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Abstract: A thermoelectric generator (TEG) converts thermal energy to electricity using thermoelectric effects. The amount
of electrical energy produced is dependent on the thermoelectric material properties. Researchers have applied
nanomaterials to TEG systems to further improve the device’s efficiency. Furthermore, the geometry of the thermoelectric
legs has been varied from rectangular to trapezoidal and even X-cross sections to improve TEG’s performance further.
However, up to date, a nanomaterial TEG that uses tapered thermoelectric legs has not been developed before. The most
efficient nanomaterial TEGs still make use of the conventional rectangular leg geometry. Hence, for the first time since the
conception of nanostructured thermoelectrics, we introduce a trapezoidal shape configuration in the device design. The
leg geometries were simulated using ANSYS software and the results were post-processed in the MATLAB environment.
The results show that the power density of the nanoparticle X-leg TEG was 10 times greater than that of the traditional
bulk material semiconductor X-leg TEG. In addition, the optimum leg geometry configuration in a nanomaterial-based TEG

is dependent on the operating solar radiation intensity.

Keywords: Solar energy, Thermoelectric generator, Tapered leg geometry, Solar radiation, Nanomaterials, Solar

power generation.

1. INTRODUCTION

Research aimed at increasing the efficiency of
thermoelectric generators (TEGs) is increasing [1,2].
This is because of the profitable perks offered by these
devices [3-5]. Nevertheless, in order to meet up with the
performance output of photovoltaic cells, much work is
still needed in improving the performance of thermoelec-
tric generator systems [6-8].

An effective and economic technique of improving
the efficiency of thermoelectric devices is by varying the
TE leg geometry [9-11]. To this end, Ali et al. [12]
proposed an innovative design of a segmented TEG with
exponential variable area leg geometry configuration.
They disclosed that the proposed leg geometry
improved the overall performance obtained from the
TEG with a uniform material. Lee et al. [13] discovered
that the single-stage TEG with cylindrical leg geometry
configuration provided the highest power output of 0.73
W and efficiency of 13.2%, while generating the least
thermal stress of 0.694 GPa. Zhang et al. [14] found that
maximum performance was obtained from an annular
TEG when the cross-sectional area of the thermoelectric
leg was kept constant. Erturun et al. [15] discovered that
although the thermoelement leg spacing had a
significant effect on the thermal stress and efficiency, its
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effect on the device power output was negligible.
Thimont et al. [16] showed that hollow thermoelectric leg
geometries provided higher performance than solid
structure leg geometries. Wang et al. [17] showed that
the maximum power output was generated by the X-leg
TEG when the taper angle was 10°C. Mohammad
Siddique et al. [18] experimentally demonstrated that a
trapezoidal shaped thermoelement generated 1.24
times more voltage than a rectangular leg TEG when
exposed to a temperature gradient of 10°C. Olivares-
Robles [19] enhanced the efficiency and power output of
a TEG using a segmented nanostructured trapezoidal
shape TEG. In summary, it is seen that the use of vari-
able area leg geometries provided higher performance
than rectangular leg geometries. Till date, the investi-
gated leg geometries include the trapezoidal, X-,
cylindrical, triangular, octagonal and even hollow leg
structures. However, the implication of using nanostruc-
tured thermoelectric materials in tapered pins is yet to
be investigated since the material used is the traditional
semiconductor, bismuth-telluride.

Another method of improving TEG efficiency is by
reducing the thermal losses due to convection in the
thermoelectric legs [20-22]. This problem can be solved
by using modified nanostructured thermoelectric
materials [23,24]. These nanomaterials can be used to
fabricate the n-type and p-type legs of the TEG. Thus,
enhancing the material dimensionless figure of merit,
and ultimately, TEG efficiency [25-27]. Zhang et al. [28]
generated a power density and electrical efficiency of
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2.1 W/icm? and 5.3%, respectively, from a nanostruc-
tured TEG applied to a micro combined heating and
power application, operating under a temperature
difference of 500°C. Badillo-Ruiz et al. [29] concluded
that nanostructured thermoelectric materials provided
maximum efficiencies in the range of 7%-16%, while the
values obtained from conventional bulk semiconductors
were 5%-8%. Yanagisawa [30] obtained a 60% reduc-
tion in the thermal conductivity of the Silicon membrane
by using a nano-patterning structure in place of the
unpartnered one.

Conclusively, these papers show the use of nano-
materials in improving TEG performance. However, all
these proposed devices have failed to simultaneously
study the effects of variable area leg thermoelements
and enhanced nanomaterials. This novel device
arrangement might hold the key to further improvements
in the device overall performance.

Therefore, a performance evaluation and optimisa-
tion of a TEG with nanomaterial-based variable area
thermoelements have been conducted using ANSYS
2020 R2 software. Six leg geometry arrangements are
studied under isoflux and convective boundaries. Also,
the effects of the load resistance and solar radiation
intensities on the TEG performance parameters were
studied. The most important finding of this study is that
the power density generated by the nanoparticle X-leg
TEG was 10 times greater than that of the traditional
bulk material semiconductor X-leg TEG. Finally, for the
nanostructured TE materials, the use of an X-leg TEG
generated the maximum power density of 5.8 x 108
W/m3 at a solar intensity of 70 suns. However, the
rectangular leg TEG produced a peak power density of
5.5 x 108 W/m3 at a solar intensity of 120 suns. Thus,
implying that, in a nanostructured thermoelectric
material TEG, the optimum leg geometry configuration
is dependent on the operating solar radiation intensity
incident on the TEG hot junction.

2. METHODOLOGY

2.1. System Description

The various configurations of the three-dimensional
models of the TEGs without the solar concentrator are
shown in Fig. (1). The leg geometries considered in this
study are the rectangular, trapezoidal and X-leg
geometries. The trapezoidal and X-leg geometries have
been selected due to their superior performance as
reported in refs. [18,19,31,32]. Thus, Figs. (1a-f) illus-
trate the TEGs with rectangular legs, rectangular plus

trapezoidal legs, rectangular plus X-legs, trapezoidal
legs, trapezoidal plus X-legs and X-legs. These
configurations have been made so as to determine the
effects of leg asymmetry on the overall device
performance. An asymmetric thermocouple is one that
uses different leg geometries. The surface area of the
thermoelectric module is 40 x 40 mm?2. The dimensions
of a single rectangular, trapezoidal and X-leg can be
obtained from refs. [33,34].

The thermoelectric material used in the legs are
nanomaterials comprising an n-type leg of BizxTes
(bismuth telluride) + 0.1 vol % SiC (silicon carbide)
nanoparticles [23] and a p-type leg of BiSbTe (bismuth
antimony telluride) nanocrystalline bulk alloy [24].

2.2. Thermoelectric Field Equations

The three-dimensional steady-state equations that
govern thermoelectric phenomena are given in vector
form as [20,35,36].

=

Vg(ST]) — Vg(kVT) = U" (1)
ﬁg(i.SﬁT)+l7g(%.\7w)=O )

where S is the Seebeck coefficient, T is the absolute
temperature, J is the current density, k is the thermal
conductivity, U” is the internal heat generation per unit
volume, PO is the electrical resistivity and @ is the
scalar electric field potential.

2.3. Numerical Method and Boundary Conditions

The solid three-dimensional models of the diverse
TEGs were developed in Autodesk Inventor CAD
software. The CAD models were imported to ANSYS
Workbench package. The thermal-electrical solvers,
utilising the Seebeck and Peltier effects, were coupled
and initiated using steady-state default configurations.
The material properties of the thermoelements were
obtained from refs. [19,23,24,33] and were imposed on
the coupled solver interface. A mesh convergence study
was implemented to obtain a power density of 2500
kW/m3 when a very fine mesh size of 0.01 mm was used,
corresponding to the generation of 268,934 elements. In
order to define the three-dimensional thermal model, the
following boundary conditions were imposed: 1) a solar
radiation intensity of 50 kW/m?2 was placed on the TEG
hot junction ceramic plate, 2) a convective film
coefficient of 500 W/m2K was placed at the TEG cold
junction ceramic plate, 3) the TEG was operated under
matched load conditions (the external load resistance
was matched to the temperature-dependent internal leg
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Figure 1: Proposed cases. (a) Case-1 (b) Case-2 (c) Case-3 (d) Case-4 (e) Case-5 and (f) Case-6.

resistance), 4) a ground potential was placed at the n-
leg face and 5) the walls of the TEG were assumed
adiabatic.

3. RESULTS AND DISCUSSIONS

The results obtained from the numerical optimization
of the various TEG models are presented herein. The
parameters which are optimised are the load resistance

and solar radiation intensity. Two sets of results are
obtained using nanostructured materials and traditional
bismuth-telluride. The output parameters that are
recorded include the TEG power density and energy
efficiency.

Thus, Figs. (2a-d) show that as the load resistance
increases, the power density and energy efficiency
increase first up to maximum values, followed by a
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Figure 2: Effect of load resistance on systems’ performance: (a, ¢) nanomaterials (b, d) traditional material.

decline with a further increase in the load resistance.
That is, maximum power density and energy efficiencies
are obtained at an optimum load resistance in the TEG.
Also, the optimum loads for maximum power density and
energy efficiency in the various cases are slightly differ-
rent. More specifically, the optimum load requirement
tends towards the right as the case number is increased.
This is due to the larger temperature difference gene-
rated by the cases with higher numbers. Thus, higher
optimum loads will be needed in maximising the power
output and energy efficiencies of the cases with variable
leg geometries compared to those with conventional
rectangular legs. These results agree with the findings
of refs. [37,38].

In addition, the effect of thermoelectric materials on
the overall TEG performance is shown. Figs. (2a, ¢) and
(2b, d) depict the power density and energy efficiencies
obtained from the nanomaterial and traditional bismuth-
telluride material, respectively. It is observed that under
the same operating conditions, the nanomaterial
produced a better overall performance compared to the
traditional bismuth-telluride material. This is due to its

higher dimensionless figure of merit. Also, it provides a
relatively higher thermal stability in its thermoelectric
material properties. This allows it to still produce higher
power output and efficiency at higher temperatures. The
values obtained show that for case 6, at an optimum
load resistance of 3.175(), the nanomaterial-based
TEG produces a power density of 93.2 kW/m3, while the
traditional material-based TEG produces 7.68 kW/m3,
Also, the energy efficiencies obtained for the former and
latter TEGs are 0.47 % and 0.038 %. This indicates a
91.76 % and 91.91 % increase in the power density and
energy efficiency of the traditional material-based TEG
when the nanomaterial-based TEG is used instead.

In addition, the effect of solar radiation intensity on
the power density and energy efficiency of the nano-
material-type TEGs is shown in Figs. (3a-b), respect-
ively. The plots reveal that increasing the solar radiation
intensity results in a corresponding increase in the TEG
power density and energy efficiency up to a maximum
value before decreasing with a further increase in the
solar radiation intensity. This means that there are
optimum solar radiation intensities at which maximum
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Figure 3: Effect of solar radiation intensity on nanomaterial TEG’s performance: (a) power output density (b) energy efficiency.

power and efficiency are obtained from a TEG. Firstly,
the optimum solar radiation intensities needed to
maximise the power densities and energy efficiencies
are different. Secondly, the optimum solar flux for
maximum power and efficiencies in the six TEGs are
different. Also, the optimum leg geometry for maximum
power in a TEG is dependent on the operating solar flux.
That is, under various fluxes, different optimum leg
geometries are obtained.

For instance, Fig. (3a) shows that at a solar flux of 45
suns, the power densities obtained from case 1-6 are
2280 kW/ms3, 2870 kW/m3, 2790 kW/m3, 4210 kW/ms3,
4280 kW/m?3 and 4390 kW/m3, respectively. Thus, the
best leg geometry is the X-leg geometry while the non-
optimal leg geometry is the rectangular leg. Meanwhile,
at a solar flux of 155 suns, the power densities of cases
1-6 are 4850 kW/m3, 4270 kW/m3, 4240 kW/m?3, 2680
kW/m3, 2660 kW/m3 and 2610 kW/m?3 respectively.
Hence, the optimum leg geometry is the rectangular leg,
while the non-optimal leg geometry is the X-leg
geometry. This implies that the X-leg geometry is the
optimum leg geometry under low solar fluxes, while the
rectangular leg geometry is the optimum leg geometry
under high solar radiation intensities.

4. CONCLUSIONS AND FUTURE WORK

A novel TEG employing nanostructured-tapered pins
is modelled and optimized on ANSYS 2020 R2 software.
The variable area leg geometries considered are the
rectangular, trapezoidal and X-leg geometries. The

effects of crucial operating parameters, such as the load
resistance and solar radiation intensity, on the overall
TEG performance, have been studied. The key findings
of this study are as follows:

e Results indicate that under the same operating
boundary conditions, the power density and energy
efficiency obtained from the nanoparticle X-leg TEG
was 10 times greater than that of the traditional bulk
material semiconductor X-leg TEG. This was a
result of the higher thermoelectric figure of merit
produced by the nanostructured material relative to
the traditional bulk material semiconductor,
Bismuth-Telluride.

e In addition, for the nanostructured thermoelectric
materials, the use of an X-leg TEG generated the
maximum power density of 5.8 x 10% W/m3 at a solar
intensity of 70 suns. However, the rectangular leg
TEG produced a peak power density of 5.5 x 108
W/m3 at a solar intensity of 120 suns. This revealed
a 5.45% enhancement in the power density of the
rectangular leg TEG as a result of using X-leg geo-
metries in a nanostructured material configuration.

o Finally, it was discovered that in a nanostructured
thermoelectric material TEG, the optimum leg geo-
metry configuration is dependent on the operating
solar radiation intensity incident on the TEG hot
junction. Thus, for a high solar flux application, the
rectangular cross-section becomes the best geo-
metry. However, in the case of a low solar flux
application, the X-leg (variable area leg) geometry
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becomes the optimum geometry.

e Although the present study offers new insights on
the use of nanostructured tapered pins in TEGs,
there is still much work to be done in this area. For
instance, a mechanical study on the reliability of the
optimum nanomaterial X-leg geometry TEG is yet to
be conducted. Also, a parametric investigation on
other operating parameters such as the convective
film coefficient, hot and cold junction temperatures
and the geometric parameter is yet to be studied.
These will be the focus of future studies in this area.
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