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Unileg-type thermoelectric generators have proven to be a good choice for
high-temperature applications, because their composition from a single ther-
moelectric material avoids different thermal expansion coefficients, giving the
structure good mechanical strength and increased lifespan during thermal
cycling. These structures are usually composed of a thermoelectric pellet with
metallic electrical conductors joining the hot and cold ends of consecutive
pellets. The novel unileg structure described herein is designed to deal with
one of the main issues with traditional devices, viz. the physical and chemical
stability of the solder between the pellet and the conductor at the hot side. The
material for which this structure is proposed is a p-type CazCosOg9 semicon-
ductor oxide, due to its chemical stability at high temperature and good
machinability. This final requirement is related to the main innovation of the
structure, viz. a partial cut that divides the pellet longitudinally, leaving two
legs joined by an uncut section, forming a section similar to the letter I1. The
metallic conductor stripe usually employed in unileg thermoelectric generator
manufacturing is replaced by a coating of conductive material, in this case
silver, on one of the legs resulting from the cut. Due to these operations, one of
the legs is practically short-circuited and acts as an electrical conductor for the
unileg structure, eliminating the need for soldering at the hot end of the pellet.

Key words: Unileg, thermoelectric generator, thermal stress, power
generation, thermal simulation, energy efficiency

INTRODUCTION

The increasing industrialization of network-con-
nected devices and the real-time monitoring of
industrial processes, which require a supply of
electrical energy, have led to increasing popularity
in waste energy harvesting systems. Such har-
vesters include thermoelectric generators, which
are solid-state devices that can convert a thermal
flow passing through them into electrical energy
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due to the physical phenomenon called the thermo-
electric effect. These energy harvesting devices have
also been used as main electrical energy sources,
due to one of their main advantages over other
engines, i.e., their independence from the fuel used
to raise the temperature of the hot side, as seen in
radioisotope thermoelectric generators used in
space probes! or natural-gas-fueled thermoelectric
generators for unattended installations with high
reliability requirements.?

Thermoelectric generators are usually composed
of pellet-shaped semiconductor thermoelectric
material and strips of conductive material of metal-
lic nature that connect the pellets, on substrates of
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ceramic or metallic material, where the hot and cold
sources of the system are located. These pellets are
connected thermally in parallel and electrically in
series. The most common structure is that formed
by alternating n- and p-type semiconductors, such
as the one shown in Fig. 1a.

Another structure is the so-called unileg. In this
design, only one semiconductor material is used.
This is usually done due to the lack of a semicon-
ductor material of the other type having similar
properties, or as a way to avoid stresses deriving
from different coefficients of thermal expansion,
which is a common effect in high-temperature
modules, where thermal gradients can lead to
device failure on thermal cycling. As seen in Fig. 1b,
a Z-folded metallic stripe usually joins the hot and
cold ends of the pellets of the same material in the
unileg case.® This part is significantly more compli-
cated from a geometrical point of view than the
equivalent in a conventional module, representing a
challenge when manufacturing the module repeat-
ably, precisely, and as close as possible to the ideal
design.* Modules built without using any special
fabrication process can reach manufacturing factor
(MF = Rideal/Rint) values, as defined by Lemonnier
et al.,”> of around 60%.° Simplification of umle%
modules is the subject of numerous patents,’
where exotic forms of connectors and mechanisms
to ease the assembly process can be found.

The conversion efficiency of such devices is rep-
resented by the figure of merit ZT, which relates
thermal parameters such as the thermal conductiv-
ity and temperature and electrical parameters such
as the resistivity and Seebeck coefficient.
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Fig. 1. The most common thermoelectric structures employed for
module building using (a) n- and p-type semiconductors or (b) only
one type.

For years, research efforts have focused on
achieving ZT values that would allow use in prac-
tical power generatlon applications, on the order of
ZT ~ 1.5, by improving the power factor o?s, by
improving the Seebeck coefficient, increasing the
electrical conductivity, or reducing the thermal
conductivity of the materials. However, few studies
or inventions have tried to improve the overall
efficiency of thermoelectric modules by means of
geometric modifications to the classic setup.’

The viability of thermoelectric modules as a
source of electrical energy depends on a balance
between their efficiency, cost, and ecological impact.
In the work described herein, we developed a basic
module structure that aims to reduce the cost of the
whole assembly using a p-type oxide semiconductor
material (CazCo4Og), which also has the advantage
of complying with Restriction of Hazardous Sub-
stances (RoHS) regulations, making it a safe mate-
rial. Because of the use of a single thermoelectric
material, the structure can be considered to be of
unileg type. This material was chosen for its good
machinability and physical and chemical stability at
high temperatures.”

The machinability requirement is related to the
main innovation of the structure, viz. a cut that
divides the thermoelectric pellet into two segments
joined by an upper section that is not affected by the
mentioned cut, forming a section that resembles the
Greek letter I1. The metallic stripe typically used in
unileg assemblies is replaced by a coating of metal-
lic material, preferably silver due to its high melting
point and electrical conductivity, on one of the
segments resulting from the cut. In this way, it is
expected to achieve an effect similar to an electrical
short circuit, due to the high electrical conductivity
of the metallic coating, similar to what occurs with
the metallic stripe that is commonly used. Figure 2
compares a conventional unileg device with the
device having the proposed new structure.

This development involves the same number of
welds, viz. two, for each basic thermoelectric unit.
However, the proposed configuration offers an
advantage over the conventional unileg in that both
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Fig. 2. Comparison of the current most commonly used unileg
solution (left) with the proposed novel structure (right).
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welds to be made can be placed on the side
designated as the cold focus of the system, using
solder paste with a lower melting temperature,
which enables use of lower-temperature manufac-
turing processes that avoid the diffusion of materi-
als that occurs in the hot focus at high
temperatures.!’"'? Formation of intermetallic com-
pounds between the thermoelectric material and
solder is unfavorable due to their weak mechanical
strength and high contact resistance.'® The lifespan
of the thermoelectric module is also improved
because, being composed of only a single thermo-
electric material, there are no expansion stresses,
which is of special importance for devices subjected
to high temperatures and large thermal gradients,
which could fracture the module.

The aim of this work is to compare the theoretical
thermoelectric behavior expected from the new
structure with a single pellet, to reveal how the
special features of this invention will affect the
performance of the material.

TEG MODELING

To understand the behavior of this particular
structure theoretically, a tailor-made finite differ-
ence solver was developed using the core MATLAB
package. The equations of the physics involved in
this problem, Eqgs. 1 and 2, are solved iteratively at
each time step. The transient term of the electrical
field equation is not taken into account.

oT

pCp—, — V(RVT) = pad® + TJI Vo, (1)

VV = —aVT — pgd. (2)

The first term on the right-hand side of Eq. 1 is
the volumetric contribution of the Joule effect to the
heat generation, while the second one is related to
the Peltier and Thompson effects. The electric field
in Eq. 2 is governed by the voltage difference caused
by the Seebeck effect and the voltage drop caused by
the resistivity of the material. For the numerical
analysis, it is useful to handle these separately.

In the calculations performed in this work, p-type
Biy;Te; semiconductor was considered as the ther-
moelectric material, as the temperature-dependent

properties of CazCo,4Og obtained using an improved
manufacturing process'* were not yet available
when starting this work. The thermal and electrical
conductivities and Seebeck coefficient were set to be
temperature dependent for Bi,Tes; according to the
polynomials whose coefficients are presented in
Table I. The conductive material is a 35-um-thick
silver layer with all thermal and electrical proper-
ties constant. It is attached to a 2.5-mm-side square-
base prism with a 10-mm-high thermoelectric ele-
ment. The cut is centered and 0.5 mm wide, with
depth of 8.5 mm. In the single-pellet calculation, a
pellet of the same size was considered, in this case
without the coating or cut. It has to be taken into
account that no metallic stripes are considered in
this computation. A simple calculation is used to
estimate its performance,'® as this simple geometry
does not require finite difference analysis.

Figure 3 shows the computational domain, with a
variable-spacing mesh to properly capture the
effects and gradients near the silver layer. The
solid silver layer is modeled without thermal or
electrical contact resistance. Figure 4a and b show
the thermal and electrical boundary conditions used
in the analysis, with fixed temperature of 85°C at
the hot side and uniform heat flux at the cold side,
and the electrical reference set at the non-short-
circuited leg. The thermal power dissipated at the
cold end is 50 mW.

A mesh independence study was conducted to
ensure that the results were not dependent on the
grid quality, using the Richardson extrapolation
method'® by which a higher-order estimation of the
thermal and electrical fields can be estimated from a
series of low-order discrete values. The value esti-
mated by Richardson extrapolation is that which
would be obtained if the grid size tended to zero.
Three different grid levels were used for this calcu-
lation, with a mesh refinement ratio of four between
consecutive levels. The finest grid contained nearly
17,000 cells. Strong dependence on grid size was
found, especially at the open-circuit voltage, which is
a consequence of the Seebeck effect and substantially
influences the other results. As discussed below, the
possible cause of this phenomenon can be clearly
appreciated in Fig. 5. All variables converge asymp-
totically and monotonically, which is why this
extrapolation method can be used.

Table I. Thermoelectric properties of Bi;Te; employed in the numerical analysis

Polynomial Coefficients P = a,T* + a3T? + a;T? + a; T' + ay

Property a,

as as a; ao

Thermal conductivity, «c (W m K1) —-2.002 x 107!
Electrical conductivity, ¢ (Q ' m™?)

Seebeck coefficient, S (V K1) ~1.318 x 10715

—5.033 x 1078
7.040 x 1071% —4.566 x 10712
8.444 x 107 —1.742 x 107°

1.485 x 10°
1.709 x 1078 7.744 x 107
1.262 x 1077 2.161 x 1074

4.010 x 107° -1.638 x 1072
8.468 x 1071
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Fig. 3. Computational mesh of the new thermoelectric structure;
note the cell clustering near the conductive coating.
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Fig. 4. Thermal and electrical boundary conditions applied in the
simulation. The yellow rectangle attached to the Il indicates the
conductive coating (not to scale).
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Fig. 5. Open-circuit voltage for three grid levels and its extrapolation.

RESULTS

Each steady-state calculation was completed in
less than 5 s. This calculation efficiency allowed
performance of computations with a set of resistor
values ranging from 0 Q to 1.6 Q acting as a linear
load for the novel thermoelectric structure.

Figure 6 shows the output of one of these compu-
tations graphically. The thermal field seems to have
been slightly influenced by the higher thermal
conductivity of the conductive coating, as it reaches
higher temperatures at the right leg, around 8°C. In
the voltage field due to the current flow, it can be
clearly seen that the voltage drop on the right side is
smaller than that on the other side. This confirmed
that the new structure works almost as a short
circuit, as foreseen in the concept stage. Regarding
the contribution of the Seebeck effect, as a conse-
quence of the thermal distribution, the right leg has
a smaller potential difference compared with the left
at its ends. This creates a net potential between the
terminals of the structure. Note that the voltage
gradient due to the Seebeck effect is also smaller in
the short-circuited leg. The resulting voltage field
produces a potential difference at the base of the
thermoelectric element, which corresponds to the
voltage applied to the load resistor. This value is
slightly higher than 1 mV.

The results for the novel thermoelectric structure
are compared quantitatively with those for a single
pellet in the figures presented below. As can be
seen, the resulting profiles follow the same trend in
both cases. However, the efficiency of the proposed
structure seems to be several times lower than the
values for a single pellet. It has to be taken into
account that the performance degradation caused
by the Z-folded stripes is not considered here.
However, the efficiency of a conventional unileg
system can reach values as high as 2.3%,” com-
pared with around 3.5% in these calculations, much
higher than the value of 0.013% reached by the
novel structure.

Another interesting feature that can be observed
from these graphs is that the internal resistance of
the leg is almost three times higher than for a single
pellet, as the peak value of the electrical power
dissipated at the resistor is offset to higher resistor
values.

The voltage applied to the load is around ten
times lower for the new structure, which in combi-
nation with the higher internal resistance, results
in a much smaller current of 25 mA in short-circuit
conditions compared with the value of 700 mA that
can be achieved with a single pellet.

DISCUSSION

Computational Results

As expected, the power that can be developed
using this structure is lower than that which can be
achieved with a single pellet. The energy harvesting
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Fig. 6. Computation results showing (a) temperature field (°C), (b) ohmic voltage drop (V), (c) Seebeck voltage (V), and (d) resulting voltage (V)
for load resistor R oap = 50 mQ, fixed hot-side temperature Tyot = 85°C, and dissipated thermal power Qcop = 50 mW. Note the difference in

voltage scale between (b) versus (c) and (d).

efficiency is reduced by two orders of magnitude. As
in Fig. 6, the contributions of the temperature,
voltage drop, and Seebeck effect are analyzed
separately below.

The temperature field is strongly influenced by
the geometry of the cut and the presence of the
metallization. In this analysis, the cut was centered,
resulting in two legs with the same cross-sec-
tion. The metallization is 35 um thick, so it is a
very low section with respect to the legs, of 1 mm
each. Despite this great difference, the higher
thermal conductivity of the silver results in asym-
metry in the temperature field of the thermoelectric
material. When reducing the section of the metal-
lized leg, either by displacing or increasing the
thickness of the cut and displacing it, the device
would tend to behave like a conventional unileg
structure. It should also be considered that, if the
thermal contact resistance were taken into account,
the thermal distribution could be affected. It is
known that one of the sources of inefficiency of a
conventional unileg device is the high thermal flux
that passes through the metallic strip. Therefore,
the thermal difference of the legs is expected to
increase. The boundary conditions imposed in the
calculation are also responsible for the resulting
temperatures. To simplify the analysis, Neumann
boundary conditions were applied on all parts of the
assembly in contact with the cold side, prescribing
the amount of heat that passes through the struc-
ture (W/m?). It is believed that employing a Cauchy
boundary condition with an external temperature
and a heat transfer coefficient could further vary
the thermal field of the structure. This would be
more similar to a real system, for example, a finned
heat sink that acts as the cold side. In the same way,
a change of the boundary condition applied on the
hot side could cause the thermal flux to vary. In this
case, the boundary condition is of fixed-temperature

Dirichlet type. It is expected that these changes
would produce an increase in the temperature of the
metallized side of the leg. The choice of these
boundary conditions, albeit not ideal, was made
because the authors considered this to be the best
way to represent real-life power generation systems.
The mentioned changes could have a direct effect on
the distribution of the Seebeck coefficient along the
structure.

The Seebeck coefficient distribution does not seem
to be strongly affected by the presence of a material
with an assigned Seebeck coefficient of zero. The
value at the ends of the legs varies in proportion to
the variation of the temperature field. The electric
field of each leg is opposite, and it is their difference
that creates the net potential difference. Any
increase in the resulting voltage will increase the
efficiency of the proposed structure. The mesh
dependence analysis carried out in this work
showed that the resulting electromotive force is
sensitive to the mesh density in the metallized area.
This parameter, together with the load resistance
and internal resistance, also serves to determine the
current flowing through the structure terminals. It
is therefore of particular relevance to realize clus-
tering of computational cells in the metallization
and the area where it contacts the thermoelectric
material.

Finally, with regard to the voltage drop due to the
current flow, it can be said that, compared with the
low voltage generated by the Seebeck effect, its
effect on the total generated power is not so severe.
However, the division of the leg into two halves
causes the internal resistance to rise, as the elec-
trical section through which the current must flow
decreases. In this way, the voltage drop is greater
than across a single pellet with larger section. The
metallization practically fulfills the theory of caus-
ing an electrical short circuit. Thanks to this effect,
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an even greater voltage drop is avoided, since the
length to be traversed by the electric fluid would
increase in the absence of this layer. As in the
thermal section, taking into account the contact
resistance of the silver layer could have perfor-
mance implications, since the resistance to current
flow would increase. This should therefore also be
the object of future studies to determine the optimal
ratio of the leg sections to maximize energy har-
vesting. However, it is possible that the optimiza-
tion of this parameter will be a particular issue for
each application.

Thermoelectric Leg Concept

When considering the development of new mate-
rials and modules, efficiency improvements are
generally given priority, but there are applications,
mainly industrial, where other characteristics such
as robustness and cost are given priority, with
efficiency being relegated in importance as long as
the TEG device generates the energy required for
the application.

Although the level of energy generated by the
proposed structure is clearly insufficient for any
practical applications, the fact that it works accord-
ing to the conceptual considerations reveals certain
advantages over conventional designs. In this sense,
the proposed design exhibits a series of character-
istics that will allow improvements in terms of cost
and robustness, as the calculations indicate that the
new structure theoretically allows the development
of a net potential difference between the legs of the
structure.

The use of a single material prevents geometric
distortions due to the effects of expansion, avoiding
the high thermal stresses that occur in conventional
thermoelectric modules when two different materi-
als undergo contractions and dilatations of different
magnitude during thermal cycling, which can result
in failure and destruction of the module. The
absence of welding on the hot side is one of the
factors that influence the expected improvement in
robustness, since welding results in a contact resis-
tance that deteriorates with both continuous expo-
sure to high temperature’® and stresses due to
thermal cycling and the mismatch of thermal
expansion coefficients between various module com-
ponents and materials,'® although this requires
experimental validation in future work.

The main barrier to production of economical
high-temperature thermoelectric modules lies not in
the material, but in the costs of the system, heat
exchangers, and ceramic plates.'? The cost of high-
temperature generation modules is generally too
high for commercial applications, although their use
is possible in specific niches that are less condi-
tioned by price restrictions. Apart from the TE
materials used, most TE modules are assembled
manually, requiring, in addition, specific welding
materials and tools to withstand the high assembly

and operating temperatures. The potential of the
target material, CazCo4Og, to be machined using
known and standardized methods in industry, viz.
milling, drilling, and sawing, means that the pro-
posed structure can adopt shapes from prismatic to
circular crowns. In addition, multiple intercon-
nected thermoelectric structures can be obtained
from a single block of material, as shown in Fig. 7.
This would have a double beneficial effect on the
module: it would be more reproducible due to the
lower variability in the characteristics of the ele-
ments, as all the structures are part of the same
block of thermoelectric material; in addition, use of
a large number of welds and interconnections in the
module, which are a source of manufacturing errors
and inefficiency during operation, could be avoided.

If such structures are individually manufactured
and welded to form a module, only half the number
of welds is needed compared with a conventional
module, and less than for a conventional unileg
module. The advantage with respect to the latter
would be that all the joints could be made on the
cold side of the module, so that thermal pastes with
lower cost and lower melting temperature could be
employed, potentially enabling the use of only
commercial soldering materials for the cold side,
with soldering temperatures above 250°C, as well as
conventional reflow ovens that are widely used in
the electronics industry. Likewise, the required
tooling will work in the same temperature range,
making it possible to take advantage of conven-
tional, mature, and proven electronic assembly
processes for automated manufacture of high-tem-
perature modules. This manufacturing approach
would make it possible to address niche applications
with larger market volume compared with current
solutions.

Obviously, in any comparison of the performance
of an actual thermoelectric device or module against
the pure material or ideal behavior, real devices will
always show a worse response, due to the occur-
rence of electrical contact resistance in all assembly
processes.

Lemonnier et al.” define the manufacturing factor
(MF), which represents the manufacturing quality
of the device as MF = R;jcal/Rint- In a real module,

Fig. 7. Thermoelectric module made from a single machined
thermoelectric material block. Lighter faces represent silver-coated
legs.
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contact resistances R.oniact appear between the
thermoelectric material and metal, and the internal
resistance of the module R;,; is therefore given by
the ratio Rt = Rigeal + Reontact- The lower the value
of R ontact, the higher the electrical power generated,;
the power generated will reach its maximum P,y =
E3/4R;.., when the load applied is Ry, = Riny.

In a comparison made by Lemonnier et al.,” the MF
of previously published oxide modules was analyzed.
The results for a single n-/p-type unicouple module
and a unileg-type module gave an MF of 0.15.

Garcia, Martinez-Filgueira, Cordon, Urrutibeascoa, Sotelo, Diez, Torres, and Madre

Even though we have not made a prototype to
evaluate this parameter with respect to the ideal, it
does provide a measure of the reduction of the
internal resistance of the new proposed architecture
with respect to the ideal. Figure 8 shows the
maximum power generated by the new and the
conventional structure. Using these load resis-
tance values and assigning the values of
Rideal = Rconventional = 17.31 mQ and Rint =
Ricw structure = 47.29 mQ gives a value of MF =
Rideal/Rint = 0.36.
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Although this value is slightly higher than those
obtained for a unileg module such as that reported
by Lemonnier et al., it is far from ideal, although
the cost and robustness characteristics that could be
achieved to assess the validity of the new structure
in certain applications must also be taken into
account.

On the other hand, the module made by
Lemonnier et al.® was subjected to five cycles of
10 h with a temperature difference of 360 K and a
hot temperature of 760 K, so among the future
steps, it is planned to evaluate the deterioration of
the MF of the new structure during thermal
cycling and continuous operation at high
temperature.

CONCLUSIONS

A novel thermoelectric structure was theoretically
evaluated using a tailor-made finite difference
thermoelectric solver, revealing the following
results:

e The thermal and electrical imbalance due to the
conductive coating results in a net potential
difference between the legs of the structure.

e The conductive layer adhered to one of the legs of
the thermoelectric element fulfills the expected
function of simulating an electrical short circuit,
lowering the theoretical electrical resistance
compared with a structure without such a coat-
ing.

e Although this structure and material do not
achieve satisfactory results for the given work-
ing conditions from the point of view of power
generation, the expected conditions of high tem-
perature and thermal cycling could cause poten-
tial applications to arise for the proposed
structure.

In the future, it is planned to validate the perfor-
mance of such new structures experimentally, as
well as their robustness to thermal cycling, using
the new CasCo,Og material at higher temperatures,
which is currently under development.
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