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Abstract: It is estimated that 72% of the worldwide primary energy consumption is lost as waste
heat. Thermoelectric Generators (TEGs) are a possible solution to convert a part of this energy into
electricity and heat for space heating. However, for their deployment a proven long-term operation
is required. Therefore, this research investigates the long-term stability of TEGs on system level
in air and argon atmosphere under thermal cycling up to 543 K. The layout of the examined test
objects resembles a TEG in stack design. The results show that the maximal output power of the
test object in air reaches a plateau at 57% of the initial power after 50 cycles caused by an increased
electrical resistance of the system. Whereas the test object in argon atmosphere shows no significant
degradation of electrical power or resistance. The findings represent a step towards the understanding
of the long-term stability of TEGs and can be used as a guideline for design decisions.
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1. Introduction

The improvement of the energy efficiency of various technical processes is an essential
objective in the commercial and private sector. It reduces emissions of greenhouse gases,
counteracts rising energy costs and enables the adherence to legal requirements. Thermal
processes have a high potential for efficiency improvements. They are used for processing
heat, home heating systems, stationary and mobile internal combustion engines and other
uses. It is estimated that currently 72% of the worldwide primary energy consumption
is lost as waste heat [1]. Efforts for waste heat recovery are often abandoned due to the
complexity or the investment costs of the available systems.

Thermoelectric Generators (TEGs) are a possible solution to recover a higher share
of the waste heat. They work according to the Seebeck effect. It describes two dissimilar
conductors which are connected electrically in series and thermally in parallel. When
the junctions are maintained at a temperature difference an electrical potential across the
conductors develops [2]. To utilize this effect, legs of p- and n-type semiconductors are
electrically connected and assembled on electric isolators. The assembled devices are
Thermoelectric Modules (TEMs). The thermoelectric efficiency of these semiconducting
materials is classified by the figure of merit

o0
ZT =~ 1)
with the differential Seebeck-coefficient « in VK1, the electrical conductivity o in Sm™1,
the thermal conductivity A in Wm K~ and the temperature in K [2]. For low temperature
applications below 600 K commonly used materials are based on bismuth telluride (BiTe).
For applications with higher temperatures, the materials used include lead telluride (PbTe),
Skutterudites or half-Heusler compounds. Other materials in the medium temperature

region, such as copper sulfide compounds, are currently under development [3].
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TEGs are systems consisting of TEMs between the hot side and cold side heat exchang-
ers as shown in Figure 1. They can be integrated in waste heat flows, where the waste heat
is absorbed by the hot side heat exchanger and transferred through the TEMs to a fluid in
the cold side heat exchangers. In this way electrical energy is produced and additionally
in stationary applications the heat in the fluid can be used for space heating. TEGs do
not need any moving parts and are therefore low-maintenance and low-noise, compact,
and have potentially low investment costs. They are suitable for a variety of applications,
with economic benefits even with low to medium amounts of waste heat. Their potential
is shown by Kober et al. [4,5] for passenger vehicles, by Heber et al. [6,7] for commercial
vehicles and by Schwab et al. [8] for cogeneration in residential heating systems.

Coolant heat exchanger ->J e Hot gas flow

Thermoelectric Modules

Hot gas heat exchanger
Coolant flow

Figure 1. Concept of a stackable TEG design in crossflow arrangement [4]. The heat is transferred from
the hot gas flow through the Thermoelectric Modules to the coolant flow with the heat exchangers.

An important criterion for the application of TEGs is their long-term stability. It in-
fluences their economic benefits and emission reduction potential. Ageing mechanisms
of thermoelectric materials are sublimation, oxidation, diffusion processes, mechanical
damaging and others. The processes depend on various characteristics, such as the material
class and composition, geometry and external conditions. Parameters that influence the
long-term stability are their maximal operational temperature, cycling of the temperature,
including amplitude and heating rate of the cycles, mechanical parameters, such as com-
pression pressure, or the atmosphere around the TEMs. They impact the thermoelectric
properties and therefore the efficiency. Possible prevention strategies include coating of the
materials and electrodes, sealing of the TEMs or the operation in a non-reactive atmosphere
like vacuum or argon.

Sublimation is the phase change from solid to gaseous state and often degrades ther-
moelectric material at high temperatures. Sublimation rates of PbTe and PbSnTe increase
with the temperature as measured by Bates and Weinstein in vacuum at temperatures of
673 K and 873 K [9]. Similar behavior is reported by Ohsugi et al. for other telluride-based
materials. Telluride is dissociated and agglomerates at the surface of the material where
it sublimates at temperatures above 673 K [10]. Skutterudites based on CoSbjz also show
thermal degradation. The material in varying atmospheres including vacuum, helium
and air at temperatures of 293 K to 1123 K is investigated by Leszczynski et al. [11] and
Broz et al. [12]. The CoSbs is stable at temperatures to around 873 K, above this tem-
perature CoSb2 dissociates to the surface and eventually CoSb dissipates. Half-Heusler
compounds are reported to be more stable. Experiments by Zelenka et al. with TiFel.335b
and TiyNb;_,FeSb show very low sublimation of Sb at temperatures to 873 K in an Argon
atmosphere [13].

Oxidation of thermoelectric materials is their reaction with oxygen from surrounding
air. For PbTe-based materials, models by Berchenko et al. show that PbTeOs already starts
to form at temperatures of 673 K [14]. The influence of the partial pressure of oxygen
on the oxidation of PbTe is analyzed by Chen et al. With a rising partial pressure, the
oxidation rate rises as well [15]. Skutterudites are also affected by oxidation. This is
reported for CeFesSb1, and YbyCo4Sb, at temperatures over 573 K and 650 K, respectively,
by Sklad et al. [16] and Xia et al. [17,18]. To reduce the oxidation of CoSbs, different
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coatings are investigated by Skomedal et al. and Al;O3 is found to be effective with
reduced oxidation at 180 thermal cycles to 873 K [19]. Another possibility to reduce the
oxidation is by altering the surrounding atmosphere. LapgFe3CoSbi, oxidizes on air at
temperatures above 673 K, this is prevented by Shin et al. with a vacuum atmosphere
and no oxidation is found while tempering the material at 823 K for 100 h [20]. Half-
Heusler alloys oxidize at higher temperatures. Different material compositions, such as
MNiSn, MCoSb with M = Hf, Zr or Ti and NbSeSb at 873 K for 168 h are investigated by
Kang et al. MNiSn and NbSeSb show a higher stability of less than 7% then MCoSb [21].
At even higher temperatures of 1000 K, oxidation of TiNiSn to TiO; and Ti;O3 [22] and
of ZrNiSn to ZrO, is found by Appel et al. [23]. Similar behavior is also reported by
Zillmann et al. for the commercial materials ZrysHfy 5CoSbg gSng 2, Zrg5Hfy25Tig 5NiSn
and Zry 4Hf 4NiSng 9gSby 2. It oxidizes in an air atmosphere at 1073 K and is stable in an
Argon atmosphere [24].

Diffusion processes occur inside of the materials and especially at the contact interfaces
to the electrodes. These processes for PbTe and Pb 4Sng 4Te in combination with copper
and silver electrodes at temperatures of 673 K for 1000 h and 773 K for 50 h are analyzed
by Li et al. It shows that PbgSng 4Te reacts with both electrode materials even at low
temperatures, but the contact of the PbTe is uniform and with no crack formation. However,
copper diffuses in the leg and affects the thermoelectric properties [25]. To reduce this, it
is possible to apply a diffusion barrier at the contact interface. A NiTe-layer is used and
no diffusion while tempering the material at 823 K for 360 h in vacuum is observed by
Ferres et al. [26]. Diffusion barriers are also used for skutterudite materials. CoMo is used
by Feng et al. [27] and Nb is used by Chu et al. [28] as a metallization layer on CoSb; and
no significant diffusion during testing is found. A direct bonding method for ZrCoSb- and
ZrNiSn-based half-Heusler materials is used by Nozariasbmarz et al. High efficiencies of
over 9.5% and a performance reduction of 2.7% after tempering the material at 823 K for
20 h is achieved [29].

The combination of mechanical loads and high temperatures, both often in a cyclic
manner, results in mechanical damages such as crack formation, creep or direct mechanical
failure. The resulting effects are studied by Al Malki et al. for a ZrNiSn-based half-Heusler
alloy. When compressed at a temperature of 873 K, it shows no macroscopic failure or
creep, but the beginning of crack formation [30].

In addition to the research on material level, the analysis of the long-term stability on
TEM level is also relevant. It expands the scope, including the geometry of the module,
implications of the production processes and the interactions of the electric isolators,
electrodes and thermoelectric legs. Most studies are conducted regarding BiTe-TEM of
different manufacturers, as these are the most commonly available type. Ding et al. [31]
find that the power reduces by 37% after 7 h at 483 K, Harish et al. [32] obtain similar
results after 300 thermal cycles. Riyadi et al. investigate different thermal cycling heating
rates and find that the electrical resistance of the TEM rises with higher heating rates [33].
Merienne et al. also investigate different heating rates but with sealed TEMs. They still find
a significant power loss and a correlation to the heating rates [34]. Barako et al. cycle from
253 K to 419 K for 45,000 cycles. The effective figure of merit reduces after 40,000 cycles
by 20% and after 45,000 cycles by 97%. The reason is a higher electrical resistance due to
crack formation [35]). Salvador et al. investigate PbTe- and CoSbs-based high temperature
TEMs sealed with aerogel. The TEMs are exposed to cyclic temperatures from 300 K to
673 K and 723 K and tempered for 200 h at 698 K and 750 K, respectively. The PbTe-based
TEMs display a lower long-term stability compared to the CoSbs-based TEMs. They show
signs of interlayer diffusion, sublimation and oxidation of the material and the electrical
connections [36].

The mentioned research focuses on the long-term stability of thermoelectric materials
and modules. However, there is no research on the long-term stability on the system level
of TEGs, including TEMs, heat exchangers and structural components, such as compression
bolts and plates. This is important for applications because it takes additional effects into
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account. On the system-level, the mechanical degradation resistance of all components
affects the overall performance. Creep or crack formation may result in a lower contact
pressure or leaks in the inert gas housing. Furthermore, the loads on the TEMs have not
been studied in an application-orientated environment with inhomogeneous temperature
gradients or pressure distribution.

Therefore, this research focuses on the long-term stability of TEGs on system-level.
The aim is to investigate how the atmosphere influences the long-term stability of such
systems in an application-orientated test. This is particularly interesting, as systems with
air atmosphere are less complex. Additional factors which are relevant for an application
of the systems are represented. The test objects are based on the geometry of TEGs and are
able to replicate realistic loads. In line with this, the temperature load is applied cyclically
as in most waste heat recovery applications. The evaluation is also system-orientated as
the primarily considered parameter is the power output of the system and its long-term
progress. The first tests are designed to determine the possibility to systematically improve
the power output stability with an argon inert gas atmosphere. The findings can be used
for the design process of future TEGs and develop them further towards deployment.

2. Methodology

The layout of the test objects is shown in Figure 2, it is based on a stackable TEG
design. The heat is generated by electrical heating cartridges which are embedded in a
plate. The cartridges have a maximum operation temperature of 1023 K and a total heat
power of 10 kW. On one side of the heating plate is an isolating layer and on the other side a
steel sheet with grooves on the surface. For the experiment type K thermocouples are placed
in the grooves to measure the surface temperature of the TEMs. Six TEMs are electrically
connected in series and placed on the steel sheet. The TEMs are based on (Ti,Zr)NiSn for the
n-type and FeNbSb for the p-type and produced by the professional manufacturer Yamaha
Corporation. The material is chosen as it has a high maximal temperature, a ZT value of
around unity and a high mechanical stability. Each TEM has a nominal power output of
46.1 W' at 450 K temperature difference and an active area of around 1453 mm?. The TEMs
are connected with soldered copper cables. Above the TEMs is a coolant heat exchanger as
heat sink. It also has grooves on the surface for thermocouples to measure the cold side
temperature of the TEMs. The whole stack is compressed to around two MPa pressure on
the TEMs with a structure consisting of two stiff compression plates and four compression
bolts. The applied pressure and graphite sheets between each layer are needed to minimize
the thermal contact resistance between the components.

A& — Compression bolt

Coolant heat exchanger B . u Thermoelectric
Steel plate ) - Modules
DD DY DD DD - Electrical cartridge

Heating plate

Isolating layer

e—— Compression plate
L L

Figure 2. Schematic view of the layout of the test objects. The Thermoelectric Modules are compressed

with a compression structure to a heating plate and a coolant heat exchanger.

The experimental setting consists of two identical test objects, which are only dis-
tinguishable by their production tolerance. One heating plate is produced with a more
accurate tolerance and is thus able to absorb the heat of the cartridges slightly more effi-
ciently. The test objects are placed in gas tight chambers, as shown in Figure 3. One chamber
is filled with argon at around 1.5 bar absolute pressure, the other one is open and the test
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object is exposed to ambient air. The argon concentration of the argon filled chamber is
monitored with a lambda probe and its pressure is monitored with an absolute pressure
sensor. On the coolant side, the test objects are connected to a temperature control unit with
a heat sink. The control unit is able to set the required mass flow and inlet temperature of
the water that is used as coolant. The temperature is measured with Pt100 senors in a four
wire arrangement in the cooling unit and additionally type K thermocouples directly at the
inlet and outlet of the test chambers. Moreover, thermocouples are placed in various places
throughout the experimental setup to measure if the system is overheating and to switch
off the process. This is particularly important for an automatic procedure.

Figure 3. View of the experimental setup: (a) Test bench with the closed test chamber filled with
argon and the open test chamber. (b) Test object in the test chamber.

The TEMs of each test object are connected to a self-developed maximum power point
tracker (MPPT). It adjusts the outer electrical resistance of the electrical load to the inner
electrical resistance of the TEMs in order to maximize their power output. The tracking
algorithm increases and decreases the electrical current on a fixed frequency and adjusts
the current accordingly. Other algorithms, such as shuffled frog leaping algorithm [37]
or selective harmonic elimination [38], are currently not used. The MPPT has integrated
precision resistances for the measurement of voltage and current. The measured values are
transferred to the measurement system and are recorded there. The measurement system
consists of ProfiMessage data acquisition modules from Delphin Technology. All measured
values are supplied by the sensors as an electrical signal. The signal is transferred from the
sensor to the measuring device, where it is converted to a digital signal and recorded. This
measurement chain is calibrated with a Beamex MC2 device. The output power of the test
objects is calculated by multiplying the output voltage and current at the maximum power
point. The electrical resistance is calculated by Ohm’s law.

For thermal cycling, the cartridges of the first test object start to heat with maximum
power until their temperature limit is reached. When their maximum temperature is
reached, they are controlled with a pulse-width modulation to keep the temperature con-
stant and to allow a stationary thermal state. During heating, the coolant flow is set to
25 L/min at a temperature of 333 K. When the stationary state is reached, the cartridges
stop to heat and the coolant flow is set to 40 L/min at 293 K until the mean cold side tem-
perature is 323 K. Afterwards the heating of the second test object starts in the same pattern.
The resulting temperatures are shown in Figure 4. Because of the different production
tolerances of the heating plates, the temperature curve and maximum temperature of the
test object in air is slightly higher compared to the test object in argon. For the same reason,
the heating duration of the test object in air is 34 min and for the one in argon is 43 min.
The duration of one complete cycle is around 95 min.
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Figure 4. Temperature profiles of the hot and cold side of the test objects in air and argon. One test
object is heated while the other test object is cooled and vice versa.

3. Results and Discussion

The thermal cycles are performed until a plateau of the maximum output power is
reached. For each cycle, the electric parameters at the maximum power point is measured
at a hot side temperature of 543 K. This is the highest hot side temperature both test objects
reach during the tests. The results of these measurements are shown in Figure 5. They
normalized on the initial values to make them comparable. The initial maximum power of
the test object in air is 57.2 W and of the test object in argon is 68.5 W. The initial offset is
caused by the differences in production and assembly of the test objects and its components.
The pressure and oxygen level of the argon atmosphere is monitored during the experiment
and argon is refilled to the initial values when the oxygen level exceeds 5%. The initial
values are 1.25 bar and 0.8%, respectively.

The maximum power of the test object in air atmosphere steadily decreases until it
reaches a plateau at around 57% of its initial maximum power after around 50 cycles. The
course of the measured values of the test object in argon atmosphere shows no steady
degradation. After the cycles two and nine, there are abrupt drops in performance, and
after cycle 16, there is a shortcut in the system and the power drops significantly. This is
caused by a contact of the thermal interface material with the electrodes. At cycle 22, the
shortcut is manually removed and the test object returns to operation at around 95% of its
initial maximum power with no additional degradation during the subsequent cycles.

Figure 5 shows that the power performance output reduction of the test object in air
is caused by an increasing inner resistance from 5.13 () to 9.24 () and a corresponding
decrease in electrical current from 3.38 A to 1.95 A while the voltage is roughly constant at
about 16.9 V. Similar to the progression of the power, the electrical values of the test object
in argon show no degradation and only the changes due to the shortcut in the system are
observable. The inner resistance rises by 4.38% from 4.34 () to 4.53 (), the voltage rises by
0.12% from 16.95 V to 16.97 V and the current declines by 4.95% from 4.04 A to 3.84 A.

The results show that an air atmosphere causes significantly reduced long-term sta-
bility of TEGs compared to the use of an argon atmosphere as inert gas. Although the
Seebeck coefficient is not influenced by the air atmosphere for over 50 cycles, the increase
of inner resistance leads to a power decrease. Based on the literature on long-term stability
of Thermoelectric Modules, important degradation mechanisms are oxidation and crack
formation, or a combination of both, on the material and especially at the interfaces to
the electrodes; these effects are also found in literature [24]. In Argon gas, there is no
oxygen that reacts with the material and causes oxidation; therefore, this effect is limited.
Furthermore, the combination of cracking and oxidation in the cracks is limited as well.
The mechanical components of the system consisting of the compression bolts, compression
plate, and hot and cold side heat exchangers show no degradation during the experiment
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and there is no positive or negative influence of the overall mechanical system on the
long-term stability detected during the measurements.
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Figure 5. Progression of the electrical parameters power, inner resistance, voltage and current of
the test obejts in air and argon. All values are at the maximum power point and normalized to the
inital value.

The experiment is designed to represent a real application of TEGs. However, some
simplifications are needed for an efficient experimental procedure, that differ to the final
applications. These simplifications include a non-symmetry of the stack, as the TEMs
are only on one side of the heating plate, the absence of exhaust gas in the hot gas heat
exchanger, which may affect its long-term behavior or the absence of the housing, which
may also be subject to degradation. Moreover, although the results are already significant,
the test procedure should be repeated with the same parameters in order to specify statistic
influences, which are based on production tolerances, for example.

The experiment shows the need of an inert gas atmosphere for the successful operation
of TEGs with commercially produced high-temperature Thermoelectric Modules. To further
understand the systems, experiments with a broader variety of Thermoelectric Modules
from different manufacturers or research institutions are needed. Furthermore, future
experiments are planned to perform more cycles and to study the influence of parameters
such as maximal temperature, cycle duration and oxygen concentration. After future
experiments with a higher number of cycles, the Thermoelectric Modules and the overall
system should be examined, especially regarding microcrack formation. This research
represents a step towards the understanding of the long-term stability of TEGs and can be
used as a guideline for design decisions.
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4. Conclusions

TEGs are a possible solution to recover waste heat from various processes and to
reduce the process costs and emissions. This research aims to investigate their degradation
on system level and a possible approach to minimize the degradation. An experiment on
two test objects with high-temperature, professionally produced Thermoelectric Modules in
air and in argon atmosphere is performed. Their layout is based on a stackable TEG design
and resembles its technological features. The hot-side temperature of the test objects is
increased to around 543 K and then decreased to 332 K in a cyclic manner. The output power
at the maximum power point and the electrical parameters of the test objects are measured.

The results show a significant reduction of the maximal output power of the test
object in air reaching a plateau at around 57% of its initial maximum power after 50 cycles.
The argon atmosphere shows a positive influence on the degradation behavior, as the
output power remains constant during the cyclic tests. In both test objects the voltage
is at a constant level, but in air, the inner resistance increases and the current decreases
accordingly. Therefore, the increase of the inner resistance leads to the decrease of the
output performance. A comparison with the literature shows that oxidation and crack
formation on the material and especially at the interfaces to the electrodes are the main
reasons for the degradation.

In future experiments, different Thermoelectric Modules from various producers and
the influence of test parameters such as cycle duration, maximal temperature and oxygen
concentration should be considered. The selection of the different Modules should be based
on their maximal temperature, as the long-term stability in the high temperature regime is
especially critical. Promising material classes for this investigation are Half-Heusler alloys
and Skutterudites. After the experiments, all components should be examined regarding
microcrack formation. To consolidate research about this topic, standard testing procedures
may be introduced that are based on application-orientated thermal cycles. This research
represents a step towards the understanding of the long-term stability of TEGs on system
level and can be used as a guideline for design decisions.
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The following abbreviations are used in this manuscript:

BiTe Bismuth telluride

C Cold side

H Hot side

MPPT  Maximum power point tracker
PbTe Lead telluride

TEG Thermoelectric Generator
TEM Thermoelectric Module
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