J. Appl. Comput. Mech., 7(3) (2021) 1847-1855
DOI: 10.22055/JACM.2021.37852.3101

ISSN: 2383-4536
jacm.scu.ac.ir

Journal of
Shahid Chamran
University of Ahvaz

Applied and Computational Mechanics

Research Paper

Thermal Behavior of Monocrystalline Silicon Solar Cells: A
Numerical and Experimental Investigation on the Module
Encapsulation Materials
Ana Pavlovic1 , Cristiano Fragassa1 , Marco Bertoldi2 , Vladyslav Mikhnych3
1

3

University of Bologna (UNIBO), Department of Industrial Engineering, Via Fontanelle 40, Forlì, Italy, Emails: ana.pavlovic@unibo.it; cristiano.fragassa@unibo.it
2
University of Bologna (UNIBO), Department of Electrical, Energy and Information Engineering "Guglielmo Marconi",
Viale del Risorgimento 2, Bologna, Italy, Email: m.bertoldi@unibo.it

Karlsruhe Institute of Technology (KIT), Karlsruhe School of Optics & Photonics, Schloßpl. 19, 76131 Karlsruhe, Germany, Email: vladyslav.mikhnych@studio.unibo.it

Received June 29, 2021; Revised July 10 2021; Accepted for publication July 11 2021.
Corresponding author: C. Fragassa (cristiano.fragassa@unibo.it)
© 2021 Published by Shahid Chamran University of Ahvaz

Abstract. This research outlines the numerical predictions of the heat distribution in solar cells, accompanied by their empirical
validation. Finite element thermal models of five laminated silicon solar photovoltaic cells were firstly established using a
simulation software (ANSYS®). The flexible laminated solar cells under study are made of a highly transparent frontsheet, a silicon
cell between two encapsulants, and a backsheet. Different combinations of layers (i.e., materials and thicknesses) were taken into
account in order to analyze their effect on thermal behavior. Thermal properties of materials were derived in accordance with the
literature. Similarly, boundary conditions, loads, and heat losses by reflection and convection were also specified. The solar cells
were tested using solar lamps under standard conditions (irradiance: 1000W/m2; room-temperature: 25°C) with real-time
temperatures measured by a thermal imager. This analysis offers an interpretation of how temperature evolves through the solar
cell and, consequently, how the design choice can influence the cells’ efficiency.
Keywords: Photovoltaics, Solar Mobility, Solar Cell Efficiency, Transient Thermal Analysis, Finite Elements.

1. Introduction
In order to reduce urban pollution and global warming, electric vehicles can represent an effective and powerful option [1],
especially when their energy derives from alternative and sustainable sources [2]. An intriguing option is represented by the
emerging solar vehicles [3]: electrical vehicles powered by solar energy provided by the photovoltaic (PV) panels, typically located
on the roof [4]. Solar cars circulating on the roads can still be counted on the fingers of the hands nowadays, but there are many
sophisticated prototypes in the numerous competitions for solar vehicles worldwide [5]. Their race performance highly depends on
the efficiency of the PV panels in converting sunlight into electricity thanks to light-absorbing materials (i.e., monocrystalline,
polycrystalline or amorphous silicon, gallium arsenide, organic compounds, etc.) [6, 7]. Several factors affect the PV conversion
efficiency as reflectance, thermodynamic efficiency, charge carrier separation efficiency, charge carrier collection efficiency and
conduction efficiency. The world record for solar cell efficiency at 47.1% was achieved in 2019 by using multi-junction concentrator
solar cells [8], but, typically, values are much lower.
Many solar cars use monocrystalline silicon, with cells entirely based around the concept of a p-n junction. Monocrystalline
silicon (c-Si) technology introduces a single-crystal structure that enables electrons to move easier than in a multi-crystal
configuration. These cells are made from wafers between 160 and 240 micrometers thick, then protected by laminating them
between with a highly transparent frontsheet, two encapsulants, and a backsheet in a process called ‘encapsulation’. Everything is
made for improving the overall efficiency [9].
Theoretically, the thermodynamic efficiency limit, equal to the absolute maximum possible conversion efficiency of sunlight to
electricity, is about 86%. This value represents an approximation (i.e., Chambadal-Novikov efficiency) related to the Carnot limit
and is based on the temperature of the photons emitted by the Sun's surface. On the contrary, the real thermodynamic efficiency
limit is much lower at around 33% in the case of a single junction technology. This means that the conversion efficiency does not
exceed 12-21% in the case of commercial PV panels or up to 24.5% for high-performance single junction cells, frequently preferred
for solar race vehicles [10].
Moreover, it is largely known that the PV conversion efficiency is strictly related to the cells operating temperature [11]. For
instance, in [12] it was found that the efficiency decreases by 0.38-0.42% (i.e., relative percentage) and in [13] that the electrical
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power falls by 0.4-0.5% every 1 degree of temperature growth in the silicon cells. A conventional simplification is to consider a linear
drop in panel efficiency of 1% (i.e., absolute percentage) every 10 degrees [14]. Therefore, even marginal changes (<4-5 °C) in terms
of temperatures can clearly affect the overall performance (≈ 0.3-0.4%) and benefits can be achieved acting on the encapsulation in
terms of materials and processes. This was the technical argument that prompted the implementation of the present investigation.
For this reason, it was necessary to investigate the thermal behavior of laminates which can be known by transient thermal
simulations and proper numerical models, better when validated by experiments. Then, from the cell temperature, the efficiency
of the solar panel can be obtained thanks to empirical relationships characteristic of each type of solar cell and known with high
accuracy (±0.25%).
The state of the art also suggests recent efforts in thermal modeling of solar cells ([15]), each one characterized by its own
features, even including experiments [16] or solar cars [17]. In [18], e.g., a swarm optimization algorithm is proposed for calculating
the temperature inside the PV module merging thermal and electrical properties. Besides, the closest investigation in terms of
objectives and methods with respect to the present one is maybe [19] where the cell temperature distribution in the PV module was
estimated by applying computational fluid dynamics (CFD) and finite element method (FEM). A three-dimensional thermal model
was implemented, and the temperature distribution of the cell layer and module’s thickness direction were simulated. Among other
useful information, the temperature distribution curves showed that the silicon layer possessed the highest temperature, and that
this temperature is located near the solar cell center.
Similar approaches for investigating the thermal performance of solar cells were also proposed in [20] and [21]. Where they
differ is that the first research was focused on the high-concentration PV solar package while the second one was based on
electronic packages.
However, none of the mentioned works directly combines all specific aspects characterizing the present paper regarding the
panel (i.e., monocrystalline silicon, advanced materials for encapsulation, additional layers for structural purposes, material
alternatives) and methods (i.e., thermal transient analysis, absence of CFD dissipative effects, experimental validation). In the
current research, in fact, we first built a detailed 3D finite-element model of the monocrystalline silicon solar cells using ANSYS
software and performed the numerical analysis, then we performed experiments by infrared (IR) thermography in order to validate
the FEM model. In this process, several alternative layouts of solar panels were considered with the scope to investigate the effect
of design changes (i.e., the stacking sequences) in terms of thermal behavior and efficiency, before incorporating them on a solar
vehicle [22-24].

2. Materials
2.1. Solar cells
Monocrystalline solar cells (125X125mm, diameter 150mm, pseudo-square with rounded corners) manufactured by KPE were
considered. As technical dimensions they present wafer edge length of 125 ± 0.5mm, wafer thickness of 200~220 ± 30μm, minimum
and maximum lengths (corner to corner) of 149 and 151mm, flake type chips width and depth of 1.5 and 0.5mm, number of flake
type chips allowed ≤ 2 per Solar Cell. As electrical parameters, the selected grade (i.e., PS1) offers a conversion efficiency of 17.25%
± 0.25% and a maximum peak power of 2.56± 0.05 Wp measured with respect to standard conditions (1,000 W/m2, AM 1.5G, 25°C).
Finally, the corners of the cells look clipped, like an octagon, because the monocrystal silicon is cut from cylindrical ingots that are
typically grown by the Czochralski process.
2.2. Laminate layering
A solar panel using silicon cells is commonly made laminating:






Glass (or ETFE)
EVA
Mono (or polycrystalline) silicon cells
EVA
PET (or Glass)

The glass is used as a protecting base on which a thin ethylene-vinyl acetate (EVA) sheet is spread. This glass has a special
content (i.e., low iron) to ensure the highest transparency. Then, a first EVA sheet is positioned facing with the photosensitive side
down, before another EVA sheet is placed on the back of the cell and then there is a sheet of insulating plastic material as
Polyethylene Terephthalate (PET) or similar. Everything is laminated in a laminator (or autoclave) where, in a vacuum environment
to limit impurities and gas infiltrations, a plate placed in contact is heated up to 145 °C for about ten minutes in order to sustain
the polymerization of the EVA. Thanks to the vacuum, the EVA spreads homogeneously on the cells except for not-functional edges
while its thickness is reduced to around 10-20 m. Then, the laminate is extracted and cells are encapsulated in the way to
withstand the elements for years.
In the present case, the layout was the same except for using ethylene tetrafluoroethylene (ETFE) for frontsheet instead of glass
with the scope to reduce weight, have higher transparency and make the laminated panel flexible. A sheet of ETFE is in fact equal
to 2% by weight of an equivalent glass sheet. ETFE is a plastic polymer containing fluorine atoms with extraordinary properties
which make it exceptionally suitable as frontsheet in solar cells: it is self-cleaning, stable, with very high resistance to corrosion,
thermal excursion and atmospheric agents. Moreover, its chemical structure makes the material extremely good at allowing light
radiation to pass through, almost eliminating the phenomenon of reflection. Finally, this material also offers an insulating power,
useful to prevent electrical failures.
Regarding the manufacturing process, very little differences respect to the conventional procedures were introduced, simply
related to the fact that a laboratory autoclave was used instead of a laminator. Some phases of the process are shown in Fig. 1.
In particular, the cell layers were positioned on a glass sheet, laid in reverse order: PET, EVA, Silicon, EVA, EFTE (Fig. 1a). This
glass was introduced to provide a planar support during the autoclaving process (in a laminator this function is offered by the
machine worktable) and removed at the end. A negative pressure (1 bar) was applied by means of a vacuum bag and vacuum pump
with the dual purpose of structurally stabilizing the system and air extracting (Fig. 1b). The presence of air, in fact, would oppose
the uniform polymerization. Then, a thermal cycle (with 120° for 90min) was applied in the autoclave permitting the EVA sheets to
polymerize. Finally, after cooling (Fig. 1c) and removal from the vacuum bag, the solar panels were anchored along the edges by
adhesive (i.e., double-sided tape, cod. 468MP. by 3M) to a carbon fiber composite polymer (CFRP) panel which is intended to represent
the vehicle roof.
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Fig. 1. Solar cell manufacturing: a) layers (ETFE, EVA, Silicon, EVA, PET) positioning on a glass sheet as support for lamination (back view); b) vacuum
application (1 bar) by means of a vacuum bug and vacuum pump (back view); c) solar cells after curing in autoclave (front view).

2.3. Samples Type
The analysis involved 5 different stacking sequences (or layups), created by removing/modifying one of the expected layers
(Table 1): starting from a reference layout (1st) containing all the five conventional layers (i.e., ETFE; EVA; Silicon; EVA; PET), four
stratification changes were proposed removing the frontsheet (ETFE) or backsheet (PET) but also to halve the thickness of the
encapsulation (EVA) or distributing it only as a frame. These stacking sequences were then anchored on a CFRP plate by a frame of
double-sided tape.
2.4. Thermal properties
Following the mentioned stacking sequences, their materials’ thermal properties were found (Table 2). In some cases, especially
for polymers, properties from references are largely variable and, consequently, it was necessary to make a specific choice (e.g.,
average value) which, however, does not change the general results of the study.

3. Methods
3.1. Basics of theory
A body, as a solar panel, exposed to the sun rays, achieves a temperature higher than the environment. Its thermal equilibrium
is defined by the environmental temperature (Tenv in K), the specific heat (Qs in W/m2) and the body's absorption coefficient (ca).
In our case, shown in Fig. 2, the physical system is composed by a stratification of sheets made by different materials in a way
that it is not easy to identify the overall absorption coefficient.
Considerations and relationships describing the thermodynamic problem are as follows.
At first, it can be said that the system (i.e., the solar panel) is isolated from the bottom (i.e., the floor) so that the induction heat
exchange towards the outside is negligible. The system is therefore closed.
As second, in thermal equilibrium, the heat transmitted from the energy source (Qsource) to the body is equivalent to the heat
emitted by the body by its components of radiation (Qirr) and convention (Qconv), as formulated in eq. (1).
(1)
Both of them are functions of the body (Tbody) and environmental (Tenv) temperatures.
Specifically, while convection is proportional to the differences between these temperatures in accordance with Newton's Law,
expressed in eq. (2), irradiation follows a law of elevation to the fourth power in accordance with the Stefan-Boltzmann's Law,
expressed in eq. (3).
ℎ∙

(2)

∙

(3)

Table 1. The different layouts under investigation.
Layer

Function

Material

Thickness (mm)

1st

FrontSheet

ETFE

2nd

Encapsulant

3rd

Solar Cell

4th

Encapsulant

5th

Backsheet

6th

Adhesive

7th

Support

Layout
1

2

0.28





EVA

0.20











Silicon

0.15











EVA

0.20











PET

0.20







Tape

0.13











CFRP

2.00











 regular thickness  half thickness

3

4

5


 frame

Table 2. Physical and thermal properties of selected materials.
Materials

Density (kg/m3)

Thermal Conductivity (W/(m⋅K))

Specific Heat Capacity (J/(kg⋅K))

References

ETFE
EVA
Silicon
PET
CFRP
Tape

1730
945
2330
1350
1490
1012

0.24
0.35
148
0.275
6.83
0.19

1172
2090
700
1275
1130
2000

[25]
[26-27]
[28-29]
[30-31]
[32]
[33]
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Fig. 2. Heat transfer scheme where the radiation impacts (with  angle) on a rectangular ‘grey body’ (with a and b dimensions) in environment,
modifying its temperature. This body consists of a solar cell module, made by a stratification of different layers (EFTE, EVA, Silicon, EVA, PET), laid on
a structural CFRP panel, before its positioning on supports.

The proportionality coefficients are, respectively, the heat transfer coefficient by convection (h) and the Stefan-Boltzmann
constant (0), equal to 5.67 10-8 W/m2k), multiplied by the exposed area (A0). This area represents an orthogonal projection of the
area of the irradiated body with respect to the angle of the incoming rays () and is related to the cosine of this angle of incidence
(Lambert's cosine law). However, in the case of our experiment,  = 0 and cos () = 1, this way the entire panel area (in m2) can be
considered. Regarding the convection coefficient (h), it is connected to several physical aspects, such as the body’s geometries, the
properties of the fluid (the air), including its (eventual) motion conditions. The range of values applicable to the system under
testing is h = 2.30-2.75 W/m2k, definable using tables and parameters such as Nusselt and Grashof numbers, whose accurate estimate
can be directly delegated to the simulation code.
Using these equations, it should be possible to identify the body temperature (Tbody) by knowing the heat transmitted by the
source (Qsource) and the environmental temperature (Tenv), in our case 1000 W/m2 and 25 °C respectively, when all the other
(geometries, materials, etc.) factors are known. This temperature (Tbody) can be also measured, as done in the present work for
experimental validation.
Indeed, further considerations are necessary on that. Due to the fact that our panel consists of a stratification of different layers,
some of them transparent, it is better to specify what the temperatures in Eq. 2 and Eq. 3 really represent.
Heat exchange is ruled by the surface temperature, while the temperature change inside the body is identified by the thermal
conductivity with a thermal flux proportional to thermal gradient (Fourier's Law for heat conduction). This principle makes a
redistribution of heat which also affects temperatures in ways that depend on the thermodynamic system. In the case of a
homogeneous panel under sun exposure, e.g., a linear trend is obtained between a higher temperature on the exposed surface and
a lower one on the hidden surface (in shadow). In the case of a solar panel, it should be also considered the fact that each layer has
its own thermal conductivity, and, consequently, more complex temperature trends.
Regarding the phenomenon of diffusion, the temperature (Tbody) in eq. (2) is represented by the temperature of the outermost
layer, the one in contact with the air. This wall temperature (Twall) is equivalent to the temperature of the first layer, usually
represented by the frontsheet (except when the stacking sequence does not provide a frontsheet).
Regarding the phenomenon of irradiation, the temperature in eq. (3) normally refers to the same first layer. Nevertheless, the
two layers above the silicon (EFTE and EVA) are almost completely transparent. Thus, Twall corresponds to the temperature of the
silicon this time, which also represents the temperature measured by experiments.
3.2. Numerical models
Numerical simulations were performed in Ansys Workbench® (Ver. 2020.R2) using the transient thermal analysis. This analysis
was chosen, instead of steady state thermal analysis, with the scope to also investigate thermal changes over time. Moreover, CFD
analysis was avoided as there are no significant fluid dynamics exchanges in the system (such as, for example, in the case of the
passage of cooling air / water).
Typical thermal quantities of a transient thermal analysis are temperature distributions, heat lost or gained, thermal fluxes and
so on.
Geometry models were build using the Design Modeler Module of Ansys by stacking 7 layers of 125x125mm, each one with
proper material and thickness (Tab. 2 and 3). Specifically, five different models, one per layout, were developed. Layers were
assembled considering bonded contacts which allow the complete transmission of forces and heat. The corners have been finally
rounded off as in the real samples.
Discretization was implemented by SOLID186 by finite elements (FE). It is a higher-order solid element, defined by 20 nodes with
3 degrees of freedom (DoF) each (i.e., nodal translations x, y, z directions), that exhibits quadratic displacement behaviour. The
system discretization was performed by (up to) 198060 nodes and 27702 elements.
Conditions and hypothesis used for the numerical thermal analysis can be summarized as follows:
Whole radiance flux, equal to 1000 W/m2, impacts the panel uniformly and orthogonally.
First layer, in ETFE reflects 7% (= 70 W/m2) and absorbs 10% (= 100 W/m2) of the transmitted irradiance.
Remaining energy (= 830 W/m2) is applied as a constant heat flux on silicon cells (i.e., no application on EVA).
Silicon layer reflects 3% toward ETFE (= 25 W/m2) and absorbs all the rest (= 805 W/m2).
EVA is simplified as completely transparent matter.
Heat is transferred between the layers by conduction.
Heat transfer outwards occurs through ETFE and CFRP layers considering irradiation and convection phenomena.
When ETFE is absent (3rd & 4th layouts), reflection and transmission are performed by the silicon layer.
Emissivity, typically equal to the absorption coefficient (i.e., Kirchhoff's Law), is chosen as 0.89 for ETFE and CFRP.
Convective heat transfer coefficient with respect to the ambient temperature is 5.67 W/m2°C (eq. no wind conditions).
Material properties are here considered independent from temperature.
3.3. Experiments
During the test, different panels were heated by appropriate equipment in controlled conditions of irradiation and environment,
with temperatures measured over the entire surface. Specifically, thermal measures were done with respect to the 5 different
layouts (Table 1) in 3 samples each. Tests were performed setting these 15 laminates on cardboard supports under solar lamps (fig.
3) and measuring the real-time temperatures by a thermal imager (FLIR T440®). In this way it was possible to observe not only the
final equilibrium condition, but also the transition phase. The progressive increase of the panel temperature was detected over the
whole surface. Standard conditions were used, with an irradiance of 1000W/m2 and a measured external temperature of ≈ 24.5°C,
with changes lower than ±1.5 °C.
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Fig. 3. Images from experiments: a) mock-up; b) details of the cardboard support; c) solar cell on supports and heated; d) detail of the solar cell on
the CFRP panel.

Fig. 4. Thermal evolution as simulated in the case of the 1st layout (i.e., reference layout) and the 3rd layer (i.e., silicon cell) for t = 40, 160, 350 and
600 seconds.

Fig. 5. Thermal differences through layer, in the case of the 1st layout at steady state (t > 1.000 sec).

4. Results and Discussion
4.1. Numerical results
Numerical simulations provided the evolution over the time of the expected thermal distribution. This information is available
in each layer of each layout. For instance, fig. 4 shows the thermal evolution of a solar panel in four specific moments (t=40, 160,
350 and 600 sec.), as predicted in the case of the 3rd layer (i.e., silicon cell) of the 1st layout (i.e., reference layout). It is evident that
the temperature quickly increases (31-> 44 -> 57 -> 67 °C) towards the equilibrium value (i.e., 73 °C for t > 1.000 sec). Moreover, in
fig. 5 the thermal differences between the 7 layers are shown. The difficulty of a visual comparison is evident. This depends on the
fact that the temperatures are well uniform on the surface and, consequently, the automatic color scales do not allow to obtain
details. Therefore, comparison with respect to values (instead of color maps) was preferred.
Table 3 reports numerical results in terms of the maximum temperatures achieved in each layer per each different layout. These
values represent the steady state and highlight a not-negligible variability.
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Table 3. Simulation data: maximum layers’ temperatures with respect to the different layouts.
Layer
st

1
2nd
3rd
4th
5th
6th
7th

Function

Material

Frontsheet
Encapsulant
Solar Cell
Encapsulant
Backsheet
Adhesive
Support

ETFE
EVA
Silicon
EVA
PET
Tape
CFRP

(max-min)
Density* (kg/m2)
st

*Average Density Layers from 1 to 5

Layout

(max-min)

1

2

3

4

5

67.14
74.12
73.99
74.01
73.90
73.59
73.59

75.40
76.01
77.26
76.25
76.08
76.07

77.63
77.80
77.81
77.70
77.40
77.40

77.87
77.96
77.96
77.96
77.74
77.73

74.56
75.15
75.15
75.14
75.15
75.14

3.97
3.95
4.06
4.15
4.14

6.98

1.86

0.41

0.23

0.59

4.14

1.453

1.188

0.977

0.794

1.004

0.660

8.26
3.75

th

According to the simulation, for instance, the maximum temperature:
varies up to 4 °C between one layout and another for the silicon.
varies quite little between layers (<1 °C), although there are interesting exceptions (≈2 and ≈7 °C)
Fig. 6 provides a direct comparison between (1st – 5th) layouts in terms of maximum layers’ temperatures. It is evident, e.g., how
halving EVA thickness (4th vs 3rd layouts) provides no thermal benefit but reductions in weight (-18.7%). Finally, backsheet removal
can instead significantly reduce weight (40%), accepting a negligible temperature increase (+1 °C) of the panel (5th vs 1st layouts).
4.2. Experimental results
Experiments provided the thermography of samples over the time. For instance, in Fig. 7, the thermal evolutions in the case of
the 1st layout (i.e., reference layout) as measured at t = 40, 160, 350 and 600 sec, are reported. A probe (i.e., the cross in the center)
also provided the value of temperature in that spot. Because of the transparency of ETFE and EVA (respectively 1st and 2nd layer), it
was assumed that the measured temperatures can be referred to the silicon cell (3rd layer). This assumption is also strengthened by
the fact that, in agreement with the simulations, the differences between EVA and silicon (2nd and 3rd layers) are minimal.
From thermography several aspects can be noted:
the heat flux is not completely homogeneous (as assumed in the simulation) with a slightly higher concentration on the
left.
even if this geometrical imbalance appears minimal (<25mm), the effect is evident, with the upper left quadrant heating
up faster.
linked to this non-uniform heating, the maximum temperature moves from the center to other areas of the panel.
a difference emerges between the maximum temperature and the measured temperature at the center (≈ 5-6 °C).
the local states along the boundary conditions on the border significantly affect the thermal distribution regularity.
the cooling effect of the edge areas appears not uniform (as assumed in the simulation)
However, the effect of this non-uniformity is overcome measuring and confirming the irradiation value (1000 W/m2) at the
center.

Fig. 6. Comparing maximum layers’ temperatures in the different layouts.

Fig. 7. Thermal evolution as measured in the case of the 1st layout (i.e., reference layout) and the 3rd layer (i.e., silicon cell) a t = 40, 160, 350 and 600
sec.
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Table 4. Temperature of the solar cell at the midpoint: experiment vs simulation
Layout

1

2

3

4

5

Sample 1
Sample 2
Sample 3
Avg.
Dev.St.
Simulation

67.6
72.7
73.4

75.1
74.7
76.1

76.2
77.0
78.3

78.7
80.3
80.6

81.2
81.4
81.7

71.2
±3.2
73.2

75.3
±0.7
75.4

77.2
±1.1
77.8

79.9
±1.0
78.0

81.4
±0.3
75.5

Err%

2.8%

0.1%

0.8%

-2.3%

-7.3%

Fig. 8. Measured and predicted maximum temperatures on the silicon layer in each layout.
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Fig. 9. Thermal transient analysis for each layout: measures vs simulation.

4.3. Steady state
Experimental measures and FEM predictions in the case of steady state conditions are shown in Fig. 8. They represent the three
measured and one predicted values of temperature in the solar cell midpoint of the silicon layer (3rd layer) for the (five) stacking
sequences under investigation. These values are also reported in Tab. 3, together with average, standard deviation, and percent
error.
Regarding these values, between the most relevant aspects, it is possible to highlight:
very low variability in measures, usually within a standard deviation of ≈ ± 1°C (equal to 1.5%), up to ± 3°C (4%) in a single
case.
a range of 10 °C in the temperature on the silicon cell.
numerical outputs accurately (err. <3%) predict the average temperatures in most cases (4 layouts out of 5).
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4.4. Transition state
Experimental measures and numerical predictions in the case of transient conditions are shown in Fig. 9. Specifically, the graphs
report the maximum temperature on the silicon layer (3rd layer) for the (five) layouts.
It is evident that, with respect to every layout, the three experimental curves (one per sample) overlap almost perfectly. The
differences are limited to few degrees (°C), almost in line with the measured variations of the environmental temperature (Tenv).
Regarding the simulations, even if the curves succeed in predicting the limit values (as mentioned regarding the steady-state),
differences exist in the transient zone. Predictions seem to underestimate the ability of the system to rapidly accumulate heat,
maybe related to the fact of not being able to correctly define the thermal insulation of the layers under the silicon.

5. Conclusion
The highest efficiency in solar energy conversion is a fundamental aspect wherever photovoltaic panels are present, but it is
even more critical in the case of racing solar cars. Minimal losses in the conversion efficiency, which however remain present for
the many hours of solar racing, can cause the solar car to lose several positions in the standings, especially influencing top vehicles.
The nominal power of photovoltaic panels usually refers to standard test conditions, with a solar radiation of 1,000 W/m2, an
air density of 1.5 kg/m3 and a temperature of the photovoltaic cells of 25 °C. In many cases, however, operational temperature
conditions should be considered since the thermal coefficients of the panels can vary considerably. In the case of silicon panels,
for instance, this change reaches the highest value between all different technologies, up to 0.5% /°C. It means that the efficiency
of the panel can be reduced by 5% every 10 °C of temperature over the standard 25 °C. Therefore, in the presence of cell temperatures
of 60°, the drop with respect to the nominal power values can reach up to 17-18%.
Here the goal was to improve performance by maximizing thermal dissipation thanks to proper design solutions, involving both
the aspects of materials selection and layer thicknesses, for encapsulating monocrystalline silicon solar cells. In this numericalexperimental study, five functional stratifications of monocrystalline silicon cells were made and compared through a transient
thermal analysis, validated thanks to experimental temperature measurements.
These results are very promising with a good prediction of temperatures in stationary conditions (less so in transient ones). In
some cases, an extreme accuracy was obtained with errors of the order of 0.1-0.8%. Even when lower (7%), the accuracy is enough
for an appropriate model utilization.
This kind of information allows finding the right compromise in the cell layup design between the lowest temperature on the
cells able to guarantee the highest conversion efficiency and the structural lightness, which cannot be reduced at will, given the
functional purposes of each material layers. For instance, it was possible to conclude that a remarkable design option consists in
the removal of the last layer (i.e., PET backsheet) to significantly lighten (-40%) the solar panel. This is possible only if the panel is
properly inserted in the vehicle design [34, 35] considering a convenient support and protective structure.
The aim of the work, however, was not so much to choose the best one among the specific construction hypotheses of the
photovoltaic modules investigated here, but above all to set up an efficient numerical model for solar cell design. Thanks to this
new validated model, in fact, it is now possible to easily investigate the behavior of the alternative solar panels in conditions closer
to the ones expected from reality. In this sense, different and more complex boundary conditions are awaited [36] in the case of the
solar vehicle such as: the true three-dimensional geometry of the roof, the angle of incidence of the sun in its different positions,
the presence of EV modules side by side, air speeds while the vehicle is moving [37]. Moreover, in terms of vehicle design
optimization, the new numerical model allows to verify the effect of aspects such as the use of different geometries and materials
in the solar panel housing structure, as well as the actual usefulness of different passive and active cooling hypotheses proposed
by the designers.
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