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ABSTRACT

This paper investigates the potential of utilizing air-conditioning (AC) system exhaust to cool Photo Voltaic (PV)
panels, leading to improved efficiency. Additionally, the study explores harnessing the heat emitted from the PV
modules for thermal applications. Numerical simulations demonstrate that this cooling method can enhance PV
module efficiency by 5% to 50% compared to non-cooled scenarios. Moreover, the recovered hot air leaving the
PV panels is directed to a dishwasher for drying purpose, thereby optimizing the overall energy utilization of
the proposed system. An energetic and exergetic analysis of the recuperated thermal energy showcases its excep-
tional thermal efficiency, ranging from 98% to 45%, which aligns with values reported in existing literature. The
exergetic efficiency of the suggested system falls between 5.2% and 1%, consistent with the range of values docu-
mented in previous studies. By exploiting AC system exhaust and waste heat, this new approach can significantly
enhance the performance of PV panels and promote energy efficiency. Implementing this technology could prove

instrumental in sustainable energy applications.

1. Introduction

The rapid growth of industrial and economic activities has led to an
increasing demand for energy, primarily from fossil fuels. This surge in
fuel consumption has had detrimental effects on the ecological system
[1-8]. In this context, sustainable development practices have become
crucial, with an emphasis on utilizing renewable and non-polluting en-
ergy sources, such as solar energy [9-15].

Solar energy systems can be categorized into two main types:

1. Thermal energy production through solar collectors [16,17].
2. Electricity generation using photovoltaic panels (PV) [18,19].

This study focuses on a combination of both technologies, denoted
as photovoltaic/thermal (PV/T) systems [20,21].

PV panels, being semiconductors, they require sunlight to generate
electricity, but their efficiency decreases with rising surface tempera-
tures [22,23]. Studies have shown that for every 1°C increase in surface
temperature, PV panel efficiency drops by about 0.5% [24]. To address
this issue, this paper proposes a new method to enhance the efficiency
of PV panels by reducing their surface temperature through enhanced
cooling using the exhaust air of Air Conditioning (AC) systems. This
cooling method involves directing the air flow over the back side of
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the PV panel. The proposed system is suitable for both industrial and
residential applications, particularly benefiting communities in hot cli-
mate regions. Furthermore, the heated air exiting the PV panels can be
utilized for thermal applications [25,26].

The cooling of photovoltaic panels has garnered significant atten-
tion, becoming a prominent research area within the PV system domain.
It mainly focuses on two key aspects [27,28]:

1. Enhancing the efficiency of PV panels by reducing their surface tem-
perature.
2. Recovering the energy of the working fluid exiting the PV panels.

Numerous cooling systems for PV panels have been reported [29,30],
involving different working fluids and flow configurations, as discussed
in the following.

Elminshawy et al. [31] highlighted the importance of a cooling strat-
egy for floating photovoltaic systems using surrounding water to prevent
performance deterioration and increase system lifespan. The experimen-
tal study examined a novel passive cooling approaches, highlighting a
partially submerged floating system with attached fins as superior to tra-
ditional systems, achieving a 19% reduction in operating temperature
and a 24% increase in output power at a submerged area ratio of 20%. In
another study, Elminshawy et al. [32] investigated the management of
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the operating temperature of solar photovoltaic concentrator systems to
maintain their efficiency. Their study explores the use of two coolants,
pure water and water-based aluminum oxide nanofluids, and suggests
that a ducting channel arrangement can effectively cool the C-PV mod-
ule, with the 0.7% Al203-nanofluid significantly improving electrical
and thermal efficiencies by 10% and 36%, respectively.

Moharram et al. [33] developed a water cooling system for PV pan-
els in hot dry regions, aiming to minimize water and electricity con-
sumption. However, their system has drawbacks, including the use of
an electric water pump, water evaporation in hot environments (such
as deserts), and the inability to integrate PV panels with a thermal sys-
tem for additional benefits.

An alternative approach proposed by Assi et al. [34] involves a pas-
sive forced air cooling system using air exhausted from an air condi-
tioning (AC) system, flowing over the front surface of the PV panel.
This system has the advantage of combining dust removal with panel
cooling, and it doesn’t require external power as the flow is driven by
the AC unit fans. However, recuperating the hot air at the trailing edge
of the PV panel is challenging with this design. Othman et al. [24] pre-
sented novel PV/T technologies, where PV panels are cooled by forced
air or water flow, and the recuperated fluid is employed for thermal
applications. They also introduced PV/T collectors with V-grooves to
overcome the reduction in electric efficiency caused by the presence of
a glass cover. Other research efforts have explored cooling PV panels
using converging channel flow configurations in hot and dry climate re-
gions, vapor directed normally to the backside of the PV panel [35], and
combining wind and solar energy in a single system [36], among other
techniques [37].

This study introduces a novel approach by harnessing the exhaust
air from air conditioning (AC) systems to act as a natural coolant, gen-
tly flowing over the rear surface of photovoltaic (PV) panels. This in-
novative method eliminates the need for supplementary fans or added
power consumption. Additionally, this new design enables the recap-
ture of heated air that would otherwise escape from the PV panel, re-
purposing it for drying applications. This dual functionality not only
contributes to a noteworthy reduction in both the carbon footprint, but
also yields cost savings on electricity bills.

The paper is organized as follows: in section 2, the proposed solution
for the PV cooling and waste heat recovery is discussed along with the
numerical method adopted. The results are discussed in section 3 fol-
lowed by the concluding remarks in section 4.

2. Materials and Methods
2.1. Proposed Solution

Various types of PV panels are available in the market, each compris-
ing multiple layers and exhibiting different performance characteristics
based on the physical properties of these layers and the manufacturing
technology used [38]. For the present study, the polycrystalline BP Solar
BP350 panel [39] is used which consists of six layers.

The topmost layer features a tempered ultra-clear glass cover, as de-
picted in Fig. 1. This specialized glass possesses high transmittance and
low iron content. Inmediately below the glass, there is an anti-reflective

Table 1
PV panel layers and their thermophysical properties.

[m5GeSdc;November 23, 2023;16:11]

Energy and Built Environment xxx (Xxxx) Xxx

- Glass cover
ARC

- PV cell

- EVA

* RMC

- Channel
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Fig. 1. Schematic view of the different layers of the modified PV panel.

coating (ARC) that facilitates the easy transmission of incoming photons
to the PV cells located just beneath it. These PV cells are made of poly-
crystalline material and are coated with silicon nitride (SiN).

To secure the PV cells and provide electrical isolation, ethylene vinyl
acetate (EVA) is utilized. The rear metal contact (RMC) is employed as
an additional protective layer for the PV cells. Traditionally, a Tedlar
polymer layer is placed on the backside of the RMC, providing additional
insulation and moisture protection. However, in the present study, this
layer has been omitted to enable effective cooling of the system. Con-
sequently, the exhausted air from the AC system is directed below the
RMC and confined between the RMC and a layer of fiberglass. The fiber-
glass minimizes heat exchange with the ambient air, ensuring that the
coolant only exchanges heat with the upper wall, which effectively cools
down the PV cells.

In Table 1, the dimensions (thickness) and thermophysical proper-
ties of the different layers of the PV panel are provided, as adapted from
Armstrong et al. [40]. The two additional layers introduced in the cur-
rent study are for the air flow channel and the fiberglass layer.

The width and length of the flow channel for one PV panel are 537
mm and 839 mm, respectively, corresponding to the surface area of the
PV module. Since the width is much greater than the height of the chan-
nel (ratio around 119), a two-dimensional assumption is made for the
fluid flow simulations.

The proposed cooling system is visually represented in Fig. 2. To op-
erate this system, the air conditioning (AC) equipment employs a mass
flow rate denoted by i to cool and dehumidify the air. This conditioned
air is then supplied to the space at a temperature of approximately 13°C
during the summer season. The supply air temperature is a design pa-
rameter that can be adjusted by varying the air mass flow rate. There-
fore, there exists a trade-off between the air supply temperature and
the air mass flow rate, allowing for flexibility in achieving the desired
cooling effect.

Within the conditioned space, the supply air serves to maintain a
comfortable temperature of about 23°C, adhering to ASHRAE guidelines
for human thermal comfort [41]. A portion of the air, represented by the
fraction (1 — x), is recirculated back to the supply unit for reuse in the
cooling process. Meanwhile, the remaining fraction (x) can either be

Layer Thickness (mm) Thermal conductivity k (W/m.K) Density p (kg/m?) Specific thermal capacity ¢, (J/kg.K)
Glass cover 3 1.8 3000 500

ARC 107 32 2400 691

PV cell 0.23 148 2330 677

EVA 0.5 0.35 960 2090

Rear contact 0.01 237 2700 900

Airflow channel 45 0.024 1.23 1005

Fiberglass 5 0.034 45 843
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PV panels

Dishwasher

Fig. 2. Schematic view of the cooling system using the exhaust AC air for PV
cooling and providing hot air to the dishwasher.

discarded or directed towards a thermal wheel for waste heat recovery.
The specific value of the exhausted fraction (x), which is replaced by
fresh air for ventilation purposes, depends on the type of occupancy
in the space. For instance, in hospitals, x = 1, meaning all the air is
replaced, while in residences, x = 0.1, signifying only a small portion is
replaced to ensure proper ventilation.

Therefore, the exhausted air from the air conditioning (AC) system is
utilized to cool the PV panels. This is achieved by directing the air leav-
ing the exhaust grill into a nozzle, which is then connected to the PV
panel. The exhaust air entering the nozzle is assumed to have a temper-
ature of 25°C, resulting from heat gain from the ambient air. Once the
air exits the nozzle, it flows over the back of the PV panel within a spe-
cially designed channel (Fig. 1). To enhance the heat exchange between
the air flow and the PV panel, the lower side of the coolant channel is
constructed with fiberglass insulation.

Notably, this innovative system operates without the need for any
additional power, as the cold air is propelled by the extraction fan of
the AC system. Furthermore, the air leaving the PV panel becomes hot,
presenting an opportunity for its utilization in thermal applications.

It is important to note that in this setup, the connections from the
exhaust grill to the air channel inlet and from the channel exit to the
heat recovery system are well insulated.

This cooling system proves highly efficient, particularly in hot re-
gions where AC usage is frequent. Consequently, the feasibility and ef-
fectiveness of this concept in two cities, namely Beirut and Doha, is ex-
amined. The subsequent section will delve into the numerical method,
boundary conditions, and considerations of weather conditions and air
flow rates.

2.2. Numerical Procedure

The flow field within the cooling channel is governed by the steady-
state Reynolds-averaged Navier-Stokes (RANS) equations, along with
the energy equation for incompressible flow. To capture the effects of
turbulence, the S ST k — w turbulence model [42] is employed, comput-
ing the Reynolds stress tensor resulting from the averaging process on
the nonlinear convective terms in the momentum equation.

Sequentially solving the flow and energy equations, a second-order
accurate central-difference scheme is used for the diffusion terms, while
a second-order upwind scheme handles the convective terms. To resolve
the coupling between pressure and velocity, the Coupled algorithm is
employed.

For meshing, a nonuniform quadrilateral structured mesh is utilized,
with special emphasis on grid refinement at the wall boundaries to ac-
curately capture the high velocity and temperature gradients in these
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regions. In particular, the highest dimensionless wall distance (y*) does
not exceed 1, ensuring appropriate modeling of the viscous sub-layer.

To achieve grid-independent solutions, the solver is executed with
increasing mesh densities until the results show no significant effects.
Validation is conducted following the approach proposed by Celik et al.
[43]. Considering that heat transfer is significantly affected by near-wall
behavior, grid independence is verified by calculating the convective
heat transfer coefficient (k) and the wall shear stress (z,,). The analysis
indicates an uncertainty of approximately 0.3% in the fine-grid solution.
It should be noted that the mesh study was carried out for a single PV
panel at the highest Reynolds number, where the highest discretization
error is anticipated.

2.3. Boundary Conditions

The new concept of cooling the PV panels is put to the test on a res-
idential house with a floor area of 200 m?. The sensible cooling load for
the space is estimated at ¢ = 43.75 kW, with an air supply temperature
of Tg =13°C and an indoor air temperature maintained at T, =13°C
[44]. Accordingly, the required air mass flow rate for cooling the house,
calculated using m = ¢/ [ep(T, = T)] is found to be around 4.35 kg/s.
Considering residential occupancy, the extracted air fraction is 0.1, and
thus the mass flow rate utilized for cooling the PV panels is 0.435 kg/s.

The study considers two cities, Beirut and Doha, with their annual
average weather data adopted from References [45,46], respectively.
Beirut experiences a Mediterranean climate with dry hot summers and
mild winters, while Doha has a hot desert climate.

At the inlet to the cooling channel, uniform velocity and temperature
profiles are applied, and atmospheric pressure is set at the outlet. The
conduction equation is solved in all PV layers, and the internal surfaces
of the channel are linked to convective heat transfer and airflow. The
bottom surface of the PV panel, in contact with the external wind, is
assumed shaded, while the upper surface is subjected to wind and solar
radiation.

To model the convective heat transfer coefficient between the back
surface and the ambient air, the following equation, based on Sharples
and Charlesworth [47], is employed:

Bo, back = 2:2Viging + 8.3 1

While neglecting solar radiation, heat transfer from the back surface
is treated as a convective boundary condition with the air temperature
and speed obtained from weather data.

On the front surface, heat transfer is affected by both solar radiation
and convection with the ambient air. To accurately assess the energy bal-
ance, solar radiation absorbed by the exterior surface of a wall or roof is
considered, and an alternative method, utilizing the sol-air temperature
(T,), is applied. The sol-air temperature is defined as the fictitious out-
door dry-bulb temperature, such that in the absence of solar radiation,
the surface exchanges the same net amount of energy with the air at the
sol-air temperature as it does in the actual environment [48].

The heat flux into the surface, considering sunlit conditions, is given
by [48]:

g=al, +hy fron(T, - T;) —€AR 2)

where « is the solar absorptivity coefficient, 7, is the total solar radiation
incident on the surface (W/m?), h,, from 1 the exterior film coefficient
(W/m?2 K), and €AR is the radiation correction factor (W/m?).

The sol-air temperature (7,) is then determined using the following
expression [48]:

al} _ eAR

T,=T,+ -

3

o, front o, front

The exterior film coefficient is calculated as the sum of the convec-
tive heat transfer coefficient (A,,,,0crion) @nd the radiative heat transfer

coefficient (A, ,4;4i0n)- The radiative heat transfer coefficient is assumed
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Table 2

Calculated ambient and boundary conditions.
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City T, °C  T,°C  T,°C L, (W/m®)  VM/S) Ry W/MK) Dy (W/m?K)
Beirut 25 32.8 79.8 988 4.2 25.4 17.5
Doha 25 40.1 86.3 973 4.6 26.9 18.5

Table 3

(¢

Conduction — Upper layers

=>

Bottom layers

Convection

|

T,,h

o "o, back
Fig. 3. Illustration of the boundary conditions for the cooled PV panel.

constant at 5.11 W/m? K according to Rowley and Eckley [49]. The con-
vective heat transfer coefficient is determined based on the wind speed
using the correlation proposed by Sharples [47]:

hcanvectian = 3'3Vwind +65 4)

The boundary conditions used in the study are summarized in Fig. 3.

Simulations are conducted for August 1st at 12:00 pm in the two
cities, Beirut and Doha, as considered in this study. Table 2 presents
the temperatures, solar radiation, and heat transfer coefficients for both
cities, obtained from the previously mentioned models.

Once the temperature of the PV cells (T,) is computed through the
CFD simulation, the cell electric efficiency (,,) is calculated using the
relation developed by Evans [50]:

Mot = frey [1 = Broy (Te = Trey)] 5)

In this equation, #,,, = 11% represents the reference efficiency at
standard laboratory conditions, T, =25°C is the reference tempera-
ture, and § = 0.005 K~! is the reference temperature coefficient [39].
This computation enables us to evaluate the electric efficiency of the PV
cells under the specific thermal conditions encountered in Beirut and
Doha during the given time and date.

3. Results
3.1. Validation

The numerical predictions are initially compared with theoretical
calculations performed for a PV panel without cooling. In the theoretical
approach, a one-dimensional thermal resistance network is utilized to
model the PV layers. The same boundary conditions mentioned earlier
are applied here, but without the presence of a channel and fiberglass
insulation layer, focusing solely on the PV layers.

The comparison of cell temperature and efficiency between the CFD
and theoretical results is presented in Table 3. The table clearly demon-
strates that the differences in cell temperature and efficiency obtained
from the two methods do not exceed 0.4% and 0.2%, respectively. Ad-
ditionally, it is noteworthy that the cell temperature experiences signifi-
cant increase in both cities, leading to a reduction in cell efficiency from
11.1% under standard conditions to 9.13% and 8.75% for the weather
conditions in Beirut and Doha, respectively.

Comparison of temperature and cell efficiency obtained from
CFD simulations for a PV module without cooling with theo-
retical calculations using a one-dimensional thermal resistance
network.

Theoretical CFD % Difference

City T °C o (%) Tc °C 1y (%) Tc °C Ny (%)

Beirut  60.3 9.1 60.5 9.1 0.4 0.2
Doha 67.1 8.8 67.4 8.8 0.4 0.2

O..--O--

uy,

CFD:
—— 2PV (Re = 27,880)
10PV (Re = 5,576)

0.2 Laufer (1950):
O Re=30,800
Re = 12,300
0.0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

y/h

Fig. 4. Comparison of mean velocity profiles at the PV outlet obtained from the
current CFD simulations with experimental data from Laufer [51].

The CFD results are further validated by comparing the mean ve-
locity profile at the outlet section with a similar one obtained exper-
imentally by Laufer [51] for flow in a two-dimensional channel. For
this comparison, the cases of 2 and 10 PV panels are considered, as the
flow does not reach a fully developed state at the outlet for 1 PV panel.
Fig. 4 illustrates the agreement between the numerical and experimen-
tal profiles, with the maximum relative error between predictions and
measurements not exceeding 4%.

3.2. PV cooling

In this section, the impact of cooling on the performance of the PV
panels is assessed, focusing on hot summer days as cooling becomes sig-
nificant during such periods, while it remains less influential in winter
due to relatively low ambient air temperatures.

The streamwise variations in the surface temperature of the PV pan-
els for the two cities under study, Beirut and Doha, are presented in
Fig. 5. When cooling is not applied, i.e., cooling is solely provided by
wind as described in section 2, the temperature of the PV panels reaches
its highest values, approximately 60°C in Beirut and 67°C in Doha. Upon
implementing the cooling system, it is evident that the temperature of
the PV panels in both cities remains below the maximum temperature
obtained without cooling, particularly for a small number of PV panels.

Locally, it is observed that the temperature initially rises sharply
from the leading edge of the PV panels until a distance of x/L = 0.1. Be-
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Fig. 5. Streamwise variation of the surface temperature of PV panels for (a) Beirut and (b) Doha cities.
72 60 -
: No cooling O— Beirut
68 - Doha
j 50 -
64 -
60 40 -
— 561 S
5 < 30
2 52 S
=~ 1 8
48 = 201
44 4
i 104
404 —O— Beirut
] Doha
36 T T T T T T T T 0 T T T T T T T T
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

Number of PV panels

Fig. 6. Average surface temperature of PV panels for various numbers of panels.

yond that point, the rate of temperature increase is significantly lower.
On average, nearly 90% of the maximum temperature is reached over
10% of the PV panel length, while the remaining 10% increase occurs
over the remaining 90% of the panel length. Moreover, as the number of
PV panels increases, the temperature also rises, indicating that cooling
becomes less efficient.

The effect of the number of PV panels on the cooling process is illus-
trated in Fig. 6. Here, T,,, represents the area-weighted average of the
PV surface temperature. It can be observed that the average surface tem-
perature of the panels in Doha city is higher than that in Beirut city, ow-
ing to harsher weather conditions. The average temperature increases
by approximately 1.4 times when the number of PV panels increases
from 1 to 10.

Despite these increases, in all cases, the predicted surface tempera-
ture of the PV panels is lower than the value obtained without cooling.
As shown in Fig. 7, the relative enhancement of the cooling process,
calculated according to Equation (6), ranges from 49% to 56% for one
PV panel and decreases to approximately 4% to 7% when the number of
panels reaches 10. This efficiency of the cooling process reduces with
increasing the number of PV panels, as the heat exchange area becomes
larger.

Tno cooling — Tcooling
”coaling = T (6)
no cooling

Number of PV panels

Fig. 7. Relative enhancement of the cooling system obtained from Eq. (6).

3.3. PV electric efficiency

To underscore the significance of the new cooling system on the elec-
tric efficiency of the PV modules, the cell efficiency is calculated using
Equation (5) and plotted in Fig. 8 for different numbers of PV panels.
The dotted lines in the same figure represent the cell efficiency in case of
no cooling, with values around 8.75% for Doha city and 9.1% for Beirut.

Fig. 8 shows that the cooling process substantially enhances the cell
efficiency, reaching approximately 10.1% to 10.25% for 1 PV module. As
the number of PV panels increases, this efficiency decreases but remains
higher than the value obtained without cooling. The relative increase in
cell electric efficiency ranges from 15% for 1 PV module to around 3%
for 10 PV modules.

3.4. PV/T thermal efficiency

This section focuses on the recovery of the hot air discharged from
the cooling channel integrated into the back side of the PV module,
which can be utilized for residential applications. To assess the thermal
performance of the new system, it is important to calculate the overall
thermal efficiency using the following expression:

mcp(Taut - Tl )
I NAy @
t PV
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Fig. 8. PV panels electric efficiency.

100
—O— Beirut

Doha
904

80

704

My, (%)

60 -

50+

40

1 2 3 4 5 6 7 8 9 10
Number of PV panels

Fig. 9. PV panels thermal efficiency.

whereT,,, and T}, represent the bulk temperatures at the outlet and inlet
of the cooling channel, respectively. Ap,, and N are the surface area and
number of PV modules, respectively.

As depicted in Fig. 9, the thermal efficiency can reach high values,
up to 98%, for 1 PV module in the hotter region (Doha). However, this
efficiency decreases to around 45% in Beirut and 55% in Doha when
the number of PV panels increases. It is worth noting that the thermal
efficiency of various systems reported in the open literature ranges be-
tween 70 and 85% [24,37,52]. The relatively high thermal efficiency
value observed here is attributed to the very high ambient air tempera-
ture in these hot climate regions, which significantly reduces heat losses
from the cooling channel, thus enhancing thermal efficiency.

3.5. PV/T exergetic efficiency

Exergy, representing the maximum attainable thermal energy rela-
tive to the ambient air temperature, is a widely used metric for analyzing
and optimizing PV/T (photovoltaic/thermal) systems [53,54].

According to Bejan [55], the exergetic efficiency can be expressed as
follows:

mcp[T[m, ~T, ~T,In (TT' )] — e

I,NAPV<1— L )
app

®)

Nex =

~
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Fig. 10. PV panels exergetic efficiency.

Here, T, and T;, represent the bulk temperatures at the outlet and
inlet of the cooling channel, respectively. 7, is the ambient air tempera-
ture, Ap is the pressure drop across the cooling channels, and T, is the
apparent sun temperature, corresponding to 75% of the black-body tem-
perature of the sun (T, = 4333.5 K) [55]. Ap;, and N are the surface
area and number of PV modules, respectively.

Fig. 10 illustrates that the exergetic efficiency can reach a maximum
value of about 5.2% for 1 PV module in Doha and 2.2% in Beirut. In
general, the exergetic efficiency tends to be higher when the ambient
air temperature is lower. As the number of PV panels increases, this
efficiency decreases to around 2.4% and 1% for Doha and Beirut cities,
respectively. It is worth noting that the exergetic efficiency of various
systems reported in the literature typically ranges between 5 and 20%
[53,54].

3.6. Dishwasher drying

In this section, the drying for the dishwasher provided by the hot air
leaving the PV/T system is described. In common dishwashers, the wa-
ter used could be around 20 kg. At the end of the washing cycle, about
0.4% of the water remains on the surface of the dishes (m,, = 0.8 kg)
[56]. Therefore, a drying cycle is usually used at the end of the washing
process to dry the remaining water from the dishes. This drying cycle is
very power consuming. For instance, assuming the enthalpy of evapo-
ration of water around 4, = 2400 kJ/kg [57], the power needed to dry
the dishes in a one-hour heating cycle would be around g,,, = 0.5 kW.
For a household using the dishwasher 5 times in a week for 90 minutes
each time, this leads to a total of 150 kWh monthly electric power con-
sumption. The corresponding CO, index could range from 60 to 135 kg
CO,. Moreover, assuming an average price of 10 cents per kW.h, this
leads to about 15 USD every month.

Thus, the present system uses green energy from the hot air leav-
ing the PV/T system. This hot air is directed to the dishwasher and
blown over the wet dishes. Thus, assuming a convection coefficient of
h =100 W/m?K and total dishes surface area of 1 m?, the time required
to dry the dishes is calculated using the hot air from the PV/T as follows:

_ Myrhpg
hAdishes (Tair - Tdishes)

where T, is the air temperature leaving the PV/T and T, 25°C is
the dishes temperature at the end of the washing process.

Fig. 11 shows the time to dry obtained using different numbers of
PV panels. As it can be seen from this figure, the time decreases with

increasing numbers of PV from around 7 hours to around 1 hour. In fact,

t ®)
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Fig. 11. Time to dry for different numbers of PV panels.

when the number of PV increases, the air temperature leaving the PV/T
system is higher, thus leading to better drying process. This highlights
the efficiency of the proposed system to recover the waste heat in a
direct residential application pertaining to dishwasher drying.

4. Conclusion

This paper presents a new method for enhancing the efficiency of
photovoltaic (PV) panels by reducing their surface temperature through
enhanced cooling using the exhaust air of air conditioning (AC) systems.
The proposed system utilizes the exhausted air from the AC system as
a coolant, flowing over the backside of the PV panel. The cooling sys-
tem operates without the need for any additional power, as the cold air
is propelled by the extraction fan of the AC system. Furthermore, the
heated air leaving the PV panel is utilized for thermal applications, in
the present case as assistance in dishwasher drying.

The numerical simulations conducted to evaluate the proposed cool-
ing system show promising results. The cooling process substantially re-
duces the surface temperature of the PV panels, leading to an increase in
their electric efficiency. The relative enhancement of the cooling system
ranges from 49% to 56% for one PV panel, decreasing to approximately
4% to 7% when the number of panels reaches 10. The electric efficiency
of the PV panels is also enhanced, with an increase ranging from 15%
for 1 PV module to around 3% for 10 PV modules.

Additionally, the proposed cooling system enables the recovery of
hot air discharged from the cooling channel, which can be utilized for
residential applications. The thermal efficiency of the system can reach
up to 98% for 1 PV module in hot climate regions. The exergetic effi-
ciency, which represents the maximum attainable thermal energy rela-
tive to the ambient air temperature, ranges from 2.2% to 5.2% for dif-
ferent numbers of PV panels.

Furthermore, the proposed system offers a green energy solution for
dishwasher drying, using the hot air leaving the PV/T system to dry the
dishes. The time required to dry the dishes decreases with increasing
numbers of PV panels, from around 7 hours to around 1 hour. For in-
stance, considering a household runnig the dishwasher 90 minutes five
times a week, this results in a monthly electricity consumption of 150
kWh. The associated CO, emissions can reach around 135 kg, with an
approximately $15 per month in electric power bill expenses.

Overall, this study demonstrates the feasibility and effectiveness of
the proposed cooling system in enhancing the efficiency of PV panels
and recovering waste heat for practical residential applications. The in-
tegration of PV/T systems with residential appliances, such as dishwash-
ers, presents an environmentally friendly approach to utilize renewable
energy and reduce greenhouse gas emissions. Further research and de-
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velopment in this area could lead to significant advancements in sus-
tainable energy practices and contribute to global efforts in mitigating
climate change and promoting sustainable development. For instance,
future work in this area should encompass real-world testing to validate
system performance, cost reduction efforts for increased accessibility,
user-friendly integration methods for wider adoption, efficient monitor-
ing and maintenance systems, and collaborative efforts with policymak-
ers to establish incentives and regulations. This complete approach is
essential to ensure the effective deployment and long-term success of
the proposed cooling system, which not only enhances PV panel effi-
ciency but also contributes to waste heat recovery and reductions in
greenhouse gas emissions.
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