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The absorption of sunlight causes solar panels to heat up, and the resulting temperature
plays a crucial role in determining the amount of output voltage. In this study, a novel
spiral geometry was developed behind the Tedlar layer of photovoltaic panels (PVs) to
regulate the dissipation of heat by air. Dynamic and static numerical modelling was
conducted using open-source MATLAB software. The first step involved determining
and simultaneously solving mathematical equations to obtain the desired geometry. A
comparison of static modelling revealed that in identical environmental conditions, the
electrical efficiency of the system (temperature of the cell) was approximately 7.5%
and 10% (58 °C and 53 °C), without and with the use of a heat absorber, respectively.
In the subsequent phase, a variable speed fan with a maximum power of 2 watts was
employed behind the panel to cool the system. Dynamic modelling showed that the
system efficiency and cell temperature were 7.4% and 58.5 °C, respectively. By using
a spiral thermal absorber, under similar environmental conditions, the cell temperature
decreased to 54 °C, and the system efficiency was improved to 9.2%. According to
dynamic modelling, a reduction of 8% in panel temperature could be achieved.

1. Introduction

Researchers in the field of improving the thermal and
electrical efficiency of PV systems have reviewed

Photovoltaic panels (PVs) convert sunlight
directly into electricity. However, their efficiency
decreases as the ambient temperature increases. This
version emphasises the effect of temperature on
efficiency rather than the amount of electricity
directly [1]. To mitigate this issue, researchers have
proposed different methods for cooling PV systems.
Among them, using air as a working medium is the
most available and least expensive approach [2].
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various approaches and provided solutions. Current
research investigates modifying the geometry of PV
systems to achieve improvements in both electrical
and thermal efficiency. Forced convection can
achieve higher thermal efficiency by changing
variables such as airspeed and increasing the flow
rate, although it presents a challenge in the energy
balance of the system. Researchers hope to boost
thermal efficiency by using fans and embedding
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channels under Tedlar. Cuce et al. [3] cooled PV
panels using rectangular fins and air and achieved a
thermal efficiency of approximately 30% with a heat
flux density of 600 W/m?. Brinkworth and Sandberg
[4] found that the length-to-hydraulic diameter ratio
of a rectangular channel significantly impacts thermal
efficiency. Their study showed that a ratio of 20
resulted in a 38% increase in thermal efficiency. In a
study conducted by Hernandez et al. [5] the impact of
active cooling on the output power of PVs was
investigated. The researchers designed and tested
three types of channels with different dimensions and
found that an increase in airspeed led to a rise in
output power. Their results also showed that PVs
generated more electrical power with a fan than with
passive cooling at the same radiation intensity and
channel dimensions. Ozakin et al. [6] used Ansys
Fluent software to simulate the effects of cylindrical
cylinders in cooling photovoltaic panels and observed
a decrease in panel surface temperature of 10-15°C
due to slower airflow near the cylinders from friction
and viscous forces. Temperature contour images from
the software were consistent with experimental
values. Positioning the cylinder beneath the solar
panel resulted in less thermal stress on the panel.
Sopian et al. [7] investigated the thermal efficiency of
a two-pass flat-plate solar collector that employed
either a single-pass channel or two reciprocating
channels. The researchers determined that the
maximum thermal efficiency achieved with the single
pass channel and the two reciprocating channels were
approximately 32.5% and 42.5%, respectively. They
concluded that the use of two reciprocating channels
resulted in significantly higher thermal efficiency
than the single pass channel and that the system was
economically significant due to the use of relatively
low-cost materials and components Almuwailhi and
Zeitoun [8] conducted a study on natural convection,
forced convection, and evaporation cooling
techniques for PVs in Saudi Arabia. Their
experiments showed that the use of evaporation
cooling increased electricity efficiency by 3.8%.
They also found that natural convection increased
electrical efficiency by 1.7%, while forced
convection increased it by 4.4%. Vajedi et al. [9]
experimented in Karaj, Iran, to compare the thermal
efficiency of convergent and normal channels for
cooling photovoltaic panels. Sadaq et al. [10], found
that the thermal efficiency in the convergent channel
was 5% higher with two fans and 15% higher with
four fans, compared to the normal channel. They also
presented an experimental correlation based on
thermodynamic  relations between the panel
temperature and the convective heat transfer
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coefficient Improving the thermal efficiency of a
photovoltaic panel generally leads to better
performance. Proper airflow geometry can achieve up
to 50% thermal efficiency, and forced convection can
triple the thermal efficiency compared to natural
convection. Technological advancements have
greatly improved the electrical efficiency of PVs,
with modern panels reaching up to 20% efficiency.
Researchers have suggested using cooling fluids or
controllers to further increase electrical efficiency
and maximise the output of the panel. Othman et al.
[11] designed triangular channels made of aluminum
to enhance the electrical efficiency of a photovoltaic
thermal (PVT) double-pass air collector. Their
experiments demonstrated that this design increased
the electrical efficiency by approximately 1%. These
research findings provide valuable insights into the
design and optimisation of triangular channels in
PVT systems, which could lead to more efficient and
effective energy harvesting from solar radiation in
various applications. Shahsavar and Ameri [12]
reviewed cooling approaches for photovoltaic
thermal systems and emphasised the importance of
considering ideal airflow based on ambient and panel
temperatures to enhance electrical efficiency. In an
experiment, increasing airflow from 0.1 kg/s to 0.3
kg/s improved electrical efficiency. The findings
provide valuable insight into optimising airflow in
photovoltaic thermal systems for more efficient and
effective solar energy systems.

Tahmasbi et al. [13] conducted a numerical
simulation study on a rectangular channel with
aluminum porous foam to investigate the
enhancement of the thermal performance of a
photovoltaic panel. The researchers reported that
using this design can improve electrical efficiency by
3% Dubey et al. [14] conducted a study to evaluate
the performance of a solar photovoltaic module with
and without an air channel. The researchers reported
that the electrical efficiency for the double glass with
a distance along the channel and double glass without
a channel is 10.41 and 9.74, respectively In a separate
study, Hussain et al. [15] designed hexagonal
aluminum channels and placed them under the Tedlar
layer to improve the electrical efficiency of a PV. By
establishing air flow, the researchers discovered that
this design increased the electrical efficiency by
13.7%. These research findings provide valuable
insights into the design and optimisation of air
channels to improve the performance of photovoltaic
modules. Farahani et al. [16] conducted a study on the
Rankine cycle, combining a biogas system with a
photovoltaic system. Their findings revealed that the
presence of the photovoltaic system leads to a
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reduction in the overall exergy of the system.
Furthermore, they observed that the temperature of
the air entering the panel has a transient impact on the
radiation received by the Rankine cycle. In their
research, Lotfi et al. [17] successfully enhanced the
output power of a PV module by 51% through the
implementation of water cooling, which effectively
lowered the surface temperature from 70 degrees
Celsius to 37.5 degrees Celsius. This cooling method
not only increased the module's lifespan but also
contributed to a reduced energy payback period. Tan
et al. [18] conducted an economic and environmental
assessment of photovoltaic systems in Hau Giang
province. By employing software analysis, they
determined that these systems can significantly
reduce greenhouse gas emissions, up to 93% when
compared to fossil fuel power plants. Additionally,
they found that these systems can contribute to the
economic prosperity of households. Farahani et al.
[19] successfully generated electricity using a (PVT)
system by passing air through it and considering the
temperature change of the inlet and outlet air. They
utilised thermoelectrics and achieved the highest
electrical efficiency among (PVT) systems in 9 cities
in Iran, with an impressive efficiency of 9.15% in
Bojnord. Awda et al. [20] investigated how
temperature affects solar panel power output and
found that increasing the panel surface temperature
from 25 to 70°C decreased electric power output from
117 to 96.5 W. They concluded that a one-degree
Celsius increase in surface temperature results in a
0.48 W decrease in electric power output. These
findings provide insight into enhancing solar energy
system efficiency. Boussaad et al. [21] investigated
the design of a diode circuit with a solar panel and the
development of a pulse width modulation (PWM)
model. The authors obtained a development model of
PWM that was mathematically consistent with the
experimental data. This research provides insights
into the design and optimisation of circuits for solar
panels and the use of PWM techniques for controlling
their output. Khodayar Sahebi et al. [22] investigated
using mirrors to enhance photovoltaic (PV) system
performance and found that placing a mirror next to
the PV system increased energy production by 30-
70% and lowered the cost of electricity generation by
13%. The research highlights the potential of mirrors
as a cost-effective method for enhancing PV system
performance. Two ways to increase electrical
efficiency are using fluid flow to absorb heat with
various geometries, resulting in a 10% increase in
electrical efficiency, and using more efficient and
expensive MPPT controllers instead of PWM. A
systemic view of the entire system is important in
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evaluating energy and exergy efficiency, considering
both thermal and electrical efficiencies and functional
wastes. This research highlights the importance of a
holistic approach to evaluate the performance of the
system.

Jha et al. [23] studied photovoltaic thermal hybrid
collectors in North India with two types of absorbers
(corrugated and simple). The corrugated absorber
plate resulted in lower panel temperature, higher
outlet air temperature, and greater overall exergy
efficiency. Mittelman et al. [24] studied the
relationship between length, depth, Nusselt number,
and Rayleigh number in natural convection in a
channel behind a vertical flat plate. The authors
observed that the channel behind the photovoltaic
(PV) panel can increase efficiency by 2% at two
specific angles. Bambrook and Sproul [25] conducted
research on the impact of air flow rate, channel
dimensions, and air thermal resistance on the
performance of a solar photovoltaic thermal (PVT)
collector, using the dimensionless number of transfer
units (NTU). Their findings indicate that these
parameters have a significant impact on the
performance of the system. Additionally, the authors
employed a controller to reduce the amount of
electricity required by the fans, which improved the
energy efficiency of the PVT collector. Dehghan et
al. [26] conducted a study on the cooling of
photovoltaic (PV) panels in Zanjan, using two
scenarios with 3 and 6 fans and using two types of
convergent channels to cool the panel. The
convergent channel that diffused air in two directions
reduced the panel temperature by up to 8 degrees
Celsius. The authors discovered that the scenario with
3 fans was more effective in terms of cooling the PV
panels and improving their energy output. This
research provides valuable insights into the use of
forced convection to enhance the performance of PV
panels in hot climates, which could potentially lead to
more efficient and effective cooling solutions for PV
systems operating in high-temperature environments.

Barone et al. [27] developed a dynamic MATLAB
code based on panel tilt parameters, climate
conditions, and air velocity. The authors analysed the
code by combining photovoltaic (PV) panels and heat
pumps in commercial centers and found that the
exergy was improved by 4% in the proper conditions
due to the passage of air through the panels. This
research provides insights into the potential use of
dynamic thermal-electrical models to optimise the
performance of PV panels and heat pumps in
commercial buildings.

Shakouri et al. [28] conducted a comprehensive
study on the dynamic simulation of a building-
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integrated photovoltaic (BIPV) system, focusing on
exergy efficiency, energy efficiency, and energy
generated by the photovoltaic system. Their findings
indicated that the exergy efficiency of the system is
influenced by factors such as cell temperature and
solar irradiance

The geometry of photovoltaic-thermal (PVT)
systems significantly influences their efficiency and
performance. This study focuses on the geometry as
a key factor for innovation. While the geometry is
designed during static and dynamic flow analyses and
cannot be modified as a control variable, it remains
the most critical factor impacting overall system
performance, including efficiency. Each chosen
geometry exhibits unique characteristics in terms of
PVT efficiency and performance. This research
underscores the importance of geometry optimisation
for maximising PVT system performance. To cool
photovoltaic (PV) panels, researchers have employed
various techniques such as fins, rectangular channels,
and convergent channels [29]. Rad et al. [30]
conducted research on the cooling of photovoltaic
(PV) systems by inducing turbulent air flow in
rectangular channels. Their findings indicate that
laminar flow is more effective than turbulent flow in
PVC channels. The study highlights the importance
of selecting an appropriate cooling technique based
on the geometry of the PV panel, as their findings
suggest that the use of different geometries can have
an impact on the electrical efficiency of PV panels.
Mustafa et al. [31]. studied the effectiveness of
triangular channels that were filled, semi-filled, and
empty, when filled with porous metal foam, as a
passive cooling system for photovoltaic (PV)
modules. The authors discovered that the triangular
channel with fully porous foam is the most effective
in cooling PV systems. Additionally, they found that
porosity near the surface of the panel helps to improve
the cooling of the PV module. This research provides
valuable insights into the use of passive cooling
systems for PV panels and emphasises the importance
of porosity in enhancing their cooling efficiency. Amr
et al. [32] conducted a study on the use of fin plate
heat sinks for cooling photovoltaic (PV) panels. Their
findings indicate that an increase in the height and
number of fins can reduce the temperature of the PV
panel by 5 °C. However, the authors also observed
that increasing the fin thickness did not affect the
temperature of the PV panel. Kasaeian et al. [33]
presented a model for cooling photovoltaic (PV)
panels using both experiments and genetic
algorithms. Their experimental system used two PV
panels and a copper plate coated with aluminum
oxide for improved heat transfer. The walls of the
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channel are made of polycarbonate glass with a
thickness of 4 mm, and the effect of mass flow rate
and channel depth was investigated. They found that
decreasing the channel depth increased the thermal
efficiency by 20% and that both the electrical and
thermal efficiency improved as the mass flow rate
increased. This research provides insights into the
optimal design of cooling channels for PV systems
and the importance of considering various
parameters.

PV systems can use air to pass through the Tedlar
layer from the top/bottom, the glass layer from the
top/bottom, or the Trombe wall. Trombe wall
increases PV efficiency by decreasing thermal
resistance with each rotation due to airflow, while the
glass on the Tedlar layer also increases electrical
efficiency. Trombe walls can turn buildings into zero-
energy buildings [34, 35].

Previous research has primarily used rectangular
channels as the cooling geometry for photovoltaic
(PV) systems. These findings provide insights into
the potential of using various cooling geometries and
their impact on the efficiency and performance of PV
systems. There are various solutions available for
cooling photovoltaic (PV) systems, as shown by
previous research. Hussam et al. [36] investigated the
performance of a PVT collector with a serpentine
flow channel and found that the electrical efficiency
can be enhanced by using an inlet air flow rate of 0.02
to 0.03 kg/s. They also reported that the height,
length, and number of fins have a significant impact
on improving thermal efficiency and reducing
pressure drop. Cooling solar panels with airflow can
enhance their thermal efficiency by up to 18%. This
method is recognised among researchers as one of the
most economical, cost-effective, and environmentally
friendly cooling approaches. Another such solution is
the use of squares, which can reduce the PV
temperature by trapping air by about 4°C to 5°C [37].
Another method involves passing air through a
corrugated or reciprocating channel to cool the PV
panels [38].

The geometry of photovoltaic-thermal (PVT) systems
is a critical factor affecting their efficiency and
performance. In this research, we focus on geometry
as the basis of investigation and the primary driver of
innovation. While geometry is determined during
static and dynamic flow studies and cannot be
changed as a control variable during operation, it
remains the most important factor influencing all
previously mentioned factors, including efficiency. In
other words, each chosen geometry offers a specific
range of achievable PVT efficiency and performance.
This research underlines the significance of geometry
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in optimising the performance of PVT systems. To
cool photovoltaic (PV) panels, researchers have used
various techniques, including fins.

These innovative approaches have shown promise
for improving the efficiency and performance of PV
systems. Researchers have suggested several
techniques, including the use of rectangular channels
made from various materials, the combination of fins,
and the control of airflow speed. The amount of
heating energy collected from the surface of the
Tedlar increases as more air flows across it. But none
of them considered the spiral geometry which has
more efficient performance as dedicated in this
research.

By these means, while previous studies have not

fully investigated the various aspects of solar panel
cooling, this paper examines the energy consumption
of different panel components. Using the principles
of fluid mechanics and heat transfer, a relationship for
cooling a panel with air in a rotating geometry is
proposed. To validate this relationship, the TRNSYS
software is employed. Furthermore, a dynamic model
of the air cooling process for a panel is developed
using heat transfer relation analysis in MATLAB.
This research investigates the potential of using spiral
geometry for cooling photovoltaic (PV) systems.
Static and dynamic modeling are employed to assess
system behavior under various conditions. Cooling
PV systems is well-established to enhance electrical
efficiency. The spiral design extends air residence
time within the ducts, facilitating greater heat
extraction and leading to increased efficiency.
Additionally, the integration of PV-powered cooling
fans allows for cooling in remote locations without
relying on grid access.
As a technological point of view, The cooling process
is significantly affected by various factors, such as
temperature difference, fan energy consumption,
process duration, and geometry, all of which play a
crucial role in determining the amount of heat
dissipated. Modifying these factors can help regulate
the amount of heat rejected by the system.

2. Static modeling

2.1. Mathematical relations
This research investigated the impact of an absorber

on panel temperature and the effect of fan speed
control on absorber performance. Euler's equations in
polar coordinates were simplified using assumptions
to analyse the absorber. Heat transfer equations were
then derived for an element of the absorber to
establish the relationship between temperature and its
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performance. The absorbers, made of aluminum air
channels with a bow shape, are shown partially in
Figure 1 [39], The following assumptions are used to
simplify Euler's equations in polar space [40]:

e Airis an incompressible fluid,

e Airisan ideal gas,

e The system is steady state,

e The geometry is symmetrical,

e Pressure changes along the angle are insignificant,

e In the channel, the width is smaller than the
length,

e The fan is located at the center of the geometry
and the airflow exits at the sides,

o Gravity affects the equations,

e The no-slip condition is applied,

e At the largest radial distance, the airflow is
laminar with velocity V,

e The fluid flow is solved in a 2D channel,

o Airflow only enters from the fan side and exits
from four directions.

According to Euler's equation, the velocity
distribution in the channel can be calculated in the
direction of 8, as follows [40]:

dug dug ug dug Uupug Q)
T L TR
_10pP .

By applying the assumptions, the Euler equation
is written in the form of Equation 2 [40]:

e _ o )
00
Equation 1 yields constant velocity (ug) inside the
channel. To achieve the pressure changes in the
direction of 6, it is enough to derive Equation 1 in
terms of 6 and neglect the movement of the fluid in

the radial direction (due to assumption number 6)
[40].

0P _0(pRTy) _

aT;
90 a0

a6

©))

Based on the relations, with the placement of
numbers, the amount of pressure changes is very
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small and is around 2 Pascals and can be ignored.
Euler's equation is written in the direction of r as
follows [40]:

ou, ou, ug 0u,  ug? 4)
P(E“rﬁ*?%‘?
ou,
T E)
apP
=_a+ P 8r

Equation 7 is expressed the radial velocity, by
using assumptions and boundary conditions, which
are written as Equations 5 and 6 [40]:

gy = —gsina )
B.C:@r =Ry, »u, =V (6)

In Equations 5 and 6, Ry, is the highest radial distance
of the beginning of the channels from the suction port,
and o is the slope of the panel. A portion of the
geometry under consideration is shown in Figure 1.
The dimensions of the elements, including the radius
and thickness, are also specified in the same Figure.

Figure 1. Bow-shaped channel [39]

u, )

= J —2[u3ln R;"W“ + g(Raown — Rup)1 +V
up
In Equation (7), the minus sign arises because the
direction of the velocity is opposite to the direction of
the radial coordinate, r. By applying Euler's equation
in the effective zone of the fan, the velocity
distribution at the center of the absorber can also be
obtained. It is important to note that the speed in the
z-direction is considered constant, which corresponds

to the output speed of the fan. We can denote this

constant speed as h within the formulas [40].

( auz+ auz+ Ug 6u2+ auz) €))
P lac "M ar Ty 98 T o

B 6P+
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By solving Equation 8, pressure changes in the z-
direction are calculated as follows [40]:

AP = pghcosa (©)]

Equation (9) defines h as the height from the system
floor to the fan. We revisit Equation (1) to obtain the
velocity along the radius in this zone. However, here,
the velocity varies with height along the r-direction.
For this zone, we neglect movement in the 8-direction
and pressure drop. Therefore, Equation 10 is
expressed as follows:

ou, _ (10)

According to the mentioned points, Considering
Equations 7 and 10, simultaneously resulted in
Equation 11 can be written as follows:

(11)

R
-2 [uéln l(iown + g(Rdown - Rup)] +
up
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Figure 2. General view of channels and suction part
and fan zone

Continuity equations are used to calculate the fan
speed. Solving Equations 13 and 14 allows us to
calculate the velocity inside the channel. A control
volume between the suction port and the fan output
zone is considered, and the steady state continuity
equation is applied to it. The fan and suction part are
positioned according to the desired geometry in
Figure 2. In Figure 2, the directions of the inlet and
outlet airflows are indicated [40].

(12

My, — Mgy =0
The equation shows mi, and m o are input/output
mass flow rates, related to suction and input
channels/fan output, respectively.
i, = pApV
Moyt = PAfanVfan T NPAguctUle

(13
(14)

By combining Equation 12 with Equation 14, the
inlet channel velocity and the suction velocity are
calculated as follows:

gsina 15
(h) = 15
Vfan
2 Rdown
-2 ueln—R + g(RdOWn — Rup) +
u
Afaanan + nAductue 2
( n )
P
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By sorting and standardisation of Equation 15, a
quadratic equation is achieved in terms ug as
expressed in Equation 16:

272
(—ZIH Rdown + n A(Ziuct> ué
RUP AP

(16)

AfanAduct

Ap
+ (A%anvfzan

AP
- 2g(Rdown -
g?sin?ah?

+ 2 NVgUg

Rup)
)=0

szan

Equation 17 expresses the quadratic equation in

standard form from Equation 16. The coefficients a,

b, and c in Equation 17 define the quadratic equation
[40].

auf +bug+c=0 17)
_—b+ vb? — 4ac (18)

Yo = 2a "
a=—2In Rt:lown 1‘leduct (19)

o

2
b = p Afanfduce (20)
Ap
A2 @y
= % - 2g(Rdown - Rup)
P
g2sin?ah?
szan

The suction velocity of the fan in Equation 22 is
expressed as:

22
—b + vb? — 4ac 22)
_ Afaanan + nAduct(z—a)
= AP

The absorber temperature in the panel was
calculated using the input/output energy balance
shown in Figure 3. A U-shaped duct is considered
based on the front view. For ease of calculation, this
duct can be expanded as shown in Figure 3.
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The channel temperature distribution function is

calculated. for ease of calculations, the average of this
function can be acquired by Lagrange's theorem.
H Equation 27, Ty means the average temperature of the
U-shaped duct [41].
YA l 27)
> V A dt T = 2(TTedlar - Tf) (coshml . 1)
X ? T U™ misinhml
+ T
dn

As shown in Figure 4 Fluid element was chosen as the
control volume, and rules were applied.

dx \\ Qx+dx
—p ———
Worde

Figure 3. Input and output energy to the element ds
[41]

In Figure 3, g, and qy;qx are input and output . * sids
conductive heat transfer to the element, respectively. d
g_h is the convective heat transfer between the air \
inside the channel and Tedlar. By calculating the ’
values and simplifying, 2nd order linear differential

Lo . . . Figure 4. Fluid elements inside the channel [41
equation is obtained with 22 constant coefficients g [41]

[41]. The energy received by the fluid from the plates of
92T (23) the U-shaped duct and the Tdlar is equal to the rate at
kqdt. i he(T(x) —Tf) =0 which thermal energy changes between sections s and
s+ds. The heat input for sound control is gs, while the
Boundary conditions are written as Equations 24 heat output is g _(s+ds). The fluid receives energy
and 25 are used in Equation 23 [41]. from the pedlar and the U-shaped channel [41].
B.C.: {@X =0 : T = Teedlar 24) heT, = ?% + he(2T; — Ty) 8)
@x=1T= Ttedlar
hy (25) Lagrange's _theorem_calculates the average channel
m? = m temperature via Equation 29 [42].

_ T, — T

Tf(e) — Tt + ﬁ(e—rUe _ 1) (29)
By applying the boundary conditions, the absorber

temperature is defined as Equation 26: Equations 30 and 31 define the 5-parameter solar

cell model [43].
(26)
(Ttedlar - Tf)
sinhml
+ sinhmx) + T;

T(x) = (sinhm(l — x)

V+ 1R V+IR
I=IL—IO[exp( S)—l]——s (30)
Rsn
a= ychell/q (31)

2001
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2.2. The static model solving

To solve the problem using a static approach, the
fixed parameters listed in Table 1 are required.
Subsequently, a system of three differential
equations, representing cell, glass, and Tedlar
temperatures, was solved using the FDM since there
is no analytical solution due to its nonlinear nature.
Newton's method was used to bring all terms to one
side and solve for the system, with initial assumptions
of all temperatures equaling 310 K [41].

Table 1. Constant values in the electrical model [44]

parameters Amounts
Mot ret 0.1306
se ref 3.66 A
Voerer 221V
Impuret 3.28A
Vinpret 183V
Teen ref 25°C

3. Dynamic modeling

3.1. Dynamic analysis
As shown in Figure 5, the solar panel consists of the
following parts: glass, Tedlar, cells, and absorbers.
To solve the heat transfer relations, each section is
considered a control volume, and the heat transfer
relations are written for them. To simplify the
problem, assumptions 7 to 10 are used [41].
e A glass cover is thin, and one-dimensional heat
transfer is assumed.
e The reflection coefficient for glass is omitted.
e The reflection and absorption coefficient for
the cell are ignored.
e  The same ambient temperature around the
system
e There is no airflow passage beside the panel.
¢ In radiative equations, the sky is assumed to be
a black body.

ol

2002

Figure 5. Components of a PV/T system Glass

3.1.1. Glass

As shown in Figure 6 Energy entering glass equals
solar irradiation per unit area. Radiant heat transfer
from the glass to the sky, convective heat transfer
from the glass to the surrounding environment, and
conductive heat transfer from the glass to the solar
cell make up the emitted energies. Equation 32 is
derived from thermal control volume [45, 46].

.4)3('."5, Toms)
Ae(Ty - Thyy) a 64
Glaas
L
i

Figure 6. Control volume for glass

agGA — Ae(Ty — Téy) — Ah(Ty — Tamp) (32)

T, - T,
— keA

aT,
= (pcp)gASy ot

3.1.2. Cell

In the control volume shown in Figure 7, energy
entering the cell equals conductive heat transfer
between the cell and glass plus radiation passing
through the glass. Outgoing energies are radiant heat
transfer between cell and sky and conductive heat
transfer between Tedlar and cell. Equation 33 applies
the control volume on the cell [40].

Figure 7. Control volume for the cel
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T.— T, T, — T, (33)
TgGA - kCAT + kgA 8g
- A“’:co-(r[‘c;L - Ts4ky)

JT,
= (pcp)cA8c E

3.1.3. Tadlar

Energy entering Tedlar is conductive heat transfer
between Tedlar and cell, while energy leaving
Tedlar is heat transfer between Tedlar and the
surrounding environment. Energy exchange in dollars
can be observed in a figure 8 pattern [40].

Tadlat

| |

ATy —Tp) ATy —Tw)

Figure 8. Control volume for Tadlar with
absorbe

T, — T, 4
kA= = AR(T, = Typ) ¢4
(o

= (pcp)tASt It

According to Equations 32 to 34, three unknowns
Teells Ttediar» Tglass@re obtained. MATLAB software
was used to solve this system with three equations
with three unknowns.

3.2. The dynamic model solution

According to Equations 32 to 34, a differential
equation system has been formed, and the Finite
Difference Method (FDM) has been used to solve it.
Then Equations 35 to 37 are achieved based on the
time derivative. In equations, 35 to 37, At represents
the time interval between measurements. Smaller
values of At lead to more accurate responses with less
error. The results of the static analysis were used as
initial assumptions in MATLAB to calculate
responses at different times. In dynamic modeling, a

fixed time interval of 5 minutes was used to extract
the results [47].

At 35
T, = —— [(ng —e((TgH' - Tay) 3)
(pcp)gSg
— h(T," = Tamp)
T — Tg'
At T.— T 36
Tct+1 — [TgG — ke c t (36)
(pcp)CSC 8¢
T, — T
+ky——— — g.o(T¢
g
- T:ky)] + Tct
t+1 At Tc—T (37)
T; = [ c
(pcp)tSt 8
~ (T, = Tymp)) | + T
Table 2. Fixed parameters in modeling [44]
parameters Amounts
NOCT 47(°C)
OGlass 0.066
Kglass 0.93(W.M-1.K-1)
€ 0.83
Tglass 0.88
6Glass 0.003 (M)
Scell 0.002 (M)
Keenn 273 (W.M-1.K-1)
€ 0.95
A’ 0.300 (M?)
A" 0.136 (M?)
0 110°
Lo 0.215 (M)
H 5(Cm)
dt 1 (Cm)
kg 300 (W.M-1.K-1)
Pair 14 (Kg-M'S)
Rair 0.287 (Kng-lK-l)
g 9.81(M.S-2)
a 33°
Mair 10-6 (N.S.M-2)
4. Results

4.1. Static model results

2003
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The experimental results were analysed by
investigating the static state using the output current-
voltage diagram from the panel and analysing static
relations. Static conditions differ from dynamic
conditions due to constant irradiation and
environmental conditions that do not change over
time. Equation 29 was used to obtain the current-
voltage curve without a heat absorber, with an
irradiation of 800 (W/m?), an ambient temperature of
30°C, and a cell temperature of 48°C. As shown in
Figure 9, The PV had an open circuit voltage of 23.48
(V) and a short circuit current of 2.8 (A). A thermal
absorber was then installed. Static modeling and
constant environmental conditions show a 7°C
decrease in panel temperature with a thermal
absorber. As shown in Figure 10, The panel's power
increased by 3.8%, while cell temperature decreased
by 17%. The maximum voltage and power values of
the solar panel are shown in Figures 9 and 10.

o Tepe gl

—— Fanat Tooper s

Figure 9. Diagram of power and output current of the
panel with and without absorber

Ampern(A)

—&— Pan= Temper urem

Figure 10. Voltage-current diagram with and without
absorber

4.2. Dynamic model results

2004

Modeling is done for peak sunlight hours, 10 AM-
to 5 PM. The average temperature in the summer was
37°C. The modeling was carried out for Karaj, which
has a latitude of 35 degrees and a longitude of 51
degrees [48]. The panel temperature reaches 1.5 times
the ambient temperature, and Panel power decreases
as the panel temperature increases, especially when
the temperature rises significantly. One available
solution is to use a thermal absorber, which can
reduce the panel temperature by 8%. As shown in
Figure 11, This thermal absorber passively repels heat
transfer. In this research, it is assumed that solar noon
time is 13:00. At 10:00 A.M., the input irradiation is
600 and 900 (W/m2). The cell temperature with the
absorber increases more than in the morning due to
the efficiency of the absorber. The difference in area
temperature with and without absorber reaches
16.8°C before noon. In other words, when the solar
irradiation reaches a peak, the absorber can cool down
by about 16.8°C. As can be seen in Figure 11, the
presence of an absorber can cause a change of about
15 degrees Celsius in the panel temperature.

lll-.-'-.......

Figure 11. cell and ambient temperature comparison

As shown in Figure 12, in the hottest state of the
system, the thermal absorber was able to lower the
cell temperature by approximately 5°C, which is
equivalent to an increase of about 2% in electrical
efficiency. At 13:00, when the panel receives
maximum irradiation, the panel temperature rises,
and the absorber starts working. On average, the
system with the absorber was able to add 12.55 volts
to the battery voltage, while without the absorber, the
average number was 12.51 volts. Modeling voltage
without the absorber from 10:00 A.M. to 1:00 P.M.
(solar noon) differed from the measured value The
importance of the damper can be seen in Figure 12.
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The modified damper can transfer more energy to the
battery.

¢ Charging voltage in the case with absorber

B Chasging voltage

n noa-gravity mode

Laboratory Dattery voltage
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Figure 12. 65 amp-hour battery charging diagram on the
day of the test with and without thermal absorber

4.3. Evaluation of results

To evaluate the results, a PV/T system was also
simulated in two open-source code software and was
calculated using Equation 38. Equation 38 uses Xsim,i
for modeling, and X+rns,i for TRNSY'S software, with
n as the data number. A PV/T system with a 60 W
panel was compared using TRNSYS software, and
results were compared to Table 3, showing an
RMSPR of 1.2%, indicating an acceptable agreement
between the results of these two approaches [44].

5 [100 x Xsimi — X7rNs,i]?
RMS = XTRNS,i
n

Table 3. Comparison and validation of TRNSY'S output

and modeling
TRNSYS software output Modeling output

Voltage Ampere Power Voltage Ampere Power
) (A) W) ™ (A) W)
25 0 0.00 24.36 0.00 0.00
24.94 0.1 2.49 24.32 0.10 243
24.87 0.3 7.46 24.23 0.30 7.27
24.8 0.5 1240 24.14 0.50 12.07
24.71 0.7 1730  24.03 0.70 16.82
24.6 0.9 2214 23.92 0.90 21.53
24.3 11 26.73 23.80 1.10 26.18
24.16 13 31.41 23.66 1.30 30.76
24.02 15 36.03 23.50 1.50 35.25
23.8 1.7 40.46 23.31 1.70 39.63
23.61 1.9 44.86 23.09 1.90 43.86
23.3 2.1 48.93 22.80 2.10 47.89
22.74 2.3 5230 2243 2.30 51.58

(38)

2005

22.09 2.5 55.23  21.86 2.50 54.64
20.86 2.7 56.32  20.63 2.70 55.69
19.94 2.75 54.84  19.85 2.75 54.59
0 2.8 0.00 0.00 2.79 0.00

5. Conclusions

This study investigated the use of spiral geometry
as an absorber using MATLAB software for both
static and dynamic modeling, including equation
solving. The dynamic simulation employed both first-
order and nonlinear partial differential equations. The
numerical simulation utilised a fixed time step of 5
minutes, with the integral of the derivatives estimated
using the area under the curve method. Following the
dynamic simulation, the system's electrical behavior
was analysed, focusing on how temperature reduction
affects the output voltage and current from the panel,
the battery input, and the load. The study assumed an
ambient temperature of 35°C and examined the
energy balance. The results indicated that the
absorber performed effectively when the temperature
remained below the design point ambient
temperature. In conclusion, the study evaluated the
system's performance at high and low temperatures
under both static and dynamic conditions. The study
conducted dynamic modeling of the flow at a lower
ambient temperature, i.e. 34°C, resulting in a cell
temperature of 58.5°C without the absorber and 53°C
with the absorber. The electrical efficiency was found
to be 7.4% without the absorber and 9.2% with the
absorber. According to the outcome of the static flow
modeling, the absorber's electrical efficiency can
range from 7.5% to 10% in environments where the
temperature is below 35°C (i.e., 33°C). By applying
the static model absorber, the cell temperature
decreased from 58°C to 52°C.

6. Future works

In the study, a spiral geometry having four radii was
analysed, and it was recommended that future work
explore a new geometry with a larger radius for better
performance under higher temperatures. Further
investigation will focus on pressure drop, entropy,
and system performance to contribute to current
research in this field. In addition to extending the
lifespan of solar panels, cooling them can also
significantly improve their electrical efficiency.
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Among the various cooling methods, air cooling has
become widespread due to its low cost and ease of
implementation. However, the inherent specific heat
of the air and its low thermal conductivity prevent
ideal cooling of the panels. In this context, the
development of novel geometries emerges as an
innovative approach to overcome this challenge. By
optimising the panel structure and employing creative
geometries, airflow can be guided more effectively
and heat loss can be minimised. The widespread
adoption of these novel geometries has the potential
to significantly enhance the electrical efficiency of
solar panels. This plays a crucial role in promoting
sustainable development and reducing reliance on
fossil fuels.
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Nomenclature

beginning of the channels from the
suction part [m]

A Photovoltaic cell area[m?]

A} Total area of the Tredlar and the air
channel [m?]

A" Total area of the inlet duct and the
Ttedlar [mz]

Aduct Duct area [m?]

Cp Specific heat of air [J.kg2.K™]

G Solar irradiance [W.m2]

g Gravitational acceleration [m.s?]

Hf Heat transfer coefficient (fluid
convection): [W.m2.K?]

h Heat transfer coefficient (convection):
[W. m-Z.K-l]

Id Short-circuit diode current: [A]

I out Output current: [A]

Isc Short-circuit current [A]

J Jacobi matrix

K cell Conductivity of the cell [W.m.K]

K Glass Conductivity of glass [W.m.K]

Kd Heat transfer coefficient (conduction)
[W.mtK?]

L Length of the channel [m]

LO Length of the channel [m]

miin Inlet mass flow rate [kg.s™]

NOCT [K] Nominal operating cell temperature

P Pressure: [Pa]

Pout Output electric power [W]

Rsh Shunt resistance [Q]

Rs Series resistance [Q]

Ryp The highest radial distance of the

2006

Rgown The lowest radial distance of the
beginning of the channels from the
suction part[m]

Tamb Ambient temperature [K]

T cell Solar cell temperature [K]

T Glass Temperature of the glass: [K]

Tin Inlet fluid temperature [K]

Ur Radial velocity [m.s]

ug Radial velocity [m.s]

\% Duct velocity [m.s?]

V out Output voltage [V]

Dt Width of the channel [m]

gqs- Volume heat generation rate [W.m-]

Greek letters

o Coefficient of thermal expansion: [K-
1]

a_Glass Heat transfer coefficient [W. m2.K1]

B Voltage coefficient

A cell Thickness of the cell [m]

d Glass Thickness of the glass [m]

€ Heat transfer coefficient (glass
emission) [W. m2.K*]

n Panel efficiency

u Viscosity of air [Pa. s]

T glass Heat transfer coefficient (glass
transmission)

p Density of air [kg. m®]

Subscripts

a Amb

C cell

f fan

d duct

G Glass

In inlet

Out outlet

Sc Short-circuit

S sky

T Tedlar
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