentation. It is found that lower PCM melting temperatures are not suitable for
non-winter conditions. Further, throughout the experimentation period, PCM1-assisted
PV module operating temperature is higher than other PCMs and, beneficially, it is noted
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that PCM4 maintained a maximum of 16.34 ◦C lower than PV-noPCM which is the highest
cooling rate as compared to other PCMs. However, a similar operation was achieved for
PCM3 following PCM4. It is concluded that for pre-summer climatic conditions, PCM4
and PCM3 are suitable for cooling the excess rise in the PV module temperature.
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3.1.2. Summer

Figure 3 shows the meteorological and PV module thermal profiles under summer
climatic conditions. For the experimental location, April and May are considered summer
periods owing to the higher ambient temperature of 34.39 ◦C and 33.57 ◦C, as shown
in Figure 3a,b, respectively. April average solar irradiance shows that the experimental
location is rich in solar energy with a peak of 910 W/m2 resulting in higher PV module
operating temperature attained due to high ambient temperature. Following pre-summer,
the performance of the PCMs integration with PV module shows a similar trend owing to
the high solar irradiance. Such as in the early period of the experimentation, PCM1 cooled
the PV module in higher order, the further rising solar irradiance directly increased the PV
module operating temperature, and the cooling effect decreased for PCM1-integrated PV
module due to low melting temperature. At 09:00, PCM4 started cooling the PV module
temperature higher than other PCMs, and following that, throughout the experimentation
period, PCM4 enhanced the cooling effect in higher-order; however, PCM3 exhibits a
similar performance to PCM4. During the effective sunshine hours, PV-noPCM, PV-PCM1,
PV-PCM2, PV-PCM3 and PV-PCM4 maintained the operating temperature of 71.12 ◦C,
62.89 ◦C, 58.90 ◦C, 56.47 ◦C and 54.11 ◦C, respectively. Notably, the period during May
shows a peak irradiance of 882.95 W/m2, and the corresponding PV module performances
are similar to that of April. PCM delivers the cooling effect throughout the experimentation
period with a peak cooling of 4.3 ◦C, 8.84 ◦C, 11.36 ◦C, and 13.48 ◦C for PV-PCM1, PV-PCM2,
PV-PCM3, and PV-PCM4, respectively.
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3.1.3. Post-Summer

For the experimental location, June and July are considered post-summer and the
PCM operations under post-summer are shown in Figure 4a,b, respectively. The monthly
average for June shows the peak solar irradiance of 823.02 W/m2 due to the season change.
Following pre-summer and summer, in this case, PCM1 gained a higher cooling effect;
however, the cooling effect failed for a longer period. Notably, PV-noPCM reached the
peak operating temperature of 62.07 ◦C which is lower than in summer, resulting in PCM3
delivering a higher cooling rate than PCM4. It is found that PCM melting temperature
plays a vital role in removing the heat from the PV module. From 11:00, PCM3 exhibits
a higher cooling rate of ca. 2 ◦C as compared to PCM4 until the end of experimentation.
PCM1 and PCM2 integrated PV module operating temperatures followed a similar pattern
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of pre-summer and summer. The reason behind this lower cooling rate for PCM1 and
PCM2 is due to high ambient temperature. An increase in ambient temperature influenced
the creation of the resistance in the PCM discharging process as the ambient temperature
is higher than the PCM melting temperature. Comparatively, July’s monthly average PV
module with and without PCM operations are similar to June’s, as it is also considered
post-summer. The peak PV module operating temperature without PCM reached 62.07 ◦C
and the corresponding PCM1, PCM2, PCM3, and PCM4 integrated PV module operating
temperatures were reduced by 7.51 ◦C, 8.87 ◦C, 13.08 ◦C, and 11.09 ◦C, respectively.
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3.1.4. Pre-Monsoon and Monsoon

The experiment is performed in a coastal area and August and September are con-
sidered pre-monsoon with a periodic rainy day. However, the peak solar irradiance of
August and September reached 770.65 W/m2 and 784.61 W/m2, as shown in Figure 5a,b,
and the corresponding PV-noPCM operating temperature reached 61.09 ◦C and 61.21 ◦C,
respectively. Following post-summer, PCM3 improved the heat transfer rate between the
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PV module and PCM in pre-monsoon because the ambient temperature is low, which favors
increasing the heat dissipation between PCM and surroundings. During August, PCM2
increased the cooling rate following PCM3 as compared to PCM1 and PCM4. However,
in September, solar irradiance and ambient temperature are lower than in August which
makes PCM2 cool the PV module operating temperature in higher order. October and
November are considered a typical and clear monsoon period with a peak solar irradiance
of 775.14 W/m2 and 712.97 W/m2, respectively, as shown in Figure 5c,d, respectively.
During November, PCM2 and PCM1 integrated PV modules enhanced the cooling effect
greatly as compared to PCM4. Notably, PV-noPCM operating temperature reached 52.08 ◦C
and the corresponding PCM1, PCM2, PCM3, and PCM4 installed PV modules sustained at
the temperature of 40.03 ◦C, 40.35 ◦C, 41.71 ◦C, and 43.35 ◦C, respectively.
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3.1.5. Winter and Post-Winter

Following the monsoon, the season turns to winter as the experimental location is
above the equatorial belt and it does not snow during the winter. In this case, December
and January are considered typical winter seasons for Chidambaram, Tamil Nadu, India.
Notably, December and January’s ambient temperature is much lower than in other months.
A clear sky with lower ambient temperature maintained the lower PV module operating
temperature as compared to summer. A selective day’s peak solar irradiance in December
and January reached 773.97 W/m2 and 775.14 W/m2, as shown in Figures 6a and 6b,
respectively. Comparatively, solar irradiances are higher than in the pre-monsoon and
monsoon periods, but the PV module operating temperatures are lower owing to the
low ambient temperature. Notably, during January ambient temperatures are moderately
higher than in December and the corresponding average PV module temperatures for
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no-PCM, PCM1, PCM2, PCM3, and PCM4 are maintained at 50.02 ◦C, 42.93 ◦C, 42.04 ◦C,
43.64 ◦C, and 44.37 ◦C, respectively. Due to a lower PV module operating temperature,
PCM4 and PCM3 failed to remove the higher amount of heat from the PV module; however,
it carries out the cooling effect at a minor rate as compared to PCM1 and PCM2. For the
experimental location, February is considered post-winter and the ambient temperature
lies around 29–31 ◦C, as shown in Figure 6c. Notably, the post-winter period performs
similarly to winter and the peak PV module operating temperature cooled to 47.01 ◦C,
46.49 ◦C, 48.05 ◦C, and 48.54 for PCM1, PCM2, PCM3, and PCM4, respectively.
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3.1.6. Discussion of PCM Influence in Cooling the PV Module

Overall, it is found that the PCMs are the predominant cooling agent for tropical
climatic conditions; however, several operational complications are raised during the year-
round performance. Table 4 shows the summarized year-round thermal performance of
the PV-noPCM and PV-PCM along with the solar irradiance and ambient temperature.
Notably, during the summer, PCM4 and PCM3 enhanced the heat transfer between the PV
module and PCM because the higher melting temperature of the PCM favors removing
the higher heat from the PV module and vice versa discharges the stored heat energy to
the surroundings. The reason behind the failure of PCM1 and PCM2 during the summer
is that PCM was able to remove the heat energy from the PV module in the early period
of the sunshine, but failed to dissipate the stored heat energy to the surroundings due to
the lower melting temperature of the PCM. This results in PCM1 and PCM2 turning to
liquid in the early period of experimentation and the PV module cooling effects are less
than PCM3 and PCM4. To eliminate this operational complication with PCM1 and PCM2
during the summer, the thickness/quantity of the PCM container must be increased to
maintain the PCM at a latent heat state; however, it could add economic complexity.

Table 4. Year-round PV module thermal profile and meteorological data.

PV-noPCM
(◦C)

PV-PCM1
(◦C)

PV-PCM2
(◦C)

PV-PCM3
(◦C)

PV-PCM4
(◦C)

Ambient
(◦C)

Solar Irradiance
(W/m2)

March (Pre-summer)
Average 57.74 51.91 49.59 46.61 46.33 32.80 635.78

Peak 66.17 57.31 54.07 50.58 49.83 33.91 815.51

April (Summer)
Average 63.29 57.85 54.44 52.88 51.07 32.98 723.86

Peak 71.12 62.89 58.90 56.47 54.11 34.39 914.72
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Table 4. Cont.

PV-noPCM
(◦C)

PV-PCM1
(◦C)

PV-PCM2
(◦C)

PV-PCM3
(◦C)

PV-PCM4
(◦C)

Ambient
(◦C)

Solar Irradiance
(W/m2)

May (Summer)
Average 61.06 59.00 55.10 53.46 51.89 32.55 690.83

Peak 68.45 64.15 59.61 57.09 54.97 33.57 882.95

June (Post-summer)
Average 54.34 50.32 49.12 46.12 48.36 32.45 604.05

Peak 62.07 54.56 53.20 48.99 50.98 33.71 773.97

July (Post-summer)
Average 54.71 52.18 49.55 45.90 47.48 32.27 635.35

Peak 62.07 56.39 52.96 48.64 50.27 33.48 823.02

August (Pre-monsoon)
Average 53.22 49.29 48.11 45.20 47.39 31.80 592.18

Peak 61.09 53.67 52.33 48.33 50.04 33.09 770.65

September (Pre-monsoon)
Average 53.57 47.82 47.47 48.75 49.09 30.50 591.77

Peak 61.21 52.65 52.07 54.29 54.85 31.37 784.61

October (Monsoon)
Average 47.86 40.89 41.37 41.86 41.54 30.11 577.83

Peak 53.45 44.07 44.16 44.84 43.54 30.87 775.14

November (Monsoon)
Average 46.46 37.49 38.28 39.12 40.61 29.10 545.98

Peak 52.08 40.03 40.35 41.71 43.35 29.81 712.97

December (Winter)
Average 49.53 40.74 42.02 42.62 44.13 27.58 604.05

Peak 56.29 42.80 44.77 46.29 48.37 28.65 773.97

January (Winter)
Average 50.02 42.93 42.04 43.64 44.37 28.30 577.83

Peak 57.66 47.52 45.87 48.56 49.60 29.30 775.14

February (Post-winter)
Average 53.57 42.59 42.36 43.14 43.44 30.50 591.77

Peak 61.21 47.01 46.49 48.05 48.54 31.37 784.65

3.2. PV Module Electrical Profile

PV module electrical profiles are indirectly proportional to their operating temperature.
It is well known that an increase in solar irradiance can produce a higher current as a solar
cell is a current generator; however, an increase in irradiance directly increases the PV
module operating temperature resulting in voltage drops and it affects the power profile.
Figure 7 shows the monthly average power production of PV-noPCM, PV-PCM1, PV-PCM2,
PV-PCM3, and PV-PCM4. It is found that summer yields higher power production for
PCM4 and PCM3 and during winter, PCM1 and PCM2 attained higher power production.

Table 5 shows the average and peak annual profile for power, performance ratio (PR),
efficiency, and the corresponding capacity utilization factor. Notably, the electrical profile
of the PV-noPCM, PV-PCM1, PV-PCM2, PV-PCM3, and PV-PCM4 follows a similar trend
of thermal profile. An appropriate PCM melting temperature enhanced the higher power
extraction; for example, during January, PV-PCM2 produced the higher average power
and peak power, PR, η, and CUF, as compared to other PV-PCMs and PV-noPCM. Notably,
during March and April, PV-PCM3 and PV-PCM4 performances are more effective than
PV-PCM2 due to the PCM melting at an early stage. PCM operations are mainly related
to the environmental conditions at the experimental site, such as an increase in ambient
temperature makes PCM1 and PCM 2 not suitable for summer and pre-monsoon conditions.
As mentioned earlier, stored heat energy from the PCM container failed to dissipate the



Energies 2023, 16, 4049 14 of 18

higher amount of heat energy to the surroundings. Following those other months, a
significant difference in the electrical profile is noted, which shows that the PCM melting
temperature plays a significant role in enhancing the PV module performance. Overall, it is
found that higher power production is achieved for April, but higher efficiency and PR are
achieved for winter due to a higher PV module operating temperature. However, the CUF
follows the PV module power production resulting in a higher CUF recorded for April.
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Table 5. Electrical profile of PV-noPCM, PV-PCM1, PV-PCM2, PV-PCM3, and PV-PCM4.

Average
Power (W)

Peak
Power (W)

Average
PR (%)

Peak
PR (%)

Average
η (%)

Peak
η (%) CUF

January (Winter)
PV-noPCM 2.53 3.30 88.46 94.14 12.80 13.19 16.89
PV-PCM1 2.63 3.47 91.64 94.55 12.43 12.67 17.56
PV-PCM2 2.65 3.50 92.04 95.06 12.38 12.58 17.66
PV-PCM3 2.62 3.45 91.32 94.73 12.46 12.72 17.49
PV-PCM4 2.61 3.44 90.99 94.85 12.50 12.67 17.42

February (Post-winter)
PV-noPCM 2.55 3.28 86.86 92.75 12.98 13.37 16.97
PV-PCM1 2.70 3.53 91.79 95.22 12.41 12.64 18.03
PV-PCM2 2.71 3.54 91.89 95.38 12.40 12.61 18.06
PV-PCM3 2.70 3.51 91.54 94.89 12.44 12.69 17.97
PV-PCM4 2.69 3.50 91.41 94.87 12.45 12.64 17.93

March (Pre-summer)
PV-noPCM 2.68 3.32 85.00 91.20 13.19 13.63 17.85
PV-PCM1 2.78 3.47 87.61 95.52 12.89 13.17 18.51
PV-PCM2 2.81 3.53 88.65 94.63 12.77 13.00 18.73
PV-PCM3 2.85 3.60 89.99 94.86 12.62 12.82 19.02
PV-PCM4 2.86 3.61 90.11 93.25 12.60 13.17 19.05
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Table 5. Cont.

Average
Power (W)

Peak
Power (W)

Average
PR (%)

Peak
PR (%)

Average
η (%)

Peak
η (%) CUF

April (Summer)
PV-noPCM 2.96 3.63 82.51 88.50 13.48 13.89 19.75
PV-PCM1 3.07 3.80 84.95 92.69 13.20 13.46 20.44
PV-PCM2 3.12 3.88 86.47 92.57 13.02 13.25 20.82
PV-PCM3 3.15 3.93 87.18 91.37 12.94 13.13 21.00
PV-PCM4 3.18 3.98 87.99 91.01 12.85 13.46 21.20

May (Summer)
PV-noPCM 2.87 3.57 83.51 89.74 13.37 13.75 19.10
PV-PCM1 2.91 3.65 84.43 92.32 13.26 13.53 19.39
PV-PCM2 2.97 3.74 86.18 92.35 13.06 13.29 19.81
PV-PCM3 3.00 3.79 86.91 91.15 12.97 13.16 19.98
PV-PCM4 3.02 3.83 87.62 90.69 12.89 13.53 20.15

June (Post-summer)
PV-noPCM 2.59 3.22 86.52 91.87 13.02 13.42 17.29
PV-PCM1 2.66 3.35 88.32 94.18 12.81 13.03 17.73
PV-PCM2 2.68 3.37 88.86 94.30 12.75 12.96 17.84
PV-PCM3 2.72 3.45 90.21 93.55 12.59 12.74 18.13
PV-PCM4 2.69 3.41 89.20 92.10 12.71 13.03 17.92

July (Post-summer)
PV-noPCM 2.72 3.42 86.35 93.13 13.04 13.42 18.12
PV-PCM1 2.77 3.54 87.49 93.89 12.91 13.12 18.48
PV-PCM2 2.81 3.60 88.67 93.20 12.77 12.95 18.73
PV-PCM3 2.86 3.69 90.30 93.85 12.58 12.72 19.10
PV-PCM4 2.84 3.64 89.60 93.10 12.66 13.12 18.93

August (Pre-monsoon)
PV-noPCM 2.56 3.22 87.02 91.91 12.96 13.37 17.05
PV-PCM1 2.62 3.35 88.78 94.24 12.76 12.98 17.47
PV-PCM2 2.64 3.37 89.31 94.00 12.70 12.91 17.58
PV-PCM3 2.68 3.44 90.62 93.70 12.55 12.71 17.85
PV-PCM4 2.65 3.41 89.64 92.34 12.66 12.98 17.66

September (Pre-monsoon)
PV-noPCM 2.55 3.28 86.86 92.75 12.98 13.37 16.97
PV-PCM1 2.63 3.43 89.44 93.48 12.68 12.93 17.56
PV-PCM2 2.64 3.44 89.60 93.38 12.66 12.90 17.60
PV-PCM3 2.62 3.40 89.03 92.81 12.73 13.02 17.46
PV-PCM4 2.61 3.39 88.88 92.78 12.75 12.93 17.42

October (Monsoon)
PV-noPCM 2.57 3.37 89.43 94.28 12.68 12.97 17.11
PV-PCM1 2.67 3.56 92.55 96.39 12.32 12.49 17.83
PV-PCM2 2.67 3.54 92.34 96.14 12.35 12.49 17.77
PV-PCM3 2.66 3.52 92.12 95.74 12.37 12.53 17.72
PV-PCM4 2.66 3.54 92.26 95.17 12.36 12.49 17.75

November (Monsoon)
PV-noPCM 2.44 3.13 90.05 94.54 12.61 12.90 16.29
PV-PCM1 2.57 3.32 94.08 98.31 12.15 12.28 17.10
PV-PCM2 2.55 3.31 93.72 96.45 12.19 12.29 17.03
PV-PCM3 2.55 3.32 93.34 96.93 12.23 12.36 16.99
PV-PCM4 2.53 3.28 92.68 96.41 12.31 12.28 16.85

December (Winter)
PV-noPCM 2.66 3.31 88.68 94.53 12.77 13.12 17.73
PV-PCM1 2.79 3.55 92.62 95.34 12.31 12.42 18.62
PV-PCM2 2.77 3.52 92.05 94.64 12.38 12.52 18.49
PV-PCM3 2.76 3.49 91.78 95.05 12.41 12.60 18.42
PV-PCM4 2.74 3.45 91.10 94.33 12.49 12.42 18.26
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4. Conclusions

The PCM-assisted PV module cooling technique was demonstrated to find the suitable
PCM melting temperature for annual performance enhancement. It was found that PCM
melting temperature plays a crucial role in removing the heat from the PV module, as well
as in dissipating the heat from the PCM container to the surroundings. During summer,
the highest cooling was achieved for April with a difference of 17.14 ◦C with the help of
PCM4. Comparatively, the same PCM4 failed to achieve a higher cooling effect in winter
due to inappropriate PCM melting. Overall, a lower cooling rate is achieved for winter
and monsoon seasons because lower ambient temperature favors cooling the PV module
naturally. However, the PR and efficiency of the PV modules are higher in the winter and
monsoon periods owing to the low operating temperature. Further, it is concluded that
suggesting a single melting temperature of PCM for cooling the PV module is not appropri-
ate year-round under tropical climatic conditions. It is recommended to incorporate dual
PCM containers, such as a cascaded structure, for year-round PV module cooling.
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