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Abstract: The operation of building-integrated photovoltaic (BIPV) systems gives rise to a significant 
proportion of the solar radiation absorbed by the cells being unable to be converted into electricity. This 
phenomenon consequently increases the temperature. This temperature increase impacts the cells' 
electrical efficiency, leading to a reduction in their performance and accelerating their degradation. The 
combination of phase-change materials with insulating fluid blades, situated behind photovoltaic cells, 
represents a passive cooling solution that optimizes the performance of hybrid photovoltaic systems 
when incorporated into facades. The present study assesses a system that incorporates paraffin as a 
PCM and an argon layer in a PV-PCM-argon layer physical model (PVT/ArPCM), in comparison with 
a PV-PCM system (PVT/PCM), to enhance the thermoelectric performance of photovoltaic systems 
mounted on façades while ensuring optimal thermal comfort within buildings. The discrete heat transfer 
equations were solved using the Thomas algorithm and the iterative Gauss-Seidel method in 
conjunction with the implicit finite difference method. The findings illustrate that the electrical 
efficiency experienced only a slight increase, estimated at 0.01%, while there was a notable enhancement 
in the indoor thermal comfort experienced by occupants, with a 65% improvement observed due to the 
incorporation of an argon-filled thermal screen. The incorporation of an argon layer led to a minor 
reduction in temperature of 0.01°C in the photovoltaic cells, resulting in a minimal improvement of 
0.014% in electrical power production. The phase-changing material incorporated into PVT/ArPCM 
demonstrated superior thermal management capabilities in comparison to the same material employed 
in PVT/PCM. 

Keywords: Argon layer, Heat transfer, Numerical study, Phase change materials, Photovoltaic coating. 

 
1. Introduction  

It is estimated that buildings account for over 40% of global energy consumption [1], [2]. It is thus 
apparent that enhancing the energy efficiency of this sector constitutes a key response to the issue of 
energy shortages. In climates where high temperatures prevail, the majority of the energy consumed is 
allocated to the provision of air conditioning, encompassing both cooling and dehumidification. In 
tropical climates, heating, ventilation, and air conditioning (HVAC) systems can account for over 50% of 
a building's energy consumption, due to the high demand for cooling technologies to eliminate thermal 
loads [3]. This evidence highlights a significant opportunity to improve the energy efficiency of air 
conditioning systems. The fundamental principles of bioclimatic building design encompass a range of 
techniques aimed at reducing heat gain by limiting the exposure of building envelopes to solar radiation. 
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Among the various techniques available for achieving energy efficiency, the utilization of thermal 
insulation materials on building walls is of particular importance [4]. The integration of insulating 
materials is a critical component of energy-efficient construction, as it facilitates the reduction of heating 
and air conditioning consumption while simultaneously enhancing indoor thermal comfort. The 
selection of an optimal insulation material is contingent upon several factors, including its thermal 
conductivity, cost, fire resistance, and environmental impact. In Europe, fire-resistant mineral wools 
(composed of glass and rock) represent 58% of the market, while flammable plastic foams (such as 
polyisocyanurate, expanded polystyrene, extruded polystyrene, and polyurethane) account for the 
remaining 41%. While the global market for materials such as aerogels and vacuum insulation panels 
demonstrates growth, the high cost and installation challenges associated with these products restrict 
their implementation on a larger scale [5]. Notwithstanding the technical difficulties inherent in the 
system, such as heat loss at the junctions, vacuum glazing is being investigated for use in conjunction 
with technologies such as photovoltaic glass. The system is designed to optimize thermal insulation, 
minimize solar heat gain, and promote energy self-sufficiency in buildings. One study indicates that this 
technology performs particularly well in cold climates, with an annual energy consumption reduction of 
76.3%. In hot climates, the reduction in energy consumption was 59.4%. Despite the technical 
challenges associated with heat loss at joints, the potential of vacuum glazing is being investigated in 
conjunction with other technologies, such as photovoltaic glass. The system optimizes thermal 
insulation, thereby reducing solar heat gain and promoting energy self-sufficiency in buildings. It has 
been demonstrated in a study that this approach is notably efficacious in cold climates, with an annual 
reduction in energy consumption of 76.3%. In hot climates, the figure declines to 59.4%. The 
incorporation of photovoltaic components on building facades represents an active solution that can 
enhance thermal performance while simultaneously generating energy from renewable sources [6]. 
This process allows for the optimization of the building envelope, facilitating the capture of urban solar 
energy. However, in dry, hot climates, the temperature of photovoltaic cells frequently exceeds the 
recommended limits (40 to 85°C), thereby reducing their efficiency and durability. It is therefore 
imperative that their temperature be regulated [7], [8]. To this end, advanced thermal management 
strategies have been developed to optimize electrical efficiency while reducing the degradation of 
photovoltaic modules. In a study conducted by Nougbléga et al. [9] the thermal and electrical 
performance of hybrid collectors equipped with thermal screens was examined. The results 
demonstrated that a PVT hybrid collector operating within a vacuum environment exhibited enhanced 
thermal efficiency in comparison to a PVT hybrid collector with a constrained air gap. Nevertheless, the 
latter collector exhibits superior electrical efficiency.  

The incorporation of an air gap situated behind the photovoltaic panels, to limit the transfer of heat 
through the walls, has been demonstrated to be an ineffective solution, subsequently reducing the appeal 
of these air-based systems [10]. The presence of air within the pores or cells of a material hinders the 
transfer of heat by convection; this is due to the high viscous drag exerted on the cell walls. To further 
reduce heat transfer, it is possible to replace the air with a low-conductivity gas, such as argon [11]. In 
a related study, Antonanzas et al. [12] investigated the potential of argon and xenon as substitutes for 
air in photovoltaic systems. Their findings demonstrated that these gases can enhance system 
performance under a range of operational conditions. However, it seems that argon is the optimal choice 
in terms of cost and environmental impact. Irshad et al. [13] employed modelling techniques to assess 
the performance of a Trombe wall equipped with photovoltaic elements, evaluating it with three types of 
glazing: single glazing, double glazing, and argon-filled double glazing. The findings indicate that 
argon-filled double glazing has a significant impact on reducing the cooling load, while also boosting 
the generation of electrical energy. Consequently, the studies provide substantiation for the economic 
and ecological significance of argon-filled double glazing, particularly in hot climates, to energy savings 

and reduced CO₂ emissions.  
 In recent years, some research teams have discussed the potential applications of phase-change 

material (PCM) systems in photovoltaic (PV) modules, noting their efficacy in efficiently cooling PV 
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cells or modules [14]. One advantage of PCM-based cooling over that provided by natural air 
convection is that the capacity of the former to absorb heat without significant temperature variation is 
a relatively simple phenomenon. A phase-change material (PCM) is capable of absorbing or releasing 
thermal energy during a physical phase transition, thereby maintaining a minimal temperature change 
throughout the process. There are several methods by which solar photovoltaic systems can be 
integrated with phase change materials (PCM). The simplest method is to affix containers containing a 
phase-change material to the rear face of the solar panel [15]. The transfer of surplus thermal energy 
from the solar cells to the phase-change material enables its conversion into latent heat, thus 
contributing to the overall energy balance. The utilization of materials designed to absorb the excess 
heat produced by photovoltaic modules constitutes the fundamental premise upon which passive cooling 
strategies are based. In comparison to active cooling strategies, the incorporation of phase-change 
materials (PCMs) into the rear of a photovoltaic (PV) module represents a superior passive cooling 
solution, as it leads to a reduction in operational and maintenance costs [16]. In a theoretical analysis 
conducted by Ma et al. [17], it was postulated that the integration of solar thermal modules with PV-
PCM devices could potentially lead to a significant enhancement in the overall efficiency of the PV 
system. Yang et al. [18] undertook a comparative analysis of the thermal and electrical performance of 
two PVT and PVT-PCM designs. The objective of the laboratory solar simulator experiment was to 
eliminate the uncertainties associated with outdoor testing, thereby providing a more controlled setting 
for the experiment. The results demonstrated that the incorporation of capric acid, with a melting point 

of 30.1 ℃, at the rear of the device panel resulted in a reduction of the back plate temperature by 15.8 

℃. Gan and Xiang [19] put forth a novel configuration for the integration of BIPVT and PCM with 
building ventilation. It is hypothesized that the device is capable of providing both electricity and 
natural ventilation. The researchers selected the commercially available salt hydrate PLUSICE S25 

(melting temperature of 25°C), composed primarily of calcium chloride dihydrate (CaCl₂·6H₂O), as it has 
a high thermal conductivity. The incorporation of a 30 mm layer of PCM was observed to result in an 
increase in energy production by 10%. In their investigation of the PV-PCM Trombe wall module, Luo 
et al.[20] examined both a version with and a version without coating of the outer surface of the 
eutectic PCM layer. The incorporation of PCM had a beneficial impact on the enhancement of 
photovoltaic performance. It was demonstrated that the incorporation of PCM had a beneficial impact 
on the enhancement of photovoltaic performance.  Concerning BIPV-PCM facades, Cur Pek and Cekon 
[21] assessed the thermal performance of a BIPV façade module equipped with an RT27 PCM layer and 
a ventilation system. The authors' analysis focused on the correlation between PCM efficiency and 
specific climatic variables, with a particular emphasis on ambient air temperature and solar irradiance 
intensity. The PCM exhibited its optimal performance at midday when solar irradiance values were at 
their highest. In their studies on the electrical efficiency of various PVT-MCP collectors utilizing five 

distinct PCMs, Abdelrazik et al. [22] demonstrated that CaCl₂6H₂O facilitates a gradual increase in the 
temperature of the photovoltaic panels, thereby ensuring enhanced electrical efficiency. However, due to 
its low thermal stability and high-volume expansion, RT35 paraffin wax is the optimal selection. The 
results of the numerical simulations demonstrate that the PVT-PCM hybrid system outperforms a 
photovoltaic system operating in isolation. The integration of graphene nano-platelets into the paraffin 
wax facilitates enhanced cooling of the PV panels and elevates their electrical efficiency.  

In light of the aforementioned deliberations, it can be posited that the incorporation of phase change 
materials (PCMs) within building-integrated photovoltaic (BIPV) systems represents a promising 
avenue for further exploration. Nevertheless, the diminished thickness of PCM layers in PVT systems 
constrains their thermal storage capacity [23]. The majority of current numerical simulations focus on 
partial or simplified structures, which do not fully reflect the energy-saving potential of PCMs when 
applied to real buildings. Furthermore, a significant number of these studies have been conducted over 
relatively short periods and under conditions that are representative of the summer season. However, 
this approach has not fully addressed the  
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challenges associated with the low thermal conductivity of PCMs and their tendency to solidify 
overnight, which can impact their availability and heat dissipation performance the following day [24, 
25]. To illustrate, the storage capacity of the PCM could be exceeded by excess heat, which may 
subsequently affect the interior of the building; conversely, the internal heat generated within the 
building may also limit the storage capacity of the material. The performance of photovoltaic systems 
incorporating phase change materials (PCMs, henceforth referred to as PV-PCMs) may be optimized by 
incorporating additional layers of thermal insulation, thereby regulating the temperature of the PCM 
and preserving its heat storage capacity [26]. Lin et al. [27] demonstrate that enhancing the insulation 
of the building's original structure can also enhance the performance of structures incorporating PCMs. 
Furthermore, the utilization of argon gas serves as an efficacious thermal insulator [28]. To date, no 
specific study has been conducted on the energy efficiency of a PV-PCM hybrid system in conjunction 
with a confined argon layer. The impact of this combination on the energy efficiency of BIPVs and 
indoor thermal comfort remains to be investigated. However, this approach could prove to be a crucial 
factor in optimizing the performance of BIPV systems.   

The present study aims to evaluate the potential gains in energy that may be achieved through the 
integration of a layer of argon confined to a phase-change material (PCM) positioned at the rear of a 
photovoltaic panel affixed to a façade. The model will be analyzed using the PV-PCM-argon gap 
configuration (PVT/ArPCM) and will be compared with a conventional PV-PCM collector 
(PVT/PCM) to quantify the improvement in terms of photovoltaic cell energy efficiency and indoor 
thermal comfort.  
 

2. Methodology  
2.1. Physical Model  

The physical model, illustrated in Figure 1, represents a rectangular cavity with a geometric ratio of 
A = H/L = 2. It incorporates a phase change material (PCM) and a confined layer of argon, arranged 
beneath a photovoltaic (PV) panel affixed to the façade of a building. The assembly, designated 
PVT/ArPCM, serves to regulate the temperature of the photovoltaic cells and provide insulation for the 

wall, thereby enhancing the thermal environment within the building. A constant heat flow (∅) is 
applied to the photovoltaic panel, while the right vertical wall is maintained at the ambient temperature 

(𝑇𝑎𝑚𝑏) with its horizontal edges considered adiabatic. The wall of the building was maintained at the 
melting temperature (TM) of the PCM to investigate the influence of this parameter on the behaviour of 
the PCM in the PVT/ArPCM and PVT/PCM configurations. In this study, the electrical efficiency 
reference is set at 15%, which is the proportion of solar energy that is assumed to be converted into 
electricity by the photovoltaic panel. The remainder of the energy from the sun is dissipated as heat, 
transferring to the phase-change material (PCM), which is housed in an aluminum casing below the 
panel. It is assumed that the model is two-dimensional and that the two fluids (argon and air) are 
Newtonian and incompressible.  
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Figure 1. 
(a) Schematic diagram of the system, (b) Heat transfer flow chart through the system.  

 

The argon confined within the insulation cavity is characterized by thermal conductivity (𝜆𝐴𝑟) and a 

convection coefficient (ℎ𝐴𝑟). Conversely, the air circulating within the building is characterized by 

thermal conductivity, 𝜆𝐴𝑖𝑟, and a convection coefficient, ℎ𝐴𝑖𝑟. Table 1 presents the thermal and 
rheological properties of the materials employed. RT35 paraffin wax was selected for its commercial 
availability, widespread use, and non-combustible, non-corrosive properties, thereby ensuring safe use in 
aluminum housing [29]. It was postulated that the fluid flow would be laminar and stable. The 
thermophysical properties of the fluids, as illustrated in Table 1, were assumed to be constant, except for 
density, which was modeled using the Boussinesq approximation for the gravitational term.  

Table 1.   
Thermal and rheological properties of the materials used in the study.  

Thermo-physical properties  PCM 
Paraffin wax RT35 

Aluminium Argon Air 

Melting point (°C)  29-36 - - - 

Heat of  fusion (kJ.kg-1)  130 [29] - - - 

Thermal conductivity (W.m−1. °C−1)  0.2 [29] 202.4 [29] 0.017[30] 0.025 [30] 

Density (kg.m−3)  800 [29] 2791 [29] 1.70 [30] 1.23 [30] 

Specific heat capacity (J.kg−1K−1)  2000 [29] 871 [29] 519 [30] 1008 [30] 

Emissivity  - 0.095 [29] - - 
 

This study excludes the consideration of radiation due to the significant influence it exerts upon 
temperature variations below 100°C [31]. Moreover, the mean temperatures of photovoltaic cells 
equipped with heat exchangers, even when exposed to maximum irradiation levels of 1,000 W/m², are 
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typically observed to be below 40°C [32]. This observation serves to reinforce the argument for the 
exclusion of radiation from the analytical framework.  
 
2.2. Mathematical Models  

This study is a computational fluid dynamics (CFD) modelling study that incorporates four main 
components. The first of these is the convection model for the fluids, which includes the confined argon 
and air flowing in the building. The second is the heat transfer model in the building wall. The third is 
the phase change model for the phase change material (PCM), and the fourth is the energy production 
model.  
 
2.3. Fluid Model  

The dimensionless equations for two-dimensional incompressible laminar flow, namely those 
governing continuity, momentum, and energy, are as follows: 
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The stream function and vorticity are related to the velocity components by the following 

expressions: 𝑈 =
𝜕𝛹
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  ; 𝑉 = −
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2.3.1. Heat Transfer Model  

In addition to generating electrical power, a substantial portion of the solar radiation absorbed by 
the photovoltaic (PV) module is transferred to a phase change material (PCM), where it is transformed 
into heat. It is assumed that heat loss from the PV-PCM system to the outside environment is negligible 
due to the presence of adiabatic horizontal walls. The heat conduction within the solid component of the 
system, comprising the solid phase change material and the external wall of the building, is given by the 
following expression. 

.
𝜕𝜃
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 (

𝜕2𝜃
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𝑎𝑟 is the relative diffusivity of each solid.  
 
2.3.2. Phase Change Model   

The dimensionless form of the solid/liquid interface equation is defined in terms of the Stefan 
number: 

 

(
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With 𝜁 the liquid fraction is defined as: 𝜁 = {

0             θ < θM 
0 − 1      θ = θM 
1              θ > θM 

    (8) 
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2.3.3. Initial and Boundary Conditions 

Initial conditions: at  𝜏 = 0 ;  𝜃 = 𝛺 = 𝛹 = 𝑈 = 𝑉 = 0; θwall =  θM   (9) 

at 𝜏 > 0, The boundary conditions associated with the problem are found below:  

𝑋 = 0;  0 < 𝑌 < A; 𝑈 = 𝑉 =  Ψ = 0 ;  Ω = −
𝜕2𝛹

𝜕𝑋2|
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𝜕2Ψ
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|
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2.3.4. Power generation model 
As a consequence of the elevated temperature of the cells, the electric power produced by the PVT 

system is expressed by the following equation: 

𝑃𝑒𝑙 = 𝑃𝑟𝑒𝑓[1 −  𝛽𝑃𝑉(𝑇𝑃𝑉 − 𝑇𝑎𝑚𝑏)] [33]       (20) 

The relationship between increasing temperature and decreasing photovoltaic efficiency is 
expressed by the following equation: 

𝜂𝑒𝑙 = 𝜂𝑟𝑒𝑓[1 − 𝛽𝑃𝑉(𝑇𝑃𝑉 − 𝑇𝑎𝑚𝑏)] [34]       (21) 

The average absolute PV panel temperature is defined by: 

𝑇𝑃𝑉 =
1

𝐻
∫ 𝑇𝑃𝑉(𝑦)𝑑𝑦

𝐻

0
          (22) 

The temperature of solar cells is dependent upon ambient conditions, and can be calculated utilizing the 
following formula: 

 𝑇𝑃𝑉 =  𝑇𝑎𝑚𝑏 + (
𝑁𝑂𝐶𝑇−20°

0.8
) 𝐺 [33]. G is the insolation (kW/m2).    (23) 

The mean Nusselt number observed along the length of the PV cell plate is: 

𝑁𝑢𝑃𝑉 =
1

𝐻
∫

1

𝜃𝑃𝑉(𝑦)
𝑑𝑦

𝐻

0
           (24) 

 
Table 2.  
Numerical model input parameters.  

Parameters  Values 

Absorptivity of  PV cells surface, 𝛂𝐩𝐯  0.95 (-) 

Transmittance of  PV cells surface, 𝛕𝐩𝐯  0.09 (-) 

Maximum rated power, 𝑷𝒓𝒂𝒕𝒆𝒅  150 W 
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Temperature coefficient of  PV cell, 𝜷𝑷𝑽    0.48%/◦ C [33] 

Reference value for electrical efficiency, 𝜼𝒓𝒆𝒇  0.015(-) 

Nominal Operating Cell Temperature, NOTC  48°C [33] 

Ambient Temperature, 𝑻𝒂𝒎𝒃  25°C 

Incoming Solar Flux, G  200-850 W/m2 

Coefficient of  heat transfer from wall to air  ℎ𝑎𝑖𝑟=5.62+3.9𝑉𝑤𝑖𝑛𝑑 [35] 

Coefficient of  heat transfer from PCM to argon gap  ℎ𝐴𝑟1= Ф / |𝑇𝐴𝑟 −𝑇𝑃𝐶𝑀| [36] 

Coefficient of  heat transfer from Wall to argon gap  ℎ𝐴𝑟1= Ф / |𝑇𝑊𝑎𝑙𝑙 − 𝑇𝐴𝑟| [36] 

 
3. Numerical Procedure  

To obtain a discrete solution to the nonlinear partial differential equations (1-3), an implicit finite 
difference method was employed. The first and second derivatives of the diffusive terms were 
approximated using centered finite differences, while a second-order scheme was employed to 
approximate the convective terms to prevent the potential instabilities often encountered in mixed 
convection flow problems. The differential equations were transformed into a linear algebraic system, 
which was subsequently solved using the Thomas algorithm. At each time step, the Poisson equation (4) 
was solved using the successive point sub-relaxation (PSUR) method with an optimal sub-relaxation 
coefficient of 0.8, as this proved optimal for the (201×41) grid used in the study. The principal benefit of 
this methodology lies in its utilization of the Gauss-Seidel approach to facilitate the attainment of an 

intermediate iterate, which will henceforth be designated as 𝜙𝑘+1, Subsequently, the method is "relaxed" 
to accelerate convergence. Moreover, the Gauss-Seidel method is a relatively simple one to implement 
in a programming environment. Convergence of the iteration for the stream function solution was 
achieved at each time step, and a criterion was employed to ascertain the existence of a steady-state 
solution. Convergence of solutions is deemed to have been achieved when the relative error for each 

variable between consecutive iterations is less than the convergence criterion, such that ε =∑| (𝜙𝑖𝑘,𝑗+1− 

𝜙𝑖𝑘,𝑗)/ 𝜙𝑖𝑘,𝑗+1 | < 10−5 where 𝜙 stands for ψ, Ѳ, 𝜔, k refers to time and i and j refer to space coordinates. 

In the computations, a time step of size 10 ⁻⁵ is utilized.  
To mitigate the impact of the mesh on the accuracy of the simulation, a mesh independency solution 

was employed, whereby the influence of the grid mesh on the highest Rayleigh and Reynolds numbers 
(Ra=5106, Re=1) used in the present study was assessed. As illustrated in Table 1, the non-uniform 

101x51 and 201x101 meshes show minor inconsistencies in the characteristic quantities Ѱ, Ѳ, and Nu 
compared to the uniform 101x101 and 201x201 meshes. 

Adopting an irregular grid optimizes resolution, providing an improved geometric representation of 
the model and reducing the incidence of numerical errors while enhancing computational efficiency. 
Nevertheless, the 201x101 mesh was chosen because it is more effective in transmitting heat than the 
101x51 mesh, as demonstrated by a 1.68% increase in the Nusselt number.   
 

Table 3.  
Grid Independency. 

Stage Ѱmax Change (%) Ѳmax Change (%) Numax Change (%) 

101X51 -0.220 ˜ 0.026 ˜ 20.52 ˜ 
201X101 -0.209 5 0.025 3.84 20.87 1.68 
101X101 -0.060 ˜ 0.00009 ˜ 10.70 ˜ 
201X201 -0.010 83.33 0.00004 55.55 15.72 2 
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The vorticity computational formula proposed by Woods [37] was employed to approximate wall 

vorticity: 𝛺(𝑤) =
1

2
𝛺𝑤+1 −

3

𝛥𝜂2 (𝜓𝑤+1 − 𝜓𝑤), The stream function values 𝜓w and 𝜓w+1 are taken at 

the points adjacent to the boundary wall, while 𝜂 represents the normal abscise on the boundary wall. 
 

4. Results and Discussion  
4.1. Validation  

As the thermal properties of the phase-change material (PCM) layer and the argon layer are 
fundamental to the performance of the photovoltaic (PV) panel and the thermal comfort of the indoor 
environment, it is imperative to validate the numerical model. In the lack of published data for a 
comparable system, two aspects have been validated independently. The first concerns the validation of 
the natural convection phase change model employed to simulate heat transfer within the PCM and the 
fluid cavity. The second assesses the accuracy of the equations used to describe the heat transfer 
between the PCM, the PV panel, and the backplate. A comparison was conducted between the results 
obtained and the findings reported in the studies by Noureddine et al.[38], Ma et al.[29], and 
Abdelrazik et al.[22]. 
 
4.1.1. Validation of the Natural Convection Phase-Change Model   

In their study, Noureddine et al. investigated the phenomenon of heat transfer by natural convection 
during the melting of an organic phase-change material.  
 

 
Figure 2.  
Comparison of the streamlines of (a) the present work with those of (b) Noureddine et al.[38]. 
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Figure 3.   
Comparison of average Nusselt number.  

 

A comparison of streamline patterns was conducted for a set of parameters comprising a Raleigh 

number, Ra = 2.25 × 10⁵, Stefan number St = 0.01, and Re =1 (pure natural convection). These were 
observed after a 200-second simulation period and demonstrated a high degree of agreement (Figure 2). 
The evolution of the average Nusselt number along the PV module as a function of time for the model 
developed in this study (Figure 3) exhibited a high degree of concordance, with the percentage error 
falling below 3%.  
 
4.1.2. Validation of the PV/PCM Model  
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Figure 4.   
Comparison of PV temperatures with those of Ma et al.[29] and Abdelrazik et al.[22].  

 
The PV/PCM model developed in this study was validated using the model of Ma et al. [29] which 

was also used by Abdelrazik et al. [22]. They used the PCM Paraffin wax RT35, the properties of 
which are presented in Table 1, and evaluated the performance of the system under atmospheric 
conditions of 35°C, solar radiation of 1000 W/m², and in the absence of wind. The temporal evolution of 
the PV module temperature, simulated using the model developed, shows remarkable agreement with an 
error deviation of less than 3%, as shown in Figure 4.  
 
4.1.3. Effect of the Argon Layer on the Thermal Management of the PV /PCM System  

Figure 5 depicts the influence of the argon layer on the thermal flow and distribution following 
a three-hour exposure period. In the confined channel, natural convection based on the principle of 
buoyancy provides a stable thermal flow which optimizes the transfer of heat from the photovoltaic (PV) 
cells to the phase-change material (PCM), as demonstrated by Akshayveer et al. [39]. In the 
PVT/PCM system, the dissipation of heat between the building wall and the PCM is more pronounced, 

accelerating the PCM melting process and resulting in the formation of large rotating cells (Ѱmax: 30 
> 20), a phenomenon also observed by Moench et al. [40]. In contrast, in the PVT/ArPCM system, the 
melting of the PCM is slower, which allows for more effective thermal management of the phase-change 

material, which is capable of storing more heat (θmax: 0.12 > 0.1).   
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Figure 5. 
Streamlines (i) and isotherms (ii) after 3H of operation (a) PVT/ArPCM and (b) PVT/PCM. 

 
As illustrated in Figure 6, the implementation of an argon thermal shield has been found to exert a 

considerable influence on the trajectory of the mean temperature of a photovoltaic panel over an 
extended period. The observed temperature variations can be attributed to the distinctive 
thermophysical properties of argon (as detailed in Table 2), as elucidated by Tobechi et al. [41]. The 
low thermal conductivity of argon serves to reduce the transfer of heat from the building envelope to 
the phase-change material (PCM), thereby facilitating the cooling of the photovoltaic panel due to its 
thermal resistance to heat flow from the envelope. Conversely, the high thermal conductivity of the 
building envelope (concrete) results in an increase in the internal temperature of the phase-change 
material (PCM), which directly influences the temperature of the photovoltaic cells. An investigation 
into the thermal evolution of the photovoltaic (PV) module has revealed a reduction of 1.35 degrees 
Celsius in temperature for the PVT/ArPCM system when compared with the conventional PVT/PCM 
system.  
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Figure 6. 
Temperature distribution of PV panel.  

 

 
Figure 7.    
Electrical efficiency for three hours of operation.  
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As can be observed in Figure 7, the electrical efficiency of the system is influenced by changes in the 
temperature of the solar panel. The integration of an argon-based heat shield into the PVT/ArPCM 
system results in the highest levels of electrical efficiency. However, the use of RT 35 paraffin wax as 
PCM provides effective thermal management. This observation is supported by the findings of 
Abdelrazik et al. [22], which confirm the thermal efficiency of the PCM in comparable systems. A 
0.10% improvement in electrical efficiency was observed for the PVT/ArPCM system in comparison 
with the conventional PVT/PCM system.  
 

 
Figure 8.   
Variation in average indoor temperature for 3 hours of operation.  

 
Figure 8 demonstrates that after three hours, the maximum temperature fluctuation within the 

building was 1.43°C for system PVT/ArPCM, compared to 2.57°C for system PVT/PCM. This 
reduction in thermal amplitude signifies a 44% enhancement in thermal comfort performance. This 
improvement can be attributed to the excellent insulating properties of argon, as evidenced by the 
findings of Lolli et al. [28]. 
 
4.2. Energy Analysis of the PVT/PCM System with Argon Layer Under Different Irradiances. 

A comparative assessment of the performance of the PVT/ArPCM system and the conventional 
PVT/PCM system was conducted through the examination of the two configurations under different 
irradiances.  
 
Table 4.  
Electrical performance of PV cells and building thermal comfort. 
Irradiance W/m2 300 500 680 850 

System  PVT/ PVT/ PVT/ PVT/ PVT/ PVT/ PVT/ PVT/ 
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ArPCM PCM ArPCM PCM ArPCM PCM ArPCM PCM 

TPVMOY
max (°C) 36.08 37.09 42.10 42.11 48.28 48.31 54.90 54.91 

Change (%) 2.72 ˜ 0.023 ˜ 0.06 ˜ 0.018 ˜ 

Pelmin (W) 142.03 141.29 137.70 137.68 133.24 133.22 128.47 128.45 

Change (%) 0.52 ˜ 0.014 ˜ 0.015 ˜ 0.015 ˜ 

ηelmoymin (%) 14.25 14.18 13.85 13.83 13.43 13.41 12.98 12.97 

Change (%) 0.07 ˜ 0.02 ˜ 0.02 ˜ 0.01 ˜ 

ΔTindmax (°C) 1.44 4.14 1.45 4.16 1.45 4.19 1.47 4.21 

Change (%) 65.69 ˜ 65.14 ˜ 65.39 ˜ 65.08 ˜ 
 

The analysis was conducted to determine the output of the photovoltaic cells in terms of electricity 
generated, the efficiency with which they performed, and the level of thermal comfort experienced by 
occupants of the building. Such assessments permitted the quantification of the thermal and energy 
impact of the system as a function of irradiance variations, thereby facilitating a more nuanced 
comprehension of its behaviour under diverse solar exposure conditions. The two configurations were 
then subjected to an in-depth examination of their thermoelectric performance, the findings of which are 
presented in Table 4. In general, there is a discernible decline in electrical performance as irradiance 
levels increase. A minimum improvement of 0.018% in solar cell cooling, 0.014% in electrical power 
supplied, and 0.01% in electrical efficiency is observed for the PVT/ArPCM collector in comparison to 
the PVT/PCM collector. Furthermore, Table 4 illustrates the effects of the two configurations on the 
internal temperature of the building under identical solar irradiation conditions. The PVT/ArPCM 
configuration exhibits a minimum improvement in thermal comfort of 65%.  
 
4.3. Analysis of Thermal Management of RT-35 PCMs in Each of the 2 Configurations  

The objective of the study, as depicted in Figure 9, is to analyze the thermal storage management of 
the phase-change materials (PCMs) in the two configurations. 
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Figure 9. 
Distribution of isotherms at (i) the end of the imposed solar flux and (ii) two hours later; (a) PVT/ArPCM and (b) PVT/PCM.  

 
Two hours after the cessation of the solar flux, the maximum dimensionless temperature of the 

PCM remained stable in the PVT/ArPCM configuration, while the minimum dimensionless 
temperature exhibited a change, indicating enhanced thermal management. In contrast, in the 
PVT/PCM configuration, the maximum dimensionless temperature of the PCM exhibited a decline of 
0.05, indicating a reduction in performance following the cessation of the imposed solar flux.  
 

5. Conclusion 
To ascertain the efficacy of photovoltaic (PV) cells when integrated into a building's façade, a 

numerical model comprising an argon-based thermal screen was designed and analyzed This model 
enabled the electrical production of the PV cells, their efficiency, and variations in the temperature 
within the building to be evaluated. This was done in conjunction with a conventional PV/PCM (Phase-
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Change Material) system installed on the façade, under different irradiation conditions. Additionally, the 
thermal storage performance of the phase-change materials (PCMs) in each configuration was 
investigated. The principal findings of this analysis are as follows: 

• The PVT system demonstrated a slight enhancement in electrical efficiency, with a 0.01% 
increase. Additionally, the incorporation of an argon-filled thermal screen resulted in a notable 
65% improvement in indoor thermal comfort. 

• A marginal reduction in PV cell temperature of 0.01°C was observed with the argon layer. 

• The electrical power output exhibited a slight improvement of 0.014% in the presence of argon. 

• The thermal management of the PVT/ArPCM collector was observed to be more effective than 
that of the PVT/PCM collector, as evidenced by the superior thermal performance of the PCM 
utilized in the former.  

A comprehensive numerical study is currently being undertaken to exploit the heat stored in the 
PCM. This study will evaluate the thermal and electrical performance of the collector over a full year 
under tropical climate conditions. 
 
Nomenclature 
letters 

𝒂𝒓
  

: Relative thermal diffusivity (𝑎𝑟 =
𝜆𝑟

𝜌𝑟𝐶𝑝𝑟
)  

𝐁𝟏  : Aspect ratio between the width of  PCM layer and width of  the collector (B1 =
𝑒𝑃𝐶𝑀

𝐿
) 

𝐁𝟐  : Aspect ratio of  argon layer width to collector width (B1 =
𝑒𝑎𝑟𝑔𝑜𝑛 𝑙𝑎𝑦𝑒𝑟

𝐿
) 

𝐁𝐢𝟏  : Biot number of  Argon (Bi1 =
ℎ𝐴𝑟𝐿

𝜆𝐴𝑙
) 

𝐁𝐢𝟐  : Biot number of  Air (Bi2 =
ℎ𝐴𝑖𝑟𝐿

𝜆𝑊𝑎𝑙𝑙
) 

𝑪𝒑        : Specific heat (J. Kg-1. K-1) 

𝒈 : Gravity acceleration (m.s-2) 

𝒉 : Convective transfer coefficient (W m-2K-1) 

H : Height of  collector (m)  
L : Length of  collector (m) 
Pr : Prandtl number (𝑃𝑟 =

𝜇𝑐𝑝

𝜆
) 

Ra : 
Rayleigh number (Ra =

𝜌2 𝑔𝛽∅𝐿4

𝜆𝜇2 )   

Re : Reynolds number (𝑅𝑒 =
𝜌𝑉0𝐿

𝜇
) 

St  Stefan number (Ste=
𝐶𝑝(𝑇𝑀−𝑇)

𝐿
)  

𝒕 : Temps (s) 

T : Temperature (K) 

𝐮, 𝐯  : Velocity components in x and y directions (m.s-1) 

𝐔, 𝐕   : Dimensional components of  velocity in X and Y directions (𝑈 =
𝑢

𝑣0
 ; 𝑉 =

𝑣

𝑣0
) 

𝐯𝟎 : Air inlet velocity in the lower channel of  the chimney (m.s-1) 

X, Y : Dimensionless Cartesian coordinates (𝑋 =
𝑥

𝐿
 ;   𝑌 =

𝑦

𝐿
) 

x, y : Cartesian coordinates (m) 
Greek letters 

α : Absorptivity coefficient (-) 

𝛃 : Coefficient of  thermal expansion (K-1) 

𝚫𝐓𝐢𝐧𝐝 : Variation in average indoor temperature (°C) 
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𝛀 : Dimensionless vorticity (𝛺 =
𝜔𝑣0

𝐿
) 

𝛚 : Dimensional vorticity (s-1) 

𝛙 : Dimensional stream function (m2.s-1) 

𝚿 : Dimensionless stream function (𝛹 =
𝜓

𝐿𝑣0
) 

𝚯 : Dimensionless temperature ( 𝜃 = 𝜆 (
𝑇−𝑇𝑎

𝜙𝐿
)) 

𝛕 : Dimensionless time (𝜏 =
𝑣0

𝐿
𝑡) 

𝛌 : Thermal Conductivity Coefficient (W.m-1. K-1) 

𝝁 : Air dynamic viscosity (Kg.m-1. s-1) 

𝝆 : Density (Kg.m-3) 

𝝉  : Transmission coefficient (-) 

Indices 
Al :  Aluminium 
Ar : Argon 
M ; Melt 

𝒑𝒗 : Photovoltaic 
r : Relative 
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