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Abstract: The thermal performance and energy efficiency of Photovoltaic Thermal (PVT) systems were investigated through the integration of Phase Change Materials (PCMs) combined with distinct container configurations. Two types of PCMs—paraffin wax, an organic material, and Polyethylene Glycol 1000 (PEG-1000), a polymer-based alternative—were embedded within two container designs: a plain container and a baffled container. To evaluate the impact of PCM selection and container geometry on system performance, a series of numerical simulations were conducted using Computational Fluid Dynamics (CFD) in ANSYS Fluent under varying solar irradiance levels of 300, 600, 900, and 1200 W/m2. The results revealed that PCM integration significantly mitigates the operating temperature of PV cells, contributing to enhanced thermal stability and electrical conversion efficiency. At the highest irradiance of 1200 W/m2, the plain paraffin configuration attained a minimum cell temperature of 27.4℃

and achieved the highest electrical efficiency of 11.7%. Conversely, the baffled PEG-1000 configuration exhibited a slightly higher peak temperature of 28.1℃ with a corresponding efficiency of 11.18%. Although the baffled container promoted improved internal heat distribution, the plain configuration demonstrated superior overall thermal regulation. 

These findings underscore the critical influence of PCM thermal properties and container geometry on the operational sustainability of PVT systems. This study provides new insights into PCM-container coupling strategies, offering a valuable framework for the development of high-efficiency, sustainable solar energy systems. 
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1 Introduction

The development of renewable energy technologies, especially solar energy, continues to be a key focus in facing the challenges of sustainable global energy needs [1–3]. One of the crucial innovations in this field is the PVT

system, which combines the simultaneous production of electricity and heat in a single unit [4–6]. Although PVT

systems offer many advantages, such as increased energy density and total efficiency, one of the main obstacles is the rise in excess temperature in the photovoltaic module, which can lower electrical efficiency and accelerate material degradation [7–9]. To overcome this problem, the integration of PCM is an innovative approach that is increasingly popular [10–12]. PCM serves as a latent energy storer that can absorb and release heat during the phase change process, thus helping to keep the temperature of the Photovoltaic (PV) module within the optimal range [13–15]. 

The selection of the PCM type and the storage container’s design are two crucial aspects that significantly affect the system’s thermal performance. Paraffin wax (organic PCM) and PEG-1000 (polymeric PCM) are two promising types of PCMs because they have a suitable melting point for PV applications and stable thermal properties [16–18]. 

The shape of the PCM container also plays a vital role in improving heat transfer efficiency [19, 20]. Plain and baffled container models offer different heat flow and distribution characteristics, which have the potential to affect system performance significantly [8, 21, 22]. Therefore, numerical simulation-based research, such as CFD, has become very relevant to systematically evaluate and compare these various configurations without requiring the high cost of physical experiments [15, 23, 24]. Table 1 summarizes recent studies showing multiple PCM innovations for PV cooling applications. These studies highlight the importance of container design, material selection, and the utilization of advanced simulation methods to achieve improved system performance. 
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Table 1. Test results of classification

Reference

Novelty

PCM Used

Key Findings

Experimental study with

The porous container achieved 3.40◦C cooling

seasonal outdoor tests and

and a 3.56% efficiency increase in winter. The

machine learning (ANN)

finned container achieved 3.42◦C cooling and a

[25]

Paraffin

modeling for PV cooling

6.58% efficiency increase in summer. ANN

using finned and porous

models predicted PV temperature and power with

PCM containers. 

R2 = 0.98 − 0.99. 

CFD simulation of PCM

Horizontal rectangular containers had the fastest

containers (horizontal and

melting and solidification. Solid fins reduced

[26]

cylindrical) with and without. 

Paraffin RT58

melting/solidification time better than hollow

solid/hollow fins for solar

fins, but hollow fins were lighter and more

dryers

economical. 

Numerical study of fin

10 T -shaped fins reduced PV temperature by

shapes and nanoparticle-

Paraffin + nano-SiC, 

[27]

5.03% compared to 6 fins. Nanoparticle addition

enhanced PCM in a PVT

nano- Al2O3

improved the PCM melting fraction by 2.13%. 

system. 

Finite element simulation of

Cell temperature reduced by 78.4% at peak solar

PV modules integrated with

flux, overall 31.1% reduction. PV efficiency

[28]

Docosane C

Docosane PCM under a hot

22H46

increased by 10.88%, voltage by 6.1%, and daily

climate. 

power output by 2.1%. 

RT25 (optimal), 

CFD-based optimization of CaCl2 · 6H2O, paraffin, 

RT25 sphere showed the best compatibility. 

[29]

PV cooling using composite SP29, n-octadecane +

High-conductivity metal matrices enhanced

PCM-metal matrices. 

aluminum, copper, 

thermal distribution. Plastics were less effective. 

steel matrices

Based on the existing research, this study focuses on CFD simulation analysis to compare the thermal performance between two PCM container designs, namely plain container and baffled container, using two types of PCMs, namely paraffin and PEG-1000. The main objective of this study is to evaluate the influence of container design and PCM

on PV cell efficiency in PVT-PCM systems. CFD simulations were used in this study to describe the temperature distribution in each container design and PCM type. The results of this analysis are expected to provide more in-depth insights into the optimal material selection and container design. Thus, this research is expected to be a scientific basis for developing a more effective and efficient PVT-PCM system. 

2 Methodology

This research was conducted using a numerical simulation approach with CFD to evaluate the thermal characteristics of a PVT system integrated with PCM as a passive cooling medium. The simulations were performed using ANSYS

Fluent, employing a transient analysis to capture the dynamic thermal behavior over time. Two types of PCM, namely paraffin and PEG-1000, were selected based on their favorable thermophysical properties, including appropriate melting points, high latent heat capacities, and chemical stability, making them well-suited for PV module cooling applications. The physical model was subjected to constant heat flux values of 300 W/m², 600 W/m², 900 W/m², and 1200 W/m², uniformly applied to the top surface of the photovoltaic layer to simulate varying solar irradiance conditions. The computational domain was configured with convective boundary conditions at the outer surfaces, assuming a convective heat transfer coefficient of 8 W/m²·K and an ambient temperature of 33°C. The energy equation was activated, and the flow was modeled using the realizable k − ε turbulence model to accurately capture heat transfer and fluid behavior within the PCM domain. The simulated system consists of two primary layers: the top is the PV module that receives and absorbs solar heat, and the bottom is the PCM container, functioning as a thermal buffer via latent heat storage. Two container designs, plain and baffled containers, were developed to examine the influence of geometric modifications on thermal performance. Figure 1 shows the illustration of a PVT system. The geometrical dimensions of both container types are detailed in Table 2 and visually represented in Figure 2. 

SolidWorks software was used for the two-dimensional modeling of photovoltaic cell systems and PCM containers. 

This enables a high accuracy level and detailed depiction of geometry for advanced numerical analysis needs. This design process was carried out using a laptop equipped with an AMD Ryzen 5 7520U processor with Radeon graphics, with a speed of 2.80 GHz, aiming to provide optimal support in the modeling and rendering process. After the geometric design stage, thermal performance simulation and phase change processes on the PCM were carried out using ANSYS Fluent software versions 18.2 and 22 to accurately capture the melting and freezing phenomena in the 267

[image: Image 4]

[image: Image 5]

[image: Image 6]

PCM container. 12 mm mesh elements were used uniformly across the simulation domain to optimize the balance between accuracy and computational efficiency. With this configuration, 27,404 and 45,399 elements were generated for the plain container model, while 29,905 and 53,054 elements for the baffled container model. All simulation parameters, including the thermophysical properties of the material and the boundary conditions, are fully detailed in Table 3. 

Figure 1. Illustration of a PVT system

(a)

(b)

Figure 2. Dimensions of the PCM container (a) plain, (b) baffled 268

Table 2. Test results of classification

Specification

Detail

Material

Aluminum

Total size (W × W × H)

660 × 550 × 42 mm

Table 3. Thermophysical properties of various materials [16, 30, 31]

Pure

Specific

Thermal

Solvent

Solidus

Liquidus

Density

Viscosity

Material

Heat

Conductivity

Melting Temperature Temperature

(kg/ m3)

(kg/m−5)

(J/kg•K)

(W/mK)

Heat

(K)

(K)

(J/kg)

PV cell

2330

667

130

-

-

-

-

Aluminum

2719

871

202.4

-

-

-

-

Paraffin

@800 @790

2150

0.2

0.01

240800

313.6

317.7

PEG-1000 @1250 @1100

2400

0.31

0.043

254000

307.15

310.15

3 Theoretical Framework and Governing Equations

Numerical studies on PVT-PCM systems have been carried out using the energy conservation approach, with the temperature distribution and heat transfer process modeled using the following energy equations [32, 33]:

∂ (ρh) + ∇ × (ρuh) = ∇ × (k∇T)

(1)

∂t

where, ρ is the density kg/m3 , h is the specific enthalpy (J/kg), u is the velocity (m/s), k is the thermal conductivity (W/m · K), T is the temperature (K), t is the time (s), and ∇ is the divergence operator. 

In systems involving PCMs, the enthalpy model accumulates total energy, including sensible and latent energy during phase transitions. Total enthalpy can be written as follows [34, 35]:

h = Cp (T − Tref ) + ∆Hf × fL

(2)

where, Cp is the specific heat capacity (J/kg · K) , Tref is the reference temperature (25◦C) , ∆Hf is the latent heat of fusion (J/kg), and f is the liquid fraction (0 to 1). 

The heat conduction process in PV and PCM follows Fourier’s law [20]:

q = −k × ∇T

(3)

where, q is the heat flux W/m2. 

To evaluate the thermal performance of the collector system, a thermal efficiency formula was used based on the rise in PCM temperature [23]:

q = hc × A × (Ts − T∞)

(4)

where, hc is the convective heat transfer coefficient W/m2 · K , A is the surface area m2 , Ts is the surface temperature (◦C), and T∞ is the ambient temperature (◦C). 

To evaluate the thermal performance of the collector system, a thermal efficiency formula based on the increase in PCM temperature was used [35]:

I

η

rad × A

thermal =

(5)

m × Cp × ∆T

where, ηthermal is the thermal efficiency, Irad is the incident solar radiation W/m2 , m is the mass of PCM (kg), and ∆T is the temperature difference (◦C). 

In addition to assessing the effectiveness of PCM in lowering the temperature of PV cells, the following PV

efficiency formula was used [19]:

ηpv = ηref [1 − βref (Tc − Tref )]

(6)
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where, ηpv is the electrical efficiency of the PV module, ηref is the reference efficiency at standard test conditions (0.14), βref is the temperature coefficient of efficiency (0.00392/◦C), and Tc is the PV cell temperature (◦C). 

All results presented in this study were derived from transient CFD simulations based on the equations above. 

4 Results

The PVT system performance was evaluated through a numerical simulation approach with the help of ANSYS

Fluent software, using the solidification & melting module to represent the phase change process in PCM. The use of PCM as a storage medium and heat transfer is considered to significantly contribute to optimizing the thermal efficiency of solar collectors. Therefore, numerical simulations were carried out to assess the impact of PCM

integration on overall system performance. The CFD method was used comprehensively to model the process of energy transfer, PCM liquefaction dynamics, and heat exchange efficiency. All simulation stages were arranged under transient conditions and executed using ANSYS Fluent software version R18.2 student edition to obtain a comprehensive picture of the thermal behavior that develops in PVT systems. 

4.1 Visual Evaluation of PCM Temperature Distribution

Figure 3 shows a visualization of the contour of temperature distribution in PCM using ANSYS R18.2 numerical simulation. Each sub-image represents the thermal conditions of four different PCM configurations: plain paraffin, paraffin insulated, plain PEG-1000, and PEG-1000 insulated. The blue color indicates a lower temperature area (close to 299.998 K), while the gradient to red indicates an increase in temperature to about 300.048 K. In subgraph (a) of Figure 3, the temperature distribution on plain paraffin shows a relatively uniform heat distribution, with several small hotspots evenly distributed. This demonstrates paraffin’s thermal conductivity ability to conduct heat efficiently, even without additional structures. Meanwhile, subgraph (b) of Figure 3 shows paraffin with an internal baffle. The temperature contour shows the presence of heat concentration in a particular area that is more localized. The baffle structure restricts heat flow laterally, creating small zones with higher temperatures. This resistance causes heat to accumulate around the baffle, leading to slower and more gradual melting. Subgraph (c) of Figure 3 shows the temperature visualization for plain PEG-1000. The heat dispersion pattern is generally similar to plain paraffin, but with a slightly higher hotspot intensity. This reflects the characteristics of PEG-1000, which has a somewhat wider solidus and liquidus temperature than paraffin. Therefore, the phase change process occurs over a wider temperature range. 

In subgraph (d) of Figure 3, the PEG-1000 with baffle shows a temperature distribution pattern almost identical to the partitioned paraffin configuration (subgraph (b) of Figure 3). Hotspots are localized in specific areas affected by the presence of partitions. This phenomenon occurs because paraffin and PEG-1000 have relatively low thermal conductivity characteristics. Hence, the baffle effect on heat transfer resistance is dominant compared to the material’s properties. In other words, the heat distribution pattern is influenced more by the structure’s geometry (the presence of baffles) than by the variation in the properties of PCM. The similarity of temperature distribution patterns in paraffin baffled and PEG-1000 baffled can be explained scientifically based on the principle of heat conduction resistance. 

The addition of baffles leads to the dominance of geometric-based thermal resistance, which inhibits the diffusion of heat throughout the volume of the material. Since these two materials both have low conductivity, the structure of the baffle is a major determining factor in heat distribution, resulting in similar temperature contour patterns despite different PCMs. 

(a)
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(b)

(c)

(d)

Figure 3. Contour visualization of PCM: (a) plain paraffin, (b) baffled paraffin, (c) plain PEG-1000, (d) baffled PEG-1000
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Figure 4. Melting fraction evaluation of PCM

To better understand the PVT-PCM system’s dynamic thermal response, each PCM’s melting fraction was monitored during a transient CFD simulation under 1200 W/m² irradiance. Figure 4 summarizes the evolution of the liquid fraction for four different configurations. The plain container design allows faster heat transfer, enabling earlier completion of phase change, especially in paraffin. In contrast, baffled containers introduce thermal resistance that delays melting but may promote localized temperature stability. PEG-1000, due to its higher specific heat and broader melting range, requires more time to achieve complete phase transition, which is evident in both container designs. 

4.2 Influence of PCM and Design on PV Cell Temperature Distribution Figure 5 shows a visualization of the contours of the temperature distribution of PV cells using four variations of heat storage media: plain paraffin, paraffin with baffle, plain PEG-1000, and PEG-1000 with baffle. Subgraph (a) of Figure 5 shows the temperature distribution in plain paraffin, with a broader distribution of low temperatures (blue-green zones), indicating a reasonably good cooling ability but with uneven heat distribution. Meanwhile, in subgraph (b) of Figure 5 of the baffled paraffin, the low-temperature distribution is more focused and concentrated in a specific area, showing that baffles can improve heat transfer efficiency by accelerating the release of thermal energy from PCM. Subgraph (c) of Figure 5 shows that plain PEG-1000 has a temperature distribution similar to plain paraffin, but with a slightly more uniform temperature gradient. As for subgraph (d) of Figure 5, the baffled PEG-1000 shows the most concentrated and efficient temperature distribution, with a wider low-temperature area than the baffle-free configuration, proving that combining PEG-1000 material and baffle design synergistically improves the PV cell cooling performance. 

From the overall visualization, it can be seen that baffles play an essential role in improving heat distribution in PV cells, both for paraffin and PEG-1000. The presence of baffles creates a more directed heat flow path, accelerates the internal convection process, and improves temperature homogeneity across the solar cell’s surface. 

This visualization also confirms that the temperature contour patterns between all models appear similar due to PCM’s basic characteristics of absorbing and storing latent heat that keep surface temperatures within a narrow range. 

However, slight differences in the concentration and spread of low-temperature zones are essential indicators of the effectiveness of each design. These results are relevant in developing more efficient and sustainable solar energy systems in the future. 

4.3 Effect of PCM Container Design on PV Cell Temperature Distribution and Efficiency Figure 6 shows the comparison of temperature distribution in PV cells equipped with PCM using two types of container models, namely plain and baffled, and two kinds of PCMs, namely paraffin and PEG-1000, against variations in light intensity (300, 600, 900, and 1200 W/m²). In general, the increase in radiation intensity leads to a rise in the surface temperature of the PV cell in all configurations tested. At an intensity of 300 W/m², the highest temperature was achieved by the baffled PEG-1000 configuration of 26.4℃, while the lowest temperature was recorded in plain 272
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paraffin at 26.2℃. When the intensity increased to 1200 W/m², a maximum temperature of 28.1℃ was indicated by the baffled PEG-1000, while plain paraffin remained at the lowest temperature of 27.4℃. 

(a)

(b)

(c)
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(d)

Figure 5. Contour visualization of PV cell: (a) plain paraffin, (b) baffled paraffin, (c) plain PEG-1000, (d) baffled PEG-1000

Figure 6. Comparison of the thermal PV cell

Figure 7 compares the PV cell efficiency after integrating paraffin- and PEG-1000-based PCMs with plain and baffled container designs at different radiation intensity levels. In general, efficiency increases as intensity increases, but the rate of improvement varies between configurations. At an intensity of 300 W/m², the highest efficiency was obtained using plain paraffin at 5.3%, while the baffled paraffin configuration recorded the lowest efficiency at 5.1%. 

As the intensity increased to 1200 W/m², the highest efficiency value was still achieved by plain paraffin at 11.7%, while baffled PEG-1000 showed a highly competitive value of 11.18%. This indicates that the plain model is more effective in maintaining PV cell temperature stability and efficiency performance in high radiation conditions. The performance advantages of plain paraffin are closely related to the thermal characteristics of paraffin, which has a high latent heat capacity, a melting point suitable for tropical conditions, and a more stable latent energy release rate compared to PEG-1000. This absorption-based cooling mechanism and latent heat discharge significantly reduce PV

cell temperature fluctuations, thus maintaining more consistent electrical performance in the long run. 
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Figure 7. Comparison of the PV cell efficiency

The observed differences in system performance across the container configurations can be attributed to the fundamental heat transfer mechanisms influenced by geometry. In baffled containers, the internal partitions create a more complex heat transfer pathway, increasing thermal resistance but potentially enhancing localized conduction and delaying complete PCM melting. This can stabilize the heat absorption process but may also lead to non-uniform thermal fields. On the other hand, plain containers allow more direct and rapid thermal propagation across the PCM

volume, enabling a faster and more uniform phase change. This explains why the plain paraffin configuration, with its high latent heat and simpler geometry, consistently outperforms others in maintaining lower PV temperatures and higher efficiencies, particularly under high radiation conditions. Such performance aligns with Fourier’s law, where simplified geometry promotes greater conductive flux across the PV-PCM interface, enhancing latent heat utilization efficiency. 

The data presented in Figure 7 were cross-validated with the numerical outputs summarized in Table 3 to ensure consistency and traceability. Every efficiency data point in the figure corresponds directly to the recorded peak operating temperature and computed efficiency using Eq. (6). For instance, the 11.7% efficiency value for plain paraffin at 1200 W/m² directly correlates with its thermal profile and minimum PV temperature of 27.4℃. Similarly, the 11.18% efficiency of baffled PEG-1000 is supported by its corresponding temperature range and PCM melting fraction during the transient simulation. This verification ensures that visual representations align precisely with simulation outputs and maintain scientific accuracy. 

5 Conclusions

This study focuses on numerical analysis of the performance of the PVT system integrated with PCM based on paraffin and PEG-1000 using two different container designs, namely plain container and baffled container. Numerical simulations based on CFD were performed to evaluate PV cells’ temperature distribution and efficiency under variations in solar radiation intensity between 300 and 1200 W/m². The simulation results showed that all PCM

configurations could significantly reduce the operating temperature of the PV cell compared to conditions without PCM. Plain container models, especially with paraffin materials, proved more effective in maintaining low temperature stability and the system’s thermal efficiency than baffled models. At an intensity of 1200 W/m², plain paraffin maintained the PV cell temperature at 27.4°C with the highest efficiency of 11.7%. The baffle structure did improve internal heat distribution. Still, in some cases, it accelerated the accumulation of local heat, which impacted the increase in the average temperature of the PV cell. The advantages of paraffin lie in its high latent heat capacity, phase stability, and thermal response speed corresponding to the dynamics of daily heat loads. Therefore, for PVT-PCM

applications in hot climates, using paraffin with a plain container design is recommended as an optimal solution to improve energy efficiency, extend the system’s operational life, and support sustainable solar energy technology. 

Beyond summarizing the simulation results, this study provides practical insights into designing and optimizing passive thermal regulation for PV modules using PCM. The outcomes contribute to the broader goal of enhancing the 275

reliability and efficiency of solar energy systems in hot climates. Future studies are encouraged to validate these findings experimentally, investigate long-term material stability under real environmental conditions, and explore advanced PCM composites such as those enhanced with nanoparticles or embedded fins to improve heat transfer performance further. Additionally, integrating intelligent thermal management systems could unlock adaptive cooling strategies, offering new directions for research in innovative, energy-efficient solar technologies. 
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