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Abstract: Thermoelectric generator (TEG) modules generally have a low conversion efficiency.
Among the reasons for the lower conversion efficiency is thermoelectric (TE) material mismatch.
Hence, it is imperative to carefully select the TE material and optimize the design before any mass-scale
production of the modules. Here, with the help of Comsol-Multiphysics (5.3) software, TE materials
were carefully selected and the design was optimized to achieve a higher conversion efficiency.
An initial module simulation (32 couples) of unsegmented skutterudite Bag;YbgFep1Co39Sb1o
(n-type) and Ce( 5Ybg 5Fe3 25C0q 755b12 (p-type) TE materials was carried out. At the temperature
gradient TA = 500 K, a maximum simulated conversion efficiency of 9.2% and a calculated efficiency
of 10% were obtained. In optimization via segmentation, the selection of TE materials, considering
compatibility factor (s) and ZT, was carefully done. On the cold side, Bi;Te; (n-type) and Sb,Tes
(p-type) TE materials were added as part of the segmentation, and at the same temperature gradient,
an open circuit voltage of 6.2 V matched a load output power of 45 W, and a maximum simulated
conversion efficiency of 15.7% and a calculated efficiency of 17.2% were achieved. A significant
increase in the output characteristics of the module shows that the segmentation is effective. The TEG
shows promising output characteristics.

Keywords: modelling; segmentation; thermoelectric generator; skutterudites; efficiency

1. Introduction

Carbon emission is among the factors that cause global warming; a major source of carbon
emission is the burning of fossil fuels. In an effort to cut down carbon emissions, various alternative
energy sources have been identified. Thermoelectric generators (TEGs) are among the promising
alternatives for sustainable energy sources that can convert heat directly into electricity. This technology,
if successful, will serve as a major source of energy on both the moon (space missions) and the earth
(terrestrial applications). The thermoelectric effect often comprises the Seebeck effect, the Peltier effect,
and the Thomson effect [1].

Thermoelectric generators generally have a low conversion efficiency. This conversion efficiency
depends on the transport properties of the thermoelectric (TE) material and is limited by electrical
resistance and thermal contact resistance. Another factor that limits the conversion efficiency of
TEG devices is Carnot efficiency [2]. Generally, for a TE material to be considered good enough for
thermoelectric applications, its dimensionless figure of merit should be ZT = a?6T/x > 1. That is to
say, the TE material should have a high power factor (¢?0) and a low thermal conductivity. TEG devices
could be widely used if the conversion efficiency was increased. This can be achieved through
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increasing the figure of merits of the TE materials. The application of state-of-the-art technology in
the design and optimization results in the minimization of thermal and electrical contact resistance
losses. A reduction in these losses will give rise to an increase in the figure of merits. To date, various
TE materials, such as skutterudite [3-6], clathrate [7-9], half heusler [10-12], metal oxides [13,14],
perovskite [15,16], and chalcognide [17,18], have been studied. Different material approaches have
proven promising in increasing the ZT of materials; such approaches include Phonon Glass Electron
Crystals (PGECs) [19], Phonon Liquid Electron Crystals (PLECs) [20], and the use of band resonant
states to enhance the density of states [2], etc.

Skutterudites, being cheap, abundant, relatively safe, having good thermal and mechanical
stability and a high ZT > 1 at mid-range temperatures, is one of the TE materials that is increasingly
attracting researchers’ attention [21,22]. Here, the modelling and optimization of skutterudite TE
materials segmented with chalcogenides was done. The conversion efficiency values of the simulation
were compared to the calculated efficiency values.

2. Materials and Methods

2.1. Owverview of Material Preparation

TE materials are being synthesized via different methods, such as microwave-assisted
thermolysis [17], mechanical alloying [5,23,24], solvo-thermal [25], fast quenching methods [23],
nanocrystal synthesis [26-28], melting and annealing [29,30], and solid-state reaction [23,31]. In this
study, the skutterudite materials were prepared via melting and annealing, bismuth telluride was
prepared via a chemical synthesis route, and antimony telluride was prepared via physical vapor
deposition followed by spark plasma and/or hot press methods [3,32-34]. Irrespective of the method
of preparation chosen, characterization processes, such as Scanning Electron Microscopy [5,35],
Transmission Electron Microscopy [36,37], and X-ray Powder Diffraction [38,39], are carried out on
the dried powders. Scanning Electron Microscopy (SEM) is for the analysis of surface topography
and the composition of the samples. Transmission Electron Microscopy (TEM) is used to create high
magnification images of the internal structure of the samples for analysis. X-ray Powder Diffraction
(XRPD) is used for the phase identification of the crystals. The sample undergoes compaction through
either spark plasma sintering [30,38,39], a cold pressed technique [40,41], a hot pressed method [42,43],
or Arc melting [26]. Furthermore, a diamond saw blade is used to cut the compacted samples
(pellets) into appropriate disc shapes and prismatic bars. Disc-shaped samples can be used to measure
thermal diffusivity (D) and specific heat capacity (C,) via Laser Flash Analysis (LFA) and Differential
Scanning Calorimetry (DSC) systems, respectively. The prismatic bar shaped samples, used by the
Seebeck coefficient and electric resistance measurement system, are for the measurement of the Seebeck
coefficient (S) and the electrical resistivity (). The electrical conductivity is the reciprocal of the
electrical resistivity and the total thermal conductivity x = D-p-C,, where p is the bulk density of
the disc obtained from the Archimedes method. In Hall effect measurements, the sign of the Hall
coefficient Ry determines the carrier type (holes or electrons), while the concentration of the charge
carrier is ng = (eRH)_1 and the carrier mobility is ug = Ry, where e is the elementary charge and o
is the electrical conductivity [17]. With the results obtained from the measurements, the figure of merit
and power density can be determined. Materials (n-type and p-type) found suitable for thermoelectric
applications could be used in TEG to generate electricity from heat.

2.2. Thermoelectric Generator Module

A thermoelectric generator module is an electrical series and a thermal parallel arrangement of
n-type and p-type thermoelectric materials in the form of legs. The top and bottom of the legs are
joined by conductors and are thermally insulated from the top and bottom by an insulator, i.e., alumina.
Heat applied to the top side and the bottom side was kept at a low temperature; due to thermoelectric
effects, voltage is produced across the n-type and p-type terminals, and by connecting the load across
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the terminals, output power and the conversion efficiency could be determined. Figure 1 shows a
typical segmented thermoelectric generator module.

Hot side

Figure 1. Segmented thermoelectric generator module.

Recently, TEG modules are being designed and simulated in 3D using Comsol-Multiphysics
(COMSOL Inc., Burlington, Stockholm, Sweden) or ANSYS engineering simulation and 3D design
software. Usually, researchers begin the design and simulation of a unicouple TEG and later the
design is scaled up to a module composed of a number of n-type and p-type legs. Zhonglian et al.
carried out a comprehensive design and simulation of a segmented module [44]. However, a PbTeS TE
material was used in the design. Aslead (Pb) is a toxic element, it needs to be replaced, or another,
less toxic, compound should be investigated. Here, skutterudite TE materials are investigated.
By understanding the mathematical equations involved in the TEG, modelling and optimization can
be achieved. Considering all of the possible thermal transfer losses, thermal and electrical contact
resistances are negligible at a steady state, in which the heat is absorbed on the hot side and the heat
rejected on the cold side.

Qu = nfalTy - %IZR +K(Tg - T¢)] (1)
Qc = n[alT, + %121{ +K(Tg - T¢)] 2)
1 1
R=L(— 3
(UpAp + o 3)
a=ay+ay (4)
K= %(KPAP + KnAp) (5)
o a(TH - Tc)
=== ©)
P, =Qu-Qc =PFR; @)

Qy, is the power absorbed at the hot junction, Q¢ is the power released at the cold junction, R, &, and «
are the internal resistance, Seebeck coefficient, and thermal conductivity of a unicouple, respectively.
I'is the electric current passing through the device, P, is the output power, and R; is the load resistance.
A is the cross sectional area of the leg. Usually, n-type and p-type legs have equal lengths L, and # is
the number of couples in a module. T} is the hot side temperature and T is the cold side temperature.

2.3. Segmentation

The modelling of the TEG enables the designer to optimize the design for better performance.
From the Seebeck effect, the output voltage is proportional to the temperature gradient. It is desirable to
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operate a TEG over a wide range of temperature gradients. However, as TE materials are temperature
dependent, it is challenging to find a single material that can operate efficiently over a wide range of
temperatures. In order to achieve this, segmentation is called for. In a segmented TEG device, two or
more TE materials can be arranged in sections across the length of the n-type and p-type legs of the TEG
device. The figure of merit is the contribution of all the materials used. Segmentation, if done properly,
results in a higher conversion efficiency. Factors to consider in segmentation are materials with a higher

figure of merit and the compatibility factor s = % The compatibility factor of the materials
considered for segmentation should not differ by a factor greater than two. Snyder [45] further stated
that maximum efficiency occurs when the compatibility factor (s) is equal to the relative current density
given by u = rL=. Another condition for maximum conversion efficiency is 5t = VI + ZT [44].
Figure 2 shows a simplified segmented unicouple of n-type BagYbgFep1Co39Sbis [3], n-type
BiyTes [33], p-type Cep5Ybg sFe3 25C00.755b12 [32],and p-type SbyTes [34] materials. Skutterudites show
high ZT at a mid-range temperature [3,32]. Bi,Te; and Sb,Tes, however, generally undergo oxidation,
volatility, and decomposition at a higher temperature. They show high ZT at a lower temperature
around 100-150 °C [33,34]; as such, they are suitable for low temperature applications. Equations (8)
and (9) give a typical figure of merit (k1) for two materials’ segmentation and conversion efficiency.

2
(aph + ape + IanhH'lancl)

Z= ; ®
(Ko + Kpe) (P + Ppe) ]2 +[(Kop + Kiae) (P + Prc)]” 12
_ Poy  Ty-Tc VI+ZT-1 ©)

1= Qn  Tu VI+ZT + 5

where Z (k1) is the figure of merit in segmentation involving two materials, Pphs Ppes Prn, and pnc are
the electrical resistivity of the hot and cold sides of the p-type and n-type TE materials, respectively.
The same applied for the Seebeck coefficient and the thermal conductivity. T(k) is the average operating
temperature, 7 is the TEG conversion efficiency.

Cold side
Figure 2. Simplified segmented unicouple thermoelectric generator (TEG) for V,. measurement.
2.4. Governing Equations for the Simulation

A finite element analysis method was employed in the modelling and analysis of the TEG in
Comsol-Multiphysics. The governing equations are as follows [46]:
Heat transfer in solids: Energy balance

pCou-VT +V-qg = Q + Qpeq (10)
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Fourier’s law

q=—-kVT (11)
Thermal insulation
-nq=0 (12)
Electric current: Current conservation
V] =Qjw (13)
Ohm’s law
J=0E+], (14)
E=-VV (15)
Joule heating (irreversible process)
Q=JE (16)
Electric insulation
Thermoelectric effects:
q="PJ (18)
P=ST (19)
J, = —aSVT (20)
Electromagnetic heat source:
pCpu-VT = V-(kVT) + Q. (21)
Qe=JE (22)

p = Density, C, = Specific heat, Q = Heat source, | = Induced electric current, Qs = Thermoelectric
effect, E = Electric field, V = Electric potential, S = Seebeck coefficient, P = Peltier coefficient,
o = Electrical conductivity, Q]- = Current source, g = Heat flux in conduction, k = Thermal conductivity,
T = Temperature, and J, = External current source.

3. Results

3.1. Discussion

Having successfully conducted the simulation for a segmented module (32 couples) with the
cold side and interface temperatures of 300 k and 450 k, respectively. The hot side temperature for
three different sets of simulations are 500 k, 600 k, and 800 k. For optimization, various simulations
were carried out. The length of the legs should be long enough to gain optimum efficiency and
minimum thermal stress, and should be short enough to produce high output power [47]. Thus,
6 mm was selected. From the cold side, the temperature at which Bi,Tez and Sb,Tes have the highest
efficiency occurs at approximately one third of the length of the leg. Thus, the segmentation ratio is
uniformed and found to be 2:1 skutterudites to chalcogenides, respectively. The cross-sectional area of
the p-type leg was selected to be 4 mm x 4 mm. The resistivities of n-type and p-type legs for both
skutterudites and chalcogenides materials are different. Having the same cross-sectional area will
make the current pass through the leg with the highest resistance, which will result in a low output
efficiency of the leg. For an optimal efficiency of the module, the n-type cross-sectional area should
be less than p-type cross-sectional area via g—z = %
of 40 mm x 40 mm X 7 mm. As mentioned earlier, the compatibility factor is a key to increasing the

[44]. The module has an overall dimension



Appl. Sci. 2020, 10, 408 60f 14

conversion efficiency of the module. Figures 3 and 4 show the p-type and n-type compatibility factors
of the materials, respectively.
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Figure 4. N-type compatibility factor of the materials.

For the module simulation, the material properties were fully assigned and the heat transfer in
the solids was defined (i.e., the temperature gradients of 500 K, 300 k, 200 k were specified). On the
cold side, the ground was assigned to the n-type leg and the terminal was assigned to the p-type leg.
Electrical circuit physics were added to include an electrical load resistor to the circuit. An external
I'Vs U 1, which operates as a voltage source within the circuit, was labelled properly to correspond
to the resistor and ground node labels. The value of the internal resistance was calculated from
Equation (3) at TA = 500 k is 0.2 (). The maximum power occurs when % = 1. The condition for
attaining maximum conversion efficiency differs to that of the maximum power. The thermoelectric
effect, electromagnetic heat source, and boundary electromagnetic heat source were selected, while
the boundary thermoelectric effect and temperature coupling were deselected. The type of physics
controlled mesh was chosen, and the stationary study was selected for the computation of the results.
Open circuit simulations for temperature gradients of 200 k, 300 k, and 500 k give an output voltage of
2.44V,3.82 'V, and 6.2 V, and a matched load output power of 6.2 W, 15.2 W, and 45 W, respectively.
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To determine the maximum power and the maximum conversion efficiency, a parametric sweep of the
load resistance was conducted. For each simulation, a 1D plot was selected from the result, then the
y-axis data drop box displayed the current terminal and voltage terminal values for computing power,
while the total net heat rate for T1 (hot side) was used to compute the efficiency.

At a temperature gradient of 500 k, the calculated conversion efficiency of the unsegmented
skutterudite n-type Bag 1 Ybg 2Feg1Co039Sb1, and p-type Ceg 5Ybg sFes3 25C00 755b12 based TEG module
is 10%, while its maximum simulated efficiency is 9.2%. However, at the same temperature the
calculated conversion efficiency of the segmented TEG device is 17.2%, while the maximum simulated
conversion efficiency is 15.7%. Figure 5 shows the comparison of the simulated efficiencies of both the
segmented module and the unsegmented module.
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Figure 5. Comparison of the simulated efficiencies for the segmented module and the unsegmented module.

With these results, the segmentation is said to be successful. The segmented module has a 72%
and 70.7% increase in the calculated and simulated conversion efficiency, respectively. Figure 6 shows
the comparison of the calculated and the maximum simulated conversion efficiency at three different
temperature gradients for the segmented TEG module. The maximum simulated values are lower than
the calculated values. The higher values of calculated efficiencies are due to the fact that the thermal
and electrical contact resistances associated with the TEG module are not included in the calculations.

Efficiency (%)

Figure 6. Comparison of the conversion efficiencies for the segmented TEG.
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Having confirmed (calculated and simulated) that the segmented TEG modules have a higher
conversion efficiency than the unsegmented TEG modules, the other output parameters, such as output
voltage, current passing through the device, and power, are determined. Figure 7 shows the plot of the
output current versus the output voltage at three different temperature gradients. As expected, as the
voltage increases the current decreases. Figure 8 shows the power plot against the load resistance.
The power reaches maximum when the load resistance is equal to the internal resistance. After that

point, the power starts decreasing until it reaches a point where it will no longer decrease. Figure 9
shows the plot of the output voltage against the load resistance. Here, as the voltage reaches its
maximum (open circuit value), it remains constant irrespective of the load resistance.
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Figure 7. Current versus output voltage.
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Figure 10 shows the plot of efficiency against voltage. The efficiency increases until it reaches
% = V1 + ZT,, then it decreases to zero at the open circuit voltage value. Figure 11 shows the plot of
efficiency against current. Figures 12 and 13 show the plot of output power against current and output

power against voltage, respectively.
By comparing Figure 11 with Figure 12, and Figure 10 with Figure 13, it can be said that the

efficiency and the output power reach their maximum at different points. This confirms that the
condition for maximum efficiency differs to that of the maximum power.
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Figure 10. Conversion efficiency versus output voltage.
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3.2. Contact Resistance

Whenever two materials are connected together, electrical and/or thermal contact resistances
will be formed at the interface due to either surface roughness or excessive pressure being applied
to the material interface during synthesis. Contact resistance is the major source of losses in TEG
modules. Obtaining a low contact resistance is as important as enhancing the ZT values of TE
materials. Electrical contact resistance occurs at the interface between the electrode-TE material and
TE-TE material. The high value of the electrical contact resistance could introduce heat at a junction,
which would subsequently reduce the output voltage. Thermal contact resistance, on the other hand,
involves heat loss at the interface as the heat passes from one material to another. It is present at
every interface. Contact resistance can be measured from a scanning probe technique or transmission
line-based technique. To view the effect of thermal contact resistance and electrical contact resistance
on the TEG model, parametric sweeps of 107°-5 x 107! m? KW~! and 10715 x 107> Om? were
carried out, respectively. The reduction in the conversion efficiency was less than 20% in both cases.
If segmentation increases the efficiency by 30%, then a thermal contact resistance of 20% or an electrical
contact resistance of 30% can be accepted [48].

3.3. Radiation and Convection Losses

In a TEG module, due to heat transfer, there is always radiation and convection losses. This is
because some of the energy is being absorbed or reflected by air molecules. A black body, in the
concept of radiation, is a surface that absorbs all incident radiation and reflects none. A black body is
a perfect radiator, it has an emissivity of ¢ = 1, which is the highest possible value. However, TEG
modules do not act like a black body. The effect of radiation losses on the segmented TEG model has
been investigated [44]. The ideal way to reduce the heat losses, which occur due to radiation and
convection, is to either use an insulating material between the legs or evacuate the module completely
and use short but wide legs closely spaced [49].

3.4. Diffusion Barrier

Lead-free solder alloys are often used to join an electrode and a TE material. It has been confirmed
that an interfacial reaction exists between the solder and the TE material, leading to the creation of
contact resistance and the possible degradation of TEG module performance [50]. In practical TEG
modules, a diffusion barrier, usually in um thickness, is inserted in between the solder and the TE
material via either ultra-high-vacuum (UHV) radio frequency (RF) sputtering, spark plasma sintering,
or electroplating procedures to inhibit the formation of intermetallic compounds at the same time
as ensuring a good electrical bond. Its analysis is often conducted via SEM. The effect of diffusion
layers, such Au, Pt, Ti, Ni, Co-P, and Ni-P on TEG modules has been investigated [50-53]. If an
appropriate thickness is used, the diffusion layer can enhance the efficiency of a module. To avoid
having a mismatch at the interface during expansion, the thermal coefficient of the diffusion layer
should be similar to that of the TE material and the electrode. Bilayer metallization [54] and multilayer
metallization [55] prove effective in lowering electrical contact resistance, providing thermal coefficient
matching, and serve as a good diffusion barrier.

4. Conclusions

In this report, the conversion efficiency of the synthesized skutterudite n-type
Bag1YbgFep1Co39Sbir and p-type Ceg5YbgsFes25C0755b12 TEG module has been investigated.
At a temperature gradient of 500 k, the unsegmented skutterudite-based TEG module has a maximum
simulated conversion efficiency of 9.2% and a calculated efficiency of 10%, while the segmented
skutterudite-based TEG module has a maximum simulated conversion efficiency of 15.7% and a
calculated efficiency of 17.2%. This shows a substantial increase in the conversion efficiency, and it
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demonstrates that the segmentation is successful. The open circuit voltage is 6.2 V and the matched
load output power is 45 W.
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