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ARTICLE INFO ABSTRACT
Keywords: The present study investigates a passive cooling strategy for photovoltaic thermal management
Photovoltaic thermal management based on a hybrid system combining phase change material (PCM), alumina nanoparticles, and

Nano-enhanced PCM
Semicircular fin geometry
Passive cooling

Hybrid thermal management

semicircular rod (SCR) fins. An experimental comparison is conducted between an uncooled
reference case, a PCM-only configuration, and finned-PCM systems employing complete circular
rod (CCR) and SCR fin geometries over a range of fin pitch (20% < A < 33.3%) and spacing (16%
< 8 < 48%) ratios. The optimal SCR configuration is further examined with alumina nanoparticle
loadings between 0.25 and 1.0 wt%. The results indicate that fin integration significantly en-
hances thermal regulation, with SCR fins providing greater temperature reduction than CCR
designs. Under identical operating conditions, the optimal SCR configuration (A = 20%, § = 48%)
achieves a relative temperature reduction (1) of 62.3% and limits the final surface temperature to
51.0 °C, compared to 89.0 °C for the uncooled case. Incorporating 1.0 wt% alumina nanoparticles
further improve performance, yielding a maximum 1 of 65.9%, a minimum final temperature of
48.8 °C, and an extension of the operating period below 45 °C by 35 min. Although electrical
efficiency was not directly measured, the observed reduction in operating temperature, when
interpreted using established photovoltaic temperature coefficients, suggests a potential
improvement in electrical performance. These findings demonstrate the effectiveness of the
hybrid SCR fin and nano-PCM configuration as a fully passive approach for photovoltaic
applications.

1. Introduction

Efficient thermal regulation is essential for systems whose performance and reliability are sensitive to temperature fluctuations.
With the growing global demand for sustainable energy solutions, advanced thermal management strategies utilizing innovative
materials and optimized geometries have attracted significant attention [1-4]. PCM is particularly promising for this role due to its
capacity to absorb and release large amounts of latent heat during phase transitions while maintaining a nearly constant temperature,
providing effective thermal buffering [5-8]. This unique property makes them ideal for applications in building systems, electronic
devices, and renewable energy. In PV systems, which represent the fastest-growing renewable energy source, overheating is a major
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limitation. Crystalline silicon modules experience significant efficiency losses when their operating temperature exceeds 25 °C, leading
to reduced power output and accelerated degradation [9-12]. While various active and passive cooling strategies exist [13,14],
PCM-based regulation offers a compelling passive solution by leveraging this latent heat absorption to directly mitigate temperature
rise [13,15], and has consequently seen widespread application in solar energy systems [16-18]. A primary limitation of PCM,
however, is its low intrinsic thermal conductivity, which restricts heat diffusion and can limit its effectiveness under high heat fluxes.
To address this, fin structures are often incorporated to enhance heat transfer into the PCM bulk. Fins increase the effective surface area
for heat exchange, promote faster melting and solidification cycles, and improve overall thermal reliability under dynamic conditions
[19,20]. When integrated with PV systems, this finned-PCM configuration creates a synergistic effect, combining high-capacity latent
heat storage with enhanced thermal conductivity to improve cooling performance and energy efficiency [21-23].

When integrated into a PV system, an appropriately selected PCM can reduce the module's operating temperature, thereby
improving solar-to-electrical conversion efficiency [19,24-28]. Finite volume simulations of PV/PCM systems with various PCM
configurations over a 24-h day-night cycle in arid and semi-arid climates showed that optimized designs can lower module temper-
ature by up to 17.5 °C, resulting in a 5.8% increase in annual electricity generation. Biwole et al. investigated the use of PCM attached
to the back of solar panels for passive thermal regulation. A validated numerical model demonstrated that a PCM layer can maintain
the panel temperature below 40 °C for 80 min under 1000 W/m? of solar radiation [29]. This foundational work highlights the po-
tential of PCM but also underscores the limitations imposed by its low thermal conductivity. Soliman et al. investigated PCM inte-
gration into a bifacial PV system and reported a reduction in cell temperature of up to 19.8 °C for both top and bottom cells, alongside a
power gain of 27.21 W/m? and an exergy efficiency increase of 1.09% [30]. The challenge of managing high heat flux under passive
operation, however, extends far beyond photovoltaics. Modern high-power electronic components, such as central processing units
(CPUs), graphics processing units, and power converters, face a similar and critical need for advanced thermal management solutions.
Effective heat dissipation is essential in electronics to maintain processing speeds, prevent performance throttling, and ensure
long-term reliability. Passive cooling solutions are highly valued in this domain for their simplicity, zero operational energy cost, and
silent operation [31]. In this context, PCM-based heat sinks have shown great promise for electronics, leveraging latent heat absorption
to control temperature spikes during periods of high-power demand [32,33]. Therefore, the strategies explored in this study for
enhancing PCM performance are directly applicable to the overarching field of thermal management for both energy and electronics
systems.

A major limitation of phase change materials is their inherently low thermal conductivity, which restricts heat transfer and reduces
performance under dynamic thermal conditions [34,35]. This limitation has motivated the development of hybrid cooling systems that
combine PCM with auxiliary materials or geometric modifications to enhance heat transfer. Hybrid cooling approaches integrating
active and passive methods, such as PV/T systems combining PCM and water cooling, have demonstrated improved thermal and
electrical performance. Reviews by Zheng and Zhou and Emmanuel et al. highlighted that water is an efficient working fluid due to its
high heat capacity, availability, and cost-effectiveness, and emphasized the critical influence of absorber design on overall system
performance [36,37]. Further experimental studies examined PV/T operation under varying conditions. Abdul et al. reported that
increasing water flow beyond 0.082 kg/s did not result in additional PV temperature reduction, with thermal efficiencies ranging from
38.8% to 43.1% [38]. Joo et al. found that a glazed PV/T module with a transparent film achieved a maximum efficiency of 71.1%
owing to reduced reflectivity and improved optical transmission [39]. Recent numerical studies continue to quantify these benefits. For
instance, Alipour et al. [40] found that integrating metal foam into a PVT/PCM system improved thermal efficiency by 25.4% over a
PCM-only system. Similarly, Parach et al. [41] showed that taller fins in a PVT/PCM system significantly reduced PV temperatures,
with an optimal electrical efficiency of 13.5% achieved under specific turbulent flow conditions. Further experimental studies
examined PV/T operation under varying conditions. Despite these advantages, PV/T systems are characterized by increased structural
complexity, higher construction costs, auxiliary energy consumption, and maintenance requirements. Consequently, fully passive
PCM-based cooling configurations enhanced through geometric design represent a simpler and more cost-effective alternative,
motivating further experimental investigation.

The incorporation of fins into PCM-based systems has been widely adopted as an effective means of enhancing heat dissipation.
Semicircular tubular fins provide a favorable curvature geometry that increases heat transfer surface area while maintaining compact
dimensions, thereby improving heat exchange with the surrounding PCM [42]. Beyond compensating for the low thermal conductivity
of PCM, fin integration offers a practical solution for thermal regulation in confined spaces [43]. Several studies have explored
alternative fin geometries to further improve PCM performance. Huang et al. introduced a fractal tree-shaped fin and demonstrated
reductions of 34.5% and 49.2% in melting and solidification times, along with improvements of 49.4% and 96.4% in energy storage
and discharge rates compared with rectangular fins [44]. Extending this concept, Hosseinzadeh et al. [45] analyzed a triplex-tube PCM
heat exchanger enhanced by tree-like fins and hybrid nanoparticles, demonstrating that the combination reduced solidification time by
78% and that tree-like fins alone significantly outperformed rectangular fins. Oliveski et al. analyzed rectangular fins with varying
aspect ratios and fin area fractions, showing that increased fin area shortened melting time but reduced energy absorption [46]. Bria
etal. investigated PCM thickness in finned PV/PCM systems under the climatic conditions of Oujda, Morocco, identifying 0.06 m as the
optimal thickness [47]. Samakoush et al. reported that a triangular fin design increased the PCM melting rate by 57.56% relative to an
unfinned cavity [48]. Nature-inspired fin configurations have also been proposed. Li et al. and Jiang et al. designed bifurcated fractal
fins modeled after leaf veins and reported improved temperature control compared with rectangular fins in PV/PCM systems [49-51].
Chibani et al. conducted two-dimensional simulations of PV/PCM systems with different fin materials and inclination angles and
concluded that these parameters had negligible influence on PCM enthalpy, liquid fraction, or solar cell temperature [52]. Zhang et al.
numerically examined the influence of PCM thickness, fin length, arrangement, and number, concluding that fin number had the most
pronounced effect on thermal management, while longer fins enhanced heat transfer but reduced temperature uniformity [53].
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Furthermore, composites of fins with porous media show great promise, as demonstrated by Mohammadpour et al. [54], who found
that copper foam integration in a finned-tube heat exchanger reduced PCM melting time by over 73%. Collectively, these studies
demonstrate the importance of fin geometry but largely focus on configurations that represent a trade-off between increased
conductive surface area and the ability to organize convective flow. This work identifies a critical gap concerning the application of
SCR fins, a geometry that inherently offers both enhanced conductive contact area and a flat-facing surface that can guide
buoyancy-driven natural convection within the molten PCM. To the best of the authors’ knowledge, a systematic experimental
investigation of SCR fins for PV/PCM cooling has not been previously reported.

In addition to geometric enhancement, the integration of nanoparticles into PCM has emerged as a promising approach to over-
come low thermal conductivity. Dispersing metallic or metal-oxide nanoparticles within the PCM matrix enhances heat transfer
pathways and improves energy storage and release characteristics [55,56]. This nano-engineering strategy directly addresses one of
the primary limitations of PCM and broadens its applicability in advanced thermal management systems [57-59]. Several studies have
confirmed the effectiveness of nano-enhanced PCM in photovoltaic applications. A hybrid composite of polyethylene glycol 1500 with
3 wt% graphene nanoplatelets and CuO nanoparticles achieved a 91.8% increase in thermal conductivity compared to pure PCM [60].
Abdelrahman et al. demonstrated that Al;O3-based nano-PCM combined with cylindrical hollow fins significantly improved PV cooling
performance, with outcomes strongly dependent on nanoparticle concentration and fin placement [60]. Zarma et al. reported that
incorporating alumina, SiO3, and CuO nanoparticles reduced PV temperature fluctuations by approximately 12 °C and increased
electrical efficiency by 8% [61]. Abdelrazik et al. further reported that graphene nanoplatelet-paraffin composites in a hybrid PV/T
system achieved a 22% increase in electrical efficiency at 10 wt% nanoparticle loading relative to conventional PV systems [62]. It is
important to note that such enhancements can involve trade-offs; for example, Najafpour et al. [63] reported that the optimal geometry
for a nanofluid-cooled heat sink improved thermal efficiency but at the cost of increased pressure drop, lowering the overall per-
formance metric. Lin et al. found that the integration of PCM into an air-based PV/T collector increased system efficiency from 37.6%
to 40.2% while boosting latent heat utilization from 13.3% to 79.5% [64]. Nevertheless, these systems remain influenced by auxiliary
components and operating conditions.

Previous numerical and experimental studies have demonstrated the efficacy of rectangular [46,48], fractal [44,49], and circular
hollow fins [61] in improving PCM performance. While these studies have advanced the understanding of fin-enhanced PCM systems,
they have predominantly focused on geometries that represent a fundamental trade-off: maximizing conductive surface area often
comes at the expense of impeding natural convection. For instance, dense arrays of rectangular or circular fins can restrict fluid motion,
while fractal designs prioritize branching conduction over convective guidance. This creates a clear experimental gap: a lack of sys-
tematic investigation into a fin geometry that is explicitly designed to enhance both conductive and convective heat transfer mech-
anisms simultaneously. The SCR fin, with its combined flat conductive face and curved convective surface, represents such a geometry.
However, no prior experimental study has systematically varied SCR fin spacing (8) to optimize this balance, nor has one quantitatively
evaluated its coupling with nanoparticle-enhanced PCM under controlled, high-flux conditions for PV cooling. This study addresses a
critical gap: the lack of a systematic experimental investigation that parametrically studies SCR fin spacing and its synergistic coupling
with nanoparticle-enhanced PCM for PV cooling. The SCR geometry inherently offers both an increased conductive surface area and a
flat face that acts as a guide vane to organize natural convection. To the best of the authors' knowledge, such a focused parametric
study has not been previously undertaken. This work presents a comprehensive experimental study into the combined influence of SCR
fin geometry (with varied spacing ratio ), fin pitch (1), and alumina nanoparticle concentration (¢) on PV thermal regulation. A
constant heat flux of 1000 W/m? is applied as a well-established methodological approach to provide a controlled, reproducible, and
stringent benchmark for the fundamental comparison and ranking of different passive cooling configurations [29,61,65]. This method
simulates a conservative, sustained peak thermal load, representing a worst-case scenario of continuous maximum solar irradiance,
and allows for the clear isolation of each design's intrinsic thermal response and maximum heat dissipation capacity. Using a heated
surface to simulate PV panels, system performance is evaluated in terms of temperature reduction and thermal buffering duration.

1. Upper Aluminum plate 2. Electrical heater 3. Voltage regulator 4. Lower Aluminum plate
5. Copper thin sheet 6. Fins 7. Thermocouples (measuring points) 8. PCM
9. Container (Perspex box) 10.Data logger 11.Personal computer 12.Wood stand

Fig. 1. Schematic representation of the experimental facility.
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2. Experimental setup

The experimental setup is designed to evaluate the thermal performance of various passive PV cooling strategies under controlled
laboratory conditions. Fig. 1 illustrates the complete facility. The experimental setup consists of a custom heater assembly that sim-
ulates PV heat generation, a copper sheet that serves as the simulated PV module's interface, an insulated PCM container, and inte-
grated finned heat sinks. Two aluminum plates (200 x 200 x 4 mm) are separated by a precisely machined gap of 2.5 + 0.1 mm. This
gap accommodates a flat nickel-chrome wire heating element (2.4 Q/m, total resistance 14.5 Q). The heater is wound on a mica sheet
(180 x 180 x 1 mm) and is encapsulated between two additional mica layers for electrical insulation and mechanical stability
(Fig. 2a). The complete assembly is positioned between the aluminum plates (Fig. 2b). The heater connects to a regulated DC power
supply. A digital multimeter is used to measure the input voltage and current to calculate the supplied electrical power accurately. This
heater assembly is used to deliver a constant heat flux of 1000 4 10 W/m? to a copper sheet, which represents the rear surface of a PV
module. The ambient temperature is maintained at 28 + 0.5 °C.

The application of a constant heat flux of 1000 W/m? for a duration of 3.5 h provides a controlled and reproducible benchmark for
comparing passive cooling configurations. This methodological approach is widely adopted in experimental photovoltaic thermal
management studies [29,60,65] and is also relevant for evaluating thermal regulation strategies in high-power electronic systems. The
imposed steady-state condition represents a sustained peak thermal load, offering a conservative scenario that rigorously challenges
the maximum heat dissipation capacity and intrinsic thermal response of each cooling design. While real-world solar irradiance is
inherently transient and governed by diurnal and meteorological variations, the selected test duration corresponds to a concentrated
period of high irradiance and approximates worst-case thermal operating conditions for photovoltaic modules. This enables focused
evaluation of the system's ability to delay temperature rise and maintain effective thermal regulation under continuous high thermal
loading. It is important to note that this approach simplifies the coupled electrical-thermal behavior of actual PV modules. In real
installations, heat generation is linked to electrical output and varies with irradiance, temperature-dependent efficiency, and localized
effects associated with cell interconnections. The constant heat flux surrogate does not capture these dynamic interactions. Accord-
ingly, the thermal performance metrics reported in this study should be interpreted as comparative indicators of cooling effectiveness
under sustained high thermal load, rather than as direct predictors of electrical efficiency enhancement under outdoor operating
conditions. Future outdoor testing on functional PV modules is therefore recommended to validate the electrical performance im-
plications of the proposed hybrid cooling strategy.

A cast acrylic container (200 x 200 x 30 mm) holds the PCM (RT35HC), with its thermophysical properties listed in Table 1. To
enhance the PCM's effective thermal conductivity, y-AloO3 nanoparticles (properties in Table 2) are dispersed into the molten PCM at
mass concentrations by weight (¢) of 0.25, 0.50, 0.75, and 1%. The preparation of nano-PCM mixtures involves mechanical stirring
followed by ultrasonic agitation at 20 kHz for 2 h to ensure a homogeneous suspension. Verification of the melting temperature for
both pure and nano-enhanced PCM occurs through repeated heating and cooling cycles in a water bath. The pure PCM exhibits a
melting point of 35.18 °C, while the nano-PCM mixtures lead to a slight depression to 34.71, 33.52, 32.42, and 31.13 °C for ¢ = 0.25,
0.50, 0.75, and 1%, respectively. This depression is consistent with literature on nano-PCM and is attributed to the high surface area of
nanoparticles that disrupts the PCM's crystal structure and nucleation dynamics [57,58]. A 25 mm thick fiberglass layer insulates the
external walls of the acrylic container to minimize parasitic heat loss, ensuring the PCM system absorbs the vast majority of the input
heat.

Copper fins are fabricated from solid copper rods (12.5 mm outer diameter, 30 mm height) to leverage copper's high thermal
conductivity. The fin diameter is fixed at 12.5 mm based on a trade-off between enhanced conductive surface area, structural rigidity,
and preservation of effective PCM volume. This dimension is sufficiently large to promote efficient heat spreading from the copper
substrate while avoiding excessive blockage of buoyancy-driven flow within the molten PCM. In addition, the selected diameter fa-
cilitates precise fabrication and consistent soldering, ensuring good thermal contact and experimental repeatability. These fins are
soldered to a thin 0.2 mm copper sheet, which is firmly fixed to the rear surface of the aluminum plate using thermally conductive
silicone to minimize contact thermal resistance. The investigation covers two primary fin geometries: CCR and SCR, as shown in Fig. 3.
The CCR fins are arranged in arrays,3 x 3, 4 x 4, and 5 x 5, corresponding to fin pitches (py) of 66.6, 50.0, and 40.0 mm, respectively.
The SCR fins are used in a 5 x 5 array (ps = 40.0 mm) but with varying base spacings (S) of 2, 4, and 6 mm between the flat surfaces of
adjacent fins. The fin pitch and spacing are represented by the dimensionless ratios defined in Egs. (1) and (2).

a) Electric heater b) Lower aluminum plate

Fig. 2. Representation of the heating element.
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Table 1
Main characteristic specifications of the used PCM RT35HC.
Phase-change temperature (°C) ~34-36 °C (peak at 35 °C)
Latent heat capacity (kJ/kg) 240 + 7.5%
Thermal conductivity (W/m-°C) Solid: 0.334
Liquid: 0.187
Density (kg/m?) Solid: 880
Liquid: 770
Specific heat capacity (J/kg-°C) Solid: 1570
Liquid: 2000
Volume expansion ~12-15 % during melting
Max operating temperature (°C) 70
Table 2
Properties of y-Al,O3 nanoparticles.
Primary particle size ~30 nm (20-50 nm range)
Density (kg/m%) 3800
Specific surface area >200 m?/g
Purity 99.99%
Specific heat (at 25 °C) 880
Thermal conductivity (W/m-°C) 30
Appearance Fine white nanopowder
— Q00O
p=40.0 mm
#1 CCR (A=33.3%) #2 CCR (A=25.0%) #3 CCR (A=20.0%)
S$=2 mm S=4 $=6 mm
oo oo oo oo [aYalale
[ B A A A 7O O O O O IR A A A A
OO0 O [ . W W OOOAO O
L 2 A A A L. A A B A L A A A A J
OO0 0 O OO OO A OO0 A
L A A A A L A A A A L A A A A
OO A OOOO A OO0 A
L A A A B L 2B B A B L A A A A
[ N 0 W W OO O A OO0 A
L A A A B O O T T O L A A A B
#4 SCR (A=20.0%, #5 SCR (A=20.0%, #6 SCR (A=20.0%,
5=16.0%) 5=32.0%) 5=48.0%)
Fig. 3. Different configurations of the tested fins.
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The test matrix in detail is shown in Table 3, including twelve system configurations. These comprise a baseline (naturally cooled),
a PCM-only case, three CCR fin cases, three SCR fin spacing configurations, and four cases with nanoparticle-enhanced PCM with the
expected optimal SCR configuration. The nanoparticle mass concentration, ¢, is calculated by:

My

="
My, + Mpey

3

The temperatures are measured via twelve calibrated K-type thermocouples. Three thermocouples are fixed on the copper sheet at
the interface (x/H = 0) to measure the simulated PV temperature. Another three thermocouples are attached onto the front surface of
the upper aluminium plate. Two thermocouples are fixed on a selected fin: one at the mid-height (x/H = 0.5) and one at the tip near the
container bottom (x/H = 1). The remaining four thermocouples are distributed within the PCM volume to capture the spatial tem-
perature distribution and phase change progression: two at the mid-height (x/H = 0.50) and two near the container bottom (x/H =
0.85), as illustrated in Fig. 4. A multi-channel data acquisition system, connected to a personal computer, records all temperature data
at a frequency of 1 Hz.

3. Experimental procedures and calculations

For each test, the PCM or nano-PCM is first melted, poured into the container, and allowed to solidify. The system is assembled, and
the heater is activated only after thermal equilibrium with the ambient environment is reached. The power supply maintains a constant
heat flux of 1000 W/m? for the entire 3.5-h experimental duration. Temperatures for analysis are reported as spatial averages: the
copper sheet temperature (simulated PV module) is taken as the average of its three thermocouples, while the PCM temperatures at the
mid-height (x/H = 0.50) and near the container bottom (x/H = 0.85) are taken as the average of their respective pairs of thermo-
couples. For each configuration, experiments are carried out three times to ensure repeatability and statistical reliability. The supplied
electrical power (Py) is calculated using the measured voltage (V) and current (I) as:

Py=1V (€))
The applied heat flux (q;) is then determined using Eq. (5), where Ay, represents the effective heating area.

»_ Pn
—-n 5
qn A 5)
The relative temperature reduction is quantified by the percentage reduction in the temperature rise above ambient, referenced to
the uncooled baseline (Test #1), as:
Tuncooled - Tcooled

= uncoded ~ Teoed ®)

Tuncaoled - Tambienf
4. Experimental uncertainty and statistical analysis

A comprehensive uncertainty analysis was performed to ensure the reliability and repeatability of the experimental measurements.
The standard uncertainty associated with a single temperature measurement arises from thermocouple precision (+0.5 °C) and data
acquisition error (+0.1 °C). Using the root-sum-square method [66], the resulting uncertainty for an individual temperature reading is
+0.51 °C. The uncertainty in spatially averaged temperatures is correspondingly reduced: for the copper sheet temperature, obtained

Table 3
Design parameters of the tested systems.
Test Cooling Fins No.of | Finpitch | Pitch sp‘::is:g, Spacing conctf‘:isa on
# medium layout fins (N) (p), mm ratio () (S), mm ratio (8) (©)
1 No cooling (Insulated)
2 PCM - s - : s - 0
3 9 66.6 33.3%
4 PCM CCR 16 50.0 25.0% - - 0
5 25 40.0 20.0%
6 2 16.0%
7 PCM SCR 25 40.0 20% 4 32.0% 0
8 6 48.0%
9 0.25%
i(l] PCM + Al203 SCR 25 40.0 20% 6 48% 8;222
12 1.00%
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(b) SCR
Thermocouple's locations, repeated
vertically in three different levels

Fig. 4. Thermocouples locations in the tested system with (a) CCR and (b) SCR fins.

as the average of three measurements, the expanded uncertainty is +0.29 °C, while for PCM temperatures at a given height, averaged
from two measurements, the expanded uncertainty is +0.36 °C. The uncertainties associated with voltage and current measurements
are +0.5% and +1.0% of the reading, respectively. Applying standard uncertainty propagation using the same method [66], the
maximum uncertainty in the calculated heat flux is estimated to be +1.12%. The uncertainty in nanoparticle mass concentration is
considered negligible due to the high precision of the analytical balance employed. Consequently, the maximum uncertainty in the
reported relative temperature reduction (1) is estimated to be +1.6%. A summary of the key experimental uncertainties discussed in
this section is provided in Table 4 for ease of reference.

In addition to instrumental uncertainties, the potential influence of parasitic heat losses on the comparative results was evaluated.
The test container was insulated using a 25 mm thick fiberglass layer with a thermal conductivity of approximately k ~ 0.04W/ m.°C).
Based on the exposed lateral wall area (~0.024 m?), insulation thickness, and a representative temperature difference of AT ~ 20 °C
between the PCM (x48-51 °C) and the controlled ambient environment (28 °C), the estimated steady-state lateral heat loss is
approximately 0.8 W. This corresponds to less than 2% of the total heat input imposed to the system (~40 W, based on a heat flux of
1000 W/m? applied over a heated area of 0.04 m?). Since the insulation, container geometry, and ambient conditions were identical for
all tested configurations, this heat loss is systematic and comparable across experiments and therefore does not significantly affect the
relative comparison of cooling performance metrics, including n, temperature reduction, and thermal buffering duration. The
repeatability of the experiments is further supported by a consistently low standard deviation in the averaged copper sheet temper-
ature, remaining within +0.3 °C across all triplicate tests. This level of repeatability is consistent with the calculated uncertainty
bounds and indicates a high degree of consistency in the observed experimental trends.

5. Validation of experimental setup

Before investigating enhanced cooling strategies, it is essential to validate the fundamental thermal response of the experimental
apparatus itself. To this end, the uncooled baseline configuration (Test #1, Table 1) is compared against the results of Biwole et al. [29]
for the baseline case under an identical heat flux of 1000 W/m?2. The comparative results are presented in Fig. 5. Despite differences in
both orientation (present study: horizontal vs [29].: vertical) and ambient temperature (present: Tyumpientpresens = 28°C vs [29].:
Tambient,;31] = 20°C), the thermal profiles exhibit strong agreement in both trend and magnitude. Both curves show a steep, quasi-linear
temperature rise, characteristic of the baseline system under high heat flux. Over the 180-min test period, the average front-surface
temperatures were Tave present = 74.74°C and Tyyeref = 69.63°C, respectively. To account for differences in ambient conditions, the
average temperature rise above ambient is calculated for each case. The relative difference between these normalized temperature

Table 4
Summary of experimental measurement uncertainties.
Parameter Expanded uncertainty
Single temperature measurement +0.51°C
Averaged copper sheet temperature +0.29 °C
Averaged PCM temperature (per height) +0.36 °C
Voltage measurement +0.5%
Current measurement +1.0%
Calculated heat flux +1.12%
Relative temperature reduction (n) +1.6%
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Fig. 5. Temperature profile of the baseline case #1 compared to the numerical data from Biwole et al. [29] under the same constant heat flux of
1000 W/m?.

rises is:

|ATavepresent — ATy ref‘ |4674 - 4963‘
w1 10006 = 14071 = 49631 16006 ~ 5.8%
AT weres * 100% 2963 F100%~5.8% @

This close quantitative agreement, achieved under more stringent ambient conditions, validates the fundamental thermal response

of the experimental apparatus and establishes a reliable foundation for subsequent comparative analyses of enhanced cooling
configurations.

6. Results and discussion

This section presents comprehensive experimental results and detailed analysis of various thermal management configurations for
photovoltaic cooling applications. The investigation systematically evaluates the performance enhancement through multiple ap-
proaches: PCM integration, fin-assisted PCM systems, comparative analysis between different fin geometries, and nanoparticle
enhancement techniques. Four primary aspects are thoroughly examined:

Finned-PCM System (2=20%; N =25 CCR Fins)
70 95 O
o
~ 60 - 5]
O < =
< 55 | 3
2 2
FE X 65 3
= =
g 457 55 =
g‘ 40 - «=@—PCM only (No Fins), x/H=0 (x=0 mm) S
S ——¢— Finned, x/H=0 (x=0 mm) 45 &
&= 35 —=— Finned, x/H=0.50 (x=15 mm) £
30 Finned, x/H=0.85 (x=25.5 mm) 55
=== Uncooled, x/H=0 (x=0 mm) =3
25 — 15 E
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 =
Time (Minutes)

Fig. 6. Temperature profiles for baseline, PCM-only, and finned-PCM (CCR, A = 20%) configurations.
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o The fundamental benefits of integrating PCM with CCR fins, optimization of fin density through varying fin pitch ratios (A),
e Performance comparison between CCR and SCR fin configurations with different spacing parameters (3),
e Thermal performance improvement through the addition of alumina nanoparticles at various mass concentrations (¢).

All experiments maintain identical operating conditions with precise temperature monitoring at strategic locations within the PCM
domain, ensuring reliable comparison and comprehensive assessment of thermal management strategies for photovoltaic systems.

6.1. The effect of integrated PCM and CCR fins

This section presents a detailed comparative analysis of three thermal management configurations for photovoltaic modules: the
baseline system, a PCM-only system, and an integrated finned-PCM system employing 25 CCR fins with A = 20%. The investigation
systematically evaluates thermal performance using temperature measurements from the copper sheet interface, which serves as the
simulated PV module, supplemented by data from thermocouples distributed within the PCM domain, and along with a representative
fin to provide comprehensive insight into heat transfer characteristics. The experimental results, comprehensively detailed in Fig. 6,
demonstrate measurable and progressive improvements in thermal performance with each system enhancement, highlighting the
critical importance of integrated cooling solutions for photovoltaic applications. The baseline reference configuration exhibits rapid
thermal saturation, with the copper sheet reaching ~89.0 °C within 65 min and achieving an asymptotic temperature throughout the
210-min test duration. This performance profile illustrates the severe thermal challenge facing conventional PV modules, charac-
terized by an extremely steep initial temperature gradient that climbs from 26 °C to 46 °C in just 5 min and reaches 67 °C within 20
min, demonstrating virtually no thermal buffering capacity.

In contrast, the PCM-only configuration provides a noticeable improvement, with the copper sheet temperature limited to 61.4 °C
after 210 min, corresponding to a relative temperature reduction of = 45.2% compared to the baseline case. The temperature rise is
more gradual; the system requires 35 min to reach 51.5 °C, whereas the baseline system reaches a higher temperature of 62 °C within
15 min. However, the thermal response reveals a key limitation. Between 10 and 20 min, during the primary phase change interval of
the RT35HC PCM, the temperature increases sharply from 35.9 °C to 45.6 °C. The absence of a pronounced isothermal plateau and the
nearly 10 °C rise over this 10-min interval indicate that the inherently low thermal conductivity of the PCM constrains heat diffusion
into the bulk material. Under the applied heat flux of 1000 W/m?, this leads to localized melting near the heat source and a transition to
dominant sensible heating, thereby preventing full utilization of the PCM's latent heat capacity. These observations underscore the
need for an effective thermal conductivity enhancement mechanism.

The integrated finned-PCM configuration exhibits further improvement in thermal regulation, with the copper sheet temperature
reaching only 54.6 °C after 210 min, corresponding to 1 = 56.1% relative to the baseline system and a clear enhancement compared to
the PCM-only case. In addition, the finned system demonstrates a substantially improved thermal buffering capability. While the
baseline configuration exceeds the critical temperature threshold of 47.0 °C within approximately 10 min, and the PCM-only system
within about 23 min, the finned-PCM system maintains temperatures below this threshold for approximately 145 min. Similarly,
operation below 50 °C is sustained for about 185 min. Rather than indicating a fundamental change in operating behavior, these results
demonstrate a significant extension of the safe operating window under sustained peak thermal loading. This improvement is directly
attributed to the CCR fins acting as effective thermal bridges between the heat source and the PCM bulk. Temperature measurements
within the PCM domain reveal a stable spatial gradient at t = 210 min, decreasing from 54.6 °C at the copper interface (x/H = 0) to
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50.5 °C at mid-height (x/H = 0.50), and further to 46.4 °C near the container bottom (x/H = 0.85), corresponding to a total gradient of
8.2 °C. This sustained gradient confirms enhanced conductive heat transport into the PCM bulk, a mechanism that is largely absent in
the PCM-only configuration and directly addresses its primary thermal limitation.

The overall thermal regulation results from the combined contributions of sensible heat storage, latent heat absorption, and fin-
enhanced conduction. During the initial heating period, sensible storage in the PCM and metallic components is dominant. As the
interface temperature reaches the PCM melting point, latent absorption becomes the primary energy-storage mechanism, extending
the near-isothermal operational window. The fins do not store significant energy themselves but critically reduce the thermal resis-
tance between the heat source and the PCM, thereby accelerating the rate at which energy is delivered to the PCM volume and enabling
more uniform and effective utilization of its latent-heat capacity. After complete melting, sensible heating again governs the final
temperature rise. A detailed time-resolved energy partition would require complementary calorimetric measurements or numerical
simulation, which represent a valuable direction for further fundamental analysis.

6.2. The effect of the number of fins

The present investigation also examines how fin density, characterized by the dimensionless pitch ratio A, influences the thermal
performance of finned-PCM systems for photovoltaic cooling applications. Distinct CCR fin configurations, with three different pitch
ratios of A = 33.3% (9 fins), A = 25% (16 fins), and A = 20% (25 fins), are evaluated under identical experimental conditions, with
temperature measurements consistently recorded at the copper sheet interface (x/H = 0). The experimental results are presented in
Fig. 7. The results demonstrate a clear correlation between increasing fin density and enhancement in the cooling performance, with
progressively lower final temperatures achieved as fin count increases. The 9-fin configuration reaches a final temperature of 60.3 °C
(n = 47.0%), while the 16-fin and 25-fin systems achieve 57.9 °C ( = 51.0%) and 54.6 °C (n = 56.1%), respectively, establishing a
6.5 °C overall improvement from the lowest to highest fin density configuration.

Analysis of the transient thermal response highlights distinct performance regimes across the tested fin densities. During the initial
50 min, all configurations exhibit comparable behavior, with temperature differences remaining within 2.0 °C. Beyond this period, the
thermal responses diverge significantly. The 9-fin configuration shows a continuous temperature rise throughout the remaining test
duration, whereas the 25-fin system maintains temperatures below the critical threshold of 47.0 °C for approximately 150 min, fol-
lowed by a more gradual increase. The 16-fin configuration exhibits intermediate behavior, sustaining sub-47 °C temperatures for
approximately 145 min. These trends reflect the role of fin density in improving heat transfer mechanisms, where additional fins
provide multiple parallel conductive pathways that reduce thermal resistance between the heat source and the PCM, enabling more
uniform heat distribution.

The substantial increase in effective heat transfer surface area, approximately 178% for the 25-fin configuration compared to the 9-
fin case, quantitatively explains the observed 5.7 °C difference in final temperature. The denser fin arrangement also promotes faster
heat penetration into the PCM bulk, allowing a larger PCM volume to participate in latent heat absorption. Temporal analysis further
indicates that the 25-fin configuration delays the temperature rise to 50.0 °C by approximately 110 min relative to the 9-fin system,
while extending the operating duration below 50 °C from 75 to 135 min, representing an 80% increase in effective thermal buffering
time. Such performance improvements are particularly relevant for photovoltaic applications, where sustained operation at lower
temperatures during peak solar loading is critical for maintaining efficiency and reliability. It should be noted, however, that while
increasing fin density enhances conductive heat spreading and accelerates PCM engagement within the investigated range, further
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increases beyond A = 20% are expected to result in diminishing thermal returns. Excessive fin density may reduce the effective PCM
volume, restrict buoyancy-driven convection within the molten PCM, and introduce additional manufacturing complexity. Accord-
ingly, the A = 20% configuration represents a practical upper bound within the present experimental scope, offering a balanced
compromise between thermal performance enhancement and system simplicity.

6.3. Comparison between CCR and SCR fin configurations

In the present work, the thermal performance differences between Complete Circular Rod (CCR) and Semicircular Rod (SCR) fin
configurations are investigated through systematic experimental analysis. The study evaluates the previously established optimal CCR
configuration (A = 20%, N = 25 fins) against three distinct SCR configurations with varying spacing ratios 6 (6 = S/D, where S
represents the normal distance between SCR fin bases and D denotes the fin diameter). The SCR configurations maintain identical fin
count while employing spacing ratios of 8 = 16% (S = 2 mm), 8 = 32% (S = 4 mm), and 8§ = 48% (S = 6 mm) to thoroughly assess
spacing effects on thermal performance. The experimental results presented in Fig. 8 show that SCR configurations achieve improved
thermal performance compared to the conventional CCR design throughout the entire 210-min test period. The optimal SCR system (&
= 48%) reaches a final temperature of 51.0 °C. This represents a substantial n = 62.3%, meaning it prevented nearly two-thirds of the
temperature rise seen in the uncooled case. This represents a measurable improvement over the CCR configuration. The 3.6 °C
temperature reduction provided by the optimal SCR configuration relative to the CCR design can potentially contribute to improved
conversion efficiency and long-term reliability in photovoltaic systems.

The enhanced thermal performance of SCR fins originates from fundamental improvements in both conductive and convective heat
transfer mechanisms. Geometrically, while a single CCR fin provides a cylindrical surface area of Accg = #DH, the same spatial
footprint can accommodate two back-to-back SCR fins. Each SCR fin contributes a semicylindrical outer surface and a flat rectangular
face. Therefore, the combined heat-dissipating surface area for the SCR pair is:

ASCR =7nDH + 2DH (8)
Compared to the area of one CCR fin (zDH), this represents a relative increase of:

Ascr — A DH + 2DH — zDH 2
scr — Ao TO + T 2 0.6366 — 63.66% ©
Accr nDH b3

This significant increase in the area available for heat exchange with the PCM enhances conductive heat transfer. More importantly,
the sharp edges of the flat surface effectively disrupt thermal boundary layers, while the flat face itself acts as a guide vane that or-
ganizes and strengthens natural convection currents within the PCM. This promotes more efficient mixing of the molten PCM and
accelerates the heat dissipation process through enhanced fluid dynamics. From a fluid-dynamic perspective, the flat face of the SCR fin
modifies buoyancy-driven convection compared to the cylindrical CCR geometry. The planar heated surface promotes more coherent
upward plume formation similar to natural convection over a vertical plate, whereas cylindrical fins tend to generate more circum-
ferential and distributed plume detachment. The sharp transition edges of the SCR geometry may also contribute to local boundary
layer thinning and earlier boundary layer disruption, enhancing the local heat transfer coefficient. Furthermore, the flat surface acts as
a guiding interface that organizes inter-fin recirculation structures and reduces stagnant zones near the fin base, thereby improving
melt uniformity and bulk mixing within the molten PCM. Although these mechanisms were not directly visualized in the present study,
they are consistent with the observed improvement in system-level thermal performance.

Moreover, from a dimensionless heat transfer perspective, the superior performance of the SCR geometry can be interpreted in
terms of its influence on buoyancy-driven convection within the molten PCM. The semicircular profile modifies the internal flow
domain and characteristic length scale governing natural convection between adjacent fins, thereby affecting the effective Rayleigh
number and the development of thermal boundary layers. The increased conductive surface area of the SCR fins further enhances heat
spreading, which in turn influences the overall Nusselt number by coupling conductive and convective mechanisms. While the present
study provides clear system-level evidence of improved thermal performance, direct quantification of Rayleigh and Nusselt numbers
would require spatial temperature mapping, flow visualization, or numerical simulations to resolve local velocity and thermal fields.
Accordingly, the derivation of a generalized dimensionless heat transfer correlation for SCR configurations lies beyond the scope of this
experimental investigation and represents a valuable direction for future fundamental analysis. The clear performance hierarchy
among SCR configurations reveals the critical importance of geometric optimization. The system with the largest spacing (& = 48%)
demonstrates optimal performance, while intermediate spacing (6 = 32%) and smallest spacing (& = 16%) configurations attain final
temperatures of 52.5 °C and 53.5 °C, respectively. The progressive 2.5 °C temperature reduction with increasing inter-fin spacing
indicates that the benefit of increased surface area must be balanced with sufficient clearance to allow unimpeded development of
natural convection currents within the PCM. The optimal spacing (8 = 48%) provides this balance by maximizing both conductive area
and convective flow to facilitate the most efficient utilization of the PCM's latent heat capacity.

Detailed examination of the temperature progression data confirms that SCR configurations consistently maintain lower temper-
atures than the CCR system throughout the experimental duration. During the critical first 140-min period, the optimal SCR system
maintains temperatures approximately 1.5-2.0 °C lower than the CCR configuration. This early-stage thermal advantage proves
particularly valuable for practical applications where rapid thermal response during initial operation is essential for maintaining
optimal performance. The thermal performance data clearly shows that the SCR configuration with § = 48% maintains temperatures
below 45 °C for 150 min compared to 45 min for the CCR configuration, providing a 233% longer duration at this optimal operating
temperature. The comprehensive experimental evidence establishes that SCR configurations, particularly with optimized spacing
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ratios, provide superior thermal management compared to traditional CCR designs. The significant temperature reduction achieved
through the SCR fin geometry results directly from the combined effects of increased heat transfer surface area and enhanced PCM
convection coefficient enabled by the unique semicircular rod geometry. This represents an effective approach for thermal manage-
ment applications that directly translates to improved system efficiency and enhanced operational reliability, positioning SCR con-
figurations as the preferred choice for high-efficiency cooling systems where maximum performance and reliability are essential
requirements.

6.4. The effect of alumina nanoparticles on thermal performance

The integration of alumina nanoparticles within the phase change material, combined with the optimized semicircular rod fin
configuration, yields measurable improvements in thermal performance through multiple enhancement mechanisms. Experimental
evaluation for four nanoparticle mass concentrations (0.25-1.0 wt%) reveals a distinct concentration-dependent improvement trend,
with systematic enhancement observed across all measured parameters. A summary of key performance metrics for nano-PCM systems
is presented in detail in Table 5. Fig. 9 shows the temperature progression data confirm consistent performance improvement with
increasing nanoparticle loading, establishing a clear correlation between nanoparticle concentration and cooling efficacy.

The system incorporating 1.0% nanoparticles achieves optimal performance, reaching a final temperature of 48.8 °C. This cor-
responds to | = 65.9%, an improvement over the 62.3% relative temperature reduction of the pure PCM system with SCR fins. The
improved thermal response of the nano-PCM system can be interpreted in the context of classical effective medium theory. For the 1.0
wt% Aly03 nano-PCM employed in this study, the corresponding nanoparticle volume fraction is approximately ~0.2%. Application of
the Maxwell model [67] for spherical particles predicts an intrinsic thermal conductivity enhancement of only ~0.5%. This modest
increase indicates that the experimentally observed system-level performance gains cannot be attributed solely to a significant rise in
thermal conductivity. Instead, the enhancement is more plausibly associated with a synergistic combination of modest conductive
improvement, nanoparticle-induced melting point depression, and potential alterations in nucleation behavior and buoyancy-driven
convection during melting. These findings highlight the multifaceted role of nanoparticles in improving PCM thermal performance
beyond simple conductivity enhancement.

The augmented thermal transport properties facilitate more efficient heat dissipation from the copper substrate through the fin
network into the PCM bulk, reducing thermal resistance and promoting accelerated heat distribution with more uniform phase change
progression. Material characterization reveals nanoparticle-induced melting point depression from 35.18 °C for pure PCM to 31.13 °C
for the 1.0% nanocomposite, attributed to disrupted crystal structure and altered nucleation dynamics caused by the high-surface-area
nanoparticles. This shift in the phase change temperature range means that the latent heat absorption begins at a lower system
temperature, providing proactive thermal buffering earlier in the heating cycle. Analysis of the thermal profiles demonstrates notably
improved thermal regulation capabilities during the critical initial heating period, where the 1.0% nano-PCM system maintains
temperatures 1.2-1.5 °C lower than the pure PCM system throughout the first 140 min of the experiment operation. The comprehensive
performance metrics confirm that the nano-enhanced system extends the operational duration below 45 °C by 15 min, representing a
12.5% extension of optimal operating conditions compared to the pure PCM system. These thermal improvements suggest potential
electrical efficiency benefits for photovoltaic applications. Based on the established temperature coefficient for crystalline silicon solar
cells (—0.4% to —0.5% per 1 °C), the measured cooling corresponds to a projected relative electrical efficiency improvement of 16.1-
20.1% compared to the uncooled baseline. This projection is derived from the thermal performance data using the well-documented
thermal-electrical relationship of PV cells, highlighting the indicative electrical benefit inferred from temperature reduction. However,
this projection does not account for real operating conditions such as irradiance variability, electrical loading, and coupled electro-
thermal effects, and should therefore be interpreted as an indicative estimate rather than a directly measured performance gain.

The long-term reliability of the optimal hybrid configuration, comprising SCR fins (6 = 48%, A = 20%) and a 1.0 wt% Al>0O3 nano-
PCM composite, was assessed over 300 accelerated thermal cycles. This approach is consistent with prior nano-PCM studies that use
thermal cycling as a proxy for colloidal stability in the absence of direct rheological characterization [68,69]. Fig. 10 presents the
evolution of the interface temperature and relative temperature reduction as a function of cycle count, indicating stable system
performance throughout the testing period. The endpoint temperature increased by only 0.3 °C, from 48.8 °C to 49.1 °C, while the
relative temperature reduction decreased by just 0.5% points over the entire testing regimen. This limited variation corresponds to an
average performance change of approximately 0.0017% per cycle, indicating stable system-level thermal performance under repeated
phase change operation. The stability is further reflected in the highly repeatable thermal response observed during successive melting
and solidification cycles, indicating consistent system-level heat transfer behavior. Although no direct physicochemical character-
ization of nanoparticle sedimentation or agglomeration was conducted, the minimal performance drift suggests that any nanoparticle

Table 5
Summary of key performance metrics for nano-PCM systems.
Nanoparticle Concentration Final Temperature (°C) Relative temperature reduction, n (%) Time Below 45 °C (min)
0% (Pure PCM) 51.0 62.3 150
0.25% 50.3 63.4 175
0.50% 49.5 64.8 179
0.75% 49.2 65.2 181
1.00% 48.8 65.9 185
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redistribution during cycling did not adversely affect the overall thermal response within the experimental timeframe. Nevertheless,
extended outdoor exposure, long-term aging, and environmental factors such as vibration and thermal stratification may influence
nanoparticle dispersion over service lifetimes, and therefore warrant further investigation under real operating conditions.

In addition to the accelerated thermal cycling results, it is important to consider potential degradation mechanisms that may in-
fluence long-term performance under multi-year operation. For the present system, the primary projected mechanisms include copper
fin surface oxidation, nanoparticle agglomeration or sedimentation within the PCM matrix, PCM leakage during repeated phase
transitions, and possible interfacial thermal resistance evolution between the copper fins, PCM, and container walls. Copper oxidation
could gradually increase interfacial thermal resistance; however, under the enclosed and insulated conditions of the present system,
such effects are expected to progress slowly and mainly become relevant under prolonged outdoor exposure. Nanoparticle agglom-
eration or redistribution may alter local thermal transport properties over long durations, particularly under sustained thermal gra-
dients, although the minimal performance drift observed over 300 accelerated cycles suggests that any such effects are limited within
the investigated timeframe. PCM leakage and interfacial delamination were not observed during testing, indicating adequate me-
chanical and thermal compatibility of the selected materials. Nevertheless, extended outdoor exposure, long-term aging, vibration, and
environmental effects may influence these mechanisms over service lifetimes. Accordingly, the present durability assessment should be
interpreted as a demonstration of short-to medium-term stability, while long-term field testing remains necessary to fully quantify
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multi-year reliability under realistic operating conditions.
6.5. Comparative analysis with previous studies

The experimental results presented in the preceding sections indicate effective thermal regulation of the hybrid SCR fin and nano-
PCM cooling strategy. To contextualize these findings within the existing literature, a comparative analysis of representative PV-PCM
and nano-PCM cooling studies is presented in this section. Owing to substantial differences among published works, including heat flux
levels, PCM type and mass, fin geometry, boundary conditions, module orientation, and evaluation metrics, the comparison is
intentionally qualitative in nature rather than a direct quantitative benchmark. Table 6 summarizes selected studies to highlight
relative performance trends and dominant enhancement mechanisms. While absolute temperature reduction (AT) is reported for
reference, it should be interpreted as an indicative metric rather than a strict basis for one-to-one comparison. The objective of this
analysis is to extract general design insights rather than to claim numerical equivalence across studies.

Within this qualitative framework, the present results consistently indicate that geometric enhancement plays a dominant role in
improving PCM-based passive cooling performance. Multiple finless nano-PCM systems reported in the literature exhibit limited
temperature reduction despite high nanoparticle loadings, suggesting that enhanced thermal conductivity alone is insufficient to
overcome heat spreading limitations. In contrast, finned configurations generally demonstrate improved thermal regulation by
facilitating heat distribution and promoting buoyancy-driven convection within the PCM. The SCR fin configuration investigated in
this study represents an advanced geometric approach that combines increased conductive surface area with guided natural con-
vection pathways. Compared to conventional ribs or cylindrical fins reported in earlier studies, the SCR geometry provides improved
thermal coupling between the heat source and the PCM bulk. When combined with modest nanoparticle loading, this geometric
optimization yields a synergistic enhancement effect that extends thermal buffering duration and reduces peak operating tempera-
tures. Although some active PV/T systems report cooling improvements under specific operating conditions, their performance is
inherently influenced by auxiliary energy input and increased system complexity. The present comparison therefore highlights the
potential of well-designed fully passive systems to achieve competitive thermal regulation without operational energy consumption.
Overall, the qualitative comparison reinforces the central conclusion of this work that co-optimization of fin geometry and PCM
properties is more impactful than material enhancement alone in passive thermal management applications.

7. Conclusions

The present comprehensive experimental investigation demonstrates the effectiveness of a hybrid passive cooling strategy for
regulating temperature in systems subjected to high heat flux. The key findings and their implications are as follows:

e The integration of fins is found to be critical for unlocking PCM performance. The optimal CCR fin system (A = 20%) achieved a
final temperature of 54.6 °C, corresponding to 1 = of 56.1%. More significantly, it extended the operational period below 50 °C
from just 12 min for the uncooled baseline to 185 min, demonstrating a significant improvement in thermal buffering.

e Fin geometry is a decisive factor for the PV system performance. The optimal SCR configuration (& = 48%, A = 20%) achieved a
final temperature of 51.0 °C, = 62.3% and a 3.6 °C improvement over the best CCR design, demonstrating the advantage of the
SCR geometry.

e Nanoparticles provide a significant, concentration-dependent enhancement. The highest concentration (¢ = 1.0%) yielded the best
performance, reaching a final temperature of 48.8 °C, which corresponds to n = 65.9%.

e A hierarchical optimization strategy delivers the highest performance. The optimal hybrid system (1.0% nano-PCM with SCR fins,
8 = 48%, . = 20%) combines the enhanced conduction of nanoparticles with the superior heat spreading capability of an optimized
fin geometry, achieving a total temperature reduction of 40.2 °C from the uncooled baseline.

While the experimental context simulated a PV module, the results also suggest promising potential for the thermal management of
high-power electronic components. The ability to maintain a simulated surface temperature below 50 °C under a constant heat flux of
1000 W/m? for an extended period demonstrates a viable solution for managing heat in similar compact electronic systems. The
passive nature of this system offers key advantages for electronics, including inherent reliability, zero power draw for cooling, and
silent operation. This work demonstrates that the hybrid SCR fin/nano-PCM strategy offers an effective passive thermal management
approach from a thermal perspective, achieving a temperature reduction of 40.2 °C under a sustained heat flux of 1000 W/m?. The
substantial cooling achieved indicates significant potential for improving photovoltaic electrical performance, as indirectly estimated
using standard PV temperature coefficients, subject to validation through direct electrical measurements under realistic operating
conditions. The approach also shows considerable promise for thermal management in high-power electronic systems.

Future work will focus on: (i) outdoor testing of the hybrid system on operational PV modules to quantify actual electrical efficiency
gains, (ii) direct electrical performance measurements under realistic irradiance profiles (iii) long-term material-stability studies (e.g.,
nanoparticle sedimentation, PCM-fin interfacial durability), over extended thermal cycling, and (iv) numerical simulations or flow-
visualization experiments to resolve local velocity and temperature fields, enabling the development of a dimensionless heat-
transfer correlation for SCR-fin PCM systems. These steps will further validate the practical viability and durability of this passive
cooling approach and provide deeper fundamental insight into its convective enhancement mechanisms.
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Table 6
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Qualitative comparison of representative PCM-based passive and hybrid cooling strategies reported in the literature.

Study/System Type Nanoparticle/PCM Loading System AT edquetion (°C) Key Finding & Distinction of Present Work
(@) Configuration

Present Study Al,03/RT35HC 1.0 wt% Novel SCR Fins (6 = 40.2 (from 89 Demonstrates the combined influence of optimized
Experimental; 48%, h = 20%) to 48.8 °C) fin geometry and moderate nano-PCM loading on
Passive enhancing passive thermal regulation.

Zhou et al. [70] Boron Nitride/ 10 wt% No Fins (Composite 21.4 (from 59 Illustrates the limitations of finless nano-PCM
Experimental; Paraffin Wax only) to 37.6 °C) systems despite high nanoparticle loading.
Passive

Soliman [30] PCM - Ribs 19.8 (from 82 Shows the role of basic geometric enhancement in
Experimental; t0 62.2 °C) improving PCM heat dissipation.
Passive

Jamil et al. [71] Graphene/PT58 0.5 wt% No Fins 10 (from 66.4 Indicates modest thermal improvement from
Experimental; to 56.4 °C) nanoparticles without geometric heat spreading.
Passive

Jamil et al. [72] CB/PT58 0.5 wt% No Fins 9.8 (from 68 to  Suggests similar performance trends among different
Experimental; 58.2°C) nanoparticles in finless configurations.
Passive

Sheik et al. [73] Al,03/PEG-1000 20 wt% No Fins 9 (from 52.4 to  Highlights diminishing returns of high nanoparticle
Experimental; 43.4°Q) loading without geometric enhancement.
Passive

Jamil et al. [72] Si0,/PT-58 0.5 wt% No Fins 8.1 (from 68 to Reinforces the dominant limitation imposed by the
Experimental; 59.9 °C) absence of fins.
Passive

Sheik et al. [73] Si05/PEG-1000 20 wt% No Fins 7.8 (from 52.7 Demonstrates performance ceiling in finless PCM
Experimental; to 44.9 °C) systems regardless of nanoparticle type.
Passive

Kibria et al. [74] Al;03/Zn0O 2 wt% No Fins (with water 5.4 (from 61.5 Represents active cooling performance influenced by
Experimental; (Hybrid)/Paraffin cooling) to 56.1 °C) auxiliary energy input and system complexity.
Active PV/T Wax

Karunesh et al. [75] CuO/RT35 5 wt% No Fins 1.7 (from 78.4 Numerically predicts limited impact of nanoparticles

Numerical; Passive to 76.7 °C) without geometric heat spreading.
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Nomenclatures

A: Area, m?

D: Fin diameter, m

H: Total PCM thickness (Fin height), m
I: Electrical current, A

L: Length, m

N: Number of fins

P: Electrical power, W

p: Fin pitch, m

¢': Heat flux, W/m?
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S: Base spacing, m

T: Temperature, °C

t: Time, s

V: Voltage drop, V

x: Distance from copper sheet, m

Greek Letters

@: Nanoparticles' mass concentration

A: Differential

n: Relative temperature reduction

y: Gamma; the type of used alumina nanoparticles
A: Fin pitch ratio

é: Fin spacing ratio

Sub Scripts
ave: Average

f: Fin

h: Heater

np: Nanoparticles
p: Plate

ref: Reference

Acronyms and Abbreviations
CCR: Complete Circular Rod

CPU: Central Processing Unit

PCM: Phase change material

PV: Photovoltaic

PV/T: Photovoltaic/Thermal

SCR: Semicircular Rod
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