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Abstract: This research employs the COMSOL Multiphysics software (COMSOL 6.2) to conduct
rigorous simulations and assess the performance of a thermoelectric module (TEM) meticulously
crafted with alumina (Al,O3), copper (Cu), and BiyTe; 79Seg 39 thermoelectric (TE) materials. The
specific focus is on evaluating diverse aspects of the Bi;Te; 79Seq 39 thermoelectric generator (TEG).
The TEM design incorporates Bi,Te; 70Seq 30 for TE legs of the p- and n-type positioned among the Cu
layers, Cu as the electrical conductor, and Al,O3 serving as an electrical insulator between the top and
bottom layers. A thorough investigation is conducted into critical parameters within the TEM, which
include arc length, electric potential, normalized current density, temperature gradient, total heat
source, and total net energy rate. The geometric configuration of the square-shaped Bi,Te; 7oSeq 30
TEM, measuring 1 mm X 1 mm X 2.5 mm with a 0.25 mm Al,Oj3 thickness and a 0.125 mm Cu
thickness, is scrutinized. This study delves into the transport phenomena of TE devices, exploring
the impacts of the Seebeck coefficient (S), thermal conductivity (k), and electrical conductivity (o) on
the temperature differential across the leg geometry. Modeling studies underscore the substantial
influence of S = +£2.41 x 1073 V/K, revealing improved thermal conductivity and decreased electrical
conductivity at lower temperatures. The findings highlight the BiyTe, 7oSep 30 TEM’s high potential
for TEG applications, offering valuable insights into design and performance considerations crucial
for advancing TE technology.

Keywords: thermoelectric module (TEM); COMSOL Multiphysics; thermoelectric (TE) materials;
Seebeck coefficient; performance; BiyTep 79Sep 39 thermoelectric generator (TEG); thermoelectric
technology

1. Introduction

The escalating need to reduce reliance on fossil fuels and explore eco-friendly energy
alternatives has spurred numerous research initiatives. Among these, the direct conversion
of thermal energy to electricity through thermoelectricity has emerged as a promising
avenue for addressing waste heat and enhancing energy efficiency. This approach has
garnered global attention for its potential contributions to air conditioning, electricity
generation, and the overall minimization of environmental impact. TE materials, with
their unique ability to convert heat energy into electricity, are actively under investigation
for their thermal characteristics, encompassing intricate crystal structures and promising
potential [1]. In the pursuit of superior TE materials, optimizing key parameters such as
Seebeck coefficients and electrical and thermal conductivity is of paramount importance.
Materials achieving device-quality status exhibit favorable attributes, including high See-
beck coefficients, low thermal conductivity, and enhanced electrical conductivity [2]. In this
regard, the Biy Te; material is especially important since it has an outstanding figure of merit
without dimensions (ZT) of about 1 at ambient temperature. ZT = S>0T/k is the equation
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used to determine the ZT value, a crucial parameter. In this formula, the symbols S, o, k,
and T represent the Seebeck coefficient in V/K, electrical conductivity in S/m, thermal
conductivity in W/(mxK), and temperature in Kelvin, respectively. A ZT value larger
than unity is necessary for optimal outcomes, and increasing the ZT value is the primary
objective in the development of TE devices. Despite maintaining an average ZT value
of about 1.15 over the last four decades for commercial TE materials, recent laboratory
research has shown potential for elevating ZT values by using low-dimensional features,
like nanostructures, to reduce lattice (phonon) thermal conductivity and hence effectively
hinder phonon transport [3].

The challenges associated with the relatively low conversion efficiency of TE technol-
ogy hinder its widespread use. Strategies to improve the ZT value include boosting the
power factor (S?0) or lowering thermal conductivity through approaches like band struc-
ture engineering, the energy filtering effect, point defects, dislocation, and nanostructure
engineering. Carrier mobility and concentration impact thermal and electrical conductivity,
which is modifiable via band structure engineering. Energy filtering creates barriers to
scattering phonons efficiently, reducing thermal conductivity without majorly affecting
electrical conductivity. This study probes transport phenomena, analyzing the Seebeck coef-
ficient, thermal conductivity, and electrical conductivity effects on temperature differentials
within the device’s geometry. Notably, Bi Tez-based alloys, renowned for use in commercial
TE applications close to ambient temperature because of their exceptional power factor,
have been extensively researched. BiyTe;70Seqsp garners attention in materials science
for its unique composition and exceptional TE performance. Researchers use TEM to
delve into its intricate microstructure, especially for TEG advancement. Understanding
its TE behavior, crucial for efficient heat-to-electricity conversion, relies on this interplay.
TEM analysis assesses parameters like temperature distribution, electric potential, and
heat-source temperature gradient, uncovering factors affecting its thermal performance [4].
It finds utility in energy harvesting, cooling devices, and TEGs. While p-type Bi,Tes-based
materials exhibit very high ZT values of 1.4-1.8, the ZT of n-type Bi,Te3-based materials
has seldom exceeded 1.0. Achieving a ZT of 1.2 for an n-type Bi,Tez-based alloy obtained
through hot deforming and/or liquid-state manipulation is ascribed to the mutually bene-
ficial interaction of a high power factor and a decrease in lattice thermal conductivity [5].
The efficacy of TEGs in generating power is intricately tied to both the properties of TE
materials and operational conditions. Previous studies have primarily focused on the
development and evaluation of Bi,Te; and substances with nanostructures made from
BipTes, spanning a diverse range of TE applications [6-10]. The exceptional electrical and
thermal properties of BipTez make it highly suitable for converting waste heat into electrical
power. TEGs constructed with Bi,Tes semiconductors find particular utility as stable and
reliable power devices in electric generation applications such as space probes, remote
sensors, and automotive waste heat recovery systems [11]. The Seebeck effect, fundamental
to TEGs as solid-state devices, enables the harnessing of temperature gradients for electric
power generation. This capability makes TEGs efficient solutions for scenarios involving
temperature gradients. In [12], the authors explored novel modifications to the Seebeck
effect to enhance TE efficiency and investigated unusual phenomena like TE effects in
low-dimensional materials and the spin Seebeck effect to advance TE energy conversion,
contributing to more efficient and sustainable power generation technologies. Numerical
studies and simulations of TEG devices in COMSOL Multiphysics show great promise for
additional study and a wide range of industrial applications. The ideal dimensions for
TEMs have been found through the use of three-dimensional finite element simulations
with COMSOL Multiphysics [13]. A research study has evaluated TE materials” physics
and design, including how leg dimensions affect TEM performance [14-16]. In TEG design,
a pivotal consideration lies in the selection of semiconductor materials and setting the
upper limit for the operational temperature of the TEG. Low internal resistance is desired
in TEGs to increase electrical power output while minimizing power consumption [17].
Choosing the right semiconductor material is crucial for TEG efficiency. Reducing internal
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resistance, especially contact resistance, improves power output efficiency, which is vital
for maximizing energy conversion and minimizing consumption. Contact resistance is a
contributing factor to this internal resistance, and minimizing it is desirable [18]. In [18],
the authors probably explored various approaches to decreasing contact resistance in TEGs.
These methods offer better control over interface properties, diminish parasitic effects, boost
electrical conductivity, and ultimately enhance TEG performance. Thermal conductivity
changes with TEG temperature, and it is advantageous for this thermal conductivity to
be lower than that of the permeability enclosure [19]. Bi,Tes-based alloys, recognized as
premier room-temperature thermoelectric materials, find extensive use in thermoelectric
refrigeration. BipTe,70Seq 30 alloy ingots, fabricated through the zone-melting method,
present practicality for large-scale commercial applications [20]. The Bi,Tep 70Sep 30 thin
film is recognized as a Bi,Tes-based material exhibiting superior TE performance, charac-
terized by the highest ZT or power factor at room temperature. The band gap values for
BipTep 70Seg 30 and Bi, Tes thin films were determined to be 0.81 eV and 0.97 eV, respectively.
The increase in the energy gap of the BiyTe; 70Seq 30 has two reasons with respect to its thin
film. Firstly, increased transparency is observed in the BiyTe; 79Sep 39 thin layer in contrast
to the BipTes thin film. Secondly, the BiyTe; 70Seg 30 thin film exhibits a larger grain size
(21.8 nm) in comparison to that of the Bi;Tes thin film (10.8 nm) [21]. Despite the potential
of various TE materials such as PbTe, GeTe, BiyTep 79Seq 30, and Bip 55b1 50Tes, challenges
related to excessive expense and inefficiency have limited their widespread utilization in
diverse applications. This paper presents a comprehensive focus on the distinct facets
of the doping procedures applied to Bi,Tes-based materials, addresses challenges, and
proposes promising strategies for overcoming them. The emphasis on doping techniques
for BiyTez-based materials is aimed at optimizing carrier mobility and concentration, both
of which are essential for enhancing TE performance. The doping agents have proven
especially effective in achieving this goal. In [22], the authors conclude that the manu-
facturing of nanostructured materials, the doping procedure, and specimen annealing
contribute significantly to improving the performance of Bi,Tez-based TE materials. The
study emphasizes the advantages of BiTez-based TEM for thermal energy recovery over
conventional methods, showing its suitability for heat flow scenarios [23]. Teffah et al.
explore a novel TEC-TEG module with components wired in series, including TEC, TEG,
and a heatsink [24]. They demonstrate how TEG, operating at voltages from 1 to 5V,
functions as a partial TEC cooling system, utilizing the Seebeck effect to convert waste heat
into energy. The authors develop an efficient cooling and power generation model for TE
cascades through theoretical analysis and experimental validation using COMSOL Multi-
physics. Hogblom et al. introduce a method for calculating contact resistances in TEGs,
underscoring their significance for module performance [25]. Their study, incorporating
full-scale modules, identifies these resistances using non-linear regression analysis com-
bined with 3D finite element models and testing. Statistical analysis reveals the importance
of considering contact resistances in TEG analysis, as neglecting them leads to a significant
overestimation of heat flow and power production. This work provides valuable insights
into optimizing TEG performance by reducing contact resistances.

This research employs COMSOL Multiphysics to comprehensively analyze a TEM
incorporating alumina (Al,Os3), copper (Cu), and Biy Te; 79Seq 30 TE materials. Focusing on
critical parameters such as normalized current density, electric potential, and temperature
gradient, this study delves into transport phenomena, assessing the influences of the
Seebeck coefficient (S), thermal conductivity (k), and electrical conductivity (o) on the
TEM'’s performance. Emphasizing the substantial potential of the BiyTe; 79Sep 30 TEM for
TEG applications, this research provides valuable insights into design considerations crucial
for advancing TE technology, laying the foundation for further exploration in the field.
The aim of this work is to evaluate the thermal energy generation capability of the TEM
with the material BiyTey 79Seq 30. It looks at important factors including arc length, electric
potential, and temperature fluctuations inside the TEM, in addition to the impacts of factors
like thermal conductivity and the Seebeck coefficient. Understanding how to advance and
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improve thermoelectric technology is the ultimate goal, especially for Bi,Te; 70Se 30 TEMs
that generate electricity. To improve this performance, the field can frequently employ
a trial-and-error-less methodology. While this program has so far proven successful in
assisting in the production of TEG, there may be a few distinct measurement parameters.
Accurately modeling complex material properties and interfaces in COMSOL Multiphysics
for TE materials and devices poses challenges, particularly in ensuring precision with TE
properties. Validating simulation results against experimental data from other studies
requires a direct comparison of simulated and measured values. Ensuring consistency
across critical parameters is crucial for confirming the reliability and accuracy of the
simulation in forecasting the performance of TE materials for TEG applications.

2. Materials and Methods

This process involves using alumina as the top and bottom layers” insulators and
with copper acting as conductors in between these insulator layers. BiyTes 70Se( 30 is used
as both TE legs in the copper layers of the p- and n-type. Utilizing nanomaterial-based
interface layers, such as graphene or carbon nanotubes, offers a promising approach
to reducing contact resistance in TEGs. These materials exhibit superior thermal and
electrical conductivity compared to traditional methods, minimizing interfacial barriers
and enhancing energy transfer efficiency. By enhancing interface qualities and facilitating
efficient heat and electrical transport, these advanced technologies surpass conventional
methods like mechanical contacts or soldering. Leveraging novel materials and fabrication
techniques enhances TEG performance and efficiency across various energy conversion
applications, driving forward TE technology. The material properties utilized for simulation
purposes are detailed in Table 1. The parameters employed in all the investigations were a
load resistance of 0.42 ohms and an input voltage of 7.125 volts.

Table 1. Input properties of the materials used in simulations.

Seebeck Thermal Electrical Densit Specific Heat
Materials Coefficient S Conductivity Conductivity o (k glm};) Capacity
(VIK) k (W/(m xK)) o (S/m) Cp (J/(kgxK))
AlLO3 35%x107° 27 0.0 3900 900
Cu 6.5 %1076 400 5.998 x 107 8960 385
P-type BiyTe; 70Se0.30 S(T) k(T) sigma (T) 6.02 x 10° Cp(T[1/K])
N—type BizTe2.7OSe0,3o -S (T) k (T) sigma (T) 6.02 x 103 Cp(T[l /K])

The internal resistances of the TE module negatively impact its efficiency, leading to
power losses. One method to measure this impact is by considering the internal resistance
of the TE module. The efficiency of the TE module, taking into account these internal
resistances, can be calculated as follows:

(AT x I) — (I* X Riny)
(AT x I)

n= @
where AT is the temperature difference across the TE module, I is the electric current
flowing through the TE module, and Ry, is the internal resistance. When the internal
resistance increases, so does the power loss, resulting in a decrease in the overall efficiency
of the TE module. Therefore, it is essential to minimize internal resistances to maximize the
performance of TE devices.

This study systematically investigates the influence of various factors on electric
potential, temperature gradient, total net energy rate, and normalized current density, with
a specific emphasis on evaluating key aspects of the BiTep 70Sep 30 TEG. The analysis delves
into the transport phenomena of TE devices, exploring the impacts of the Seebeck coefficient
(S), thermal conductivity (k), and electrical conductivity (o) on the temperature differential
across the leg geometry. In fact, the height, breadth, and length of the BiyTe 70Seg 30 TEM as
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well as the thicknesses of the TE material layers (alumina and copper) used in the module
are often important variables. We examined every parameter in our earlier report [26]
in relation to a few crucial functions before making a parameter recommendation. In
addition, the choice of TE materials and the arrangement of the p- and n-type legs are
additional characteristics that could be considered when defining a module as standard.
Every element of the studied TEM’s criteria is standard. The standard geometry of the
BipTep 70Se0 30 TEM is illustrated in Figure 1. According to an earlier report, the simulation
illustrates the potential difference between its hot and cold sides, surface temperature
variation with electric potential, normalized current density variation, and performance
evaluation across different parameters.

1 mm D
0
3
2
mm
1
0
rd
y‘\T/'x

Figure 1. Standard geometry of the BipTep 70Sep 30 TEM (1 mm X 1 mm x 2.5 mm; copper thickness:
0.125 mm, alumina thickness: 0.250 mm).

Numerical modeling studies have been conducted using 3D finite element analysis
within the COMSOL Multiphysics software to simulate TEGs. The governing equations for
heat transfer in solids utilized in the simulation, based on the finite element method, are
expressed as follows:

pCpuVT +Vg=Q+ Q )

where p represents the materials’ density (kg/m?), Cp depicts the specific heat (J/ (kg xK)),
u represents the velocity (m/s), Q represents the heat source (W/ m3), Q; represents the
thermoelastic effects (W/m?), g represents the conduction heat flux (W/m?), and VT
indicates the temperature gradient (K/m). The heat flux in conduction is given below:

q=—kVT+]ST 3)

where k is the thermal conductivity (W/(mxK)), | represents the density of induced electric
current (A/m?), and S is the coefficient of Seebeck (V/K). Equations for electric currents
are explained as follows:

V=g @
J=0cE+]. )
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E=VV (6)

where Q; represents the current source (A/ m?); o is the electrical conductivity (S/m); J,
represents the density of external current (A/m?); E is the electric field (V/m); and V
represents the potential (V). Equations for TE effects are given below:

qp = PJ )
P=ST 8)
Jo = —0SVT ©9)

where ¢, represents the Peltier power or heat source (W/m?), and P represents the Peltier
coefficient (W /A XxK). When there is a temperature difference between the hot and cold
surfaces of the TEG, the TEG generates an open circuit voltage as expressed below:

Ve = SAT (10)

where V), represents the open circuit voltage (V) of the TEG. When connecting a load
resistor to the TEG, the expression for the generated power by the TEG is as follows:

Pout = (V"C>2R (11)
out — RL T Rin L

where the internal resistance of the TEG is represented by R;,,, and R} refers to the external
load resistance (€)). Generated maximum power by the TEG is achieved when matching
the values of Ry, = R;;;. The expression for the heat transfer at the TEG’s heated side is
as follows:

1
Gin = KAT + SIT}, — E12R (12)

where Tj, denotes the temperature (K) of the hot side of the TEG and I represents the
electric current (A). In the simulation of the heat equation, crucial initial parameters must
be provided to accurately model the material’s thermal behavior. The simulation tool
is provided with the initial parameters of a load resistance of 0.42 ohms and an input
voltage of 7.125 volts. These parameters are then applied to the model input section,
which utilizes a volume reference temperature of T, that is equal to 293.15 K. These
parameters include defining the geometry of the system, specifying the material properties,
setting boundary conditions to account for external influences like heat flux or convection,
selecting appropriate solver settings, defining initial temperature distributions within the
material, specifying time-dependent parameters if simulating transient behavior, setting
meshing parameters for discretization, choosing the relevant physics interfaces, selecting
suitable solvers, and specifying post-processing options for analyzing simulation results.
In this investigation, all of these parameters ensure the fidelity of the simulation, providing
valuable insights for the development of TE applications of Bi,Te; 70Seq 30.

3. Results and Discussion

Figure 2 illustrates the intriguing interaction of electric potential between the cold
and hot sides in the BiyTep 79Sep 30 TEM analysis. In this investigation, a load resistance
of 0.42 ohms and an input voltage of 7.125 volts were employed. The electric potential
range spans from 3.37 x 1077 to 7.12 volts across the cold and hot sides of the TEM.
Understanding the electrical output of the TEM under varied conditions is essential for
enhancing its performance.

The shift in electric potential explored in this study is instrumental in unraveling the
intricate dynamics of TEG operation. It is crucial to evaluate and fine-tune the performance
of TEGs to maximize the spectrum of potential TE energy conversion. This endeavor is
pivotal in advancing the efficiency and applicability of TE technology. This voltage gradient
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signifies the difference in electrical potential between the two sides of the TEM, which is
essential for driving the TE conversion process. When heat transfers from the heated to
the cooled side, it generates a voltage potential that can be harnessed to produce electrical
power through the Seebeck effect. The observed range of electric potential highlights the
dynamic behavior of the TEG, indicating its responsiveness to changes in temperature dif-
ferentials and its potential for efficient energy conversion. Understanding and optimizing
this voltage range is crucial for maximizing the performance and efficiency of TE systems
in various applications, including waste heat recovery, renewable energy generation, and
thermal management. Moreover, studying how surface temperature changes with electric
potential not only improves our comprehension of BiyTe; 70Seg 390 behavior but also offers
vital insights for enhancing its performance in real-world applications.

RL(1)=0.42 0 Multislice: Electric potential (V) o

A 7.12

W 3.37x1077

Figure 2. The potential difference between the hot and cold sides of BiyTe; 790Seg 390 TEM.

The difference in temperature between the TEM’s hot and cold sides strongly influ-
ences the electric potential generated. A higher temperature gradient typically results in a
greater electric potential, as per the Seebeck effect. Figure 3 depicts the intricate relationship
between surface temperature and electric potential for Bi,Tep 70Sep 30 TEMs. The inverse re-
lationship between temperature and electric potential in TEGs underscores the importance
of temperature regulation to maximize energy conversion efficiency. Lower temperatures
on the cold side of the TEM yield higher electric potential outputs, emphasizing the neces-
sity for reliable thermal management in TEG design and operation. This insight provides
strategies for managing temperature differentials to optimize TEG performance, thereby
enhancing efficiency and energy harvesting potential for practical applications such as
waste heat recovery and renewable energy production.

Noteworthy fluctuations in electric potential are discerned across a temperature range
spanning from 20 to 57.5 °C. The graph illustrates a comprehensive spectrum of electric
potential, ranging from 3.67 to 7.125 volts, underscoring the nuanced interplay between tem-
perature variations and electrical behavior. This inverse correlation between temperature
and electric potential is of paramount importance in the quest to optimize the performance
of TEGs [27]. This highlights how crucial temperature control is to optimizing TEG per-
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formance because lower temperatures increase electric potential outputs and improve
energy conversion efficiency. These graphs provide thorough insights into the variables
affecting TE energy conversion performance, directing development and operation for
maximum efficiency. The significance of temperature regulation cannot be overstated, as
the observed inverse relationship implies that lower temperatures yield higher electric
potential outputs. The susceptibility of TEGs to temperature fluctuations underscores the
critical need to fine-tune operational parameters to bolster overall efficiency in TE energy
conversion endeavors. Leveraging this intrinsic characteristic holds immense promise for
enhancing practical applications and elevating TEG performance standards. This evalua-
tion is conducted under uniform conditions, maintaining consistent input electric potential
and load resistance throughout the analysis.

Line Graph: Temperature (degC) @

s ’ ‘ ' -
56 - 0.42Q | 1
54
52
50+
48
46
44 +
42+
40 +
38 -
36
34+
32+
30F
28
26
24 +
22
20} . . , M
4 5 6 7
Electric potential (V)

RL(1)=0.42 0 Surface: Temperature (degC)

Temperature (degC)

v

Figure 3. Variation of surface temperature with electric potential for Biy Te; 70Seg 390 TEM.

The optimization of BiyTe; 70Sep 30 TEM performance and its overall efficacy in TE
energy conversion applications is contingent upon a multitude of interrelated elements.
Scholars often conduct both modeling studies and experiments to determine the exact
effect of normalized current density on the electric potential displayed by BiyTe, 70Seg 30
TEMs in various operating conditions. These investigations shed light on the complex
dynamics regulating the operation of BiyTe; 70Seg 30 TEMs and offer insightful information
for maximizing their usefulness in TE energy conversion applications. Improving doping
procedures significantly enhances BiyTe; 70Seg 390 TEM performance by enhancing electrical
conductivity and Seebeck coefficients. This optimization increases TE performance, though
it may incur higher material costs and complex fabrication. Additionally, optimizing inter-
layer boundaries enhances device performance but may require careful material selection
and additional processing steps, impacting manufacturing scalability. Achieving a balance
between these trade-offs is crucial for maximizing the utility of BiyTep70Seg30 TEMs in
energy conversion applications.

Figure 4 shows the variation of normalized current density with electric potential
for BiyTe; 70Seg 30 TEM. This is evaluated with the same input electric potential and load
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resistance. With respect to electric potential, the normalized current density ranges from
0.04 to 5.88 x 10* A/m?. The optimal electric potential has been found to be 3.5628 V
in order to improve performance. Finding the optimum electric potential at 3.5628 V is
important for enhancing the TEG’s operation, as this range of electric potential enables
us to observe how variations in current density impact the device. This illustration offers
crucial insights into the structure and operation of the TEG by showing the electric potential
and current density connections. Optimizing the electric potential at 3.5628 V is essential to
increasing the TEG conversion efficiency. This value is found to be crucial to improving TEG
performance as it makes it possible to observe how changes in current density influence the
device. The TEG’s conversion efficiency can be improved by optimizing electric potential
within this range, highlighting the significance of understanding and controlling this
relationship in order to achieve optimal TEG performance. Since it enables us to examine
the effects of differences in current density, determining the ideal electric potential at 3.5628
V is essential to enhancing the TEG’s performance. It is possible to make informative
observations about how variations in current density impact the device’s functionality
within this range of electric potential. For the purpose of improving TEG performance as
a whole, we can better understand the relationship between electric potential and TEG
efficiency by optimizing electric potential within this range. It highlights the sensitivity of
the BiyTep 705Sep 30 TEM to changes in operating conditions by showing significant variations
in current density for small variations in electric potential. The above discovery highlights
the necessity of accurately adjusting electric potential in order to optimize TEG conversion
efficiency and achieve optimal performance. Understanding this relationship is crucial
for achieving optimal TEG performance [27]. The performance of Bi;Te; 70Sep 30 TEMs
depends on several key parameters. Researchers can improve the performance of a variety
of TE energy conversion applications by exploring the complexities of BipTep 79Sep 30 TEMs.

: - o2
Line Graph: Current density norm (A/m?)

55,000 §
—©- 0.420Q
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Figure 4. Variation of normalized current density with electric potential for BiyTe; 79Seg 390 TEM.

A detailed analysis of the performance of several parameters relevant to BiyTe; 70Se 30
TEMs is shown in Figure 5. It provides a thorough analysis of several parameters related
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to the performance of the Bi,Te; 70Sep 30 TEM. This analysis contains the relationship be-
tween temperature fluctuation and arc length, which illustrates how temperature rises and
falls along the TEM. The temperature gradient magnitude, which represents the extent of
temperature variations across the TEM, is also shown by the analysis. Furthermore, the
graph illustrates the overall heat source, showing the heat input into the TEM—a critical
component in the knowledge of thermal energy generation and optimization. Moreover,
it demonstrates the constant net energy rate on the hot and cold sides, highlighting the
need to maintain overall efficiency for optimal TEM performance in TE energy conver-
sion applications. Using thorough examination and testing, scientists hope to enhance
the performance of the module, enabling its useful application in numerous TE energy
conversion situations.
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Figure 5. Assessing the performance of various parameters for BiyTe 70Seg 30 TEM.

Load resistance and input electric potential variations profoundly affect BiyTe; 70Sep 30
TEM behavior. Higher input potentials induce temperature and voltage gradients, ele-
vating the output electric potential. Conversely, lower input potential enhances thermal
stability but yields lower electric potential outputs. Similarly, load resistance impacts
power generation and current flow; higher resistances may improve efficiency despite
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increasing internal losses, while lower resistances could lower output voltages but increase
current flow. Balancing these factors is essential for optimizing TEM performance, ensuring
stability and efficiency in TE energy conversion. Consistency in evaluating these factors
across investigations is crucial. Studying the arc length versus temperature is crucial to
comprehending the TEG’s functioning. The data indicate that the temperature increases
from a steady starting point at 0.50 mm arc length to a maximum of 57.5 °C at 2.5 mm arc
length. The temperature then stabilizes at a 3 mm arc length. This variation is critical for
optimizing TEG performance since it shows critical spots where temperature peaks and
stabilizes. These details provide adjustments to the operating parameters in order to attain
the desired TE energy conversion [28]. Examining the temperature gradient magnitude in
the same image, differences can be seen between 2.14 x 107° and 4.2 x 10* K/m on the hot
and cold sides of the TEG, indicating the size of temperature changes along the TEG. It is
critical to comprehend these variances in order to optimize TEG performance and make
direct adjustments to operational settings for efficient TE energy conversion. The graph
depicting the total heat source ranges in values from 0 to 1.02 x 107 W/m? on both the hot
and cool sides. This parameter reflects the heat input into the TEG, which has an impact on
overall performance. Comprehending these variances is crucial for maximizing thermal
energy generation through an understanding of heat dispersion and the application of
adjustments that improve thermal energy conversion [29]. For the same context, the hot
and cold sides of the TEG show a consistent value of 48.5 mW for the total net energy rate.
This metric, which expresses net energy output, shows overall efficiency. This homogene-
ity must be maintained in order to optimize TEG performance in TE energy conversion
applications [30].

The Seebeck coefficient, sometimes called TE power, measures how well a substance
can generate an electric voltage in response to a temperature change. In Figure 6, the
Seebeck coefficient represents the isotropic value of the domain. On the TEG’s hot and cold
sides, the values range +2.41 x 1073 V/K. The generated voltage per unit temperature
difference is approximately 2.41 millivolts per kelvin. Gaining insight into this variation is
crucial for optimizing the efficiency of the TEG, as it provides insight into the temperature-
dependent variations of the Seebeck coefficient.

RL(1)=0.42 O Surface: Seebeck coefficient, domain, isotropic value (WKP
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Figure 6. Seebeck coefficient for the surface of BiyTep 70Seg 30 TEM.
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It demonstrates that constant voltage generation per unit temperature differential is
the result of uniform material properties or TEG operating circumstances. The constant
Seebeck coefficient throughout each leg of the module serves as an indicator of this.

After analysis, the data are used to suggest adjustments to operational settings for
improved TE energy conversion [31]. Figure 7 displays the Seebeck coefficient for p- and
n-type TE legs in relation to temperature. The values of the TEG’s n- and p-type TE
legs range from —2.41 x 1073 to 2.41 x 10~3 V/K; opposition does not alter the worth.
Gaining knowledge of this variance is essential to improving the effectiveness of the TEG
and explaining how the Seebeck coefficient changes with temperature in different leg
configurations. This knowledge can be applied to real-world applications to enhance TE
energy conversion by altering operational conditions [32]. Conversely, in p- and n-type
setups, where different semiconductor materials exhibit differing Seebeck coefficients, the
variation of the Seebeck coefficient for each leg shows how temperature influences the
material’s electrical properties. This variation is necessary to comprehend how temperature
affects the energy conversion efficiency of thermoelectric modules and enables optimization
through temperature-dependent changes in operational parameters.

A temperature-dependent isotropic value of thermal conductivity for the TEM is
shown in the first section of Figure 8a. It displays how heat conduction is isotropic across the
apparatus, indicating variations in the material’s composition and operating environment.
In order to optimize TE energy conversion, operational factors must be varied. The thermal
conductivity of Bip Te, 70Seq 30, which is commonly used in TEGs, can vary with temperature
and material purity [33]. It ranges from 0.48 to 400 W/m x K, going from the cool to the
heated side. Figure 8b focuses on the impact of temperature on the thermal conductivity
of TE legs. The practical applications of this information are essential in directing efforts
towards improved TE energy conversion performance.

2 Line Graph: Seebeck coefficient, domain, isotropic value (V/K)
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Figure 7. Seebeck coefficient for the p- and n-type legs of Bi, Te, 70Sep 30 TEM.

The second part of the picture illustrates how thermal conductivity is affected by the
temperature of the p-type and n-type TE legs between 20 and 57.5 °C. The range of thermal
conductivity values is 0.475 to 0.535 W/m XK, given an identical input electric potential
and load resistance. The other focus is on the narrow range effect of temperature on specific
TE legs’ thermal conductivity. This lower range suggests that the thermal conductivity of
the TE legs responds to temperature changes more uniformly at this specific temperature
range. This can be the result of the material’s basic characteristics or the specific TEG
working circumstances. This finding is consistent with earlier findings [34] from other
researchers, who have also noted comparable behavior in the doping of BiTes.
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Figure 8. Thermal conductivity (a) Surface (b) Line graph for BiyTe, 70Sep 30 TEM.

The electrical conductivity of BiyTe;70Seg39 TE materials is a critical attribute that
enables them to efficiently transform temperature differences into electric current, which
is the fundamental mechanism driving TE power generation. Doping and temperature
control are critical to maximizing the electrical conductivity of these materials for practical
applications. Figure 9a depicts the isotropic electrical conductivity value for the TEM as
a function of temperature. The electrical conductivity ranges from 4.27 to 6 x 107 S/m
between the cold and hot sides. Figure 9b depicts how the TE legs’ electrical conductivity
(p- and n-type) changes with temperature over the range of 20 to 57.5 °C. The large range
of isotropic electrical conductivity found across the TEM indicates changes in material
qualities and operating circumstances across the device. This conductivity range covers the
behavior of the TE module as a whole, with special attention to the behavior of the TE legs,
where electrical conductivity is distributed more narrowly. Because of the inherent qualities
of the material, this shorter range predicts a more consistent response to temperature
fluctuations within this particular temperature range.
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Figure 9. Electrical conductivity (a) Surface (b) Line graph for Bi Te; 70Sep 30 TEM.
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Surface: Mean figure of merit (1/K)

In this region, electrical conductivity values range from 4.30 to 4.80 S/m for the same
input electric potential and load resistance. Understanding these differences is required
to provide the greatest potential for TEG performance. The first section explains how
electric current travels within the device by examining the isotropic electrical conductivity
of the TEM. The second portion emphasizes the effect of temperature on TE leg electrical
conductivity. When changing the operating parameters to provide improved TE energy
conversion, this is a crucial factor to take into account. High electrical conductivity is a
desirable characteristic in TE materials as it directly contributes to improved performance,
power output, and reliability in TE applications, thereby expanding their potential use
in energy harvesting, cooling, and heating technologies [35]. Based on these data, which
have practical implications, efforts should be made to improve TE energy conversion
performance. These are some of this experiment’s main findings for BiyTe; 70Sep 30 TEM.
The Seebeck coefficient, thermal conductivity, and electrical conductivity all have a major
impact on how well TEMs perform. The result demonstrates the TEM's potential for use in
various contexts and offers insightful data for the development of TE technology.

A TEG’s mean figure of merit, expressed in 1/K, includes its electrical conductiv-
ity, thermal conductivity, and Seebeck coefficient. The isotropic mean figure of merit
throughout the device is depicted in Figure 10a of the TEM. It varies from 4.09 x 107 to
5.19 x 1075 1/K, showing variance from the cold side to the hot side. Figure 10b shows
a line graph that illustrates how, while the input electric potential and load resistance
are held constant, the mean figure of merit values vary with temperature between 20 and
57.5 °C. Understanding these variations is crucial for optimizing the performance of the
TEG. The discussion in the first section emphasizes the significance of the mean figure
of merit across the TEM, reflecting the efficiency with which the device converts thermal
energy into electrical energy. The visual depiction of the mean figure of merit’s temperature-
dependent change provides insightful information that helps optimize operational settings
for improved TE energy conversion. This knowledge directs efforts towards attaining
greater performance in TE energy conversion applications, acting as a useful guide. When
optimizing the design and operation of TE systems, researchers and engineers can make
well-informed judgments by having a thorough understanding of how the mean figure
of merit varies with temperature. Through the utilization of these data, progress can be
achieved in the creation of TE energy conversion technologies that are more practical
and efficient.
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Figure 10. Mean figure (a) Surface (b) Line graph of merit for Bi,Te; 79Seg 39 TEM.
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This study’s main finding is that the BiyTe; 70Seg 30 TEM has a great deal of promise for
use in TEG applications. In comparison to the state-of-the-art, it highlights the significant
impact of critical parameters on the performance of the TEM. These insights into design
and performance considerations are vital for the advancement of TE technology.

4. Conclusions

In conclusion, this study includes exploring the complex nature of BiyTe; 79Sep 30
TE materials and highlighting their particular TE performance and unique composition.
Researchers show the material’s complex microstructure, which is crucial to the creation
of TEG, using TEM assessment. The Seebeck coefficient can increase in the presence of
nanoscale deposits or particles, which improves TE performance overall. This study high-
lights the material’s flexibility for use in TEGs, cooling devices, and energy harvesting.
Particularly, this study focuses on the dynamics of the electric potential within the TEM,
indicating how sensitive it is to changes in temperature and how effectively it can convert
energy. The inverse relationship between electric potential and surface temperature illus-
trates how important managing temperature is when optimizing TEG performance. The
optimal electric potential for increasing TEG efficiency is 3.5628 V, according to research
on normalized current density. Analyzing factors such as net energy rate, temperature
gradient, and arc length provides crucial data for optimizing operations. Through this
study, engineers will be able to better understand material characteristics like electrical and
thermal conductivity and the Seebeck coefficient, which will help them optimize conditions
for improved TE energy conversion. Temperature variations impact the Seebeck coefficient,
electrical conductivity, and thermal conductivity, affecting overall TE performance. The
Seebeck effect demonstrates that temperature gradients enhance electron transport, leading
to an increased electric potential. This comprehensive investigation provides a way for
improvements in practical and efficient TE systems, offering enhanced efficiency in a range
of applications. The impact of geometric configurations and material compositions on
temperature differentials and energy conversion efficiency must be investigated in order to
enhance TE technology. It provides a strong basis for the advancement of TE materials and
devices in the future, leading researchers and engineers in the direction of developing TE
energy conversion technologies that can be more efficient.
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