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Photovoltaic cell efficiency is notably affected by temperature, with higher op-
erating temperatures leading to significant drops in electrical performance. To
mitigate this thermal drawback, the present study investigates a passive cooling
approach that integrates PCM beneath photovoltaic modules. Exploiting the latent
heat absorption during the PCM phase transition, the system effectively moder-
ates panel temperature. Three system configurations are assessed: uncooled pho-
tovoltaic panels, photovoltaic panels equipped with PCM, and photovoltaic panels
incorporating both PCM and fins for enhanced thermal dissipation. Key perfor-
mance indicators, including cell temperature, electrical output, and PCM liquid
fraction, are evaluated across the set-ups. Results demonstrate a marked reduction
in panel temperature with the use of PCM, while the addition of fins further ampli-
fies cooling efficiency and electrical performance.
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Introduction

Crystalline silicon photovoltaic (PV) modules are widely used in solar energy systems,
yet their efficiency remains limited, only about 12%-18% of the incoming solar radiation is con-
verted into electricity. The majority of the unused energy is converted into heat, which leads to an
increase in module temperature and a subsequent decline in efficiency at a rate of approximately
0.4%-0.5% for every 1 °C rise in temperature [1, 2]. This thermal issue has prompted research-
ers to explore various cooling strategies to mitigate performance losses.
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Among the early efforts, active cooling techniques involving air or water circulation
have led to the emergence of PV/thermal systems. Notable contributions in this area include
those by Wolf [3], Kern Jr and Russell [4], Hendrie [5], and Raghuraman [6]. Further investiga-
tions have focused on optimizing air-flow conditions and geometric configurations to enhance
heat dissipation and electrical output [7, 8]. Additional thermal analyses and experimental vali-
dations were carried out by Sopian et al. [9], Garg and Adhikari [10], Zondag et al. [11], Tiwari
et al. [12], Solanki et al. [13], Baloch et al. [14], and Reteri et al. [15].

In recent years, passive cooling approaches, particularly the use of PCM, have at-
tracted considerable interest. The PCM offer the advantage of absorbing excess heat through
latent heat storage, thereby maintaining lower PV module temperatures and improving ener-
gy output stability [16]. Research in this domain has examined various aspects of PCM in-
tegration, including material selection, thermal conductivity enhancement, and optimal
placement. Significant work has been reported by Qu et al. [17], Yagci et al. [18], Tang
et al. [19], Sheikh et al. [20], Cai et al. [21], Meng et al. [22], and Shawish et al. [23].

The growing need for efficient thermal regulation in PV systems has driven interest
in passive cooling strategies that enhance performance without additional energy consumption.
Among these, the use of PCM offers a promising approach due to their ability to stabilize tem-
peratures through latent heat absorption. This study is motivated by the potential of PCM-based
cooling to mitigate thermal stress on PV modules and improve electrical efficiency under vary-
ing thermal loads. To further enhance heat dissipation, cooling fins are introduced to facilitate
faster phase transitions.

Materials and methods

The studied PV solar collector consists of a 3 mm glass cover, a 0.3 mm polycrystalline
silicon layer, and a 0.5 mm Tedlar backsheet, all mounted on a 1 mm aluminum casing that houses
a 50 mm RT31 PCM layer, with the full module measuring 600 mm x 1200 mm. Three design
configurations were analyzed: Case A (standard PV without cooling), Case B (PV with passive
PCM cooling), and Case C (PV with PCM and aluminum fins for enhanced heat dissipation),
with fin numbers varied at 7, 11, and 14, fig. 1. Internal fins of 1 mm thickness are used in some
configurations to improve thermal regulation, see [24-26] for simulation property details.
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Figure 1. The PV
models: baseline, with
PCM, and with PCM
plus fins (7, 11, 14)

The thermal analysis of the PVT/PCM system assumes 3-D heat transfer, with natu-
ral-convection in the liquid PCM modeled via the Boussinesq approximation. The PCM flow
is considered Newtonian, incompressible, and laminar, while the material itself is treated as
homogeneous and isotropic.
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The PCM region’s thermal behavior is modeled using modified conservation equa-
tions that include phase change and natural-convection, with mass conservation defined by the
continuity equation. The mass conservation is expressed through the continuity equation:

ou Ov ow
+—t—=

Zi+ =0
ox oy Oz )
The x-direction momentum equation is given:
8(Premt) op
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The y-momentum equation incorporates buoyancy using the Boussinesq approxima-
tion:
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Similarly, the z-direction momentum equation is defined:
0 (PPCM W)
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The energy conservation within the PCM is described by the modified thermal energy
equation:

C 8_T+u6_T+v8_T+W6_T = &°T d°T d°T +S ®)
Prcm b p, pem or ox Y o PCM o 53/2 P T
The PV electrical efficiency is estimated using an empirical correlation [27]:
pie =0.125[1-0.004(T,; —293)] (6)

These equations define velocity (u, v, and w), pressure, p, temperature, 7, and material
properties of the PCM (C, pcm, Arcm), With source terms (S,, S,, and S.) for phase change and an
empirical relation, uc, for PV efficiency based on cell temperature.

To simulate the system’s thermal behavior, suitable boundary and initial conditions
were set. At the top boundary (0 <x <L,y =H, 0 <z </, heat flux is defined:

oT 4 4
A= Gy (T, Ty )= 0 (1 - T3 ) ©
The convective coefficient /4, is based on Mac Adams’ correlation:
For the four lateral edges of the PV panel, the boundary condition is given:
oT
A—=n(Tpy - T,, 23
L Ty ~To) ©3)

The thermal collector’s side boundaries (air duct) are treated as adiabatic, with
time-dependent solar radiation, ambient, and sky temperatures detailed in tab. 1.

The equations were solved using the SIMPLE algorithm [28] with Upwind discretiza-
tion and the enthalpy-porosity method for melting. Relaxation factors and convergence criteria
were set accordingly, with 20 iterations per time step. Mesh independence was verified using
silicon layer temperature trends, and mesh sizes are listed in tab. 2. Time step sensitivity was
analyzed using cell temperature trends, with 0.5 second chosen as optimal for all cases. Further
details on model validation are provided in [24].
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Table 1. Diurnal variation of key environmental

parameters used in the simulation

Table 2. Mesh sizes for different
system configurations
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Figure 3. Daily Evolution of isotherms and liquid

fraction for Case B (with PCM)
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Results and discussions

Figure 2 shows the daily variation of silicon layer temperature and PV efficiency for
Case A (without PCM) and Case B (with PCM). Both cases heat up with rising solar irradiance,
peaking at 335.2 K (Case A, 1:00 p. m.) and 329.6 K (Case B, 1:40 p. m), demonstrating PCM
ability to delay and reduce temperature rise. After 3:40 p. m., Case B’s temperature slightly
exceeds Case A due to heat release from the PCM. Efficiency drops as temperature increases,
reaching 0.1038% (Case A) and 0.1062% (Case B). The PCM improves performance during
peak hours, lowering temperature by ~6 °C and boosting efficiency by ~0.25% before 3:00 p.
m. Later, Case A regains higher efficiency as it cools faster.

Figure 3 shows the daily evolution of isotherms and liquid fraction for Case B with
PCM. Melting begins around 9:00 a. m. near the PV module as temperatures reach 303 K. By
11:00 a. m., about 23% of the PCM melts, increasing to 45% by 1:00 p. m. as temperatures
peak near 323 K. At 3:00 p. m., the liquid fraction rises to 64%, and by 5:00 p. m., it reaches
76%, though full melting is not achieved. Heat transfer remains mainly conductive due to the
PCM thin layer. This suggests performance could improve by adding conductive fins beneath
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Figure 4 shows the daily variation of N c;,semﬁm) o2 §
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for Case B, comparing PCM systems with and 3207 C“e“”‘:”/ A 21::;
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finned systems release stored heat more slow- Time of day [hour]

ly, temporarily raising temperatures above the  Figure 4. Silicon temperature and electrical
non-finned case. Overall, fins lower peak tem- efficiency vs. time for Case B with/without fins
peratures by ~15 °C and improve efficiency by ~0.6% during peak hours (11:00 a. m. to 3:00 p.
m.), with higher fin densities offering better performance.

Figures 5 and 6 present the temperature contours and liquid fraction distributions
throughout the day, respectively. In these figures, blue indicates solid PCM regions (f; = 0),
red denotes fully melted regions (fi = 1), and the gradient colors represent the mushy zone
(0 < fi <1). At 9:00 a. m., the PCM temperature near the upper section adjacent to the PV
module reaches between 301 K and 303 K in the 7 fin configuration, falling within the phase
change range and indicating the onset of melting. For the 11 fin case, the maximum tempera-
ture is approximately 301 K, initiating minimal melting, while the 14 fin configuration peaks at
299 K, with the PCM remaining entirely solid. This behavior is attributed to the increased alu-
minum mass and improved heat distribution as the number of fins rises.

By 11:00 a. m., the PCM temperature in the upper region of the 7 fin configuration
increases to about 304 K, corresponding to a liquid fraction of roughly 14%. In comparison, the
PCM temperature in the 11 fin and 14 fin configurations reaches around 304 K throughout the
entire volume, driven by the enhanced heat transfer surface area. As a result, the liquid fractions
increase to 19% and 25% for the 11 fin and 14 fin cases, respectively.

Between 1:00 p. m. and 5:00 p. m., the PCM temperature continues to rise with the
number of fins, reaching peak values of approximately 318 K, 319 K, and 320 K for the 7 fin,
11 fin, and 14 fin configurations, respectively. At 3:00 p. m., liquid fraction analysis indicates
complete melting in the 14 fin configuration, while the 11 fin and 7 fin cases reach melting lev-
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Figure 5. Temperature contours of PCM throughout the day
for different fin configurations
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Figure 6. The PCM liquid fraction over the day for various fin configurations
L 011507 els of approximately 97% and 76%, respective-
g 011451 - g & ly. By 5:00 p. m., complete melting is observed
s}j 011401 £ 5 g in the 11-fin configuration, whereas the 7 fin
g 011351 3 S © PCM achieves a melting level of about 98.5%.
g 011301 Figure 7 illustrates the average electrical ef-
g 012 ficiency for the various cases under investigation.
) 011201 In Case B, the integration of the PCM results in
g 011157 a noticeable enhancement in electrical efficiency,
z 011107 with an average increase of 0.17% compared to
S 011057 the baseline Case A. The addition of fins in Case
0.1100-

Different cases

Figure 7. Average electrical efficiency for
different PCM and fin configurations

C further augments this improvement, yielding an
average gain of 0.17% over Case B and a total
enhancement of 0.34% relative to Case A.
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For the finned PCM configurations, a clear trend is observed: increasing the number
of fins improves the cooling effectiveness of the PV cells, thereby leading to higher electrical
efficiencies. This is attributed to the enhanced heat transfer facilitated by the greater surface area
provided by the fins. The figure also confirms that each successive thermal management strate-
gy contributes positively to overall performance. The highest electrical efficiency is achieved in
Case C with 14 fins, demonstrating the effectiveness of this configuration in optimizing thermal
regulation and maximizing photovoltaic output.

Conclusion

This study conducts a theoretical analysis of PV module thermal regulation through
the application of PCM. It explores the thermal and electrical performance of PV panels
equipped with PCM cooling systems in comparison conventional, non-cooled counterparts. To
intensify the heat transfer process, fins were embedded within the PCM structure, with partic-
ular attention given to the effect of fin quantity on thermal dynamics. The numerical findings
reveal that PCM integration can reduce the surface temperature of PV cells by approximately
5-6 °C during periods of maximum solar irradiance, thereby yielding a modest electrical ef-
ficiency gain of around 0.2%. Notably, the addition of fins within the PCM substantially en-
hances heat dissipation by accelerating the phase transition. This design enhancement leads to
an improved thermal response, with temperature reductions reaching 13-14 °C beyond those
observed in systems lacking fins.
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