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The main objective of this work is to study a photovoltaic/thermoelectric
hybrid generator system, ranging from characterisation of thermoelectric
(TE) and photovoltaic (PV) modules basic elements of thermal and PV
energy conversion into electrical energy through necessary modelling steps.
The bibliographic study allows TE and PV generation to be positioned in the
current context, by presenting their history and evolution. In some sectors,

Keyword: this technology has already matured. For example, in the space sector, the

scientific activity seems to show an acceleration in hybrid systems
Photovoltaic development in the solar field. This research field remains completely open,
Thermoelectric as evidenced by the multiplicity of technological solutions implemented. A
Hybrid Energy significant part of this work has been to develop generic energy models of
Temperature various modules (PV and thermal) for a multi-source generator design, based

on experimental tests and existing technologies. In addition, a methodology
for sizing optimisation of such generator was proposed by considering
surface or volume criteria, number of thermoelectric generator (TEG)
modules and temperature gradient.
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1. INTRODUCTION

The global solar field finds that deserts are efficient for PV system installation due to high radiation.
Nevertheless, they are characterised by their higher temperature values compared to the critical temperature
of a well-functioning PV system. It is essential to understand the temperature changing effect of a PV cell on
the characteristic of | = f(V); the current only increases marginally with the increase in temperature.
However, the temperature has a strong negative influence on the PV cell open-circuit voltage [1]. When the
temperature increases, the open-circuit voltage decreases. Therefore, the maximum power of a decreasing
generator will also decrease due to the rise in PV cell temperature. In industrial fields, thermal energy that
appears in tools and industrial systems is considered as a loss that affects performance, therefore, the goal is
to compensate for or recover the loss. Thermoelectric (TE) is a physical phenomenon characteristic of some
materials contributing to green energy conversion [2], [3]. A TE material can directly convert heat into
electricity by using thermoelectric generator (TEG) [4] or by moving calories via an electric current
(thermoelectric cooler (TEC)) [5]. PV panels that are subject to high irradiation will lose their effectiveness
because the surface, which receives radiations, can reach temperatures of up to 60-80 °C [6]. To reduce
temperature, cooling systems were integrated, as reviewed by [7] and designed by [10], but the systems
consumed the energy produced by the PV panels. Recent research has shown that TE modules can be
integrated at the rear of solar panels to increase the amount of energy produced [5], [8], [9], [10], [11], [13].
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Therefore, the main idea of this work is to study electrical energy generated by PV cells with and without
TEG.

2.  RESEARCH METHOD

PV energy efficiency decreases when temperature increases [14], [15]. In this work, a multi-source
generator was studied; from production to consumption, in view of dimension optimally, on a point or on a
given operating cycle, according to size criteria and energy produced. Therefore, a major contribution of this
work consisted of the establishment of generic design templates (generators) based on the existing
technologies (PV and TE). Figure 1 shows the schematic diagram of the hybrid PV/TE system.

Solar irradiation

Cover Glass — 1
PV Cell —
Conductive plate
Heat Sink

Load resistance

Figure 1. Schematic diagram of a hybrid photovoltaic/thermoelectric system

In high solar radiation, the surface temperature of PV panels can reach up to 80° C, which in turn,
decreases PV cells efficiency. The idea is to exploit this high temperature by placing TE modules on the back
side of the PV modules so that high temperature can reach the TE modules on both sides under ambient
temperature. By definition: the Seebeck effect, where current will be generated.

As can be seen in Figure 1, solar radiation reaches the PV panel after crossing the cover glass, then a
conductive plate transfers heat energy from the PV panel to the TEG hot side. A heat sink removes heat from
the TEG cold side. PV cell output has a relationship with irradiation and temperature. Conversely, the TEG
output energy is matched directly with temperature gradient (AT), where AT= Thot -Tcoid. In this case, by
assuming thermal losses between the PV cell and the conductive plate are negligible; Trho= Tcen, also
Teold=Tamb, Where TH and TL are the TEG hot and cold side temperatures, respectively, and TC and T ams are
the PV cell temperature and ambient temperature, respectively. Electrical energy outputs generated by PV
and TEG are matched directly together to load resistance.

2.1. Solar Harvesting Model

An electrical circuit with a single diode (single exponential) was considered as the equivalent PV
model. Figure 2 shows the equivalent diagram of a PV cell under illumination. The PV cell corresponded to a
current generator, Iph connected in parallel with a diode. Two parasitic resistances were introduced to this
scheme, namely Rseries and Rshunt.
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Figure 2. Equivalent diagram of a PV cell under illumination
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The mathematical model for the current-voltage characteristic of a PV cell is given by (1) [16]:

Vpv+Ipv R

lev=lp-lsat [exp (- —)-1] (€
Where, lIsat is the saturation current, K is the Boltzmann constant (1.381x10-23 J / K), Ipv is the current
supplied by the cell. when it operates as a generator, Vpv is the voltage at the terminals of the same cell; Iph
is the photocurrent of the cell depending on the illumination and temperature or short-circuit current, ns is the

number of PV cells in series and Vt is the junction terminal thermal voltage (V) expressed as follows:

KTc

Vt:
q

@

Tc is the effective cell temperature in Kelvin (K) and q is the charge of the electron (q = 1, 6 10-19 C). When
Rs is very small, it can be neglected. The “Ipv Rs” from (1): the output PV cell power is expressed as:

Pov=Vov I pv =V lph- Vi lsat [exp (I:/Sp\‘,lt )-1] )

Electrical efficiency is the relation between maximum electrical power provided by Ppv cell and incident
solar power. It is given by:

n= g * 100% ()
Where, G is the solar energy irradiation (W/m?) and A is the area of the PV panel (m?).

2.1.1. Thermal Harvesting Model

Basically, thermal energy can be harvested by a solar collector. Moreover, harvesting PV cell
thermal energy by using TEG can improve PV cell electrical energy performance, i.e., PV cell output
efficiency. Characterisation makes it possible to study the electrical properties of a module as a function of
temperatures of each face. To fully characterise a TE module, it is therefore necessary to obtain the evolution
of no-load voltage and the internal resistance (R) as a function of several parameters. The generator is able to
deliver the output voltage and it is essential to design the flow path of heat to create a periodic temperature
difference between the hot and cold junctions of the thermoelectric. Figure 3 shows the equivalent electric
diagram.

Figure 3. The equivalent diagram of a TEG

Based on the Seebeck effect, the open-circuit voltage (Voc) of a TEG enclosed in a thermal energy
harvester, which composed of n thermocouples connected electrically in series and thermally in parallel, is
expressed as follows:

Voe=S AT=n o (Ty-TL) 5)

Where, S and a are the Seebeck coefficients and n is the number of thermocouple. ATteg oOver the junctions
of TEG is lower than the temperature gradient, AT=TH —-TC.
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TEG output Courant is expressed as follows:

Irge = n a(TI-;— TL)-VTEG (6)

S,TEG
The electrical power Prec(Vrec) harvested by TEG is derived as a function of its output voltage (Vtec)
expressed as:

I (Ty-Te)-V?
Prge (Vrgg) = TR == R:ITEGC = )

2.1.2. Hybrid Harvested Energy Model

From the literature [19], the terminals output voltages of a solar panel and the thermal energy, Vev
and Vveg, respectively, are directly related to the load and each source is related to diodes DPV and DTEG to
ensure that current flows in one direction only. An overview of the equivalent electrical hybrid energy circuit
is shown in Figure 4.

Figure 4. Hybrid system PV/TEG equivalent circuit

The maximum power generated by the hybrid system (PV/TEG) can be calculated as follows:
Pryy (Vr) = |Pey (Vpy)| + |Prec (Vree)| (8)
From [17], the maximum output energy can be calculated as follows:

VRL VocTEG — VZRL (9)
RsTEG

Pryp (Ver) = |Ver Isepv| — |VRL I [exp(%)] | +

3. RESULTS AND ANALYSIS

In this session, a multi-source generator was studied in its entirety, from its production until
consumption, in the optic of optimal dimensioning, on a point or on a given operating cycle and according to
size criteria and energy produced.

3.1. Simulation Of A Photovoltaic-Thermoelectric Hybrid System

The following study will focus on the optimisation of a PV/TEG hybrid system. The objectives are
as to design a digital model with MATLAB for a hybrid PV system coupled with TEG. This model will have
to be validated with theoretical models or results from the literature, with an experimental bench. In addition,
this work will perform system optimisation according to several parameters. The objectives to be optimised
can be considered alone or in groups. The results will be analysed and commented.

3.1.1. Simulation Of A Photovoltaic Generator

To validate the physical model, a first analysis was done to simulate the mathematical model of the
PV generator. This model was already developed in MATLAB programming language. Then, it was
validated by the experimental data on the PV generator through tests performed in a laboratory. The PV
generator consisted of a module containing one cell connected in series. The generator surface was 49 cm?,
The normal operating temperature (Tc) was 27 °C. The simulation result with series and parallel resistors
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values, Rs = 0.000051435 Q and Rsh = 5x10° Q, respectively, and solar irradiation of 950 W/m? are shown
in Figure 5.

Power (W)
(=] (=} (=]
=) o o
E 3 =
T

o

o

e}
T

o

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Voltage (V)

(=1

Figure 5. The Characteristic Ppy = f (Vpv)

PV arrays are inherently nonlinear sources that require a good estimate on the optimum point of
operation for real-time control. This power varies according to climatic factors such as temperature and
irradiation. The curve characteristic will introduce different rates depending on temperature. The open-circuit
voltage will decrease when the temperature increases, in contrast to the short-circuit current. The change in
no-load voltage is almost compensated for by the variation of the short-circuit current.

3.1.2. Simulation Of A Thermoelectric Generator

To evaluate the analytical model of a TE module, MATLAB simulation of the equivalent electrical
model was performed with a load resistance connected at the output of the TE generator. The simulation was
carried out for a module composed of 127 thermocouples containing the Seeback coefficient, o= 0.00049
mV/k with internal resistance of 5.8Q and temperature gradient of 13.18 °C. According to Figure 6, to
improve module efficiency so that the system overall efficiency was higher, voltage (V) was increased (half
of the open-circuit voltage corresponding to the TE maximum power).
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Figure 6. Characteristic of Prec = f (V1ec)

3.1.3. Simulation Of A Pv/Teg Hybrid System

To illustrate the thermal and PV energy coupling of a hybrid system recovering the heat of the panel
and electrically connected to a PV cell, Figure 7 shows the power curves of PV module, TEG module and the
hybrid system. Depending on the voltage, maximisation of the hybrid system output power can be noticed.
The curves were plotted with the previously defined parameters.

Power (W)

0 02 04 06 08 1 1.2 1.4 1.6 1.8 2
Voltage (V)

Figure 7. Power characteristics of hybridisation as a function of VRL
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Figure 7 shows the hybrid energy from both PV and TEG, and a summation curve. The open-circuit
voltage of the TEG was smaller than the PV cell because of the temperature gradient applied to the TEG.
Accordingly, hybrid energy is the sum of two generated energies from PV and TEG and the overall electrical
energy is similar to the PV energy after the interval of the TEG voltage.

3.2 Practical Validation With Comparison Results

This section presents the configuration for both structures and the two experiments performed to
maximise energy of PV cell from the hybrid system. The experimental tests were prepared and carried out in
a laboratory. The measurements taken by the two configurations are presented as follows:

3.2.1. PV Cell

The experimental results made it possible to validate the analytical model of power as a function of
voltage. The results are shown in Figure 8.

~ 0.06 ®
g x
8 x
E simulation ®
~0.02 ®  Practical data
02 04 06 08 1 1.2 14 16 18 2
Voltage (V)

Figure 8. Simulation and experimental characteristic of Prec = f (V1ec)

It should be noted that the increase in the short-circuit current was much greater than the increase in
the open-circuit voltage, since the short-circuit current (Isr) was a linear function of the illumination and the
open-circuit voltage (Voc) was a logarithmic function. Moreover, the power delivered by the PV generator
depended much more on the variation of illumination than the variation of temperature.

The experimental study allowed calculation of maximum power of PV module and optimal point of
model operation either under the influence of temperature, illumination or both. Comparison between the
practical measurements and those of the power-voltage simulation curves of the PV cell showed a good
correlation between the theoretical model and the practical data, except when the voltage was beyond 1.2V, a
small discrepancy between the practical values and the simulation can be noticed. This was mainly due to
weather conditions and imperfect measurements.

3.2.2. TEG Module

In this part, the experimental results made it possible to validate the analytical model of the
electrical power generated as a function of the voltage as shown in Figure 8.
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Figure 9: The simulation and experimental characteristic of Pteg = f (V1ec)

Based on Figure 9, it can be seen that the power generated depended closely on the TE gradient and
the Seebeck coefficient. The connection mode of the TEG system can be optimised to generate the desired
energy level. It was clear that, in order to maximise the electrical energy produced by the generator, it must
realise the system in two structures; planar and vertical, which is half of the open-circuit voltage. The
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comparison between the practical measurements and those of the power-voltage simulation curves of a TEG
shows a good correlation between the theoretical model and the practice model.

3.2.3. Hybrid Energy System

In this part, the testing of the proposed hybrid prototype was done using two generators in parallel.
Figure 10 shows the simulation and experimental characteristic of the power as a function of voltage
generated by the PV/TEG hybrid system
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Figure 10. The simulation and experimental characteristic of Pnyy =  (Vhyb)

There is a good correlation between the theoretical model and the practice model. The first
advantage of the proposed configuration is the increase in power generated compared to the conventional
technique due to the exploitation of the thermal effect. Secondly, the generated power increases with a
decrease of the PV cell surface and consequently the increase of energy density.

The objective of this research is to validate the utilisation of the exploited thermal effect to increase
PV cell efficiency. The simulation results and experimental measurements carried out in this part made it
possible to validate the analytical model proposed by the practical measures carried out in the laboratory.
Finally, the proposed model was validated.

4. CONCLUSION

In this paper, a mathematical model was established for energy maximisation. By using a hybrid
prototype (for simplicity), the power generated was multiplied by a factor of more than 75%. This effect
made possible a significant increase in the converted power. The experimental results that confronted the
theory were satisfactory for energy recovery. Finally, through a specific test bench for energy management, a
complete generation system was assessed.
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