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Abstract: Thermoelectric generators are devices that transform thermal energy into electric energy.
These devices play an influential role in our constantly developing civilization due to their energy
conversion capabilities and advantages over other conventional methods. The material properties
and thermoelectric phenomena are paramount to the design process of such devices. The design
process must have a complex tool to model all the thermoelectric phenomena, such as, for example,
the commercial numerical code of Ansys Mechanical. However, these numerical tools can be method-
ologically and computationally demanding. Thus, this study aims to develop a methodology through
which to characterize thermoelectric generators by using a simplified one-dimensional numerical
model that considers temperature-dependent N- and P-type material properties and convective heat
losses. The proposed model’s results are compared and validated to a single thermoelectric leg and a
complete thermoelectric commercial module, both modeled in Ansys Thermal-Electric. These results
consider the different values for electric and thermal loads as current densities, electric resistivities,
and heat transfer coefficients. The main result of this study is the correct prediction of the output
voltage and output power given by the one-dimensional proposed model, which was validated
against a comprehensive model and the commercial thermoelectric module’s information. Therefore,
the proposed methodology of this study provides a deeper understanding of the thermoelectric
energy conversion process, and it can guide the design and optimization of thermoelectric generators
for practical applications.
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1. Introduction

Thermoelectric (TE) materials are a type of functional energy material that can convert
heat into electric power directly [1]. This approach has many advantages over traditional
energy conversion methods, such as being noiseless, environmentally friendly, and re-
quiring no maintenance [2]. In the automotive industry, it can convert waste heat from
exhausts into electricity [3,4], and, in space exploration, it can convert the heat generated by
electronic equipment into electricity by using radioisotope TEGs [5] (which also have uses
in the field of biomedical devices for body heat measurements [6] and harvesting [7]). As a
result, thermoelectric generators (TEGs) have been widely used for waste heat recovery and
power generation, making them a versatile and promising technology for a wide range of
applications. However, their low energy conversion efficiency has made it difficult for TEGs
to be widely adopted [8]. The thermoelectric figure of merit (ZT) is a performance indicator
for predicting the performance of TE materials. But, traditional methods of calculating ZT
assume constant properties and disregard the temperature-dependent Thomson effect [9].
This can lead to significant errors in predictions when large temperature differences are
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present, as the properties of TE materials are highly dependent on temperature [10]. To
obtain accurate results, it is essential to consider the temperature dependence of material
properties when calculating TE power performance.

Several studies have addressed this issue by incorporating the Thomson effect into
the analysis of TE performance. Guao et al. and Sun et al. found that the Thomson
effect cannot be ignored in the analysis of thermoelectric generators [11,12]. Yamashita
analyzed TE efficiency by accounting for both the linear and non-linear temperature
dependence of material properties [13]. Additionally, in order to ensure the reliability
of in-service TEGs, it is important to investigate and address thermal stress [14], thermal
buckling [15], crack issues [16], and mismatches in thermal conditions [17]—all of which
can be accurately analyzed by incorporating a temperature-dependent model. To improve
the performance of thermoelectric materials, it is necessary to simultaneously increase
the Seebeck coefficient, lower the electrical resistivity, and decrease the heat conductivity.
Because these three properties are closely related, it can be challenging to change one
without affecting the others. For example, lowering the electrical resistivity requires a high
concentration of charge carriers, which may also increase heat conductivity. In contrast,
increasing the Seebeck coefficient requires a modest charge carrier concentration. Over the
past decade, scientists have made significant progress toward improving ZT by discovering
new thermoelectric materials and new material structures with high performance, such as
skutterudites with high scattering rates of phonons [18], silicon nanowires, thermoelectric
thin films, and nanostructured bismuth selenide bulk alloys [19].

In practical engineering, convection heat losses at the legs of thermoelectric generators
are unavoidable to some extent, and they can significantly impact energy conversion
efficiency. Due to the complexity of the governing equations that consider temperature-
dependent material properties, approximation methods have been employed to simplify
the analysis. Wee [20] used a perturbation method to establish a linear temperature profile,
while Ju et al. [21] improved upon this method to achieve a more accurate temperature
expression. An analytic temperature solution that considers convection heat losses was
developed by Wang [22], in which side surface heat convection for a single thermoelectric
leg was considered. However, there is currently no methodological approach through
which to model complete thermoelectric modules that consider the complex model of
a single leg, as well as the other factors that affect the module’s performance. These
factors include the variable material properties, the temperature dependence of these
properties, the convection heat losses at the legs, the Thomson effect, and the Joule heat in
the coupling connections.

Wielgosz et al. [23] discussed the importance of quantifying discretization uncertainty
and scrutinizing the thermoelectric phenomena in the numerical models of thermoelectric
generators to improve the predictions of their energy performance. Two models were
developed and evaluated, a numeric model in Ansys CFX and an iterative analytic model,
to address the issues identified. The results are compared with Ansys Thermal-Electric (TE)
and Ansys Fluent. The article concluded that the inclusion of Thomson heat is imperative
when modeling thermoelectric devices, and that the analytic model’s thermal and electrical
performance predictions are sufficient for the thermal-electric characterization of unicou-
ples with interconnectors that operate under certain conditions. Sreekala et al. [24] studied
the functioning of coil guns, which use the electrical energy harvested from a bio-thermal
energy harvester to fire multifunctional bullets, thus allowing them to be reused in an
emergency without exploding. They used the Ansys model to study thermoelectric energy
harvesting, which can be used to power specialized applications like medical devices by
using the heat produced by the human body. Bhuiyan et al. [25] described the use of
simulation in predicting the performance of TEG materials and the design of a TEG unit
using Ansys; they also used mathematical modeling in MATLAB/Simulink to analyze the
parameters of voltage, current, and power regarding the changes in a temperature gradient.

The first step in developing a methodological approach to model complete thermo-
electric modules is establishing a mathematical model that describes the thermoelectric
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energy conversion process. This model should consider the temperature-dependent mate-
rial properties of the thermoelectric and convection heat losses at the legs. Additionally, the
Thomson effect should be included as it can significantly impact the module’s performance.
The model should be established so that it can be solved by numerical methods to obtain
a solution for the module’s temperature and energy conversion efficiency. This solution
can then be used to optimize the module’s design for a specific application. This approach
should be validated through experimental measurements for the specific thermoelectric
materials and modules or reported data. The validation process allows for a confirmation
of the accuracy and reliability of the proposed model and its predictions; it is an essential
step in any model development. This paper aims to fill this gap by developing a solution
that considers temperature-dependent material properties and convection heat losses. The
proposed model for the analysis of TEGs leads to a higher accuracy than previous models
by considering the convection heat losses that occur at the thermoelectric materials. The
derived temperature is used to study the energy conversion for power generation and
improve the design tools available for thermoelectric modules (TEMs). The results of this
study provide a deeper understanding of the thermoelectric energy conversion process,
and it can guide the design and optimization of TEGs for practical applications. This
approach reduces simulation time significantly while still achieving accurate results. This
improvement has the potential to advance technological development and facilitate the
industrial implementation of TEG systems.

Section 2 defines the thermoelectric material properties, the governing thermal-electric
equations, and the boundary conditions setup of a single thermoelectric material. Addi-
tionally, this section reports a comparison of the results of a comprehensive thermoelectric
model (Ansys) and the proposed, simplified model. Following on from that, Section 3
contains the modeling of a complete thermoelectric module, along with the 3D model
used, the simulation’s boundary conditions, the parametric study setups, a mesh gener-
ation, and a mesh convergence study. Then, Section 4 compiles the validation between
the comprehensive and proposed model in comparison with the experimental data and
the proposed model results. Also, the section reports an analysis of the simulation time
of the complete thermoelectric module carried out by the proposed and comprehensive
models. Furthermore, we conclude in Section 5 the most important remarks of the present
study. Lastly, Appendix A defines the integral thermal-electric equations used by the
comprehensive model of Ansys Thermal-Electric.

2. Numerical Model Validation
2.1. Thermoelectric Materials and Properties

We used bismuth telluride BiyTes for the thermoelectric generator (TEG) material.
Its properties were considered isotropic and temperature-dependent [26]. Table 1 re-
ports the geometric parameter of a single thermoelectric leg, as well as the temperature-
dependent thermoelectric properties that are present at an absolute temperature range of
(300 < T < 700) K. The primary geometric parameters are the cross-sectional area A and
the length L of the thermoelectric leg. The temperature-dependent thermoelectric proper-
ties considered for this study are the thermal conductivity x(T), the electrical conductivity
o(T), and the Seebeck and Thomson coefficients a(T'), T(T), respectively.

Table 1. Geometric parameters of the thermoelectric leg and the temperature-dependent thermoelec-
tric properties of BiyTes [26].

Parameter Value/Mathematical Expression Unit
Cross-sectional area A=14x10"° m?
Length L=14x1073 m
Thermal conductivity x(T) = (0.4131T% — 277.7T + 62605) x 10~* W/mK
Electrical conductivity o(T) = (0.3927T% — 548.03T + 216555) x 10'° S/m
Seebeck coefficient a(T) = (—0.9905T2 + 930.6T + 22224) x 1077 V/K

Thomson coefficient

IS

(T) = (—1.981T% +9306T) x 10~° V/K
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Figure 1 presents the mathematical trend of the temperature-dependent thermoelectric
properties shown in Table 1. In the temperature range shown, the only property with an
inflection point was a(T) at T = 475K, where its slope changed sign, making it decrease,
and the Thomson coefficient had a value of T = 0 V/K.
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Figure 1. Temperature dependence of the thermoelectric properties of BiTes.

2.2. Modeling of Thermoelectric Materials

The numerical simulation was performed using the Thermal-Electric module in the
multi-physics software Ansys. According to the Mechanical APDL (Ansys Parametric
Design Language) theory reference module [27], the heat flux vector 7 and the electric
current density vector j are the coupled equations that describe the physical behavior of
the thermoelectric phenomena. § and fare defined in Equations (1) and (2), respectively.

-
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where T is the absolute temperature, VT is the thermal gradient, and E is the electric field.
The parameters [«], [«], and [¢] are the matrices of the Seebeck coefficient, the thermal
conductivity, and the electrical conductivity, as defined by Equations (3), (4), and (5),
respectively. The properties matrix relates to the three-dimensional space components x, v,
and z.
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The Mechanical APDL of Ansys solves multiphysics phenomena for solids via the finite
element method (FEM). The equation system applied in the nodes of the representative
mesh are the coupled equations for thermoelectricity, as defined by Equation (6). The
coupled equation relates to the following terms: C! is the element-specific heat matrix; K is
the element diffusion conductivity matrix; Q is the sum of the element heat generation load
and element convection surface heat flow vectors; KV is the element electrical conductivity
coefficient matrix; CV is the element dielectric permittivity coefficient matrix; KV is the
element Seebeck coefficient coupling matrix; Q” is the elements Peltier heat load vector;
and I is the nodal current load vector. Detailed expressions for the variables in Equation (6)
can be found in Appendix A.

o @Bl el - {0 e

Figure 2a shows the thermal-electric boundary conditions and the length L of a single
thermoelectric leg that was used for the simulation. Regarding the boundary conditions,
a Dirichlet thermal boundary condition of constant temperature Tj,; = 500 K was placed
at the heat source surface, along with a fixed current load Ij,,5 = 1.26 A. On the heat
sink surface, a constant thermal boundary condition of temperature T,,;; = 300K, and
a reference voltage V,,r = 0V were also implemented. For the non-convection case, we
defined an adiabatic boundary condition Q = OW for the side wall of the thermoelectric
leg. Additionally, a central dotted line was used to measure the temperature distribution
from the heat source to the heat sink along the y-axis. Figure 2b shows the hexahedral mesh
used in the simulation and the cross-sectional area A of the leg. The mesh had 31,500 and
135,191 elements and nodes, respectively.

The presented one-dimensional solution was formulated based on the Onsager rela-
tionships and the phenomena associated with the cross flux within a thermoelectric leg. An
analysis established an energy and species (electrons) balance within the material, whereby
critical thermoelectric effects such as Fourier heat conduction, Joule heating, and the Thom-
son effect were considered. This study was operated under steady-state conditions, thereby
implying that the energy storage within the system remained negligible. Additionally,
it was postulated that there would be no significant variations in the electrical potential
during the operational regime, or, if such variations did occur, they would be sufficiently
rapid so as to result in a cumulative charge that approaches zero over time. This equation
addresses the traditional methods’ limitations by using an iterative, zero-order homotopy
method to solve the coupled differential equations for temperature (Equation (7)) and
electrical potential (Equation (8)). This method is a reliable and efficient alternative for
solving these equations. The simplified proposed model is represented as follows, where
the functions «(T), «(T), and ¢(T) correspond to the materials’” properties defined by
Equations (3)—-(5).

d dT] . da(T)dT B

@ {K<T)dy] —jT iT @ +j°0(T) = qross = 0 (7)
._a(T)dr 1 d¢p .. dj _
I=emdy omay UM =0 ®

Evaluating the performance of thermoelectric materials and generators is crucial in
understanding their potential for energy conversion. One of the key metrics used in this
evaluation is conversion efficiency, which can be calculated by determining the ratio of the
output power to the input heat. The power generation (P) and thermoelectric efficiency (1)
can be expressed mathematically as follows:

pP= Ahot — Ycold — Yloss (9)
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p
1 Thot {10)
where gy and g¢ represent the heat supplied to the hot side and the heat removed from the
cold side, respectively. g;os represents the heat lost due to factors such as convection and
radiation.
The heat flux q” inside any thermoelectric material is the result of both thermal
conduction and the heat associated with the electric current crossing through the section
area. This can be represented mathematically as follows:

7'(x) = kmfg +a(T)jT 11)

where k(T) is the thermal conductivity, a(T) is the Seebeck coefficient, j is the current
density, and T is the temperature.

The heat supplied to the hot side (g5,,;) and removed from the cold side (g..;4) can be
represented as follows:

Ghot = q”(O) (12)

Gcold = q,/(L) (13)

where L is the length of the thermoelectric material.

aT

hot = _k(Thot)? + D‘(Thot)jThot (14)
X | _
y=0
ar .
Geold = _k(Tcold)T + “(Tcold)]Tcold (15)
X |,
y=L
HEAT SOURCE
Thot =500 K Ijp0q = 1.26 A
! . ! Cross-sectional area
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Figure 2. Numerical model of a single thermoelectric leg that was used in the simulation. (a) A
2D view of the leg showing the geometric parameters and the thermoelectric boundary conditions.
(b) Visualization of the mesh used for the simulation, where the number of elements (NE) and the
number of nodes (NN) are reported.

2.3. Comprehensive Model (Ansys) and the Proposed Simplified Model Comparison

Figure 3 presents the comparison between the simplified model (SM) result of the tem-
perature profile of the thermoelectric leg that was reported previously, as well as the com-
plete and comprehensive numerical simulation (CM) that was carried out in this study with
Ansys Thermal-Electric. The graph shows the variation in the temperature within a range
of (300 < T < 500) K along the y-axis as a function of the distance d (0 < d < 1.4) mm.
The comparison between the theoretical and numerical profile temperatures showed a
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good agreement with the relative errors being less than 0.01%. This result validated the
numerical procedure for a single thermoelectric leg.

500 T T T T T I
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— —CM|

450 | 1
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~
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~
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© 350t .
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Figure 3. Comparison of the temperature profile of the TE leg along the y-axis, which was obtained
by the simplified model (SM), as well as the comprehensive model (CM) numerical simulation that
was obtained by Ansys Thermal-Electric [21].

To further validate the simplified model (SM), we compared its temperature and
voltage profile results with the comprehensive model’s (CM) results, which was obtained in
Ansys Thermal-Electric along the y-axis between a temperature range of (300 < T < 700) K.
The reason for increasing the maximum temperature value to T = 700 K was because of
the sudden drop of the Seebeck coefficient a(T) beyond T = 500K, as shown in Figure 1.
Figure 4a,b present the simplified model (SM) and comprehensive model (CM) temperature
and voltage profile results, respectively. These results were developed along the y-axis of
the thermoelectric leg (see Figure 2a) within a temperature range of (300 < T < 500) K and
with the current densities of j = (0, 9 x 10°;1.8 x 10°) A/m?. Figure 4a shows how there
was good agreement between the SM and CM model profiles. It can be confirmed that
there was a proportional relationship between the rise in temperature due to the increase in
current density j caused by the Joule effect. However, the maximum temperature difference
between the results for the current densities of j = 0A/m? and j = 1.8 x 107® was not
greater than 9.53 K, which was near the half of the leg length. On the other hand, Figure 4b
confirmed the inverse relationship between the generated voltage V and the current load I.
In other words, when j = 0 A/m?, the generated voltage was the so-called “open-circuit
voltage Vpc”, and this was the maximum voltage reachable for a specific thermal difference
between the leg boundaries. Also, the generated voltage was at its maximum near the
heat source surface, but this decreased to zero (0 V) near the heat sink surface due to the
referenced boundary condition.

Figure 5 presents the temperature and voltage contours that were obtained by the
comprehensive (CM) model for a temperature range of (300 < T < 500) K, which was
computed at the coordinate z = —+/A/2, (see Figure 2b). Figure 5a—c respectively show
the temperature contours for the current densities of j = (0, 9 x 10°, 1.8 x 10°) A/m?. The
contours show that, for the higher current densities, the isothermal lines for the given
temperatures moved toward the heat sink surface. Therefore, the average temperature
for the thermoelectric leg increased with the current density (e.g., T —0A/m2 = 409.23K,

T].:9X105A/mz = 411.05K, Tj:1.8><106A/m2 = 415.34K). Figure 5d—f respectively show the
voltage contours for the same current densities. The contour presented in Figure 5d
corresponds to the open-circuit case, where the minimum and maximum values of Vpc
were located at the heat sink and the heat source surfaces, respectively. Figure 5f shows that

the maximum values of the voltage shifted towards the center of the leg, thereby setting the
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heat sink and heat source surfaces with the minimum voltage values; the same results were
reached by the solution of the voltage profile when solving the differential one-dimensional

equation.
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Figure 4. Comparison between the simplified proposed model (SM) and the comprehensive model
(CM) profile results of temperature and voltage along the y-axis for the current density ranges of
j=(0,9%10° 1.8 x 10°) A/m?, as well as the constant boundary conditions of 300K and 500 K.
(a) Temperature profile. (b) Voltage profile.
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Figure 5. Contours of the temperature and voltage at z
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conditions of Tj,; = 500 K and T,;; = 300 K. (a—c) Temperature contours for the current densities
of j = (0, 9 x 10°, 1.8 x 10°) A/m?, respectively. (d—f) Voltage contours for the current densities of
j=1(0, 9% 105 1.8 x 10°) A/m?, respectively.

Figure 6a,b present the simplified model (SM) and comprehensive model (CM) tem-
perature and voltage profile results for the boundary conditions of Tj,; = 700K and
T.o1a = 300K, as well as current densities of j = (0, 9 x 10°, 1.8 x 106) A/m?. Figure 6a
shows that there was a good agreement between the SM and CM temperature profiles. In
comparison with the temperature curves reported in Figure 4a (with a hot side temperature
of 500 K), the maximum temperature difference between the curves for the current densities
of j =0A/m?and j = 1.8 x 10-% A/m? was not greater than 4.45 K. This means that the
increase in current density did not play a significant role in the temperature profile along
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the y-axis; this could be easily explained considering that the Joule effect has no significant
relevance when the thermoelectric leg has high thermal conditions. In Figure 6b, none of
the voltage profiles returned to zero; this was in contrast to Figure 4b, where the curve
of j =9 x 107> A/m? started and ended at the same value. This can be explained due to
i =9 x 107> A/m?, which is the current density when the maximum power is generated,

as well as due to the fact that this behavior occurs only for that specific value.
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Figure 6. Comparison between the simplified proposed model (SM) and the comprehensive
model (CM) profile results of the temperature and voltage along the y-axis for the temperature
and current density of the constant boundary conditions of Ty, = 700K and T,; = 300K, and
ji= (0, 9 x 105, 1.8 x 106) A/m?. (a) Temperature profile. (b) Voltage profile.

Table 2 summarizes the arithmetic mean of temperature T and voltage V for the
comprehensive model (CM) curves presented in Figures 5 and 6. These values corre-
spond to the hot surface temperatures of Tj,; = 300K and Tj,; = 700K, the current
densities of j = (0, 9 x 105, 1.8 x 106) A/mZ2, and the constant cold surface temperature of
Ts014 = 300K. The values of TThot:500K had less variation than those of TThotzyo()K. This was
because of the higher temperature differences, which induce larger average temperature
changes as the current density increases. Regarding the average voltage values, for both
hot surface temperatures of Tj,,; = 500K and Tj,,; = 700K, there was a downward trend
due to the imposition of a current load, which generated a voltage drop. Additionally, the
higher the current density, the larger the variation was for V at Tj,,; = 700K in comparison
with its variation at Tj,,; = 500 K. This is due to a larger voltage generation when there was
a higher temperature difference between the hot and cold TEG surfaces.

Table 2. Temperature T and voltage V average values of the comprehensive model (CM) results
(Figures 5 and 6) for the current densities of j = (O, 9 x 105, 1.8 x 106) A/m?, the hot surface
temperatures of Tj,; = (500, 700) K (which occurred at a constant cold surface temperature of
Tootd = 300K).

Hot Surface Temperature (K)

Current Densities j (A/m?) Tpot = 500 Thot = 700
T (K) V(V) T (K) V(v)
0 409.23 —2.49 x 1072 554.70 —5.86 x 1072
9 x 10° 410.82 —1.54 x 1072 554.92 —430x 1072
1.8 x 107 415.02 —6.03 x 1073 557.34 —2.78 x 1072

A novel feature of the simplified proposed model (SM) is the ability to model con-

vective heat transfer on the side walls of the solid bodies of the TEG module. Thus,
various convective heat transfer coefficients were applied to further compare the SM
and the CM results. Three values for the heat transfer coefficient 1 were used, namely,
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h = (10, 20, 30) W/ m2K. A constant current density of j = 9 x 10° A/m? was imposed.
The temperatures of the hot and cold surfaces were 500 K and 300 K, respectively. Figure 7a
presents the SM and CM temperature profile results along the y-axis for each variation of
h. Similarly, Figure 7b presents the SM and CM voltage profile results along the y-axis for
each variation of h. According to these results, both the SM and CM models had a good
agreement in modeling temperature and voltage profiles with the wall convective heat
transfer. Additionally, the temperature and voltage profiles did not change significantly
when a heat transfer coefficient 1 was applied.
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u « SM,h=10 « SM, =10 -
.‘l~ o SM,h=20 o SM,h=20|" ”
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Figure 7. Comparison between the simplified proposed model (SM) and the comprehensive model
(CM) profile results of the temperature and voltage along the y-axis when applying heat transfer
coefficients on the side walls of 1 = (10, 20, 30) W/m?K for hot (500 K) and cold (300 K) temperature
values, as well as when applying a constant current density of j = 9 x 10° A/m?. (a) Temperature

y — axis (mm)

profile. (b) Voltage profile.

3. Modeling a Complete Thermoelectric Module

We compared the results of the proposed simplified model (SM) with the charac-
teristic curves of the commercial thermoelectric module TEG1-12611-6.0 [28], and to a
fully-coupled numerical simulation (comprehensive model—CM) in the Thermal-Electric
module of Ansys. The simulations were executed by a 12-core Intel®, Xeon CPU E5-2667
at 2.90 GHz, and with a 32 GB of RAM workstation. The CAD model was obtained from
the commercial TEG module (Section 3.1). Then, a tetrahedral mesh was generated, and a
mesh independence study was carried out (Section 3.2). The boundary conditions applied
to the numerical simulation were defined (Section 3.3).

3.1. Thermoelectric Module Geometry

The CAD model for the numerical simulation was obtained in the CAD modeling
software SpaceClaim R2022 of Ansys. The CAD model was based on the commercial
TEG module TEG1-12611-6.0, which was manufactured by TECTEG MEFR. (Ontario, CA,
USA) [28]. Figure 8a shows the dimensions of one pair of N- and P-type thermoelectric
(TE) materials, which were connected in series by copper electrodes. Each TE leg had
two side lengths of 2.4 mm, and a height of 1.3 mm. The copper electrodes were 5.8 mm
in length and 2.4 mm in width. The upper and bottom copper electrodes had a height
of 0.4 mm and 0.5 mm, respectively. Figure 8b shows the 126-pair-leg TEG module CAD
model with its general dimensions. An electrical resistor was connected at the end of the
copper electrodes, which acted as an electrical load. The resistor had a cross-sectional area
of A = 1.2mm? and a length of L = 73.4mm. The upper and bottom sides of the TEG
module were covered by two graphite rectangles that were (56 x 56) mm in length and
1 mm in height. The spacing between the TE legs along the z and x axis was 1 mm. Lastly,
in Figure 8b, a top view of the TEG module showing the series connection between the TE
legs and the copper electrodes can be seen.
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W P-type | 5.8 mm | ] Thermoelectric leg dimensions

Electrical resistor, A = 1.2mm?
Graphite
126 thermoelectric pairs

(b)
Figure 8. CAD model of the commercial TEG module TEG1-12611-6.0, which was manufactured by
TECTEG MEFR [28]. (a) A 2D-view with the physical dimensions of the series connection between the
N- and P-type materials and the copper electrodes. (b) A three-dimensional view of the 126-pair-leg
TEG module.

3.2. Boundary Conditions and Parametric Setups

Figure 9 shows the thermal-electric boundary conditions (BCs) used for the TEG mod-
ule numerical simulation. The thermal BCs, namely the hot T},,; and cold T,;; temperatures,
were placed on the top and bottom surfaces of the graphite material, respectively. Also,
an adiabatic thermal condition Q = 0 was assumed for all of the lateral walls of the TEG
module, including the copper electrodes, TE legs, and graphite material. Additionally,
an electric BC of a zero voltage V,,; = 0 was placed on the vertical surface of the copper
electrode, which was connected to an N-type TE leg.

/
114
T

———

— ( J-{I
) )

Z W Hot temperature T},

Cold temperature Tro1q
Adiabatic walls Quais =0
M Zero voltage reference V,.cr =0

Figure 9. The thermal-electric boundary conditions used for the TEG module numerical simulation
in Ansys Thermal-Electric.
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3.2.1. Case 1—The Parametric Setup: Ansys vs. Commercial TEG

To compare the results obtained in the Thermal-Electric module of Ansys with the
characteristic curves of the TEG module TEG1-12611-6.0 (manufacturer information), a
parametric study was configured in the following manner: firstly, constant hot and cold
temperatures of Tj,; = 573.15K, and T,,;; = 303.15K were used, respectively. Secondly,
the voltage reference was maintained as V,,; = 0. Lastly, to simulate an electric load, the
resistor’s electrical resistivity p,sistor Was varied, as depicted by Table 3. On one side, the
values of pysistor Were varied by assuming an electric resistance from 120 KQ) to 0.01 Q).
Then, by using Equation (16), which relates to the geometric and electrical properties of
the resistor, pjesistor cOuld be obtained. A,esistor = 1.2 mm? was the cross-sectional area,
Lyesistor = 73.4mm was the length, and R,¢sist0r Was the varied resistance. On the other side,
the highest electric resistance was imposed to obtain the open-circuit voltage V¢ of the
TEG module, and the lowest electric resistance was used to generate the highest current
flow through the TEG module.

) _ Ryesistor Aresistor 16
Presistor = L— ( )
resistor

Table 3. Variation in the resistor’s electrical resistivity for the parametric studies.

Rresistor (Q) Presistor (Qm)
120,000 1.9619

8 1.3079 x 10~*

6 9.8093 x 10~°

4 6.5395 x 1075

2 3.2698 x 107>
12 1.9619 x 107>

1 1.6349 x 107>
0.8 1.3079 x 107>
0.6 9.8093 x 10~©
0.4 6.5395 x 106
0.2 3.2698 x 10~°
0.09 1.4714 x 10~
0.07 1.1444 x 10~
0.05 8.1744 x 107
0.03 49046 x 1077
0.01 1.6349 x 107

3.2.2. Case 2—The Parametric Setup: Ansys vs. the Proposed Model

To compare the results obtained in the Thermal-Electric module of Ansys with the pro-
posed model, seven temperature differences AT were generated as the thermal loads for the
TEG module. First, the cold temperature BC was maintained constant at T,,;; = 297.95K,
and the voltage reference was held at V,,; = 0. Secondly, the hot temperature BC was
varied in a range of (333.15 < Ty, < 393.15) K, with steps of Thotstep = 10K. Lastly, for
each temperature difference simulation, the resistor’s electrical resistivity pjesistor Was also
changed according to the data in Table 3.

3.3. Mesh Generation

The CAD model mesh was generated in the meshing software ICEM CFD R2022 of
Ansys. The mesh presented in the following subsections was a tetrahedral-conformal mesh
due to the high number of contacting surfaces between the solid bodies of the CAD model.
A conformal mesh is required for the Finite Element Method (FEM) because it allows its
nodes to coincide between the contacting surfaces. This permits the iterative solution
information to be transferred appropriately between nodes [29]. A mesh independence
study, the quality parameters, and the final mesh used in the simulation are also shown.
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3.3.1. Mesh Independence Study

The mesh independence study considered the open-circuit voltage V¢ as the system
response quantity (SRQ), i.e., the output value. The parametric simulation for the mesh
study had constant hot and cold temperature values of Tj,; = 573.15K and T,,;; = 303.15K
as input values, respectively. The mesh was globally refined by reducing the maximum
element size in ICEM CFD. Figure 10 shows, as a function of the mesh number of nodes,
the values of Vp, the relative error between each refinement point, and the simulation
time. The V¢ and relative error curve trends showed that the SRQ value tends to be fixed
as the mesh becomes more refined. Additionally, the simulation time increased rapidly to
around 120,000 mesh nodes. Then, it tended to be constant near 100 s. According to the
mesh study, we selected a mesh composed of 158,501 nodes. This is because we considered
the relative error to be low enough to continue the simulation with the values shown by
the vertical line that represented the characteristic values of the chosen mesh. These values
corresponded to Vpoc = 11.97V, a relative error of 0.02022%, and a solution time of 102 s.

12.20 1 1 1 1 1 1 1 1-2 T 120
—a— Voo
— A— Relative error n 41.0
12.15 + - -m-- Solution time foommmmomn .102.0 ~—~ 4100 —
\ ! = &
! 40.8 - N
4 S {80 £
1 0.6 z -:
S 3
404 &S 4 60 =
10.2 i: 140 0
0.02022
11.97 109
11.95 . 1 . 1 . 1 1 A 420

20 40 60 80 100 120 140 160 180
Meshnumber of nodes (10%)

Figure 10. Mesh study showing the system response quantity of the open-circuit voltage Vo, the
relative error between the mesh refinement points, and the solution time. The vertical line shows the
values of the chosen mesh.

3.3.2. Final Mesh

Figure 11a shows the final mesh used for the simulations of this section. The mesh
was made up of tetrahedral-conformal-type elements that were generated in the ICEM
CFD of Ansys with 974,555 elements and 158,501 nodes. ICEM CFD offers advanced mesh
acquisition and diagnostic capabilities for applications like computational fluid dynamics
but also for structural and thermal analysis. It facilitates the creation of mesh output
files that are compatible with various structural solvers, such as Ansys Mechanical APDL,
Autodyn, LS-DYNA, ABAQUS, and NASTRAN [30]. The distinction between the mesh
for a single TEG leg (Figure 2b) and a complete TEG module (Figure 11a) was the mesh
topology sharing. When a topology is shared between distinct geometry surfaces, the mesh
nodes match between them. This is crucial for the accurate transfer of mesh information
between contacting surfaces [27], thus resulting in the prevention of additional numerical
errors. Meshing with a shared topology is notably more complex for a complete TEG
module when compared to a single TEG leg due to the increased number of contacting
surfaces; therefore, this poses a challenge when meshing a TEG module. As a result, opting
for tetrahedral mesh elements becomes a more viable approach than using hexahedral
elements because of its adaptability without compromising the mesh quality. While we
initially attempted to utilize Ansys’s Mesh module to generate a shared topology mesh for
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the complete TEG module, it fell short of achieving acceptable quality metrics. Conversely,
ICEM CFD successfully produced the desired mesh, even at a lower computational cost.

Figure 11b shows the mesh element equiangular skewness, in which the value 1
represents an ideal mesh element, while 0 represents a bad quality element. On the one
hand, 0.001% of the total mesh elements had a minimum value of 0.21, while 0.61% of the
total elements had a maximum value of 0.99. On the other hand, the average value was
0.67. This quality parameter cannot be lower than 0.05 for the Mechanical APDL solver [27].
Figure 11c shows the number of the elements’ percentage distribution as a function of the
quality parameter. Values closer to 1 represent the ideal mesh element, while values closer
to 0 represent the worst. The minimum value was 0.24, and this was present in 0.002%
of the total mesh elements. The maximum value was 0.99 for 0.44% of the total elements,
while the average value was 0.69. According to the quality parameter distributions, the
mesh accomplished the minimum solver requirement for avoid floating points during the
solution process. Additionally, the mesh can be considered good quality due to the low
percentage of bad elements and the average values that were close to the ideal quality
parameter value.

974,555 mesh elements
158,501 mesh nodes

—~
o0
~

16 T T T T T T T g T T T T T T T
Ideal — 1 Ideal — 1 G
14 F|Min. : 0.21 8 |Min. : 0.24 o<
= Avg. : 0.67 <7k Avg. : 0.69
é 12 F | Maz. : 0.99) é Maz. : 0.99,
2 %6
= 10 =
) S 5
£ 8 g
= S g
[\8} [\8}
< 6 < 5
Va) Va)
[\8} 4 (8}
= =2
2 1
ol 0 S &
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
Equiangle skewness (—) Quality (—)

(b) (0)
Figure 11. (a) View of the tetrahedral-conformal mesh generated in the Ansys ICEM CFD used for
the final simulations. (b) Mesh element equiangle skewness. (c) Mesh element quality.
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4. Results
4.1. Case 1 Results: Ansys vs. Commercial TEG

Figure 12 shows the result comparison obtained by the comprehensive model (CM)
when using Ansys Thermal-Electric, the simplified proposed model (CM) and the commer-
cial TEG module’s characteristic curves (manufacturer information) were at a fixed temper-
ature difference AT. These results were obtained for the thermal BCs of Tj,,; = 573.15K and
Teo14 = 303.15 K, which generated a temperature difference of AT = 270K (see Section 3.2.1
for the parametric study details). Figure 12a,b show the TEG module’s output voltage
Vout and output power P, as functions of the TEG module current ITrs. Regarding the
voltage trends, the open-circuit voltage Vpoc was obtained at the highest imposed elec-
trical resistivity pjesistor, Which generated no current flow Irrg through the TEG module.
Additionally, due to Ohm’s law, the lower the resistor’s electrical resistivity pjesistor, the
higher the TEG current ITgg. Similarly, the inverse relationship between V,;; and ITgg
was because there was a series connection between the TEG module “s internal electrical
resistance and the external electrical load, thereby resulting in a voltage divider circuit.
For this circuit, the input voltage was V¢, which becomes divided according to the two
aforementioned electrical resistances’ ratios. As for the output power, it was calculated as
Pout = IteG Vour, which generated a concave downward trend with a peak value.

10 T T T T T T 16 T T T T T T
—s—CM —s—CM
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Figure 12. A results comparison between the comprehensive model (CM) obtained in Ansys Thermal-
Electric, the proposed simplified model (SM), and the commercial TEG module’s characteristic
curves (manufacturer information) at Ty,,; = 573.15K and T,,;; = 303.15K. (a) Output voltage V.
(b) Output power P,;.

Concerning the results, there were good agreements between the SM and CM model
results for both Vo, and Py, However, the characteristic curves of output voltage and
power of the TEG module’s manufacturer information were higher than those obtained
by the SM and the CM models. The magnitude discrepancies between the unmatched
curves were the following: the range of the TEG current for the CM model’s results was
(0 < Itgg < 5.3) A; whereas, for the manufacturer information, it was (0 < Itgg < 7) A.
This means there was a relative error between the ITg; maximum values in the SM and
CM with respect to the manufacturer report of 24.3%. Regarding the output voltage lines
obtained in Ansys and the proposed model, there was a relative error between its slopes of
0.3%. Concerning the output power P, there was an average relative error between the
SM and the CM models curves of 0.1%. Furthermore, when comparing the voltage and
power results for the CM and SM models, we found that the relative errors between the
models were below 7%, which is an acceptable error and serves to validate the simplified
proposed model (SM). The reason for the described discrepancies was the undisclosed
physical dimensions and the thermoelectric material properties of the commercial TEG
module (TEG1-12611-6), which was used as a reference for the present study. As a result, the
commercial TEG module had to undergo reverse engineering to determine the approximate
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physical dimensions. However, this process is destructive, thus requiring the module to be
opened and damaged. Similarly, the thermoelectric properties used for the simulations were
obtained from the TEG module manufacturer (TECTEG MFR., [28]). However, there was no
certainty that they were precisely the material properties of the TEG module used to obtain
the characteristic curves of the manufacturer information. Thus, we believe these reasons
were the cause for the discrepancies seen in Figure 12a,b between the comprehensive model
and the manufacturer information.

4.2. Case 2 Results: Ansys vs. the Proposed Model and Model Tuning

At the interface between the cool and hot sides of the TEG module and the semicon-
ductor material, the electrical current flow through the junction lead to the generation of
Peltier heat, conduction heat transfer, and Joule heating. Figure 13 shows the total heat
flux contour detail of the complete TEG model that was obtained with the comprehensive
model (Ansys Thermal-Electric). The figure shows that there was a non-uniform heat flux
concentration at the TEG module’s corners and junctions, whose magnitude depends on
the current density flowing through the body solids. The maximum total heat flux value
on these adjacent edges was as high as 8.29 x 10° W/m?, while the average value for the
complete TEG module was around 61,429 W/m?. These high values of the model’s edges
can affect the comparison between the comprehensive and proposed models. These sorts of
phenomena are not considered in the proposed simplified model due to its one-dimensional
conception. Equations (17) and (18) describe the heat transfer for the hot and cold sides,
respectively.

61,429

Node 149,684
7.8971 x 107 15558 x 10°

Node 1730 _ Node 23,432

10766 x 10°
Node 61,826

5.2816 x 10°
Node 2691

5.7181 x 10°
Node 1729

Non-uniform heat concentration

Total heat flux (W/m?)

8.2863 x 10° 6.4450 x 10° 4.6037 x 10° 2.7624 x 10° 92,106
7.3657 x 10° 5.5244 x 10° 3.6830.x 10° 1.8417 x 10°

Figure 13. Detail of the total heat flux contour of the complete TEG module obtained in the compre-
hensive model (CM) Ansys Thermal-Electric that shows the non-uniform heat flux concentration at
the corners and junctions.
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Although the simplified model was accurate for a single thermoelectric element,
extending a single model for the entire module is complex. Phenomena such as electric
charge accumulation, heat losses due to conduction, convection, and radiation are present
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in all elements. In addition, the electric and thermal interaction can occur with the filler, as
well as upper and lower plates junctions. Moreover, the effects of pressure and contact gaps
that allow for air layers (insulation), contact resistance, the thermal resistance caused by the
thermal paste, and the impact of thermal mismatching were determined. These generated
the differences between the electrical generation of a single pair and the generation of a
complete module with hundreds of pairs. Therefore, it is important to be able to modify
the simplified model with TE variable properties, which was developed for a single TE
element by adjusting two proposed parameters. As a methodology for this tuning, two
new model parameters were introduced: an equivalent effective area factor (F4), and a
power factor parameter (Fp) for the total power generation.

Af=FjA (19)

where Ay is the equivalent effective area of the legs of the entire module, and A is the
cross-section area of a single TE leg.
The power generation P was computed as follows:

P = FP(Pn—type + Pp—type) (20)

This approach allowed for the extension of the simplified model’s results for a single
TE couple to the entire module, and this was achieved without computing all the physical
phenomena involved in an actual module. To estimate the model parameters, there were
multiple algorithmic techniques that were previously studied [31]. In this work, a continu-
ous genetic algorithm (CGA) was implemented to find F4 and Fp from a single operation
curve that was obtained with the comprehensive model simulated in Ansys (Figure 12).

The two parameters of the proposed model were tuned with a single operating curve
(for the given temperature differences Tj,; and T,,;); subsequently, a comparison was
carried out between the results obtained by the comprehensive model (CM) and the tuned
simplified proposed model (SM) with the calculated parameters for different temperature
differences. Figure 14 presents the results obtained by the comprehensive model (CM)
of Ansys and the results after the tuning of the simplified proposed model (SM). The
parametric study setup was described in Section 3.2.2. The figure shows the output power
P,y for seven temperature differences AT, which varied in only the hot side temperature
Thor with a fixed T,o;; = 295.95 K. There was a good agreement between the comprehensive
(CM) and simplified model (SM) in the power delivered from the TEG module under
different temperature conditions. At the highest AT = 95.2K, the maximum TEG module
current was Itgg = 3 A, for a maximum power output of Py, = 2.57 W. The equivalent
effective area factor (F4) = 0.86 and the power factor parameter Fp = 1.12 were found after
100 times with 50 individuals for a population size and a CGA stop criteria of 1000 iterations,
or a root mean square error of 1 x 1076 W.

It is worth noting that the proposed method shows a good agreement with the com-
mercial software results for a wide range of temperature differences, thereby indicating its
validity and reliability in predicting the performance of a TEM. Further improvements to
the model could be achieved by considering more complex interactions between coupling
materials and TE, as well as by including other effects such as the presence of contact
resistances and the influence of heat losses by radiation. Overall, the proposed model pro-
vides a useful tool for optimizing the design of thermometric systems and devices, thereby
enabling a more accurate and efficient utilization of this eco-friendly energy conversion
technology [32].
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Figure 14. Results comparison of the TEG output power Poytpyr between Ansys and the proposed
model for various AT with a variable Ty, as well as a constant T,;; = 297.95K.

4.3. Simulation Time Analysis for a Parametric Study of a Thermoelectric Generator Module

Table 4 presents the results of a parametric study that was performed on a single TEG
module consisting of 126 thermoelectric pairs. The simulations were carried out using a
12-core Intel® Xeon CPU E5-2667 that was clocked at 2.90 GHz, and 32 GB of a RAM work-
station. The total simulation time for the parametric study included the cumulative time
sum of the mesh study, which comprised six refinement levels (see Figure 10). Additionally,
the simulation time depended on the parametric study, which considered 7 different AT
values and 16 py,gjstor Variations.

The simulation time for the comprehensive model (CM) varied with changes in AT
and Pyesistor- For each combination, the simulation time exhibited oscillations with respect
to Pyesistor, but these were monotonically increased as AT increased (see Figure 15). For a
change of AT = 60 K, the simulation time increased by 139 s. The total simulation time for
the entire parametric study of the single TEG module was approximately 2.04 h. Therefore,
if a parametric study required running simulations on multiple TEG modules, either in

series or parallel, the total simulation time would increase significantly.

Table 4. Mesh and parametric study on the cumulative and total time required report.

Simulation Time for Different AT Varying p;.sistor (See Table 3)

AT = 35.2K (s) AT = 452K (s) AT = 55.2K (s) AT = 65.2K (s) AT = 752K (s) AT = 85.2K (s) AT = 95.2K (s)
61 63 63 68 71 61 84
54 60 69 60 60 62 65
52 58 61 60 63 61 59
52 57 63 65 64 64 64
54 62 64 65 62 61 62
56 64 54 60 65 59 63
65 57 59 62 71 69 65
58 56 58 68 62 64 65
60 54 62 65 60 65 63
55 56 63 61 63 60 66
54 55 61 63 64 65 65
55 52 62 60 64 62 59
57 54 66 60 61 62 63
54 52 63 64 63 62 69
58 60 60 60 64 67 63
54 61 60 63 64 85 63
Mean 7 (s) 56.19 57.56 61.75 62.75 63.81 64.31 64.88
Stand. dev. o, (s)  3.51 3.78 3.38 2.84 3.17 6.11 5.66
Total time E (h) trotal = Emesh + tpar.,study =204h
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Additionally, the mean simulation time and the standard deviation for each AT value
were also reported, along with the total simulation time for the mesh and parametric
study. From the table, we can see that the simulation time generally increased as the time
step AT increased. This makes sense since a larger time step requires fewer calculations,
which results in faster simulations. However, we can also see that the simulation time
was affected by the resistor density pygistor, With some combinations resulting in longer
simulation times than others. The results show that the mean simulation time increases
with the temperature interval, which ranged from 56.19 s for AT = 35.2 K to 64.88 s for
AT = 95.2 K. The standard deviation also varied for each temperature interval, and these
ranged from 2.84 s to 6.11 s. The total time for the study, including meshing and parametric
analysis, was reported to be 2.04 h. These findings suggest that the increase in temperature
interval leads to an increase in simulation time, with higher variability found at higher
temperatures. Therefore, a careful selection of temperature intervals for the parametric
study was required to optimize the simulation time while maintaining an acceptable level
of accuracy. Furthermore, the reported total time for the study may be useful for project
planning and resource allocation.

1060 1 1 1 1 T T

Cumulative time

880 1 1 1 1 1 1
30 40 50 60 70 80 90 100

AT (K)

Figure 15. Cumulative simulation time as a function of the temperature difference AT, which varied
the resistor’s electrical resistivity pyegistor-

Finally, the total simulation time for the mesh and parametric study was reported as
ttotal = tmesh + tpar. study = 2.04 h. This provided an overall measure of the computational
cost of the study, and it can be used to evaluate the efficiency of the simulation setup.
Conversely, it also required a significant computational effort, whereby it took, on average,
63 s per simulation to obtain results for a specific current and temperature differential.
The use of a simple model instead of an Ansys simulation can be highly beneficial in
large scale situations. Although the full model provides an accurate solution, it requires a
significant computational effort, which can be time-consuming and expensive. In contrast,
a simplified model can offer comparable results at a fraction of the computational cost
(1.1 s). In industrial applications where the analysis of many TEG modules is required, the
reduced accuracy of the simplified model is outweighed by the much faster computational
time. Moreover, a simplified model can help in identifying the key variables that affect the
performance of the system, which can thus provide useful insights that can guide further
optimization efforts. Therefore, the use of a simple model can provide a practical and
efficient solution for many engineering applications.
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5. Conclusions

This study aimed to address the challenge of low energy conversion efficiency in ther-
moelectric generators by developing a methodology that considers temperature-dependent
material properties and convection heat losses. The proposed model for the analysis of
TEGs leads to a higher accuracy than previous models by considering the convection heat
losses at the thermoelectric legs and the two parameters required to predict the power
output behavior for a complete module.

The results obtained from our proposed method were subjected to rigorous comparison
and validation: first, against a single thermoelectric leg. Remarkably, the relative errors
between the outcomes of the proposed model and the comprehensive model (Ansys) were
found to be less than 0.01%. We extended our analysis to encompass the thermoelectric
characterization of a complete commercial module that consisted of 126 thermoelectric
pairs. In this larger-scale evaluation, the proposed model continued to demonstrate its
efficacy, yielding relative errors of less than 7% when compared to the results generated
by the comprehensive model. This successful prediction reaffirmed the robustness and
accuracy of our proposed model in simulating complex thermoelectric systems.

To further validate our proposed simplified model, we compared its results with those
of the comprehensive model through a fully coupled thermoelectric simulation using the
Finite Element Method, which was applied to a complete thermoelectric module. The
relative error observed in the slope of the voltage linear trends between the SM and CM
was 0.3%. Several factors contributed to this discrepancy. Firstly, the manufacturer did
not disclose the critical physical dimensions and thermoelectric material properties of
the commercial TEG module. Consequently, we used reversed engineering techniques
to approximate these parameters, and this inherently introduced some uncertainty into
the model. Secondly, the one-dimensional nature of our proposed model did not account
for non-uniform heat flux concentrations. These concentrations were primarily located
at 90-degree adjacent edges, and they exhibited peak values as high as 8.29 x 10° W/m?.
These values significantly deviated from the average heat flux of 61,429 W/m?. This
non-uniform heat distribution further contributed to the observed variations between our
model and the comprehensive model. Despite these challenges, it is worth noting that the
characteristic curves generated by our proposed model remained as acceptable predictions
for the TEG module in question, even when considering the inherent limitations of it being
a one-dimensional model.

The one-dimensional proposed model can be a better choice for characterizing a
TEG module because of it simulation times. On the one hand, if we were to quantify the
computational cost it takes to simulate a complete TEG module by means of FEM methods,
as was carried out in the comprehensive model (Ansys), we found that it would take a
total time of 2.04 h to complete the study. This includes the consideration of the meshing
and simulation waiting times. On the other hand, the proposed model can resolve the
complete TEG module in only 1.1 s, which is approximately 8000 times faster compared to
the comprehensive model. We also found that the time required to achieve a solution with
the comprehensive model increased in proportion to the temperature difference between
the hot and cold surfaces of the TEG module. This implies that the FEM methods might
not be the better choice for applications where high-temperature differences are applied
due to the increasing simulation times. Therefore, for industrial applications where the
analysis of many TEG modules is required, the reduced accuracy of the simplified model is
outweighed by the much faster computational time.

This study provides a deeper understanding of the thermoelectric energy conversion
process, as well as offers guidance for designing and optimizing thermoelectric generators
for practical applications. Additionally, it is important to take into account the potential
challenges in practical engineering such as convection heat losses at the legs of TEGs, which
can significantly impact energy conversion efficiency. Overall, thermoelectric generators
play a crucial role in sustainable energy development due to their energy conversion ca-
pabilities and advantages over other conventional methods. This research fills a gap in
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the field by providing a solution that addresses the limitations of previous models and
increases the accuracy of TEG analysis. While this study has made significant strides in im-
proving the accuracy of thermoelectric generator (TEG) analysis, there remains avenues for
further research and development in this field. One potential area of future work involves
refining the one-dimensional model to account for non-uniform heat flux concentrations,
as observed in practical TEG modules. Incorporating a more comprehensive treatment of
these non-uniformities can lead to even more accurate predictions, and it can enhance the
model’s applicability to a wider range of TEG designs. In terms of computational efficiency,
further research could focus on optimizing the Finite Element Method (FEM) simulations
used in comprehensive models. Developing techniques to reduce the computational time,
especially for cases with high-temperature differences, would be invaluable for practical en-
gineering applications. Additionally, investigating the model’s performance and accuracy
under varying operational conditions and materials can provide insights into its robustness
and limitations.
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Nomenclature

The following is the nomenclature used in the present work:

Roman letters

A Cross-sectional area (m?)

Ay Thermoelectric leg equivalent effective area (m?)
[B] Shape function derivative matrix (—)

[C! Specific heat matrix (Jkg ! K~ 1)

[cY] Dielectric permittivity coefficient matrix (Fm~!)
[

D] Conductivity matrix (Wm K1)

E Electric field vector (Vm™1)
Fu Equivalent effective area factor (—)
Fp Power factor parameter (—)
h Heat transfer coefficient (Wm 2K 1)
f
I Electrical current magnitude (A)
f Electric current density vector (Am~2)
KT Diffusion conductivity matrix (Wm~1K~1)
y
KV Electrical conductivity coefficient matrix (Sm 1)
y
K] Seebeck coefficient coupling matrix (VK1)
L Characteristic length (m)
N Shape functions (—)
P Thermoelectric power generation (W)
Q q Heat generation per unit volume (Wm~3)
Q Heat flux rate (W)
QP Peltier heat load (W)
7,q" Heat flux vector (Wm~2)
q Heat flux magnitude (Wm~2)
R Electrical resistance (Q))
trotal Total simulation time (s)
Fesh Mesh generation time (s)

tpar. study Parametric study simulation time (s)
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X, Y,z
Greek letters

ff

S H 39T A==

Abbreviations
APDL

BC

CAD
CFD
CGA

M

FEM

NE

NN

SM

SRQ

TE

TEG
TEM
Subscripts
cold

hot

in

loss

load

N

out

ocC

P

ref
resistor

S

vol

walls

XX, Yy, 2z
Operators
d/dx
d/0dx

v

Absolute temperature (K)

Average absolute temperature (K)

Partial time derivative of temperature (K)
Voltage (V)

Average voltage (V)

Partial time derivative of voltage (V)
Spatial Cartesian components (m)

Seebeck coefficient (VK1)

Arithmetic difference

Thermoelectric efficiency (—)

Thermal conductivity (Wm~1K™1)

Electrical resistivity (Qm)

Electrical conductivity (Sm~1)

Effective electrical conductivity matrix (Sm~1)
Thomson coefficient (VK1)

Electrical potential (V)

Ansys Parametric design language
Boundary condition
Computer-aided design
Computational fluid dynamics
Continuous genetic algorithm
Comprehensive model (Ansys)
Finite Element Method

Mesh number of elements

Mesh number of nodes

Simplified model (proposed by the authors)
System response quantity
Thermoelectric

Thermoelectric generator
Thermoelectric module

Cold surface side

Hot surface side

Input value

Heat losses

Electrical/thermal load

N-type semiconductor material
Output value

Open circuit

P-type semiconductor material
Reference

Electrical resistor properties
Surface

Volume

Physical wall properties
Normal direction Cartesian components

x-direction total spatial derivative
x-direction partial spatial derivative
Del operator (gradient)

Appendix A. Ansys Mechanical APDL Thermoelectric Definitions

[C!] is the element-specific heat matrix defined by Equation (A1).

Cl=p [ cINHN}TaV (A1)
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[KT] is the element diffusion conductivity matrix defined by Equation (A2).
KT} = [ [B)"IDIB] 4V (A2)
vo

Q is the sum of the element heat generation load and element convection surface heat
flow vectors defined by Equation (A3).

{Q} = / TN}V /S Tphp{N} dS (A3)

[KV] is the element electrical conductivity coefficient matrix defined by Equation (A4),

where [Uff f ] is the “effective” electrical conductivity matrix.

KY] = /ml (V{N}T) ! [aeff] (V{N}T) % (A4)

[CY] is the element dielectric permittivity coefficient matrix defined by Equation (A5).

[c¥] = / 01<V{N}T)T[e] (VN av (A5)

[KV"] is the element Seebeck coefficient coupling matrix defined by Equation (A6).

T
[k = / l (VINY) [o]la] (VAN}T) dv (A6)
0o
{QP } is the element Peltier heat load vector defined by Equation (A7).
P T
Q%= [ (v{NT) Tl av (A7)
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