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A B S T R A C T   

The present work proposes the engagement of relatively cold air exhausted from Heating, 
Ventilating and Air Conditioning (HVAC) systems, that exist in structures such as residential 
commercial and industrial, to reduce the PV modules’ operational temperature. To proceed, a 
thermal resistance model in steady state is developed along with its corresponding iterative 
procedure and calculations which are carried out for different configurations and scenarios. The 
thermal modeling was validated by comparing it to experimental measurement found in the 
literature. It was revealed that the PV modules’ temperature can be reduced with increasing the 
mass flow rate of the exhaust air. However, the air mass flow rate depends on the cooling load 
need; which increases with increasing the cooling load. The efficiency of the PV has shown an 
increase from 11 to 18% when the cooling load increases from 0 to 160 kW for a solar radiation of 
500 W/m2. Moreover, there is an optimum height for the exhaust air duct for each cooling load 
that must be determined.   

1. Introduction 

Global warming, non-stable high prices of fossil fuel and pressure from legislatures to reduce air pollution have imposed on in
dustries to promote renewable energy technologies and sustainable development [1-6]. The widely used technology is the solar 
photovoltaic (PV) cell capable to convert the solar radiation into electricity, hence, reducing the adverse anthropogenic impacts of 
fossil fuel use. The integration of the PV systems in buildings has become an important factor to achieve the zero energy performance 
[7-12]. 

One of the main obstacles that face using PV systems to produce electricity is overheating the PV modules due to excessive solar 
radiation and high ambient temperatures. High solar cell temperature can result in cell life degradation, lower energy conversion 
efficiency and even cell damage under extreme solar concentration [13-15]. 
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Another problem that can be encountered during the solar-electric conversion of the PV system is the accumulation of dust at its 
upper surface. Mohandes et al. [16] investigated the performance of 500W Copper Indium Diselenide (CIS) PV system in UAE under 
the effect of temperature, humidity, and dust. During night time, the temperature is lower in desert areas resulting dew on the surfaces 
of solar systems and trap the smallest dust particles found in the air. The study concluded that a reduction of the output power of 10% 
during 5 weeks and 50% during 6 months can be stemmed due the dust accumulation [17,18]. 

Also, solar electric efficiency is effected by cell temperature. It was shown that there exist a drop of solar electric efficiency by 0.5% 
for an increase of cell temperature with 1 ◦C for crystalline silicon cells and by 0.25% for amorphous silicon cells [19,20]. However, 
controlling the operating temperature of the module, by collecting the heat accumulated from the PV, will enhance the overall effi
ciency. Furthermore, PV modules work well with high averages of global solar radiations and temperatures not exceeding the rec
ommended operating temperature usually given by the PV manufacturer. 

Different passive and active heat removal techniques have been used to maintain the PV operating temperature as near as possible 
to a temperature leading to a maximum efficiency. 

Zhu et al. [21] presented a radiative cooling of the solar cells by placing a thin layer of silicon on the front surface of the PV. This 
thin material is transparent and colourless over wide range of solar wavelengths, but has a strong emissivity which generates a sig
nificant thermal radiation and results in the cooling of the solar cell radiatively by emitting the heat to the environment. The numerical 
results showed a decrease in the PV operating temperature by 18.3 K without any experimental validation. Another study of the passive 
cooling technique [22] suggested installing the PV panel on the top of canals or rivers to benefit from the evaporated water as a 
coolant. The authors suggested as a real application the installation of PV panels in the top of rivers or canals to use the evaporation of 
the water as the coolant. An increase of 7.3% of the generated power and a reduction of the surface temperature from 60 to 40 ◦C was 
achieved using a laboratory set-up. 

The aforementioned techniques use liquid or air flow [23-26] at a lower temperature compared to the PV module in order to extract 
any developed heat and consequently ensure a cooler operating environment for the module. Abdolzadeh and Ameri [27] employed 
different cooling systems one of which is Photovoltaic Pumping Systems (PVPS). It was observed that a high decrease of operating 
temperature and high increase of the electrical efficiency, about 17%, was achieved by spraying part of the pumped water on the front 
of the cells. Wilson [28] used a zero-energy consumption system (without using a pump) in which the water flows by gravity. The study 
was performed experimentally and numerically. It was shown that the output energy was incremented by 12.8%. Yuan et al. [29] 
conducted a series of experiments to compare the performance of a conventional PV, water-pipe-based PV/T, and PV/T with 
micro-channel heat pipe array (MHPA). The electrical efficiency of the water-pipe-based PV/T, the PV/T with MHPA and the PV 
module ranged from 11.2% to 10%, 9.6%–7.7% and 8.6 to 7.0% respectively. Electrical performance of both, the water-pipe-based 
PV/T and the PV/T with MHPA was superior to its counterpart of the PV module. Tiwari et al. [30] derived an analytical expres
sion for the temperature of solar cell and water and an overall thermal efficiency of an integrated photovoltaic and thermal solar 
(IPVTS) as a function of climatic and design parameters. The numerical computation has been considered for four configurations, 
unglazed with tedlar (UGT), glazed with tedlar (GT), unglazed without tedlar (UGWT) and glazed without tedlar (GWT). It was found 
that the efficiency of IPVTS system is higher when cooled with water than cooled with air for all configurations except GWT. 

André et al. [31] demonstrated that the annual energy production of a PV power plant increased by 12%. They showed that the 
efficiency of the PV is affected by the cooling/heating thermal time constants and water ON/OFF time cycles. The PV annual pro
duction can be increased by 12%, reaching to 17% of increase peaks by optimizing the water flow and the ON/OFF cycles. Mingke et al. 
[32] developed a trifunctional photovoltaic–photothermic–radiative cooling system that converts the solar energy into electricity 
during the daytime and offer cooling energy during time through radiative cooling. 

Moreover, a Phase Change Material (PCM) is also used as a heat remover from the PV. It is used on the back of the PV module to 
extract the excess of heat [33]. Hasan et al. [34] showed experimentally an enhancement of the electrical efficiency by 10% and 10.7% 
in Ireland and Pakistan respectively while using a PCM. Hachem et al. [19] compared experimentally the effect of using pure and 
combined PCM/copper/graphite on the performance of a PV panel. It was found that the electrical enhancement of the PV efficiency 
reached 5.8% by using the combined PCM. 

The aforementioned numerical and experimental research attempts prove that cooling the PV module is a striking research subject. 
Therefore, numerical and experimental approaches will continue to develop energy and cost-effective cooling methods applicable for 
both new and existing PV plants. Nonetheless, it was shown that PV module cooled with water delivers higher efficiency than PV 
module cooled with air. However, the circulation of the water flow in the system to extract the heat from the PV requires a pump that 
necessitates an electric power to operate. This power reduces the amount of electrical power generated by the PV system. From an 
energy management point of view, it is recommended to use a system with zero energy consumption to cool the PV instead of using a 
system that operates from the output power of the module. Therefore, the proposed research concentrates on using the exhaust air of 
HVAC system to cool down the operating temperature of a PV module. One should be cognizant that the proposed system can be 
integrated in residential, commercial and industrial buildings where the exhausts air of HVAC exist or any other type of exhausted air. 
Also, the current work embraces a thermal resistance modeling in steady state along with its corresponding iterative procedure. 
Therefore, calculations are carried out for different configurations and scenarios. In addition, the thermal resistance takes into account 
all the layers of the PV module. The proposed thermal modeling will be compared to the experimental results obtained by Hachem 
et al. [19]. However the aim of this research is to benefit from the existing exhaust air of an HVAC system which has a lower tem
perature than the PVs’ surface temperature without spending money on designing a cooling system. This active cooling concept 
doesn’t require power consumption as the one using a pump. This system can also avoid the accumulation of the dust at the panel 
surface. 

The originality of the present work resides in the following points: 
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1. It suggests a new system that permits to enhance the performance of Photovoltaic panels along with its associated thermal 
modelling and iterative procedure.  

2. The material presented is important since the enhancement that the suggested system will provide is proven through an appropriate 
thermal modelling and parametric analysis.  

3. This work provides useful system and modelling for photovoltaic solar energy community. This advantage will be by using the 
developed thermal modelling in any study using any active or passive cooling techniques. It also offers the possibility to study the 
effect of a wide range of parameters on the performance of the system, particularly when it comes to study the feasibility of new 
concepts. 

This paper is organized as follows: section 2 describes the proposed system and its modeling. Section 3 presents the results and 
analysis of the model which are divided into two parts: parametric study to calculate the PV efficiency and optimization of the duct 
height. Finally, section 4 underlines the conclusions. 

2. Proposed system and modeling 

Fig. 1 portrays a schematic of the proposed system that will be employed to evaluate the effect of the exhaust air on the performance 
and efficiency of the photovoltaic panel. The goal of the proposed system is to reduce the operating temperature of the PV module. 

HVAC systems condition the air temperature, humidity, and air quality for the comfort of the people inside a building. HVAC is 
classified into three main categories: All-Water, Water-Air and All-Air systems. In the all-air heating and cooling systems, both energy 
and ventilating air are carried out by ductwork between the furnace or air handler and the conditioned space. The lower left side of 
Fig. 1-a is a schematic showing the major elements providing energy to or removing energy from the airstreams passing through air 
handlers, typical of the central all-air commercial HVAC systems. 

As it can be seen from Fig. 1, there are heating and cooling coils and associated fan responsible for exchanging energy between the 
water streams and the air to be supplied to the conditioned space. The heating coil receives hot water from a boiler by using a hot water 
pump and the cooling coil receives chilled water from a chiller by using a chilled water pump. These two systems act individually as 
ordered by the owner in summer cooling and in winter heating. 

In general and in order to adopt compromises between comfort and economy, a fraction of the return air from the conditioned 
spaces (Fig. 1) will be exhausted and instead an amount of outdoor air will be mixed. This permits to have continuously fresh air 
entering the spaces and to reduce the amount of energy required to condition the supply air required completely from the outdoor air. 

The entire setup is placed in an open surrounding. 
The proposed system (Fig. 1-a) consists of using the exhaust air of an HVAC system to absorb the excess of heat from the PV module 

and improve the overall efficiency of the PV system. The operating temperature of the PV array will be reduced due to the heat transfer 
between the air flow and the lower surface of the PV system which usually have a high temperature. The forced convection of the 
exhaust air will increase the heat transfer from the lower surface of the PV. 

The mass flow rate of the return air depends on the cooling load required for a space and can be calculated using the following 
relation: 

ṁ=
Q̇cooling

ir − is
(1) 

Fig. 1. Proposed system for cooling PV array and its corresponding thermal circuit.  
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Where ṁ is the mass flow rate the return air, Q̇cooling is the cooling load of the conditioned space, ir is the specific enthalpy of the air in 
the room, and is is the specific enthalpy of the supplied air. The indoor temperature and relative humidity are 24 ◦C and 50% 
respectively which corresponds to an enthalpy ir of 48 kJ/kg. Then, with a typical value of the sensible heat factor of 0.8 and for a 
supply temperature of 13 ◦C, the enthalpy of supply air is is 32 kJ/kg. 

The mass flow rate of the exhausted air is then considered equal to 20% of that of the return air. 
The photovoltaic panel illustrated in Fig. 1-a consists from the top to the bottom of:  

• A 3-mm-thick ceria-doped glass with a conductivity of kg = 1.4 W/m.K.  
• A 0.1-mm-thick optical grade adhesive with a conductivity ka = 145 W/m.K.  
• A very thin layer of silicon (negligible thermal resistance) within which solar energy is converted to electrical energy.  
• A 0.1-mm-thick solder layer with a conductivity ksdr = 50 W/m.K.  
• A 2-mm-thick aluminum nitride substrate with a conductivity kal = 120 W/m.K. 

The solar-to-electrical conversion efficiency within the silicon layer depends on the silicon temperature Tsi and is described by the 
following expression [19] where Tamb is the ambient temperature: 

η= 0.1829 − 0.0028(Tsi − Tamb) (2) 

Based on the thermal circuit (Fig. 1-b), the PV surface temperature (Tsp) and Silicon temperature (Tsi) can be calculated by taking a 
system of nodes. The first is between the silicon temperature (Tsi) and the surface temperature (Tsp), and the second one is between the 
surface temperature (Tsp) and the ambient air (upper surface). By taking the aforementioned system of nodes, the following two 
equations are obtained: 

(1 − α − r)G(1 − η) − (Tsi − T∞2)

R′′
sdr + R′′

al +
1

hcon2

=
Tsi − Tsp

R′′
a + R′′

g
(3)  

(1 − α − r)G(1 − η)+ αG −
(Tsi − T∞2)

R′′
sdr + R′′

al +
1

hcon2

= hcon1
(
Tsp − T∞1

)
+ εσ

(
T4

sp − T4
sur

)
(4)  

where hcon1 and hcon2 are the convection coefficients at the upper and lower surfaces respectively, T∞1 is the ambient air temperature 
and T∞2 is the return air temperature, ε is the emissivity of the PV module (glass layer), σ is the constant of Boltzman, η is the PV 
efficiency, R′′

a is the thermal resistance due to conduction in the adhesive, R′′
g is the thermal resistance due to conduction in the glass 

layer, R′′
sdr is the thermal resistance due to conduction in the solder, R′′

al is the thermal resistance due to conduction in the aluminium 
nitride, and α and r are respectively the absorptivity and the reflectivity of the glass layer. 

It is considered that 10% of the incident solar irradiation is absorbed at the top surface of the glass (α = 0.1) while 83% of the solar 
irradiation is transmitted to and absorbed by the silicon (the remaining 7% is reflected away from the top surface of the glass (r =

0.07)). The PV system under investigation has a L = 0.5 m long and W = 0.5 m wide solar cell. 
The convection heat transfer coefficients, in general, vary along the flow direction. The mean or average heat transfer coefficient for 

a surface is determined by averaging the local heat transfer coefficient over the entire surface. In order to calculate the heat transfer 
coefficient (at the lower or the upper surface), the type of the flow should be determined by calculating the Reynolds number: 

Re=
VL
ν (5)  

Where V and v are the velocity and the kinematic viscosity of the air stream and L is the length of the module. Once the Reynolds 
number is determined, the average heat transfer coefficient may be calculated by selecting the suitable relation for the average Nusselt 
number depending on the type of the flow; the average Nusselt number over the flat plate is [35]:  

- For laminar flow: 

Nu=
hL
k

= 0.453Re0.5Pr0.33 with
{

Re < 5 x 105

Pr > 0.6

}

(6)    

- For mixed flow: 

Nu=
hL
k

=
(
0.37Re0.8 − 871

)
Pr0.33 with

{
Re < 108

0.6 ≤ Pr ≤ 60

}

(7)  

Where Pr is the Prandtl number. 
The average velocity of air at the upper surface of the PV panel V1 is equal to the wind speed and the average velocity at the lower 

surface of the PV panel V2 is equal to the average velocity of the return air at the exit of the exhaust duct which is calculated as follows: 
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V2 =
4ṁ

ρπD2
h

(8)  

Where ρ is the air density and Dh the hydraulic diameter of the duct where the exhaust airflow exists that can calculated as follows: 

Dh =
4S
P

=
2(Hl)
H + l

(9) 

The height of the exhaust duct H is taken equal to 0.1 m and the width l is 0.5 m (equal to the PV panel width). 
The surface temperature is obtained in function of the silicon temperature by substituting Eq. 2 into 3 which yields to: 

Tsp =Tsi +

(
R′′

a + R′′
g

)
(Tsi − T∞2)

R′′
sdr + R′′

al +
1

hcon2

−
(

R′′
a +R′′

g

)
(1 − α − r)G[0.8171+ 0.0028(Tsi − Tamb)] (10) 

Then, the silicon temperature can be obtained in function of the surface temperature by substituting Eq (2) into Eq (4) and using 
then the developed form of Eq (4): 

Tsi =

− T∞2
R′′

sdr+R′′
al+

1
hcon2

− (0.8171 + 0.1829α − 0.8171r)G + 0.0028(1 − α − r)GTamb + hcon1
(
Tsp − T∞1

)
+ εσ

(
T4

sp − T4
sur

)

− 1
R′′

sdr+R′′
al+

1
hcon2

+ 0.0028(1 − α − r)G
(11) 

The silicon temperature Tsi is obtained using an iterative method based on equations (10) and (11) as detailed below:  

1) An initial temperature of the silicon is assumed equal to the ambient temperature;  
2) The surface temperature is then calculated based on the assumed value of the silicon temperature and using equation (10);  
3) A new value for the silicon temperature is now calculated based on the surface temperature obtained in 2) and using equation (11);  
4) A relative error for the new calculated silicon temperature with respect to the assumed one is calculated and the system will 

converge when the difference between the assumed value and the calculated one reaches a minimum when varying the silicon 
temperature from the ambient temperature and 80 ◦C. 

The newly suggested thermal modelling along with its associated iterative procedure are validated against experimental data 
obtained in [19]. Table 1 shows a comparison between theoretical temperatures of the surface (obtained with the suggested thermal 
modelling) and their experimental counterparts for two different configurations. 

The results obtained using the proposed thermal modelling and the associated iterative procedure are neighbouring the results 
obtained from the two experimental configurations (relative errors of 7.8 and 7.0 are obtained). The error between the experimental 
and the proposed model can be attributed to several parameters such as:  

- An error can be occurring while measuring the wind speed over the entire module since the average velocity will affect the average 
convection coefficient as well as the surface temperature.  

- The accuracy of the thermocouple while measuring the surface temperature.  
- The measured area (experimental) was taken for the whole PV. However, the area should be measured for each cell.  
- The modelling considers that the airflows at the upper and lower surfaces of the PV panel are parallel to the surfaces which is not 

completely true in real conditions. 

Since the values of the analytical temperatures are relatively correlated with their experimental counterparts (relative error less 
than 10%), the proposed model is considered to have sufficient accuracy to be employed to estimate in steady state conditions the 
surface temperature, the silicon temperature, and the output efficiency of the PV module to perform parametric analysis to obtain 
information about the potential of application of the new suggested concept. 

3. Results and analysis 

The results are divided into two parts. The first part is a parametric study to calculate the PV efficiency by varying the cooling load 

Table 1 
Comparisons between theoretical and experimental data [19] for the surface temperature.  

Configuration 1 2 

Wind speed upper Surface (m/s) 5 3 
Wind speed lower Surface (m/s) 3 2 
Irradiance (W/m2) 790 763 
Ambient temperature (◦C) 32 28 
Surface temperature Calculated (◦C) 63.6 64.2 
Surface temperature Experimental (◦C) 59 60 
Relative error (%) 7.8 7.0  
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for different solar irradiance (section 3.1). The second part is an optimization of the duct height for a selected cooling load (Sections 
3.2, 3.3, and 3.4). 

3.1. PV efficiency 

After the validation of the thermal proposed model, a parametric study is completed by varying the cooling load of the HVAC 
system from 0 to 110 kW. The height of the exhaust duct (H) was taken as 0.1 m and the width (l) as 0.5 m. The length of the PV module 
was taken as 0.5 m. The ambient temperature is set at 25 ◦C while the exhaust air temperature is set to 22 ◦C. The wind speed at the 
upper surface was taken to be 2 m/s. As mentioned previously, the calculations are prepared iteratively by varying the silicon tem
perature from 25 to 80 ◦C. The convergence will take place when the difference between the assumed value and the calculated 
counterpart of the Tsi reaches a minimum. Fig. 2 shows the efficiency improvement of the PV module by varying the cooling load from 
0 to 160 kW and with the variation of the solar irradiance from 500 to 900 W/m2. 

The first point represents the PV efficiency without using the exhaust air flow (0 kW); it corresponds to a natural convection. On the 
other hand, the increase in cooling load of the HVAC system results in lower PV temperatures and increasing the output efficiency of 
the PV module. For the same cooling load, the efficiency decreases with increasing the solar radiation. Indeed, increasing the solar 
radiation by keeping the same cooling load (same cooling airflow capacity), will increase the temperature range of the PV panel 
absorbing more heat from the sun, and then the efficiency range of the PV panel. The efficiency increases from 0.08 to 0.18 with 
increasing the cooling load for a solar radiation of 700 W/m2. The results show that the efficiency of PV remains constant when the 
cooling load reaches 90 kW. The temperature of the PV surface becomes very close to the temperature of the exhaust air. 

Results in Fig. 2 show that there are three regions:  

- Region 1: the efficiency of the PV panel increases slightly with increasing the cooling load from 0 to 30 kW, the flow is fully laminar 
over the rear plate of the PV panel. At this region the Reynolds number is lower than 5×105. 

- Region 2: the efficiency increases suddenly with a small variation of the cooling load from 30 to 40 kW. The increase of the ef
ficiency is due to the perturbation in the flow that can be attributed to the transition between a fully laminar flow and slightly mixed 
flow.  

- Region 3: the efficiency remains approximately constant at high cooling load (90 kW and above); the surface temperature reaches 
faster the temperature of the exhaust air due to the highly mixed flow regime over the rear surface of the PV panel. 

At high cooling load the surface temperature reaches the temperature of the exhaust air faster than at low cooling load. The increase 
of the cooling load will result in a high decrease of the surface temperature and the flow will be highly turbulent. By increasing the 
cooling load with the same area of the duct, the surface temperature will be very close to the exhaust air temperature without any 
improvement of the efficiency. There is a waste of exhaust air at low temperature. This waste can be used to cool down more than one 
PV module. At this end, an optimization of the hydraulic diameter of the exhaust air duct must be completed for each cooling load to 
determine the minimum height of the exhaust air duct. 

3.2. Hydraulic diameter optimization 

To proceed with this optimization, the silicon temperature was calculated by varying the height of the exhaust air duct at different 
cooling loads. Fig. 3 shows the variation of the silicon temperature by varying the height of the exhaust air duct from 0.01 to 0.49 m 
and by varying the cooling load from 60 to 140 kW. The solar irradiance was taken constant and equal to 700 W/m2. 

Fig. 2. PV’s efficiency versus cooling load at different solar irradiance.  
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The results show that there are four regions:  

- Zone 1: At small height of the exhaust air, the silicon temperature varies slightly. This is attributed to the fact that the airflow 
velocity is very high to cool down the back surface temperature of the PV. The waste in the amount of the exhaust air is very high.  

- Zone 2: The silicon temperature increases with increasing the height of the exhaust air. The silicon temperature increases with 
decreasing the cooling load using the same height. At this region the height of the exhaust air duct can be selected while using the 
exhaust air system to cool down the operating temperature of a PV system.  

- Zone 3: The temperature increases suddenly with a small variation of the exhaust air height. The increase of temperature is due to 
the perturbation in the flow that can be attributed to the transition between a mixed flow and a laminar flow (natural convection).  

- Zone 4: The temperature remains approximately constant with increasing the height of the exhaust air. The flow becomes laminar 
and the PV is cooled due to natural convection. 

The suitable height of the exhaust air duct must be selected at the end of the second region. 

3.3. REYNOLDS number versus duct height 

In the previous section, the sudden increase of temperature was attributed to the transition between a forced convection and a 
natural convection. Fig. 4 shows the variation of Reynolds number at the lower surface by varying the height of the exhaust air duct 
from 0.01 to 0.49 m and by varying the cooling load from 60 to 140 kW. The solar irradiance was taken constant and equal to 700 W/ 
m2. 

The Reynolds number decreases with increasing the height of the duct. The Reynolds number increasing with increasing the cooling 
load since the mass flow rate of the exhaust air will increase. As mentioned previously, the results show that there are four regions:  

- At small height (lower than 0.1 m) of the exhaust air, the exhaust velocity is very high having a Reynolds greater to cool down the 
back surface temperature of the PV. The silicon temperature varies slightly. The amount of air exhausted is very high.  

- The Reynolds number decreases slightly with increasing the height of the exhaust air. At this region the height of the exhaust air can 
be selected while using the exhaust air system to cool down the operating temperature of a PV system.  

- The flow is in a transition region between a mixed (around 5×105) and laminar flow.  
- The flow becomes laminar at high height of the duct and the silicon temperature will remain constant. 

3.4. PV efficiency versus duct height 

Fig. 5 shows the variation of PV efficiency by varying the height of the exhaust air duct from 0.01 to 0.49 m and by varying the 
cooling load from 60 to 140 kW. The solar irradiance was taken constant and equal to 700 W/m2. 

The efficiency of the PV system decreases with increasing the height of the exhaust air. The results of the PV’s efficiency versus 
exhaust air height at different cooling loads have a similar features as shown in Fig. 3. The results show that there are four regions. The 
dimension of the height should be selected from the second region. Otherwise, the increase of the cooling load will result in a high 
decrease of the surface temperature and the flow will be highly turbulent. The surface temperature will be very close to the exhaust air 
temperature without any improvement of the efficiency. In this case, a waste of exhaust air at low temperature is present. This waste 
can be used to cool down more than one PV module. 

Fig. 3. Silicon temperature versus exhaust air height at different cooling loads.  
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4. Conclusions 

The study presented that exhausted air of HVAC systems could be employed to reduce the surface temperature of PV modules 
installed within structures where exhaust air of HVAC systems or any other industrial system are available. The efficiency of the PV 
modules will be improved when its operating temperature is reduced. The efficiency of the PV has shown an increase from 11 to 18% 
when the cooling load increases from 0 to 140 kW. 

At high cooling load, the surface temperature decreases suddenly due to the high heat transfer. However, a minimum height of the 
exhaust air duct must be selected to reduce the waste of air at low temperature or use a series of PV to be cooled with the same air duct. 

As mentioned in the introduction, the dust accumulation disturbs the output power of the PV system; a modification of the proposed 
system can be used to cool down the operating temperature of the module and avoid the acclamation of dust. The modification is to 
divide the flow of the exhaust air into two parts; the first can flow over the lower surface and second over the upper surface. In this case, 
the flow over the upper surface of the PV will eliminate the accumulation of the dust. Moreover, the efficiency of the PV system may be 
enhanced by generating a turbulent flow at low Reynolds number by using a Vortex Generator. 

This manuscript will be followed by a separate manuscript under preparation by the authors and will concern the optimization of 
the system performance taking into consideration several parameters such as placing the entire setup in a chamber or in an open 
surrounding, the position on the PV panel where the exhaust air that exits the chamber is blown, induced turbulence, blowing return or 
fresh air directly on the PV panel, and others. 
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Nomenclature 

ṁ: Mass flow rate kg/s 
ir: Specific enthalpy of the air in the room kJ/kg 
is: Specific enthalpy of the supplied air kJ/kg 
kg: Glass thermal conductivity W/m.K 
kal: Aluminium thermal conductivity W/m.K 
ka: Adhesive thermal conductivity W/m.K 
η: Solar-to-electrical conversion efficiency 
hcon1: Convection coefficients at the upper surface (W/m2.K) 
hcon2: Convection coefficients at lower surface (W/m2.K) 
T∞1: Ambient air temperature K 
T∞2: Return air temperature K 
ε: Emissivity of the PV module 
σ: Constant of Boltzmann (W/m2.K4) 
R′′

a: Thermal resistance in adhesive K/W 
R′′

g : Thermal resistance in glass K/W 
α: Absorptivity 
r: Reflectivity 
V: Velocity of air stream m/s 
v: Viscosity of air stream m2/s 
L: Length of the module m 
Pr: Prandtl number 
ρ: Air density Kg/m3 

Dh: Hydraulic diameter of the duct m 
H: Height of the exhaust duct m 
l: Length of the exhaust duct m 
G: Solar irradiance W/m2 
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