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The present study analyzed the effect of material properties in the energy conversion process of Thermoelectric
Generators (TEGs). For the development of the study, two materials whose properties vary with respect to
temperature (Bi0.4Sb1.6Te3 and CullNiSb4S13) and a material with constant properties (Bi2Te3) were
analyzed. Through numerical simulation processes, each material was subjected to different temperature
differences to monitor the effect on the electrical output power, heat flux, and energy conversion efficiency.
The results showed that neglecting the temperature dependence produces higher or lower performance
estimations depending on the temperature levels experienced by the TEG. Overall, the material Bi2Te3
displayed 35% more electrical power output and conversion efficiency compared to the Bi0.4Sb1.6Te3
material. Therefore, considering the variability of thermoelectric materials demonstrated to be essential to
obtain realistic process performance. Also, the heat flux produced by the Fourier effect presents the most
significant impact on the electrical power generation of the TEG. Among materials with variable properties,
the Bi0.4Sb1.6Te3 increases the conversion efficiency up to 25% compared to the CullNiSb4S13. In
conclusion, the study of material properties using numerical simulations emerged as a robust and practical
tool to evaluate TEG performance.

RESUMEN
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En el presente estudio, se propone un analisis del efecto de las propiedades del material en el proceso de
conversion de energia de generadores termoeléctricos (GTE). En el desarrollo del estudio, se analizaron dos
materiales cuyas propiedades varian con respecto a la temperatura (Bi0.4Sb1.6Te3 y Cul1NiSb4S13) y un
material de propiedades constantes (Bi2Te3). A través del proceso de simulacion, cada material se sometio
a variaciones de temperatura para monitorear su efecto en variables tales como la generacion eléctrica, flujo
de calor y eficiencia de conversion energética. Los resultados obtenidos mostraron que, al considerar la
dependencia de la temperatura del material se obtienen estimaciones mayores o menores dependiendo en
el nivel de temperatura experimentado por el GTE. De manera general, el material Bi2Te3 increment6 la
generacion de electricidad y la eficiencia hasta en un 35 % comparado al material Bi0.4Sb1.6Te3. De tal
forma, se demostrd que considerando la variabilidad del material del GTE es esencial para obtener resultados
realistas del proceso de conversion energético. Por otro lado, el flujo de calor producido por el efecto de
Fourier mostré el mayor impacto en la generacion de electricidad del GTE. Dentro de los materiales con
propiedades variables, el material Bi0.4Sb1.6Te3 incremento la eficiencia de conversion hasta en un 25%
en comparacion con el CulINiSb4S13. Finalmente, el estudio de las propiedades de los materiales para la
construccion de GTEs usando simulaciones numéricas demostro ser una herramienta robusta y practica para
evaluar el desempefio de este dispositivo.
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Introduction

Although the world is becoming increasingly aware of the importance of protecting the environment, the use of fossil
fuels remains the main source of energy supply [1], [2]. As a consequence, greenhouse emissions produced by energy
systems powered by fossil fuels represent a socio-environmental problem. Therefore, the main focus of both industry
and academics centers on reducing fossil fuel consumption and global emissions through the continuous optimization
of the overall performance of the processes that involve their use [3]-[6].

Statistical studies show that only 30-35% of the energy produced in power plants is used in a useful way; the rest is
lost in the form of residual heat [7]. Hence, Waste Heat Recovery (WHR) technologies stand as a promising strategy
to implement in different energy systems [4], [S]. Mukherjee et al. [8] studied the capacity of a heat recovery system
through the interaction of gases in an industrial process of food manufacturing. Ganguly et al. [9] investigated
alternatives to improve the efficiency of a solar panel system by recovering heat. Particularly, Thermoelectric
Generators (TEG) has gained notoriety for integration in energy recovery processes due to various advantages such
as zero-polluting emissions, low weight, absence of moving parts, minimal noise, and little maintenance requirement
[10]-[13]. The use of these devices has been extended in different applications. Wang et al. [14] designed a TEG to
directly transform heat released from the human body into electricity, which could be used to monitor body movement.
Allouhi et al. [15] theoretically studied heating systems that integrate TEGs. The results obtained showed that the TEG
heating system allows an average energy saving of 60% compared to conventional heaters. Lertsatitthanakorn [16]
investigated the use of TEG devices in processes involving biomass as fuel. The results reported that a temperature
difference of 150 °C generates 2.4 W of electrical power. Overall, previous studies demonstrated the potential of
TEGs for WHR applications. However, the exploration of material properties in the TEG performance is rarely
characterized, despite being a promising avenue to improve the efficiency of the energy conversion process. The
materials commonly used for TEGs construction include bismuth telluride and lead telluride [17], [18]. In recent
years, researchers have focused their attention on synthetic materials through processes such as mechanical alloys
[19], fusion [20], microwave synthesis [21], and hydrothermal [22]. The materials mentioned above are incorporated
since they feature lower thermal conductivity and a higher merit (ZT) coefficient [23].

Numerical simulations facilitate research on thermoelectric generators and especially on the characterization
of material properties influence as it can be implemented as an initial stage to evaluate the overall performance
of different design proposals. This methodology fosters cost savings since testing tasks are significantly reduced.
Fernandez et al. [24] studied the influence of the size and internal shape of TEGs on their energy recovery capacity
by using computational fluid dynamics (CFD). Muralidhar et al. [25] investigated different alternatives to optimize
heat transfer between TEGs and the exhaust gases of a vehicular engine using CFD tools. Table I listed different
investigations focused on studying thermoelectric materials using numerical simulations and the main outcomes.

Table I. Study of thermoelectric materials using numerical simulations

Material Observations

Bismuth telluride The proposed thermal resistance model presented an overestimation of the performance of
the TEG [26].

SbaTes and BizTes The material manages to maintain adequate performance when fluctuations in temperature
occur on the surfaces of the TEG [27].

TEG 1-199-1.5-1.8-250. Increasing the thickness of the metal foam causes an increase in the output power of the
TEG [28].

BixTes Using TEG is a viable way to recover some of the thermal energy from the engine exhaust
gases [24].

Despite the advantages provided by the use of numerical methods, many of the studies that involve the analysis of
thermoelectric materials assume the properties of the material to be constant, which simplifies the calculation and the
physical problem [29]. However, the thermoelectric properties of the materials for TEG construction are temperature
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dependent. Among these properties are the Seebeck coefficient, thermal conductivity, and electrical resistivity. Some
research indicates that ignoring this temperature dependence leads to erroneous estimations on the performance
capacity of TEGs [30]. Wang et al. [31] observed that assuming a model with constant properties causes a lower
estimate of the potential for energy recovery. Meng et al. [32] demonstrated that models with variable properties allow
better precision at high operating temperatures.

Previous research agreed that assuming constant material properties can lead to serious errors in estimating
TEG conversion efficiency. Therefore, the present study proposes an analysis of the electrical power generation
and efficiency performance of TEGs when operating with different thermoelectric materials, whose properties are
temperature-dependent. In this sense, this work contributes to close the knowledge gap regarding TEG performance
characterization from the material properties criteria. Accordingly, two different materials with variable properties
are evaluated using CFD numerical simulations and further compared with constant property material.

Materials and methods
Geometric model TEG

For the present study, the geometric model of the TEG is composed of 130 thermoelectric pairs. This number of
thermoelectric pairs was chosen based on similar TEG applications. Each pair is made up of two types of semiconductor
materials (P-type and N-type). The dimensions of these semiconductors are 2mm x 2mm x 2mm in high, wide, and
long, respectively. The overall dimensions of the TEG are 40mm x 40mm in width and length. Figure 1 illustrates the
configuration of the thermoelectric pairs.

Heat absorption Electron
side \I 'v ; movement
P-type\ v I v !

@ N-type
@ e
Electrons ——9 . ?
T Current (I) ‘ Heat release side
+ —
L]
1]

Figure 1. Thermoelectric pairs

Mathematical model
TEGs experience two types of physical phenomena in their operation, which correspond to electrical and thermal

effects. The constitutive formulation that describes the operation of a TEG is described below. First, heat flow
expression is defined as:

Gg=V-4g O
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where q and q are the heat generation and the heat flux vector, respectively. The TEG electric charge is set as:
—
0=V- ] )

where J is the electric current density. Thermal and electrical effects can be associated with each other [31], as
indicated by Equation (3-4).

5 1
]=—E-(ch+S-VT) 3)

Gg=ST-J]—k-v[  ®

<

where S,k, T p, and ¢ are the Seebeck coefficient, thermal conductivity, temperature, electrical resistivity, and scalar
electric potential, respectively. By unifying Equation (1-4), the equations that govern the behavior of thermoelectric
generators can be expressed as:

0=V-(%-V¢)+V-(§-VT) 5)
g=V-(ST)) = V- (k-VT) ©)

When a temperature difference occurs between the hot surface and the cold surface of the TEG, an electric current is
generated, which can be defined as:

. S.vT
Rioad F RTE

(7

where R, and R, are the external load resistance and the electrical resistance of the thermoelectric pair, respectively.
The electrical output power can be set, as shown in Equation (8).

_ Rioaa (S ’ FT)Z ®)
S8 (Rfaad &+ ‘[?T.-'::')2

When the resistance of the external load (R, ) equals the internal electrical resistance of the TEG (R,,), the maximum
electrical power generated is produced. This coincidence in the resistances is stable for the simulation process.

Numerical model

The open-source software OpenFOAM was used to study thermoelectric phenomena in the TEG. It is assumed that
the thermoelectric pair is electrically connected in series and thermally in parallel with the rest of the elements of
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the TEG. This allows the calculation of the power, heat flow, and total efficiency of the TEG, based on the study of a
single thermoelectric pair and its multiplication by the total number of pairs.

Three different materials commonly used in the construction of thermoelectric modules were simulated in the
study. The properties of these materials are shown in Table II, whereas Figure 2 shows the geometric model of the
thermoelectric pair used as the basis for the simulations.

Table II. Test materials

Material Property

k,=k,=0272x107%-T3 - 1,660 x 107°-T? +2.113 x 1073 - T — 0.091

P

= = 2. 73 -4, 72 _ :
CunNiSbsS13[33] Pp=pP,=2378x107°-T*+1.061 x 10~*- 7% — 0.102 - T + 358,413

Sp=—-8,=2762x 10723.T72 —6.603 x 1071°-T2 + 5864 x 1077 - T + 4.095 x 10~

k,=k,=2538x10"°-T34+9568 x 1075 -T2 —1.638 x 10~*-T + 0.773

P

ok e -8.712 —4 .72 _ 2
Bio«Sbi¢Tes [34] Pp=Pp=-2378x107%-T*+1.061x107*-T* - 0.102-T + 358.413

Sp=—5,=249x 1071373 — 3560 x 1077 -T2 + 2523 -T — 2.200 X 10~*

k, =k, = 1.52

P

o o -5
BuTe: [35] | Pr=Pa=145%10

Sp=—5,=0227x 10-°

Cold side surface

P-type

N-type

Electrode

oy

Hot side surface

Figure 2. Thermoelectric pairs geometry

The description of the numerical simulation process used in this study is shown in Figure 3.
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CAD model creation |—f>—| Mesh creation and

control

I
Definition of boundary Solution and
conditions convergence control

T ]

Simulation results

AV

Figure 3. Simulation process scheme

For the numerical simulation process, a hexahedral mesh was selected since it was adequately adapted to the quadratic
geometry of the thermoelectric pair. In order to determine the appropriate number of elements in the mesh, three
types of mesh were simulated, which correspond to a coarse (4051 elements), medium (8754 elements), and fine
(16743 elements) mesh. The results obtained in each type of mesh are compared with different levels of electrical
power obtained experimentally. The results of this comparison are shown in Table III.

The results obtained in Table III show a closeness between the experimental and simulated data. However, it was
observed that the use of fine mesh (16743 elements) presents a relative error of <1.5% compared to the experimental
results. Therefore, the fine mesh is considered for the rest of the simulations.

Additionally, it is worth mentioning that the little difference between simulation and experimental results demonstrates
the capacity of the numerical approach to obtain results in accordance with the actual conditions of the TEG.

Table ITI. Comparison between experimental and simulated data under different electrical power conditions

Experimental Mesh type

Coarse Medium Fine
2W 221 2.10 2.02
25W 2.73 2.64 2.52
3IW 3.28 3.21 3.05
4W 4.36 4.20 4.01

Results and Discussion
Effect of temperature difference on electrical power

The behavior of the electrical power of the TEG for the three materials as a function of the temperature difference is
shown in Figure 4.
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Figure 4. Distribution of electrical power as a function of temperature difference

The results show that the materials Bi2Te3, Bi0.4Sb1.6Te3, and CullNiSb4S13 tend to increase the electrical power
generated as the temperature difference between the cold surface and the hot surface of the TEG increases. However,
the Bi0.4Sb1.6Te3 material experiences a reduction in the power generated for temperature differences greater than
433 K, which indicates a decrease in TEG performance for high operating temperatures. However, the Bi0.4Sb1.6Te3
material generated approximately twice the power when compared to Cul INiSb4S13.

Additionally, it was observed that the assumption of considering constant material properties produces an
overestimation in the electrical power of the TEG. In the particular case of Bi2Te3, maximum electrical power was
recorded twice and four times higher than that obtained in materials Bi0.4Sb1.6Te3 and CulINiSb4S13, respectively.

Effect of temperature difference on heat flux rate

The objective of thermoelectric modules is the transformation of thermal energy in the form of heat into electricity by
using the Seebeck effect [36]. The heat flux experienced by thermoelectric pairs can be expressed as follows:

_S-1-T, O.SIZ-RTE+R-AT

_ 9
1 A A I O

S:I'Tp 0.5I1%Rrg kAT
where terms 4 *~ 4 iz indicate three heat flux types corresponding to the Peltier effect, Joule and Fourier,
respectively [37]. To study the influence of these heat fluxes, their behavior is recorded as a temperature difference
function. The results obtained are shown in Figure 5.
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Figure 5. Distribution of heat fluxes from (a) Peltier, (b) Joule, (c) Fourier, and (d) total heat flux

Figure 5 shows that the Peltier and Joule effects increase exponentially with the temperature difference. In the case
of the Fourier effect, linear growth was observed over a wide temperature range. For the analyzed range, a maximum
heat flux range of 0.16 W/mm?2, 0.018 W/mm2, and 140 W/mm?2 were found for the Peltier, Joule, and Fourier effects,
respectively. This shows a clear predominance of the Fourier effect over the other heat fluxes.

Electrical power curves

Figure 6 shows the distributions of the electrical power curves for the three materials at diverse temperature differences.
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Figure 6. Electrical output power for material, (a) Bi,Te,, (b) Bi0.,Sb, Te, and (c) Cu  NiSb,S ,

According to the results, an average increase of 25 K in the temperature difference causes an increase of 32%,
36%, and 39% in the power curve for the materials Bi2Te3, Bi0.4Sb1.6Te3, and CullNiSb4S13, respectively. When
considering variable material properties, a reduction in the operating current range of the TEG is observed.

The analysis of the maximum points of the electrical power showed that the best operating range for materials
Bi0.4Sb1.6Te3 and CullNiSb4S13 corresponds to a current interval between 0.5-1A and 0.25-0.375 A, respectively.

Energy conversion efficiency

The relationship between the conversion efficiency of the three materials with respect to the temperature difference
is shown in Figure 7.
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Figure.7. Energy conversion efficiency for different materials

The results obtained show that an increase in the temperature difference increases the energy conversion efficiency.
For the material with constant properties, maximum efficiency of 7% is obtained. However, materials Bi0.4Sb1.6Te3
and CullNiSb4S13 reach a maximum efficiency level of 5% and 4%, respectively.

Unlike the linear increase in efficiency in materials Bi2Te3 and CullNiSb4S13, material Bi0.4Sb1.6Te3 shows a
reduction in efficiency increase for temperature differences greater than 413 K. The above indicates that the ZT of the
material is reduced.

Conclusions

In the present study, a numerical analysis using CFD tools was carried out to evaluate the influence of design
materials on the overall performance of TEGs. The study proposed different scenarios for the analysis, namely:
constant property material (Bi2Te3) and variable properties material (Bi0.4Sb1.6Te3 and Cul1NiSb4S13) with respect
to the temperature.

In general, the material Bi2Te3 showed considerably higher performance compared to Bi0.4Sbl.6Te3 and
CullNiSb4S13. This behavior is reflected in greater ranges of electrical power, current, and energy conversion
efficiency. However, for temperature differences greater than 413 K, material Bi0.4Sb1.6Te3 presented a higher
efficiency compared to material Bi2Te3. The latter demonstrated that considering a material with constant properties
overestimated the actual performance of TEGs. Overall, the material Bi2Te3 registered 35% more electric power
generation and conversion efficiency compared to the material Bi0.4Sb1.6Te3.

On the other hand, the Fourier effect featured the most significant influence on the electrical generation capacity of
TEGs (0-140 W/mm?2), followed by the Peltier effect (0-0.16 W/mm?2) and the Joule effect (0-0.02 W/mm?2).

Between the examined materials with variable properties, it was proven that Bi0.4Sbl.6Te3 achieved a higher
performance compared to material CullNiSb4S13. On average, the material Bi0.4Sb1.6Te3 increases the energy
conversion efficiency up to 25% when compared to the material Cul1NiSb4S13. In conclusion, the study of material
properties for TEG design using numerical simulations proved to be a cost-effective tool to evaluate the overall
performance of this component in a reliable manner.
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