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A numerical simulation model based on the energy transfer and conversion by the semiconductor materials of a Photovoltaic-Thermoelectric
Generation System (PV-TGS) was developed to determine its theoretical power. The model yielded results that differed from those previously
reported by other authors for PV panels and cells by a range of−0.017% to +1.74%. In thermoelectric production, the results deviated by a
range of−2.27% to−2.80%. The model was formulated based on the constitutive equations of the phenomena inherent to the photovoltaic
generation of a monocrystalline silicon PV panel (mSi) and the thermoelectric generation of bismuth telluride (Bi2Te3) Thermoelectric
Generators (TEGs). The primary variables of interest were irradianceG, panel operating temperature (TPV P ), and the cold section (Tc) of
each Thermoelectric Generator (TEG), as well as the generated electrical powerP . The research outcomes enabled the identification of the
optimal number of TEGs for the design of a PV-TGS. This determination was derived by considering the temperature differential between the
TPV P andTc sections, as well as the generation efficiency of PV-TGS as a function of incident radiation. Consequently, a pair of equations
was formulated that establish a direct correlation between the thermoelectric generation rate and the desired output power.
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1. Introduction

In an effort to reduce greenhouse gas emissions during the
generation of electricity for diverse economic and industrial
applications, humans have devised numerous environmen-
tally superior technologies. These innovative methods stand
in stark contrast to conventional methods that rely on fu-
els derived from petroleum or other mineral resources [1].
Among these technologies, solar photovoltaic has achieved
the greatest development and maturity, enabling its current
applications to span from domestic power supplies to pro-
duction in distribution plants. This advancement has moti-
vated various research projects aimed at enhancing the per-
formance of commercial photovoltaic cells and panels. These
investigations encompass a range of approaches, including
the implementation of cooling systems to mitigate the impact
of operating temperature and the development of reflective
surfaces that augment the incidence of radiation, thereby in-
creasing the photogenerated electric current. These advance-
ments have enabled to approach the well-known Shockley-
Queisser limit [2,3]. In line with this trend, PV-TGS rep-
resents a hybrid solar system designed to capitalize on the
residual heat generated during the operation of conventional
photovoltaic systems and convert it into a second electrical

power output. This transformation is achieved through TEGs,
which, utilizing the well-established Seebeck effect, can con-
vert the temperature disparity between their plates into elec-
trical potential. However, for theTPPV panel to be fully
functional, the incident radiation must exceed normal oper-
ating conditions. Consequently, various investigations have
explored the utilization of concentrators and reflectors as an
alternative approach. This approach not only enhances the
electrical energy generation by the PV panel but also aug-
ments the residual heat that can be utilized by thermoelectric
devices and encourages the development of cooling systems
that maintain the Tc at a suitable level. Nevertheless, current
research is confined to constructing various configurations of
these systems and characterizing them under realistic operat-
ing conditions in diverse geographical locations. Notably, it
lacks a prediction of the anticipated electrical power output
based on the components incorporated in their construction
[4,5]. Computational tools, particularly multiphysics simula-
tion, have demonstrated their efficacy in predicting the behav-
ior of diverse phenomena, processes, and systems. This has
led to their widespread adoption in the design of devices and
products, spanning from laboratory to commercial and indus-
trial scales. Notably, the elimination of the need for physi-
cal prototypes reduces production costs significantly [6-10].
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These advantages can also be leveraged in scientific research,
as evidenced since the 1960s. Two decades later, computer
technology had sufficiently advanced for various public and
private initiatives to be commercialized and disseminated. In
1998, [11] conducted studies comparing various software and
methodologies in the prediction of solar energy generation.
The findings indicated that the prediction of heat transfer was
adequate as long as it was performed in a single dimension.
However, significant challenges arose when incorporating in-
formation from the environment, such as fluctuations in am-
bient temperature, incident radiation, and the coefficients in-
volved in convection. In a similar manner, [12] developed
an alternative model for the design of photovoltaic systems.
They began by utilizing the constitutive equations of a photo-
voltaic cell to construct an equivalent electrical circuit. This
model identified irradiance and operating temperature as the
most significant variables, which influenced various parame-
ters such as photogenerated current, saturation current, diode
characteristics, series connection resistance, parallel connec-
tion resistance, voltage, and power output. It was observed
that the intensity of irradiance directly correlated with the
generated electric current, while an increase in temperature
resulted in a proportional rise in photogenerated current, ac-
companied by a concomitant increase in voltage loss within
polycrystalline silicon panels. In recent research conducted
in 2010, [13] developed a MATLAB Simulink model, sim-
ilar to the one described above, to assess the performance
of a hybrid photovoltaic thermal system (PV/T). The model
demonstrated an error of less than 2% compared to experi-
mental measurements. In 2012, [14] conducted a compara-
tive study of electrical power generation from a monocrys-
talline silicon photovoltaic panel under various operational
conditions, including distinct operating temperatures, irradi-
ance levels, ideality factors, and interconnection resistances,
and in collaboration, they developed a simulation model uti-
lizing MATLAB Simulink. Later, in 2015 [15] developed a
model and simulated the behavior of a 60-cell 250 W panel
under varying irradiance (G) and operating temperature con-
ditions. This simulation was conducted to compare the per-
formance of silicon and germanium cells. The simulations
were executed using MATLAB Simulink software. In turn,
[16] conducted a theoretical study to assess the impact of the
angle of incidence on solar energy generation. The study em-
ployed computational simulation in MATLAB to evaluate the
effects of the angle of incidence on the generation of solar
energy throughout the year. The results indicated that the op-
timal angle for installing photovoltaic systems in the Bagh-
dad region is 33◦, where the highest incident radiation is ob-
tained. In the same year, [17] utilized MATLAB Simulink to
develop a simulation of a solar-powered unified power con-
ditioner. This simulation demonstrated the ability to reduce
total harmonic distortion by 4.76% in current and 3.86% in
voltage in arrays of up to 64 photovoltaic panels. In 2019,
[18] developed a block model using MATLAB Simulink that
enables the comparison of simulated cell values with data
obtained from their physical characterization. This analy-

sis revealed that the discrepancies between simulations and
characterizations primarily stem from electrical power losses
resulting from the internal resistance of circuits and voltage
and temperature fluctuations. As previously discussed, sim-
ulation serves as a potent tool in the planning and design of
photovoltaic systems, facilitating the accurate prediction of
their performance. In 2021, [19] investigated using Finite-
Difference Time-Domain (FDTD) simulations how the size
and shape of gold nanoparticles influence sunlight absorption
in dye-sensitized solar cells (DSSCs) to improve their con-
version efficiency. The nanoparticles were modeled in radii
ranging from 15 to 85 nm embedded in a 100 nm thick TiO2

layer. The incidence was varied at angles from 0 to 70◦,
obtaining that the 85 nm nanoparticles presented the high-
est plasmonic absorption of wavelengths between 450 and
800 nm at an angle of 70◦ due to the generation of multiple
plasmonic resonances, which broadens the absorption spec-
trum. In the same year, in Ref. [20] they developed an Inter-
val Type 2 Fuzzy Logic Controller (IT2FLC) for maximum
PowerPoint tracking (MPPT) in a TEGs array and compared
it with the traditional Perturb and Observe (P&O) algorithm,
using MATLAB Simulink software. This resulted in a re-
sponse time∼ 0.2 s faster than P&O and without oscillations.
Based on the simulation data, IT2FLC outperforms P&O in
stability, efficiency, and adaptability to load and temperature
variations, making its application in hybrid solar systems rec-
ommendable. The computational simulation has a wide range
of applications beyond analyzing generation systems. It can
also be directly applied to studying the phenomena inherent
in energy conversion by semiconductor materials and design-
ing these materials. In 2024, [21] conducted a comprehen-
sive numerical analysis of solid-state quantum dot-based hy-
brid solar cells (SSQDSCs) using SCAPS-1D software. The
primary objective of this study was to optimize the perfor-
mance of the configuration, which included the frontal con-
tact of Fluoride Tin Oxide (FTO), metal oxides (titanium ox-
ide (TiO2), zinc oxide (ZnO), and tin dioxide (SnO2)), cad-
mium sulfide (CdS) quantum dots, poly (3-hexylthiophene)
(P3HT) hole-transporting and absorbing layer, and platinum
(Pt) three-way contact. The study varied parameters such
as thickness, electron affinity, interstitial defects, work func-
tion, and quantum confinement effects of the CdS dots. No-
tably, the study determined the efficiency as a function of
the semiconductor, with the highest efficiency observed for
SnO2 at 15.15%, followed by ZnO at 14.88% and TiO2 at
14.7%. In contrast, [22] they made a theoretical study on the
structural, electronic, and optical characteristics of MA2GeI4
(MA = methylammonium, CH3NH3), a lead (Pb)-free two-
dimensional perovskite material suitable for solar cell ab-
sorbers. To achieve this, they employed a combination of
density functional theory (DFT) and the spectrally limited
maximum efficiency (SLME) model, utilizing the Quantum
ESPRESSO software. Consequently, they determined that
the material’s band gap of 1.37 eV makes it an optimal can-
didate for absorbing sunlight, resulting in a theoretical con-
version efficiency of 32.6%, which closely approximates the

Rev. Mex. Fis.72011002



OPTIMIZING ENERGY CONVERSION IN A PV-TGS (MSI-BI2TE3) USING NUMERICAL SIMULATION. . . 3

Shockley-Queisser limit. In this same year, [23] published
a computational study that combined DFT and Boltzmann
transport theory to analyze half-Heusler (hH) alloys as poten-
tial candidates for high-temperature thermoelectric genera-
tors. The study utilized Quantum ESPRESSO to evaluate the
performance of TiPtPb compounds, which were compared to
other TiXPb compounds (X = Ni, Pb, Pt). Khatri’s findings
revealed that TiPtPb compounds exhibited exceptional prop-
erties, including low lattice thermal conductivity and high-
power factor, setting them apart from their counterparts. This
theoretical study serves as a foundation for the development
of semiconductor materials for high temperatures, address-
ing the limitations of commercial alternatives. As a conse-
quence of this research, a simulation model was developed
that, unlike the previously mentioned models, not only visu-
alizes the photovoltaic cell as an electrical circuit but also in-
corporates the construction materials and the phenomena as-
sociated with energy conversion, whose substantial implica-
tions are responsible for its electrical power output. Further-
more, the same simulation model incorporates the effects of
panel temperature on the thermoelectric generation of TEGs,
which, when combined, facilitate the utilization of residual
heat and augment the generation of electrical energy.

2. Methodology

Figure 1 presents a comprehensive overview of the experi-
mental procedure devised for the simulation of the PV-TGS.
Each stage of the procedure is detailed below.

2.1. PV panel simulation

For the simulation’s development, theSolar Cellapplication
was utilized within the semiconductor module of the Comsol
Multiphysics software considering as cell material mSi [24-
25].

FIGURE 1. PV-TGS simulation process. Own elaboration.

FIGURE 2. ASTM-173-03 Standard: A Comprehensive Overview
of the Utilizable Solar Spectrum [24].

2.1.1. Incident radiation

The interpolation of solar radiation was conducted based on
the spectrum established by the ASTM-173-03 standard [26].
This spectrum was obtained through an approximation in-
corporated within the simulation module depicted in Fig. 2,
whose intensity corresponds toG = 1000 W/m2.

2.1.2. Absorption function

The interpolation function was employed to determine the
quantity of radiation absorbed by the material and utilized by
it to transfer electrons from the valence band to the conduc-
tion band. In the case of silicon, this material absorbs radia-
tion from 1.107 eV (approximately equivalent to wavelengths
of 1120 nm) up to wavelengths of 400 nm in length [27]. For
this purpose, the functionsnref = 1 (reflectivity index) and
kref = 2 (excitation coefficient) were designated.

2.1.3. Geometry

The cell’s geometry is one-dimensional (1D), with a depth of
250 micrometers. This depth is significant because the inter-
actions that generate the photogenerated current occur within
a wavelength range of 400 to 1150 nm at a depth between
180 and 200µm [28]. The total surface area of the cell was
142 cm2 [29].

TABLE I. Declaration of the variableGph belonging to photogeneration.

Name Expression Unit

Gph (4*pi/(h const*cconst)*integrate(kref(lm)*F(lm)*exp(-4*pi*kref(lm)*x/lm), 1/(m3·s)

lm,25[nm],1300[nm]))

Prepared by the authors with data from [25].
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2.1.4. Photogeneration (Gph): PV panel generation

Once the incident radiation and the quantity of energy ab-
sorbed by the material were determined, the energy that the
material can convert into an electric current as a result of the
photoelectric effect was calculated. The variable and its dec-
laration are presented in Table I, which is equivalent to Eq. (1)
and corresponds to the photogeneration rate as a function of
depth z (G(z)) into the device from the surface,λ is the
wavelength,α(λ) is the absorption coefficient rate defined
by Eq. (2) whereκ(λ) is the imaginary part of the refrac-
tive index, andφ(λ) is the photon generation rate defined by
Eq. (3), whereF (λ) is the spectral irradiance given for the
approximation by the AM 1.5 spectrum shown in Fig. 2 [24-
26,30],h is Planck’s constant (6.626×10−34 J·s) andc is the
speed of light (3× 108 m/s).

G(z) =
∫ ∞

0

α(λ)φ(λ) exp(α(λ)zdλ, (1)

α (λ) =
4πκ (λ)

λ
, (2)

φ (λ) =
λ

hc
F (λ) . (3)

2.1.5. Semiconductor material model

The initial equation solved was that of charge carrier density
ρ as a function of the relative permittivity of the materialεr

and the vacuum permittivityε0, as well as the applied voltage
V , as presented in Eq. (4).

∇ · (−ε0εr∇V ) = ρ. (4)

This subsequently enabled the determination of the quan-
tity of electrons and holesρ+ that would generate the photo-
generated current. The equations that model the phenomena
occurring during the photoelectric effect are presented below.
Equation (5) (Poisson’s equation) relates the carrier density
as a function of the electron chargeq to the number of posi-
tive or holep and negativen carriers, as well as the densities
of donor and acceptor atomic chargesN+

d andN−
a . In this

context, both electrons and holes possess the same magnitude
of charge, albeit with opposite signs [31].

ρ+ = q
(
p− n + N+

d N−
a

)
. (5)

In turn, the pair of Eqs. (6) and (7) determined the con-
centration of positive and negative charges in the depletion
regionn and its edgesγn andγp as a function of the elec-
tronic charge, the work functionEf0, which is dependent on
the material, the charge density in the valence and conduction
bandsNv andNc, and the energies related to the valenceEv

and conductionEC bands. All these variables are affected by
the reference temperatureTI , which was determined by the
Nasrin equation [32] and is equivalent to theTPV P . In both
equations,kB is the Boltzmann constant.

n = Ncγn exp
(

q (Ef0 − Ec)
kBTI

)
, (6)

n = Nvγp exp
(

q (Ev − Ef0)
kBTI

)
. (7)

Equations (8) and (9) were derived from the conversion of
the Poisson equation into flow equations, enabling the calcu-
lation of the total current generated along an electrical con-
ductor current densityJ resulting from the recombination of
both types of chargesJn andJp. Consequently, terms such
as mobilityµn andµp and the diffusion capacity of charge
carriersDn,th

andDp,th
were incorporated to determine the

generation capacityGph.

Jn = qnµn∇Ec + µnkBTGph (n/Nc)∇n

+ qnDn,th∇ln (TI) , (8)

Jp = qpµp∇EV + µpkBTGph (p/NV )∇p

+ qpDp,th∇ ln (TI) . (9)

Consequently, it can be asserted that the first of these (4) de-
scribes the electric current generated by the electric field ap-
plied to the semiconductor, which flows in the opposite di-
rection to the electric fieldDrift. The second Eq. (5) de-
scribes the behavior of hole diffusion on the semiconductor’s
surface due to the incidence of sunlight and its absorption ca-
pacity. The analytical doping Eqs. (10) and geometric doping
Eqs. (11), (12), and (13) are employed to determine the num-
ber of donor doping atomsND and acceptor doping atoms
NA formed during the photoelectric effect.Nprev

A represents
the concentration of acceptors at the starting time of the sim-
ulation. It is noteworthy that if all dopant atoms are ionized,
N+

d = ND andN−
a = NA.

ND = Nprev
D + ND0; NA = Nprev

A . (10)

In the scenario where not all atoms are ionized, the
donor concentration will be equivalent to the atoms previ-
ously present in the junction zone between the two sections
of the doped semiconductorNprev

D and those that remain in
a latent stateND0. Conversely, if acceptor atoms become
completely ionized, their concentration will equal that of the
carriers present in the junction. This non-ionization behavior
may be attributed to the absorption depth and/or the wave-
length at which the semiconductor interacts. The above de-
pends on the distance from the distribution centerr, typically
at r = 0, the largest number of acceptors is presentNA0.
By considering the change in charge concentration along the
thickness of the materiall, it is possible to determine the
thickness of the depletion zoneld as a function of the con-
centration of electrons and holes and the diffusive flowdj of
the dopants from the depth of the materialNb.
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ND = Nprev
D , (11)

NA = Nprev
A + NA0 exp

[
−

(
r

ld

)2
]

, (12)

ld =
dj√

ln
(

NA0
Nb

) . (13)

To assess the system’s response under varying irradiance con-
ditions, simulations were conducted usingG values ranging
from 1000 to 2000 W/m2, with increments of 200 W/m2.
This approach ensured that the operating temperature was
systematically affected in parallel with the photovoltaic gen-
eration.

2.1.6. Meshing

The mesh applied was fine, with a maximum size of 10 nm at
the left end, where contact 1 is situated (coordinate 0,0), and
smoothing was applied until reaching the contact 2 ends on
the right (coordinate 250,0) with 546 elements. The primary
objective was to scrutinize the recombination of charge carri-
ers within the semiconductor material as the depth increases.

2.2. Validation of PV panel simulations

To validate the simulation results, a comparative analysis was
conducted between the findings of [14,15,18]. These studies
focused on the electrical power generated by a PV panel un-
der identical operational conditions. This comparative anal-
ysis validated the suitability of the simulation model for pre-
dicting photovoltaic energy.

2.3. Simulation TEG

In the TEG simulation, the TGM-127-1.4-2.5 model from
Kryotherm was utilized as a reference. The construction ma-
terials employed were Bi2Te3 doped with positive and nega-
tive charges, silver solder, and alumina in the warm and cold
sections encapsulating the semiconductor materials and con-
ductive solder. To establish a reference parameter and vali-
date the simulation, the identical temperature differences em-
ployed by the manufacturer for its characterization (170, 150,
and 120◦C) were utilized. Subsequently, simulations were
conducted with the PV panel operating temperatures derived
from the results of section 2.1.5.

2.3.1. Heat transfer

The heat transferq between the materials is conducted, ne-
cessitating the application of Fourier’s law Eq. (15) to deter-
mine the variables of interest. This equation is derived from
the conservation of energy Eq. (14), where variables include
the densityρ, heat capacity at constant pressureCp, tempera-
ture change rate componentu, temperature gradient∇T , the

rate of heat generationQ and conduction coefficientk, all of
which are intensive properties of the materials. Additionally,
the temperature gradient between the warm and cold sections
is a crucial factor in this analysis.

ρCpu · ∇T +∇ · q = Q, (14)

q = −k∇T. (15)

2.3.2. Electric current

The generated electric current densityJ is calculated by solv-
ing the equations of diffusion current densityJe, which in
this case refers to that caused by the Seebeck effect. There-
fore, the variables considered were conductivityσe, the See-
beck coefficientS. Which depends on the material used in
the manufacture of the thermoelectric device, the temperature
gradient∇T , which occurs given the temperature ofTPV P

andTc and electric fieldEv, which is a product of the electric
potential gradient∇V . This set of Eqs. (16), (17) and (18)
determine the output current and voltage of the each TEG.

J = σeEv + Je, (16)

Ev = −∇V, (17)

where:

Je = −σeS∇T. (18)

2.4. TEG configuration

To ascertain the optimal number of thermoelectric devices,
arrays comprising varying quantities of TEGs, spanning from
five to seventy elements, were subjected to analysis. The sur-
face area with which TEG comes into contact is the result of
dividing the total panel area by the number of TEGs. An ex-
ample of this distribution is shown in Fig. 3. The conversion
efficiency assumed for these configurations was 5.4% for the
TEGs [33], under AM 1.5 illumination conditions. This anal-
ysis was undertaken to elucidate the individual and collective
generation capabilities of the devices.

2.5. Generation of PV-TGS

Once the simulations had been validated, the electrical power
obtained per unit of surface area was standardized. Conse-
quently, a surface area of 1 m2 and a conversion efficiency
of PV panel 26.7% were considered as a reference for the
remainder of the simulations [34]. The electrical power pro-
duced by the system was regarded as the summation of the
generation of the photovoltaic panel and the production of
the thermoelectric generator array for various values ofG.
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FIGURE 3. Example of distribution of the TEGs (10) in the rear
section of the PV panel.

2.6. Validation of PV-TGS simulations

A comparative analysis is conducted, comparing the out-
comes of this research with previously published experimen-
tal and theoretical studies, including those conducted by [35-
39]. The comparison was conducted to analyze the follow-
ing key factors: the number of thermoelectric generators em-
ployed, the temperature difference at which they operate, the
power output of each TEG, and the overall increase in electri-
cal power generated by the system, encompassing both ther-
moelectric and photovoltaic components.

3. Results and analysis

3.1. PV panel generation

The power values obtained by the panel simulation, as de-
scribed in Sec. 2.1.5, are presented in Fig. 4. As anticipated,
the power output increases with the incident radiation, reach-
ing a peak of 86.25 W at 2000 W/m2. Consequently, the
operating temperature also rises to 87.50◦C, resulting in a de-
crease in the open circuit voltageVOC from 21.5 to 16.26 V.

FIGURE 4. A comparative analysis of the electrical power output
generated by a photovoltaic panel at varying G values, conducted
through computational simulations.

TABLE II. A comparative analysis of previously reported simula-
tions of photovoltaic cells and panels with the model generated by
this research.

Reference Power Power obteined Difference(%)

in this researchW

[14] 60.00 59.99 -0.017

[15] 250.00 245.66 -1.740

[18] 1.93× 10−3 1.97× 10−3 +1.780

TABLE III. A comparative analysis of previously reported simula-
tions of photovoltaic cells and panels with the model generated by
this research.

Temperature Kryotherm Simulation Percent

difference◦C V V difference (%)

170 7.50 7.34 -2.45

150 6.60 6.45 -2.27

120 5.35 5.20 -2.80

The observed curves accurately depict the well-established
and previously documented behavior of this energy conver-
sion process, indicating the representativeness of the simula-
tion. This phenomenon arises from the reduction in the en-
ergy gap between energy levels as a result of temperature in-
crease. Consequently, the valence band gradually approaches
the conduction band, leading to a decrease in the potential
energy necessary to attain a specific energy level. This re-
duction in potential energy is disadvantageous at the macro-
scopic level, resulting in a lower voltage, as reported in pre-
vious research such as that conducted by [9,22,40-41].

3.2. Validation of PV panel simulations

The comparison between previous research and the results
of this research is presented in Table II. It is evident that the
output power values exhibit a range of−0.017 to +1.78%, in-
dicating that the model is suitable for simulating photovoltaic
cells and panels. This suggests that the model can be utilized
for the design and planning of commercial and research pho-
tovoltaic and/or hybrid systems.

3.3. Simulation TEGs

Figures 5 and 6 illustrate the heat transfer and electrical po-
tential differences, respectively, resulting from a tempera-
ture difference of 170◦C. Furthermore, Table III compares
the simulation results with the manufacturer’s characteriza-
tion data, which spans a voltage output range of−2.27% to
−2.8%. This fluctuation could be attributed to the uncertainty
regarding the precise concentration of dopants in the thermo-
electric material, which consequently impacts the electrical
measurements. Given this range, the simulation serves as a
suitable approximation of the actual phenomenon and can be
employed for the simulation of the PV-TGS.

Rev. Mex. Fis.72011002
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FIGURE 5. Temperature gradients between sections of the 170◦C
TEG.

FIGURE 6. Potential difference between the TEG terminals with
temperature gradient = 170◦C.

3.4. TEGs Configuration

Based on the data obtained from the simulations, the power
generated by each array is presented in Fig. 7. It is evident
that the power generated by each array is proportional to the
temperature in the cold section. This is because as theTc

is reduced, the temperature difference between the two sides
of the TEGs increases, resulting in a greater heat flow. Con-
sequently, this heat flow translates into a higher conversion
rate, due to an increase in the efficiency of TEGs. However,
it is important to note that, under the simulated gradients,
the operating temperature of the photovoltaic panel was not

FIGURE 7. Power produced as a function ofTc according to the
number of TEGs used in each array.

FIGURE 8. Power produced by each TEG configuration under dif-
ferent G conditions atTc = 15◦C.

significantly reduced. Therefore, the thermoelectric devices
primarily function as an additional source of energy conver-
sion rather than as a cooling system. The latter is most likely
attributed to the relatively small temperature difference be-
tween the two sections of the TEGs, which fluctuates between
41.25 and 62.50◦C. This gradient significantly deviates from
the 170◦C recommended by the manufacturer to optimize
performance. However, it is noteworthy that with adequate
cooling, the output power can be elevated from 16.33 W to
28.82 W, resulting in a 76.48% enhancement compared to the
configuration employing the highest number of TEGs. This
ratio, considering the prevailing generational trend, appears
to be consistent across all configurations.

Figure 8 presents a comparative analysis of the power
generated by each TEGs array atTc = 15◦C (the optimal
performance point) among the multiple arrays under identi-
cal irradiance conditions as those simulated for the photo-
voltaic panel. It is evident that, as the temperature of the pho-
tovoltaic panel increases, the TEG power also rises due to the
enhanced heat flux, as previously discussed. Consequently,
this power exhibits a linear relationship with the number of
elements. However, an increasing number of TEGs leads to
higher generation costs. Therefore, it is crucial to determine
the optimal number of elements that maintains a favorable
cost-per-watt generated ratio. As depicted in Fig. 7, the gen-
eration behavior of the TEGs exhibits a linear pattern. Con-
versely, when analyzing the power output of the TEGs in-
dividually as a function of the incident radiationG in the
system (Fig. 9), it is observed that the conversion efficiency
ηTEG diminishes, following the trend outlined in Eq. (19).
This observation facilitates the prediction of the generation
capacity of a TEGs array, provided that the incident radiation
intensity on the panel is known and subsequently multiplied
by the number of elements.

ηTEG (G) = −2.29× 10−12G3 + 1.37× 10−8G2

− 3× 10−5G + 5.97× 10−2. (19)
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FIGURE 9. Conversion efficiency of TEGs as a function of incident
solar radiation on the PV panel surface.

FIGURE 10. Comparison of the power generated per m2 at differ-
ent G values of the mSi panel.

3.5. Generation of PV-TGS

Finally, Fig. 10 illustrates the power generated per square
meter by the photovoltaic panel under variousG conditions.
This curve reflects the behavior observed and described in
Fig. 4. Conversely, Fig. 11 presents the total power obtained
by the different PV-TGS configurations. It is evident that, as
the incident radiation increases, both the panel and the TEGs
array generate more power due to the irradiance and temper-
ature difference, respectively. However, this increase is not
proportional. Each time the radiation intensity increases, the
power difference between the previous configuration and the
subsequent one (with higherG) decreases. This is due to the
aforementioned: as the increase in power increases propor-
tionally with the increase in radiation, the voltage does not
decrease proportionally but rather depends on the tempera-
ture coefficient, which depends not only on the base material,
in this case silicon, but also on the amount of dopants, the
production quality of the material, and the exposure and op-
eration period of the panel, without omitting the discussion

FIGURE 11. Comparison of the power generated per m2 at differ-
entG values of the PV-TGS withTc = 15◦C and its PV equivalent
at 25◦C (dotted lines).

on the decline in TEG conversion efficiency due to incident
radiation. In comparison with the power achievable at 25◦C
by the PV panel (dotted lines), the same Fig. 11 demonstrates
several equivalent circuits (PV panel + TEGs array) that can
provide the same electrical power. These circuits are detailed
in Table IV. According to these circuits, increasing the oper-
ating temperature may necessitate a smaller number of ther-
moelectric devices or improved cooling of the PV panel, de-
spite the aforementioned considerations. This is particularly
significant because, in most cases, it is more feasible to en-
hance the concentrated radiation than to reduce the temper-
ature through cooling processes. In such cases, this often
involves either supplying additional energy or consuming it
directly from the PV system, thereby reducing the overall us-
able power.

Given the comprehensive data analysis, the system power
calculation can be streamlined using the equation derived
from the graph depicted in Fig. 11, as presented in Eq. (20) as
a steady-state solution. This equation incorporates the slope,
which represents the individual power output of each TEG,
directly proportional to the irradiance conditions under which
it operates. Where PPV−TGS is the power of the PV-TGS,
PTEG (T ) is the power produced by a TEG as a function of
temperature. (Additionally, the value can be calculated us-
ing Eq. (16),nTEG is the number of TEGs in the array and
PPV (T ) is the power of the photovoltaic panel depending on
the operating temperature.

PPV−TGS = PTEG (T )nTEG + PPV (T ) . (20)

To obtain the values ofPPV (T ) andPTEG (T ) it is possi-
ble to use the values provided by the manufacturer in order
to facilitate their calculation as shown in Eqs. (21) and (22),
whereRT is the thermal resistance of the TEG, wherePPV

is the power produced by the PV panel under ideal operat-
ing conditions (according to the manufacturer),T (G) is the
temperature as a function of irradiance,Tamb is the ambient
temperature, andCT is the coefficient of power loss due to
temperature. For its part, theT (G) can be obtained using

Rev. Mex. Fis.72011002
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TABLE IV. Comparison of equivalent circuits (PV Panel + TEGs Array) that can generate power equivalent to the PV panel alone at 25◦C
(AM 1.5 conditions).

PowerW Equivalent circuit

267.00 (1000 W/m2) ∆T = 47.50◦C (1200 W/m2) +5TEGs -

320.40 (1200 W/m2) ∆T = 53.75◦C (1400 W/m2) +37TEGs -

373.80 (1400 W/m2) ∆T = 66.25◦C (1800 W/m2) +18TEGs ∆T = 60.16◦C (1600 W/m2) +67TEGs

427.20 (1600 W/m2) ∆T = 72.50◦C (2000 W/m2) +52TEGs -

TABLE V. Comparative table of generation and performance increase in different hybrid systems.

Reference TEGs ∆T (◦C) Power produced by Increased system Increased calculated in

each TEG (W ) power (%) this research (%)

[35]a 4 12.23 - 5.07 0.576

[36]b 1 23.86 0.31 38.27 28.85

[37]c 16 9.61-16.60 0.045-0.065 14.82-40.54 20.43

[38]d 1 8-18 0.50 5.00 4.80

[39]e 4-5 5-25 74.60 13.37 12.74
aUsed in Peltier mode and with fans,bUsed aluminum heat sink and solar cell of 1.12 W,cUsed aluminum heat sink and solar cell of 5 W,dUsing gallium

arsenide (GaAs) cells and concentration andeWith high concentration.

models such as Ross [42] or Nasrin [32]. Under thermal equi-
librium conditions,Th = PPV (T ) and ηTEG is the TEG
efficiency.

PTEG (T ) =
Th − Tc

RT
ηTEG, (21)

PPV (T ) = PPV [1− ((T (G)− Tamb) ∗ CT )] . (22)

Consequently, to determine the optimal number of TEGs for
a specified power output, Eq. (23) can be employed, which
was obtained by following the slope behavior of the number
of TEGs and their generation. In the particular scenario of
transitioning from a PV system to a PV-TGS configuration,
with nTEG0 initially set to 0.

P − P0 = PTEG(nTEG − nTEG0), (23)

whereP is the desired power,P0 is the starting power,nTEG

is the appropriate number of TEGs to achieve the desired
power, andnTEG0 is the starting number of TEGs.

3.6. Validation of PV-TGS simulations

The results of the comparison are shown below in Table V. It
can be seen that the conversion increase values determined by
simulating the test conditions, although not exactly the same,
belong to the same order of magnitude, with the exception of
the results obtained by [35]. This is attributed to the device’s
usage, as it operates in Peltier mode rather than employing
the Seebeck effect. According to the results, this approach
may be more effective in lowering the panel’s temperature.
However, it necessitates the provision of electrical energy,
whether additional or generated by the system itself. This

can be counterproductive if the system includes components
such as circulation pumps or fans. Similarly, it is evident that
the majority of previously published works employ various
cooling methods. Notably, only those requiring heat sinks or
air as the cooling fluid do not necessitate additional energy
for this purpose. Although this work did not explicitly con-
sider the cooling techniques employed in the cold section, the
application of the derived mathematical models remains ap-
propriate. This is because the temperature difference between
the TEG sections is the primary factor relevant to the model,
irrespective of the method used to achieve it. Consequently,
this approach facilitates the standardization of equation usage
across diverse solar hybrid system configurations.

4. Conclusions

Based on the results obtained, the following conclusions are
drawn: The direct coupling of TEGs to PV panels presents
a viable alternative, particularly when a high temperature
difference is achievable. This difference can be achieved
through an adequate cooling system or by increasing the irra-
diance concentration. The latter approach is generally more
advantageous as it can be achieved using concentrating mir-
rors or reinforcing reflectors, technologies that have already
been explored and researched. These technologies offer low-
cost alternatives compared to most cooling systems that ne-
cessitate a power source. This observation is further cor-
roborated by noting that, in each circuit with an equivalent,
the temperature difference is only 6.25◦C. Consequently, the
number of TEGs required in each array can vary depend-
ing on the attainable power output. For instance, in the
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case where a radiation incident of 1400 W/m2 can generate
373.80 W, the number of TEGs can be approximately 3.72
times greater (from 18 to 67 TEGs). On the other hand, it
is widely known that the operating temperature of the cells
used for these panels is between 25 and 45◦C. However, in-
creasing the incident radiation will affect this temperature
range. As observed in the results of this research, temper-
atures range between 56.25 and 87.50◦C, which exceed the
aforementioned temperature and consequently reduce the ef-
ficiency of the system. Therefore, to further enhance the us-
able power of this type of system, TEGs must improve their
conversion efficiency. This would enable them to function
not only as a secondary form of energy transformation but
also as a cooling device for the photovoltaic section, thereby
augmenting the overall performance of the system. Finally,

the development of a predictive model for determining the
optimal number of TEGs in PV-TGS Eqs. (19) and (23) de-
signs significantly facilitate the design process of these en-
ergy systems. This model enables the exploration of diverse
configurations and potential applications, including the selec-
tion of appropriate materials for both TEGs and PV panels.
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reta Garćıa, and E. A. Ch́avez Urbiola, Simulación
computacional de generadores termoeléctricos de telu-
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De Investigacíon En Materiales Avanzados, 2016.
https://cimav.repositorioinstitucional.
mx/jspui/handle/1004/215

41. M. A. Khan, B. Ko, E. A. Nyari, S. E. Park, and H. J. Kim,
Performance evaluation of photovoltaic solar system with dif-
ferent cooling methods and a Bi-reflector PV system (BRPVS):
An experimental study and comparative analysis,Energies, 10
(2017) 6,https://doi.org/10.3390/en10060826 .

42. K. Ouassoul, A. El Kenz, M. Loulidi, A. Benyoussef, and M.
Azzouz, Prediction of the photovoltaic performance of the lead-
free layered Ruddlesden-Popper organic-inorganic perovskite
(CH3NH3)2GeI4,Rev. Mex. F́ıs. 70 (2024) 1, https://
doi.org/10.31349/revmexfis.70.040502 .

43. R. G. Ross, Flat-Plate photovoltaic array design optimization,
in Photovoltaic Specialists Conference, 14th, San Diego, Calif,
Inc. I. Institute of Electrical and Electronics Engineers, Ed.,
New York: Conference Record, Jan. 1980, pp. 1126-1132.

Rev. Mex. Fis.72011002

https://api.semanticscholar.org/ CorpusID:62925818�
https://api.semanticscholar.org/ CorpusID:62925818�
https://doi.org/10.1016/j.ijhydene.2015.02.077�
https://doi.org/10.1016/j.ijhydene.2015.02.077�
https://doi.org/10.31349/RevMexFis.67.509�
https://doi.org/10.31349/RevMexFis.67.509�
https://doi.org/10.3390/inventions6040088�
https://doi.org/10.31349/RevMexFis.70.061001�
https://doi.org/10.31349/RevMexFis.70.061001�
https://doi.org/10.31349/revmexfis.70.040502�
https://doi.org/10.31349/revmexfis.70.040502�
https://doi.org/10.1016/j.commatsci.2024.113250�
https://doi.org/10.1016/j.commatsci.2024.113250�
www.comsol.com/blogs�
www.comsol.com/trademarks�
https://store.astm.org/g0173-03.html�
https://doi.org/10.1016/B978-0-443-18786-5.00002-0�
https://doi.org/10.1016/B978-0-443-18786-5.00002-0�
https://www.nrel.gov/grid/solar-resource/ spectra-am1.5�
https://www.nrel.gov/grid/solar-resource/ spectra-am1.5�
https://doi.org/10.1002/er.3907�
https://doi.org/10.1002/er.3907�
https://doi.org/10.1002/pip.3595�
https://doi.org/10.20508/ijrer.v12i3.13087.g8553�
https://doi.org/10.20508/ijrer.v12i3.13087.g8553�
https://doi.org/10.3390/en16062658�
https://doi.org/10.3390/en16062658�
https://doi.org/10.3390/en13102666�
https://doi.org/10.3390/en13102666�
https://doi.org/10.1016/j.ecmx.2024.100580�
https://doi.org/10.1016/j.ecmx.2024.100580�
https://doi.org/10.30919/es8d440�
https://cimav.repositorioinstitucional.mx/jspui/handle/1004/215�
https://cimav.repositorioinstitucional.mx/jspui/handle/1004/215�
https://doi.org/10.3390/en10060826�
https://doi.org/10.31349/revmexfis.70.040502�
https://doi.org/10.31349/revmexfis.70.040502�

