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A B S T R A C T

In this article, an innovative cooling system for photovoltaic panels is presented. This system uses the Seebeck
effect to generate electricity. The proposed device differs from existing photothermoelectric systems by means of a
compact, efficient and space-saving apparatus.

In fact, in the proposed device the thermoelectric generator is integrated in the heat exchange system since the
thermoelectric effect takes place inside the heat exchanger and only a small part of the removed heat is used to
create the required temperature difference. A preliminary numerical analysis of the thermoelectric behaviour of
the proposed device under different geometrical and fluid-dynamic conditions is also presented. For a standard
photovoltaic panel of 100 � 125 cm the proposed cooling system allows an increase of almost 15% of the
electrical power converted by the cells. Moreover, the exploited Seebeck effect provides an electrical power
(ranging from 61.2 to 71.2 W in the studied cases) that is respectively 10.9 and 1.33 times the power required for
forced ventilation. The maximum system electrical power reachable, using commercial inorganic thermoelectric
materials, considering all electrical power gains and losses is next to 300–310 W/m2.
1. Introduction

Over the last decade, several techniques have been studied to increase
the conversion efficiency of solar panels. The energy converted by
photovoltaic cells can be increased by keeping their surface temperature
at a low value. Various cooling systems have been designed for this
purpose. Some of them disperse the heat removed by the cells into the
environment [1,2], others transfer it to a heat transfer fluid (usually
water) which makes it available for different uses [3–8]. However, in
many applications the thermal power removed by the photovoltaic cells
is not directly exploitable and it is more convenient to disperse it into the
environment, since the only energy required is electrical one. In these
cases, the conversion efficiency can be increased by exploiting thermo-
electric effects. In particular, several systems have been designed which
exploit Peltier or Seebeck effects. Chein [9] focused on applications of the
thermoelectric cooler (TEC) in electronic cooling. The temperature of the
cold side (Tc) and the temperature difference between the cold and hot
sides of the TEC (ΔT ¼ Th–Tc, Th ¼ temperature of the hot side of the
TEC) were used as parameters. The results indicated that the cooling
capacity could be increased by increasing Tc and decreasing ΔT. Zhang
[10] conducted a performance analysis study of the thermoelectric cooler
(TEC) for high-power electronic packages such as processors. The results
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of the analysis show that significant thermal improvements can be ach-
ieved based on optimised currents and cooling configurations. Pourkiaei
[11] and Zhao [12] presented reviews on the state of the art and future
applications for thermoelectric cooling devices and thermoelectric gen-
erators focusing on the growing interest in TEC technology. Shittu's re-
view [13] on solar photovoltaic cooling and TEC integration emphasises
that the combination of photovoltaic and thermoelectric generators
would allow the use of a wider solar spectrum and provide higher per-
formance, but the integration of both systems is complex due to their
opposing characteristics. In photovoltaic panels cooled by systems
exploiting the Seebeck effect (as described by Teffah [14] and Shittu
[15]), the thermoelectric cooler (TEC) is usually placed between the cells
and a finned heat sink (Fig. 1a). In this way, all the heat removed passes
through the TEC, causing a temperature drop between the cells and the
heat sink. Therefore, the lower the temperature drop, the better the ef-
ficiency of the photovoltaic cell, but conversely, the lower the efficiency
of the TE. Enescu's review [16] concludes that the integration of the TEC
device with PV cells can have two positive consequences: improving the
power capacity of PV modules and increasing the electrical efficiency of
the PV system. The transient power generation and efficiency of a
CPV-TEC hybrid system was studied by Mahmoudinezhad [17]. The re-
sults showed that with increasing solar radiation, the power generation
from CPV and TEC increased. Kiflemariam [18] numerically analyses the
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Nomenclature description

Lt Total length
Wt Total width
Ht Total height
da Aluminum sheet thickness
Ll Leg cross section in length
Hl Leg height
p Pitch
nl Number of legs in length
nw Number of legs in width
Ln Length of legs network
Wn Width of legs network
Nt Number of thermocouples
M Module Rows
Tref Hot side cell temperature
Sr Sensitivity ratio
u Inlet velocity
q Heat flux
Pv Ventilation power
Pe Thermoelectric power
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performance of the not fully integrated
thermoelectric-thermophotovoltaic (TEC-PVT) system. It is realised that
having a higher concentration ratio results in higher energy production,
while increasing the heat transfer coefficient by convection between the
external surfaces and the atmosphere and lowering thermal resistance
between the photovoltaic cells and the TEG, helps to keep the tempera-
ture of the PV at an optimal level. Li [19] studies the optimal thermo-
electric geometry to achieve a good performance for a photovoltaic
thermoelectric device (PV-TEC) and a solar thermoelectric generator
(STEC) obtaining that the best thermoelectric geometry in a hybrid
PV-TEC device depends on the type of PV cell and this is different from
that of STEC under the same conditions. The latest research on heat
sink-cooled PV-TEC systems has confirmed an increase in electrical ef-
ficiency over the same area, but low thermal efficiency and high instal-
lation and operating costs. All recent research and market solutions
[20–24] present separate heat exchangers and thermoelectric generators
and the heat removed from the photovoltaic cells passes entirely through
the thermocouples. This leads to a reduction in the exchange efficiency
(if a high temperature difference between the thermocouples is designed)
and a reduction in the Seebeck effect (if a low temperature drop in the
thermocouples is designed). Alternative solutions also present cooling
systems for a photovoltaic panel comprising a plurality of Peltier cells
having a first face in contact with the photovoltaic cells and a second face
in contact with a heat exchanger (in this case, fins), which exchanges heat
with a fluid. Such systems require electrical connections to be made by
cable. Furthermore, since they consist of a first layer of Peltier cells and a
second layer of cooling fins, they are very costly, heavy and bulky.

2. The innovative cooling system

In this paper we propose an innovative cooling system (Fig. 1b), that
allows on the technical and production side a significant simplification of
the solar cell cooling and thermoelectric conversion technology using the
Seebeck effect by integrating the heat exchanger with the thermoelectric
2

converter. The heat exchanger also acts as a support for the cells. The
main innovative aspects of our technology therefore concern the inte-
gration between the heat exchanger and the thermoelectric generator,
the independence between heat exchange efficiency and thermoelectric
generation efficiency, because only part of the heat removed from the
panel passes through the thermocouples, and the use of a system of joints
to make the electrical contacts with a consequent simplification of con-
struction and installation. In addition, the apparatus can be made ac-
cording to a modular structure so that it can be easily adapted to different
sizes of photovoltaic panel. Finally, the patented apparatus, besides being
useful for cooling the solar panel and increasing its efficiency, also has
the advantage, when mounted on the roof, of acting as a thermal insu-
lator for the roof itself. The core of the TEC/heat sinkmodule consists of P
and N doped thermoelectric legs joined together by means of pressure
joints, in order to construct thermocouples that are more compact and
easier to build and assemble. In addition, the integrated TEC cooling
system acts as a pport for the solar panel. It also adapts to different needs
thanks to its modularity.

In the following, the TEC cooling system is described in detail and a
preliminary numerical analysis of its thermoelectric behaviour is
presented.

3. Integrated TEG apparatus

The integrated module (Fig. 1-b) consists of a sandwich between two
thick aluminium sheets of thickness da and a TEC core. The PV side foil is
coated on the bottom aluminium surface with a layer of elastic electrical
insulation material with high thermal conductivity. The plate on the
opposite side is coated on the upper surface with the same thermally
conductive and electro-insulating elastic material. The external module
dimensions are Lt x Wt x Ht. The legs network dimensions are Ln x Wn
with the pitch p defined as the space between P and N type doped legs
surfaces. A series of M row of couple of legs in length and Nt columns of
couple of legs in width makes up the TEC module core composed of M x
Nt thermocouples, being each couple of legs of two different conductive
or semiconductive materials. The thermoelectric materials are joined
together by means of pressure joints. For this analysis we consider
commercial inorganic thermoelectric materials of P and N types semi-
conductors such as Bi2Te3 (Bismuth Telluride) and PbTe (Lead Telluride).

4. Numerical model

A finite steady-state model was developed to numerically simulate the
performance of the integrated PVTE module, bounded by the inlet and
outlet faces and the thermally insulated ones (Fig. 3). Let Lt be the dis-
tance between the inlet and outlet planes in the y direction, Wt the dis-
tance between the side planes in the x direction and Ht the height of the
simulated module. The section of the domain studied in the planes
normal to the x and y axes is shown in Fig. 2. The numerical boundaries
adopted are the pressure inlet and outlet velocities, the insulation at the
side walls and the bottom surface, the heat flux equal to 800 W at the
front surface (Fig. 3). The governing equations that analyse the behaviour
of the integrated thermoelectric and fluid dynamic device are the equa-
tions of continuity (1), momentum (2), heat flow (3) and continuity of
electric charge (4):

∂ρ
∂t þ

∂ðρuÞ
∂y ¼ 0 (1)

∂2u
∂y2 þ

∂2u
∂x2 ¼

1
μ

�
∂p
∂yþ

∂p
∂x

�
(2)



Fig. 3. Boundary conditions.
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þr!� q!¼ Qt (3)

r!�
 
ε
∂E!
∂T

!
þr!� J!¼ Qe (4)

where ρ is the fluid density, μ is the dynamic viscosity, u is the fluid
velocity, p is the generalised pressure, T is the temperature, E is the
electric field, q is the heat flow, J is the electric current density, Qt is the
internal heat generator, Qe is the electric charge, C is the heat capacity
and ε is the electric permittivity. The current density J (6) is generated by
a coupling of reversible Seebeck effect and irreversible Joule effect:

J
!¼ σ E

!� σSr!T (5)

The heat flux q is generated by couple effect of reversible Peltier and
irreversible Fourier effect:

q!¼ π J
!� kr!T (6)

where π is the Peltier coefficient, k is the thermal conductivity, σ is the
electrical conductivity and S ¼ V/ΔT is the Seebeck coefficient (V is the
electric potential). The electric field can be derived from the scalar
electric potential φ as:

E
!¼ � r!φ (7)

5. Results

A wide range of geometrical parameters (Ll, Wl and p) in the defined
analysis intervals was numerically studied for the proposed device. Due
to technical and operational production limitations, the final choice
could be made on higher values of leg width and length. The parameters
Fig. 1. a State of the art PV-TEG m

Fig. 2. Integrated module s
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of a reference geometry for a module of 1.4� 1.4 cm are given in Table 1.
Fig. 4 a-b, 5 a-b and 6 a-b show the velocity, temperature and pressure
distributions obtained for inlet cross-flow velocities(u) equal to 1 and 3
m/s and heat flux applied to the upper surface equal to 0.1568 W cor-
responding to 800 W/m2 (irradiance on PV cell surface).

For the geometry considered, the difference between the temperature
of the cooled surface and that of the incoming air is 50.45 �C (u¼ 1 m/s)
and 48.7 �C (u ¼ 3 m/s), while the electrical potential difference ob-
tained is 0.46 V (u¼ 1 m/s) and 0.52 V (u¼ 3 m/s). The pumping power
odule b Integrated apparatus.

ection views (X-Z, Y-Z).



Table 1
List of parameters.

Parameters Value Unit

Lt 14.1 mm
Wt 14.1 mm
Ht 7 mm
da 0.3 mm
Hl 6.2 mm
nl 6 –

nW 12 –

Ln 12.5 mm
Wn 12.8 mm
Q 800 W/m2

Ll 0.75 mm
Wl 0.15 mm
P 0.8 mm
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Pv required to move the air is 0.001092 W (u ¼ 1 m/s) and 0.0105 W (u
¼ 3 m/s). It has been calculated as Pv ¼ dP⋅u⋅A, dP being the pressure
drop on the module, u the velocity, and A the area of the section. The
electrical output power of the module Pe is 0.012 W (u ¼ 1 m/s) and
0.014 W (u ¼ 3 m/s). It was calculated as Pe ¼ V⋅I, V being the electrical
Fig. 4. a 2D x-y velocity distribution (u ¼ 1 m/s

Fig. 5. a 2D x-z temperature distribution (u ¼ 1 m/s

4

potential of the module and I ¼ J⋅A being the current for a single TEG
element relative to the two semiconductors, J being the current density
and A being the cross-sectional area. In order to evaluate the influence of
the geometrical parameters on the device performance, some geometry
variations with respect to the reference case have been considered.
Fig. 7a-b-c and Fig. 8 a-b-c show the electric potential difference obtained
numerically between the ends of the TEG module by varying the
geometrical parameters Ll, Wl and p for input speeds of 1 and 3 m/s. The
values of the parameters are given in Table 2.

It is evident that by increasing Ll, the potential difference decreases.
Furthermore, by increasing Wl the potential difference decreases, while
by decreasing p the potential difference increases.

Fig. 9 shows a comparison between the electrical power converted by
PV cells without a cooling system (only natural convection from the top
and side surfaces) and with the integrated cooling system.

An innovative thermocouple (Fig. 10) based on a new polymeric
thermoelectric material (PEDOT) has been under simulated (u¼ 3 m/s; p
¼ 0,8 mm):

The reliability of the numerical results obtained was then assessed by
means of a sensitivity analysis (Fig. 11). As the mesh was progressively
refined (Table 3), we discontinued the procedure when no significant
differences were assessed on the reference output parameter (potential
difference).
) b 2D x-y velocity distribution (u ¼ 3 m/s).

) b 2D x-z temperature distribution (u ¼ 3 m/s).



Fig. 6. a 2D x-y pressure distribution (u ¼ 1 m/s) . b 2D x-y pressure distribution (u ¼ 3 m/s).

Fig. 7. a-b-c Electric potential distribution (u ¼ 1 m/s).
Fig. 8. a-b-c Electric potential distribution (u ¼ 3 m/s).
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Table 2
Geometrical parameters.

Ll Wl 0.00075 0.001 0.00125

a) p ¼ 0.8 mm (Nt “columns”, M “rows”)
0.00015 Nt ¼ 12; M ¼ 6 Nt ¼ 12; M ¼ 5 Nt ¼ 12; M ¼ 4
0.0002 Nt ¼ 11; M ¼ 6 Nt ¼ 11; M ¼ 5 Nt ¼ 11; M ¼ 4
0.00025 Nt ¼ 11; M ¼ 6 Nt ¼ 11; M ¼ 5 Nt ¼ 11; M ¼ 4

b) p ¼ 0.9 mm (Nt “columns”, M “rows”)

0.00015 Nt ¼ 11; M ¼ 6 Nt ¼ 11; M ¼ 5 Nt ¼ 11; M ¼ 4
0.0002 Nt ¼ 10; M ¼ 6 Nt ¼ 10; M ¼ 5 Nt ¼ 10; M ¼ 4
0.00025 Nt ¼ 10; M ¼ 6 Nt ¼ 10; M ¼ 5 Nt ¼ 10; M ¼ 4

c) p ¼ 1 mm (N “columns”, R “rows”)

0.00015 Nt ¼ 10; M ¼ 6 Nt ¼ 10; M ¼ 5 Nt ¼ 10; M ¼ 4
0.0002 Nt ¼ 10; M ¼ 6 Nt ¼ 10; M ¼ 5 Nt ¼ 10; M ¼ 4
0.00025 Nt ¼ 10; M ¼ 6 Nt ¼ 10; M ¼ 5 Nt ¼ 10; M ¼ 4

Fig. 9. Electric efficiency (PV panel).

Fig. 10. Electric potential distribution (PEDOT).

Fig. 11. Mesh sens

Table 3
Mesh parameters.

Mesh 1
(Size)
[mm]

Mesh 2
(Size)
[mm]

Mesh 3
(Size)
[mm]

Mesh 4
(Size)
[mm]

Mesh 5
(Size)
[mm]

Max element
dimension

1.42 1.08 0.743 0.511 0.292

Min element
dimension

0.255 0.135 0.054 0.0219 0.00287

Max growth
ratio

1.5 1.45 1.4 1.35 1.3
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6. Conclusions

In this work, a modular cooling system for photovoltaic panels has
been proposed, which also increases the electrical power output by
exploiting the Seebeck effect. A reference configuration of the geomet-
rical parameters of the cooling system suitable for practical applications
was identified, with respect to which the effect of changing certain pa-
rameters was investigated. For a standard photovoltaic panel of 100 �
125 cm (i.e. 7 � 9 modules) the proposed cooling system allows an in-
crease of almost 15% of the electrical power converted by the cells
(Fig. 9). Moreover, the exploited Seebeck effect provides an electrical
power (ranging from 61.2 to 71.2 W in the studied cases) that is
respectively 10.9 and 1.33 times the power required for forced ventila-
tion. The best analysed operating choice is u ¼ 1 m/s. The maximum
system electrical power reachable, for inorganic commercial thermo-
electric materials, considering all electrical power gains and losses is near
to 300–310 W/m2.

The results presented were obtained considering materials such as
itivity analys.



G. Fabbri, M. Greppi Results in Engineering 11 (2021) 100240
Bi2Te3 (Bismuth Telluride) and PbTe (Lead Telluride), which are
currently used in thermoelectric generators. Greater increases in photo-
voltaic panel performance will be achieved with the proposed modular
cooling system, which uses thermocouples made from innovative mate-
rials that are now being studied. Thermocouples made from nano-doped
organic materials (despite some technical production limitations to be
fixed), due to a higher ZT (figure of merit) value, could not only provide
increases of up to 15% in the electrical power converted by photovoltaic
cells but also thermoelectrically generate up to 100 W for a standard 250
W photovoltaic panel (Fig. 10).
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