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Abstract. The main drawback of standard PV-P is that only 10-20% of incident solar radiation is transformed into electricity, with the remainder released as heat. Which reduces EE. Various strategies have been implemented to minimize thermal losses in photovoltaic systems and optimize their efficiency. The most common approach is to use a photovoltaic thermal (PVT) system, enabling both electrical and thermal energy to be recovered. The thermal control of a photovoltaic-thermal panel can be optimized by incorporating phase change materials (PCMs). These materials can store a significant amount of heat in latent form during their passage from a solid to a liquid state. In this study, a 3D simulation of a PVT unit is performed to compare its performance with that of a PVT-PCM unit. This study aims to analyze the benefits of integrating a PCM into a PVT configuration. The results obtained reveal that PCMs cooling allows the PVT-PCM system to have a lower surface temperature than the PVT, with respective values of 320.54 K and 323.32 K. The observed EE is 14.58% for the PVT, while that of the PVT-PCM reaches slightly 14.77%. On the contrary, maximum TE is higher for the PVT, at 71.50%, compared with 56% for the PVT-PCM system.
      Keywords:  PVT-s, ANSYS Fluent, PCM, EE, TE, CFD
	Nomenclature

	PVT-PCM
	Photovoltaic thermal-phase change material
	TE
	Thermal efficiency

	PVT-s
	Photovoltaic thermal system
	EE
	Electrical efficiency

	PCM
	Phase change material
	Tm
	Melting temperature [°C]

	PV-P
	photovoltaic panel
	k
	Thermal conductivity (W m-1 K-1)


INTRODUCTION
As a renewable energy source, solar energy is one of the most durable and environmentally respectful alternatives [1,2]. Solar energy is mainly converted into electricity using PV-P. However, their efficiency decreases as the temperature rises. Several studies have shown that a temperature drop of just 1°C in photovoltaic cells can reduce the system's electrical output by 0.3% to 0.5% [3]. Therefore, to optimize the photovoltaic module's characteristics and maximize heat recovery, the use of combined photovoltaic-thermal (PVT) technology is a favorable option [4–7]. These systems integrate PV-P and solar thermal collectors, transforming the captured solar energy into electricity and useful heat [8]. Recently, PCM has been integrated into PVT technology to control thermal energy, aiming to optimize electrical performance and increase thermal energy production.  PVT-s equipped with PCM offer better thermal conservation and lower PV cell temperatures than  PVT-s not equipped with PCM [9,10]. PCMs are characterized by a high latent heat and can efficiently retain thermal energy when they melt, in other words, when they undergo a phase transition, changing from a solid to a liquid state. However, during the solidification process, they release this energy in the form of heat to a colder environment, thus playing a crucial role in thermal control [11]. The PVT-PCM system offers several significant advantages over the PVT-s without PCM. It offers greater thermal storage capacity, with water temperatures up to 6°C higher, indicating more efficient heat recovery. In hot climates, thermal storage capacity is doubled, an improvement of 100% [11]. Much research has been devoted to cooling PVT devices using PCMs. Against this backdrop, Jurčević et al. [12] employed ANSYS Fluent software to analyze the performance of a PVT panel incorporating four organic PCMs: pig fat, RT58, RT35, and n-octadecane. The results showed that n-octadecane performed best, enabling the PVT collector to achieve a lower temperature of up to 6.1°C, as well as the highest electrical output (1,037 Wh). On the other hand, Pork fat proved the most economical solution, with a discounted cost of 0.0692 € kWh−1. Hamada et al. [13] have developed a  PVT-s using water as a heat transfer fluid and incorporating encapsulated PCM beads to provide combined passive and active cooling. Experimental tests have confirmed that with a 3 L/MIN flow rate, active cooling of the PVT-PCM achieved a thermal gain of 74.1%, while passive cooling offered a gain of 34.6%. For extreme climatic conditions (901.4 W/m², 47.69°C), Elsheniti et al. [14] carried out an experimental analysis on active/passive cooling. The results showed that the PVT-PCM hybrid panel achieved TE gains of 71% and EE gains of 8.05%, while the PVT panel was 5.9% more efficient electrically than the conventional PV panel. In their study, Jabeen et al. [10] analyzed the effect of the presence or absence of fins on the behavior and efficiency of PCM in PV panel cooling. The authors concluded that adding fins reduced the PV module temperature by 3 K, resulting in an improvement in EE of approximately 1.38%. Furthermore, the PVT-PCM system enhanced EE by 19.47% with fins, compared with 18.85% without fins. In their investigation, Huo et al. [15] evaluated the performance of a PVT-PCM system by varying several key parameters, such as the size of the water reservoir, the fluid mass flow rate, the phase change material melting temperature, and the phase change material thickness. Simulations show that above 1.2 L/MIN, the improvement in efficiency is negligible. On the other hand, increasing the tank volume from 75 L to 105 L and the PCM thickness to 0.015 m enhances both EE and thermal gain. Conversely, rising phase change temperatures, ranging between 40°C and 50°C, reduce thermal gain. Mohammadi et al. [4] have focused their research on determining the optimum flattened tube cross-section, particularly suited for PVT and PVT-PCM systems in cooling applications. The study includes a comparison between these two configurations, as well as a parametric analysis integrating both PCM properties and environmental conditions. Optimization determined that the optimal flattening value for the tube is 54.78%. Under these optimum conditions, the PCM has a melting rate of 42.54%, while the average temperature of the PV-P is 55.21°C. In a similar study to examine the behavior of a PVT-PCM hybrid panel, Kazemian et al. [16] used ANSYS Fluent software, applying the finite volume numerical method. Their study revealed that this new design has a reduced coolant output temperature and surface temperature compared to a conventional PVT. Furthermore, increasing the thermal conductivity of the PCM simultaneously improves both electrical and thermal efficiencies. However, a rise in the melting temperature of the PCM results in a drop in these performance levels. Consequently, this research relies on 3D transient numerical simulation, based on computational fluid dynamics (CFD), to examine and evaluate the performance of PVT and PVT-PCM systems. The most important contributions of this research can be summarized as follows:
· Analyze the impact of PCM integration on the evolution of the surface temperature of photovoltaic cells in PVT-s.
· Compare the outlet temperature of the heat transfer fluid between the PVT and PVT-PCM configurations, and assess the impact of the PCM on this temperature, highlighting its role in heat storage and restitution.
· Examine the effect of different levels of solar irradiation on the electrical and thermal efficiencies of PVT and PVT-PCM systems.
This document is divided into four distinct parts. The first part provides a general introduction. The second part highlights the methodology and 3D digital modeling used in this research. The third part is devoted to analyzing the results obtained, including their comparison and discussion. Finally, the conclusions are presented in the fourth section.
MATERIALS AND METHODS
In ANSYS Fluent, a CFD simulation is performed using the finite volume technique to solve the partial differential equations (PDEs) of the model. The design of the model geometry is the first phase of the numerical simulation procedure. To achieve this objective, a 3D geometric model of a PVT-PCM system was produced using Ansys Design Modeler. The diagram of the physical model is shown in Figure 1. An incompressible laminar flow is then assumed, due to the low Reynolds number associated with low flow velocity. A pressure-based solver is then applied to solve the partial differential equations governing this calculation. The SIMPLE algorithm is selected to correlate changes in pressure and velocity to preserve mass and obtain the pressure field [17]. Convergence is achieved when the residuals related to the conservation of mass, motion, and energy are less than 10-4, 10-6, and 10-8, respectively, in the computing context [4]. The duration of the transient simulation is over 4 hours, divided into 96 time intervals; each interval has a duration of 150 seconds, and the maximum number of iterations per interval is set at 20. Due to the unstable conditions inherent in PCM melting that need to be addressed, a transient solver was used for this research. In addition, the enthalpy-porosity approach is used to simulate the melting-solidification process of PCM [18]. To optimize the simulation process and reduce calculation costs, elements with a negligible impact on heat transfer and system efficiency have been excluded [4]. Consequently, the model has been simplified by taking into account only a single riser pipe.
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	FIGURE. 1. Schematic representation of the two configurations studied: (a) conventional PVT and (b) PVT-PCM.


Table 1 summarizes the geometric characteristics and thermophysical properties of the various elements comprising the numerical model.
Table 1. Geometric characteristics and thermophysical properties of the different components in numerical simulation [4,16,19,20].
	Component
	ρ (Kg m-3)
	Cp (J Kg-1 K-1)
	k (Wm-1K-1)
	Geometric parameters (L x l x δ) (mm)

	PV unit
	2330
	700
	148
	1640×200×0,3

	Absorber plate and copper tube
	8960
	385
	401
	1640×200×0,4
Outside diameter of header pipes: 10

	 Water
	998,2
	4182
	0,6
	-



In general, the PCMs most commonly used in PVT-PCM hybrid systems are mainly made up of paraffinic organic compounds. This is due to their great adaptability at low temperatures, their accessibility on the market, their lightness, their reduced volumetric expansion during phase change, their minimal chemical activity, and their limited corrosive potential [9]. Table 2 presents the thermophysical properties of the PCM selected for this work.
TABLE 2. Properties of the PCM used [4,16].
	Tm (˚C)
	ρ (Kg m-3)
	Cp (J Kg-1 K-1)
	k (Wm-1K-1)
	L (KJ kg-1)
	Geometric parameters (L x l x δ) (mm)

	55

	800
	2300

	0,25
	170
	1640×200×15



Boundary conditions and simplified simulation assumptions
· The top and side walls are assumed to be adiabatic, i.e., they do not exchange heat with the environment.
· The top plate (PV) is considered an absorber surface, capturing incident solar energy.
· Heat transfer in the PV plate, copper plate, and copper tubes is by thermal conduction.
·  Heat exchange between the heat transfer fluid and the inner tube wall takes place by convection.
· The fluid inlet speed is set at 0.166 m/s.
· Fluid outlet pressure is assumed to be zero.
· The operating temperature of all system components is initially fixed at 303.15 K.
· Heat losses by radiation and natural convection to the surrounding environment are neglected.
Energy analysis

The following equation determines EE [4,21] :

                                                                                            (1)                                                                                                                                
The recovered thermal energy is obtained by the following equation  [22,23]:

                                                                                                                                       (2)
Thermal energy efficiency can be expressed as follows [3]:

                                                                                                                                                       (3)
RESULTS AND DISCUSSION
This section presents the detailed findings acquired during the research, followed by an in-depth analysis that interprets and discusses their implications. The temperature of photovoltaic cells is a key factor influencing their performance. Figure 2 illustrates the temperature distribution in PVT and PVT-PCM system components under 800 W/m² irradiation. As the figure shows, the surface temperature reaches 323.32 K for the PVT-s, while it is reduced to 320.54 K in the case of the PVT-PCM. This reduction is a result of the PCM's ability to absorb some of the heat, thus thermally stabilizing the system and ensuring a more even temperature distribution.
[image: ]
FIGURE. 2. PV panel temperature distribution for PVT and PVT-PCM systems.
The heat transfer fluid outlet temperatures for the PVT and PVT-PCM hybrid panel are shown in the Figure. 3. According to the numerical results, the maximum outlet temperatures are 319.47 K for the PVT collector and 317.23 K for the PVT-PCM. Transient CFD simulations showed that the heat transfer fluid temperature in the PVT-PCM remains lower than that in the PVT. This difference is explained by the PCM's absorption of part of the heat in the PVT-PCM system, which reduces heat transfer to the heat transfer fluid compared with the conventional PVT-s. It is important to underline that a comparable result was reported by Preet et al. [24].
[image: ]         [image: ]
Figure. 3. Temperature contours of the output fluid for PVT and PVT-PCM.
The integration of PCM into a  PVT-s not only optimizes solar energy recovery but also enhances the overall energy efficiency of the system [25]. Figure 4 illustrates the evolution of the EE of PVT and PVT-PCM hybrid panels as a function of solar irradiance, varying from 600 to 1000 W/m². It is clear that, for both configurations, efficiency steadily declines as irradiance increases. For example, for the PVT-s, it drops from 14.58% to 13.72%, due to overheating of the photovoltaic cells. By contrast, the PVT-PCM system maintains a higher efficiency, between 14.77% and 14.04%, thanks to the integration of phase-change material, which absorbs excess heat and stabilizes the operating temperature. The performance gap becomes more pronounced at high irradiance, reaching around 0.32% at 1000 W/m², underlining the effectiveness of PCM as a cooling solution in high irradiance conditions.


Figure. 4. EE of PVT and PVT-PCM systems under different irradiances.
Based on solar radiation varying between 600 and 1000 W/m², Figure 5 shows the evolution of the thermal efficiencies of PVT and PVT-PCM systems. The analysis demonstrated that the TE of the PVT-s increases from 56.63% to 71.5% when the irradiance range increases from 600 to 1,000 W/m², demonstrating a significant improvement in thermal conversion with higher irradiance. The PVT-PCM system, on the other hand, shows lower efficiencies, ranging from 41.29% to 56% over the same irradiance range. This difference is explained by the capacity of the PCM to absorb and release heat, which reduces the amount of heat immediately transferred to the heat transfer fluid, and therefore the instantaneous thermal yield. This ability to absorb heat contributes to a lower temperature of the PV-P, improving overall efficiency and operational stability.

Figure. 5. TE of PVT and PVT-PCM systems under various irradiances.

The results presented in Figures 4 and 5 reveal a marked trade-off between EE and TE when PCM is added. Indeed, the PVT-PCM technology, which uses water as a heat transfer fluid, offers better temperature reduction in comparison to conventional water-based PVT technology. This reduction is principally attributed to the direct and complete contact that exists between the PV panel and the PCM, which promotes more efficient absorption of excess heat. In addition, the decrease in surface temperature enabled by the latent storage of the PCM contributes to a slight improvement in EE. This gain, although modest, can become particularly relevant in applications where priority is given to electricity production, such as powering sensitive electronic devices or directly injecting energy into the grid. However, the thermal performance of the PVT-PCM system is inferior to that of the conventional PVT-s, because some of the heat is captured by the PCM rather than being transferred to the heat transfer fluid, which limits the amount of hot water available. Therefore, the choice between a classic PVT and a PVT-PCM depends heavily on the intended use. For example, if electricity demand is a priority, PVT-PCM seems to be a more relevant option, while for increased heat requirements, the traditional PVT-s may be more suitable.
Benefits of PCMs for long-term thermal storage 
The use of latent heat storage systems is mainly limited by their lifespan and the rate of thermal cycles they are able to resist without compromising their performance. Long-term performance sustainability of these systems depends essentially on two aspects: on the one hand, the gradual degradation of the PCM's thermophysical properties throughout cycles, and on the other, the corrosion phenomena likely to occur between the storage material and its container [26].  Factors such as the frequency of cycles that a PCM is capable of withstanding are essential in the thermal field. In the case of paraffin wax, for example, various research studies have validated the stability of this PCM because it is capable of enduring a large number of thermal cycles without any significant alteration to its properties, thus demonstrating its stability and reliability as a PCM. On the other hand, research has shown that certain inorganic substances are unsuitable for thermal storage applications, including urea, whose stability deteriorates after about 30 cycles, as well as other types of PCMs, which have only completed a few cycles [27]. Although this study focuses on the transient behavior of PVT-s with PCM, the potential of PCM for long-term thermal storage deserves particular attention, offering numerous advantages. Indeed, the ability of PCM to accumulate thermal energy during moments of intense irradiation and release it during less sunny periods presents an interesting opportunity for energy management. This is pertinent for thermal storage units seeking to improve and enhance their performance. They also optimize the thermal characteristics of building, heating, and cooling equipment, while controlling the operational temperature of photovoltaic devices, batteries, and electronic equipment.

CONCLUSION
To compare the performance of the conventional PVT-s with that of the PVT-PCM system, a three-dimensional simulation was performed using the CFD method. The numerical equations were solved using a transient solver. The main findings from the results of this study are as follows:
· The hybrid PVT-PCM panel has a significantly reduced surface temperature compared to the PVT panel, reaching 320.54 K versus 323.32 K. This reduction is due to the cooling effect of the PCM, which absorbs and accumulates part of the excess heat.
·  The maximum EE reaches 14.36% for the PVT; by contrast, the PVT-PCM achieves a slightly higher efficiency of 14.77%, a difference of 0.41%, for solar radiation of 600 W/m².
· The maximum TE of the conventional PVT is 71.50%, significantly superior to that of PVT-PCM, which reaches 56%. This 15.50% difference can be explained by the role of the PCM, which absorbs part of the heat for its phase change, rather than transferring it immediately to the heat transfer fluid.
· The incorporation of PCM into the PVT-PCM system allows surface and coolant output temperatures to be maintained at lower levels than those of conventional PVT-s, thereby ensuring more efficient cooling and improved thermal regulation.
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