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Abstracts:  The present study consisted mainly of making the thermal and dynamic analysis of the fluid flows in mixed 
convection in the chimney integrated into the building with an upper-covered horizontal hybrid thermal photovoltaic 
collector on a slab roof.  The governing equations discretized by the finite difference method resulted in the systems of tri-
diagonal algebraic equations, which were solved by Thomas' algorithm and Gauss Seidel's iterative method.  Numerical 
solutions are presented for various geometrical aspect ratios, Rayleigh, and Reynolds numbers. The results are presented 
in terms of streamlines, isotherms, velocity, heat transfer intensity, and PV cells’ electrical efficiency versus the governing 
control parameters in detail. 
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1. INTRODUCTION  

The demand for alternative energy from renewable sources has continued to rise globally in recent decades, 

promoted by an increase in environmental awareness and the growing importance placed on sustainability Hence, 

Renewable energy systems have been the main drivers and will continue to be essential for this transformation 

towards the achievement of sustainable development goals through the promotion of the security of supply while 

lowering energy costs, reduction emissions while driving growth, and generation jobs through industrial development. 

Then, Solar energy is now considered a potential viable choice to replace current fossil fuels in power production in 

the subtropical region’s region, which offers high solar radiation throughout the year. The consistent amount of sunlight 

averaging 400–600 MJ/m2 per month allows building owners to use the available solar radiation to generate electricity 

through photovoltaic (PV) systems for daily use [5]. At the same time, this alternative energy is seen as one of the 

solutions to the problem of utility expenses in residential or administrative buildings because it offers low electricity 

tariffs in addition to clean energy. Furthermore, the use of clean energy is consistent with the global commitment to 

reduce carbon emissions and achieve carbon neutrality. The total worldwide power generation capacity of installed 

PV panels increased by 12% in 2019 and reached a record of 630 GW in total, while the thermal energy generation 

capacity of installed Solar Thermal (ST)collectors amounted to 480 GW (thermal) in 2019, with China accounting for 

almost 70% of the total solar thermal capacity [6,7], which corresponds to savings of about 140 million tons of CO2 

per year [6]. In general, PV systems are designed to generate electricity from solar energy that can be an alternative 

source to the existing power supply from the grid system. However, PV panels also produce unnecessary heat energy 

during the power generation process, which raises the temperature of PV cells and reduces the installed system’s 

efficiency. PV panels exposed to continuous heating for long periods can also result in structural damage [8]. 

Currently, various technologies are being proposed to boost the effectiveness of solar PV panels by extracting 

unwanted heat, using appropriate cooling methods, and good thermal control techniques. The combination of both 

applications on PV modules results in a photovoltaic thermal system (PVT), which generates electricity and heat 

simultaneously [9]. A proper cooling method is required to maintain the surface temperature of the PV panel which in 

turn will increase the overall efficiency of the PV system. In principle, PV cooling technology can be categorized into 

three, namely passive cooling, active cooling, and a combination of both [10]. Passive cooling techniques involve air, 
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water, and conductive cooling to remove heat naturally without using energy [11]. Then, Naghavi et al. [12] 

investigated the natural air movement beneath a PV panel through numerical assessments. Their results showed that 

temperature differences of 12 ± 5 ◦C and 18 ± 5 ◦C could be obtained when the air gap between the rooftop and panel 

rear surface was 200 mm and 250 mm, respectively, as compared to the same panel with no gap. A larger air gap 

allows a greater volume of air to flow and, thus, it can remove heat from the rear side of the panel through convection 

effectively. Hernandez et al. [13] studied PV panel cooling by placing a panel on the steel roof of an industrial building. 

The PV panel was cooled by placing air channels underneath it with natural or forced convection cooling. The 

experimental results showed that the PV panel temperature with the natural convection cooling is around 5 ◦C lower 

than that without natural cooling on the back. In this case, research can be extended to analyze the temperature on 

the roof and relate it to the panel temperature since higher roof temperatures can decrease the effectiveness of the 

cooling effect produced by the natural convection of air because air gets heated by both panels as well as the roof. 

Although the PV panel with forced convection cooling was able to generate 3–5 % more electricity than the PV panel 

with natural convection cooling, the forced convection cooling required a fan to maintain the airflow at 4 m/s in the 

channels. Therefore, comparing the net power produced by both active and passive cooling approaches will be a 

more pragmatic approach, but in the reviewed study, proper inference could be made, due to the paucity of power 

consumption data of the fan. Then, Solar energy is an abundant primary energy resource, which can be exploited in 

cost-competitive and reliable ways for electrical power generation, either with PV technology or thermodynamic cycles 

in concentrated solar power systems, as well as for heating or cooling purposes through Solar technology systems. 

Some of the advantages of this renewable resource compared to others, e.g., wind, are its larger predictability on an 

annual basis and daily [14], the low degradation rate of the components of a solar installation during its lifetime which 

is generally 20–25 years [15,16], and that this technology rarely underperforms or fails. Shahsavar et al. [17] attached 

an air channel with a Metal Sheet (TMS) below a glazed PV panel. The air channel was used to cool the ◦C when the 

solar irradiance was 880 W/m2. The air channel was able to effectively remove the waste heat in the PV panel and 

generate additional thermal energy. The electrical and thermal efficiencies were around 8 % and 32 %, respectively. 

However, the authors did not mention the PV temperature change compared to a standalone PV panel, and this 

hinders solid inferences regarding the effectiveness of the implemented cooling system. 

 In this regard, there has been a great trend toward the utilization of sustainable energy systems in various 

applications around the world [18]. Numerous operations, including electricity production, building space heating, hot 

water generation, drying of crops, desalination and heating, ventilation, air conditioning, and refrigeration (HVAC-R) 

systems, can be powered by solar energy [20]. Solar energy is concurrently converted into thermal and electrical 

energy utilizing hybrid photovoltaic/thermal (PV/T) technology [21]. Net-zero constructions can be supported by 

building-integrated photovoltaic-thermal (BIPV/T) systems, which could generate electrical and thermal energies as 

well as act as thermal insulators [22]. The need for energy in buildings accounts for the majority of the global energy 

demand [23]. Building energy usage can account for up to 40% of the global energy supply, with space heating and 

hot water generation making up the majority of this demand [24]. In 2021, space and water heating accounted for 

almost half of building energy demand, resulting in 2450 Mt of direct CO2 emissions, according to a publication by 

the International Energy Agency (IEA) [25]. To lower both the negative impacts of environmental factors and the 

increasing energy demand, the integration of renewable energy resources into buildings has been frequently used 

recently [26]. BIPV/T systems can be utilized to help meet these energy demands in buildings. Buildings require both 

electrical and thermal energy for tasks including space cooling and heating, water heating, ventilation, lighting, and 

powering various devices. In addition, compared to residential and commercial buildings, industrial structures and 

activities use more thermal and electrical energy [27]. In essence, it takes a lot of energy to maintain safe, healthy, 

and comfortable indoor environments in buildings [26]. According to the International Energy Outlook Report [28-30], 

global energy consumption would enhance by 56% between 2010 and 2040. Buildings accounted for 32% of the 

world’s energy use and 33% of greenhouse Gaz (GHG) emissions in 2012 [30]. This is the outcome of indirect 

emissions associated with the utilization of energy as well as direct emissions from the in-situ combustion of fossil 

fuels. This calls for the development of numerous techniques to lower building energy use and, consequently, GHG 

emissions. Moreover, direct or indirect global GHG emissions in buildings have enhanced by 1% per year since 2010 

[31]. While the decarbonization of energy consumption in buildings continues rapidly, all necessary measures must 

be implemented to attain net zero emissions by 2050 [32]. To meet this goal, 20% of newly developed buildings and 

existing buildings in the world should be in a carbon-zero state by 2030 according to the International Energy Agency 
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[31]. By meeting both electrical and thermal energy demands in buildings, hybrid renewable technologies (e.g. 

photovoltaic-thermal systems, solar-assisted heat pumps) enable buildings to meet the zero-carbon goals. 

Furthermore, Building PV generation systems can be applied on roofs, Kumar et al. [33] and/or facades, Quesada et 

al. [34], and the installed PV generation system can share the grid load. There are various types of building loads for 

different functions, such as cooling, heating, annual electricity demand, air demand, and illumination. Most of these 

loads are combined with ventilation and air conditioning systems through traditional electric means. In this context, it 

is possible to achieve low energy consumption in buildings upon integration of PV generation systems. 

In hot tropical climate regions, building roofs are exposed to weather and thermal shocks due to solar radiation 

incidents on the roof envelope. These thermal shocks are often the source of building aging and especially slab roof 

cracking. The protection of these slab roofs is done by coating them with bitumen. In recent decades, to protect the 

roof slabs and to make the building more energy efficient, technicians are opting more for photovoltaic coating for the 

reasons of esthetic evaluation, carbon reduction, and power generation, these main factors are considered in the 

evaluation of different types of PV roofing. This environmentally friendly new method produces clean energy and 

makes the bioclimatic building energy-independent. 

Based on the existing literature, it can be found that the current utilization of solar energy in buildings is mainly 

photothermal. However, the use of solar cell plates for coating the slab in buildings is not yet common in hot subtropical 

climate regions. Thus, this paper focused on the thermal and electrical performances of a photovoltaic roof with an 

air gap for cooling and protecting simultaneously the slab. 

  This study aims to innovate and contribute toward a more sustainable hot subtropical climate society through 

developing alternative coating technologies for cooling rooms and producing non-polluted energy without greenhouse 

gas emissions. 

2.Physical Model and Governing Equations 

 
The physical model considered in Figure 1 is a one-story building, with two air inlets opening (E1 and E2) and two air 
outlets opening (E6 and Eout). A chimney is integrated into the building for thermosyphon air extraction on the one 
hand and a horizontal photovoltaic cells plate for the slab roof covering on the other. The model is assumed to be 
two-dimensional. The photovoltaic cells’ plate, placed on the slab, allows on the one hand, to protect the slab against 
bad weather and thermal shocks, and on the other hand, to provide the building with the necessary electrical energy 
for the lighting of the rooms and the power supply of the household appliances. Thus, at the exit of the room, the air 
permanently evacuates the excess heat to cool simultaneously the slab and the photovoltaic cells, for the achievement 
of thermal comfort in the rooms and the best possible electrical output of the photovoltaic cells. The photovoltaic 
panel, the glazing, and the absorber of the chimney are the active walls. While the remaining walls are assumed to 

be adiabatic. The ambient air at the temperature and the velocity 𝑈0 enters the room. 

Flow regimes inside the storied building are considered fully laminar, incompressible, and two-dimensional with 
negligible viscous dissipation and gravity parallel to the ascendant y-axis. The thermophysical properties are 
considered constant except the density which is approached in the gravity term with the Boussinesq approximation. 
Radiation and infiltration are neglected in this study. Taking into account the above-mentioned assumptions, the non-
dimensional governing equations, written in vorticity – streamlines (𝝎-ψ) formulation, in Cartesian coordinates are as 
follows: 
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Figure1. Physical model 
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Boundary Conditions 

▪ Initial conditions: at τ = 0:  

𝜃 =  𝜔 = 𝑈 = 𝑉 =  𝜓 = 0   

▪ at 𝜏 > 0   
The boundary conditions associated with the problem are found below. 

At the first and second air inlet openings  𝐸1 ,  𝐸2 

𝑈 = −1; 𝑉 = 0; 𝜃 = 0 
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At the third air inlet opening  𝐸3 : 
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▪ At  the outlet opening  𝐸𝑜𝑢𝑡 :  
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The heat transfer through the upper horizontal heated solar cells plate is better represented by the Nusselt number, 
which is a measure of the ratio of the heat transfer by conduction to the flux convected by the cooling fluid. The local 
Nusselt number on the   upper horizontal heated solar cells plate is given by the relation:  

𝑁𝑢(𝑝) =
𝜙𝑑

𝜆(𝑇𝑃𝑉−𝑇𝑎)
                                                                                                                                                 (11) 

The electrical output of solar cells is given by the following relation. 

𝜂𝑒𝑙 = 𝜂𝑟𝑒𝑓[1 − 𝛽𝑟𝑒𝑓(𝑇𝑃𝑉 − 𝑇𝑟𝑒𝑓)] + 𝛾𝑙𝑜𝑔10𝑄0                                                                                                (12) 

For the crystalline silicon PV cells, the coefficient γ is taken to zero [ 35]. Then the PV cells' electrical efficiency is 
given as  

𝜂𝑒𝑙 = 𝜂𝑟𝑒𝑓[1 − 𝛽𝑟𝑒𝑓(𝑇𝑃𝑉 − 𝑇𝑟𝑒𝑓)]                                                                                                                      (13) 

Where  𝑇𝑃𝑉  is a mean temperature along the PV cells plate, 𝑇𝑟𝑒𝑓  is ambiant temperature 

2.1. Numerical Procedure 

Method Of Solution 

In the present work, the nonlinear partial differential governing equations, (1-3), were discretized using a finite 
difference technique. The first and second derivatives of the diffusive terms were approached by central differences 
while a second-order upwind scheme was used for the convective terms to avoid possible instabilities frequently 
encountered in mixed convection problems. The integration of the algebraic equations (2) and (3) was assured by 
Thomas’ algorithm. At each time step, the Poisson equation, Eq. (4), was treated using the Point Successive Under-
Relaxation method (PSUR) with an optimum under-relaxation coefficient equal to 0.8 for the grid (121×121) adopted 
in the present study. Convergence of iteration for stream function solution is obtained at each time step. The following 
criterion is employed to check for a steady-state solution. Convergence of solutions is assumed when the relative 
error for each variable between consecutive iterations is below the convergence criterion ε such that 

∑|(𝜙𝑖,𝑗
𝑘+1 − 𝜙𝑖,𝑗

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

coordinates. The   time step used in the computations is ∆𝜏 = 10−5.   To reduce the influence of the mesh on 

simulation accuracy, mesh independency solutions are assured by comparing different grid meshes for the highest 
Grashof and Reynolds numbers used in this work (Gr =105 and Re = 100). It was found that the differences between 
meshes of 121 x 121 and 141x141 were not significant for all variables. The results obtained with these grids were 
comparable to those obtained with other uniform grid sizes of 81x81, 101x101, and 161x161. Thus, a uniform mesh 
of 121 x 121 was selected. The vorticity computational formula of Woods [36] for approximating the wall vorticity was 

used: 𝜔𝑃 =
1

2
𝜔𝑃+1 −

3

∆2
(𝜓𝑃+1 − 𝜓𝑃), where 𝜓𝑃 and 𝜓𝑃+1 are stream function values at the points adjacent to 

the boundary wall; , the normal abscise on the boundary wall. 

3. Results and discussion 

3.1. Validation 

To test the computer code developed for this study, the problem of a ventilated rectangular enclosure with its left and 
upper walls submitted to a constant heat flux, while the remaining walls are considered adiabatic was studied. Very 
good agreement is obtained between the test problem solution and the ventilated rectangular enclosure solutions as 
compared to the work of Raji et al. [37].   
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Re= 100, Ra = 106 

A. Raji Present work 

 
 

  

Figure2. Comparison of the present streamlines and isotherms profiles with results from Raji et al. [37] 

We chose this physical model of Raji et al.[37] to validate our computer code, because the physical model has the 
same active wall. The horizontal cold jet enters the enclosure from the bottom of its heated wall and leaves from the 
top of the other vertical wall with no-slip boundary conditions applied to all the walls. The Reynolds number, Re was 
set at 100, and for Rayleigh number Ra was set at 106. The numerical analysis predicted values of streamlines and 
isotherms together with ventilated rectangular enclosure results shown in Figure 2. 

Table 1. Numerical model input parameters 

 

Parameters value 

Absorptivity of the glaze, 𝛂gl 0.05 (-) 

The transmittance of the glaze, 𝛕gl 0.95 (-) 

Absorptivity of PV cells surface, 𝛂PV 0.89 (-) 

Absorptivity of the absorber plate, 𝛂ab 0.9 (-) 

Electrical efficiency at the reference temperature,  𝜂𝑟𝑒𝑓 0.015(-) 

Temperature coefficient of PV cell,  𝛽𝑟𝑒𝑓 0.0045 K− 1 

Transmittance of PV cells surface, 𝛕PV 0.09 (-) 

Reference temperature,  𝑇𝑟𝑒𝑓 25 ◦C 

Width of the vertical chimney, d 0.05(m) 

H height of the building 1(m) 
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3.2. Flow and thermal visualization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure3. Streamlines and isotherms obtained for Ra = 5. 106 and different values of Re: (a) Re =25 (b) Re = 50; (c) Re = 100 

Figure 3(a,b,c) illustrates the topology of the flow and the distribution of the thermal field in the ground floor, the floor, 
and the vertical and horizontal chimneys integrated into the building for useful purposes such as the protection of the 
slab for its rotting and possible cracks due to thermal shocks and bad weather. Thus, streamlines and isotherms are 
presented for different values of the Reynolds number with a fixed Rayleigh number. The presence of open lines can 
be seen in the rooms while open lines and closed cells are in the chimneys. The coexistence of open and closed lines 
demonstrates sufficiently the manifestation of mixed convection phenomenon in horizontal and vertical chimneys 
integrated into the building. It can be noted for the weak values of the Reynolds number, the natural convection closed 
cells are present in the vertical chimney.  This situation shows that air molecules that have not been charged enough 
energy recirculate. In addition, the molecules of the coolant fluid pass through the duct of the horizontal chimney 
protecting the roof of the slab. 
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The air molecules that extract excess heat from the rooms and roof of the slab mostly pass under the photovoltaic 
solar panel. This permanent movement of air in the channel created between the slab roof and the active wall of the 
horizontal protective chimney enables the ventilation of the slab and the photovoltaic cells to achieve two main 
objectives. Improving the electrical efficiency of photovoltaic cells, and thermal comfort in the living spaces in the 
rooms of the multi-story building.  The isotherms are concentrated in the chimneys. This aspect shows that these are 
the areas where heat transfer takes place intensively. It may be noted that the isotherms are parallel in the horizontal 
protective chimney. This situation can be explained that conduction is the main mode of heat transfer highlighted on 
the photovoltaic panel. In addition, mixed convection has always been manifested by the bifurcation of the isotherms 
in the channel of the vertical chimney integrated into the building.  It can be concluded that mixed convection further 
improves the ventilation of the rooms of the storied building and the aero voltaic panel. 
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Figure 4. Variation of velocity and local Nusselt number for different Reynolds number 

Figure 4(a) shows the variation of the vertical component of velocity versus Reynolds number. In the first half of the 
duct of the integrated vertical chimney into the building, the outlet velocity of the coolant fluid is an increasing function 
of the Reynolds number, while it is a decreasing function in the second half of the channel. This situation means that 
the air molecules near the active glaze wall do have not the necessary energy to leave the chimney, and then the 
advection phenomenon is manifested, the reason for which, velocity values are negative. The positive values of the 
vertical velocity in the second half of the vertical chimney show that it is an area where the thermosiphon phenomenon 
of the air for the multi-story building cooling is manifested.   

In Figure 4(b), the local Nusselt number along the active PV cells plate is an increasing function of the Reynolds 
number. One can note that the higher is Reynolds number, the higher the Nusselt number. It means that the horizontal 
protective PV cell plate is very vented via the inlet fresh air. Hence the heat excess along the PV cells plate is 
dissipated. The aero-voltaic panel temperature is always close to the ambient air temperature.  

3.3. Influence of Rayleigh's number 

The effect of the Rayleigh number (104 ≤ Gr ≤ 107) for a fixed Reynolds number (Re = 50) is presented in Figure 5 
(a,b,c)   illustrates the variation in streamlines and isotherms for different values of the Rayleigh number. The flow 
structure varies very little as the Rayleigh number increases. However, mixed convection is manifested in the system 
by the coexistence of the open and the enclosed lines. The increase in the size of the counterrotating cells in the 
vertical chimney indicates an increase in natural convection, and the increasing number of enclosed streamlines 
under the upper horizontal photovoltaic cell plate indicates the domination of forced convection in this area. The 
Rayleigh number influences the system by significantly increasing its temperature in the vicinity of heat sources. Fig 
5 (a,b,c) shows clearly the increase in temperature stratification. Increasing the Rayleigh number reduces heat 
transfer to the photovoltaic cells and lowers their electrical efficiency. On the other hand, increasing the Rayleigh 
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number favors heat transfer in the vertical chimney and increases the vertical component of the velocity at the vertical 
chimney exit. Figure 6 (a) clearly shows that the vertical component of velocity at the exit of the vertical chimney is 
an increasing function of the Rayleigh number. In the first half of the duct of the vertical chimney, one can observe 
the advection phenomenon for the negative value of velocity, whereas the thermosiphon phenomenon is observed 
for the positive value of the velocity in the second half of the duct of the vertical chimney near the active photovoltaic 
panel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Variation of streamlines and isotherms obtained for Reynolds number Re = 50; and various Rayleigh number a) Ra = 
4.106 b) Ra = 8.106 c) Ra = 107 

The Rayleigh number influence on the present work shows that increasing the Rayleigh number most adversely 
affects the electrical performance of the solar cells in the horizontal photo voltaic chimney.  The local Nusselt number 
along the heated photovoltaic plate is a decreasing function of the Rayleigh number as shown in Figure 6 (b). This 
variation of the local Nusselt number proves that the local Nussselt number is inversely proportional to the heated flux 
which is correlated with the Rayleigh number. By increasing the Rayleigh number, the dimensionless temperature 
increases, consequently the local Nusselt number decreases. 
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Figure 6.  Variation of velocity and local Nusselt number versus Rayleigh number 

For the natural convection in the vertical as the horizontally integrated chimneys into the storied building, the flow and 

temperature distributions are influenced by many geometrical factors, such as the channel size, the heated plate 

height, and the inlet or outlet opening size.  In this section, the effect of these factors will be assessed to determine 

the range of these main geometrical factors for providing simultaneously electricity and thermal comfort in the storied 

building. 

3.4. Influence of PV plate height on the Roof 

The height between the roof and the PV plate plays a key role in the ventilation of the upper horizontal solar chimney. 
Then, Figure 7(a,b,c)  gives more illustration of the movement of the coolant fluid in the bioclimatic building. Hence, 
in Figure 7(a), where the duct of the horizontal chimney is weak, one can observe the simultaneous existence of the 
closed cells and the open lines in the bioclimatic storied building. This size of the horizontal hybrid photovoltaic-
thermal chimney promotes heat exchange between the roof and the PV cell plate. The thermal plume is observed in 
the gaps in the chimneys. Due to a large cold zone obtained for maintaining the thermal comfort in the rooms of the 
storied building. The isotherms' bifurcations indicate the mixed convection phenomenon in the vented storied building, 
due to the existence of open lines and the closed cells in the room and the chimneys. Then, one can observe in Figure 
7(b), and Figure 7(c), that when increasing the gap of the horizontal solar chimney, the size of the closed cells 
decreases.  This situation prevents the existence of Rayleigh Bernard's natural convection closed cells in the rooms. 
Hence the forced flow is more dominant than the natural convection, due to a large number of open lines in both last 
horizontal chimney designs. 
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Figure 7.  Streamlines and isotherms for different heights of the PV plate on the roof a) h’/H = 0,7; b) h’/H = 0,8; c) h’/H = 0,9 

In Figure 8(a), the outlet velocity decreases to attain the minimum value in the first half of the vertical chimney width, 
before it increases to attain the maximum value in the second half of the vertical chimney width. No sleep conditions 
are observed along the limited solid walls along the chimneys. One can observe the manifestation of the backflow or 
reverse flow phenomenon in the first half of the width of the vertical chimney.  This tendency can be explained that 
the outlet velocity in the vertical chimney is a decreasing function of the PV plate height on the roof in the first half of 
the vertical chimney width, whereas it is an increasing function of the same geometrical parameter in the second part 
of the width of the vertical chimney. 
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(a) The vertical component of outlet velocity (b) Local Nusselt number along the PV plate 

 

Figure 8. Variation of the outlet velocity and local Nusselt number versus PV plate height on the slab 

The height of the PV plate on the roof is an important controlling parameter of the heat exchange in the depth of the 
horizontal chimney. Hence, Figure 8(b), indicates that the intensity of the heat exchange is a decreasing function of 
the height of the PV plate on the roof. The local Nusselt number is an inverse relation to the dimensionless 
temperature. Then, the smaller the height, the higher is Nusselt number along the heated PV cell plates. The variation 
of Nusselt number along the PV cells plate in the horizontal chimney gives more explication that the heat is more 
exchanged when the PV cells plate is perfectly vented. Furthermore, the positioning of the air outlet opening under 
the photovoltaic panels is a key parameter for heat evacuation. Thus, the thermal and dynamic fields were appreciated 
for two positions of the outlet opening. The outlet opening is positioned between the two elbows (configuration 1) or 
the outlet opening without the elbows, (configuration 2). A comparative study in terms of the intensity of heat transfer 
throughout the field of photovoltaic panels was made. This study reveals that configuration 2 offers a better flow of 
hot air under the photovoltaic panels and confers a good variation in the local Nusselt number along the field of 
photovoltaic panels, Figure 9 (a). 
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Figure 9. Variation of   Nusselt number and electrical output versus   PV plate height on the roof. 
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3.4. Effects of aspect ratio and outlet opening size under the PV plate. 

The exhaust opening of the polluted and hot air below the photovoltaic plate plays an important role in the slab and 
solar cells' cooling. Heat transfer intensity is a decreasing function of the outlet opening of hot and polluted air.  The 
lower the opening between the photovoltaic plate and the slab, the greater the Nusselt number. This situation explains 
why the extract of excess heat at the level of the protective photovoltaic plate of the slab, is increased with the small 
dimensions of this opening of exit of the hot air of the building, Fig ure10. 
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Figure10. Variation of Nusselt number and PV cells electrical output versus outlet opening size under the PV plate on the slab 

The cooler the solar cells, the greater the electrical energy generated. This aspect is well elucidated by Figure 10 (b), 
which shows the variation in the electrical efficiency of the cells on the photovoltaic plate protecting the slab against 
thermal shocks. One can observe that the PV cells' electrical efficiency is an increasing function of the  geometrical 
aspect ratio, Figure 11, whereas it is a decreasing function of the size of the outlet opening  under the PV cells plate 
on the slab., Figure 10 (b) 
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Figure 11. Variation of PV cells' electrical output versus aspect ratio  

CONCLUSION 

In the present study, authors modeled the airflow in a transient laminar regime, in a room equipped with a vertical 
chimney, whose slab roof is protected by a horizontal photovoltaic chimney. The results were made to compare the 
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effects of key parameters for the thermal and electrical performances of the horizontal protective hybrid thermal 
photovoltaic collector, installed on the slab roof of the building. The comparative study of the performance of the 
photovoltaic collector showed that the larger air gap between the photovoltaic panel and the slab roof enables a 
greater volume of air to flow. Thus, the coolant fluid removes heat from the rear side of the protective photovoltaic 
panel through mixed convection to provide the best electrical efficiency. One can conclude that the photovoltaic panel 
coatings’ technology makes it possible to protect the roof of the slab of the building, produce electricity for domestic 

or industrial needs, and subsequently make the passive air conditioning of the rooms. 
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Nomenclature 

CP                                        Specific heat (J. kg-1. K-1) 

L Building Length (m) 

H Building height (m) 

h’ The relative height of the PV cells plate (m) 

L1 Length of the room before opening E3 (m) 

L3 Length of the story before opening E4 (m) 

e Inlet /outlet opening (m) 

A The geometrical aspect ratio of the building (A = L/H) 

E Inlet/outlet opening aspect ratio (𝐸 = 𝑒/𝑑) 

g Gravitational acceleration (m.s-2) 

n Coordinate in a normal direction 

𝑁𝑢(𝑝) Nusselt number𝑁𝑢(𝑝) =
𝜙𝑑

𝜆(𝑇𝑃𝑉−𝑇𝑎)
 

t Time (s) 
T Temperature(K) 
Ta Ambient air temperature (K) 
u, v Velocity component in x and y directions (m.s-1) 
U, V Dimensionless velocity component in X and Y directions; U= u/u0, V = 

v/u0 
u0 Air inlet velocity (m.s-1) 
x,y Coordinates defined in Fig. 1 (m) 
X, Y Dimensionless spatial coordinates; X = x/d, Y = y/d 
Re 

Reynolds number:  𝑅𝑒 =
𝜌𝑣0(2𝑑)

𝜇
 

Pr Prandlt number:𝑃𝑟 = 𝜇𝐶𝑝/𝜆 

Nu 
Nusselt number:   𝑁𝑢 =  

∅𝑑

𝜆(𝑇−𝑇𝑎)
 =

1

𝜃
 

Gr 
Grashof number  𝐺𝑟 =

𝑔𝛽∅𝑑4

𝜆Ѵ2
 

Ri 
Thermal Richardson number (

2Re/GrRi = ) 
Greek symbols 

𝜃 Dimensionless temperature 𝜃 =  
𝜆(𝑇−𝑇𝑎)

∅𝑑
 

τ Dimensionless time       𝜏 =  
𝑢0𝑡

𝑑
 

𝛹 Dimensionless stream function:  𝛹 =
𝜓

𝑑𝑢0
 

𝜔 Dimensionless vorticity:  𝜔 =  
𝛺𝑑

𝑢0
 

𝛺 Vorticity(s-1) 
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𝜓 Stream function (m.s-2) 

 Thermal expansion coefficient (K-1) 

𝛽𝑟𝑒𝑓 Temperature coefficient of PV cell 

𝜂𝑒𝑙 Electrical efficiency 

 Air density (kg.m-3)     

 Thermal diffusivity of the air (W.m-1. K-1) 

 Dynamic viscosity of the air (kg .m-1. s-1) 

 Solar radiation (W.m-2) 

𝜈 Cinematic viscosity (m2.s-1) 

subscripts 
f Fluid (air) 

P Plate 

ab Absorber 

PV  Photovoltaic 

gl glaze 

GHG Greenhouse Gaz 

TMS Thin Metal Sheet 

ST Solar Thermal 
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