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ARTICLE INFO ABSTRACT
Article history: Thermoelectric generators (TEG) possess the potential to transform unused heat into
Received 29 July 2024 electrical energy, making thermoelectricity a viable alternative for addressing the

Received in revised form 2 September 2024 @nergy issue. This study provides insight into the enhanced power density of a TEG
Accepted 10 October 2024 device when embedded with bismuth telluride (Bi,Tes) nanocomposite. The TEG power
Available online 30 November 2024 density has been analysed under the fluid flow simulation condition by utilizing several
Bi>Tes nanocomposite materials with Pt NPs-CNTs inclusion. The impact of static and
steady air flow conditions has been studied using a detailed computational fluid
dynamics (CFD) parameter, with flow velocities of 0.01 m/s and 1 m/s. As a main part
of the work, the power density of nanocomposites embedded as N-type legs was
compared to that of pure material. The Bi,Tes with hybrid nanocomposite produces the
highest power density, precisely combining BioTes with platinum nanoparticles (Pt Nps)
and single-wall carbon nanotube (SWCNT) materials (Bi,Tes/Pt-SWCNTs). At velocity of
1 m/s, the power density was calculated to be 156.85uW/cm2, which increased to

Keywords: 158.86 uW/cm? at a fluid velocity of 1 m/s, marking an 88% increment compared to the
Thermoelectric generator (TEG); CFD; TEG model using pristine Bi;Te; and higher than that of the previous work about 4 times
nanocomposite; TEG power density of increment.

1. Introduction

The demand for sustainable energy solutions has spurred intensive research into advanced
technologies capable of efficiently harnessing and converting waste heat into electrical power.
Among these technologies, thermoelectric generators (TEG) have garnered significant attention due
to theirinherent ability to convert thermal gradients directly into usable electricity [1-3]. As the global
pursuit of environmentally friendly and economically viable energy sources intensifies, the purpose
for enhancing the efficiency of TEG becomes increasingly paramount. TEG is a solid-state device that

* Corresponding author.
E-mail address: khairul.fadzli@utem.edu.my

https://doi.org/10.37934/armne.25.113


https://semarakilmu.com.my/journals/index.php/micro_nano_engineering/index

Journal of Advanced Research in Micro and Nano Engineering
Volume 25, Issue 1 (2024) 1-13

converts the thermal energy from heat flux into electrical energy using the Seebeck effect [4,5]. It
offers numerous benefits, including eco-friendly energy production, extensive scalability adaptable
to various heat sources, reduced production expenses, the capacity to repurpose spent heat energy,
and a dependable energy supply. However, thermoelectric generators have a generally low energy
conversion efficiency rate in today's technology [6,7].

In recent years, significant research efforts have been dedicated to enhancing the energy
conversion efficiency of these devices, expanding their range of applications from specialized to more
widespread use [8,9]. Device efficiency is generally contingent upon the performance of materials,
which is intricately linked to the figure of merit. The figure of merit, denoted as ZT, is a quantitative
measure defined by the equation ZT=((5°0)/k)T, which involves the values of Seebeck coefficient(S),
electrical conductivity (o), thermal conductivity (k) and absolute temperature (T) of a thermoelectric
material [10]. The thermoelectric parameters exhibit a considerable interdependence, posing a
significant obstacle to their independent manipulation. Therefore, a slight increase in ZT is typically
noticed, as enhancing one parameter tends to have a negative impact on others and vice versa.
Bismuth telluride (Bi;Tes) is one of the cutting-edge thermoelectric materials utilised in commercial
applications especially for low temperature applications [11]. Nevertheless, the thermoelectric
performance of pure Bi,Tes experiences a significant decline of approximately 86% when formed
through the electrochemical deposition process [12]. Electrochemical deposition is preferred in the
synthesis process due to its cost-effectiveness and ease of integration into batch production
processes [13]. In response to the low thermoelectric performance, numerous studies related to the
nanocomposite’s initiative have been conducted and successfully contributed to the improvement
[14-16].

In this work, the structural TEG model has been comprehensively developed to replicate a
fabricated TEG module. The module, which has been fabricated and contains a deposit of Bi,Tes-
based material, is used for a comparative analysis. The incorporation of nanocomposites to Bi;Tes
has been verified to enhance the Seebeck coefficient. Nevertheless, there is uncertainty regarding its
efficacy in enhancing power density and temperature difference during fluid flow simulation
condition. This study involves a Multiphysics simulation and evaluates power density estimations of
the TEG device using several nanocomposite materials. The main variables that are being altered in
this study are the Bi;Tes-based nanocomposite utilised in TEG devices and the heat transfer
parameter in the simulation setup. Prior to conducting the simulation, the model of the TEG device
was developed based on a fabricated device [17]. The TEG model consists of 28 pairs of
thermoelectric modules and encompassed an interconnect layer with silicon (Si) cover for both
surfaces of TEG. This study measures the nanocomposite power density in the simulated TEG device.
This work improves the power density efficiency of a thermoelectric generator (TEG) module and the
temperature differential at various fluid velocities.

2. Model Development
2.1 Numerical Model

Recently, numerical models have become extensively utilized to calculate the precise results of
TE devices using commercial software such as ANSYS or COMSOL Multiphysics [18,19]. Convective
heat transfer can be modelled using computational fluid dynamics (CFD) tools and analytical models
that rely on empirical formulations. Most research has focused on simulating the thermal-electric
multi-physics of a single thermoelectric (TE) couple or module and the fluid-thermal multi-physics of
a TE generator system [20,21]. However, when the TE generator system is utilized to recover waste
heat from fluids, it is essential to include the fluid-thermal multi-physical coupling effects and the
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thermoelectric effects. Relying solely on results generated from CFD modelling may result in a lack of
accuracy [22-24]. The TE generator system involves fluid-thermal-electric multi-physical fields, which
encompass several parameters such as, convective heat transfer, Fourier heat conduction, and
thermoelectric properties. The air dissipates in the flow channel of the heat exchanger and heat sink,
following the concepts of mass, momentum, and energy conservation as following Eqs. (1) to (3).

V.v=0 (1)
V.(vv) = %Vp + V. (uVv) (2)
V.(xVT) = pcv.VT (3)

where v is the fluid velocity; p is the fluid density; p is the fluid pressure; u is the dynamic viscosity;
K is the thermal conductivity, and c is the specific heat. Besides, the renormalization group (RNG)k-¢
turbulence model is adopted in this work, which has a higher adaptivity and accuracy than other
turbulence models. The specifications of Eq. (4) and Eq. (5) provided have been used to represent the
fluid zones [21]. Its transportation equations are:

(prc) +-— (pkul) =— (akueff - ) + Gy + G, — pe — Yy (4)

2
(pe) too (peu ) = (ak,ueff P ) + Gie, = (Gy + G3:Gp) — CZSP% - R, (5)

Eq. (6) and Eq. (7) encompass the Fourier and the Joule heats correlation. The last component on
the right-hand side of the equation represents either the Peltier heat at the junctions or the Thomson
heat along the P-type and N-type TE materials. The steady-state energy conservation correlation in
P-type and N-type semiconductors serve as fundamental power sources as follows:

V. (i, (T)VT,) = —a; M(T)J? + Ve, (T)J T, (6)
V. (6 (TIVT,) = =05 (T)]? + Vo (T)] Ty (7)

where ap‘}l(T) and ay, ,(T) represents the electrical conductivity, and Seebeck coefficient of the P-
type and N-type thermoelectric materials, respectively. J is the current density vector. Nevertheless,
the energy conservation equations for copper electrodes and ceramic plates differ from those of
semiconductors because copper lacks the Seebeck effect, and ceramics lack both the Seebeck effect
and the Joule effect. These equations can be represented by Eq. (8) for copper and Eq. (9) for
ceramics:

V. (ko VT) = —055t]? (8)
V. (k. VT) =0 (9)

where K., and Gc_ol are the thermal conductivity and electrical resistivity of copper material, and
Kce is the thermal conductivity of ceramic material.
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2.2 TEG Model Development and Meshing Quality

This work employs the integrated N-type nanocomposite within the simulated TEG device. Prior
to conducting simulation work on the nanocomposite TEG device, the TEG model and the simulation
setup has been validated with the experiment of TEG fabricated device. This is done to prevent any
potential inaccuracies in the simulation due to erroneous parameters. The TEG model was developed
by replicating the exact geometrical dimensions of the fabricated device [25,26]. Both the N-type and
P-type materials used are doped with nickel in bismuth telluride (Ni-Bi,Tes) and with antimony
telluride (SbaTes), respectively. Figure 1 depicts the comparison between the TEG device that was
created and the simulation model.

(c) (d)
Fig. 1. Device comparison between the fabricated TEG device and the simulation model
(a) Fabrication process on the N-type material installation (b) Development process in the
simulation model with exact geometrical dimension as the fabricated device (c)
Completed TEG device (d) Full model of TEG device

Meshing is a crucial step that must be precisely planned in fluid dynamics simulation. The number
of elements created in the meshing process should be considered to get better and more accurate
results for a complex geometrical model. However, a high number of elements requires a longer
calculation time. Therefore, an appropriate number of elements should be considered during the
meshing process. To achieve a good quality of mesh, certain criteria should be followed. The criteria
are aspect ratio around value of 1, Jacobian value around 1, skewness value in between 0-0.5 and
most important, minimum orthogonal quality having a value of 0.1 [27-29]. Orthogonal quality is a
measure of alignment between normal vectors of the cell faces and vectors connecting cell centroids
with face centroids and with centroids of neighbouring cells. The concept of orthogonal quality in
meshing is relating to how close the angles between adjacent element faces (or adjacent element
edges) are to some optimal angles [30]. The TEG model has achieved a good quality mesh
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requirement by having the minimum orthogonal quality value of 0.20, aspect ratio value of 1.86,
Jacobian ratio of 1.0 and skewness value of 0.23 as shown in Table 1.

Table 1

Element-node and meshing quality parameter
Element-node/mesh metric Parameter
Node 2589724
Element 13051 676
Minimum orthogonal quality 0.2001
Average aspect ratio 1.8636
Average Jacobian ratio 1

Skewers 0.2330

2.3 Material and Thermoelectric Properties

The simulation model has been created by referencing the crucial elements of the manufactured
TEG device. The Si substrates were coated with a substance covering the top and bottom sides of the
TEG. Additionally, Cu was used as an interconnecting layer between the thermolegs (N-type and P-
type materials). Figure 2 illustrates the presence of nanocomposite materials in the TEG [8]. Due to
their fragile condition, the simulation model does not include the SiO; (500 nm) and Cr/Au (220 nm)
layers in the constructed device [25]. The cumulative thickness of the disregarded components was
less than 0.5% compared to that of the Si substrate. It was presumed that these thin layers were
unaffected by the temperature variation. Table 2 and Table 3 display the essential material properties
and thermoelectric properties required for the simulation, including density, heat capacity, and
thermal conductivity. For Table 3, Ni/Bi,Tes was used for comparison analysis with author’s previous
work of fabricated TEG.
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Fig. 2. The material used in the TEG model is
commonly known as a manufactured device
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Table 2

Material properties of Cu (interconnecting layer), Si (substrate) and Al (heat sink)

Material properties Cu [31] Al Si

Density, (kg/m3) 8900 2719 2328

Heat capacity, (J/kgK) 385 871 710

Thermal conductivity, (WmK) 400 202.4 0.2
Table 3
N-type and P-type materials properties for conducting the simulation
Material properties P-type:  N-type

SbaTes Ni/Bi.Tes  Bi:Tes Pt (1.9wt%)/ Pt MWCNT  SWCNTs
[32,33] [32] [32,33] Bi:Tes[16] SWCNTs/BixTes  (3.5wt%)  (3.8wt%)
[34] / BixTes / BixTes
[34] [34]

Density (Kg/m3) 6440 7670 7670 7670 7670 7670 7670
Heat capacity (J/KgK) 214 198 198 198 198 198 198
Thermal conductivity 1.30 0.70 1.55 0.87 0.49 0.47 0.47
(WmK)
Seebeck coefficient 170 -140 -115 -184 -226 -61 -51
(V/K)
Resistivity, - — n(2cm) 1.03 1.62 1.89 3.44 0.98 0.67
< 103 ’ 2.50

2.4 Boundary Condition

The fluid entrance was positioned at the front of the 3D model, while the fluid outflow was placed
at the back of the 3D model. Furthermore, the lower section of the TEG model remains exposed due
to the absence of coverage from the surrounding box [33,35]. The simulation involved positioning
the lower portion of the TEG model on top of a heat source. Subsequently, the environment was
arranged to mimic the conditions of a room, including maintaining room temperature. Table 4
illustrates the fluid input, fluid outflow, and the lower section of the TEG model. Once the boundary
condition of the 3D model and its surroundings have been established, the subsequent step is to
define the parameters for the simulation setup. The simulation was configured to replicate real-life
conditions, with the lower section of the TEG model positioned directly over a heat source.

Table 4
Fluid flow and temperature parameter
Simulation parameter

Inlet fluid velocity (m/s) 0.0l1and 1
Surrounding temperature 24°C
Applied temperature on the bottom part of TEG 30°C

In addition, the simulation was configured to simulate airflow within the TEG device and heatsink.
In this simulation, two distinct fluid velocity values are utilized. One is set at 0.01m/s to replicate a
scenario with minimal airflow. However, a velocity of 1m/s is used to imitate the movement of an
investigator carrying the device and walking at a regular walking speed. Table 5 presents the heat
transfer coefficient parameter used in the simulations. Meanwhile, Figure 3 displays the complete
configuration of the TEG simulation, including the heat sink.
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Table 5

Forced convection heat transfer coefficient of different materials

Materials Heat transfer coefficient for fluid Heat transfer coefficient for fluid velocity
velocity 0.01m/s, (W/m?K) 1m/s, (W/m2K)

Aluminum 8.0 23.0

Copper 10.0 25.0

Silicon 95.0 95.0

Bismuth telluride 15.7 15.7

Antimony telluride 30.0 40.0

3D model

(a) (b)
Fluid outlet

Fluid Inlet

(c)
Fig. 3. Simulation setup (a) The whole 3D model (TEG with heat sink) (b) Bottom part
of the TEG with heat sink models (c) Fluid flow inlet-outlet

2.5 Maximum Electrical Power Analysis

The electrical power produced by a TEG device is determined by the architectural design, the
temperature differential, and the thermoelectric qualities. The TEG device incorporates many
thermocouples to amplify the total output of Seebeck voltage. The maximum power output (Pyqx)
can be calculated by considering the number of thermocouples (n) as following Eq. (10).

Brax = n(Sp — Sy)?AT?/4R (10)

where Sp v Seebeck voltage for N-type or P-type material, and R is the total electrical resistance
materials. The electrical resistance of the materials can be expressed as Eq. (11).

R == pPhPA;:l + pNhNAITII (11)
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where h is high or thickness of thermocouples, pp y is electrical resistivity andAp y is cross section of
thermocouples. In TEG device, the cross section and the thickness of thermocouple should be equal.
Therefore, the maximum power generated at designated thickness, Pjnq4cCan be expressed as
following Eq. (12) [36].

__ nAAT? (Sp-Sn)?
Ph max — h [4(PP+,0N)] (12)

The expression is neglecting the electrical and thermal contact resistances, and it can be expected
that the calculated value will be much higher than the actual application.

3. Results
3.1 Temperature Difference on Meshing Quality

The temperature difference in this study is measured by obtaining both the lowest (the side that
connected with the heat sink) and the highest temperatures of the thermolegs as shown in Figure 4.
Table 6 displays the temperature differences observed between pure material and nanocomposite
placed on N-type films. These differences were measured for all components of the 3D model, taking
into consideration the forced convection heat transfer coefficient.

Top part of TEG device
(Min. temperature)

Interconnector layer on top of bottom part
of TEG device (Max. temperature)

Fig. 4. TEG module in fluent simulation

Table 6
Utilising a low mesh quality and appropriate mesh quality to measure the temperature differential in a
material

Low mesh Appropriate mesh

Ni/Bi.Tes BixTes Ni/Bi;Tes BixTes
Max. temperature (°C) 28.9221 28.8437 29.2021 29.0017
Min. temperature (°C) 24.0815 24.0914 24.24 24.2749
Temperature difference, 2C 4.8406 4.7523 49621 4.7268
Temperature difference between different materials (°C) -0.09 -0.20

The low mesh quality indicates that the temperature difference between the pure material and
the material embedded with nanocomposite is only marginally different, with a discrepancy of
approximately 0.09. The meshing quality needs to be improved, resulting in accurate and imprecise
generated outcomes. An inaccurate result will result in an incorrect computation of the output power
generated by the investigated TEG device. In addition, the accurate mesh analysis reveals a
substantial temperature difference of approximately 0.21 between the pure material and the
material implanted with nanocomposite. A notable disparity becomes evident upon comparing this
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outcome with the previously observed subpar meshing quality. Given that the meshing quality meets
the criterion for good meshing quality, this meshing configuration possesses a good meshing quality.

3.2 Validation of Power Density with Experimental Results

As indicated in Table 7, the difference in power density value between the author's previous
experimental work [32] and this simulation result was very noticeable. The aim is to compare the
power density of a TEG made of Ni/Bi;Tes material with that of Bi,Tes, which has inferior
thermoelectric characteristics. Various variables contribute to the discrepancy between the power
density simulation value and the experimental value, one of which is the presence of contact
resistance in the experimental setup. The presence of imperfections in the contacts between
different materials can lead to increased resistance, hence decreasing the effectiveness of the TEG.
While simulations typically assume perfect contact, real application conditions often entail some
level of contact resistance, particularly at interfaces.

In addition, heat loss to the surroundings, which may not be accurately considered in the
simulation, can decrease the temperature difference across the thermoelectric materials, reducing
the power generated by the TEG [32]. Considering factors such as conduction, convection, and
radiation losses is important. Finally, even slight discrepancies in material qualities between the
simulation and actual conditions can result in variances in performance. These parameters
encompass properties such as thermal conductivity, electrical conductivity, Seebeck coefficient, and
carrier mobility. Even slight variations in these characteristics can affect the overall effectiveness of
the TEG.

Table 7
Comparing power density between experimental and simulated results

Experimental [32] Simulation

Bi;Tes Ni/Bi2Tes Bi;Tes Ni/Bi2Tes
Power density (LW/cm?) 15 111 116 176

3.3 Power Density and Temperature Difference

Table 8 depicts the power density and temperature differential of various nanocomposite
materials incorporated into an N-type film at fluid velocities of 0.01m/s and 1m/s. Generally, as the
flow rate rises, the temperature difference for all the TEGs, even in different nanocomposite
integrations, increases. The fluid flow increases the heat transfer rate, particularly on the heat sink,
resulting in a lower temperature on the TEG's cold side. The power density generated for the pristine
Bi,Tes reaches 101.87 uW/cm? at 1 m/s of flow rate, with the lowest temperature differential as
compared to nanocomposites. The results are consistent with previous findings, where the power
density range that can be obtained from the TEG model with the pure Bi,Tes at N-type material was
87.5-137.5 pW/cm? [36,37]. MWCNTs/Bi,Tes and SWCNTs/Bi,Tes nanocomposites contribute the
highest temperature changes due to a lower thermal conductivity as compared to pristine Bi;Tes. The
films exhibit the same temperature difference in both circumstances due to their identical thermal
conductivity.

The power density increases significantly when the Bi;Tes has been improved with Pt
nanoparticles inclusion as shown in Figure 5. It reaches 156.85 uW/cm? and 158.86 pW/cm? of power
density at 0.01m/s and 0.1m/s fluid velocities, respectively. The results of the simulation are
significantly affected by the specified thermoelectric material properties. In the author's previous
work, the Pt-SWCNTs/Bi,Tes nanocomposite achieved a remarkable thermoelectric figure of merit,
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ZT, of 0.99, an increase of approximately 68% compared to pure Bi;Tes. The nanoinclusion of Pt
nanoparticles and single-walled carbon nanotubes (SWCNTSs) altered the electron density and formed
a large phonon scattering, which improved the Seebeck coefficient and thermal conductivity,
respectively. The bismuth telluride nanocomposite, composed of SWCNTs and multi-walled carbon
nanotubes (MWCNTSs), exhibits the most significant disparity in temperature due to its reduced
thermal conductivity [34]. In addition, the lower Seebeck coefficient for both films results in even
lower power density output for TEG.

Table 8

Power density (WW/cm?) and temperature difference (°C) on fluent simulation at flow velocities of
0.01 m/s and 1 m/s

. . . Power density (LWW/cm?) Temperature difference (°C)
N-type materials / fluid velocit
yp fals / fluid v y 0.01 m/s 1m/s 0.01m/s 1m/s
BixTes 100.10 101.87 4.39 4.43
MWCNTs/Bi Tes 92.14 93.29 4.78 4.81
SWCNTs/Bi,Tes 91.84 92.99 4.78 4.81
Pt/Bi;Tes 151.71 153.78 4.50 4.53
Pt-SWCNTs/Bi.Tes 156.85 158.86 4.76 4.79
5
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Fig. 5. Power density with different N-type nanocomposite and temperature
difference generated by fluid velocity of 0.01m/s and 1m/s

4. Conclusions

In conclusion, the TEG model using the Pt-SWCNTs/Bi;Tes nanocomposite exhibited the highest
power density as compared to the pristine Bi,Tes and other nanocomposites of CNTs and Pt
nanoparticles. At a fluid velocity of 0.01 m/s, the power density was determined to be 156.85
UW/cm?. This climbed to 158.86 uW/cm? at a fluid velocity of 1 m/s, representing an 88% increase

10
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compared to the TEG model utilising pure Bi,Tes. Furthermore, the improvement surpassed previous
finding by a factor of 4. The newly developed nanocomposite films in this study exhibited a much-
improved ZT value, resulting in a substantial increase in power density as predicted by the nt-type TEG
model. These findings provide a more reliable method for improving UTEG devices, especially in low-
temperature environments.

In addition, the TEG structure underwent analysis through CFD simulation, yielding crucial insights
into the thermal and fluid dynamics performance of the device. The validation results have
substantiated the precision of the CFD model, demonstrating outstanding concurrence with
experimental data. Moreover, the calibre of the mesh employed in the simulation significantly
impacted the precision of the power density measurements. Utilising a high-quality meshing
technique guarantees more accurate fluid flow predictions, therefore improving the reliability of the
simulation results. The significance of thorough simulation and validation methodologies in
optimising TEG performance is emphasised by these coupled aspects.
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