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Abstract: The performance of the thermoelectric module highly depends on the geometry of the legs,
the module area, and implicitly on the number of the pairs, besides the properties of the materials.
The geometry of the legs consists of the shape, the dimensions on three axes, and whether the legs
are filled or are hollow. The legs can have one hollow or more, the hole can be from the top to bottom
or not. This paper studies and compares the performance of different thermoelectric modules in
function of the shape: square, triangular, trapezoid, reverse trapezoid, hourglass, inverse hourglass
(filled and with the hollow from the top to the bottom or not), and with different dimensions of the
length and width. The simulations are performed using the COMSOL Multiphysics software, where
3D numerical models are developed and solved using the finite element method. The results are
compared with others from the specialized literature for a one pair square shape. The current-voltage
and power-voltage characteristics have a good matching, which proves the simulations are good and
the model can be used for other shapes. A steady-state heating condition is applied to the hot side of
the thermoelectric generators, while the cold side is subjected to steady state, natural convection, and
forced convection heating conditions. The square shape with an internal hollow is studied first. The
best performance when the length and width are 1 mm x 1 mm, 1.5mm x 1.5mm, and 2 mm X 2 mm
is obtained for the thermoelectric generator with filled square legs. The highest maximum power is
obtained for thermoelectric generator with the sizes 2 mm x 2 mm. The gain in power for the square
shape in comparison with the worst value of the TEG (Inverse Hourglass for filled and Triangular for
hollow) for the three dimensions considered is for those filled 199%, 202%, and 204%, respectively,
and for those that are hollow 198%, 232%, and 243%, respectively. The reduction in maximum power
is 5%, for the thermoelectric generator with square legs (2 mm x 2 mm) and with hollow legs, in
comparison with one filled. The maximum power increases for the thermoelectric generator with
square legs which have a hollow interior, in this case 2 mm X 2 mm, with 0.2% and 1% for the
thermoelectric generator with sizes of 1 mm x 1 mm. Additionally, the results obtained for the
square filled shape are compared with the real ones obtained for a thermoelectric generator with sizes
40 mm x 40 mm X 4 mm. The matching is very good, which confirms that the model can be used
for different geometry of the thermoelectric generators in order to help the manufacturers improve
their performance.

Keywords: thermoelectric generators; leg shape; simulation

1. Introduction

The thermoelectric module and the thermoelectric panel, with modules connected in
series and/or in parallel, can be suitable solutions for the production of electrical energy,
either alone [1] or in tandem with photovoltaic cells, thermally connected or separate using
a beam splitter [2].

There are a lot of applications for thermoelectric modules. They can be used with very
good results to recover the thermal energy from vehicles” exhaust [3], furnaces, nuclear
reactors of the spatial devices [4], photovoltaic cells or panels in natural sunlight [5] or in
concentrated light [6], and every system which dissipates and wastes heat in the environment.
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The main advantage of the thermoelectric module is that it can produce green electrical
energy from waste energy, but it has other advantages, such as: it does not have a moving
part [7], which leads to a low maintenance cost and long working life [8] which is important
for the applications and investment. It is also feasible for miniaturization and there are
different materials which allow for covering the entire interval of temperature from 30 °C
to over 1000 °C. The thermoelectric generators can be fabricated using organic materials
which have the big advantage that they can be used for human applications [9]. They
can be flexible, being also non-toxic, light in weight, and their mechanical performance is
good [9].

The main disadvantage is the low efficiency. This issue of the thermoelectric generators,
TEG, which is in close connection with the figure of merit, ZT, has to be solved. There are
three groups of TEGs, as a function of the work temperature: first up to 250-300 °C; the
second up to 600 °C; and the third up to 1000 °C. The ZT values for the representative
TEG for each group are: 0.92 for Bi,Tes; 1 for PbTe; and 1.6 for SiGe [10]. The ZT can be
enhanced if the process to develop thermoelectric generators based on BipTes is improved
and some materials are added [11]. In this case, the ZT can be higher than 1. The second
way to improve efficiency is to optimize the operation of the TEG. In this sense, it is
important to increase the temperature difference between the hot and cold sides [12], to
improve the thermal contacts between the cold side of TEG and the heat sink [5], and
to increase the radiation absorption on the hot side. The geometry optimization of the
thermoelectric generators is the other way to improve the efficiency. The commercial TEG
modules have different areas, heights, shapes of the legs, and numbers of the NP pairs
(an NP pair is formatted with one leg by n-type thermoelectric material and one leg by
p-type thermoelectric material which are electrically connected in series), and the base
material is BiyTes used at a temperature of up to 250 °C. The bismuth telluride has a good
performance at low temperatures. The n-type of bismuth telluride has a small ZT, and a low
Seebeck coefficient at elevated temperatures [13]. These two can be enhanced using dopant
additions, tellurium vacancies, and other methods [14]. There are some methods to improve
the performance of the p-type thermoelectric material, among which optimizing carrier
concentration and decreasing bipolar thermal conductivity [13]. Bi,Tes n-type materials
have a higher power factor, mobility parameter, thermoelectric quality factor than p-type
materials [15]. The lattice thermal conductivity and the bandgap are the same. The Seebeck
coefficient for both n- and p-type materials is almost isotropic [16].

The number of the NP pairs for a constant area 4 cm x 4 cm depends on the cross-
section legs. The geometry of the legs influences the performance of the TEG module
in the following way: if the length of the leg increases, the thermal resistance and the
electrical resistance increase [17]; if the cross-section legs increase then the thermal resistance
decreases; the open circuit thermal voltage generated the TEG with asymmetrical legs is
higher than the one generated by the TEG with symmetrical legs [18]. The shape of
the commercial TEG module is parallelepipedal, but modules with different shapes are
developed for particular applications, such as circular TEGs for vehicle exhaust [19], or
sintered ring-shaped thermoelectric legs for pipes [20].

Sisik and LeBlanc studied the impact of nine leg shapes on the temperature and
electrical potential: rectangular; trapezoid; reverse trapezoid; hourglass; inverse hourglass;
Y; reverse Y; hollow rectangular; and multi-hollow rectangular. They found that the
hourglass leg shape had the best generated power and the highest electrical potential, and
they concluded that the coupling legs’ shape with boundary condition is very important
for the TEG performance [17]. Sahin and Yilbas showed through simulation that the
shape parameter of the leg (rate of change of the cross-sectional area of the legs along its
height) has a critical influence on the TEG performance [21]. An increase in the shape
parameter from 0 (the shape of the leg becomes trapezoidal) will lead to growth in efficiency.
Mijangos et al. developed an asymmetrical shape leg-trapezoidal (with shape parameter
>0) based on Bi;Te; and compared its performance with a symmetrical one [18]. The
developed thermoelectric module consists of nine pairs of legs. The dimensions of the
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rectangular legs are 1.7 mm X 1.7 mm x 2.1 mm and that of the pyramidal legs are the
same as rectangular legs with a 10° slant angle of the pyramid. The dimensions of the
alumina plates are 13 mm x 16 mm X 0.6 mm, and the dimensions of the copper contacts
are 2 mm x 5 mm X 0.34 mm. The dimensions of the entire thermoelectric modules are
13 mm X 16 mm X 3.98 mm. The maximum output power given by the modules was also
evaluated. For that, an identical heat flux of around Q = 4 mW/mm? was applied, which
creates a temperature gradient in the legs of AT = 20 °C, to both modules by applying
an electrical current 90 mA to resistive heater. It was observed that an asymmetrical
thermoelectric module delivers almost two times the maximum power, Prmax, as compared
to a rectangular one. The module developed was compared with a TEG-FERROTEG
9501/71/040B commercial module, with 71 pairs and 22 mm X 22 mm dimensions, all
under heat flux of 4 mW/mm?, which creates AT = 20 °C in the legs. By projection
of their modules to 71 pairs, they obtained by extrapolation 2.36 mW and 3.94 mW for
symmetrical and asymmetrical, respectively, against 1.5 mW given by TEG-FERROTEG
9501/71/040B [14]. The height of the legs and their number play an important role in
TEG performance. Fateh et al. found that the same power per unit of TEG area can be
obtained with a smaller number of shorter legs as well as a greater number of longer
legs [22]. This is very important from point of view of the quantity of the materials and
the cost. Thimont and LeBlanc using a simulation in COMSOL Multiphysics, studied the
impact of the leg geometry on the thermal resistance and power output taking into account
the leg shape, filled or hollow, and also for the layered leg. Comparing the performance of
the conventional legs with layered ones it was found that: the open circuit voltage is 46%
lower for the conventional legs; the internal resistance is 42% lower for the conventional
legs than for the layered ones; and the peak power is 48% higher for the layered ones than
the conventional legs [23]. Liu et al. proposed a new combined design with segmented
materials for realizing the legs with a constant cross-sectional area. Two materials are used
for the P-type leg: P1-Bip 45Sby 5, Tes (ZT is larger than 1.087 for the 27-127 °C temperature
interval) and P»-Nag 95PboSbTey, (ZT is larger than 1.078 for the 227427 °C temperature
interval). AgPb1gSbTey is used for the N-type leg. The power generated by the segmented
TEG unit with an optimum ratio (P1/ P2 = 2.5/3.5) is higher with 14.9% than one generated
by the TEG unit with a P leg only Bij 4gSb1 50Tes, and 16.6% higher than the one generated
by the TEG unit with a P leg only Nag¢5PbyySbTey;. The power generated increases
additionally by 4.21% if the asymmetric design is used [24]. Li et al. studied output
power, energy and exergy efficiency, mechanical reliability, and cost for the following types
of shape legs: square; triangular; octagonal; and circular. Their analysis shows that the
triangular shape is the best from the power generation point of view and the cost per
watt is lower than the other shapes [25]. Mahmoudinezhad et al. studied the photovoltaic
cell/thermoelectric generator hybrid system under 39 suns concentration ratio and showed
that the legs’ length increase leads to an increase in Pmax of the TEG and a decrease in
Pmax of the photovoltaic cell [26]. The shorter legs of the thermoelectric generator lead
to a cost reduction [27], therefore a compromise between the generated power and the
costs has to be made. There are several papers that achieve the comparison between the
results obtained through simulation and experiments for the performance of thermoelectric
generators. The generated voltage, current, and power of the TEP1-1264-1.5 thermoelectric
generator, based on BiyTes3, in lab experiments using a heater and heat sink, are compared
with those simulated, and the matching results are over 98% [28]. Memon and Tahir studied
the BipTe; thermoelectric generator performance in concentrated light using the Fresnel
lens. The open circuit voltage and short circuit current were analyzed in function of the
temperature difference which varies from 0 to 90 °C. Additionally, the maximum power
was analyzed for four temperature differences, 15.2 °C, 24.4 °C, 42.4 °C, and 64.7 °C [29].
Bensafi et al. analyzed the performance of the thermoelectric generator under parabolic
concentrated light for an entire year. They found that in June the energy generated is more,
with results of 92.86%, than in January [30]. Sun et al. achieved a study to verify in real
time the simulation through an experimental lab setup [31]. They found there was a very



Sustainability 2022, 14, 15823

4 0f22

good matching in voltage under the 40 °C temperature difference between the simulation
and real measurements. Over the 40 °C temperature difference, the difference between the
simulation and measurements is larger.

The main goal of this paper is to offer an in-depth study for researchers and man-
ufacturers of thermoelectric generators concerning the importance of the legs’ shape to
obtain the best performance in electric power and from the reduction in the material. This
is achieved through the following contributions:

e  The calculation of the maximum power, short circuit current, and open circuit volt-
age of the thermoelectric generator based on Bi,Te; for different shapes of the leg
using COMSOL Multiphysics [32]: square (the conventional leg shape); triangular;
trapezoid; reverse trapezoid; hourglass; inverse hourglass; hollow square; hollow
triangular; hollow trapezoid; hollow reverse trapezoid; hollow hourglass; hollow
inverse hourglass;

e  The calculation of the maximum power, short circuit current, and open circuit voltage
of the thermoelectric generator based on Bi,Tes for the first time for a square shape
with internal hollow to reduce the material and thus implicitly the costs of the TEG;

e  The calculation of the maximum power and short circuit current of the thermoelectric
generator based on Bi,Tes for different difference of the temperature—the hot side
is in a steady-state heating condition while the cold side is subjected to steady state,
natural convection, and forced convection heating conditions;

e A comparison of the generated maximum power by the thermoelectric generator,
based on BipTes with sizes of 4 cm x 4 cm when the length and width of the legs varies
from 1 mm X 1 mm to 1.5 mm x 1.5 mm and 2 mm x 2 mm, which leads to varying
the pitch—the distance between legs;

e A comparison between the results obtained for the maximum power generated by the
rectangular conventional thermoelectric generator with the COMSOL Multiphysics
and one in real circumstances under illumination with sunlight.

2. Materials and Methods

Different shape legs were taken into account to analyze the open circuit voltage, Vo,
short circuit current, Is, and maximum power of the thermoelectric module. Firstly, the
COMSOL Multiphysics was used to simulate the behavior of the thermoelectric gener-
ator and then a comparison between the results obtained through simulation and ones
obtained experimentally was made for a square conventional thermoelectric generator
based on Bi,Tes.

The first step was to consider in COMSOL Multiphysics an element of TEG, which
consists of an NP pair from Bi,Tes, to simulate the behavior and compare the results with
the ones from the specialized literature. The second step was to consider in COMSOL
Multiphysics a BiyTe; thermoelectric module with sizes 4 cm X 4 cm X 4 mm. The number
of the NP pairs was 128 (Figure 1). The length and width of the leg was at the beginning
1mm X 1 mm, then 1.5 mm X 1.5 mm, and 2 mm X 2 mm. The comparison between the
results for these three scenarios is made in terms of Py, Isc, and Vo to choose the best
solution. Firstly, all of these are made for uniform temperature distribution on both sides of
the thermoelectric generator module. Secondly, a study is completed when the hot side is in
a steady-state heating condition and the cold side can be in steady state, natural convection,
and forced convection heating conditions.
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Figure 1. Thermoelectric module simulated in COMSOL Multiphysics software composed
of 2 alumina ceramics, 257 copper conductors, and 128 pairs NP, square shaped legs of
1 mm x 1 mm x 3.2 mm dimensions.

The equations used in COMSOL Multiphysics simulation based on finite element
method are [33]:
e for heat transfer in solids Equations (1) and (2):
pCpuVT +Vg=Q+ Qs 1)

where p is the density of the materials; C, represents the specific heat, u velocity; Q is
heat source; Q; is thermoelastic effects; g is heat flux in conduction; and T represents the
temperature [34]:

qg=—kVT+]ST 2)

where k represents thermal conductivity; | is the induced electric current density; and
S represents the Seebeck coefficient.

e for electric currents Equations (3)—(5):

V] =0Q; ®G)
J=0cE+]. 4)
E=VV %)

where Q; is the current source; o represents electrical conductivity; J. is the external current
density; E represents the electric field; and V is the electric potential.

e  for thermoelectric effects Equations (6)—(8):

qp =P]J (6)
P=ST ()
Jo = —0SVT (8)

where g, is the Peltier heat or power; P is the Peltier coefficient.
The open circuit voltage generated by the thermoelectric generator when a temperature
difference between the hot and cold sides is present is given by [35]:

V,e = SAT )

where V. represents the open circuit voltage.
The power generated by the thermoelectric generator when a load resistor is connected

to the TEG, is given by:
SAT \?
o= (55T ', o
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where Ry is the external load resistance, R;;, is the TEG’s internal resistance. The maximum
power generated by TEG is obtained when R, = R;,.
The heat flow at the hot side of the TEG is given as [36,37]:
1o
Gin = kAT + SIT), — EI R (11)
where T, represents the hot side temperature of TEG; and I is the electric current.

The experimental measurements for the rectangular conventional thermoelectric gen-
erator based on BiyTez are made in concentrated sunlight using the facilities of the IMDEA
Energy Institute-solar tower and five heliostats [38]. The current voltage characteristic is
used to analyze the performance of the thermoelectric generator. The temperature of the
hot and cold sides of the thermoelectric generator is measured using five K thermocouples,
two of them on the hot side and three of them on the cold side. The measurement system

to measure and analyze the current voltage characteristics and temperature are described
by Mahmoudinezhad et al. [2].

3. Results and Discussion
3.1. Simulation

The aim is to study the impact of leg geometry on the electrical power harvested
by thermoelectric modules, so twelve different leg shapes were selected as illustrated in
Figure 2. The first six are filled and the other six are hollow.

The hole represents a way to reduce the material and the cross-sectional area within
the same width x length footprint of each leg shape. The hollow domains in different leg
shapes result in radiative heat transfer between the interior surfaces of the leg.

One PN pair was used to verify if the model used is corrected. The results obtained,
see Figure 3, matched very well those from specialized literature, see Table 1 [33].

Table 1. Comparison of the model implemented with one from specialized literature.

Tp, =100 °C, T, = 30 °C

T, =200 °C, T, =30°C T, =300 °C, T, =30°C

Simulation
Pmax (mW) Isc (A) Voc (V) Prax (mW) Isc (A) Voc (V) Prax (mW) Isc (A) Voc (V)
[28] 8.3 0.93 0.03 39.8 1.9 0.079 95 297 0.12
This paper 75 0.89 0.03 38.2 1.86 0.075 93 29 0.12

Table 1 present the values for maximum power Pnax, short circuit current I, and
open circuit voltage V., for three temperature differences (between the hot and cold sides
of TEG).

Table 2 presents the geometric dimensions, used in the simulation, for TEGs with three
different cross-sectional areas regardless of the shape of the legs.

Table 2. Geometric dimensions of TEGs used in simulation.

Name Dimensions (mm) Description
TEG length 40 Total TEG length
TEG width 40 Total TEG width
TEG height 4 Total TEG height
Ceramic length 40 Ceramic length
Ceramic width 40 Ceramic width
Ceramic height 0.3 Ceramic thickness
Copper height 0.1 Copper thickness

Leg height 3.2 Leg height

Leg length 1 1.5 2 Leg length

Leg width 1 15 2 Leg width

Pitch 1.3 0.9 0.4 Distance between legs
NP 128 Number of thermocouples
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Figure 2. Thermoelectric leg shapes investigated in this study were: (A) Filled Square (the conven-
tional leg shape); (B) Filled Triangular; (C) Filled Trapezoid; (D) Filled Reverse Trapezoid; (E) Filled
Hourglass; (F) Filled Inverse Hourglass; (A”) Hollow Square; (B") Hollow Triangular; (C") Hollow
Trapezoid; (D’) Hollow Reverse Trapezoid; (E”) Hollow Hourglass; (F) Hollow Inverse Hourglass.

The bismuth telluride material was chosen for the TEG simulations at low temper-
atures (below 250°). This material has a long operation history in non-commercial and
commercial thermoelectric modules. It was chosen for the TEG simulations at low tem-
peratures because it is the standard thermoelectric material and has the highest figure of
merit at this temperature range. Additionally, it is the material found in the majority of
commercial thermoelectric modules.

The temperature-dependent properties for Bi;Te; were used in the model; these
correspond to the material properties in the COMSOL Multiphysics materials library [39]
and are shown below in Table 3 [40].
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Figure 3. Results reproduced using our model for one NP pair under steady-state heating condition:
(a) simulated one NP pair in COMSOL Multiphysics; (b) I-V power characteristic; and (c) P-V
power characteristic.

T
0.04

Table 3. Material properties used in simulation.

Thermal Electrical Specific . Thermal Young's . , Seebeck
.. . Heat Density . Poisson’s L
. Conductivity Conductivity . Expansion Modulus . Coefficient
Materials Capacity P .. Ratio
K (o) C (kg/m®) Coefficient E v S
P
(W/(m x K)) (S/m) (kg x K)) (1/K) (GPa) (V/IK)
Ceramic 27 1x 10712 900 3900 8 x107° 300 0.22 0
Copper 400 5.998 x 107 385 8940 1.7 x 1075 126 0.34 6.5 x 107°
_B‘_ZtTe3e 1.6 1.25 x 10° 154 6800 — 65-59 0.23 ~210 x 1076
_E_gge 16 1.25 x 10° 154 6800 - 65-59 0.23 210 x 10

The current voltage (I-V) and power voltage (P-V) characteristics are calculated using
the COMSOL Multiphysics for all TEG modules considered under steady-state heating
condition, for filled legs (Figure 4) and for hollow legs (Figure 5). The short circuit current,
open circuit voltage, and maximum power are extracted to compare all three scenarios
based on length and width. These results are presented in Table 4 for filled legs and in
Table 5 for hollow legs. The temperature of the TEG hot side is Ty, = 227 °C and for the cold
side T. =46 °C.
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Figure 4. I-V and P-V power characteristics of the TEGs which have filled legs under steady-state
heating condition: (a) first scenario; (b) second scenario; and (c) third scenario.
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state heating condition: (a) first scenario; (b) second scenario; and (c) third scenario.
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Table 4. The short circuit current, open circuit voltage, and maximum power for filled legs.

Filled Square Triangular Trapezoid Reverse Trapezoid Hourglass Inverse Hourglass
Leg Dimension 1 (mm) x 1 (mm) x 3.2 (mm)
Short circuit current (A) 1.4248 0.7258 0.7234 0.7234 0.7182 0.7163
Open circuit voltage (V) 9.6739 9.6966 9.6972 9.697 9.7018 9.6941
Power Output (W) 3.4940 1.7726 1.7668 1.7671 1.7548 1.7486
Leg Dimension 1.5 (mm) x 1.5 (mm) x 3.2 (mm)
Short circuit current (A) 3.1197 1.6081 1.5966 1.5966 1.5734 1.5648
Open circuit voltage (V) 9.6592 9.6854 9.6862 9.687 9.6943 9.6809
Power Output (W) 7.7827 3.9585 3.9302 3.9311 3.8760 3.8492
Leg Dimension 2 (mm) X 2 (mm) X 3.2 (mm)
Short circuit current (A) 5.3728 2.8077 2.7733 2.7734 2.7112 2.6876
Open circuit voltage (V) 9.6449 9.6751 9.6762 9.6769 9.6874 9.6695
Power Output (W) 13.563 6.9840 6.8923 6.8947 6.7335 6.6580
Table 5. The short circuit current, open circuit voltage, and maximum power for hollow legs.
Hollow Square Triangular Trapezoid Reverse Trapezoid Hourglass Inverse Hourglass
Leg Dimension 1 (mm) x 1 (mm) X 3.2 (mm)
Short circuit current (A) 1.0798 0.5475 0.6178 0.6178 0.6135 0.6121
Open circuit voltage (V) 9.6884 9.7057 9.7027 9.7032 9.7061 9.7002
Power Output (W) 2.6443 1.3299 1.5078 1.5080 1.4979 1.4934
Leg Dimension 1.5 (mm) x 1.5 (mm) x 3.2 (mm)
Short circuit current (A) 2.7946 1.2181 1.4964 1.4965 1.4740 1.4668
Open circuit voltage (V) 9.6676 9.6978 9.6896 9.6903 9.6969 9.6848
Power Output (W) 6.9441 2.9899 3.6796 3.6804 3.6250 3.6022
Leg Dimension 2 (mm) X 2 (mm) X 3.2 (mm)
Short circuit current (A) 5.0687 2.1366 2.6786 2.6786 2.6134 2.5971
Open circuit voltage (V) 9.6505 9.6904 9.6786 9.6793 9.6892 9.6725
Power Output (W) 12.833 5.2843 6.6386 6.6407 6.4793 6.4287

By analyzing the results, it can be observed that the open circuit voltage varies very
little for all scenarios and the values are comparable for all shape types considered in this
study. This shows that the open circuit voltage is influenced very much by the shape of
the legs and the pitch. For example, the variation of the open circuit voltage for the square
shape-filled function of the variation with pitch is 0.3%. The open circuit voltage decreases
with the decreases in the pitch (increases in the surface of the legs). The highest value is
obtained for both hourglass shapes: filled and hollow. The behavior of the short circuit
current is inverse in comparison with the open circuit voltage; thus, it increases with the
decrease in the pitch. The maximum power has the same behavior as the short circuit
current. The comparison between the maximum power generated by the TEGs in the three
scenarios shows that the highest value is obtained for the last scenario when the pitch is
the lowest and the surface of the legs is the highest. Consequently, to obtain the highest
maximum power generated by the thermoelectric generator, it is necessary that the legs
have the highest surface, but this leads to high costs. The manufacturers have to find
the best solution, making an effective compromise between the costs and the efficiency
of the TEG. The maximum power increases proportionally with the surface of the legs
(Table 4). By comparing the P-V characteristics and maximum power in function of the
shape of the legs, it is observed that the best solution is the square shape. The maximum
power generated by the TEG with the square shape of the legs is almost double that of the
other TEGs.

Figure 6 shows the comparison between the maximum power generated by the TEG
in all three scenarios: when the shape of the legs is square, they are filled or hollow. The
maximum power is lower when the legs are hollow. The losses vary from 24% in the first
scenario to 10.7% in the second, and in the third scenario the losses are only 5%, which
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proves that this can be a good solution for reduction in materials and implicitly for the cost.
The surface of the hollow is the same for all three scenarios.

¢ Filled mHollow

14.00 4
12.00 A
10.00 -

8.00 -

| L4

6.00 -

4.00 -

Maximum power [W)]

He

2.00 T T T T T T |
0.7 1.2 1.7 2.2 2.7 3.2 3.7 4.2

Area of the legs [mm?]

Figure 6. Comparison between the maximum power generated by TEG with square-shape legs, filled
and hollow.

The behavior of all twelve thermoelectric modules is studied when the hot side is
kept at 227 °C and the cold side is cooled using natural convection and forced convection
for two values 20 W/(m?K) and 200 W/(m?K). The P-V characteristics are presented in
Figure 7 for natural convection, Figure 8 for forced convection-20 W/(m?K), and Figure 9
for forced convection-200 W/(m?K). In the case of the natural convection, and the forced
convection-20 W/(m?K) the maximum power generated by TEGs with the square shape of
the legs is the lowest for all three scenarios considered.

The temperature difference between the hot and cold side of the TEG greatly decreases
in the natural convection of the cold side, see Tables 5 and 6. It is 7 °C for TEGs with square
legs that are both filled and hollow, and 6 °C in the case of hollow, hourglass legs hollow,
all for the third scenario. The highest temperature difference is obtained for the TEG with
filled triangular legs and it is 44 °C. The maximum power decreases when the surface of
the legs increases (the pitch decreases). This behavior is inverse in comparison with the
case when the temperature is maintained as constant on both sides of the TEG. The main
cause is the decrease in the temperature difference when the surface of the legs decreases.
An improvement can be observed in maximum power generated when the TEGs have the
hollow legs, by analyzing Tables 6 and 7. The best are the TEGs with hollow legs from the
first scenario. It can be concluded that for the small temperature difference between the hot
and cold side, it is better to use TEGs from the first scenario with hollow legs.

Table 6. The short circuit current and maximum power for TEGs which have filled legs: Hot Side
Ty, = 227 °C—Cold Side T, (Natural Convection: h = 10 W/(m?K)).

Filled

Square Triangular Trapezoid Reverse Trapezoid Hourglass Inverse Hourglass

Leg Dimension

1 (mm) x 1 (mm) x 3.2 (mm)

Temp. Range (°C)
(Difference (°C))
Short circuit current (A)
Power Output (W)
Leg Dimension
Temp. Range (°C)
(Difference (°C))
Short circuit current (A)
Power Output (W)
Leg Dimension
Temp. Range (°C)
(Difference (°C))
Short circuit current (A)
Power Output (W)

204-227 190-227 190-227 190-227 190-227 190-227
(23) (37) (37) (37) (37) (37)
7397 x 1073 71.53 x 1073 7152 x 1073 71.52 x 1073 71.49 x 1073 71.46 x 1073
2313 x 1073 40.53 x 1073 40.64 x 1073 40.64 x 1073 4091 x 1073 40.90 x 1073

1.5 (mm) x 1.5 (mm) x 3.2 (mm)

216-227 207-227 207-227 207-227 207-227 207-227
(11) (20) (20) (20) (20) (20)
75.03 x 103 74.41 x 1073 74.40 x 1073 74.40 x 1073 74.39 x 1073 7434 x 1073
11.15 x 103 20.99 x 1073 21.14 x 1073 21.14 x 1073 21.48 x 1073 21.48 x 1073

2 (mm) X 2 (mm) x 3.2 (mm)

220-227 215-227 215-227 215-227 214-227 214-227
(07) (12) (12) (12) (13) (13)
7481 x 1073 75.13 x 1073 75.14 x 1073 75.14E x 1073 75.16 x 1073 75.09 x 1073
6444 x 1073 1247 x 1073 12.63 x 1073 12.63 x 103 12.97 x 1073 12.98 x 103
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Figure 7. P-V characteristics of the TEGs which have filled legs and hollow legs under constant hot

side temperature (T},) and cold side h =10 W/ (m2K) natural convection (T.) boundary conditions:

(a) first scenario; (b) second scenario; and (c) third scenario.
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Figure 8. P-V characteristics of the TEGs which have filled legs and hollow legs under constant hot
side temperature (Ty,) and cold side h =20 W/ (m2K) forced convection (Tc) boundary conditions:

(a) first scenario; (b) second scenario; and (c) third scenario.
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Figure 9. P-V characteristics of the TEGs which have filled legs and hollow legs under constant hot
side temperature (Ty,) and cold side h = 200 W/ (m2K) forced convection (T¢) boundary conditions:
(a) first scenario; (b) second scenario; and (c) third scenario.

The same behavior is in the case of forced convection-20 W/(m?K), see Tables 8 and 9.
The temperature difference is higher than in the previous case due to the better cooling of
the cool side of the TEG. The best results for the maximum power generated are obtained
for the TEG with an hourglass shape in the case of the filled legs and TEG with triangular

shape in the case of the hollow legs.
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Table 7. The short circuit current and maximum power for TEGs which have hollow legs: Hot Side
T}, = 227 °C—Cold Side T, (Natural Convection: h = 10 W/(m2K)).

Hollow Square Triangular Trapezoid Reverse Trapezoid Hourglass Inverse Hourglass
Leg Dimension 1 (mm) x 1 (mm) X 3.2 (mm)

Temp. Range (°C) 199-227 183-227 186-227 186-227 186-227 186-227
(Difference (°C)) (28) (44) (41) (41) (41) (41)
Short circuit current (A) 7321 x 107 69.87 x 1073 70.64 x 1073 70.64 x 1073 70.61 x 1073 70.58 x 1073
Power Output (W) 2951 x 1073 49.69 x 1073 45.68 x 1073 45.68 x 1073 45.95 x 1073 45.93 x 1073

Leg Dimension 1.5 (mm) x 1.5 (mm) x 3.2 (mm)

Temp. Range (°C) 214-227 203-227 206-227 206-227 206-227 206-227
(Difference (°C)) (13) (24) (21) (21) (21) (21)
Short circuit current (A) 75.03 x 1073 73.75 x 1073 74.27 x 1073 74.27 x 1073 74.26 x 1073 7421 x 1073
Power Output (W) 1245 x 1073 26.87 x 1073 2242 x 1073 2242 x 1073 22.77 x 1073 22.76 x 1073

Leg Dimension 2 (mm) X 2 (mm) X 3.2 (mm)

Temp. Range (°C) 220-227 211-227 214-227 214-227 221-227 214-227
(Difference (°C)) (07) (16) (13) (13) (06) (13)
Short circuit current (A) 7491 x 107 7495 x 1073 75.13 x 1072 75.13 x 1073 75.15 x 1072 75.08 x 1073

Power Output (W) 6.861 x 1073 16.26 x 1073 13.08 x 1072 13.08 x 1073 13.44 x 1072 13.43 x 1073

Table 8. The short circuit current and maximum power for TEGs which have filled legs: Hot Side
Ty, = 227 °C—Cold Side T, (Forced Convection: h = 20 W/ (m?K)).

Filled Square Triangular Trapezoid Reverse Trapezoid Hourglass Inverse Hourglass
Leg Dimension 1 (mm) X 1 (mm) x 3.2 (mm)

Temp. Range (°C) 185-227 164-227 164-227 164-227 163-227 163-227
(Difference (°C)) (42) (63) (63) (63) (64) (64)
Short circuit current (A) 142.0 x 107% 1326 x 1073 132.5 x 1072 132.5 x 1073 132.4 x 1072 132.3 x 1073
Power Output (W) 8059 x 1073 1262 x 1073 126.5 x 1073 126.5 x 103 127.2 x 1073 127.1 x 103

Leg Dimension 1.5 (mm) x 1.5 (mm) x 3.2 (mm)

Temp. Range (°C) 205-227 191-227 191-227 191-227 190-227 190-227
(Difference (°C)) (22) (36) (36) (36) (37) (37)
Short circuit current (A) 1473 x 1073 143.6 x 1073 143.6 x 1073 143.5v 143.5 x 1073 143.3 x 1073
Power Output (W) 4179 x 1073 74.27 x 1073 74.74 x 1073 74.73 x 1073 75.80 x 1073 75.77 x 1073

Leg Dimension 2 (mm) X 2 (mm) x 3.2 (mm)

Temp. Range (°C) 214-227 204-227 204-227 204-227 203-227 203-227
(Difference (°C)) (13) (23) (23) (23) (24) (24)
Short circuit current (A) 148.0 x 1073 1472 x 1073 1472 x 1073 147.2 x 1073 147.1 x 1073 147.0 x 1073

Power Output (W) 24.84 x 1073 46.43 x 1073 46.99 x 1073 46.98 x 1073 4812 x 1073 48.15 x 1073

Table 9. The short circuit current and maximum power for TEGs which have hollow legs: Hot Side
T}, = 227 °C—Cold Side T, (Forced Convection: h = 20 W/ (m?2K)).

Hollow Square Triangular Trapezoid Reverse Trapezoid Hourglass Inverse Hourglass
Leg Dimension 1 (mm) x 1 (mm) X 3.2 (mm)

Temp. Range (°C) 177-227 153-227 158-227 158-227 158-227 158-227
(Difference (°C)) (50) (74) (69) (69) (69) (69)
Short circuit current (A) 1389 x 1073 126.7 x 1073 129.4 x 1073 129.4 x 103 129.3 x 1073 129.2 x 1073
Power Output (W) 98.85 x 1073 1455 x 1073 137.5 x 1072 137.5 x 1073 138.1 x 1072 138.0 x 1073

Leg Dimension 1.5 (mm) x 1.5 (mm) x 3.2 (mm)

Temp. Range (°C) 203-227 183-227 189-227 189-227 189-227 189-227
(Difference (°C)) (24) (44) (38) (38) (38) (38)
Short circuit current (A) 147.0 x 107%  140.8 x 1073 143.0 x 1072 143.0 x 1073 142.9 x 1072 142.7 x 1073
Power Output (W) 4635 x 1073 9146 x 1073 78.67 x 1073 78.66 x 1073 79.77 x 1073 79.74 x 1073

Leg Dimension 2 (mm) x 2 (mm) x 3.2 (mm)

Temp. Range (°C) 213-227 198-227 203-227 203-227 215-227 202-227
(Difference (°C)) (14) (29) (24) (24) (12) (25)
Short circuit current (A) 148.1 x 107 1459 x 1073 147.0 x 1073 147.0 x 1073 147.0 x 1073 146.8 x 1073

Power Output (W) 26.34 x 1073 59.20 x 1073 48.48 x 1073 48.48 x 1073 49.77 x 1073 49.72 x 1073

In the case of forced convection: h = 200 W/ (m?K) of the cold side, the behavior of the
TEGs resembles the one when the temperature was constant for both sides of the TEGs, see
Tables 10 and 11. The main differences are: only in the first scenario is the maximum power
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generated by the TEGs with square legs higher than the others; the temperature difference
between the hot and cold side of TEGs is not constant; the open circuit voltage is variable
and the lowest values are obtained for all cases for the TEGs with square legs, see Figure 7;
the best results for the maximum power generated are not unique, triangular-shape filled
and hollow, reverse trapezoidal are the best for the second scenario and hourglass filled
and hollow, triangular shape are the best for the third scenario, Tables 10 and 11.

Table 10. The short circuit current and maximum power for TEGs which have filled legs: Hot Side
T}, = 227 °C—Cold Side T, (Forced Convection: h = 200 W/(m?K)).

Filled Square Triangular Trapezoid Reverse Trapezoid Hourglass Inverse Hourglass
Leg Dimension 1 (mm) x 1 (mm) x 3.2 (mm)
Temp. Range (°C) 69.8-227 51.1-227 51.2-227 51.2-227 51.1-227 51-227
(Difference (°C)) (157.2) (175.9) (175.8) (175.8) (175.9) (176)
Short circuit current (A) 0.8098 0.5529 0.5518 0.5517 0.5492 0.5482
Power Output (W) 1.6602 1.3097 1.3077 1.3076 1.3035 1.2999
Leg Dimension 1.5 (mm) x 1.5 (mm) x 3.2 (mm)
Temp. Range (°C) 111-227 81.3-227 81.5-227 81.5-227 80.9-227 80.8-227
(Difference (°C)) (116) (145.7) (145.5) (145.5) (146.1) (146.2)
Short circuit current (A) 1.0975 0.8655 0.8630 0.8627 0.8574 0.8548
Power Output (W) 1.6838 1.7285 1.7280 1.7273 1.7259 1.7191
Leg Dimension 2 (mm) X 2 (mm) X 3.2 (mm)
Temp. Range (°C) 140-227 107-227 107-227 107-227 106-227 106-227
(Difference (°C)) (87) (120) (120) (120) (121) (121)
Short circuit current (A) 1.2373 1.0673 1.0639 1.0634 1.0567 1.0529
Power Output (W) 1.3938 1.7276 1.7333 1.7324 1.7443 1.7377
Table 11. The short circuit current and maximum power for TEGs which have hollow legs: Hot Side
T}, = 227 °C—Cold Side T, (Forced Convection: h = 200 W /(mZ2K)).
Hollow Square Triangular Trapezoid Reverse Trapezoid Hourglass Inverse Hourglass
Leg Dimension 1 (mm) x 1 (mm) x 3.2 (mm)
Temp. Range (°C) 61.3-227 45.5-227 47.9-227 47.9-227 47.8-227 47.7-227
(Difference (°C)) (165.7) (181.5) (179.1) (179.1) (179.2) (179.3)
Short circuit current (A) 0.7027 0.4557 0.4962 0.4961 0.4939 0.4930
Power Output (W) 1.5482 1.1232 1.2043 1.2042 1.2005 1.1978
Leg Dimension 1.5 (mm) x 1.5 (mm) x 3.2 (mm)
Temp. Range (°C) 106-227 71.1-227 79-227 79-227 78.4-227 78.3-227
(Difference (°C)) (121) (155.9) (148) (148) (148.6) (148.7)
Short circuit current (A) 1.0636 0.7566 0.8378 0.8375 0.8320 0.8296
Power Output (W) 1.7195 1.6315 1.7100 1.7094 1.7074 1.7010
Leg Dimension 2 (mm) X 2 (mm) X 3.2 (mm)
Temp. Range (°C) 137-227 94.4-227 106-227 106-227 144-227 104-227
(Difference (°C)) (90) (132.6) (121) (121) (83) (123)
Short circuit current (A) 1.2257 0.9741 1.0525 1.0521 1.0446 1.0416
Power Output (W) 1.4319 1.7731 1.7438 1.7429 1.7537 1.7467

3.2. Simulation for Leg with Internal Hollow

P-V characteristics are compared for TEGs with square legs with an internal hollow
and that are hollow in all three scenarios considered, Figure 10. The square leg with the
internal hollow has the same sizes for length and width in comparison with the hollow leg
from top to bottom, but the height is smaller by 2 mm. In the top and the bottom of the leg,
the squares are filled for 1 mm height.
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Figure 10. (a) Thermoelectric square leg with an internal hollow and P-V characteristics of the TEGs
which have legs with an internal hollow and are hollow of the TEG under steady-state heating
condition: (b) first scenario; (c) second scenario; and (d) third scenario.

The matching is very good, but by analyzing the results from Table 12, a little im-
provement is observed in the short circuit current and maximum power for the TEG with
an internal hollow. The open circuit voltage is almost the same for TEGs from the same
scenario. In the future, this type of hollow can be studied and the solution can be identified
to optimize the TEG module from the maximum power generated and the amount of
material used for the legs, to find the optimum height of the filled part and of the hollow. A
problem that has to be solved is the manufacturing process.

Table 12. Comparison for short circuit current, open circuit voltage, and maximum power for three
TEGs with square legs filled, are hollow and with an internal hollow.

TEG Square Hollow Square Square with Internal Hollow
Leg Dimension 1 (mm) x 1 (mm) x 3.2 (mm)
Short circuit current (A) 1.4248 1.0798 1.0864
Open circuit voltage (V) 9.6739 9.6884 9.6913
Power Output (W) 3.4940 2.6443 2.6704
Leg Dimension 1.5 (mm) x 1.5 (mm) X 3.2 (mm)
Short circuit current (A) 3.1197 2.7946 2.8028
Open circuit voltage (V) 9.6592 9.6676 9.6675
Power Output (W) 7.7827 6.9441 6.9658
Leg Dimension 2 (mm) X 2 (mm) X 3.2 (mm)
Short circuit current (A) 5.3728 5.0687 5.0771
Open circuit voltage (V) 9.6449 9.6505 9.6504

Power Output (W) 13.563 12.833 12.853
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3.3. Comparison

The results obtained through measurements for one commercial TEG with square-
shape filled legs, with the following features: maximum voltage 16,2 V; maximum current
5.3 A; sizes 40 x 40 x 4 mm; maximum power 57 W; BiTes, Al,O3, were compared with
the ones obtained through simulation. The sizes of the TEG are the same, as well as the
number of the NP pairs, 128, and the pitch. The P-V characteristics that were obtained
through simulation and the other measured in a real case under low concentration radiation
show a good matching; however, the difference decreases when the level of illumination
decreases (Figure 11). The temperature of the hot side, T}, of TEG is 227 °C, 73 °C and
46 °C, and for the cold side, the temperature is 46 °C, 20 °C, and 18 °C. These temperatures
are obtained for TEG when it was illuminated at different irradiance. The difference in
maximum power can be due to the distribution of the temperature on the hot side of the
TEG, in the real case, and perhaps a small difference between the material properties used
by the manufacturer in comparison with the properties from the COMSOL Multiphysics
software. The temperature was measured using two thermocouples on the hot side of the
TEG, which was covered with an adhesive graphite sheet, and three thermocouples on the
cold side of TEG.
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Figure 11. P-V characteristics of the TEG: (a) T}, =227 °C; T}, =46 °C (b) T}, =73 °C; Ty, = 20 °C and
(c) T, =46 °C; T, = 18 °C.

4. Conclusions

Thirteen thermoelectric generators are simulated in COMSOL Multiphysics software,
where 3D numerical models were developed and solved using the finite element method.
The thirteen TEGs are: filled square, which is the conventional leg shape, and the commer-
cial one, hollow square, filled and hollow triangular, filled and hollow trapezoid, filled and
hollow reverse trapezoid, filled and hollow hourglass, filled and hollow inverse hourglass
and internal hollow square which is studied for the first time. In the first case, the tem-
perature of the hot side was 227 °C and for the cold side, it was 46 °C. These were used
in the simulation because the performance of the commercial TEG was measured under
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illumination in concentrated light at 120 suns and these temperatures were obtained. The
TEG with filled square legs had the best performance for the three scenarios for the length
and width of 1 mm X 1 mm, 1.5 mm x 1.5 mm, and 2 mm x 2 mm. The maximum power
generated by the TEG with filled square legs was the highest in the third scenario. Using
the hollow legs means a reduction in the materials and implicitly in the costs. The reduction
in the maximum power for the TEG with square legs, 2 mm x 2 mm, which are hollow is
5%. A possibility for improving the performance is to use TEGs with square legs which
have internal hollows, for the TEG (2 mm x 2 mm) the maximum power increases by 0.2%
and for TEG (1 mm X 1 mm) by 1%. When natural convection and forced convection are
used for the cold side of the TEG and the hot side is kept at 227 °C, there are some changes;
the most important being that the temperature difference between the hot and cold sides
decreases, resulting in a decrease in the maximum power generated by the TEG and which
is variable from TEG to TEG. Therefore, for natural convection, the temperature difference
decreases from 181 °C to 6 °C and the behavior of the maximum power is inverse in com-
parison with the case when the temperature difference is constant. The highest maximum
power is obtained for the TEG with triangular legs with an internal hollow (1 mm x 1 mm).
This TEG has the best performance and for the forced convection with h = 20 W/(m?K). In
case of the forced convection with h =200 W /(m?K) the best performance is obtained by the
TEG with the hollow, triangular legs (2 mm x 2 mm). The comparison between the power
generated by the TEG with the filled square leg under illumination and the one obtained
through simulation shows a good matching and the model can be used successfully. The
future work will be to analyze and find a good solution for the reduction in the materials
used for the legs using different shapes and hollows.
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