3D Numerical Study of the Effect of Partial and Total Cooling on the Performance of a Photovoltaic-Thermal System
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Abstract. This study presents a three-dimensional numerical analysis to compare the performance of a fully cooled photovoltaic thermal collectors (PV/T-C) with that of a partially cooled system. The aim is to highlight the impact of temperature inhomogeneity on PV/T-C performance. The irradiation’s impact, between 700 and 1100 W/m², on the collector’s performance was also studied, representing operating conditions typical of hot climates and potential building-integrated PV/T applications. The numerical analysis is conducted utilizing COMSOL Multiphysics, which employs the finite element method (FEM), and results are verified with previously published data. The completely cooled system achieves electrical and thermal efficiencies of 13.37% and 65.40% respectively, while the partially cooled system achieves efficiencies of 12.43% and 52.91%. Furthermore, growing irradiance (700-1100 W/m²) leads to an increase in cell temperature and electrical output, with values of 13.45°C and 62.17 W for the partially cooled system, compared with 5.69°C and 76.25 W for the completely cooled system. These findings demonstrate the potential of complete cooling to improve PV/T performance under high-temperature operating conditions, although practical implementation must consider additional costs, design complexity, and installation constraints.
Keywords: PV/T collectors; Partial and total cooling; Temperature inhomogeneity; Solar irradiation; Three-dimensional simulation scheme.
INTRODUCTION
[bookmark: _Hlk176864507]Faced with ever-increasing energy demand and the negative environmental impacts associated with the massive exploitation of fossil fuels, researchers are increasingly turning their attention to sustainable energy solutions [1]. Incorporating renewable energy sources into the overall energy mix represents a key solution to addressing these challenges. Among these solutions, solar energy stands out for its ability to provide abundant energy while limiting greenhouse gas emissions [2–4]. It can be converted into electricity or heat, offering energy versatility [5–7].
PV panels are a widely adopted method for producing electricity from solar energy. However, their efficiency remains limited: Only 11% to 24% of solar energy received is converted into electricity, with the remainder dissipating as heat [8–10]. As heat accumulates, the temperature of the photovoltaic cells rises, which negatively impacts their electrical performance [11]. In addition, a temperature rise of 1°C causes a decrease in conversion efficiency of around 0.4%, impacting the overall performance of the panels and reducing their lifespan due to thermal stress [12].
To overcome these limitations, photovoltaic thermal systems (PV/T-Ss) have been developed. These systems recover excess heat from PV panels and convert it into useful thermal energy for various applications [13]. PVT-Ss combine PV panels, which produce electricity, with thermal collectors that exploit the heat generated. By using air or water as a coolant, these systems reduce the temperature of the PV cells, thereby increasing their efficiency while producing heat  [14]. This dual production of energy, both thermal and electrical, makes it possible to optimize the use of space, maximize energy efficiency, and reduce installation costs [15].
Since the introduction of PV/T-Ss in the 1970s, many studies, both experimental and numerical, have focused on enhancing their efficiency and overall performance. Mohammadi et al. [16] performed a numerical simulation to assess how tube flattening influences the cooling performance of a thermal PV system combined with phase change material. The study optimized four parameters: average panel temperature, material melt percentage, pressure drop, and temperature difference across the panel. The results indicate that increased flattening reduces the panel temperature and the temperature difference, but increases the pressure drop and decreases the melting percentage. An optimum flattening of 54.78% was found, providing a balance with an average temperature of 55.21 ˚C, a melt percentage of 42.54%, a pressure drop of 184.8 Pa, and a temperature difference of 33.42˚C. Umam et al. [17] evaluated the performance of PV/T-Ss with serpentine and spiral thermal collectors, without metal sheets, in both insulated and uninsulated configurations. Tests carried out in the Malaysian climate show that the addition of thermal collectors improves electrical efficiency by 0.53% and reduces module temperature by 5.60°C without insulation. With insulation, thermal efficiency increases by 18.26%, despite a drop in electrical efficiency. The study highlights the effectiveness of a single collector in increasing electrical performance and the positive impact of insulation on the thermal efficiency of PV/T-Ss. Kazem et al. [18] compared the performance of three water-cooled PV/T-Ss, each with a different flow channel design (sheet, direct, and spiral), to that of a conventional PV system. The PV/T-S with a spiral channel offered the best performance, recording a maximum power of 51.3 W. In terms of overall efficiency, the conventional PV system achieved 7.8%, while the sheet, direct flow, and spiral flow systems achieved efficiencies of 18.5%, 28.0% and 35.0% respectively. Attia et al. [19] compared two cooling configurations for PVT-Ss to minimize performance loss due to cell temperature rise. The first configuration includes longitudinal tubes placed under the panels, while the second configuration uses skeletal tubes integrated directly into the cells. Both configurations are cooled by air and water, with a flow rate of 0.0025 kg/s. The findings indicate that configuration 2, featuring skeletal tubes, achieves better performance than configuration 1, increasing thermal efficiency by 24.3% and electrical efficiency by 0.16% under air cooling, and by 7.27% and 3.98% respectively when water is used as the coolant.
Although PV/T-Ss have been the subject of intensive research, they still present a major problem: uneven temperature repartition over the surface of the PV panel, due to non-uniform cooling. This thermal inhomogeneity adversely affects the panel's performance and can shorten its lifespan. To overcome these limitations, it is crucial to carry out further studies and develop new heat exchanger configurations capable of guaranteeing uniform cooling over the entire surface, to improve the efficiency and durability of PV/T-Cs.
This study aims to evaluate and compare the performance of a completely cooled PV/T-C with that of a partially cooled system, to highlight the influence of thermal inhomogeneity on the efficiency of the system, and to underline the need for integral cooling of the PV panels. The study also examines the effect of solar irradiance, between 700 and 1100 W/m², on system performance. The analyses were conducted using COMSOL Multiphysics software, which employs the FEM.
PROCEDURE
The main aim of this study is to analyze and compare the thermal and electrical performance of PV/T-C that are completely cooled and partially cooled (Fig.1), to assess the influence of temperature inhomogeneity on their performance. The PV/T-Cs studied consist of a heat exchanger and a PV panel, made up of several layers, including ethylene vinyl acetate (EVA), Tedlar, glass, and the PV cell (Fig. 2). The thermal exchanger is made of 165 pipes, with a height of 30 mm for the manifolds, which distribute the water through these channels. A detailed description of the heat exchanger can be found in the reference [11]. To carry out this study, numerical modeling was conducted using the FEM with COMSOL software [20]. This approach was used to solve the equations relating to momentum, heat transfer, and mass conservation. The convective-conductive thermal transfer physics was applied to generate and analyze numerical results. The numerical results were then organized and pictured via Origin 2018 software, facilitating a thorough examination of the outcomes. Tables 1 and 2 present the materials used in the system, along with thermophysical criteria and specific strategy constraints utilized in this study.
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	FIGURE 1. Schematic representations of the PV/T-C analyzed.
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	FIGURE 2. Schematic of the PV/T-C.





[bookmark: _Hlk199879864]TABLE 1.Thermal properties and materials used in the PV/T-C [11, 21–23].
	Materials
	Thickness (mm)
	Cp [J/kg.K]
	ρ [Kg/m3]
	k [W/m.K]

	Mirror
	03.0
	500.0
	2500.0
	1.80

	EVA
	0.30
	2090.0
	950.0
	0.3110

	Silicon
	0.50
	700.0
	2329.0
	148.0

	Tedlar
	0.10
	1250.0
	1200.0
	0.150

	Aluminum
	0.40
	900.0
	2700.0
	237.0

	Water
	-
	4200.0
	998.0
	0.680







[bookmark: _Hlk199879881]TABLE 2. Main geometric, optical, and thermal input data for the PVT-S model [11, 21-22, 24].
	[bookmark: _Hlk199879938]Description
	Specification

	Collector dimensions (L × W)
	1.960 m × 0.960 m

	Overall heat loss coefficient from PV/T surface (Ut)
	150 W/m²·K

	
Standard ambient/reference temperature 
	25 °C

	
Glass cover transmissivity 
	0.96

	
Glass cover emissivity 
	0.04

	
Photovoltaic module reference efficiency 
	14 %

	
Solar cell absorptivity 
	0.90

	Temperature coefficient of electrical efficiency (μc)
	−0.0045 /°C

	Cell packing factor (Pc)
	0.95

	Heat transfer coefficient (glass-ambient) (Uga)
	17.1 W/m²·K


Governing equations
[bookmark: _Hlk199880090]In the solid components of the PV/T-C system, thermal energy is transmitted solely through conduction, which can be described using the standard conduction equation [25-26]:

                                                                                                                                                                                       (1)
[bookmark: _Hlk199880103]In this expression, the symbol ∇ stands for the vector differential operator, while T refers to the temperature variable.
[bookmark: _Hlk199880125]Within the flow channels, heat transfer is governed by both conduction and convection mechanisms. The working fluid flow is treated as incompressible, Newtonian, and laminar. Based on these assumptions, the governing equations for the fluid region are [25, 27]:

                                                                                                                                                                   (2)

                                                                                                                                          (3)

                                                                                                                                                 (4)
[bookmark: _Hlk199880151]The fluid density ρ (kg/m³) and heat capacitance Cp​ (J/kg·K) define its thermal properties, while the dynamic viscosity μ (m²/s) characterizes its flow resistance. The velocity field u (m/s) describes fluid motion, pressure P is measured in pascals (Pa), and thermal conductivity k (W/m·K) relates to heat transfer within the material.
Boundary conditions
· 
[bookmark: _Hlk199880228]Received heat flux: 
· 
Convective energy loss: 
· 
Non-slip criteria:   
· 
Diffuse surface:, where Stefan-Boltzmann value .
· 
Solid-fluid interaction area: 
· Inlet and outlet specifications for the heat exchanger:
· 
At the input limit: 
· 
On the edge of the output: 
· 
Insulation on all other PVT-S surfaces: 
The parameters used in the equations include the water inlet temperature, denoted as Tin​ (°C), and the ambient temperature, Tamb​ (°C). The thermal conductivity of the solid material, ks​olid, and that of the cooling water, kfluid​, are expressed in watts per meter-kelvin (W·m⁻¹·K⁻¹). Fluid flow within the system is characterized by the velocity components u, v, and w, measured in meters per second (m·s⁻¹), while the overall flow velocity at the inlet is represented by Uin​ (m·s⁻¹). The temperatures at the surface and the glass cover are given by Ts​ and Tg​, respectively, both in degrees Celsius (°C). Finally, the vector normal to the surface, n, defines the orientation of the surfaces involved in the heat transfer processes.
Mathematical formulations
[bookmark: _Hlk199880257]The overall energy absorbed by the PVT-C system can be quantified using the following expression [11, 28]:

                                                                                                                                                               (5)
[bookmark: _Hlk199880269]Calculating cell’s temperature [11, 22, 29]:

                                                                                                                    (6)
[bookmark: _Hlk199880281]The amount of thermal energy removed by the cooling water is calculated as follows [5, 11]:

                                                                                                                                                    (7)
[bookmark: _Hlk199880294]The calculation of electrical efficiency is based on the following formula [5, 11, 30]:

                                                                                                                                                 (8)
[bookmark: _Hlk199880325]Here, ƞc represents the reference efficiency of the cell, while μc denotes the thermal coefficient.
[bookmark: _Hlk199880348]The equation below is used to calculate the thermal efficiency [11, 31]:

                                                                                                                                                                        (9)
[bookmark: _Hlk199880360]Overall efficiency is determined by the following equation [5]:

                                                                                                                                                                 (10)
Mesh generation
The importance of mesh accuracy was highlighted in this study of the numerical simulation of the PV/T-C. To ensure reliable results, a suitable mesh was created using the physics-controlled mesh sequence in COMSOL Multiphysics. As shown in Fig. 3, the PV/T-C model mesh combines triangular and tetrahedral free meshes. In detail, 1,209,279 triangular and 5,045,304 tetrahedral elements have been integrated, ensuring optimum accuracy in the calculations.
	Tetrahedral finite element

Triangular finite element



	FIGURE 3. Representation of the PV/T model mesh.
.



Confirmation of the model
To ensure the reliability of the numerical model developed for the PV/T-C, a rigorous validation phase was carried out. This involved comparing the results of the 3D numerical simulation with the available experimental and numerical data, thus confirming the accuracy of the model used. The details of this validation are presented in reference [11] and will not be repeated here.
RESULTS AND DISCUSSION

This study analyzes the performance of a completely cooled PV/T-C and a partially cooled system (covering 70% of the PV panel surface). Evaluations were conducted under solar irradiances ranging from 700 to 1100 W/m², with a mass flow rate of 0.05 kg/s. Fluid inlet and ambient temperatures were maintained at 26°C. The results are presented in the following sections.
Fig. 4 shows temperature profiles using completely- and partially-cooled PV/T-Cs under 900 W/m² radiation. For the completely cooled system, the maximum temperature recorded is 51.1°C. This system has a homogeneous thermal distribution, with higher temperatures near the outlet than the inlet, as the inlet fluid is colder than the outlet, a subsequent temperature gradient occurs along the freezing path. By contrast, in the case of the partially cooled system, the maximum temperature reaches 84°C, and this value is only observed at the edges of the PV panel, the uncooled zones. This uneven thermal distribution leads to local overheating, which degrades the performance of the PV panel. The comparison between these two systems highlights the importance of uniform cooling to guarantee optimum performance and extend the life of the PV panel.
Partial cooling
Totale cooling

FIGURE 4. Temperature distribution for completely cooled and partially cooled systems.
Fig. 5 shows the cell temperatures obtained for the completely cooled and partially cooled systems versus irradiance. Augmenting irradiance (700-1100 W/m²) rises cell temperature (35.00- 40.69°C) and (49.91-63.36°C) for the completely- and partially-cooled PV/T-Cs, respectively. This comparison shows that the completely cooled system maintains lower temperatures, thereby improving the efficiency of the PV cells compared with the partially cooled system, which undergoes significant overheating.
[image: ]
FIGURE 5. Evolution of cell temperatures as a function of irradiance for completely and partially cooled systems.
Fig. 6 shows the electrical efficiencies obtained for the completely cooled system and the partially cooled system as a function of solar irradiance. It is observed that increasing solar irradiance leads to a decrease in electrical efficiency, as higher irradiance increases cell temperature, thus reducing cell efficiency. Using the completely-cooled PV/T-C, electrical efficiency drops (13.37-13.01%) due to enhanced irradiance (700-1100 W/m²). But for the partially cooled system, electrical efficiency falls more sharply, from 12.43% to 11.58% under the same irradiance conditions. This difference highlights the advantage of complete cooling in maintaining higher electrical performance.
[image: ]
FIGURE 6. Variation of electrical efficiencies due to radiation using completely and partially cooled systems.
Fig. 7 shows the evolution of electrical power as a function of solar irradiance for completely and partially cooled systems. As irradiance increases, electrical power rises for both systems. For the completely cooled system, electrical power rises from 144.11 W to 220.36 W when irradiance varies from 700 to 1100 W/m². In contrast, the partially cooled system sees its electrical power increase from 133.97 W to 196.14 W under the same conditions.
[image: ]
FIGURE 7. Electrical power as a function of irradiance for completely and partially cooled systems.
[bookmark: _Hlk199504219]Figure 8 shows the fluid outlet temperatures for both the completely cooled and partially cooled systems as solar irradiance increases. Higher irradiance leads to higher fluid outlet temperatures because it raises cell temperatures, allowing more heat absorption by circulating water. The completely cooled system's fluid outlet temperature ranges from 31.99°C to 35.64°C as irradiance goes from 700 to 1100 W/m², while the partially cooled system ranges from 30.49°C to 33.8°C under the same conditions.
[image: ]
FIGURE 8. Fluid outlet temperatures as a function of irradiance for completely and partially cooled systems.
Fig. 9 shows thermal efficiencies for completely cooled and partially cooled PV/T-Cs as a function of solar irradiance. The analysis shows that increasing irradiance leads to improved thermal efficiencies. Applying the completely cooled collector, thermal efficiency rises (63.85-65.40%) as irradiance increases from 700 to 1100 W/m². But using the partially cooled collector, thermal efficiency falls from 47.86% to 52.91% under the same conditions.
[image: ]
FIGURE 9. Thermal efficiencies as a function of irradiance for completely and partially cooled systems.
CONCLUSION
[bookmark: _Hlk176866223]This study led to a three-dimensional numerical analysis to evaluate the performance of a completely cooled PV/T-C compared to a partially cooled PV/T-C. The main objective was to explore the influence of temperature inhomogeneity on PVT-S performance. In parallel, the effect of solar irradiation on these performances was also examined. The results obtained highlight several key points, which are summarized below:
· The completely cooled PV/T-C offers excellent temperature homogeneity, resulting in a 55.7% reduction in cell temperature at an irradiance of 1100 W/m² compared with the partially cooled system.
· The completely cooled PV/T-C has electrical and thermal efficiencies that exceed those of the partially cooled system by 10.99% and 19.09% respectively.
· As solar irradiance increases, cell temperature rises, resulting in higher electrical power output and improved thermal efficiency, while electrical efficiency declines.
Despite these advantages, the study has certain limitations. The analysis is purely numerical, and real-world operating conditions such as varying wind speeds, dust accumulation, and long-term performance degradation were not considered. Additionally, the feasibility of full cooling is influenced by higher costs, greater system complexity, and specific installation requirements, which may limit its large-scale adoption.
Future research should therefore focus on experimental validation of the numerical model under different climatic conditions, optimization of cooling channel geometry to balance performance and cost, and life-cycle cost analysis for large-scale and building-integrated PV/T-Cs. Investigating hybrid cooling strategies or the use of advanced working fluids could also provide further performance improvements while addressing economic and practical constraints.
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