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This paper proposes a real-time simulation model to simplify the research and
outcome of a portable thermoelectric generator (TEG) system in real condi-
tions. Consequently, the model is divided into three parts: conventional, seg-
mented, and hybrid TEG systems. The conventional TEG system consisted of
Bi,Tes as the p-type and the n-type materials, whereas the segmented and the
hybrid TEG systems consisted of a different combination of materials,
including PbTe and SbyTes. The optimization of the TEG system length was
carried out to achieve the highest power output, which was found to be 2 mm.
In addition, thermomechanical stress distribution analysis of the module was
conducted to determine the maximum load the TEG system could withstand
before undergoing fracture, depending upon the yield strength of the material.
The stress was analyzed in all three TEG systems, and the results were
evaluated. Results were observed from the optimized length at 2 mm. The
conventional, segmented, and hybrid TEG systems showed maximum power
output of 147.122 mW, 171.934 mW, and 550 mW, respectively, with a tem-
perature difference at 50 K.
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INTRODUCTION

Over the past decade, portable device technology
has transformed the world and has become an
essential part of our lives, with devices that are thin
and lightweight, making them easy to carry and
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hold. These devices are incredibly small and have
relatively high storage, smaller processing chipsets,
and longer battery life. However, battery power
plays a vital role in portable devices, which makes a
device that can operate longer between charges
more desirable. Battery technology has not
advanced in decades; the battery has to be charged
or replaced at regular intervals. But we are on the
verge of a power revolution as the need for batteries
increases. Thus new battery technology must be
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developed for portable devices to produce batteries
that are smaller and are able to hold a charge
longer.' ™

To overcome the problem of battery charging,
renewable energy has been explored as an alterna-
tive energy source, including solar energy, wind
power, hydropower, friction charging, and thermo-
electric power generation.*® However, the fast-
growing demand for power generation systems is
focused on portable devices of a specific size with a
range of application considerations, such as solar
and thermoelectric in general. The intent is to
address the need for solar power generation due to
climate change. Still, the contribution of thermo-
electric sources of power from waste heat and the
associated benefits are enormous.” This is due to the
Seebeck effect: if there is a temperature difference
between the two ends of such material, current can
start to flow, and electrical voltage can be gener-
ated. Thermoelectric material is most suitable for
developing power generators because it can promote
high reliability, has a long operating lifetime, has no
moving parts and no noise, is easily maintained,
and is environmentally friendly. The thermoelectric
conversion efficiency of a thermoelectric device is
governed by the dimensionless figure of merit
ZT = S%¢/k T, where ¢ is the electrical conductivity,
S is the Seebeck coefficient, x is the thermal
conductivity, T is the absolute temperature, and
S?% is the power factor. In order to obtain better
efficiency, the materials should have high electrical
conductivity, a high Seebeck coefficient, and low
thermal conductivity.®

Importantly, the new technology is a continuous
iteration of the portable device power improvements
using thermoelectric material and temperature
gradients to generate electricity, so power can be
generated using human body heat. Human skin is
considered as the hot side of a wearable thermo-
electric device (WTED), whereas the ambient tem-
perature functions as the cold side. A WTED
consists of a pair of p-type and n-type semiconductor
legs placed between the hot and cold surfaces. The
p-type leg material has a positive Seebeck coeffi-
cient because it consists of a large number of holes;
similarly, the n-type leg material has a negative
Seebeck coefficient, and the electrodes play an
essential role in WTED schematic modules, as
shown in Fig. 1a, with higher conductivity neces-
sary in order to achieve higher output and
efficiency.’

Recently, there has been growing interest in
achieving high energy conversion efficiency at low
cost, which can deliver precise output efficiency by
optimization of the thermoelectric materials and
thermoelectric generator geometry.'® Asides were
improving the ZT of materials; in particular, opti-
mizing the geometry of a thermoelectric generator
module is a way to enhance its efficiency and power
output. To date, the creation of complex thermo-
electric materials with an improved figure of merit

can be characterized into three categories, namely
semiconductors, ceramics including metal oxides
and polymers and their composites.'’ In Ref.,lé
materials that obtain the highest figure of merit
efficiency of a thermoelectric device are Bi, Te, Pb,
Sb, and Se.

Yongming et al.!® developed a theoretical three-
dimensional numerical model to optimize the geom-
etry of thermoelectric legs, and the number of pairs
can also enhance the output efficiency. They argued
that geometry optimization is significant for high
thermoelectric power generation. The geometric
optimization of height, cross-sectional area, and
increased array of legs has also been applied
successfully to improve the overall performance
and reduce cost. Results have shown that by
changing the height of the thermoelectric pair from
0.5 mm to 5 mm, the voltage obviously increases,
although the current varies only 0.15 mA; on the
other hand, changing the area of thermoelectric
pairs from 0.4 x 04 mm? to 2.2 x 2.2 mm?
decreases the voltage apparently with the current
varying by only 0.651 mA. Similarly, the array of
thermoelectric pairs increased from 7 to 199, the
voltage varies up to 1.75 mV; however, the current
decreases obviously. On the contrary, the highest
figure of merit belongs to the ideal situation, taller
height, more significant cross-sectional area, and
the number of thermoelectric pairs.

Samson et al.'* studied the influence of the
thermoelectric and mechanical performance of a
segmented device using finite element analysis. The
effects of the proposed segmented geometry on the
performance of annular thermoelectric generators
and non-segmented annular thermoelectric genera-
tors were studied using COMSOL 5.3 Multiphysics
software for the numerical simulation of thermo-
mechanical properties. Bismuth telluride and
cobalt/antimony material with maximum operating
temperatures of 498 K and 798 K were used as the
cold and hot segments, respectively. The efficiency
with and without von Mises stress in the legs was
21.7% and 35.4% for bismuth telluride with a
temperature difference of 200 K. The increased
thermoelectric leg length led to a decrease in
thermal stress, with an increase in mechanical
reliability and a reduction in electrical performance.

Constantinos et al.'® reported the design of high-
efficiency segmented thermoelectric generators
using computational and analytical modeling. Ini-
tially, the experiment was performed for homoge-
neous BisTes and PbTe materials with a heat source
and heat exchanger thermal resistance, which
increased the performance of the segmented ther-
moelectric generator system with an increase in the
temperature gradient. The computational results
indicated excellent temperature distribution across
the thermoelectric generator legs. The accuracy of
the analytical modeling was also improved—the
proposed segmented thermoelectric generator
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Fig. 1. Schematic geometry of a two-leg thermoelectric device considering the (a) boundary conditions. (b) Conventional, (c) segmented, and (d)

hybrid TEG systems.

demonstrated efficiency of 5.29% for a temperature
gradient of 324.6 K.

The value of optimizing the geometry of a wear-
able thermoelectric device (WTED) with an optimal
temperature range for a large temperature gradient
along the axial direction was found based on a
detailed literature survey. Moreover, it was
observed that the segmented conventional thermo-
electric generator obtains higher output power. In
this present work, we investigated the influence of
three-dimensional (3D) temperature and voltage
distributions, which are illustrated in detail, con-
cerning the mechanical stress analysis to enhance
the performance of a thermoelectric generator. To
the best of our knowledge, this study is the first of
its kind. It will provide valuable information on the
potential model description of hybrid materials of p-
type and n-type legs regarding their mechanical
behaviors. Further, the external load is studied in
depth using COMSOL Multiphysics software.

METHODOLOGY
Structural Description and Material Selection

A schematic representation of the thermoelectric
generator with geometrical dimensions is presented
in Fig. 1la. It consists of a semiconducting material
such as p-type and n-type legs sandwiched by the
electrode, which helps to reduce the thermal stress
in the device. In the thermoelectric generator, the
length, width, and depth of the elements are

1.5 mm, 1.5 mm, and 2 mm, respectively, with a 1-
mm spacing, and the thickness of the electrodes is
0.5 mm. The properties of the materials, including
the electrical resistance, thermal conductivity, See-
beck coefficient of the TEG system, and resistance of
the electrodes, are given in Table I. For a better
understanding and simplicity of solving the struc-
tural problem, the following assumptions are
adopted:

1. The material properties of the p-type and n-type
elements are identical and temperature-depen-
dent.

2. The stimulation is performed for the pair of p-
type and n-type elements.'®

3. The lateral surface of the heat transfer in the
element surface is ignored.

4. If the thermoelectric element length is greater
than 200 um, then the resistance between the
electrode and elements can be neglected.'”

Physical Model

The 3D geometries studied and their materials are
represented in Fig. 1, including (a) boundary condi-
tions, and (b) conventional, (c) segmented, and (d)
hybrid thermoelectric generators (TEG), for the
numerical simulation. It constituted a pair of p-
and n-type legs and ensured the electrical contact as
a copper layer between the legs. In a conventional
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Table 1. Properties of different TE materials at room temperature (300 K)

Seebeck coefficient

Material (WK™

Bismuth telluride 200
(BigTes,

p-type

Bismuth telluride —200
(BigTes)

n-type

Lead telluride 187
(PbTe)

p-type

Lead telluride —187
(PbTe)

n-type

Antimony telluride 209
(Sb2T63)

p-type

Antimony telluride (SboTes) -209
n-type

Thermal conductivity Electrical conductivity

(Wm™'K™) (Sm™
1.15 5.08 x 10*
1.15 5.08 x 10*
1.46 6.10 x 10*
1.46 6.10 x 10*
1.80 9.26 x 10*
1.80 9.26 x 10*

TEG, low-temperature material BisTes for the two
legs present the best thermoelectric device, allowing
one leg to be considered a p type and the other an n
type with their difference being the signal of the
Seebeck coefficient. The legs are connected electrically
in series and thermally in parallel. If the functional
temperature range goes higher, there is no single
material that will be regime. At low temperatures,
BiyTes was chosen due to its higher figure of merit. In
contrast, with high temperature, other combinations
of TEG materials, such as SboTes and PbTe, utilized
in the segmented TEG are arranged according to their
optimal operating temperature range, from high to
low. In this sense, herein, we propose a hybrid
architecture aligned with two dissimilar materials,
such as BiyTes, SboTes, and PbTe for the p-type and n-
type thermoelectric materials.

Boundary Conditions and Governing
Equations

To simplify the analysis, some primary boundary
conditions established for the thermoelectric gener-
ator model are listed below.

e The heat transfer module is used for the evalu-
ation of temperature gradient in the TEG by the
forced conduction and convection with the sur-
face-to-surface temperature distribution.

e Steady-state conditions are assumed for the
thermoelectric modules; the specific temperature
is considered as a hot side, and the thermoelec-
tric module is cold.

e An adiabatic condition is assumed on the surface
of the TEG, with no heat losses from other
surfaces.

e In the TEG, a heat flux of about 300 K to 350 K
is applied on the top surface, while the bottom

surface is kept constant at 300 K, with the
highest temperature gradient of 50 K.

e A unified mesh has been considered in our
module to define Ohm’s law and other electrical
and thermomechanical properties.

Utilizing a multi-physics model of a thermoelectric
module evaluated using COMSOL, the numerical
calculation involving electric potential, resistance,
and power has been studied using the following
governing equations:

1. The formula for open-circuit voltage (electric
potential) is expressed as

Th
Vee = N [(Sp — Sn)dT (1)
T,

where V. is the open-circuit voltage, N is the
number of legs in the thermoelectric module, T, is
the temperature on the cold surface, T}, is defined as
the temperature on the hot side of the module,Sp is
the Seebeck coefficient of the p-type material, and
Sn is the Seebeck coefficient of the n-type material.
2. The internal resistance of the thermoelectric

module is given by

R=n(pLp(4) " +o.ln@d) ) ()

3. The equivalent thermal conductivity is given by:
K = n(kpAp(Ly) " +hadn(La) ) (3)

where R is the internal resistance of the thermo-
electric material, L is the length of the thermoelec-
tric leg, A is the cross-sectional area of the
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thermoelectric module, and pp and pn are the

electrical resistivity of the p-type and the n-type

legs, respectively. k is the thermal conductivity of

each leg.

4. The power of the thermoelectric module is given
by:

2
— VOC

P=%r @)

Optimization of Legs

The geometry optimization of thermoelectric legs
and the number of pairs can also enhance the
thermoelectric output efficiency. In this, the geom-
etry optimization of leg height would increase the
output voltage according to the temperature gradi-
ents, as shown in Fig. 2a. The outcome indicates an
adjustment in the height of the thermoelectric pair
from 2 mm to 3 mm; the voltage increases with
respect to variations in temperature. This shows
that expanding the TEG leg length can improve the
mechanical reliability yet decrease the electrical
performance of the TEG system.”'®® On the other
hand, a height of 2 mm with 26 pairs of TEGs was
used for further numerical simulation purposes.
Thus, a thermal gradient imposed on an array of
bismuth telluride is the result of a potential
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generation across the surface of the TEG system,
as shown in Fig. 2b. The temperature and electrical
potential distribution contour plots are presented
graphically in Fig. 2¢, d. the maximum output
voltage was produced around 3000 mV with the
temperature gradient of 50 K, although the current
varies only 0.15 mA through the load resistance as
given by Eqs. 1-3.

RESULTS AND DISCUSSION

In this section, a detailed analysis is presented,
and the results of thermoelectric and mechanical
performance are shown. Firstly, the parametric
optimization study was followed by the selection of
the number of legs. Furthermore, a conventional
and segmented system is given for the essential
parameters influencing the TEG performance.
Finally, a comparison of the hybrid effects on
TEG performance is presented using COMSOL
Multiphysics under the heat transfer in the inter-
face of the solid. Figure 2 shows the temperature
distribution of a thermoelectric system, which
illustrates that the temperature flows from the
hot side to the cold side of the TEG system as
conduction takes place. The electrical potential is
otherwise called the open-circuit voltage, which is
a progressively essential boundary for deciding the
force acquired from the TEG. It is seen that as the
temperature gradient steps up between the hot

4000
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Fig. 2. (a) Variation of leg length with temperature gradient, schematic diagram of a three-dimensional cross-section view of the (b) array of leg
pairs, (c) temperature distribution, and (d) imposition of electric potential distribution on the TEG legs.
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side and cold side of the system, the open-circuit
voltage also increases. This is known as the
Seebeck effect, which is to develop an output
voltage increase. A temperature gradient of about
50 K in the TEG system was considered as the
maximum temperature range in this WTED.

Utilizing the conventional 52 legs of the TEG
system, some experimental validations were per-
formed and contrasted with the recently acquired
outcomes, as shown in Fig. 3. In this semiconductor,
low-temperature material consisting of BisTes as p-
and n-type material varies with a temperature
difference of 5 to 50 K. The copper electrode prop-
erties were largely similar, with no difference in the
range of temperature studied. The temperature
difference was performed between the bottom and
top of the TEG. The bottom temperature was kept at
room temperature and the top at a constant tem-
perature in each simulation. Still, it varies with
temperature, and all other surfaces are electrically
and thermally isolated. Figure 3a shows the elec-
trical potential as a function of temperature differ-
ence, known as temperature gradient, obtained at
the probe points, and situated in the center of the
legs. Therefore, the results are inconsistent with the
expected behavior of the electric potential relation
(Seebeck coefficient); the results are in the range
50 mV to 1000 mV for a constant temperature
difference of 5 K to 50 K.'® The acquired electrical
potential behavior arises from the variation in the
effective temperature difference, which increases
with the expanding temperature range until it
reaches the applied value. According to Eq. (4), the
maximum output power is obtained; in this scenar-
io, the device is considered an ideal case. As
displayed in Fig. 3b, the temperature distribution
of the TEG legs is studied when a consistent
temperature difference is applied towards power
generated, ranging from 1 mW to 150 mW.

On the other hand, there is no single material
thermally stable in the entire temperature regime.
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In this scenario, there might be a possibility to
utilize two or more TEG materials to achieve higher
performance; this phenomenon is known as a seg-
mented TEG'® and is shown in Fig. 1lc. As discussed
earlier, low-temperature or room-temperature
Bi,Tes will be selected for the high figure of merit.
Interestingly, this combination of materials is ther-
mally stable for the high-temperature regime, but
other material combinations can also be used. As
depicted in Fig. 1c, the segmented TEG consists of
p-type BisTes stacked with SboTes and n-type
Bi;Te; stacked with PbTe joined thermally in
parallel and electrically in series for the maximum
power. It can be seen that although the segmented
TEG has the highest efficiency at that load resis-
tance, the voltage is almost the same as that of a
conventional TEG, as shown in Fig. 4a. Further-
more, Fig. 4b clearly shows that the significance of a
segmented TEG is the maximum efficiency with
optimum load resistance, and output power is
higher than a conventional TEG due to a larger
temperature difference.

One of the most effective ways to improve TEG
efficiency for their widespread adoption is to follow a
hybrid TEG design using BisTes, SbyTes, and PbTe,
as shown in Fig. 1d. Interconnected Sb,Tes; and
Bi,Te; or BiyTes and PbTe or SbyTes and PbTe TEG
legs through a copper electrode will increase the
overall electrical resistance of the TEG system.
However, the thin film of contact resistance con-
cerning TEG resistance does not always affect the
efficiency of the hybrid TEG such as Bi;Tes, SbyTes,
and PbTe configure the design where the thermal
power under load and unload conditions with the n
values defines the efficiency of the TEG as per
Egs. (2) and (3). Therefore, there is no negative
effect in the TEG configuration’s thermal perfor-
mance between TE elements and contacts, which
provides the enhanced TEG performance, as shown
in Fig. 5. For the hybrid TEG system, we examined
the trend between the temperature gradient and the
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Fig. 3. Conventional TEG system: (a) electrical potential and (b) power as a function of the temperature gradient.
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Fig. 5. Hybrid TEG system: (a) electric potential and (b) power as a function of the applied temperature difference.

electrical potential or power. Whenever the electri-
cal potential of voltage increases towards the tem-
perature gradient increase, notably, our module of
SbyTes; and PbTe with 52 legs is able to generate the
maximum output voltage of 3000 mV at a temper-
ature difference of 50 K. We measured the power
generation performance of the hybrid TEG system
for the temperature gradients of 5 to 50 K, which
maximized the output power of the TEG to 550 mW,
as shown in Fig. 5b. Thus, wherever a decrease of
sufficient temperature along with the device and so
increase of temperature gradient, and consequently,
it is applied with more absorption of heat. The
significant point is that the output of a thermoelec-
tric device output is not independent from the
external load; otherwise, the thermoelectric is a
reliant source for the open-circuit voltage but
certainly to the external load resistance.

Further matching the thermal resistance to
mechanical resistance is another necessary step
towards optimizing the hybrid TEG system perfor-
mance over its respective temperature regime, as
shown in Fig. 6a. Stress examination is especially
critical for the TEG framework, since the introduc-
tion of expanding temperatures can cause increased
pressure on the legs and the joints. Therefore, it is
essential to understand the TEG system’s yielding
nature and what it is dependent on in order to can
assess the most significant burden the TEG system
can withstand before the device fails. von Mises
stress is developed to measure the maximum force
and to predict the material’s yield strength under
complex loading conditions when equal force is
applied on the opposite sides of the TEG systems.
The hot intersection of the TEG system observes
more stress than the cold junction, and this prompts
the finish of that when temperature expands the
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pressure, similar to the increase in the TEG system
when the height ratio is varied. The trend observed
during the transient heating of the TEG system of
conventional, segmented, and hybrid configurations
is shown in Fig. 6b. The benefit of the optimum
height ratio for the hybrid system is 0.2 mm while
maintaining its enhanced power output compared to
the other TEG systems. It can be seen that com-
pared thermal stress in the optimized TEG geom-
etry with lower von Mises stress can increase the
lifetime of the TEG system. The von Mises stress of
conventional, segmented, and hybrid TEG systems
is analyzed; in addition, the outcomes are evaluated.
The obtained results are from the optimized length
at 2 mm. The conventional, segmented, and hybrid
TEG systems indicated the highest yields of
147.122 mW, 171.934 mW, and 550 mW, respec-
tively, at the temperature difference of 50 K.

CONCLUSION

In this paper, a comprehensive numerical in-
depth analysis of conventional, segmented, and
hybrid TEG systems is presented. The performance
of the developed 3D TEG system with the thermal,
electrical, and mechanical responses in the form of
thermal conductivity, electrical conductivity, See-
beck effects, and von Mises stress is reported. The
high-performance hybrid TEG developed in this
work reduces mechanical stress through optimiza-
tion of legs. When a temperature gradient of 50 K
for TEG analysis was obtained, power yields of
147.122 mW, 171.934 mW, and 550 mW were
achieved for the conventional, segmented, and
hybrid TEG systems, respectively.
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