
Case Studies in Thermal Engineering 59 (2024) 104452

Available online 27 April 2024
2214-157X/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Contents lists available at ScienceDirect

Case Studies in Thermal Engineering
journal homepage: www.elsevier.com/locate/csite

Maximizing thermal and electrical efficiency with thermoelectric
generators and hybrid photovoltaic converters: Numerical,
economic, and machine learning analysis
Haitham Osman a, Loke Kok Foong b, c, **, Binh Nguyen Le b, c, Velibor Spalevic d, e,
Branislav Dudic f, g, *, Goran Skataric h, i

a Department of Chemical Engineering, College of Engineering, King Khalid University, Abha, 61411, Saudi Arabia
b Institute of Research and Development, Duy Tan University, Da Nang, Viet Nam
c School of Engineering & Technology, Duy Tan University, Da Nang, Viet Nam
d Biotechnical Faculty, University of Montenegro, 81000, Podgorica, Montenegro
e Faculty of Philosophy, Geography, University of Montenegro, 81400, Niksic, Montenegro
f Faculty of Management, Comenius University Bratislava, 81499, Bratislava, Slovakia
g Faculty of Economics and Engineering Management, University Business Academy, 21000, Novi Sad, Serbia
h Management, Maritime Faculty, University of Montenegro, 85331, Kotor, Montenegro
i Marketing, Faculty of Sports and Physical Education, University of Montenegro, 81400, Niksic, Montenegro

A R T I C L E  I N F O

Handling Editor: Huihe Qiu

Keywords:
Hybrid system
Photovoltaic-thermoelectric
Solar absorption
Power generation
Artificial neural network

A B S T R A C T

In this paper, we introduce an innovative thermoelectric, photovoltaic hybrid system and investi-
gate its performance under various radiation intensities and heat transfer coefficients outside the
cavity. Our findings reveal that the proposed system yields twice the power output compared to a
traditional plate thermoelectric, photovoltaic hybrid system. Through economic analysis, we pro-
ject a 45 % reduction in energy cost with this novel structure compared to a full hybrid system.
Notably, positioning the hybrid system at the bottom of the cavity, where maximum radiation oc-
curs, is deemed optimal. Our heat transfer analysis demonstrates a significant increase in power
generation due to convection outside the cavity, with approximately 9 % of incoming radiation
reflected and a further 59 % reflected without the cavity. Utilizing artificial neural networks, we
predict thermal and electrical power generation, achieving a Mean Absolute Error (MAE) below
3 % and an R-squared value exceeding 0.98. Additionally, our model's predictions closely match
experimental results, validating its accuracy and practical utility. This comprehensive study ad-
vances the field by offering a novel hybrid system design that outperforms existing solutions
while providing insights into optimizing placement and enhancing power generation through so-
phisticated modeling techniques.

1. Introduction
The net production of electrical energy in 2012 was 21.6 billion megawatt hours, which according to the forecast of the Interna-

tional Energy Outlook (2016) report, this amount will increase to 36.5 billion megawatt hours in the year 2040, which shows its
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growth [1,2]. In other words, today, energy consumption has reached more than 43 TW h, of which more than 87 % is provided by
fossil fuels [3,4]. Several efforts have been made to utilize renewable energy to meet the rapidly growing electricity demand and
avoid harmful environmental effects caused by fossil fuels [5,6].

The production of pure electrical energy from renewable sources will grow by an average of 2.9 % annually between 2012 and
2040 [7]. There are two methods for supplying electricity from solar energy [8]. Thermal and photovoltaic systems are two methods
of converting the sun's energy into electricity. Photovoltaic cells are high-efficiency converters that are affected by heat, and their effi-
ciency decreases as the working temperature increases. One of the ways to reduce the power loss caused by the increase in cell tem-
perature is by using a combined thermal photovoltaic system. In this system, the heat of the photovoltaic cell is passed to a heat ex-
changer sink. A thermoelectric generator is one of the new converters that can be used in this hybrid system. These generators have a
lower power-to-mass ratio than other energy production methods, and because they do not have moving parts, they have high relia-
bility and require less maintenance [9]. In the following, the studies on these hybrid systems are presented.

Using photovoltaic modules, thermoelectric modules, and heat extraction channels with or without concentrators, Gao et al. [10]
investigated four types of systems. Temperature differences ranging from 50 to 200 °C were investigated for the studied bismuth tril-
lium thermoelectric generators. They found that at a temperature difference of 155 °C, the efficiency of the thermoelectric generator
reaches about 4 %. Li et al. [11] investigated the effect of a splitter in a photovoltaic/thermoelectric generator hybrid system. They
concluded that the total power increased by 43 %. Alimoradi et al. [12] produce electricity and heat simultaneously using a thermo-
electric generator coupled with linear parabolic solar collectors. As a result of this generator's temperature gradient transfers heat
from the upper to the lower cycle for storage by a thermosiphon system used in this research as a heat absorber. As part of their study,
various types of thermoelectric generators, such as bismuth telluride, lead telluride, and silicon germanium, have been examined, as
well as the effects of various materials on the working fluid of the system and the body of the thermosiphon. In other studies [13,14]
utilized secondary reflector temperature for thermoelectric generator modules. They observed that by increasing the radiation inten-
sity, the temperature of the reflector and the efficiency of the thermoelectric modules increased. Jalili et al. [15] explored transient
squeezing flow in 2D Magnetohydrodynamics (MHD) with Casson fluid under solar irradiance, investigating heat and mass transition.
In another research [16], they investigated convective flow of a constant, laminar, incompressible viscous fluid over a moving plate
with added nanoparticles like Al and Cu. Heat transfer effects such as radiation, internal heat generation, and viscous dissipation were
also considered.

In Li et al.'s study [17], a thermoelectric generator is attached to a solar cell. Using existing methods to separate solar wavelengths,
this system can use a wide range of solar radiation. Solar cells receive short wavelengths from the sun, while thermoelectric genera-
tors receive long ones. Overall efficiency is high due to the combination of both. They also investigated various thermoelectric para-
meters. Efficiencies increase with increasing temperature gradients. Optimizing and arranging system components is essential to in-
crease efficiency [18,19].

Using thermoelectric modules, Hassanniadoon et al. [20] used solar water heaters to transfer heat to the water storage from the
surface of the solar heat absorber. To generate thermoelectric power by focusing sunlight, Fresnel lenses were used. Using a radiation
intensity of 705.98 W/m2, the researchers determined that the maximum thermoelectric power is 1.08 W. The thermal efficiency of
the system was approximately 51.58 %. Lin et al. [21] studied the temperature and output power of the thermoelectric photovoltaic
system for both combined and non-combined modes. After solving their equations using the modified Newton-Raphson method, they
discovered that the thermoelectric module, with the photovoltaic cell, reaches a higher temperature than it does in its single state and
that the combined system is less efficient than the photovoltaic system in general. Metwally et al. [22] studied a photovoltaic panel
cooling model as an active and hybrid cooling system. Thermal generators are used in the active cooling system to dissipate the heat
the photovoltaic panels generate. Photovoltaic panels dissipate heat using a thermoelectric generator and phase change material in a
hybrid cooling system. They experienced an enhancement in the efficiency of the panel by 2.5 %. Hasheminasab et al. [23] developed
and analyzed a theoretical heat transfer model in a thermoelectric thermal photovoltaic hybrid system. For this purpose, they used
MATLAB. Their system included a thin aluminum sheet photovoltaic module, a thermoelectric module with aluminum fins to increase
the conductivity, and a cool air channel to cool the cold side. This system was analyzed under different radiation conditions, and the
result was to determine the optimal number of thermoelectric modules. Also, the total produced power and the efficiency of the com-
bined system were calculated under different radiation conditions. According to their results, a higher amount of radiation leads to a
greater temperature difference on the two sides of the thermoelectric and, therefore, a greater thermoelectric output. Nevertheless, a
greater radiation intensity reduces the efficiency of the photovoltaic system and increases its temperature, so depending on the exist-
ing cooling system, the amount of radiation should be chosen. Under the irradiation of 2800 W/m2, the combined photovoltaic panel
comprised of 36 thermoelectric modules produced 145 W with photovoltaic panels, and the module system produced 4.4 W. In an-
other study [24], the Peltier effect was proposed to dissipate heat from the photovoltaic module. This was accomplished by develop-
ing a detailed model and simulating it with MATLAB software to determine the temperatures at different points and calculate how
much power is required by thermoelectric cooling modules and photovoltaic cells. Then genetic algorithm optimization is used to ac-
curately determine the thermoelectric supply current so that the whole system's produced power is optimal. Finally, this research
showed that the designed system reduced the temperature of the solar cell by consuming a reasonable amount of electrical energy.
Also, if the thermoelectric materials are upgraded with higher degrees of efficiency and also higher levels of radiation, the proposed
system will perform better. In the hybrid system described [25], solar cells cover a thin silicon film, and thermoelectric generators are
used. The thermoelectric generator was also modeled using finite element methods. Photovoltaic cells and thermoelectric generators
produce more power due to integrated designs. This system's total production power is 393 mW, twice how much the cell can produce
alone. According to Ref. [26], thermoelectric photovoltaic systems can be formed with or without glass. The glass was investigated
first and showed that it performs better in conditions of high concentration ratio and increased transmission. In addition, wind speed
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was investigated as an important factor, and the nanofluid flow rate was often overlooked in different research. In addition, when
thermoelectric efficiency reaches a maximum, electrostatic resistance becomes more optimal than its corresponding value when over-
all efficiency reaches a maximum. Because nanofluid has a higher thermal conductivity coefficient than water, it shows better results.

A monocrystalline photovoltaic module and a 1000-W halogen lamp were used as light sources in another study by Pang et al.
[27] to investigate the combined thermoelectric, photovoltaic system thermal performance. A thermal well behind the thermoelectric
module was found to improve the system's thermal performance. Fisac et al. [28] evaluated photovoltaic module performance in two
modes with and without thermoelectric generators. This study utilizes thermoelectric generators to optimize photovoltaic module ef-
ficiency as temperature increases. Thermovoltaic hybrid systems under concentrated radiation were analyzed numerically [29–36].
Polymer crystalline silicon and thin film silicon cells were studied in their study. Semiconductor equations were used to investigate
the effect of temperature on photovoltaic cell efficiency, and it found that polycrystalline thin-layer silicon cells were more suitable
for concentrated hybrid systems than polymer cells. Optimizing thermoelectric cooling for active cooling in solar cells was done by
Verma et al. [37]. In their research, using the mathematical governing equations of the thermoelectric module and assuming that the
properties of the materials used are temperature dependent, the optimal performance of the thermoelectric module was investigated
using the method of maximum tracking of the solar rays. The solar cell's electrical efficiency increased by about 1.8 % in this experi-
ment [38].

One of the most important challenges in most of the mentioned hybrid systems is the amount of sunlight reflected from the surface
of the photovoltaic cell. By reducing this reflection, more electrical energy can be obtained [39–43]. In comparison to conventional
systems, our proposed method offers distinct advantages, particularly in addressing the economic aspect of energy production. By in-
tegrating a hybrid system within a specially designed cavity, we mitigate reflective losses from the surfaces of photovoltaic cells, thus
enhancing overall efficiency.

Still, from the economic point of view, the cost of energy production is currently higher than common systems. Therefore, in this
research, the hybrid system of this cavity system has been used to reduce its reflection from the surfaces of the photovoltaic cell. The
proposed model in this research consists of the combination of thermoelectric, photovoltaic module and thermoelectric modules in-
side a cube as a solar absorber cavity in such a way that the combined system is placed on the lower face of this cube and absorbs the
energy of the reflected rays from the surface of the photovoltaic cell. Thermoelectric modules are installed on the side faces. The re-
flected rays from the bottom surface do not have the appropriate wavelength for production in photovoltaic cells and cause more
heating of other surfaces. These cells were removed from the side surface to reduce the price of electricity produced, and only thermo-
electric modules were included. One of the advantages of using the absorber cavity is the reduction of reflective losses due to the in-
crease of the apparent absorption coefficient of the mentioned system. This study aims to theoretically investigate the effect of using
the cavity on the performance of the combined photovoltaic, thermoelectric system. For this purpose, the governing equations of the
problem, including heat transfer and the equations related to photovoltaic and thermoelectric, have been developed numerically.

2. Modeling the combined thermoelectric photovoltaic system
The desired system is according to Fig. 1. The heat transfer process is such that light rays enter the cavity diffused and uniformly in

all directions. Electric power is produced when the rays hit the internal surfaces of the absorber, which is the same as the photovoltaic
module at the bottom level and the thermoelectric generator at the side surfaces. Then the system's stability increases the temperature
of the hot plate of the thermoelectric generator and the photovoltaic module. Additional power can be generated by the thermoelec-
tric generators attached to the photovoltaic module to use this temperature and thermal capability. All three types of heat transfer
mechanisms are evident in this combined system. This way, the heat transfer inside the cavity and between its faces is radiation type.
Also, heat transfer is conducted in the walls, and considering that the surfaces of the cavity are in contact with air from the inside and
outside, convection heat transfer also plays a role in this.

It should be noted that because the incoming radiation includes different wavelengths, not all can produce electrical energy in
photovoltaics. Its infrared part only increases the temperature of photovoltaics. In other words, the hot source for thermoelectric
modules is the increased temperature of photovoltaics, and the cold source is the outside environment. In this research, T1 shows the
temperature of the internal surfaces of the plate cavity, T2 depicts the temperature behind the photovoltaic cell on the bottom, T3 the
temperature behind the thermoelectric module on the bottom surface of the cavity, and T4 the temperature behind the thermoelectric
module installed on the side. The difference between T2 and T3 at the bottom level is the factor of generating an electric current in
thermoelectric generators installed in the hybrid system. The temperature difference between T1 and T4 is the factor of generating an
electric current in thermoelectric generators at the surface. On the side, their hot plate is heated by direct radiation. The cavity is in
dimensions 110 × 110 mm. The photovoltaic panel is located in the bottom surface of the cavity. Also, TEG panels are situated in the
side panels to maximize the power generation in this hybrid system.

2.1. Thermal modeling of the hybrid system
In setting the stage for our solution, we establish several key assumptions that underpin the analysis of our hybrid system. First

and foremost, we assume a state of equilibrium, with our hybrid system existing in a steady state throughout our analysis. This foun-
dational assumption provides a stable framework upon which to build our exploration of the system's behavior.

Moving forward, we invoke Kirchhoff's law to simplify our analysis, effectively negating the spectral and angular effects of the
photovoltaic module surface. This simplification allows us to treat the absorption and emission coefficients as equal across all wave-
lengths and directions, streamlining our calculations.
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Fig. 1. The schematic view of the cavity.

Furthermore, we presume one-dimensional conduction heat transfer within the photovoltaic panel, extending from the interior to
the exterior of the module. This simplifying assumption aids in modeling the thermal behavior of the panel, facilitating a more
tractable analysis.

In our modeling, we assume a uniform surface temperature distribution across the photovoltaic module, simplifying the complex-
ity of thermal gradients within the system. This uniformity assumption enables a clearer understanding of the system's overall ther-
mal dynamics.

Moreover, we adopt a diffuse behavior for the photovoltaic module's surface, where both emission intensity and incoming radia-
tion intensity are considered constant in all directions. This simplification enhances the clarity of our analysis by eliminating direc-
tional dependencies.

Additionally, we treat the photovoltaic module as having “gray” properties, meaning its characteristics remain consistent across
all wavelengths. This assumption allows us to generalize our analysis without the need for wavelength-specific considerations.

Given the ambient air temperature within the cavity falls within normal ranges, we discount its impact on radiation mechanisms,
acknowledging only a minimal effect on convection heat transfer.

Furthermore, we assume heat transfer within the thermoelectric generator occurs solely through conduction, with no contribution
from radiation. This simplifying assumption facilitates a clearer understanding of the thermoelectric system's operation.

Lastly, we consider a basic photovoltaic module configuration, assuming its economical viability without additional anti-dust or
anti-reflection layers on the semiconductor material. This simplification allows us to focus on core system dynamics without delving
into secondary considerations.

2.1.1. Radiant heat transfer analysis inside the cavity
Because the air inside the chamber is non-cooperative, the cavity's internal surfaces are opaque (transmission coefficient, zero),

and the properties are independent of the wavelength. Diffusivity is assumed in terms of emission and reflection. The net radiation
flux of each element inside the cavity and the radiation power entering it can be calculated using the radiosity method (cavity theory)
[44].

When analyzing radiation problems using this method, the geometry of the problems should be converted into a completely closed
enclosure. However, some levels may not have external existence and are considered virtual. This method assumes that for surfaces
with a certain and constant temperature, what amount of flux should be given to or taken from the surface so that the surface remains
at the same temperature. The analysis of radiant heat transfer for a closed chamber that has gray and diffuse surfaces is described be-
low. Taking into account the surface energy balance for it, two vectors are introduced into this surface, one of which is the irradiation
power (qi,kAk), and the second is the power that must be given to that surface to remain in equilibrium (Qk) and keep its temperature
constant.

On the other hand, the output vector from it is equivalent to the radiation output from the surface, including the reflection of the
radiation entering it and the emission from the surface itself, which is known as radiosity (qo, k Ak). The equations related to the bal-
ance of this level are 1 and 2 [44]:



Case Studies in Thermal Engineering 59 (2024) 104452

5

H. Osman et al.

qo,k = 𝜖kebk + 𝜌kqi,k (1)
Qk =

(
qo,k − qi,k

)
Ak (2)

ϵk is the emission coefficient, ρk is the reflection coefficient, and Ak is the area of the k-th surface. According to the radiation heat
transfer equations and the approximation of the electric resistance-voltage equations, the Qk will be in the form of equation (3).

Qk =

ebk − qo,k

1−𝜖k

𝜖kAk

=

𝜖kAk

1 − 𝜖k

(
ebk − qo,k

)
(3)

After simplification, we will have:

Ak.bbk =

N∑

j=1

[
𝛿kj −

(
1 − Ak

)
.Fk−1

]
.qo,j (4)

Therefore, in the chamber, for the surfaces with a known temperature, the boundary condition of constant temperature can be
used. With the help of equation (4), the temperature value can be calculated. On the other hand, the heat flux may be constant on
some surfaces. In this case, we will use equation (2) and have relevant simplifications.

Qk

Ak

=

N∑

j=1

[
𝛿kj − Fk−1

]
.qo,j (5)

It should be noted that the hybrid cavity has both of the above states, so the combination of two equations, 4 and 5, should be
used. The mentioned method is an indirect formulation of the cavity theory method.

In the above matrix, the F is related to the visibility coefficient between the different faces of the absorbent cavity, which was cal-
culated using the Monte Carlo method in this research. If both solar radiation and convective heat flux enter the surfaces at the same
time, it will be necessary to correct equation (5) in the form of equation (6) [45]:

Qk

Ak

+ qsolar − qconvection =

N∑

j=1

[
𝛿kj − Fk−1

]
.qo,j (6)

2.1.2. Investigation of convective heat transfer inside the absorbent cavity
In previous studies, convective heat transfer has been performed for large cubic cavities in Ref. [46] and for hemispherical and

cylindrical cavities in Refs. [47,48]. In order to calculate the convective heat transfer coefficient in this research, the result obtained
in Ref. [49] was used. Therefore, equation (7) was considered as Nusselt for the absorbent cavity walls:

Nu = exp
(
−1.736 + 0.34 ln

(
Raw

))
(7)

h =

kair

L
0.001.Ra

0.76

w

(
Ts

T
∞

)0.11

(8)

Where 2L is the size of the hole opening, Kair is the conductivity of the air, and Raw is the Rayleigh number. Also:

Raw =

g.𝛽

𝜈.𝛼

(
Ts − T

∞

)
.L3 (9)

𝛽 =

1

T
(10)

𝜈 =

𝜇

𝜌
(11)

𝛼 =

kair

𝜌Cp

(12)

And the properties of air can be calculated in the above relationships at the temperature of the air film according to equation (13)
[50].

kair =

0.00031417T
0.7786

air

1 +
−0.7116

Tair

+
2121.7

T
2

air

(13)
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𝜇
air

=

1.425 × 10
−6
.T

B

air

1 +
108.3

Tair

(14)

𝜌
air

=

P
air

RT
air

(15)

Cp = 1100
kJ

kg.K
(16)

which is R = 287.05 kg.K
J , and Pair is the air pressure. Finally, when considering the temperature of the surfaces, the value of the con-

vective heat transfer coefficient was calculated. The amount of convection heat transfer flux from the walls can be calculated accord-
ing to equation (17):

qconv = h.
(
Tavg−surface − Tfilm

)
(17)

2.1.3. Calculating the power of photovoltaic cell and thermoelectric generator
Equations (18) and (19) are used to calculate the photovoltaic cell's short-circuit current and open-circuit voltage [51,52].

Isc = Isc−ref
G

Gref

(
1 + KlΔT

)
(18)

Voc = Voc−ref

(
1 + KVΔT

)
(19)

In these equations, Isc−ref and Voc−ref are short circuits current and open circuit voltage under standard test conditions (radiation inten-
sity of 1000 W/m2 and temperature of 25 °C. ΔT is the temperature difference value compared to the standard test temperature. A
manufacturer must also calculate the short-circuit current and open-circuit voltage temperature coefficients. Usually, for monocrys-
talline silicon cells, KV is about 0.5 VK−1, but as in many types of research in the field of thermoelectrics, such as [53], thermoelectric
generators are considered open circuits, and it is necessary to express the equation related to the maximum power that can be ex-
tracted from the generator (when the internal resistance is equal to the external resistance of the load).

Pmax =
1

4

(
Voc

)2

Ri

(20)

Ri is the internal electrical resistance of the thermoelectric generator that is determined by its manufacturer. Also, the open circuit
voltage from Equation (21) is the coefficient of the module. It will be obtained.

Voc = S.
(
Th − Tc

)
(21)

Also, the optimal flow is in the form of equation (22).

Iteg =

S
(
Th − Tc

)

2Tm

(22)

where Tm = Th + Tc/2.

2.2. Problem-solving algorithm
A different solution method has been proposed to solve the problem because the proposed system is hybrid and utilizes photo-

voltaic and thermoelectric technology. This solution method has been implemented in MATLAB. The flux entering each surface is
known and equal to zero because all surfaces are insulated. Due to its virtual nature and the direct impact of solar flux on the lower
surface, the upper surface (opening) is at absolute zero. The surface temperature, thermal conductivity, reflection, and convection
heat transfer are calculated in each step. The problem continues until the energy balance is within 0.001 % of the error.

|
|
|
|
|

Qsolar − Qreradiation − Qconvection − Qconduction − Qradiation,out

Qsolar

|
|
|
|
|

≤ 10
−3 (23)

2.3. Specifications of photovoltaic module and thermoelectric module
The specifications of the used converters and photovoltaic modules in the present study are presented in Table 1.
T1-T4 represent temperature values at different points within the system, crucial for assessing temperature differentials essential

for power generation in thermoelectric generators. Additionally, the convective heat transfer coefficient (h) and Rayleigh number
(Raw) are pivotal in determining heat transfer rates within the cavity.
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Table 1
Thermoelectric module and photovoltaic cell specifications.

Parameter Value for thermoelectric module Values for photovoltaic cell

Width (mm) 40 110
Length (mm) 40 110
Height (mm) 4.8 5
Maximum voltage (V) 3.6 5.8
Maximum current (A) 1.23 160
Maximum electrical power (W) 4.5 0.92
Efficiency (%) 5.4 9.8
Resistance (Ω) 3 –
Thermal resistance (K/W) 2.6 –
Open circuit current (mA) – 177
Open circuit voltage (V) – 6

3. Results and discussion
The cavity studied in this research consists of a thermoelectric, photovoltaic hybrid on the bottom of the cube and 20 thermoelec-

tric generators on the side surfaces, which are exposed to radiation or different power levels. The equations of radiation and convec-
tion heat transfer inside the cavity, thermal conduction from the walls, and electric power equations are solved numerically. At first,
to validate the performance of the numerical solution, the governing equations were solved assuming all hybrid surfaces. The results
obtained with the values obtained from the experimental work of Farhangian et al. [38] were compared. In the experimental sample,
the entire surface of the cavity was made of the hybrid system so that all the internal faces of the cube were made of photovoltaic
cells. This sample has been tested in the laboratory against the simulated radiation of the metal halide lamp and also against the sun-
light in real conditions [38].

The results of the numerical solution for a cavity with all hybrid surfaces are shown with the experimental results in Fig. 2. Com-
paring the temperature and power values shows that the difference between the numerical solution and the experimental results is
less than 8 %. Most of these differences are due to the assumptions of the numerical solution.

Fig. 3 indicates the temperature changes behind the thermoelectric module installed on the side surfaces under irradiation of
1000 W/m2 under different convective heat transfer coefficients outside the cavity. The higher the HTC, the lower the photovoltaic
cell temperature, which is more suitable for increasing efficiency. According to Fig. 3, in very low amounts of convective heat
transfer, only heat conduction occurs with the surrounding environment, and the photovoltaic cell temperature reaches 69 °C.

As shown in Fig. 4, the photovoltaic cell temperature increases with radiation entering the cavity. This heat is conducted to the ex-
ternal surfaces, which increases the temperature of the thermoelectric hot plate.

The temperature difference between the inner surface of the photovoltaic cell and the hot and cold plate of the thermoelectric gen-
erator exists at any amount of radiation, increasing with the input radiation. Using equations (20) and (21) and the temperature dif-
ference between the hot and cold plate of the thermoelectric generator, which is illustrated in Fig. 4, the amount of produced power
by the thermoelectric generators on the side surfaces and the thermoelectric generator installed in the hybrid system is calculated at
the bottom surface. In different heat transfer coefficients of the surrounding environment, as shown in Fig. 5, with the increase in this
parameter, the temperature difference between the hot and cold plate increases, and therefore the amount of production power is at
its maximum at the heat transfer coefficient of 10 W/m2K, and it reaches 352.48 mW. Although doubling the convective coefficient is

Fig. 2. The validation of simulations with the experimental results of [38].
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Fig. 3. The variations of photovoltaic cells in different heat transfer coefficient.

Fig. 4. The variation of surface temperature with different irradiation.

Fig. 5. The TEG power with various heat transfer coefficients at irradiation of 1000 W/m2.
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associated with cost, and its provision is not so easy in the points where solar energy is used, it results in a threefold increase in power
production. In addition, cooling the photovoltaic cell surface effectively increases efficiency and reduces cell damage. As radiation in-
tensity increases, more energy is absorbed by the PV cell, leading to an elevation in its temperature. This rise in temperature creates a
greater temperature differential between the PV cell and the surrounding environment. Simultaneously, the TEG absorbs heat from
the hot plate and dissipates it through the cold plate, generating electrical power due to the Seebeck effect.

It is highly effective to cool the cold plate to increase the hybrid system's efficiency. Figs. 6 and 7 depict heat convection's effect on
the cavity's power generation. While the cavity has the photovoltaic plate at its bottom, the cooling behind the thermoelectric cold
plate on its side surfaces, as well as its bottom surface, is similar, and due to the significant increase in the amount of power produc-
tion, it may be used in a variety of applications and will increase heat transfer coefficients. In a thermoelectric module, electrical cur-
rent is generated when there is a temperature gradient across the module, known as the Seebeck effect. The cold side of the TEG
serves as a sink for heat dissipation, ensuring that there is a significant temperature difference between the hot and cold sides of the
module. By cooling the cold plate, the system maintains a lower temperature on this side, which effectively widens the temperature
gradient across the TEG.

The thermoelectric generator's main power source depends on the temperature difference, as illustrated in Fig. 7. The output
power increases six times because of doubling the heat transfer coefficient. Fig. 8 shows the total power output of the cavity. It can be
seen that the thermoelectric generator's temperature difference increases with an increase in the HTC. As a result, the photovoltaic
cell and thermoelectric generator produce more power while cooling the photovoltaic plate. The Seebeck effect states that a voltage
difference is generated across a thermoelectric material when there is a temperature gradient applied to it. In the context of the hy-
brid system, the thermoelectric modules experience a temperature difference between the hot and cold sides, which drives the flow of
electrical current and thus power generation.

Fig. 6. The TEG power generation in the down surface with various heat transfer coefficients and different irradiations.

Fig. 7. The TEG power generation in the side surfaces with various heat transfer coefficients and different irradiations.
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Fig. 8. The total generated power under various irradiation.

The comparison of the numerical and the experimental results in the irradiation of 1000 W/m2 is presented in Fig. 9. It is observed
that in the range of 5 W/m2K, the use of thermoelectric modules in the side wall instead of photovoltaic cells increases the amount of
electric current generation by 1.4 times. With this method, the cost of constructing the absorbent cavity can be reduced in addition to
increasing the power. In fact, solving the distribution of radiation on different surfaces of the cavity shows that the amount of direct
radiation energy that reaches the bottom surface of the cavity is approximately 1.7 times in the condition that the incoming radiation
is perpendicular to the opening of the cavity. This distribution is given in Table 2. A comparison of the results in Table 2 shows that
30 % of the radiation energy directly hits the bottom surface of the cavity, and only 10 % of the incoming radiation is reflected in the
surrounding environment.

Fig. 9. The comparison of the total cavity generated power using the simulation with different heat transfer coefficients.

Table 2
The distribution percentage of irradiation on the cavity.

The component Irradiation distribution

TEG side 2 15 %
TEG side 3 15 %
TEG side 4 15 %
TEG side 5 15 %
PV-down side 30 %
Re-radiation 10 %
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3.1. Optimizing the dimensions of the hole opening
Decreasing the size of the cavity opening reduces the amount of radiant power entering the cavity, and therefore the output power

of the cavity decreases. Still, on the other hand, reducing the amount of wasted reflection increases the system's efficiency. To obtain
the optimal size of the hole opening, first, the very important parameter of absorption efficiency of the cavity is checked. The cavity
absorption efficiency is calculated from equation (24) [54].

𝜂abs =

𝛼eff Paperture − 𝜖eff AapertureT4

Qsolar

(24)

where αeff and ϵeff are the absorption and scattering coefficients of the cavity, respectively. PAperture is the amount of radiant power en-
tering the cavity opening. Another important parameter for checking the effect of the opening is the opening ratio parameter. This is
obtained from the ratio of the size of the opening area to the size of the hole's surface area. Fig. 10 shows the graph of the highest ab-
sorption efficiency in aperture opening ratio in different radiations. As shown in the figure, the absorption efficiency reaches its maxi-
mum value in the opening ratio of 0.43, i.e., 96.5 %.

3.2. Economic analysis
Levelized cost of energy (LCOE) is a method based on calculating the current value of the investment and operation costs of elec-

tricity production throughout the entire life of the project [55]. LCOE can be calculated from equation (25) [56].

LOCE =

∑N

t=0

(
(It+Ot+Mt)

(1+r)t

)

∑T

t=0

(
Pt(1−d)d

(1+r)t

) (25)

In which N is the lifetime of the project, It is the investment cost of the project, including construction cost, operation cost, mainte-
nance cost, Pt is the annual energy production rate in terms of (kWh/year), d is the annual degradation rate (%), and r is the discount
rate (%).

In this research, the It for the proposed hybrid system is $82.75 based on the price of the laboratory sample, which is based on the
discount rate, the production degradation rate of 5 %, the repair and operation rate of 7.5 %, the annual investment rate, and the
lifespan of 30 years. The LCOE is equal to 6.78 $/kWh. The LCOE rate for a photovoltaic cell is 0.92, and for a hybrid flat plate consist-
ing of a photovoltaic cell and four thermoelectric generators is 5.65 [56]. Research [57,58] shows that the price of current thermo-
electric generators decreases with the increase in the number of industrial scales to the extent of photovoltaic cells; therefore, their
use is economical. Of course, with the growth of technology in constructing thermoelectric generators with a higher degree of compe-
tence, the production power would increase against the lower temperature difference. Therefore, the cost of electricity will be de-
creased.

4. Artificial neural networks
In order to propose predictive models, the results of the simulations are used to train artificial neural networks. The models benefit

from hyperparameter tuning to better predict the results. Using machine learning algorithms in heat transfer problems is becoming
prevalent [59–63]. The models are later evaluated using a testing dataset. It should be noted that the testing dataset is not utilized in
the training process [64–68]. The final models of the output parameters are presented in Table 3.

Fig. 10. The variation of efficiency with the changes in aperture opening ratio.
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Table 3
The ANN settings for final models.

Hyperparameter Down surface Side surface Total

Layers' structure (32,64,128,256,128,64,32) (32,64,128,128,64,32) (32,64,128,64,32)
Batch size 16 32 16
Epochs 35,000 45,000 25,000
Activation function Sigmoid ReLU ReLU

The results of the model for the generated power in the down and side surfaces are presented in Figs. 11 and 12. It is clear that the
model has a sophisticated hidden layer structure, and the model's evaluation shows its accuracy. The model's mean absolute error is
equal to 1.01 %.

The model for side surfaces shows that the model error is equal to 1.68 %, and the model has R2 of 0.98. This shows the accuracy
of the model.

The best model is depicted in Fig. 13, and it predicts total generated power. It is clear that the accuracy of this model is very satis-
factory since it has an MAE of 0.78, and the R2 is 0.99.

Fig. 11. The artificial neural network prediction of the generated power in the down surface.

Fig. 12. The artificial neural network prediction of the generated power in the side surfaces.
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Fig. 13. The artificial neural network prediction of the total generated power in the cavity.

4.1. Machine learning algorithm dissemination
To increase the model's novelty and challenge the proposed models, the results of other experiments [38] are compared with the

predictions of the current study. The results are satisfactory, and the models could replace time-consuming experiments and simula-
tions [69]. A similar study is presented in many research [70–73]. Fig. 14 shows the result of the produced power on the side surface.
The results show an MAE of 4 % and the R2 is 0.95.

A similar analysis has also been done for the bottom surface, which is presented in Fig. 15. The model predicts the experimental re-
sults of [38] on the bottom surface. It is concluded that the proposed model of the present study has 3 % MAE and the R2 is 0.97. The
results show how machine learning algorithms are able to capture the physics of the hybrid system and can predict the results accu-
rately.

5. Conclusion
In conclusion, this research introduces a novel model of a combined thermoelectric-photovoltaic system, leveraging an absorption

cavity structure to enhance efficiency by absorbing reflected solar radiation from the photovoltaic cell in multiple directions. We have
established that the optimal placement for the hybrid system is at the cavity's bottom, where the highest concentration of incoming

Fig. 14. The ANN prediction of produced power in side surfaces using experimental results of [38].
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Fig. 15. The ANN prediction of produced power in the bottom surface using experimental results of [38].

radiation, approximately 30 %, is observed. Heat transfer analysis indicates a significant reduction in reflection from the cavity open-
ing, from approximately 10 % with the opening to 60 % without it. Moreover, experimentation with various external heat transfer co-
efficients demonstrates a direct correlation between coefficient increase and enhanced power generation, attributed to decreased cold
side temperatures and improved photovoltaic cell performance. Notably, the system's design accounts for the diverse wavelengths of
incoming radiation, with infrared wavelengths primarily contributing to photovoltaic cell heating rather than electricity production.
Analysis further reveals that the cavity's maximum solar energy absorption efficiency occurs at an opening ratio of 0.43, reaching
96.5 %. Despite variations in solar tracking, the system exhibits sufficient power generation potential, with a current electricity price
of $6.77 per kWh. Additionally, the implementation of artificial neural network models based on simulation results showcases re-
markable predictive accuracy, validated through comparison with experimental data. Future research avenues may explore the appli-
cation of diverse machine learning algorithms for predictive modeling and conduct comparative analyses against alternative experi-
mental findings, further advancing the understanding and optimization of complex solar energy systems.
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