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Abstract: Photovoltaic-thermal (PVT) applications have been widely studied in recent
years, though commercialisation has become critical due to their operational characteris-
tics and size. In this study, a portable PVT system was developed for mobilisation with
assistance from an organic phase-change material (PCM). Two different PCM compos-
ites were developed using the PCM with charcoal (PCM + C) and charcoal and metal
flakes (PCM + C + M). Considering the portability of the PVT system, conventional metal-
container-based PCM storage units were avoided, and the shape-stabilised PCMs (SS-PCMs)
were fitted directly on the back surface of the PV module. Further, a serpentine copper
tube was placed on the SS-PCMs to extract heat energy for hot water applications. It was
found that PVpcwmycom exhibited a higher cooling rate, with peak reductions of 24.82 °C
and 4.19 °C compared to the PV,o,pcm and PVpewmic, respectively. However, PVpcnc
exhibited a higher outlet water temperature difference of 11.62 °C. Secondly, an increase
of more than 0.2 litres per minute showed a declining trend in cooling in the PV module.
Considering the primary concern of electrical power generation, it was concluded that
PVpcmecsM is suitable for PVT mobilisation applications, owing to it having shown the
highest thermal cooling per 190 g of PCM and a 1-Watt (TCPW) cooling effect of 2.482 °C.
In comparison, PVpcpm.c achieved a TCPW cooling effect of 1.399 °C.

Keywords: hybrid application; shape-stabilised PCM; metal flakes; efficiency enhancement
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1. Introduction

In modernised society, energy consumption has become vital, and most conventional
energy generators rely on fossil fuels. Environmental pollution is mainly attributed to the
vast usage of fossil fuels, resulting in major cities in Thailand, like Bangkok and Chiang
Mai, facing high levels of PM, 5, which complicates the routine life of infants and older
people [1,2]. The Ministry of Energy in Thailand and the Electricity Generating Authority of
Thailand (EGAT) encourage renewable energy systems to reduce environmental pollution
and fossil fuel consumption. Thailand, a tropical country with more than 300 days of
effective sunshine yearly, can favour solar-based energy generation [3,4]. Most renewable
energy systems generate electrical or thermal power, but only in solar energy systems can
both electrical and thermal power be obtained separately and in combination [5,6]. In this
study, photovoltaic-thermal (PVT) applications are reviewed as eco-friendly, cost-effective
solutions for electrical and thermal power requirements. A solar photovoltaic system
converts photons into electrical energy by the photovoltaic effect. During the electrical
energy conversion process, 18-25% of fallen sunlight is typically converted into electrical
energy, and the rest is absorbed as heat energy. The accumulation of heat energy in the
PV module causes a voltage drop, which reduces overall power production. Secondly,
operating the PV module under thermal stress could lead to material degradation over a
long time. Removing the heat energy from the PV module increases the module’s efficiency,
and utilising the excess heat for thermal applications minimises the conventional thermal
load [7-9].

Recovering the waste heat from PV module surfaces has been widely performed in the
last several decades using thermal collectors attached to PV modules’ rear surfaces [10,11].
Integrating the heat tubes directly on a PV module’s Tedlar surface can break the structure
of the PV module, and heat recovery cannot be effective due to the low thermal conductivity
of the Tedlar surface [12]. High-thermal-conductivity metals are placed between the PV
module and the heat tubes for improved heat recovery, and the heat pipes can easily
absorb the heat energy from the PV module [13,14]. A constant water flow inside the
heat tubes can remove the heat and deliver hot water; PV modules are cooled during this
process [15,16]. Though the thermal collectors remove the higher heat energy, they fail
to achieve a higher cooling effect for the PV module due to uneven heat transfer. With
the advancement of PVT collectors, phase-change materials (PCMs) have been used to
improve heat transfer and stabilise the cooling and heating effects of PV modules and water,
respectively [17,18]. Elsheniti et al. developed a PCM-assisted PVT thermal collector and
experimented with desert climatic conditions. PCM blocks were attached to a heat pipe
for distributed and stabilised heat transfer. To maintain the water pressure within the heat
pipe, the inlet and outlets were positioned on the header side of the PV module. The six-day
experimental study revealed that the cooling effects were high during the peak sunshine
hours; beneficially, the developed cooling system achieved a 3.2 °C PV-module temperature
(Tpy) reduction on average. This decrease in Tpy greatly enhanced the electrical, thermal,
and combined efficiency to 10.34%, 71.16%, and 81.5%, respectively [19]. Though the PCM
is an excellent thermal energy storage material, it removes the heat from the PV module
during the PCM melting state, as it initiates the latent heat property. If the PCM fails to
reach its latent heat property in an effective sunshine period, the cooling effect can be
adverse to the unmodified PV module or lower, and no cooling effect can be achieved.
Several studies have reported that the primary issue in cooling a PV module using PCM is
finding an appropriate melting temperature [20-22].

Elarga et al. examined three locations using RT42 (Venice, Italy, and Helsinki, Finland)
and RT55 (Abu Dhabi, United Arab Emirates). Considering the weather patterns of Venice
and Helsinki, low melting temperatures were chosen compared to Abu Dhabi. In Venice, a
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peak Tpy reduction of 10 °C was achieved. The same PCM operated differently in Helsinki
due to strong irradiance in summer, causing a higher Tpy for the conventional systems
and elevated air circulation in the PV module’s front and the PCM’s back surface cavity,
which favoured a cooling maximum of 20 °C. Under high ambient temperatures, RT55
is regulated at a maximum of 17 °C. The required melting temperature for the selected
location had to be obtained to regulate the PV module’s operating temperature [23]. The
operation of a PCM in cooling a PV module differs between passive and active methods.
For passive methods, if the melting temperature is higher/lower than the required range,
ineffective cooling will be achieved. Comparatively, active methods can effectively cool
the PV module using slightly lower melting temperatures, as the active fluid flow allows
the PCM to operate under a mushy state for longer. However, selecting a higher melting
temperature will face similar issues to passive methods.

The second major concern about PVT-PCM was the low thermal conductivity prop-
erty, which restricted heat extraction from the PV module and from the PCM to the heat
pipe [24,25]. Integrating thermal fins inside the PCM container was a complex design. To
overcome this issue, PCM with a finned container was split into 20 segments, where it could
be easily installed and had a maintenance-free system design. Under real-time operating
conditions in Colombia, an RT35 commercial PCM reduced the PV module temperature
(Tpy) by a maximum of 17 °C during the peak sunshine hours. The average electrical
efficiencies of the unmodified PV and PVT-PCM attained 13.12% and 14.14%, respectively,
while the thermal and hybrid efficiencies of the PVT-PCM were 17.33% and 31.35%, re-
spectively [26]. Bassam et al. developed a micro fin tube-assisted thermal collector and a
silicon carbide-based nano-PCM. The study was performed in controlled environmental
conditions with 600 W/m?, 800 W/m?2, and 1000 W/m?Z; the inlet water temperature was
maintained at 18 °C with a different flow rate ranging from 0.5 to 2.5 L/min (LPM). Under
steady-state conditions, the nano-PCM with a micro-finned tube and water as the working
fluid reduced the Tpy by a maximum of 41.6 °C. Within the same environmental conditions,
nanofluid as a working fluid enhanced the cooling effect by 3.2 °C compared to water as
the working fluid [27]. Apart from the composite PCM, paraffin wax with a melting tem-
perature of 57 °C enhanced higher cooling with the help of thermal conductivity-enhanced
heat transfer fluid (HTF). A multi-wall carbon nanotube (MWCNT) with 0.2% water as a
HTF attained higher PV module cooling of 12.18 °C, whereas 50% ethylene glycol with
water attained lower Tpy reduction than pure water [28].

It is well known that PCM undergoes phase during the charging and discharging
of thermal energy. Conventionally, filling PCM in a container can lead to high pressure
during the liquid phase, resulting in leakage. To prevent liquid PCM leakage, Emam
et al. encapsulated RT35 commercial PCM into copper spherical balls, using 22 units, and
placed them on the back surface of the PV module. A constant water flow rate of 2 LPM
was maintained through the PCM sphere balls in the thermal energy storage chamber
to cool both the PV module and the PCM balls. A year-round PV module cooling study
revealed that the highest and lowest cooling effects were observed in July and November,
with average temperature differences of 4.14 °C and 1.86 °C, respectively. However, a
higher electrical efficiency of 16% was achieved in June due to the early summer period,
characterised by elevated ambient temperatures and clear sunshine. In terms of thermal
efficiency, the summer months of June, July, and August achieved values of 46%, 53%,
and 46%, respectively, which were higher than those of other months [29]. Almeshaal and
Altohany developed a PCM container using two different materials. The top surface of the
PCM container was fabricated from a copper sheet, while the remaining sides were made
of acrylic glass. RT35 commercial PCM was encapsulated within copper spheres, each with
a diameter of 50 mm and a wall thickness of 2 mm. The encapsulated PCM spheres were
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placed inside the PCM container in physical contact with the copper sheet, while water
or CuO-based heat transfer fluid (HTF) flowed through the PCM container between the
20 PCM spheres. A water flow rate of 0.5 LPM significantly enhanced cooling, reducing
the Tpy by up to 6.18 °C. Notably, increasing the water flow rate to 1 LPM and 1.5 LPM
resulted in additional cooling of 0.42 °C and 1.32 °C, respectively, compared to the 0.5 LPM
flow rate. Furthermore, flow rates of 1 LPM and 1.5 LPM were used to analyse different
ratios of CuO in the HTF. Increasing the CuO ratio reduced the cooling effect from 10.2 °C
to 9.2 °C; however, the CuO-based HTF still provided greater cooling compared to pure
water [16].

The above literature and Table 1 demonstrate that PCM is an excellent thermal energy
storage material, offering a sharp charging point at a desired temperature and a high latent
heat of fusion. However, integrating PCM with PVT collectors encounters several opera-
tional challenges, primarily low thermal conductivity and liquid PCM leakage. Beyond
these operational characteristics, PVT-PCM systems have failed to achieve commercial
viability due to their bulk nature, fabrication complexity, and high cost. To address these
challenges, this study incorporates locally available charcoal composited with lauric acid
(LA) to prevent liquid PCM leakage. Additionally, aluminium metal flakes are added to
enhance the thermal conductivity of the shape-stabilised PCM. The shape-stabilised and
thermal conductivity-enhanced PCMs are directly applied to the Tedlar surface, eliminating
the need for a bulky structure. To achieve a compact and portable PVT-PCM system, a
1.5 cm thick layer of PCM is utilised, fitting seamlessly within the frame of the PV module
structure and incorporating a heat pipe inside the PCM.

Table 1. Recent literature on PVI-PCM technical parameters.

. PCM
Location (1;\‘;) PCM Fluid Type Tu(bn? nSI;ze ,;ub: HTIE:;OW Container Reference
yp (kg/Thickness)
Water,
Paraffin MWCNT,
Iran 80 wax = 57-60 °C ethylene 8 Cu 30-50 LPH 2kg [28]
glycol
. Paraffin 500-750
China - wax = 32.42 °C Water 10 Cu LPH - [30]
Colombia 310 RT35 Water 10 Cu 36 LPH 112'(;5:;5/ [26]
. Paraffin
China 40 wax = 46, 2.5 cm Water 10 Cu 20-60 LPH 2kg [31]
Paraffin
Iran 40 wax = 46 °C Water 10 Cu 30 LPH 2kg [32]
India - noPCM Water 6.25 Cu 36 LPH [33]
China 17 TH-SL35 =37 °C Water 5.5 Cu 102 LPH 12.6 kg [34]
China 135 PCM =15°C Water 10 Cu - 2.6 cm [35]
China Capric
(Indoor) 100 acid = 301 °C Water 8 Cu 150 LPH 5.27 cm [36]
. 47-112
India 100 RT 30 Water 12.7 Cu LPH 65 kg [37]
India 100 OM42 Water 8 Cu 29.8 LPH 3.68 cm [38]
Egypt 10 RT35 Water 6.35 Cu 48-96 LPH 8 kg [39]
Paraffin
Poland 10 wax = 4244 °C Water - - 32-80 LPH 2-4 cm [40]
France 110 OM 37 Water - Cu 144 50 kg [41]
Turkey 40 RT55 Water 7 Cu 60 LPH 2kg [42]
. 0.2,0.4,0.6, Present
Thailand 10 LA Water 6 Cu 0.8 LPM 190g,280 g study
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2. Materials and Methods

Thailand is a tropical country rich in solar potential, contributing up to 34% of na-
tional renewable energy generation, depending on solar PV systems [43]. However, the
high solar irradiance and ambient temperatures cause solar farms to experience severe
thermal stress, adversely affecting their performance and longevity [2]. Several studies
have indicated that cooling the operating temperature of PV modules using PCM can
significantly enhance system performance. To effectively use PCM as an auxiliary system
to cool the PV module temperature, it is necessary to consider suitable thermophysical
properties, including selecting an appropriate melting temperature for the PCM. If the
PCM fails to reach its latent heat state, it will not be effective in controlling the PV module’s
operating temperature. Based on the existing PV module cooling techniques, it is important
to perform the cooling operation with organic PCMs, particularly those with a melting
temperature of less than 45 °C [21,22,44]. In this study, lauric acid (LA) is selected due to
its sharp melting temperature of 42.3 °C, high latent heat of fusion of 187 J/g, and thermal
stability for extended operation with negligible volume expansion, as listed in Table 2 [45].
Furthermore, it melts congruently, is chemically stable, less corrosive than salt hydrates, is
suitable for large-scale implementation, and is lower in cost compared to commercial and
inorganic PCMs [46].

Table 2. Thermophysical properties of lauric acid (LA) [45].

PCM Melting Temperature (°C) Latent Heat of Fusion (J/g)
Lauric Acid 423 187

2.1. Preparation of PCM

Lauric acid (LA), with a purity of 99%, was purchased from Tree Shade Co Ltd.,
Bangkok, Thailand, and its thermophysical properties are listed in Table 2 [45]. The
charcoal was purchased from a local shop, while aluminium metal flakes (1100) were
collected from industrial scrap, with a maximum length of 20 mm. PCM + Charcoal
(PCM + C): Without further chemical treatment, 280 g of LA was melted and maintained
at 80 °C for compositing with 170 g of ground charcoal (60.71:39.28 wt.%). The composite
materials were kept at 80 °C for 4 h to ensure effective PCM impregnation and prevent
leakage. Subsequently, the composited PCM was cooled to ambient temperature and grated
into flakes with a maximum length of 15 mm, making it easy to integrate with the PV
module’s Tedlar surface and heat pipes. PCM + Charcoal + Metalflakes (PCM + C + M):
The same procedure was followed for compositing LA and charcoal; however, the material
proportions were adjusted to 190 g (42.22 wt.%) of LA and 130 g (28.89 wt.%) of charcoal.
Although charcoal serves as both a shape stabiliser and a thermal conductivity enhancer,
aluminium metal flakes were added as a secondary thermal conductivity enhancer. A total
of 130 g (28.89 wt.%) of aluminium metal flakes were mixed with the prepared composite
PCM flakes.

2.2. Experimental Setup

This study employs three 10 W polycrystalline PV modules. The first unmodified mod-
ule serves as a reference PV module (PVnoPCM). The second PV module was integrated
with charcoal and LA, while the third incorporated charcoal, metal flakes, and LA. Both PV
modules are equipped with a 450 g thermal energy storage unit, through which a serpentine
heat transfer pipe passes through the shape-stabilised PCM, as shown in Figure 1a. The
technical parameters of the PV modules and thermal energy storage units are detailed in
Table 3. The grated shape-stabilised PCMs were applied to the PV module’s Tedlar surface
with a thickness of 1.5 cm, and the backside of the PCM was enclosed with a 5 mm acrylic
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glass layer. While increasing the thickness of the PCM would enhance the cooling effect, it
poses challenges such as added weight, handling difficulties, and increased cost, making it
unsuitable for commercial applications. Additionally, active cooling systems with a water
flow inside the PCM unit do not necessitate more heat storage capabilities than passive
cooling techniques. However, a 1.5 cm thickness of PCM without fluid motion could have
adverse effects on cooling the PV module, especially when composited with charcoal. This
study primarily focused on the active cooling system. Furthermore, this study aimed to
perform the PV module cooling process using a minimal amount of PCM. For this purpose,
a 1.5 cm PCM layer was integrated onto the Tedlar surface, which fits within the PV module
frame without requiring additional modification to the PV/PCM unit and allows smooth
enclosure using acrylic glass.

Table 3. Technical parameters of the PV module and thermal energy storage system collector.

Parameters Range
PV module
Power 10W
Open circuit voltage (Voc) 21.6 V
Short circuit current (Isc) 0.57 A
Voltage at maximum power (Vmp) 18V
Current at maximum power (Imp) 0.55 A

Thermal energy storage collector

PCM Surface area (L x W x D) 23 X 34 x 1.5cm
Heat transfer tube inner diameter 0.4 cm
Heat transfer tube outer diameter 0.6 cm

Acrylic glass thickness 0.5 cm
PCM thickness 1.5cm

All three PV modules were mounted at a fixed tilt angle of 160, and the experiments
were conducted at Kamphaeng Phet Rajabhat University (KPRU), Thailand. The experi-
ments were carried out during October and December, transitional periods between the
monsoon and winter seasons, when hot water demand typically increases. K-type thermo-
couples were employed to measure the PV module temperature, PCM backside surface
temperature (acrylic), ambient temperature, water inlet temperature, and water outlet tem-
perature, as shown in Figure 1b. The solar irradiance was collected from the zero-energy
building at the energy park (KPRU). Temperatures and solar irradiance were recorded at
one-minute intervals using a data logging system, while the electrical output of the PV
modules was measured every 60 min. The PV module’s maximum voltage and current
were manually measured using a variable resistance.
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PV with heat transferring pipe Magnified observation of metal
and PCM+charcoal+metalflakes flakes

PV with heat transferring pipe

(@)

Pyranometer

Variable Resistive Load

S PR PR 8 0

Data Acquisition System 2
(b)

Data Acquisition System 1

Figure 1. Schematic view of (a) the thermal energy storage system and (b) real-time experimental

operating conditions.
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3. Heat Transfer Mechanism

Figure 2 shows the heat transfer mechanism of the developed system compared with
an uncooled PV module. The left-hand side (PVy,pcm) represents the heat transfer network
of a PV module operating without an external cooling agent. Typically, the front surface of
the PV module (solar glass) naturally dissipates heat energy to the surroundings and the
sky, which is generated during the power conversion process. Depending on the airflow
over the flat surface of the PV module, heat dissipation to the ambient environment occurs
via natural convection (Ramp). Additionally, with or without the temperature difference
between the PV module’s front surface and the surroundings, heat is dissipated to the sky
through radiative heat transfer (Rsxy). Although heat energy is naturally ventilated, the
PV module operates under significant thermal stress due to elevated ambient temperatures
and a lack of consistent wind speed. The back surface of the PV module also dissipates
heat using the same methods as the front surface; however, the back surface encounters
higher resistance to heat dissipation.

—PVHOP cM PV PpcMtnowater PVrcmtwater
Tams Tsky Tams Tsky Tams Tsky
Rawms Rsky Rame Rsky Rams Rsky
Trcm Tecm Trcm
Rutr §RHTF
: Rurr
Rrcmu _ Rrcmu Rrcemu
Rl’( ML RPCML RPCML
Tins Tins
Rins Rins
Rawms Rsky Rame< > Rsky Rams< < Rsky
TAMB TSKY TAMB TSKY TAMB TSKY
ambient temperature (Tams), sky temperature (Tsky), PV module temperature (Tev), insulation temperature (Tixs), PCM temperature (Tpecm), resistance in ambient (Rams), resistance in sky (Rsky),
resistance in PV module (Rev), resistance in PCM upper layer (Recmu), resistance in PCM lower layer (Reeu), resistance in insulation (Rivs)

Figure 2. Heat transfer mechanism of PVnoPCM, PVPCM without and with water flow.

In most cases, radiative heat transfer to the ground is negatively impacted due to
reflection from the ground. Moreover, the ground absorbs solar energy stored during
the day and releases it as heat, resulting in elevated ambient temperatures that do not
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decrease proportionally to the decline in solar irradiance. This delayed heat release from
the ground creates additional thermal resistance, hindering effective cooling. The increased
thermal resistance beneath the PV module suppresses the convection processes because
wind circulation beneath the PV module is less effective than at the front surface. These
factors contributed to elevated PV module operating temperatures in tropical regions. To
address these issues and improve system efficiency, a PCM unit was attached to the back
surface of the PV module. To investigate the heat transfer behaviour of the developed
system, cooling operations using PCM without water flow were performed under real-
time operating conditions. The PCM-integrated PV module is equipped with thermal
insulation on the back surface of the acrylic glass to minimise heat loss from the PCM. The
heat extracted from the PV module is intended for hot water production; however, in the
absence of water flow, no hot water is produced, even with the insulation in place. This
indicates that heat dissipation is effectively controlled at the system’s back surface. The
right-hand side (PVpcMmiwater) in Figure 2 represents the heat transfer mechanism of the
developed system. A constant water flow rate through the PCM unit maintains the PCM in
a mushy state, facilitating effective cooling of the PV module.

4. Results and Discussions

4.1. Thermal Analysis of PV Module with Shape-Stabilised PCM
4.1.1. Without Water Flow

PCMs are well-known thermal energy storage materials that utilise latent heat of
fusion during phase transitions. Integrating a PCM unit behind a PV module enhances
cooling and power generation. In hybrid PV and thermal applications, PCMs are insulated
to minimise heat loss, which can otherwise negatively affect PV module performance under
certain conditions. To evaluate the potential negative impact of integrating a PCM unit with
a PV module, a no-water-flow analysis was performed under real-time operating conditions.
Peak and average solar irradiances of 799.7 W/m? and 482.67 W/m?, respectively, were
observed, as shown in Figure 3. As solar irradiance increased, the ambient temperature
rose to an average of 34.7 °C, resulting in a rise in the PV module operating temperature,
which peaked at 68.4 °C and averaged 51 °C. The PCM + C configuration assisted the
PV module in maintaining a lower operating temperature until 09:30. However, further
increases in solar irradiance revealed a negative impact on the cooling performance, as
the PCM failed to enhance heat transfer between the PV module and the PCM unit. This
failure to cool the PV module can primarily be attributed to the thickness of the PCM unit,
which was 1.5 cm. Additionally, insulating the PCM unit’s backside created resistance to
heat dissipation. Furthermore, the absence of fluid motion caused the PCM temperature to
rise more rapidly, preventing the latent heat of fusion from being effectively utilised for
cooling the PV module. In comparison, the PCM + C + M configuration resulted in a higher
PV module temperature than PV,,pcy throughout the experimental period due to the
lower mass composition of PCM in this setup. Both the PCM + C and PCM + C + M back
surfaces reached the PCM melting temperature at 09:47, indicating the end of the latent
heat storage phase. After this point, the cooling effect of the PCM + C became less effective
than PV,opcm. Within 125 min of the experimentation period, the latent heat of fusion
was completely utilised, and the PCM reached the end of its melting phase at 10:05. The
PVnorcm configuration attained peak and average operating temperatures of 68.38 °C and
50.97 °C, respectively. In contrast, the PCM + C recorded peak and average temperatures
of 72.79 °C and 56.01 °C, while the PCM + C + M exhibited the highest temperatures at
85.61 °C and 64.27 °C, respectively. These results highlight that a lower PCM thickness,
combined with insulation, can have adverse effects on the cooling performance. However,
the no-water-flow condition was performed to understand the thermal behaviour of the
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developed system under passive conditions. The impact of varying water flow rates on the
system is explored in the following subsection.
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Figure 3. Meteorological and thermal profiles of PV,,opcm, PVpemi+c, and PVpemicim.

4.1.2. Water Flow at 0.2 LPM

Figure 4a shows the PV module operating temperature and solar irradiance trend at a
constant water flow rate of 0.2 LPM. The presence of 0.2 LPM of water flow inside the PCM
unit enhances heat transfer between the PV module and the PCM, resulting in maximum
temperature reductions of 24.82 °C and 20.63 °C for PCM + C- and PCM + C + M-assisted PV
modules, respectively. On the experimental day, the average operating temperatures of the
PVioreMm, PVpemic, and PVpewmicim configurations were 52.26 °C, 43.19 °C and 41.84 °C,
demonstrating the effectiveness of the PCMs in improving the cooling performance. The
water flow within the PCM unit helps maintain the latent heat of fusion storage property
over an extended period. Although a constant water flow rate of 0.2 LPM was applied to
both PCM units, the backside of the PCM + C reached a higher temperature of 45.48 °C
due to its lower thermal conductivity and the high proportion of PCM composited with
charcoal, as shown in Figure 4b. However, this temperature increase resulted in only a
minor variation in the cooling performance of the PV module, with an average temperature
difference of 1.35 °C compared to the PCM + C + M configuration. Both PCMs effectively
utilised their latent heat of fusion throughout the experimentation period, keeping the PV
module temperatures lower than those of the PV,,,pcym configuration. A slight temperature
oscillation was observed in the PCM + C + M-assisted PV module between 10:30 and
12:00, attributed to the lower mass fraction of PCM. A sudden increase in solar irradiance
caused an abrupt rise in the PV module temperature, making it challenging for the PCM
to dissipate the additional heat energy, particularly in the PCM + C + M configuration
compared to the PCM + C. Due to the higher temperature of the PCM + C unit, the
water outlet temperatures were comparatively higher than those of the PCM + C + M
configuration, with a peak difference of 1.89 °C and an average difference of 0.10 °C. The
average inlet water temperature was 20.43 °C, while the average outlet water temperature
for the PCM + C and PCM + C + M units increased to 28.93 °C and 27.03 °C, respectively.
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Figure 4. Thermal analysis at a constant water flow rate of 0.2 LPM: (a) PV module cooling perfor-
mance and (b) heat transfer within the cooling system.

4.1.3. Water Flow at 0.4 LPM

The increased water flow inside the PCM unit effectively regulates the PV mod-
ule operating temperature under all conditions. The cooling performance of the
PCM + C + M-assisted PV module cooling was consistently higher throughout the ex-
perimentation period compared to the PCM + C. The average PV module operating tem-
peratures of 46.70 °C, 38.38 °C, and 37.49 °C were recorded for PVnoPCM, PVpcpm.c, and
PVpcmicam, respectively, as shown in Figure 5a. Additionally, a water flow rate of 0.4 LPM
enhanced the performance of the PCM by maintaining the backside temperatures of both
PCMs at 37.47 °C and 31.84 °C, indicating that the PCMs did not completely melt. Al-
though the PCMs remained in a semi-solid state with the effective latent heat of fusion, the
cooling rates of the PV modules were comparatively lower than those observed at 0.2 LPM.
The increased water flow rate improved the regulation of the PCM operating temperature
more effectively than 0.2 LPM. However, the energy removed from the PCM was lower
due to the limited surface area of the serpentine tube. On the other hand, the average
temperature differences between the inlet and outlet water were 3.88 °C and 3.44 °C for the
PCM + C and PCM + C + M, respectively, as shown in Figure 4b. Furthermore, a declining
trend was observed in the outlet water temperature differences between the PCM + C and
PCM + C + M, with an average and peak difference of 0.43 °C and 1.05 °C, respectively.
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Figure 5. Thermal analysis at a constant water flow rate of 0.4 LPM: (a) PV module cooling perfor-
mance and (b) heat transfer within the cooling system.

4.1.4. Water Flow at 0.6 LPM

Figure 6a shows the temperature profile of the PV module under a constant water
flow of 0.6 LPM. The increase in flow rate resulted in a more pronounced difference
between the operations of PCM + C and PCM + C + M in cooling the PV module. During
the experimentation period, an average and peak solar irradiance of 495.24 W/m? and
860.51 W/m?, respectively, were recorded. The PV,,pcym operating temperature reached
a maximum of 65.93 °C due to an elevated ambient temperature. Comparatively, the
temperature difference between the water inlet and outlet was lower than at other water
flow rates, as shown in Figure 6b. A notable variation in the back surface temperature of the
PCM was observed, resulting in a significant temperature difference, with an average and
peak of 8.78 °C and 14.57 °C for the PVpcpm.c and 10.30 °C and 16.14 °C for the PVpcmicem,
respectively. The average outlet water temperature difference was 2.08 °C and 1.77 °C for
the PCM + C and PCM + C + M, respectively, with a water outlet temperature difference of
0.31 °C between the PCM + C and PCM + C + M.
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Figure 6. Thermal analysis at a constant water flow rate of 0.6 LPM: (a) PV module cooling perfor-
mance and (b) heat transfer within the cooling system.

4.1.5. Water Flow at 0.8 LPM

A constant water flow rate of 0.8 LPM exhibits a similar PV module cooling trend to
that observed at 0.6 LPM. The experiment was conducted under an average solar irradiance
of 497.03 W/m?, as shown in Figure 7a. The increased flow rate resulted in nearly identical
temperatures for the PCM + C and PCM + C + M outlet water, as shown in Figure 7b. The
average operating temperatures of the PV module for noPCM, PCM + C, and PCM + C + M
were recorded as 50.29 °C, 40.81 °C, and 39.97 °C, respectively, with peak temperatures of
62.59 °C, 50 °C, and 48.72 °C, respectively.

Comparatively, the reduction in PV module operating temperature enhances the
efficiency of the PV module across all cases. The temperature-corrected average PV module
efficiency and corresponding temperature profiles are shown in Figure 8. Aside from the
case without water flow, the PCM + C + M-assisted PV modules achieved greater efficiency
enhancement than both the PCM + C and PVnoPCM. Overall, it is concluded that increasing
the water flow rate helps to maintain the PCM in a mushy state for a prolonged period;
however, it results in a decrease in outlet water temperature.
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A summary of the different flow rates and their impact on cooling the PV module is
shown in Figure 9. Comparatively, a flow rate of 0.2 LPM achieved the most significant
reduction in the PV module’s operating temperature, with peak differences of 20.63 °C
and 24.82 °C for the PCM + C and PCM + C + M, respectively. However, other water
flow rates did not exhibit a similar peak cooling effect. Notably, the average cooling effect
was consistent across the different flow rates (0.2, 0.4, 0.6, and 0.8 LPM), with temperature
differences of 9.06 °C, 8.31 °C, 8.78 °C, and 9.47 °C for PVpcm.c and 10.41 °C, 9.20 °C,
10.30 °C, and 10.31 °C for PVpcm.cim, respectively, on Day 1. To evaluate the consistency
of the developed system, the peak and average cooling rates for selected Day 2 and Day
3 are shown in Figure 9 and Figures S1-S8. While the cooling effect varied across the
experimental days, the flow rate of 0.2 LPM consistently achieved the highest cooling
effect. Additionally, to assess the effectiveness of increased water flow rates, the PV module
operating temperatures were normalised, as the experiments were conducted under varying
operating conditions.
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Figure 9. Reduction in PV module temperature at different water flow rates.
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4.1.6. Comparative Analysis of PVpcymyc and PVpemicim

The reduction in PV module temperature is normalised to solar irradiance, ambient
temperature, and water flow rate, as expressed in Equation (1). The experiments were con-
ducted under outdoor conditions, where solar irradiance and ambient temperature acted as
independent variables, while PV module operating temperatures were dependent on these
factors. In this context, the water flow rate was considered for normalisation alongside the
other two independent variables. Figure 10 shows a comparative analysis of PV module
cooling under different flow rates. The lowest flow rate of 0.2 LPM demonstrated a higher
cooling effect compared to other flow rates.
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Figure 10. Normalised PV module temperature reduction for PCM + C and PCM + C + M.

Increasing the flow rate to 0.4 LPM showed a declining trend in PV module cooling
performance, and further increases to 0.6 LPM and 0.8 LPM resulted in a steady-state
condition. Although an increase in the water flow rate significantly reduced the PCM
operating temperature, the cooling effectiveness for the PV module was lower.

An increase in the water flow rate beyond 0.2 LPM led to reduced resistance in
transferring the fluid from the inlet to the outlet, resulting in less effective cooling of the PV
module’s operating temperatures. To achieve effective cooling at flow rates higher than
0.2 LPM, resistance in fluid motion must be enhanced, such as incorporating an intruded
fin structure within the heat exchanger tube.

ATpy,i
TAMB,i X HTFZ‘

l n
AT N lised PV modul ling = — 1
ormalise module cooling ”,-; G x (1)
where ATpy represents the cooling achieved using PCM + C and PCM + C + M, G denotes
solar irradiance, T 4psp is ambient temperature, HTFi represents the heat transfer fluid rate,
i is the time interval, and # is the total number of points.

4.1.7. Comparative Analysis with Existing Systems

Table 4 presents a geographical comparison of PCM-assisted PV module cooling with
the results of the presented study, including PCM + C and PCM + C + M. In Iran, a cooling
effect of 20.42 °C was achieved using a PCM mass of 2 kg, while in China, a cooling effect
of 19.2 °C was attained with 12.6 kg of PCM. In comparison, the developed PCM + C + M
system achieved a cooling effect of 24.82 °C with only 190 g of PCM, which is the lowest
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PCM quantity reported in the literature. Similarly, PCM + C achieved a cooling effect of
20.63 °C using 280 g of PCM. Although the developed system achieved a higher cooling
effect, a direct comparison with the existing studies is challenging due to differences in
PCM quantities and PV module capacities. To facilitate a standardised comparison, the
cooling effects reported in existing studies were normalised to the 190 g of PCM used in
the PVpcwmycem system with the PV module capacities. This comparison is expressed as
thermal cooling per 190 g of PCM and 1 Watt (TCPW). Figure 11 shows the normalised
cooling effects of PV modules using different PCMs. Studies conducted in Columbia
and India reported lower cooling effects, while other locations achieved moderate cooling
effects. Notably, the PVpcpmacim system attained the higher TCPW cooling effect of 2.482 °C,
whereas PVpcpmc achieved 1.399 °C. This indicates that the PVpca.cim system enhanced
the cooling effect with a significantly reduced PCM quantity compared to PVpcp.c and
other existing models.

Table 4. Geographical comparison of PV module cooling effects with the present study.

Solar Irr Tamb PCM Container PV Cooling

Location (W/m?) ©0) (kg/Thickness) ©C) Reference
Iran 930 36 2kg 12.18 [28]
Colombia 800 33 11.05 kg/2.5 cm 11.5 [26]
China 900 31.2 2kg 12.37 [31]
Iran 826 29 2kg 20.42 [32]
India 896 36.4 - 15 [33]
China 771 35 12.6 kg 19.2 [34]
China 1000 27 2.6 cm 10 [35]
China
(Indoor) 800 28 5.27 cm 15.8 [36]
India 1100 - 65 kg 25 [37]
India 967 46.5 3.68 cm 7.8 [38]
Egypt 780 36 8 kg 8.2 [39]
Poland 1000 27-30 2-4 cm 7 [40]
France 883.45 24.09 50 kg 15.31 [41]
Thailand 850 40 190¢g,280 g 24.82,20.63  Present study
2.52 ) ) ) 2.48200
8 2.16 [ ] TCPW-PV module cooling (°C)
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o 1.08 2, 0.04800
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Figure 11. Comparison of the normalised PV module cooling effect per 190 g of PCM mass and PV
module capacity (1 W) with existing models in the literature.
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4.2. Electrical and Thermal Power Analysis

Figure 12a depicts the electrical power generation of PV modules with and without
PCM. The highest power generation was recorded at 13:00 for PVpcpzcam, reaching 7.51 W.
The corresponding power outputs for PVpcymyic and PVyopom were 7.42 W and 7.11 W,
respectively. PVpcwmycem achieved the highest average power generation of 4.23 W, which
was 0.02 W and 0.23 W higher than PVpcypc and PVyopom, respectively. Similarly, the
highest thermal power was attained by PVpcnmicim, peaking at 151.53 W, where a water
temperature difference of 10.88 °C was observed. However, PVpcp.c achieved a higher
average thermal power generation of 115.65 W, which was 20.76 W greater than that of
PVpcemicsm, as shown in Figure 12b and Table 5. An increase in the water flow rate
resulted in reduced thermal power, as the temperature difference between the inlet and
outlet water decreased due to the lower pressure and reduced surface interaction with
the PV/PCM temperatures. For a flow rate of 0.4 LPM, the average thermal powers were
50.82 W and 45.45 W for PVpcumsc and PVpemicim, respectively. When the flow rate
was increased to 0.6 LPM and 0.8 LPM, the average thermal powers dropped to 25.66 W
and 20.94 W for PCM + C and to 21.11 W and 15.16 W for PCM + C + M, respectively.
The average electrical and thermal power generations for PVnoPCM, PVPCM + C, and
PVPCM + C + M are summarised in Table 5. As previously noted, increasing the water
flow rate failed to enhance the cooling effect, and flow rates exceeding 0.4 LPM led to
a decline in thermal power generation compared to electrical power generation. The
overall combined PVpcp,c electrical and thermal power generation for the PVpcpc at
flow rates of 0.2 LPM, 0.4 LPM, 0.6 LPM, and 0.8 LPM were 119.86 W, 54.23 W, 29.85 W,
and 25.09 W, respectively. Similarly, PVpcmicim achieved a combined power generation of
99.12 W, 48.87 W, 25.54 W, and 19.33 W, respectively. It was observed that PCM + C + M
enhanced electrical power generation, while PCM + C produced a higher thermal power.
In terms of combined power generation, PCM + C demonstrated superior performance
compared to PCM + C + M. However, PCM + C + M utilised only 190 g of LA, representing
a 47.36% reduction in PCM consumption compared to PCM + C. Considering electrical
power generation, PCM + C + M is recommended due to its higher electrical power output
combined with lower PCM consumption. Comparatively, the thermal power extracted by
PCM + C + M would be higher if the thermal power was evaluated based on the PCM
quantity used for developing a hybrid application.

Table 5. Average electrical and thermal power generation of the PV modules under different

flow rates.
Water Electrical Power (W) Thermal Power (W)
Flow
(LPM) PVnoPCM PVPCM+C PVPCM+C+M PVPCM+C+M PVPCM+C
0.2 4.005 4.205 4.225 94.897 115.653
0.4 3.228 3.406 3.425 45.445 50.824
0.6 3.984 4.192 4.23 21.105 25.663

0.8 3.948 4.152 4.167 15.162 20.939
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Figure 12. Comparison of PVPCM + C and PVPCM + C + M under different flow rates: (a) electrical
power generation and (b) thermal power generation.

5. Conclusions

In this study, LA was shape-stabilised using charcoal and a charcoal combined with
metal flakes to prevent liquid PCM leakage and enhance the heat transfer between the
PV module and the thermal collector. The developed PVpcm.c and PVpenmicim systems
showed adverse effects on cooling the PV module when there was no fluid motion inside
the serpentine tube, as the PCM layer thickness was 1.5 cm. Additionally, insulating the
back surface of the PCM layer impeded its heat dissipation. A constant water flow rate
of 0.2 LPM enhanced the heat transfer between the PV module and PCM, resulting in a
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maximum cooling of 24.82 °C for PVpcm+c+m. Conversely, an increase in water flow caused
a decline in the cooling effect due to the reduced surface area of the heat pipe and water flow
resistance. Higher electrical power generation was achieved with the PCM + C + M, as the
addition of metal flakes to the PCM improved heat transfer between the PV/PCM and the
outlet water. However, the PCM + C produced a higher outlet water temperature due to the
larger PCM mass and lower thermal conductivity, which raised the PCM temperature and
resulted in a higher outlet water temperature. Beyond 0.2 LPM, both electrical and thermal
power enhancements were less significant, making 0.2 LPM the optimal flow rate for the
developed hybrid application. It is concluded that PCM + C + M with 0.2 LPM is suitable
for commercialisation due to its low PCM consumption and enhanced electrical power
generation. Furthermore, it is recommended that a thermal collector with a higher surface
area be developed to interact with the PV/PCM system in order to increase resistance in
the water flow.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/en18030452 /51, Figure S1. Thermal analysis of PV module
cooling on Day 02 under a constant water flow of 0.2 LPM. Figure S2. Thermal analysis of PV module
cooling on Day 03 under a constant water flow of 0.2 LPM. Figure S3. Thermal analysis of PV module
cooling on Day 02 under a constant water flow of 0.4 LPM. Figure S4. Thermal analysis of PV module
cooling on Day 03 under a constant water flow of 0.4 LPM. Figure S5. Thermal analysis of PV module
cooling on Day 02 under a constant water flow of 0.6 LPM. Figure S6. Thermal analysis of PV module
cooling on Day 03 under a constant water flow of 0.6 LPM. Figure S7. Thermal analysis of PV module
cooling on Day 02 under a constant water flow of 0.8 LPM. Figure S8. Thermal analysis of PV module
cooling on Day 03 under a constant water flow of 0.8 LPM.
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PVT Photovoltaic-thermal

PCM Phase-change material

PCM +C PCM with charcoal

PCM+C+M PCM with charcoal and metal flakes
SS-PCM Shape-stabilised PCM

TCPW Thermal cooling 190 g of PCM and 1 Watt PV module
Tpy PV module temperature

RT Rubitherm

L/min Liter per minute (LPM)

HTF Heat transfer fluid
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