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Abstract: This study assesses the performance of a solid-state semiconductor-based hybrid
photovoltaic-thermoelectric device that aims to harness both solar irradiance and heat dissipated
from photovoltaic cells operating in Foz do Iguaçu city. Initially, the technologies involved, and the
arrangement of the proposed device are presented; the modeling process of the generator operation
under local operating conditions and taking into account solar energy availability is described later.
The thermal energy harvesting brings out an average annual efficiency gain of 4.42% and a maximum
efficiency increase of 6.05% (in the fall equinox) compared to standalone PV cell operation. The power
output increase due to the utilization of the heat dissipated by the PV cells was substantial, reaching
values ranging from 14.82% to 40.54%, depending on the time of year. The novelty of this research
stems from the field power generation forecast, in southern hemisphere, for a new STEG device that
combines photovoltaic cells and solid-state thermoelectric modules.

Keywords: photovoltaic cells; thermoelectric generator; solar thermoelectric generator; efficiency
gains; energy harvesting; COMSOL Multiphysics®

1. Introduction

The world energy scenario is showing a progressive growth in demand due to economic and
population expansion, which implies a substantial increase in fossil fuels consumption that harm the
environment and compromise the lifestyle of current and future generations [1].

Recent researches propose the use of new technologies for energy generation and storage
(green energy) with low particulate and greenhouse gases emissions, aiming to diversify the generating
base and, simultaneously, enhancing the role of energy efficiency. Meeting global challenges in energy
security, climate change and economic growth requires the development of low carbon technologies
such as biofuels, photovoltaic solar energy, solar thermal energy, wind energy and efficient storage
systems [2].

This research proposes and technically evaluates a solid-state hybrid generator (photoelectric
and thermoelectric) for harnessing solar radiation directly on photovoltaic generators (PVG) and,
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simultaneously, to recovery the residual thermal energy through thermoelectric generators (TEG),
thus promoting the arrangement energy efficiency.

At first, the technologies involved are presented (PVG and TEG generators). Subsequently,
the device itself is presented and the analytical and numerical–experimental evaluations that allowed
to verify the performance, potentiality and applicability of the hybrid generator in Foz do Iguaçu
city (25◦32′35.52′′ S; 54◦34′59.16′′ W) were described. Finally, the main findings regarding the device
response under the expected operating conditions are break down.

This work was developed following the classical methodology of scientific research, slightly
modified with respect to the experimental design. The response of the PVG device was evaluated,
both from the analytical approach and from the numerical–experimental perspective for a steady state
operating condition in each month of the year and specifically in the southern hemisphere solstices and
equinoxes days. The TEGs set behavior was analyzed from the perspective of the maximum power
transfer point in both southern hemisphere solstices and equinoxes. The numerical–experimental
analyzes were based on computational simulations, incorporating thermal and thermoelectric variables,
assigning boundary conditions consistent with the research purpose, taking into consideration the
local solar geometry and using experimental data. The novelty of this research stems from the field
power generation forecast and efficiency gain analysis, in southern hemisphere, for a new STEG device
that combines photovoltaic cells and solid-state thermoelectric modules.

1.1. Photovoltaic Generator

Photovoltaic generators (PVGs) are semiconductor devices based on the photoelectric impact
ionization effect, i.e., the generation of electron–gap pairs (photoconductive effect) by the incident
photons action on the very surface of PVGs with an energy greater than the band energy gap (Eg) of
the material [3]. The energy associated with the incident photon is quantified through Equation (1).

E f = h× f (1)

Absorption of photons with energy exceeding the band energy gap of the photovoltaic material
results in excess energy accumulation that is dissipated as heat, a phenomenon known as thermalization,
which the fundamental principle of device presented in this study.

In terms of technological development, advances in PVGs focus on altering the solar cell material
itself, enhancing the power controller and tracking system, optimizing the energy storage system,
amending the temperature control systems, and, improving the solar uptake. However, the theoretical
maximum efficiency, known as the Shockley Queisser limit [4], of a silicon solar junction cell, as the
one used in this research, is approximately 30%. Commercial PVGs are built in layers, as shown in
Figure 1. In this type of device all layers are embedded in a single structure.

Energies 2019, 12, x FOR PEER REVIEW 2 of 23 

 

This research proposes and technically evaluates a solid-state hybrid generator (photoelectric 
and thermoelectric) for harnessing solar radiation directly on photovoltaic generators (PVG) and, 
simultaneously, to recovery the residual thermal energy through thermoelectric generators (TEG), 
thus promoting the arrangement energy efficiency. 

At first, the technologies involved are presented (PVG and TEG generators). Subsequently, the 
device itself is presented and the analytical and numerical–experimental evaluations that allowed to 
verify the performance, potentiality and applicability of the hybrid generator in Foz do Iguaçu city 
(25°32′35.52″ S; 54°34′59.16″ W) were described. Finally, the main findings regarding the device 
response under the expected operating conditions are break down. 

This work was developed following the classical methodology of scientific research, slightly 
modified with respect to the experimental design. The response of the PVG device was evaluated, 
both from the analytical approach and from the numerical–experimental perspective for a steady 
state operating condition in each month of the year and specifically in the southern hemisphere 
solstices and equinoxes days. The TEGs set behavior was analyzed from the perspective of the 
maximum power transfer point in both southern hemisphere solstices and equinoxes. The 
numerical–experimental analyzes were based on computational simulations, incorporating thermal 
and thermoelectric variables, assigning boundary conditions consistent with the research purpose, 
taking into consideration the local solar geometry and using experimental data. The novelty of this 
research stems from the field power generation forecast and efficiency gain analysis, in southern 
hemisphere, for a new STEG device that combines photovoltaic cells and solid-state thermoelectric 
modules. 

1.1. Photovoltaic Generator 

Photovoltaic generators (PVGs) are semiconductor devices based on the photoelectric impact 
ionization effect, i.e., the generation of electron–gap pairs (photoconductive effect) by the incident 
photons action on the very surface of PVGs with an energy greater than the band energy gap (Eg) of 
the material [3]. The energy associated with the incident photon is quantified through Equation (1). = ℎ ×  (1) 

Absorption of photons with energy exceeding the band energy gap of the photovoltaic material 
results in excess energy accumulation that is dissipated as heat, a phenomenon known as 
thermalization, which the fundamental principle of device presented in this study. 

In terms of technological development, advances in PVGs focus on altering the solar cell 
material itself, enhancing the power controller and tracking system, optimizing the energy storage 
system, amending the temperature control systems, and, improving the solar uptake. However, the 
theoretical maximum efficiency, known as the Shockley Queisser limit [4], of a silicon solar junction 
cell, as the one used in this research, is approximately 30%. Commercial PVGs are built in layers, as 
shown in Figure 1. In this type of device all layers are embedded in a single structure. 

 
Figure 1. Typical structure of a modern photovoltaic generator (PVG). Reprinted with permission 
[5]; 2019; MDPI. 
Figure 1. Typical structure of a modern photovoltaic generator (PVG). Reprinted with permission [5];
2019; MDPI.



Energies 2020, 13, 2666 3 of 23

Regarding the materials used in the manufacture of PVG, silicon (26.7% maximum real recorded
efficiency) remains the most popular with an 85% share of the global market [6–8]. However, there are
other technologies available, namely:

(i) GaAs (gallium arsenide): this multi-junction cells have gained ground since the 1970 s due to their
high absorptivity. It is a type of technology still under development with advances in reducing
surface recombination. Its efficiency can reach up to 32.9% [8,9];

(ii) CIGS (copper–indium–gallium–selenium): these are cells made with thin layers deposited with
chalcopyrite (Cu(In,Ga)Se2), generally abbreviated as CIGS, are considered one of the most
promising solar technologies. Their disadvantage lies in the presence of cadmium sulfide (CdS)
precursor (highly toxic) required for CIGS layers deposition. Its efficiency is typically between
20.4% and 23.4% [8,10];

(iii) Cd free CIGS: these are CIGS cells that do not use cadmium sulfide as a precursor during the
deposition of semiconductor thin layers. Recent researches propose the exchange of cadmium
sulfide with zinc sulfide (ZnS) or indium sesquisulfide (In2S3). Its efficiency ranges from 11.06%
to 13.00% [10,11];

(iv) DSSC (dye-sensitized solar cells): this technology incorporates a colored and luminescent layer
to increase the PVG current density. This layer favors light uptake in terms of scattering and
downshifting effect with short circuit current gains in the order of 64%. Its efficiency is low and
varies between 4.02% and 12.6% [8,12];

(v) Perovskite: solar cells that have been widely commercialized in recent years due their low cost,
the ability to counteract conversion discontinuities and the relative ease in depositing crystals.
Its efficiency ranges from 22.0% to 25.2% [7,8];

(vi) OSC (organic solar cells): based on heterojunctions of conjugated polymers, they are produced
from a solution, which allows the printing and deposition of this cell type to obtain different
geometries and even reversible morphologic changes (elastic solar cells). Its efficiency varies
from 3.67% to 17.4% [8,13];

From an operational point of view, PVGs can be optimized in different ways: by sloping position
control based on solar trackers, whether using single-axis solar tracker or multi-axis solar tracker,
and even using parabolic solar concentrators [14]; by operating temperature regulation to improve
efficiency, considering the fact that a significant fraction of solar radiation that strikes PVGs is converted
into heat and reduces the device efficiency by approximately 0.5% and 0.25% to every one ◦C increase
in operating temperature for crystalline silicon PVGs and amorphous silicon PVGs, respectively [15].
In this sense, several cooling techniques have been studied and implemented, namely:

(i) Air (natural ventilation): this technique uses ambient air flow to reduce the temperature of
the PVG. Heat transfer can be optimized by increasing the heat transfer area or by using fins.
PVGs using this technology can operate at 50–70 ◦C [16,17];

(ii) Air (forced ventilation): this heat removal technique is based on the forced air flow at the front
and rear of the photovoltaic modules. However, it consumes a significant amount of fan power.
PVGs using this technology can reach a 20–30 ◦C operating temperature [18];

(iii) Water (active cooling): cooling performance is improved as water flow velocity is increased.
However, the increase in volumetric flow per unit of time implies an increase in energy
consumption. PVGs using this technology can operate at 22 ◦C [16,19];

(iv) Water (passive cooling): uses a naturally circulating water flow (mass and heat natural convection),
to remove PVG heat, avoiding the use of pumps and optimizing energy use [15];

(v) Liquid immersion: this technique involves the removal of heat from PVG device by its immersion
in a dielectric liquid inside a transparent elongated tube. The liquid requires a specific refractive
index that allows the concentration of solar radiation in the photovoltaic cells. PVGs using this
technology operate at 30–45 ◦C [16];
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(vi) Nanofluid: this cooling approach uses nanofluids containing suspended metal particles to
promote heat transfer but may cause corrosion on the PVG contact surface [20].

1.2. Thermoelectric Generators

Thermoelectric generators (TEGs) are solid-state devices whose operation is based on the Seebeck
effect; this phenomenon describes the direct conversion of thermal energy into electrical energy when
the TEG is submitted to a temperature difference [21]. Figure 2 shows the constructive structure of
a modern TEG and the arrangement of the P and N semiconductors inside, as well as the resulting
Seebeck voltage Es at the terminals when a temperature difference is applied to device faces.
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Seebeck voltage can be easily determined when material properties and joint temperatures are
known as follows [23]

dES = αA,BdT (2)

ES =

Thot∫
Tcold

αA,BdT = αA,B(∆T) (3)

The maximum efficiency of thermoelectric material can be determined by the dimensionless
number zT, known as dimensionless figure of merit and given by Equation (4). Current silicon TEGs
present dimensionless figures of merit between 0.015 and 0.200 depending on operating temperature
and manufacturing material [24], they have remarkable advantages over conventional technologies,
namely: reliability, size and weight, simplicity of maintenance (no moving parts), wide operating
temperature range, remote applicability and environmentally friendly [21,25,26].

zT =
σS2T
k

(4)

Recently, TEGs have been used in cogeneration systems, improving the overall efficiency up to 4%
in industrial processes by harnessing residual thermal energy [27,28]. In [29] a theoretical model for
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designing thermoelectric devices with geometry and performance optimized for use in thermosolar
systems is presented reaching a zT around 1.5, comparable to the dimensionless figure of merit of
silicon-based photovoltaic solar cells. In [30] a computational model is developed and validated to
increase energy generation in polymeric TEGs; power generation from thermoelectric devices located
at the system exhaust can reach up to 21.73 MWh/year.

In [31] it was tested, experimental and computationally, the non-stationary operation of a TEG
subjected to heterogenous temperature gradients across its thickness in order to establish the impact
on output voltage. In some cases, an unexpected TEG behavior was observed due to the appearance of
a reverse temperature gradient.

Some flexible portable thermoelectric generators without cooling system for portable applications
were experimentally tested in [32]; a temperature difference around 1.8 K was achieved between the
junctions in operating conditions similar to those typically found in human body. This investigation
showed that a thermopile needs a thermal difference of about 2 K between hot and cold faces to switch
on a voltage boost DC–DC converter.

In [33] it was proposed a TEG 1-D model that takes into account the properties of thermoelectric
materials and their relationship of dependence with temperature and the effects of thermal losses by
radiation, conduction and the Thomson effect. As result, it was found a power decrease up to 10% a
efficiency decrease up to 31%. Heat losses imputable to conduction and radiation were small, and the
Thomson effect reduced significantly the TEG performance.

An analytical study on the effect of pressure on the heat transfer coefficient of TEGs was developed
in [34]. The obtained results allowed forecasting the behavior of such devices and they were used to
define an optimal clamping pressure of thermoelectric modules (compressive stress of 0.35 MPa).

In the automotive industry different studies have been developed to evaluate the feasibility of
implementing TEGs devices in the exhaust ducts of internal combustion vehicles, assessing the potential
for energy recovery from engine car exhaust gases under various operating regimes. The results
showed a gross energy gain of between 1.54% and 1.68% [35,36]; it has been proven that some TEG
models can be used as an input for developing a control system for operating the energy harvesting
mechanism ensuring safe and efficient operation.

On the other hand, in relation to the losses due to the contact resistance of the TEG module
faces, [37] experimentally evaluated its effects on the TEG performance showing that, with the increase
of the load pressure, there is a decrease in the contact thermal resistance in both hot face and cold face
of the thermoelectric generator and an increase in the TEG temperature difference. Thereby increasing
the delivered power between 1.09% and 33.00% depending on contact resistance reduction strategy.

1.3. Systems Combining TEGs and PVGs

When a photovoltaic device is exposed to sunlight, a portion of solar radiation is absorbed by
the photoactive material (solar cell) and a portion of the energy is absorbed by the non-photoactive
substance (other layer of the module) and converted into heat. If this thermal energy could be
converted into electricity, the overall performance of the harnessing process would increase. In
addition, a photovoltaic solar cell utilizes the ultraviolet and visible regions of the solar spectrum
(200–800 nm), while thermoelectric generators harness the infrared region (800–3000 nm) of incident
electromagnetic radiation [38,39]. As a result, more than 42% of the total energy is directly disposed as
heat (see Figure 3), without including the amount of energy that PVG device cannot harness through
photoelectric effect and which also ends up being dissipated as heat to the surrounding.
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A solar thermoelectric hybrid device or STEG (Solar Thermoelectric Generator), consists of a PVG
layer, a TEG layer and a cooling system, where different components are added or modified to optimize
the array performance [38]. The overall power of the system is the sum of the power output of both
PVG and TEG devices. STEGs have theoretical potential to convert solar energy with a registered
efficiency of up to 32.09% [38]. In general, there are two types of operating structures for STEG hybrid
devices, as shown in Figure 4, namely:

(i) Based on non-reflective component: in these devices, both the PVG and TEG are physically
arranged in parallel. Since PVG primarily absorbs short wavelengths (visible and UV spectrums)
and TEG absorbs longer wavelengths (IR spectrum), PVG is generally configured as the top
component and TEG as the bottom component, as shown in Figure 4a. A heat sink is placed on
the bottom of the TEG (cold face) to maintain a temperature gradient;

(ii) Based on reflective component: this type of STEG device, shown in Figure 4b, has a reflective
component (also called spectrum splitter or prism) that receives light previously concentrated
through Fresnel lenses or mirrors. PVG and TEG are placed perpendicularly. When concentrated
sunlight radiates the device from the top, part of the solar radiation is reflected by the spectrum
splitter at a certain wavelength (cutoff length) to feed the TEG, while the rest of the radiation can
pass through the reflective component to feed the PVG. A cooling system is installed in the TEG
rear face (the cold face TEG as shown in Figure 2) to maintain the temperature gradient.

According to [40], the STEG efficiency depends on both PVG opto-thermal efficiency and TEG
figure of merit. An increase in TEG hot side temperature will favor its performance, but at the same
time will cause a reduction in PVG opto-thermal efficiency. Thus, there is an optimum hot spot
temperature for maximum system efficiency. According to [40], this temperature is between 150 and
250 ◦C for STEGs based on bismuth telluride (Bi2Te3) using solar radiation concentration.

In [41,42] were proposed STEGs systems similar to the one presented in this study, however using
thermosyphons and vacuum tubes to directly collect solar thermal energy and transport it to the hot
face of TEGs, that are cooled by conventional finned heatsinks.
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component and (b) with reflective component.

The maximum conversion efficiency of a non-concentrating STEG is analytically determined
in [43]. The TEG is assumed to work under to Carnot efficiency and the PVG performance is assumed
independent of temperature; the maximum efficiency increase was 4.5% and conditioned to a lower
dimensionless figure of merit (zT). However, [44] reported an efficiency gain of up to 11.0% on steady
state using water active cooling system and an efficiency gain of up to 8.0% with water passive
cooling system.

It is noteworthy that the present research produced a customized STEG without concentrator that
takes into consideration local operating conditions and brings the following highlights:

(i) Response assessment of a non-concentration STEG device operating in southern hemisphere;
(ii) Determining STEG behavior throughout the day at different times of the year;
(iii) Quantification of STEG maximum efficiency increase compared to PVG operating alone;
(iv) Quantification of STEG maximum power increase and both PVG and TEG technologies

weighted contributions.

The objective of this research was to evaluate the behavior of a STEG device without concentrator,
capable of taking advantage of both the photoelectric and thermoelectric effects, aiming to obtain an
efficiency gain in the utilization of solar energy in southern hemisphere; from the results obtained it is
possible to achieve an efficiency gain of up to 6.05% depending on operating conditions.

2. Proposed Devices

The proposed STEG device (Figure 5) consists of an arrangement formed by a single crystalline
silicon PVG device (Neo Solar Power™, Hsinchu, Taiwan), model NS6WL.2060, with side of 15.67
cm. The TEGs set used in the arrangement is formed by 16 inbC1-127.08HTS modules (WAtronix™,
West Hills, CA, USA), with 4 cm side.

The non-concentration STEG device is coupled to a passive or active heat removal system to
maximize the temperature gradient. At first, undrained vertical heat pipes (thermosiphons) can act
as heat sinks at the rear of the system (passive cooling); note that the fluid contained within the
thermosiphon must have a saturation temperature slightly above ambient temperature to ensure proper
cooling of the device. In this sense, it would also be possible to couple the generator system to ducts with
regular fluid flow at or below ambient temperature (active cooling), ensuring an adequate temperature
gradient. An isothermal surface was implemented during the modeling process, considering the
monthly average ambient temperature acting on the cold face of the TEGs set.
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It is noteworthy that the STEG of Figure 5 optimizes the PVG performance while maximizing the
amount of energy harnessed as it allows the control of the temperature of the PVG and simultaneously
promotes an increase in the incident solar radiation conversion rate; note that in addition to harnessing
the remaining thermal energy, the TEGs layer also acts a complementary cooling system for PVG.
The portion of the residual thermal energy not used by the TEGs set is transferred to the heat sink
that also serves as a support structure for the STEG device. This proposal stands out in the following
aspects:

(i) Built-in cooling system: initially based on passive recirculation of a cooling fluid that takes
advantage of its specific mass change within a thermosyphons to promote heat exchange, although
it would also be possible to use an active cooling system (for instance, ducts with regular fluid
flow at or below ambient temperature);

(ii) Compact layout: as it physically couples the constituent elements in parallel, taking up
diminutive space;

(iii) It uses easily accessible components: the constituent elements of the proposed STEG are easily
found in electronic parts stores, so it is possible to assemble and implement the device anywhere.

3. Device Assessment

This section presents the tests and analyzes performed in order to evaluate the response of the
new non-concentration STEG and the behavior of its main components operating separately.

3.1. Photovoltaic Generator (PVG)

The PVG NS6WL-2060 datasheet, manufactured by Neo Solar Power® and used in this research,
is presented in Table 1.
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Table 1. Solar Cell Neo Solar Power® NS6WL-2060 Datasheet. Reprint with permission [45]; 2018;
Neo Solar Power NSP.

Parameter Measurement Unit Magnitude

ηMP % 20.60
PMáx WP 5.03
VOC V 0.66
ISC A 9.65

VMP V 0.55
IMP A 9.16
α mA/K 4.40
β mV/K −2.00
γ %/K −0.40

Size mm ×mm 156.75 × 156.75
Thickness µm 200

From the study of local solar geometry for the city of Foz do Iguaçu (Brazil), using the method
proposed by [3] and adapted from [46] (Equation (5) to Equation (7)) it was possible to determine the
number of average daily sun hours during each month of the year. The equivalent full sun hours was
estimated from the database published by [47]. The results are summarized in Table 2.

δ = 23.45
π

180
sin

[ 36π
6750

(284 + N)
]

(5)

ωs = cos−1(−tgφ× tgδ) (6)

H =
24
π
ωs (7)

Table 2. Foz do Iguaçu City solar geometric parameters.

Month
Representative

Day of the
Year [48]

Solar
Declination,
δ (rad)

Sunset
Hour Angle,
ωs (rad)

Average
Monthly

Sun–Hours
per Day, H (h)

Full Sun
Hours per

Day (h) [47]

Average Monthly
Irradiance on
Tilted Plane,

GLocal (W/m2)

January 17 −0.3651 1.7538 13.40 5.69 424.85
February 47 −0.2261 1.6796 12.83 5.65 440.03

March 75 −0.0422 1.5914 12.16 5.67 466.37
April 105 0.1643 1.4944 11.42 4.95 433.41
May 135 0.3280 1.4101 10.77 4.19 389.23
June 162 0.4029 1.3662 10.44 3.74 358.64
July 198 0.3697 1.3849 10.58 3.97 375.32

August 228 0.2348 1.4573 11.13 4.87 437.81
September 258 0.0387 1.5514 11.85 4.67 394.37

October 288 −0.1675 1.6484 12.59 5.20 413.18
November 318 −0.3301 1.7324 13.23 5.58 421.94
December 344 −0.4023 1.7749 13.56 5.73 422.88

From the information in Tables 1 and 2 and considering the average operating temperature of the
PVGs available in Brazilian market (45.85 ◦C) [49], the local efficiency of the PVG and its respective
maximum electric power was determined following the method proposed by [50], using Equation (8)
to Equation (10).

ηLocal = ηMan + µηMP

(
TPVG − TPVGMan

)
(8)

µηMP
=

dηMP

dT
�

IMP

GLocal∗APVG

dVOC

dT
=

IMP

GLocal∗APVG
β (9)

PMPLocal = ηLocal∗ GLocal∗APVG (10)



Energies 2020, 13, 2666 10 of 23

Alternatively, it is possible to estimate the peak power of the PVG by the method proposed by [3].
In this case, the maximum power delivered by the analyzed PVG as a function of operating temperature
and actual local irradiance, considering the average NOCT temperature of PVGs available in Brazilian
market, is given by Equation (11) [3]. The results of this approach for the average PVG monthly power
produced are also presented in Table 3.

PMPLocal =
GLocal

GSTC
PMPSTC(1 + γ ∆T) (11)

Table 3. Photovoltaic generators (PVG) power yield at local operating conditions.

Month

Average
Monthly

Irradiance on
Tilted Plane,

GLocal
(W/m2)

PVG Maximum
Efficiency

Temperature
Coefficient, µηMP

(K−1)

PVG Local
Efficiency,
ηLocal

(%)

PVG Local
Maximum

Power Point
(Duffie–Beckman

model),
PMPLocal (Wp)

PVG Local
Maximum Power

Point (Pinho
Model), PMPLocal

(Wp)

January 424.85 −0.00175 16.94 1.77 2.32
February 440.03 −0.00169 17.07 1.85 2.40

March 466.37 −0.00160 17.27 1.98 2.54
April 433.41 −0.00172 17.01 1.81 2.36
May 389.23 −0.00192 16.61 1.59 2.12
June 358.64 −0.00208 16.27 1.43 1.95
July 375.32 −0.00199 16.46 1.52 2.05

August 437.81 −0.00170 17.05 1.83 2.39
September 394.37 −0.00189 16.66 1.61 2.15

October 413.18 −0.00180 16.84 1.71 2.25
November 421.94 −0.00177 16.92 1.75 2.30
December 422.88 −0.00176 16.92 1.76 2.30

Thus, the electric power generated at the maximum power point condition of the PVG, under the
monthly average local irradiance, ranges from 1.43 to 1.98 Wp (Duffie–Beckman method) and between
1.95 and 2.54 Wp (Pinho method). The behavior of the PVG local maximum power obtained by both
Pinho and Duffie–Beckman methods are consistent, as shown in Figure 6, although the magnitudes
present an average divergence of 22.35%. It should be noted that during the southern hemisphere
winter equinox, the critical month (June) has the lowest year-round solar energy yield rate.
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3.2. Thermoelectric Generators (TEGs set)

The proposed STEG is integrated by 16 WAtronix™ inbC1-127.08HTS TEGs units, electrically
connected in series. The validation of TEG performance used the characterization data previously
published in [51–53] through both open circuit and resistive load tests. During TEG set tests, the average
temperature of the cold face was 22.29 ◦C. Based on the test results, the data were extrapolated and
adapted from the general theory of direct current electric circuits.

The TEGs set open circuit test allowed determining the variation of the output voltage (V′oc) at no
load condition for contrasting temperature differences (∆T) as shown in Figure 7.
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Note that the open circuit voltage varies linearly with the temperature difference. Thus, by applying
the least squares method, it is possible to determine a linear expression for the TEGs set output voltage
as a function of the temperature difference, given by Equation (12).

V′oc = 0.6735× ∆T + 0.3510 (V) (12)

By analyzing the behavior of the internal electrical resistance of the TEGs set with the temperature
difference variation (Figure 8) it can be seen that there is a fourth-degree polynomial relationship
between the internal resistance and the temperature difference variation (Equation (13)). The average
internal resistance of the TEGs set is 29.80 Ω and its respective standard deviation is ± 2.64 Ω.

Rint = 29.5620 + 14.3470(∆T) − 8.9642(∆T)2 + 1.6993(∆T)3
− 0.1021(∆T)4 (13)
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Figure 8. TEG set internal resistance as a function of temperature difference.

The load test allowed to determine the Iout, Vout and Pout for different resistive loads under
different temperature gradients. Analyzing Figure 9, it is possible to notice an increase in the Pout
proportional to the increase in the temperature difference for different Iout; as well from Figure 10 it was
observed a similar behavior for the Pout as a function of Vout as the temperature difference increases.
Test data were required to determine the actual power delivered by the TEGs set during the STEG
operation, as well as to establish the resistive load that ensures a maximum power transfer.
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The power of the TEGs set can be established through the operating curves provided by its
manufacturer. Note that by extrapolating the data shown in Figure 11 it is possible to define an
expression to determine the TEGs set power as a function of the temperature difference in steady state
operation, as shown in Equation (14).

PTEGsset = −0.8726 + 0.0458(∆T) + 0.0010(∆T)2 (W) (14)
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3.3. Hybrid Device—STEG

As proven by [15], the actual operating temperature of a silicon PVG can reach up to 76.7 ◦C
when no cooling system is available, while the average NOCT temperature of monocrystalline silicon
modules sold in Brazilian market is around 45.85 ◦C [49]. On the other hand, based on simulations
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performed under Foz do Iguaçu city irradiance conditions, the used arrangement with cooling system
can reach a temperature of up to 39.24 ◦C in summer equinox and 31.49 ◦C in winter equinox (critical
month).

Assuming the average PVG NOCT of monocrystalline silicon modules sold in the Brazilian market
(45.85 ◦C) as the TEGs set hot face temperature and the monthly average ambient temperature as the
TEGs set cold face temperature, i.e., the saturation temperature of a fluid circulating inside the vertical
thermosiphon (passive cooling) or the presumed temperature of the forced flow inside the heat sink
(active cooling), an average annual production of 2.72 W is expected from de proposed STEG device.
The average annual TEGs set production is 0.73 W while the average annual PVG production is 1.99 W.
These results are detailed in Table 4 and the weighted contribution of each technology is presented in
Figure 12.
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Table 4. Average monthly power by technology and weighted contribution.

Month

Average
Monthly
Ambient

Temperature
(◦C) [55]

Average
Monthly

PVG Power
(Wp)

Average
monthly
TEGs Set

Power (W)

Average
Monthly

STEG
Power (W)

Weighted
PVG

Contribution
(%)

Weighted
TEGs Set

Contribution
(% )

January 26.89 2.04 0.36 2.40 85.18 14.82
February 24.91 2.12 0.52 2.65 80.17 19.83

March 23.46 2.26 0.65 2.91 77.54 22.46
April 22.23 2.09 0.77 2.85 73.13 26.87
May 20.38 1.85 0.94 2.80 66.29 33.71
June 19.74 1.69 1.01 2.70 62.75 37.25
July 17.65 1.78 1.21 3.00 59.46 40.54

August 19.73 2.11 1.01 3.12 67.71 32.29
September 23.14 1.88 0.68 2.57 73.35 26.65

October 24.62 1.98 0.55 2.53 78.24 21.76
November 24.49 2.03 0.56 2.59 78.29 21.71
December 25.48 2.03 0.48 2.51 81.04 18.96

The inherent cooling effect of the TEGs set installation on the back of the PVG has not yet been
inserted, when this happens (see Section 3.3.2) the temperature gradient should fall substantially, as a
consequence of the first law of thermodynamic, until reaching thermal equilibrium.
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3.3.1. Modeling Strategy

The proposed STEG was modeled according to the flow chart presented in Figure 13. Initially,
both technologies used by the STEG device (PVG and TEG) were evaluated separately. As a result
of the analysis of researches published in the specialized literature and taking into consideration
the commercial limitations of PVG and TEG devices a STEG computational model was developed
(see Section 3.3.2). The TEGs set was studied experimentally and the PVG behavior was forecasted
using the COMSOL Multiphysics® software, handling the data stated by the manufacturer and taking
into account the local operating conditions. The numerical–experimental results were consolidated
and the main findings are listed in this study.

The power generated by the STEG device corresponds to the sum of the power generated by both
PVG and TEGs set, as described by Equation (15).

PTotal =
n∑
1

PTEGi +
m∑
1

PPVGj (15)

To determine the monthly amount of solar energy actually converted to electricity, simply integrate
Equation (15) in relation to the STEG operating time; the integration interval is limited by the monthly
average sun–hours per day presented in Table 2. It should be clarified that the analytically determined
powers from the boundary conditions correspond to a hypothetical steady state at the optimum
operating point, but in practice it is impossible to achieve these results in a prolonged way given the
intermittent nature of solar radiation itself.
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3.3.2. Numerical–experimental Modeling

STEG’s numerical–experimental study is based on simulations using COMSOL Multiphysics®

software (Version 5.3, COMSOL Inc., Burlington, MA, USA) and derived from the previously presented
laboratory data. The TEGs set was studied experimentally and the PVG behavior was forecasted using
the COMSOL Multiphysics® software, handling the data stated by the manufacturer and taking into
account the local operating conditions. First, the thermal behavior of the prototype was established by
simulating the representative STEG segment of Figure 14 and then, considering the intensive nature of
the temperature, extending the results to the entire STEG.
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Once the global thermal behavior of the proposed STEG is known, both in the spring and fall
equinoxes and in the winter and summer solstices—and considering the average monthly ambient
temperature and irradiance conditions—different operating scenarios were analyzed. In this sense,
non-concentration STEG operating without cooling system achieves operating temperatures of around
62 ◦C while the temperature distributions when the cooling system is present are shown in Figure 15.
The experimental-numerical study was developed for a geometric domain with 39,884.00 external
degrees of freedom and 24,824.00 internal degrees of freedom.
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For the purpose of numerical modeling, it was considered the ambient temperature limit cases
in both solstices and equinoxes as well as their respective average irradiance rates. The simulations
were performed to represent a solar day, highlighting the results in the range from 9:00 a.m. to 5:00
p.m. and incorporating the variation of solar position (orientation and inclination) throughout the day.
Other factors that were considered to perform the simulations were:

(i) The thermal and electrical properties of each material used in the manufacture of PVG and TEGs
set and their variation with temperature;
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(ii) The heat transfer by conduction into STEG;
(iii) The emissivity of the exposed surface to solar radiation and the effects of diffuse radiation;
(iv) The detailing of the geometric domain mesh for finite element analysis;
(v) The thermal insulation of the STEG side faces; and
(vi) The STEG operating in transient state.

4. Results

From the experimental data and results of the computer simulations it was possible to establish
the temperature differences and the STEG powers throughout the day in the southern hemisphere
solstices and equinoxes, as described in Table 5.

Table 5. STEG device power delivered under different operating conditions.

Operating
Condition

Parameter Units
Hour

9 a.m. 11 a.m. 1 p.m. 3 p.m. 5 p.m.

Fall
equinox

day

PVG temperature ◦C 33.07 38.32 40.06 36.57 31.33
TEGs set temperature

difference
◦C 9.61 14.86 16.6 13.11 7.87

STEG power delivered W 2.69 3.19 3.40 3.00 2.57
Winter
solstice

day

PVG temperature ◦C 25.31 30.26 31.49 29.02 24.07
TEGs set temperature

difference
◦C 5.57 10.52 11.75 9.28 4.33

STEG power delivered W 2.49 2.79 2.90 2.70 2.44
Spring

equinox
day

PVG temperature ◦C 31.11 35.46 36.91 34.01 29.66
TEGs set temperature

difference
◦C 7.97 12.32 13.77 10.87 6.52

STEG power delivered W 2.58 2.92 3.07 2.79 2.50
Summer
solstice

day

PVG temperature ◦C 34.9 37.79 39.24 36.35 33.45
TEGs set temperature

difference
◦C 9.42 12.31 13.76 10.87 7.97

STEG power delivered W 2.65 2.90 3.04 2.77 2.56

From the results obtained in the simulations it is possible to verify that the average temperature
difference acting on the set of TEGs set is approximately 12.41, 8.29, 10.29 and 10.87 ◦C under regular
operating conditions over the fall equinox, winter solstice, spring equinox and summer solstice days,
respectively. The power delivered exclusively by PVG, varies throughout the day depending on its
temperature and available local irradiance. The average electric power delivered by the STEG device
was 2.97, 2.66, 2.77 and 2.78 W under regular operating conditions over the fall equinox, winter solstice,
spring equinox and summer solstice days, respectively. Figure 16 details the power delivered from
both STEG device and its constitutive elements (PVG and TEGs set) throughout the day in the southern
hemisphere solstices and equinoxes.
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The percentage of thermal efficiency gains obtained from the inclusion of TEGs set can be estimated
from Equation (16), and the results are graphically shown in Figure 17.

η+ =
ηLocal × PTEGsset

PPVG
(16)

Thus, it can be stated that the incorporation of TEGs set provides an average gain in STEG
efficiency of 6.05%, 2.95%, 4.19% and 4.50% under regular operating conditions over the fall equinox,
winter solstice, spring equinox and summer solstice days, respectively.
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5. Conclusions

The combination of TEG and PVG technologies can bring an efficiency gain of up to 6.05%
depending on the local operating conditions. Therefore, the increase in actual STEG devices efficiency
will not exceed this limit until better figure of merit TEGs or PVGs that can exceed the Shockley-Queisser
limit are developed. However, within the development of the proposed STEG it was possible to notice
that a solar thermal device such as the one presented here not only increases the energy conversion
efficiency, but also reduces the operating temperature of the PVG and therefore extends its service life.

On the other hand, ambient temperature, local irradiance and NOCT temperature are key factors
during the operation of the device as they influence the temperature gradient acting on the TEGs set
and, therefore, determinate the performance of the energy harvesting process.

The use of the STEG technology can bring the following advantages:

(i) Postponement of the installation of new generation plants due to power gain (up to 40.54% as
shown in Figure 12);

(ii) Reduction in fossil fuel use as well as its negative environmental impacts;
(iii) Greater independence from possible network failures;
(iv) Financial benefits which in turn translate into social benefits;
(v) Extension of photovoltaic generator service life.

On the other hand, the main disadvantages of the system are the increase in both installation costs
and arrangement complexity.

As a continuation of this research, it is suggested to identify the variables that will determine
the economic viability of STEG when combining the available PVG and TEG technologies. It also
highlights the need to establish the effects of localization for different latitudes and orientations aiming
to universalize the use of STEG devices. For future research it would also be interesting to determine
the durability of the device through a life cycle analysis to identify wear as a function of time and
temperature distribution during its operation. In this new study, it would also be worth evaluating the
arrangement response on larger scales.
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Nomenclature

APVG PVG area
Ef Photon energy
Eg Band energy gap
Es Seebeck voltage
f Incident electromagnetic wave frequency
GLocal Local irradiance
GSTC Standard test condition irradiance
h Planck constant (6.63 × 10−34 [J · s])
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H Monthly average sun-hours per day
IMP PVG current at maximum power point
Iout TEGs set current output
ISC PVG short circuit current
k Thermal conductivity
N Day of the year (representative of the month)
PMPLocal PVG local maximum power point
PMPSTC PVG maximum power point at standard test conditions
Pout TEGs set output power
PPVG Power delivered by PVG
PPVGj Power delivered by jth PVG
PTEGi Power delivered by ith TEG module
PTEGsset Power delivered by TEGs set
PTotal Total power generated by STEG device
Rint Internal resistance
RL Resistive load
S Seebeck coefficient
T Temperature
Tcold TEGs set cold face temperature
Thot TEGs set hot face temperature
TPVG PVG operating temperature
TPVGMan PVG manufacturer’s test temperature
VMP PVG voltage at maximum power point
VOC PVG open circuit voltage (output voltage at no load)
V′oc TEGs set open circuit voltage (output voltage at no load)
Vout TEGs set output voltage under load
zT Dimensionless figure of merit
Greek symbols
α PVG temperature coefficient for short circuit current
αA,B Seebeck differential coefficient
β PVG temperature coefficient for open circuit voltage
γ PVG temperature coefficient for maximum power point
δ Solar declination
∆T Temperature difference
ηMan PVG manufacturer’s stated efficiency under standard test conditions
ηLocal PVG local efficiency
ηMP PVG efficiency at maximum power point
η+ Percentage of efficiency gain after TEGs set inclusion
λ Wavelength
µηMP

PVG maximum efficiency temperature coefficient
π Pi number
σ electrical conductivity
φ Local latitude
ωs Sunset hour angle
Abbreviations
IR Infrared radiation
NOCT PVG nominal operating cell temperature
PVG Photovoltaic generator
STEG Solar Thermoelectric Generator
TEG Thermoelectric generator
UV Ultraviolet radiation
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