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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 rangeddf17% 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 tellurits)(Bhermoelectric
Generators (TEGs). The primary variables of interest were irradiéhg@anel operating temperatur€« p), and the cold sectiorif) of

each Thermoelectric Generator (TEG), as well as the generated electrical BoWwke 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
Tpvp andT. 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.

Keywords: Photovoltaic-thermoelectric generation systems; computer simulation; energy transfer; thermoelectric generators; solar hybrid
systems.
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1. Introduction power output. This transformation is achieved through TEGs,
which, utilizing the well-established Seebeck effect, can con-

o . vert the temperature disparity between their plates into elec-
In an effort to reduce greenhouse gas emissions during tht b partty P

" f electricity for di _ d industri I‘?ical potential. However, for thdppy panel to be fully
generation of elec ricity for IVerse economic and Industnaly, , iona), the incident radiation must exceed normal oper-
applications, humans have devised numerous environme

tall ior technoloai Th : " thods st ting conditions. Consequently, various investigations have
tally superior technologies. 1hese innovative metnods stan xplored the utilization of concentrators and reflectors as an
in stark contrast to conventional methods that rely on fu-

) ) alternative approach. This approach not only enhances the
els derived from petrole_um or other mlneral_ resources [l]'electrical energy generation by the PV panel but also aug-
Among these technologies, solar ph(_)tovoltalc_ has_ achleveH]ents the residual heat that can be utilized by thermoelectric
the Qfe"’.“eSt development and ma_tunty, enablmg. Its Curre'Hevices and encourages the development of cooling systems
appl!catl_ons. to_spa_m from domes_tlc power supplies to P'O%hat maintain the Tc at a suitable level. Nevertheless, current
duction in distribution plants. This advancement has MOt esearch is confined to constructing various configurations of

vated various researc'h projects almed at enhancing the PShese systems and characterizing them under realistic operat-
formance of commercial photovoltaic cells and panels. Thes

: Hoat ¢ h cludi g conditions in diverse geographical locations. Notably, it
Investigations encompass a range ol approaches, Includingq . 5 prediction of the anticipated electrical power output

. . based on the components incorporated in their construction
of operating temperature and the development of reflectlvrf

. o . [4,5]. Computational tools, particularly multiphysics simula-
surfaces that augment the incidence of radiation, thereby i ] P P y bhy

X . ion, have demonstrated their efficacy in predicting the behav-
creasing the photogenerated electric current. These advanqg; of diverse phenomena, processes, and systems. This has
ments have enabled to approach the well-known ShockleyI ’ '

ed to their wid ead adoption in the design of device d
Queisser limit [2,3]. In line with this trend, PV-TGS rep- © eir widespread adoption in the design vices an

t hvbrid sol tem desianed t itali ¢ roducts, spanning from laboratory to commercial and indus-
resents a hybrid solar system aesigned 1o capitaliz€ on g go5)65. Notably, the elimination of the need for physi-

residual hgat generated during the'o_p eration of convennc.)n%al prototypes reduces production costs significantly [6-10].
photovoltaic systems and convert it into a second electrica
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These advantages can also be leveraged in scientific researels revealed that the discrepancies between simulations and
as evidenced since the 1960s. Two decades later, computehnaracterizations primarily stem from electrical power losses
technology had sufficiently advanced for various public andresulting from the internal resistance of circuits and voltage
private initiatives to be commercialized and disseminated. Irand temperature fluctuations. As previously discussed, sim-
1998, [11] conducted studies comparing various software andlation serves as a potent tool in the planning and design of
methodologies in the prediction of solar energy generationphotovoltaic systems, facilitating the accurate prediction of
The findings indicated that the prediction of heat transfer washeir performance. In 2021, [19] investigated using Finite-
adequate as long as it was performed in a single dimensioifference Time-Domain (FDTD) simulations how the size
However, significant challenges arose when incorporating inand shape of gold nanoparticles influence sunlight absorption
formation from the environment, such as fluctuations in am4in dye-sensitized solar cells (DSSCs) to improve their con-
bient temperature, incident radiation, and the coefficients inversion efficiency. The nanopatrticles were modeled in radii
volved in convection. In a similar manner, [12] developedranging from 15 to 85 nm embedded in a 100 nm thicksliO
an alternative model for the design of photovoltaic systemslayer. The incidence was varied at angles from 0 t6, 70
They began by utilizing the constitutive equations of a photo-obtaining that the 85 nm nanopatrticles presented the high-
voltaic cell to construct an equivalent electrical circuit. Thisest plasmonic absorption of wavelengths between 450 and
model identified irradiance and operating temperature as thB00 nm at an angle of 7Gdue to the generation of multiple
most significant variables, which influenced various parameplasmonic resonances, which broadens the absorption spec-
ters such as photogenerated current, saturation current, diotle@m. In the same year, in Ref. [20] they developed an Inter-
characteristics, series connection resistance, parallel connegal Type 2 Fuzzy Logic Controller (IT2FLC) for maximum
tion resistance, voltage, and power output. It was observeBowerPoint tracking (MPPT) in a TEGs array and compared
that the intensity of irradiance directly correlated with theit with the traditional Perturb and Observe (P&O) algorithm,
generated electric current, while an increase in temperatungsing MATLAB Simulink software. This resulted in a re-
resulted in a proportional rise in photogenerated current, acsponse time- 0.2 s faster than P&O and without oscillations.
companied by a concomitant increase in voltage loss withilBased on the simulation data, IT2FLC outperforms P&O in
polycrystalline silicon panels. In recent research conductedtability, efficiency, and adaptability to load and temperature
in 2010, [13] developed a MATLAB Simulink model, sim- variations, making its application in hybrid solar systems rec-
ilar to the one described above, to assess the performanocenmendable. The computational simulation has a wide range
of a hybrid photovoltaic thermal system (PV/T). The modelof applications beyond analyzing generation systems. It can
demonstrated an error of less than 2% compared to experélso be directly applied to studying the phenomena inherent
mental measurements. In 2012, [14] conducted a compar#a energy conversion by semiconductor materials and design-
tive study of electrical power generation from a monocrys-ing these materials. In 2024, [21] conducted a comprehen-
talline silicon photovoltaic panel under various operationalsive numerical analysis of solid-state quantum dot-based hy-
conditions, including distinct operating temperatures, irradi-brid solar cells (SSQDSCs) using SCAPS-1D software. The
ance levels, ideality factors, and interconnection resistancepyrimary objective of this study was to optimize the perfor-
and in collaboration, they developed a simulation model uti-mance of the configuration, which included the frontal con-
lizing MATLAB Simulink. Later, in 2015 [15] developed a tact of Fluoride Tin Oxide (FTO), metal oxides (titanium ox-
model and simulated the behavior of a 60-cell 250 W paneide (TiQ,), zinc oxide (ZnO), and tin dioxide (Sn02)), cad-
under varying irradiance (G) and operating temperature comnium sulfide (CdS) quantum dots, poly (3-hexylthiophene)
ditions. This simulation was conducted to compare the per(P3HT) hole-transporting and absorbing layer, and platinum
formance of silicon and germanium cells. The simulations(Pt) three-way contact. The study varied parameters such
were executed using MATLAB Simulink software. In turn, as thickness, electron affinity, interstitial defects, work func-
[16] conducted a theoretical study to assess the impact of thi#on, and quantum confinement effects of the CdS dots. No-
angle of incidence on solar energy generation. The study emably, the study determined the efficiency as a function of
ployed computational simulation in MATLAB to evaluate the the semiconductor, with the highest efficiency observed for
effects of the angle of incidence on the generation of solaBbnQO, at 15.15%, followed by ZnO at 14.88% and Ti@t
energy throughout the year. The results indicated that the ot4.7%. In contrast, [22] they made a theoretical study on the
timal angle for installing photovoltaic systems in the Bagh-structural, electronic, and optical characteristics of &,

dad region is 33 where the highest incident radiation is ob- (MA = methylammonium, CHNH3;), a lead (Pb)-free two-
tained. In the same year, [17] utilized MATLAB Simulink to dimensional perovskite material suitable for solar cell ab-
develop a simulation of a solar-powered unified power consorbers. To achieve this, they employed a combination of
ditioner. This simulation demonstrated the ability to reducedensity functional theory (DFT) and the spectrally limited
total harmonic distortion by 4.76% in current and 3.86% inmaximum efficiency (SLME) model, utilizing the Quantum
voltage in arrays of up to 64 photovoltaic panels. In 2019 ESPRESSO software. Consequently, they determined that
[18] developed a block model using MATLAB Simulink that the material's band gap of 1.37 eV makes it an optimal can-
enables the comparison of simulated cell values with dataidate for absorbing sunlight, resulting in a theoretical con-
obtained from their physical characterization. This analy-version efficiency of 32.6%, which closely approximates the
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Shockley-Queisser limit. In this same year, [23] published _ O Wm72/nm) ] .
a computational study that combined DFT and Boltzmann i

transport theory to analyze half-Heusler (hH) alloys as poten- 1.
1
1
1

tial candidates for high-temperature thermoelectric genera-
tors. The study utilized Quantum ESPRESSO to evaluate theg 1.
performance of TiPtPb compounds, which were compared to 5
other TiXPb compounds (X = Ni, Pb, Pt). Khatri’s findings <§ 8;8
revealed that TiPtPb compounds exhibited exceptional prop-2 g~7
erties, including low lattice thermal conductivity and high- £ o's
power factor, setting them apart from their counterparts. This 3-4
theoretical study serves as a foundation for the developmen! >
of semiconductor materials for high temperatures, address- 0-3
ing the limitations of commercial alternatives. As a conse- . . ' . .

. . . 500 1000 1500 2000 2500
guence of this research, a simulation model was developec t (nm)

th.at’ unlike the prevpusly mentioned m0d6|.s’ n.Ot only VIS.U_FIGURE 2. ASTM-173-03 Standard: A Comprehensive Overview
alizes the photovoltaic cell as an electrical circuit but also in- -

- . of the Utilizable Solar Spectrum [24].
corporates the construction materials and the phenomena as-
sociated with energy conversion, whose substantial implica-
tions are responsible for its electrical power output. Further- ) o
more, the same simulation model incorporates the effects &#-1.1.  Incident radiation

panel temperature on the thermoelectric generation of TEGs, . o
which, when combined, facilitate the utilization of residual The interpolation of solar radiation was conducted based on

heat and augment the generation of electrical energy. 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,
2. Methodology whose intensity corresponds@= 1000 W/m?.

I
| N I I S I S S N I |

o

Figure 1 presents a comprehensive overview of the experi-
mental procedure devised for the simulation of the PV-TGS2.1.2.  Absorption function
Each stage of the procedure is detailed below.
The interpolation function was employed to determine the
2.1. PV panel simulation quantity of radiation absorbed by the material and utilized by
_ ) o it to transfer electrons from the valence band to the conduc-
For the simulation’s development, tB®lar Cellapplication o pand. In the case of silicon, this material absorbs radia-
was _unhzgd within the semg:ont_:luctor module of_the Co_ms,oltiOn from 1.107 eV (approximately equivalent to wavelengths
Multiphysics software considering as cell material mSi [24-,t 1120 nm) up to wavelengths of 400 nm in length [27]. For
25]. this purpose, the functionsref = 1 (reflectivity index) and
kref = 2 (excitation coefficient) were designated.

S IR Simulation
o) PROCESS 2] sis ceomen

o 5. PV-TGS Power

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 20Qum [28]. The total surface area of the cell was
FIGURE 1. PV-TGS simulation process. Own elaboration. 142 cn® [29].

2. Validation 8

STITTTITE 4. TEG configuration
3. TEG Simulation

TABLE |. Declaration of the variablé&r,,, belonging to photogeneration.

Name Expression Unit
Gpn (4*pi/(h_const*c.const)*integrate(kref(Im)*F(Im)*exp(-4*pi*kref(Im)*x/Im), 1/(r-s)
Im,25[nm],1300[nm]))

Prepared by the authors with data from [25].
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2.1.4. Photogeneration ($z): 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- n = Ny7p exp <Q(E”Ef°)> ) )
laration are presented in Table I, which is equivalent to Eq. (1) kpTr

and corresponds to the photogeneration rate as a function of ) ) )
depth = (G(2)) into the device from the surface, is the Equations (8) and (9) were derived from the conversion of

wavelength,«()\) is the absorption coefficient rate defined the Poisson equation into flow equations, enabling the calcu-
by Eq. (2) wherex()) is the imaginary part of the refrac- lation of the total current generated along an electrical con-
tive index, andp()) is the photon generation rate defined byductor current density resulting from the recombination of
Eq. (3), whereF()) is the spectral irradiance given for the POth types of charges, and.J,. Consequently, terms such
approximation by the AM 1.5 spectrum shown in Fig. 2 [24- &S mobility i, and i, and the diffusion capacity of charge
26,30],h is Planck’s constant(626 x 10~34 J.s) andcisthe ~ carmersDy,, and D, were incorporated to determine the
speed of light§ x 10% m/s). generation capacityy,.

(EfO — Ec)) , (6)

n = Ncy, exp (q kT

6) = [ aoemtaer @ I = apin N B pnksT Gy (nfNe) ¥

A7k (N + qnDp i, Vin (Ty) @)
a(N) = 7”;( )7 ) Jy = qpupV Ey + 1k TGpn (p/Nv) Vp
(A = %F N). ©) + qpDp 1,V In (T7) . 9)

) ) Consequently, it can be asserted that the first of these (4) de-
2.1.5.  Semiconductor material model scribes the electric current generated by the electric field ap-
I . ) __plied to the semiconductor, which flows in the opposite di-
The initial equation solved was that of charge carrier density,ion to the electric fieldrift. The second Eq. (5) de-

p as a function of the relative permittivity of the materal  gyineq the behavior of hole diffusion on the semiconductor’s
and the vacuum permittivityy, as well as the applied voltage g ;tace due to the incidence of sunlight and its absorption ca-
V', as presented in Eq. (4). pacity. The analytical doping Egs. (10) and geometric doping
Egs. (11), (12), and (13) are employed to determine the num-
ber of donor doping atom&/, and acceptor doping atoms

N4 formed during the photoelectric effeaN ' represents

it T?'SI sutbsequerétI%/ (Tnaf) Itehd tthe d(le(;ermlnat[[onﬂc])f thﬁ q[uanthe concentration of acceptors at the starting time of the sim-
Ity ot electrons and holes™ that would generate the pholo- ;546 1t js noteworthy that if all dopant atoms are ionized,
generated current. The equations that model the phenome% — NpandN~— = N

d a '

occurring during the photoelectric effect are presented below.
Equation (5) (Poisson’s equation) relates the carrier density

V- (=€, VV) = p. (4)

as a function of the electron chargéo the number of posi- Np = Np™ + Npo; Na = NG (10)
tive or holep and negative: carriers, as well as the densities
of donor and acceptor atomic charg¥§ and N, . In this In the scenario where not all atoms are ionized, the
context, both electrons and holes possess the same magnitudignor concentration will be equivalent to the atoms previ-
of charge, albeit with opposite signs [31]. ously present in the junction zone between the two sections
of the doped semiconductdy}® and those that remain in
pr=qp—n+NSN;). (5) a latent stateVp,. Conversely, if acceptor atoms become

completely ionized, their concentration will equal that of the

In turn, the pair of Egs. (6) and (7) determined the con-carriers present in the junction. This non-ionization behavior
centration of positive and negative charges in the depletiomay be attributed to the absorption depth and/or the wave-
regionn and its edges,, and~, as a function of the elec- length at which the semiconductor interacts. The above de-
tronic charge, the work functioB' f, which is dependent on pends on the distance from the distribution centdypically
the material, the charge density in the valence and conductioat » = 0, the largest number of acceptors is pres&ng.
bandsN, andN,, and the energies related to the valeige By considering the change in charge concentration along the
and conductiorEl- bands. All these variables are affected by thickness of the materidl, it is possible to determine the
the reference temperatuig, which was determined by the thickness of the depletion zorig as a function of the con-
Nasrin equation [32] and is equivalent to thigy p. In both  centration of electrons and holes and the diffusive iigvef
equationsk is the Boltzmann constant. the dopants from the depth of the materil.

Rev. Mex. Fis72011002
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rate of heat generatiaf and conduction coefficiert, all of
which are intensive properties of the materials. Additionally,
Np = Ngev, (11)  the temperature gradient between the warm and cold sections
9 is a crucial factor in this analysis.
Na=N¥4 Nagexp [— (r) ] : (12)

b pCypu-VT +V - q=Q, (14)
d;

lg = ——t. (13) q=—kVT. (15)

N
(%)
, — . 2.3.2. Electric current
To assess the system’s response under varying irradiance con-

ditions, simulations were conducted usifigvalues ranging
from 1000 to 2000 W/rh, with increments of 200 W/
This approach ensured that the operating temperature w
systematically affected in parallel with the photovoltaic gen-
eration.

The generated electric current densiltis calculated by solv-
ing the equations of diffusion current densify, which in

is case refers to that caused by the Seebeck effect. There-
fore, the variables considered were conductivity the See-
beck coefficientS. Which depends on the material used in
the manufacture of the thermoelectric device, the temperature
gradientVT, which occurs given the temperature By p
The mesh applied was fine, with a maximum size of 10 nm agndZ. and electric field%,, which is a product of the electric
the left end, where contact 1 is situated (coordinate 0,0), anBotential gradien¥/V'. This set of Egs. (16), (17) and (18)
smoothing was applied until reaching the contact 2 ends ofletermine the output current and voltage of the each TEG.
the right (coordinate 250,0) with 546 elements. The primary
objective was to scrutinize the recombination of charge carri- J=0.E, + Je, (16)
ers within the semiconductor material as the depth increases.

2.1.6. Meshing

E,=-VV, (17)
2.2. Validation of PV panel simulations
where:
To validate the simulation results, a comparative analysis was
conducted between the findings of [14,15,18]. These studies J, = —0,SVT. (18)

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-5 4 TEG configuration
dicting photovoltaic energy.

23 Simulation TEG To ascertain the optimal number of thermoelectric devices,
-. Slmuiation arrays comprising varying quantities of TEGs, spanning from

In the TEG simulation, the TGM-127-1.4-2.5 model from five to seventy elements, were subjected to analysis. The sur-

Kryotherm was utilized as a reference. The construction malac€ area with which TEG comes into contact is the result of

terials employed were BTe; doped with positive and nega- dividing the. totgl pangl area by the'nur'nber of TEGs. An ex-
tive charges, silver solder, and alumina in the warm and col@TPle of this distribution is shown in Fig. 3. The conversion
sections encapsulating the semiconductor materials and cofifICieNncy assumed for these configurations was 5.4% for the
ductive solder. To establish a reference parameter and vall-ECS [33], under AM 1.5 illumination conditions. This anal-
date the simulation, the identical temperature differences emySiS Was undertaken to elucidate the individual and collective
ployed by the manufacturer for its characterization (170, 1509€neration capabilities of the devices.

and 120C) were utilized. Subsequently, simulations were
conducted with the PV panel operating temperatures deriveczj

from the results of section 2.1.5. 5. Generation of PV-TGS

23.1. Heat transfer Once the simulations had been validated, the electrical power

obtained per unit of surface area was standardized. Conse-
The heat transfeq between the materials is conducted, ne-quently, a surface area of 12nand a conversion efficiency
cessitating the application of Fourier’s law Eq. (15) to deter-of PV panel 26.7% were considered as a reference for the
mine the variables of interest. This equation is derived fronremainder of the simulations [34]. The electrical power pro-
the conservation of energy Eq. (14), where variables includeluced by the system was regarded as the summation of the
the densityp, heat capacity at constant pressGig tempera-  generation of the photovoltaic panel and the production of
ture change rate componeanttemperature gradie7, the  the thermoelectric generator array for various values of

Rev. Mex. Fis72011002
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TABLE Il. 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 researchV’
[14] 60.00 59.99 -0.017
[15] 250.00 245.66 -1.740
[18] 1.93 x 1073 1.97 x 1073 +1.780

FIGURE 3. Example of distribution of the TEGs (10) in the rear

section of the PV panel. TABLE Ill. A comparative analysis of previously reported simula-

tions of photovoltaic cells and panels with the model generated by
this research.

2.6. Validation of PV-TGS simulations Temperature  Kryotherm  Simulation Percent
. o . difference°C \% \% difference (%

A comparative analysis is conducted, comparing the out 0)

comes of this research with previously published experimen- 170 7.50 7.34 -2.45

tal and theoretical studies, including those conducted by [35- 150 6.60 6.45 -2.27

39]. The comparison was conducted to analyze the follow- 120 5.35 5.20 -2.80

ing key factors: the number of thermoelectric generators em-
ployed, the temperature difference at which they operate, thghe observed curves accurately depict the well-established
power output of each TEG, and the overall increase in electriand previously documented behavior of this energy conver-
cal power generated by the system, encompassing both thesion process, indicating the representativeness of the simula-
moelectric and photovoltaic components. 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
3.1. PV panel generation energy necessary to attain a specific energy level. This re-
duction in potential energy is disadvantageous at the macro-
The power values obtained by the panel simulation, as descopic level, resulting in a lower voltage, as reported in pre-
scribed in Sec. 2.1.5, are presented in Fig. 4. As anticipate®jous research such as that conducted by [9,22,40-41].
the power output increases with the incident radiation, reach-
ing a peak of 86.25 W at 2000 WAn Consequently, the 3.2. Validation of PV panel simulations
operating temperature also rises to 87G0resulting in a de-
crease in the open circuit volta§e - from 21.5t0 16.26 V.

3. Results and analysis

The comparison between previous research and the results
of this research is presented in Table Il. It is evident that the
oy Curve = output power values exhibit a range-66.017 to +1.78%, in-
% ‘ ‘ ‘ dicating that the model is suitable for simulating photovoltaic
B | M et cells and panels. This suggests that the model can be utilized
| |F—Fa00 wim (6875 2C) for the design and planning of commercial and research pho-
tovoltaic and/or hybrid systems.

L 1600 W/m? (75.00 °C)
1800 W/m?2 (81.25 °C)
2000 W/m? (87.50 °C)

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 170C. Furthermore, Table Il compares
the simulation results with the manufacturer’'s characteriza-
tion data, which spans a voltage output range-8f27% 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
FIGURE 4. A comparative analysis of the electrical power output Measurements. Given this range, the simulation serves as a
generated by a photovoltaic panel at varying G values, conducteduitable approximation of the actual phenomenon and can be
through computational simulations. employed for the simulation of the PV-TGS.

Power (W)
I
o

L
15

I
0 B 10
Voltage (V)
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140

45.00
120
100 40.00

FIGURE 5. Temperature gradients between sections of the €70
TEG.

1000 Win®  ——1200 W/m?* 1400 W/m? === 1600 W/m* 1800 Win®  =—2000 W/

\

B
=3
Prec Array (W)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
#TEG

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

significantly reduced. Therefore, the thermoelectric devices
primarily function as an additional source of energy conver-
FIGURE 6. Potential difference between the TEG terminals with Sion rather than as a cooling system. The latter is most likely
temperature gradient = 17G. attributed to the relatively small temperature difference be-
tween the two sections of the TEGs, which fluctuates between
41.25 and 62.50C. This gradient significantly deviates from
3.4. TEGs Configuration the 170C recommended by the manufacturer to optimize
) . ) performance. However, it is noteworthy that with adequate
Based on the data obtained from the simulations, the POWEl,,jing. the output power can be elevated from 16.33 W to
generated by each array is presented in Fig. 7. Itis evidenjg g5 \y resuiting in a 76.48% enhancement compared to the

that the power generated by each array is proportional to thgonfiguration employing the highest number of TEGs. This

Femperature in the cold SeC“F’”- This is because aﬂ‘ghg ratio, considering the prevailing generational trend, appears
is reduced, the temperature difference between the two S|d(?§ be consistent across all configurations

of the TEGs increases, resulting in a greater heat flow. Con- ] )

sequently, this heat flow translates into a higher conversion Figure 8 presents a comparative analysis of the power
rate, due to an increase in the efficiency of TEGs. Howevergenerated by each TEGs arrayZat = 15°C (the optimal
it is important to note that, under the simulated gradientsPerformance point) among the multiple arrays under identi-

the operating temperature of the photovoltaic panel was notcal ir_radiance c_ondiftions as those simulated for the photo-
voltaic panel. Itis evident that, as the temperature of the pho-

T TN TR TS tovoltaic panel increases, the TEG power also rises due to the
3000 ¢ enhanced heat flux, as previously discussed. Consequently,
2800 this power exhibits a linear relationship with the number of
26,00 elements. However, an increasing number of TEGs leads to
2400 | higher generation costs. Therefore, it is crucial to determine
200 the optimal number of elements that maintains a favorable
2000 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 radiatiai in the
system (Fig. 9), it is observed that the conversion efficiency
nreq 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.

1800

16.00

PTEG (W)

14.00

12.00

1000

8.00

6.00

4.00 -

2.00

0.00

5 10 15 20 25 30 35 40 45 50 55 60 65 70
#TEG e (G) = —2.29 x 10712G® 4 1.37 x 1078G?
FIGURE 7. Power produced as a function @f according to the

-5 2
number of TEGs used in each array. —3x107°G +5.97 x 107" (19)
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1000 Wm?  ——1200 W/m? 1400 W/im?  =——1600 W/m? 1800 W/m?  ==—2000 W/m*

0.041 48000 -
45500
0.0395 43000

0.039 405.00

0.0383 38000 |

0.038

0.0374 33300 1

Power of PV-TGS (W)

0037 0.0367 330.00.

0.0362 305.00 -

Percentage conversion by TEG of total irradiance (%)

0.036 280.00

255.00 +

0.035
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

230.00 — . :
4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70
#TEG

Irradiance (W/m?)

FIGURE 9. Conversion efficiency of TEGs as a function of incident FicURE 11. Comparison of the power generated per an differ-
solar radiation on the PV panel surface. entG values of the PV-TGS witli. = 15°C and its PV equivalent
at 25 C (dotted lines).

P-V Curve &

on the decline in TEG conversion efficiency due to incident
radiation. In comparison with the power achievable &5

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,
3.5. Generation of PV-TGS which represents the individual power output of each TEG,

. , ) directly proportional to the irradiance conditions under which
Finally, Fig. 10 illustrates the power generated per squarg operates. Where R, _rqs is the power of the PV-TGS,
meter by the photovoltaic panel under varigki€onditions. Pric (T) is the power produced by a TEG as a function of
This curve reflects the behavior observed and described ifémperature. (Additionally, the value can be calculated us-
Fig. 4. Conversely, Fig. 11 presents the total power obtaineg.Ig Eq. (16),n75c is the number of TEGs in the array and

by the different PV-TGS configurations. It is evident that, asp,,, (T) is the power of the photovoltaic panel depending on
the incident radiation increases, both the panel and the TEGg¢ operating temperature.

array generate more power due to the irradiance and temper-

ature difference, respectively. However, this increase is not  pPpy_r¢g = Pric (T) nrpc + Ppy (T). (20)
proportional. Each time the radiation intensity increases, the

power difference between the previous configuration and th&o obtain the values oPpy (T') and Prg¢ (T) it is possi-
subsequent one (with high€él) decreases. This is due to the ble to use the values provided by the manufacturer in order
aforementioned: as the increase in power increases propade facilitate their calculation as shown in Egs. (21) and (22),
tionally with the increase in radiation, the voltage does nowhere Rt is the thermal resistance of the TEG, whéte,
decrease proportionally but rather depends on the temper& the power produced by the PV panel under ideal operat-
ture coefficient, which depends not only on the base materialng conditions (according to the manufacturér),G) is the

in this case silicon, but also on the amount of dopants, théemperature as a function of irradian@gmy is the ambient
production quality of the material, and the exposure and optemperature, and'r is the coefficient of power loss due to
eration period of the panel, without omitting the discussiontemperature. For its part, th€(G) can be obtained using

380
EL
340+
3201
300+
280
260
240
2201
200
180
160
140
120

—— 1000 Wim?
— 1200 Wim?
— 1400 W/m?

1600 Wim?
— 1800 W/m?
2000 Wim?

Pawer (W)

BO

0.3
Valtage (V)

FIGURE 10. Comparison of the power generated pér a differ-
ent G values of the mSi panel.
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TaBLE IV. Comparison of equivalent circuits (PV Panel + TEGs Array) that can generate power equivalent to the PV panel afide at 25
(AM 1.5 conditions).

Poweriw Equivalent circuit
267.00 (1000 W/rf) AT = 47.50°C (1200 W/n?) +5T EG's -
320.40 (1200 W/rh) AT = 53.75°C (1400 Wint) +-37T EG's -
373.80 (1400 W/ AT = 66.25°C (1800 W/nf) +18TEG's AT = 60.16°C (1600 W/n?) +67TEG's
427.20 (1600 W/ AT = 72.50°C (2000 W/nt) +-52T EG's -

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

Reference TEGs AT(°C) Power produced by Increased system Increased calculated in
each TEG V) power (%) this research (%)
[35]* 4 12.23 - 5.07 0.576
[36]° 1 23.86 0.31 38.27 28.85
[371° 16 9.61-16.60 0.045-0.065 14.82-40.54 20.43
[38]¢ 1 8-18 0.50 5.00 4.80
[39]¢ 4-5 5-25 74.60 13.37 12.74

aUsed in Peltier mode and with fan&Jsed aluminum heat sink and solar cell of 1.12 Wised aluminum heat sink and solar cell of 5 W)sing gallium
arsenide (GaAs) cells and concentration &wdith high concentration.

models such as Ross [42] or Nasrin [32]. Under thermal equiean be counterproductive if the system includes components
librium conditions,T;, = Ppy (T) andnrge is the TEG  such as circulation pumps or fans. Similarly, it is evident that

efficiency. the majority of previously published works employ various
T _T cooling methods. Notably, only those requiring heat sinks or
Prpe(T) = hRT “nreq, (21)  air as the cooling fluid do not necessitate additional energy

for this purpose. Although this work did not explicitly con-
Ppy (T) = Ppy [1 — (T (G) — Tams) *Cr)].  (22)  sider the cooling techniques employed in the cold section, the
) ) application of the derived mathematical models remains ap-
Consequently, to determine the optimal number of TEGSs fofropriate. This is because the temperature difference between
a specified power output, Eq. (23) can be employed, whichne TEG sections is the primary factor relevant to the model,
was obtained by following the slope behavior of the numbefirespective of the method used to achieve it. Consequently,
of TEGs and their generation. In the particular scenario othjs approach facilitates the standardization of equation usage

transitioning from a PV system to a PV-TGS configuration, 5cr0ss diverse solar hybrid system configurations.
with nygq, initially set to 0.

P — Py = Prpc(ntpc = "TEG.); (23) 4. Conclusions

whereP is the desired poweR), is the starting powernrgc ) ) )
is the appropriate number of TEGs to achieve the desiref@sed on the results obtained, the following conclusions are

power, andhr e, is the starting number of TEGs. drawn: The direct coupling of TEGs to PV panels presents
’ 0 a viable alternative, particularly when a high temperature
3.6. Validation of PV-TGS simulations difference is achievable. This difference can be achieved

through an adequate cooling system or by increasing the irra-
The results of the comparison are shown below in Table V. Idiance concentration. The latter approach is generally more
can be seen that the conversion increase values determined &gvantageous as it can be achieved using concentrating mir-
simulating the test conditions, although not exactly the sameors or reinforcing reflectors, technologies that have already
belong to the same order of magnitude, with the exception obeen explored and researched. These technologies offer low-
the results obtained by [35]. This is attributed to the device’scost alternatives compared to most cooling systems that ne-
usage, as it operates in Peltier mode rather than employingessitate a power source. This observation is further cor-
the Seebeck effect. According to the results, this approactoborated by noting that, in each circuit with an equivalent,
may be more effective in lowering the panel’'s temperaturethe temperature difference is only 6°Z5 Consequently, the
However, it necessitates the provision of electrical energyhumber of TEGs required in each array can vary depend-
whether additional or generated by the system itself. Thisng on the attainable power output. For instance, in the
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case where a radiation incident of 1400 W/oan generate the development of a predictive model for determining the
373.80 W, the number of TEGs can be approximately 3.72ptimal number of TEGs in PV-TGS Egs. (19) and (23) de-
times greater (from 18 to 67 TEGs). On the other hand, isigns significantly facilitate the design process of these en-
is widely known that the operating temperature of the cellsergy systems. This model enables the exploration of diverse
used for these panels is between 25 anttA3However, in-  configurations and potential applications, including the selec-
creasing the incident radiation will affect this temperaturetion of appropriate materials for both TEGs and PV panels.
range. As observed in the results of this research, temper-

atures range between 56.25 and 87G0which exceed the

aforementioned temperature and consequently reduce the é\cknowledgments
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