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Abstract: Photovoltaic-thermal panels (PVT) have been widely studied in the last years and have
proved to be a technically viable and profitable solution. This work analyses the integration of a
set of thermoelectric generators (TEG) inside these panels in order to obtain additional power. The
thermoelectric material takes advantage of the temperature gap between the hottest part of the system,
the output flow from the collector, and the cold water feeding the solar system. An experimental
test bench with a PVT having integrated TEGs and the same PVT in parallel without TEGs was
mounted to compare both devices. The corresponding CFD simulation was also carried out to
better understand the temperature map in the arrangement. Both experimental and computational
results show that the manufacture of the panel with integrated TEGs should be carefully studied
before becoming a commercial product. They also gave some guidelines for the improvement of the
prototype in this integrated product.

Keywords: photovoltaic-thermal hybrid panels; thermoelectric generators; ansys-fluent; experimen-
tal results; numerical simulation

1. Introduction

The search for the diversification of generation sources and the increase in the percent-
age of participation of renewable energies, together with the saving and rational use of
energy, are the axis for sustainable energy planning in a decarbonized future. The climatic
change affects all countries of the entire world nowadays. Levels of carbon dioxide (CO,)
and other greenhouse effect gases hit a record in 2020 [1]. Consequently, air and water
temperature are increasing, the amount of ice and snow is decreasing, and the ocean level
is growing up. According to experts, the climatic change effect in the environment could
have fatal consequences. The Paris Agreement [2] is the first global climate change accord
that looks to reduce global emissions by changing energy consumption and production
policies. The employment of renewable source energy and policies that promote energy
efficiency will help achieve the accorded objectives in this agreement.

Total energy consumption in the residential sector supposes 25% of the total con-
sumption in Europe [3]. Furthermore, the residential and tertiary sectors consume 60%
of the electricity employed in the EU. The use of solar energy as a source of renewable
energy in these sectors is a great alternative. Solar hybrid photovoltaic and thermal panels
(PVT) can provide electricity and thermal energy by solar irradiation in a single device.
Massive implementation of this technology would contribute to the reduction of energy
consumption in buildings. PVT panels can be installed in almost any location on the roof
of the construction. The generated electricity can be self-consumed, stored in batteries,
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or sold to the grid. Thermal production of hybrid panels is in the form of hot water that
can be employed for different purposes such as domestic hot water (DHW) production,
space heating, and refrigeration by adsorption or employing a heat pump.

A way of increasing the electricity production of PVT panels is the inclusion of ther-
moelectric generators (TEG) inside it. These devices, through Seebeck’s effect, produce
electricity from a gradient of temperature. The composition of TEGs is an essential factor
in achieving a maximum conversion of thermal energy into electricity [4]. It is possible
to find three types of thermoelectric generators in the market: high, medium, and low-
temperature ranges [5]. Low-temperature range devices have a range work temperature
between 25-125 °C, with a maximum work temperature of 250 °C. However, the effi-
ciency decreases drastically when the generator works above 175 °C. Most commercial
low-temperature range TEGs are composed of bismuth tellurium (BiyTe3). The medium
temperature range module works between 125-425 °C with a high limit temperature of
600 °C. The inconvenience of this type of TEG is its composition. Medium-range thermo-
electric generators are made by tellurium (Te), a limited resource on Earth, and lead (Pb),
a toxic material. TEGs that can work at high temperatures are composed of silicon (Si) as
the main component. These devices provide high-efficiency parameters at temperatures
between 425 °C and 725 °C. Depending on the application, a different type of TEG between
these is selected.

TEG technology has some advantages that makes it especially suitable in domestic
poligeneration schemes [6,7]. TEG devices are safe because they do not contain mobile
parts, and no fluids are involved in their operation. Additionally, TEGs are simple, compact,
light, silent, and not much maintenance is required. As for disadvantages, the elevated
cost for high-temperature range TEGs and the relatively low efficiency of low-temperature
range TEGs if thermal integration is not correct [8].

Integration of TEG modules in different applications has been intensively studied.
Different review papers where the different applications can be consulted [5,9]. The automo-
bile industry is focused on finding alternative sources of energy. Different authors [10-12]
studied the integration of TEGs in the gas exhaust pipe of vehicles in order to recover
thermal energy rejected to the ambient. Additionally, other authors like Cheng et al. [13]
investigated the location of TEGs in this way that heat from the combustion cycle is taken
advantage Ziolkowsli et al. [14] suggested the employment of TEG modules between
the hot core stream and the cold bypass flow at the nuzzle of an aviation turbofan en-
gine to reduce the operation cost of the aircraft. TEGs are also widely used in aerospace
applications such as space crafts, satellites, and space probes [15,16]. Some researchers
are working on TEG integration for wearable applications. Bahk et al. [17] studied the
material optimization of this technology to make it flexible and easy to wear in the human
body. More recently, Lee et al. [18] simulated different key parameters of TEGs modules to
integrate this technology in human body applications.

In domestic applications, the integration of TEGs has also been considered by ex-
perts [9]. Nesarajah and Frey [19] optimized the design of TEGs’ distribution for waste heat
recovery from exhaust pipes of a condensation boiler. A theoretical simulation of exhaust
heat recovery in biomass boilers by integrating TEGs was studied by Alanne et al. [20].
Moreover, Hofberger [21] and Moser et al. [22] implemented experimental prototypes with
which it is possible to produce 160 W and 300 W of electrical power respectively in biomass
pellets boilers of 11-12 kW of thermal capacity. There are other studies with biomass stoves,
such as Sornek’s paper [23].

In the solar energy fieldwork, TEG integration has been researched. A critical review
of the different configurations for thermoelectric generator applications of solar thermal
systems was written by Karthick et al. [24]. Date et al. [25] developed a theoretical and
experimental study of electricity generation by TEGs using concentrated solar thermal
energy. They concluded that having fewer TEGs, a higher concentration ratio, and a higher
temperature difference will produce more electricity than having more TEGs and less
temperature gradient. A study of the different organic working fluids on solar flat plate col-
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lector and TEG modules was presented [26] in order to determine the best one. A scheme of
poligeneration based on solar thermal collectors with thermoelectric generators, a sorption
module, a reversible heat pump, and a biomass boiler is currently being studied in different
locations by Palomba et al. [27].

In respect of the integration of TEG devices into photovoltaics-thermal hybrid panels,
there are models and analyses [28,29]. Still, experimental research has been focused on
prototypes that do not constitute a real PVT panel [30]. Kilkis [31] has developed a small
prototype of a novel PVT panel composed of photovoltaic cells, a flat plate solar collector,
TEG modules, and phase change material (PCM) embodiment. He concluded with the
experimental results that this combination of layers allows electrical production even after
sunset, depending on the total PCM mass. First experimental results show that this new
PVT has 14% more total exergy output (including thermal energy and electricity) than a
conventional PVT panel.

Investigation in phase change materials is a high-relevance line of research nowadays.
The principle of this material is the storage of thermal energy by the phase change of some
specific materials. PCM composites based on the coupling of metal foam (i.e., copper)
and paraffin are auspicious material in the field of thermal management [32-35]. Zheng
et al. [36] studied and compared the thermal performance of copper foam/paraffine com-
posite material with pure paraffin. They concluded that the mentioned PCM showed a
reduction in total melting time of 20.5% in comparison with pure paraffin. This characteris-
tic allows the homogenous distribution of the temperature in the material. The application
of PCMs has been presented by Kazemian et al. [37]. In this study, experimental research
using both ethylene glycol and phase change material (organic paraffine) as work fluid
in PVT panels is analyzed. They concluded that using just PCM for cooling reduces the
surface temperature of the PV cells inside the PVT panel by 11.05% compared to a con-
ventional PV unit. For this reason, electrical performance is 4.22% higher than that of a
conventional PVT panel. Additionally, Zhou et al. [38] proposed the storage of a moderate
amount of thermal energy inside PVT panels by including a PCM to reduce the possibility
of freezing the working fluid under extreme ambient conditions.

Salari et al. [39] have simulated with a numerical model a hybrid PVT panel with
TEGs. They have concluded that up to 10% of increment in the efficiency of the panel can
be obtained in comparison with a standard PVT panel. Nevertheless, their paper does not
include experimental data.

In this study, the integration of TEGs modules into a real PVT hybrid panel has
been carried out. The installation has been monitored to get experimental results. A 3D
numerical model of conventional photovoltaics-thermal panel and PVT with TEG modules
was also developed. The comparison between simulated and experimental results has been
then made in order to validate the model simulation. The first tests show a concordance
between the simulated and experimental results. Thus, they indicate the path to follow
up to the definite design that allows an integrated PVT-TEG device with an additional
performance that conventional PVT. The innovation presented in this paper is the unique
combination of the experimental and computational results in a PVT panel with integrated
thermoelectric generators inside it. After the validation with experimental results, detailed
information from the numerical results obtained in the three-dimensional simulation
allows a better understanding of the found inefficiencies. Thus, it gives light to provide
new improvements to this integrated device.

2. Materials and Methods

In this study, an experimental test bench was constructed with the objective of testing
and further validating the numerical results of the integrated PVT-TEG panel. The test
bench has been designed so that two PVT panels can operate simultaneously. One of the
panels is a conventional photovoltaics-thermal hybrid panel of the model aH60 manufac-
tured by Abora Solar [40]. This model of PVT panel includes an isolation layer at the back
and an isolation camera of argon in the frontal layer of the panel. Another PVT panel (of
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the same model) in the bench includes 19 integrated TEG modules. Test bench includes
other devices such as an isolated water tank of 197 L; an impulsion pump; temperature,
irradiation, and mass flow probes; an expansion vessel and an aerothermal; a 500 W mi-
croinverter and the electrical panel of the bench. Additionally, a monitoring system has
been installed on the test bench in order to report in real-time production data of both
panels. The different magnitudes that are being controlled are shown in Table 1. Thanks to
this configuration of the bench, it is possible to compare the energy production of both
panels at the same operating conditions.

Table 1. Monitored magnitudes of PVT test bench.

Name of

Magnitude Probe Description Scale Readability B (%) P (%) U (%)
T Temperature of the flow inlet
n of the PVT panels
T Temperature of the flow that —50-250 0.1 0.15 0.033 0.15
Temperature (°C) outl leaves the PVT with TEGs
Temperature of the flow that
Tout2 leaves the conventional
PVT panel
Tomb Ambient temperature
Mass flow incoming the
system. If both panels are
M?ES st Miy working, the flowmeter shows 1-6 0.5 5 8.33 9.72
& the total mass flow entering
the system.
Solar Irradiation . . .
> Irr Incident solar irradiation 0-2000 0.01 2.60 0.005 2.60
(W/m*%)
Pressure p Pressur'e in the 'hydrauhc
installation
V1 Continuous Voltage of PVT
Voltage (V) with TEGs 0-5 0.00489 0.5 0.0978 0.5095
V2 Continuous Voltage of
conventional PVT
DC1 Direct current of PVT
Current (A) with TEGs 0-20 0.01955 0.04 0.10 0.11
DC2 Direct current of

conventional PVT

Also in Table 1, uncertainly parameters of the measured variables according to the
installed probes on the test bench are listed. B represents the systematic uncertainly of the
instrument. This parameter is related to the accuracy of the probe. P is the precision and
represents the random uncertainty. It has relation with the repeatability of the measured.
U shows the uncertainty and it is calculated as the sum of squares of B and P.

Uncertainly analysis of the calculi of performance of panels was additionally imple-
mented [41,42]. Equations (3)—(7) are presented in the following lines. These equations
govern the behavior of power and performance of the panels. Uncertainly analysis has been
obtained according to these equations and parameters showed in Table 1. Uncertainlity
of electrical performance is 0.52% and 1.12% for PVT conventional panel and PVT + TEG
panel, respectively.

Because of the working temperatures of the PVT panel, between 40 °C and 100 °C,
a low range temperature TEG model has been selected for the inclusion of them inside
the hybrid panel. The model TEG2-07025HT-SS manufactured by TEC-Solidstate Power
Generation [43] is the elected thermoelectric device. This TEG allows a generous capacity
of heat transfer in a small configuration. The module withstands temperatures up to 190 °C
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on the hot side. The P and N elements incorporated in this module offer excellent heat
transfer capability in a 40 x 40 mm configuration. According to the manufacturers, with
the usual temperatures in PVTs, some 2W could be expected as a maximum, with a voltage
match of 1.0 V and a current match of 2 A (internal resistance = 0.5 Ohm)

The integration of TEG modules inside the PVT panel must be made that the TEG
sides are set between two sources of different temperatures. In this way, electricity can be
produced. The two selected heat sources are mass inlet flow as the cold side and outlet
mass flow as the hot side of the thermoelectrical modules. The hot side of the TEG must
have excellent contact with the heat sources, the outlet collector pipe of the PVT panel.
This pipe is inside the panel between the absorber and isolation layer. It is the pipe where
hot water production is collected before leaving the panel and entering into the water tank.
The cold side of the TEG module must be in thermal contact and compressed against a heat
exchanger in order to dissipate heat from this surface. With the increase of the temperature
gradient between the TEG sides, the electric production will be more significant.

In a conventional PVT panel, inlet and outlet pipes are distanced. To a successful
integration of the thermoelectrical modules in the hybrid panel, a modification in the inlet
pipe has been made. The inlet pipe has been derivated, and before the water enters the
panels, water flows inside a pipe set at the back of the panel. This part is where TEGs
are integrated. Copper laminas are employed between TEGs and pipes to maximize the
heat exchanger and the thermal contact. Furthermore, clamping plates were installed for a
consistent subjection between TEGs modules and copper fins. The 19 TEG modules have
been connected electrically in series. The positive pole is located on the side of the hybrid
panel, and the negative pole is set on the opposite side.

Solar energy (E;s) is the energy input in the studied PVT with integrated TEG modules
system, and it is stated according to

Es=1x% Ac (1)

where I is solar irradiance in W/m? and Ac is the gross area of working PVT collectors
measured in m?.

Furthermore, the useful thermal energy production of PVT collectors (QpyT) is the
result of the product between the solar energy that comes from the sun and the thermal

performance of the PVT ( %y, pyr) that depends on the model of the panel.
Qrvr = Nn_pvr * Qs 2

M pvr = Ho— @1 * G — ay * G x (T — Topp) 3)

where 1y, pyt [44] represents the solar thermal performance of the PVT panel, 7y is the
optical efficiency of the solar hybrid collector, a; is the heat loss coefficient in W/m?K
and a; is the temperature dependence of thermal heat loss coefficient in W/m?K?. These
parameters are provided by the manufacturer of PVTs. Temperatures are given in °C. Ty, is
the average temperature of the PVT panels, and it is defined by the average between the
inlet (T;;,) and outlet (T,,¢) temperatures of the working fluid. T,,,;, is ambient temperature,
and G can be calculated as

G = (Tm - Tamb)/I 4

where [ represents global solar irradiance.
The electrical production of a conventional PVT is calculated as

P
Wpyr = ﬁ * [1—9 x (Teen —25)] ®)

where P, is peak power of the module in W, «y is the temperature coefficient losses given by
the manufacturer and T, is the cell temperature measured in °C. In photovoltaic-thermal
panels, T,,;; can be assumed equal as Tj,.
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In this paper, the integration of TEG modules on a PVT panel is studied. Therefore,
the electrical efficiency of TEGs must be considered as well.

LT V1+Z+T

Mel_TEG = T,
Th 4 T

(6)

where T}, is the temperature of the hot side of the TEG, T; Is the temperature of the cold
side of the TEG, T is the average temperature of the TEG and Z is the figure of merit of
the module. In Equation (6) temperatures are given in K. According to the manufacturer,
the product between the figure of merit and the average temperature under nominal
conditions has a value of 0.73.

As well as thermal performance, the electrical performance of a PVT panel ( %, pyr)
is related electrical production with the incoming energy from the sun

W,
Nel PVT = EVT (7)
S

and performance of TEG modules ( #,; Tg¢) is related with the heat flux that go throght the
thermoelectrical generators (ETgg)

WrEeg
EtEg

Nel_TEG = ®)
In such a way, the electrical performance of PVT + TEG panel is calculated as the

addition between the electrical performance of a conventional PVT panel and the electrical

performance of TEGs modules considering gradient temperature in the hybrid panel.

Nelpyr+TEG = Melpyr + el TEG )

In this paper, a three-dimensional numerical simulation of the PVT panel and the
PVT panel with TEGs has been performed in the software ANSYS [45]. The 3D analysis is
selected due to the serial configuration of the TEGs integrated along the tube. This applica-
tion works under the finite element method for structural analysis and the finite volume
method in the case of fluid studies. This software includes different work modules that
allow the study of structural, thermal, electrical, and fluid dynamics aspects. In this case
study, module Fluent is employed, which is a computation fluid-dynamics (CFD) simulator.

Definition of the three-D model of the PVT and PVT + TEG panels is the first step that
must be done. For that purpose, technical specifications of the different layers that compose
the PVT panel has been provided by the fabricant and are shown in Table 2. Due to the
high complexity of the study, some assumptions have been set in order to simplify the
PVT model:

e  The thermal behavior of the small pipes of the water collector is assumed identical
inside all tubes. For this reason, only one of the 10 pipes is represented;

e  Both models of the panel (PVT and PVT + TEG) have been simulated under steady
state conditions;

e  Water mass flow inside the simulated pipe is considered to be incompressible and lami-
nar;

e  The thermophysical properties of the different materials remain constant during the
study period.
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Table 2. Material properties of the TEG modules and the different layers that composed PVT panels.

Material Density (kg/m®) Specific Heat (J/kg K) Conductivity (W/m K)
Glass 2383 576 0.793
Argon 2 521 0.016

EVA 960 2090 0.230

PV cells 1190 1552 148

Backsheet 1200 1250 0.360
Absorber
(Aluminum) 2719 871 202
Insulation 100 670 0.033
TEG 93 708 0.920
Water 998 4182 0.600

The employed governing equations in the performed numerical simulation of conven-
tional PVT and PVT + TEGs panels are:

Continuity equation:
5

Vv =0 (10)
Momentum equation:
v(ﬁ?) — —VP+ v(w?) (11)
Energy equation:
V(Veve,T) = V(kVT) (12)

where V is the velocity vector, p is the density of the fluid, P is the pressure vector, y is the
viscosity of the fluid, c; is the heat capacity and k represents the conductivity.
Considered boundary conditions are shown below:
e  External surfaces of the PVT panels are adiabatic. V(kVT) = 0.
Velocity of the fluid in the solid walls is null. v =0
In the wall of a solid, velocity and temperature of the fluid are that of the solid element.
_k9T|, — _f. 9L
on |f Son |
Inlet conditions are: T = T;,; u=0; v=0and w = —Vj,,.
Outlet condition is P = 0.

Table 3 includes the main dimensions of the different bodies that compound the PVT
panel simulated in the employed numerical software.

Table 3. Geometrical dimensions of PVT bodies simulated in ANSYS.

Dimensions (mm)

PVT Layer (High x Width x Depth)
Glass cover 3.2 x 100 x 1650
Inert gas 10 x 100 x 1650
Glass 3.2 x 100 x 1650
EVA 0.5 x 100 x 1650
PV cell 0.3 x 100 x 1650
EVA + backsheet 1.5 x 100 x 1650
Thermal absorber 2 x 100 x 1650
Thermal collector & 8 (thickness = 0.6) x 1650
Insulant 10 x 100 x 1650
TEG 3 x 40 x 80

Once the physical 3D model (Figure 1) that is going to be simulated is presented,
a mesh must be done. The meshing is the process whereby the discretization of the
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geometry is performed. The selection of the mesh’s method and size must be governed by a
balance between quality and processing capacity. The quality of elements can be measured
with different throw parameters. The selected parameters to analyze and evaluate mesh
quality in the studied model are skewness and orthogonal quality [46].

Figure 1. Conceptualization of the layers of a PVT panel and the different forms of heat transfer inside it.

Orthogonal quality is defined as the ratio between the scalar product of the normal
vector of each mesh element surface and its centroid vector (that starts from the gravita-
tional center of the element to face center) and the product between the named vectors.
When this parameter is closed to one, more orthogonal quality is obtained.

The skewness of a mesh element is related to the angles between its edges. A distorted
mesh cell does not generate accurate results. The volume of elements should approximate
as possible to a spherical body. Skewness coefficient is calculated as the ratio between the
difference of the volumes of the optimal body and the real body and the optimal body
volume. An excellent coefficient value of skewness is near 0. Quality analysis of the
mesh has been performed before the thermal analysis of the PVT and PVT+TEG models.
Solutions obtained from different mesh sizes of the simulated model have been evaluated
to select the suitable mesh for this system. In Figure 2, the comparison of the average
outlet temperature and the average outlet velocity of the working fluid from the PVT
panel with the mesh size can be consulted. Quality analysis of mesh has been performed
under these work conditions: solar irradiation of 1000 W/m?2, a fluid inlet temperature of
30 °C, the mass flow of 0.02 kg/s, and an ambient temperature of 30 °C. An increase in the
number of mesh elements from 195.000 to 448.000 implies a variation of 0.070% and 0.031%
in average outflow velocity and average outflow temperature, respectively.
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Figure 2. Quality mesh study.

In order to analyze the numerical uncertainly that arises from the space discretization,
Richardson’s extrapolation method is employed. This method allows the calculation of
the exact solution under the assumption that the grid mesh was infinitesimally fine using
the data obtained from meshes with reasonable resolution. Exact solution (@exact) and its
associated uncertainly (UC) can be calculated as [47]

P1— P2

Pexact = 91+ P (13)
7y — 1

14 i €3

1 b —sign( 2
p= " 1n<832) | o () (14)

11’1(7’21) €21 r§2 — sign (%)
h h

where 171 = ﬁ; 3 = i; €21 = @2 — @1 and ez = @3 — @2 (15)
UC=F * ((Pexact - (Pl) (16)

where @; are numerical solutions with i = 1,2 and 3 of the analyzed physical quantity
(in this paper outlet flow temperature and outflows velocity) under three different mesh
sizes hy, hy and h3, respectively, where hy < hy < h3. Richarson’s analysis of the employed
mesh is summed in Table 4.

Table 4. Parameters employed in the Richardson’s method.

1 2 3
h; (cm) 0.23 0.31 0.50
Outlet flow temperature (°C) 31.810 31.818 31.856
Outflow velocity (m/s) 0.4298 0.4296 0.4289

Exact temperature value is 31.801 °C what that entails a numerical uncertainly of
temperature of 0.0109 °C. In the case of the velocity analysis, exact value achieve a value of
0.4299 m/s and its related uncertainly is 0.0002 m/s. These results reinforce the obtained
results in the performed quality analysis.

According to the obtained results, a structured mesh composed of 280.000 elements
has been selected in this study. It allows the simulation of the installation with a reasonable
computational cost and an adequate quality [46]. On the one hand, the orthogonal quality
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average value is 0.886 with the least value of 0.79. On the other hand, the skewness average
has a value of 0.227 with a maximum value of 0.57. The mesh of the pipe is shown in
Figure 3. These mesh elements have been colored according to their quality.

Figure 3. (a) Skewness and (b) orthogonal quality of the tube of the PVT panel simulated.

The PVT and the PVT+TEG models have been validated through experimental data
collected on the test bench. Figure 4 (conventional PVT panel) and Figure 5 (PVT + TEG
panel) show the comparison between the numerical results obtained from the software
Fluent-ANSYS and the experimental data of the outlet flow temperature of both panels.
As can be observed, numerical results are nearly equal to the experimental ones.

Figure 4. Comparison between experimental and numerical outlet flow temperature of the conven-
tional PVT.

Figure 5. Comparison between experimental and numerical outlet flow temperature of the PVT with
integrated TEG modules.
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The error between numerical and experimental data does not exceed 13.6%. Except for
the test made at 10:45 AM. At this time, error achieves the value of 38.0% and 42.7% in the
simulation of a conventional PVT and in that of a PVT + TEG panel, respectively. The mass
flow of the working fluid at this time is 0.39 g/s. This value is low. Additionally, it is
observed in both Figures 4 and 5 that the increment in the error at 15:15 a.m. At this time,
low flow is not the source of error. Analyzing experimental data from both hybrid panels, it
can be concluded that the flow is on a transient scenario because impulsion pump goes into
operation few minutes before the capture of data. The finding suggests that the elaborated
model has limited application with low mass flow experiments and transient situations.
Besides, the electrical production of cells embedded on the PVT panels has been validated.
The comparison between experimental results and numerical results is shown in Figure 6.
In some of the studied moments, the error between real and simulated data is not negligible
as it can be observed; its source is related to the incident solar radiation and the ambient
temperature. A correction in the calculation has been applied to reduce this error and
achieve coherent results in further analysis. The correction factor applied in each range of
solar radiation can be seen in Table 5. Electric production of PVT panels calculated with
these corrections has a maximum error value of 10% concerning experimental results.

Figure 6. Comparison between experimental and numerical output power of the PVT with integrated
TEG modules (without the application of the corrector factor).

Table 5. Correction coefficients for the calculation of electrical energy production of the PVT panel.

Solar Irradiation (W/m?2) Coefficient
>1.100 1
1100-900 0.88
<900 0.78

Experimental data of the electrical production of the integrated TEGs in the PVT panel
are currently not available. Monitoring of TEG’s sensors is in the implementation phase.
Significant values have not been provided at the moment. For this reason, only numerical
data are going to be studied in this paper.

3. Results and Discussion

In concordance with the described methodology, four sensibility analyses have been
simulated to study the conditions that maximize the performance of the conventional PVT
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panel and the PVT + TEGs panel. Solar irradiation, inlet mass flow, inlet flow temperature,
and ambient temperature are the input parameters of the studied system that has been
analyzed.

3.1. Inlet Temperature

Figure 7 shows the thermal and electrical performance of the considered photovoltaics-
thermal panels with the variation in the inlet flow temperature. The thermal efficiency of
both systems decreases with the increment in the inlet temperature. Additionally, electrical
efficiency also displays a reduction. Thermal production of conventional PVT panel is on
average 0.2% superior to PVT with integrated TEG modules. The electrical efficiency of
TEG modules varies from 0.31% to 0.11%. The highest TEG’s efficiency is achieved when
the inlet flow temperature is 40 °C. In contrast, the higher thermal efficiency is achieve in
both panels at the inlet flow temperature of 10 °C. With the integration of the TEGs in the
PVT panel, electrical production increases on average 1.37%.

Figure 7. Thermal and electrical efficiency of the studied hybrid panels with the inlet tempera-
ture variation.

As it has been commented, as lower is inlet flow temperature of the working fluid of
the photovoltaics-thermal panel with TEG modules, the higher is electrical efficiency of
the thermoelectric modules. In this optimal situation, the global efficiency of the panel is
also better than that obtained with higher inlet temperatures. Global efficiency of 86.5%
and 86.2% is achieved in PVT + TEG panel and conventional hybrid panels, respectively,
with an inlet flow temperature of 10 °C. In comparison, when the flow inlet temperature is
25 °C global thermal efficiency is 81.2% and 81.1%.

3.2. Ambient Temperature

As it can be consulted in Figure 8, the ambient temperature does not affect to electrical
production of PV cells of the hybrid panels. Nevertheless, thermal efficiency is positively
related to the variation of the ambient temperature. An increase in hot water production is
observed when an increment in the ambient temperature occurs. The thermal efficiency
of conventional PVT panels with the ambient temperature of 0 °C and 35 °C is 57.5% and
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68.6%, respectively. The difference between thermal production of conventional and PVT +
TEG panels is insignificant. The electrical efficiency of TEGs modules increases with the
increment in the ambient temperature, reaching a maximum of 0.47% at 35 °C. This result
makes sense because TEG efficiency is related to the gradient’s increment between sides
of the module. These temperatures are related to thermal efficiency too. In this way;, it is
possible to conclude that an increase in the thermal efficiency of a hybrid panel contributes
to the increment in the electrical efficiency of the TEGs modules integrated into the panel.
Additionally, an overall electrical efficiency increment is expected as well.

Figure 8. Thermal and electrical efficiency of the studied hybrid panels with the ambient tempera-
ture variation.

In low ambient temperature situations, the global electrical efficiency of both panels is
nearly equal. Consequently, global efficiency is also similar. Nevertheless, with the increase
in this parameter, the thermal efficiency of the collectors and electrical efficiency of TEG
modules grow up. In this scenario, the global efficiency of the PVT + TEG panel is 0.64%
higher than that of a conventional photovoltaics-thermal panel.

3.3. Inlet Mass Flow

The studied efficiencies of the PVT panels under the parametric analysis that vary
the mass flow of the working fluid in the hybrid panels are graphically represented in
Figure 9. The reduction of the mass inlet flow under nominal flow supposes an overheating
of the PV cells and a reduction in the electrical efficiency of the panels. Electrical efficiency
is 15.2% and 15.7%, with a working mass flow of 1 and 5 g/s, respectively. However,
this overheating positively affects the TEG modules’ efficiency because of the indifference
of temperatures between cold and hot sides of them. In particular, the overall electrical
efficiency of a PVT + TEG panel is 1.1% higher compared to a PVT panel with a circulating
flow of 1 g/s. Despite the overheating produced in the interior of the hybrid panel with
the reduction of the mass flow, thermal efficiency does not show an improvement.
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Figure 9. Thermal and electrical efficiency of the studied hybrid panels with the mass flow variation.

In global efficiency terms, an optimal working condition exists when the mass flow has
a value of 18 L/h. This parameter is lower than the nominal flow given by the manufacturer.
In this situation, the global efficiency of the conventional PVT panel is 81.9%, and the global
efficiency of PVT+TEG panel is 82.2%.

3.4. Solar Irradiation

Figure 10 displays the thermal and electrical evolution of the two tested hybrid panels
with the variation of the incident solar irradiation. The chart shows that the increase
in electrical efficiency of the PVT panels takes place as a consequence of a reduction in
solar radiation. In this sensibility analysis, the electrical efficiency of conventional PVT
panels varies from 68.9% to 12.1% for incident irradiation in the range 200-1400 W /m?.
The efficiency of the TEG modules and thermal efficiency of the panels keep the opposite
trend as PV cells efficiency. With more solar radiation, an increase in thermal production is
observed. In the mentioned figure, it is not possible to appreciate the difference between
electrical efficiency of the conventional PVT panel and the hybrid panel with integrated
TEGs. This is because, on average, this difference has a value of 0.02%.

Figure 10. Thermal and electrical efficiency of the studied hybrid panels with the solar radiation vari-
ation.

Despite the work with low solar radiation providing good electrical efficiency values
in both studied panels, it must take into account that electrical generation will have a
low value.
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3.5. Thermal Profile of a Photovoltaics-Thermal Panel

In order to identify deficiencies in the proposed configuration for the integration of
the thermoelectric generators inside the photovoltaics-thermal hybrid panel, a profile of
temperatures has been simulated. The simulation has been developed under standard
conditions. These conditions are: solar irradiation of 1100 W/m?, a fluid inlet temperature
of 25 °C, the mass flow of 2.5 g/s, and an ambient temperature of 25 °C. Figure 11 shows the
evolution of temperatures through the different layers that composed the hybrid collector.
As can be observed, the upper outflow temperature is 7 °C higher than that of the bottom
side of the water pipe. The temperature of the top cover glass achieves values around 75 °C.
The thermoelectric generator does not have an exceptionally high gradient of temperature.
This situation is inappropriate to achieve high-performance rates.

Figure 11. (a) Outflow temperature and (b) PVT + TEG thermal profiles of the simulated panel under standard conditions.

Figure 12 displays a detailed profile of the TEG module integrated inside the panel.
Temperature distribution on hot side surfaces is not uniform. The contact zone between
the pipe and the TEG module is hotter than the distant zones to the pipe. This irregular
contact generates problems in the electrical production of the thermoelectric device. If
contact is insufficient, the real efficiency of TEG modules is reduced in comparison with
theoretical efficiency.

Figure 12. Thermal profile of temperatures from the TEG module integrated inside the photovoltaics-thermal hybrid panel.
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4. Conclusions

The research carried out allows the combined simulation of the PVT panel integrated
with a TEG in order to make an in-depth analysis of the advantage taken by this relatively
easily improved connection. The simple comparison with main output experimental
parameters and simulated figures gave reduced errors (less than the 10% in most of the
data collected). Thus, the detailed information coming from the CFD allows finding the
reasons that the obtained results are yet far from the expected improvement. Therefore, it is
worth pointing out that the outcomes of the ongoing results indicate that the integration of
thermoelectric materials within the PVT panels should be further researched and improved.

The search for the highest difference of temperature is the first task to deal with.
In both experimental and numerical studies the highest recorded gap of temperature does
not reach 10 °C. This situation is far from the optimal temperature difference given by the
manufacturer of the TEG devices in order to produce the expected amount of electricity.
Thus, a new set of experiments is currently being considered. Future research will be surely
oriented to determine the optimal integration of thermoelectric generators inside PVT
panels by improving the contact region between both sides of the TEG devices. Another
possibility is to study the alternative integration of the TEG modules in solar energy installa-
tion. However, the TEGs would be placed out of the PVT panels, if insufficienttemperature
drop is finally found.
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