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This study investigates the fabrication and performance of ceramic-based thermoelectric modules for high-
temperature energy conversion, based on Caj 93Srg 07C0409 and Cag91Y0.03La0.03Ybo.03sMnO3 p- and n-type
materials. The p-type materials were prepared through attrition milling and classical sintering, while ball milling
and hot uniaxial pressing were used for the n-type legs. The power factor reached 0.62 mW/ (Km) for the p-type
and 0.33 mW/(K?m) for the n-type materials at 800 °C, being comparable to some of the best-reported values in
literature. The lower thermal conductivity of n-type material (1.24 W/K/m) compared to the p-type material
(1.56 W/K/m) resulted in similar ZT values for n-type (0.29) and p-type (0.43). The thermal expansion behaviour
of the materials was also evaluated, demonstrating good thermal compatibility between the p- and n-type legs.
The module’s performance was tested at hot-side temperatures up to 900 °C, yielding a power density of 34 W/
m?. Moreover, the module demonstrated an energy conversion efficiency of 0.8 % (actual) and 6 % (theoretical),
thereby underscoring the practical potential of these materials. Additionally, the module exhibited excellent
long-term thermal stability, maintaining its performance after 2000 h of exposure at 900 °C and after undergoing

100 thermal cycles, demonstrating its suitability for high-temperature energy recovery applications.

1. Introduction

The rapid growth of the global population has drastically increased
energy demand. However, traditional energy sources are finite and
significantly contribute to global warming through greenhouse gas
emissions. Energy conversion processes are often inefficient, with more
than half of the initial energy typically lost as waste heat. This in-
efficiency underscores the importance of seeking alternative conversion
processes, including those which allow recovery of waste heat [1-3].

One promising solution for energy recovery is thermoelectric gen-
erators (TEGs), devices designed for generating electrical power from
heat flux. They incorporate a set of thermoelectric modules (TEMs). The
use of TEGs, as waste heat harvesting devices, offers several advantages
over other systems, such as turbomachines and systems based on ther-
modynamic cycles. These benefits include the absence of moving parts,
compact design, and reasonable power output performance [4,5]. The
efficiency of TEGs is largely determined by the power output of the
TEMs, which consist of several thermoelectric (TE) semiconducting
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pairs, and by the system design, which governs the rate of heat transfer
from the heat source to the TEMs.

Historically, the use of TEGs has been restricted due to the low en-
ergy conversion efficiencies of TE materials. However, with recent ad-
vancements in material science and module fabrication techniques, the
conversion efficiency of TE materials has been improved, leading to
enhanced power outputs for TEGs as reported by various research
groups [6,7].

TEMs exploit the Seebeck effect for power generation and the Peltier
effect for refrigeration, presenting a versatile solution for a wide range of
industries, from renewable energy to electronic cooling systems. The
efficiency and performance of TEMs depend heavily on the materials
used and the precision of the fabrication process. Fabricating high-
performance TEMs involves several critical steps, including material
selection, processing of TE elements, and the assembly of these elements
into a functional module. TEMs consist of pairs of p- and n-type semi-
conductor materials arranged electrically in series and thermally in
parallel and sandwiched between two plates with suitable thermal
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conductivity [6-8].

Ceramic oxides offer several advantages for TEMs, enhancing the
applicability of TE technology. These materials exhibit high chemical
stability at elevated temperatures without degradation even under air or
oxidizing atmospheres, ensuring the long-term operation and reliability
even in harsh environments [9]. Traditional thermoelectric materials,
such as BiyTe; and PbTe, while being efficient at lower temperatures,
face challenges such as environmental concerns, high costs, and limited
thermal stability at higher temperatures. By taking advantage of the
unique properties of ceramic materials, TEMs can not only address the
environmental and thermal stability challenges associated with tradi-
tional TEMs but also expand the range of possible applications, making
them viable candidates for more sustainable and efficient energy solu-
tions [9].

In addition to material selection and design, the assembly process,
which includes the precise placement and bonding of TE elements onto
substrates and electrical interconnects, is equally important to ensure
minimal electrical contact resistance and effective thermal conductivity.
However, there is still a shortage of available ceramic-based TEMs for
practical uses and research on TEG design [10].

In this paper, two ceramic-based TEMs were fabricated employing
Ca2,938r0_07C0409 and Cao,91Yo,03La0,03Yb0,03Mn03 as p- and n-type legs,
respectively. The work focuses on the fabrication of TE modules,
exploring advancements in materials science and engineering tech-
niques that have paved the way for improved module performance.
Power generation from the fabricated modules has been evaluated using
a home-made system. One of the modules has been characterized after a
different number of heating-cooling cycles (up to 100), and another after
maintaining at 900 °C up to 2000 h, to evaluate its durability.

2. Materials and methods

A 17 p-n thermocouples TEM was fabricated using Caz 93Srg.07C0409
and Cag91Y0.03Lag.03Ybo.03MnO3 ceramic materials, which were
selected due to their promising TE properties and compatible thermal
expansion. The Cay 93Sr 07C0409 samples (p-type) were synthesized by
combining appropriate amounts of CaCOs (> 99 %, Aldrich), SrCO3 (>
98 %, Aldrich), and CoO (99.99 %, Aldrich) powders, which were
attrition milled at 600 rpm for 1 hour, in distilled water media, using
zirconia balls (@ = 1 mm). The starting Cag.91Y0.03L20.03Ybo.03MnO3
mixtures (n-type) were prepared using commercially available CaCO3
(=99 %, Aldrich), Y203 (99.99 %, Aldrich), LazO3 (> 99.9 %, Aldrich),
Yb,03 (99.9 %, Aldrich) and MnyO3 (99.9 %, Aldrich) powders, which
were weighed in the appropriate proportions, mixed and ball milled for
30 minutes at 300 rpm in distilled water media. In both cases, the water-
based suspensions were dried under IR radiation to obtain a very fine
powder. Then, both samples were calcined for 1 h at 850 °C for the p-
type samples and 950 and 1050 °C for 12 h for the n-type samples.
Finally, n-type samples were cold-uniaxially pressed in the form of
pellets (~ 3x3x18 mm?) under 400 MPa and sintered at 1310 °C for 12 h,
while p-type ones were cold-uniaxially pressed into disk-shaped pellets
(25 mm in diameter and ~ 3.5 mm thick) under 250 MPa, followed by
hot-uniaxial pressing at 900 °C and 55 MPa for 1 h. Finally, they were
polished and cut with the same length as n-type samples.

Electrical resistivity (p) and the Seebeck coefficient (S) were
measured simultaneously using the standard DC four-probe method on
an LSR-3 system (Linseis GmbH) between 50 and 800 °C, with a heating
rate of 10 °C/min under helium atmosphere for all sintered legs. Addi-
tionally, the power factor (PF:SZ//)) was calculated using the electrical
resistivity and Seebeck coefficient data to assess their TE performance.
The thermal diffusivity (a) has been measured for both samples using a
laser-flash system (Linseis LFA 1000). The thermal conductivity (x) was
calculated using the equation k= a-cp-p, where c, represents the specific
heat, calculated using the Dulong-Petit law, and p is the density of the
sample. The thermoelectric performance of the samples (ZT) has then
been calculated using the power factor and the thermal conductivity
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data.

Finally, the thermal expansion coefficient of both legs was evaluated
during heating at a rate of 10 °C /min up to 850 °C in air, using a hor-
izontal dilatometer (Linseis L79 HCS).

Once all legs were prepared, (~ 2 x 3 x 15 mm?® after sintering or
cutting) (Fig. 1), the resistance of each leg was measured at room tem-
perature using the standard DC four-point probe method.

To establish electrical connections, an electric circuit was designed
on two alumina plates, (5 x 5 cmz) as the top and bottom substrates of
the module, using silver conductive ink (Alfa Aesar), as shown in Fig. 2.
Alumina plates were used considering their insulating properties and
relatively high thermal conductivity. The ends of the legs were also
coated with Ag ink and left to dry for 24 h. All legs and alumina plates
were subsequently sintered in a furnace, first heated up to 450 °C at a
rate of 1 °C/min with a dwell time of 1 h, then heated up to 900 °C at
5 °C/min for 4 hours, followed by furnace cooling. Subsequently, the n-
type and p-type legs were alternately positioned on the alumina plate
according to the module pattern (Fig. 3) and bonded using Ag adhesive
conducting paste (Alfa Aesar). The assembled module was allowed to
dry for 24 hours at 50 °C in an oven, followed by sintering at 900 °C for
4 h. Next, the opposite ends of the legs were painted with Ag paste. The
second alumina plate was carefully placed on top of the legs, as shown in
Fig. 4. Two Ag wires, each 200 mm in length, were attached to the
beginning and the end of the circuit using Ag paste. The assembly was
then allowed to dry, followed by sintering at 900 °C for 4 h under the
same conditions used before.

The finally assembled module is shown in Fig. 5. A quick functional
test was conducted to verify its proper operation before further char-
acterization. Also, the resistance of the fabricated module was measured
to calculate the manufacturing factor (MF) [11], using Eq. (1).

__ total resistance of all legs

MF = 100 1
resistance of the module X )

For characterization, the module was placed on a cooling surface
maintained at approximately 16°C with flowing water, while the top
surface was heated to temperatures ranging from 200 to 900 °C with 50
°C increments. The heating rate was set at 10 °C/min with a dwell time
of 600 seconds at each temperature step to ensure thermal equilibration.
During the test, a current ranging from 0 mA to the maximum, with
increments of 1 mA, was applied to assess the module’s electrical
response under varying thermal conditions. Once maximum output
power is obtained for each temperature, the energy conversion effi-
ciency of the module at that temperature was calculated following Eq.
(2)

P output
= (2)
Qinput

where Poypy is the power experimentally obtained and Qjnpy is total
heat transferred to the thermoelectric module and estimated using Eq.
3

Qinput = QConductive + QPeltier + Qfoule (3)

where, heat input at the hot side was determined using the total heat
flow through the thermoelectric legs. This includes contributions from
conductive heat (Qconductive) transfer, Peltier heat Qpelier transfer, and
Joule heating Qyoule-

Conductive Heat Transfer is calculated using Fourier’s law Eq. (4):

QConductive =nx kaverage x AT x A/ L (4)

where, n is the number of legs, 34, Kayerage: Average thermal conductivity

of the thermoelectric legs, A is cross-sectional area of each leg, L is

height of each leg, and AT is the temperature gradient across the legs.
Peltier heat transfer is derived from the Seebeck effect: Eq. (5)

QPeltier =nXx Saverage x I'x Taveruge (5)
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Fig. 1. The prepared n-type and p-type legs.

Fig. 2. Alumina plates with a circuit designed using Ag conductive ink.
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Fig. 3. Module assembly procedure.

where,

Saverage = 22 5 Sn 6
and

L At @

Joule heating, can be calculated using the total resistance of the
module (Rmodule) previously determined, as

QJoute =P x Rinodute ®

Therefore, the actual energy conversion efficiency can be determined

as

Nactual

Poulput
=——x100 Eq. 9
Q q

input

Additionally, the theoretical maximum efficiency for each tempera-
ture can be calculated using:

JV1I+ZT, -1
AT + 2 average x 100 (10)

= X
Nmax Thot 1+ ZTaverage + %

where ZTaverage is the average thermoelectric figure of merit for the
module and is:
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Fig. 4. Positioning the top plate according to the electrical configuration in series.

Fig. 5. Assembled thermoelectric module.

ZT, + ZT,

3 (1)

ZTaverage =
where ZT; and ZT,, are the Figure of merit values for the p- and n-type
materials, respectively.

The thermal cycling test included 100 heating and cooling cycles for
the module, each cycle maintaining specified ramp rates and dwell times
to mimic real-world operating conditions. In addition, a long-term sta-
bility test was conducted by holding the module at a constant temper-
ature of 900 °C for 1000, and 2000 h, to evaluate its resistance to
degradation and stability during prolonged exposure to high
temperatures.

3. Results and discussions

As the first step, the legs were characterized in order to determine the
relevant electrical properties of each material. The variation of electrical
resistivity with temperature for both compounds, as shown in Fig. 6,
reveals distinct behaviours for the n- and p-type TE materials. The p-type
samples exhibited semiconducting-like behaviour above 100 °C, while
the n-type compound showed metallic-like behaviour between 100 °C
and 350 °C, transitioning to semiconducting-like behaviour above 350
°C. However, in general, the temperature dependence of the resistivity
in the n-type samples is weak. At 800°C, the resistivity values were about
6.5 mQ-cm for the p-type leg and 5.8 mQ-cm for the n-type one. Both
resistivity values are comparable to some of the best-reported values in
the literature for both types of material families [12—20].

The variation of the Seebeck coefficient with temperature, as illus-
trated in Fig. 7, shows the expected behaviour for both p-type and n-type
compounds. The p-type material displays positive Seebeck values, while
the n-type material exhibits negative values, consistent with their
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Fig. 6. Variation of electrical resistivity as a function of temperature for the
prepared p- and n-type materials.
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respective charge carrier types (holes and electrons, respectively). For
both materials, the absolute value of the Seebeck coefficient (|S|) in-
creases steadily as the temperature rises, reaching about 200 uV/K for
the p-type composition and 140 uV/K for the n-type one at 800 °C. This
increasing trend indicates enhanced thermoelectric performance at
higher temperatures, a critical factor for high-temperature applications.
Nonetheless, these Seebeck coefficient values are well-aligned with
those reported in the literature for similar thermoelectric materials,
demonstrating the relevant thermoelectric performance of both com-
positions [12,13,21,22-24].

The thermoelectric performance of the samples was evaluated by
calculating their power factor (PF), and presented, as a function of
temperature, in Fig. 8. The graph shows a clear upward trend in PF for
both the p- and n-type samples as the temperature increases. At 800 °C,
the p-type compound achieved a maximum PF value of 0.62 mW,/K?m,
while the n-type compound reached 0.33 mW/K?m. These values are
comparable to some of the best results reported in the literature,
demonstrating the overall high electrical performance of both materials
[22,24—-28].

Fig. 9 depicts the variation of electronic, lattice and total thermal
conductivity (ke, kph and Koral, respectively) with temperature for p- and
n-type materials. As shown in Fig. 9a, the electronic thermal conduc-
tivity increases with temperature for both samples, which aligns with
the previously discussed reduction in electrical resistivity. In contrast,
the lattice contribution to thermal conductivity decreases with
increasing temperature, reflecting enhanced phonon scattering. Conse-
quently, as observed in Fig. 9b, the total thermal conductivity decreases
on heating up to approximately 600 °C, particularly for the p-type ma-
terial. This reduction is attributed to the increased phonon scattering
caused by the increase of lattice vibrations. However, at higher tem-
peratures, the total thermal conductivity begins to increase due to the
greater contribution from the electronic counterpart. At 800 °C, the
thermal conductivity is approximately 1.56 W/K/m for p-type material
and 1.24 W/K/m for n-type one. These values rank among the lowest
reported in the literature for both compounds highlighting their po-
tential for thermoelectric applications [22,24,27].

Fig. 10 shows the evolution of the dimensionless figure of merit with
temperature for both the p- and n-type samples, calculated from their
electrical resistivity, Seebeck coefficient and thermal conductivity data.
Interestingly, both legs exhibit a similar trend as temperature increases,
reaching the ZT value of 0.43 and 0.29 at 800 °C for p- and n-type
samples, respectively. The improvement in ZT for the p-type material is
likely due to a significant increase in the Seebeck coefficient and an
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Fig. 8. Power factor values as a function of temperature for both compounds.
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enhanced power factor at high temperatures. For the n-type material,
the ZT enhancement can be attributed to its low electrical resistivity and
thermal conductivity. The combined effect of these factors results in
comparable ZT values for both materials, making them a well-matched
pair for thermoelectric module applications. It should be highlighted
that these ZT values are among the highest reported in the literature,
emphasizing the potential of these compounds for efficient thermo-
electric performance [22,24,27,29].

Based on the dilatometry data, shown in Table 1, p-type and n-type
samples exhibit comparable thermal expansion characteristics, again
making them good candidates for pairing in a TE module. The p-type
sample shows an overall expansion, with a change in length (AL = Ly -
L1) of 78.25 pm, while the n-type sample exhibits a AL of 74.78 pm
during the heating from room temperature up to 850 °Cat a rate of
10 °C/min. The AL values and the coefficient of thermal expansion
(CTEs) of both samples are closely aligned, suggesting that their thermal
expansion behaviour is quite similar. The small difference in CTE values
(9.73-10°° K for the p-type and 9.67-10°® K! for the n-type) in-
dicates that both materials will expand and contract at nearly the same
rate under varying temperature conditions, which is crucial for main-
taining the mechanical integrity of a TE module. These values confirm
very good compatibility of the selected materials, as compared to that of
literature [30-32]. The close match between p-type and n-type in terms
of both AL and CTE suggests that these two materials will expand uni-
formly when exposed to temperature gradients, thereby minimizing the
risk of mechanical stresses at the interfaces between the TE legs and the
electrical contacts. Furthermore, the similar slope values in the thermal
expansion (0.203443 pm/°C for the p-type and 0.201724 pm/°C for the
n-type) further reinforce the compatibility of these two materials. This
matching ensures that the module will maintain its structural integrity
under operating conditions, leading to improved durability and
long-term performance.

After evaluating the properties of the different legs, they were
assembled into two operational TE modules, as described in the exper-
imental procedure. Firstly, the manufacturing factor for the prepared
thermoelectric module was calculated based on the resistance of its legs.
Given that the module contained 17 n-type and 17 p-type legs, the total
resistance of the legs was approximately 3 Q (2.55, and 0.51 Q for the 17
p- and n-type samples, respectively). The total resistance of the module,
as measured, was ca. 10 Q. Using these values, the manufacturing factor
was determined to be around 30 %, calculated following Eq. (1). This
value, which represents good agreement with the previous reported
results [33-35], reflects the effectiveness of the module’s assembly
procedure. It should be mentioned that both modules present approxi-
mately the same value. The evolution of power output with voltage at
different hot-side temperatures is presented in Fig. 11. As the hot-side
temperature increases, the power output rises accordingly, reaching
about 85 mW (935 mV, 91 mA) at 900 °C with a temperature gradient of
555 °C indicating that higher temperatures result in more efficient en-
ergy conversion. This value is comparable with those presented in the
literature and shows an improvement in comparison with some docu-
mented results [36-40]. Although the power output may seem low, it is
important to consider the module’s dimensions, 5 x 5 cm? (0.0025 m?),
which roughly corresponds to ~34 W/m? power density. This value is
only ~6 times lower than the typical power density achieved by
photovoltaic cells [41]. Moreover, the power output is negatively
affected by the large spacing between the TE elements, due to the
limited number of TE pairs used in this module design, as well as the

Table 1
The AL values and CTEs of both samples.
Sample AL Average slope CTE
(wm) (um/°C) (10°K™
p-type 78.25 0.203443 9.73
n-type 74.78 0.201724 9.67
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Fig. 11. Power vs. Voltage at different hot-side temperatures, with cold side
temperature fixed at 16 °C.

relatively weak thermal contact of the module with the cold and hot
sides of the measuring system. This weak thermal contact leads to 770 °C
maximum temperatures on the hot side, and 215 °C minimum temper-
ature on the cold side (when the hot side of the system reaches 900 °C),
drastically decreasing the module conversion efficiency. As a conse-
quence, the real output power values should be higher than those pre-
sented in this manuscript. However, despite all these negative factors,
the results demonstrate the significant potential of the fabricated
oxide-based thermoelectric modules for converting heat into electricity
in high-temperature applications. These findings underscore the prom-
ise of thermoelectric devices in contributing to global energy sustain-
ability efforts, particularly as improvements in design and material
optimization continue to enhance their overall efficiency and power
output.
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The graph in Fig. 12 illustrates the evolution of both theoretical and
actual energy conversion efficiencies as a function of the temperature
(T) and temperature difference (AT) across the thermoelectric module.

In the graph an almost linear and significant increase with temper-
ature difference (which is function of the hot side temperature) can be
seen for both efficiencies, in agreement with the increase of power
output of the module with temperature. This demonstrates a strong
alignment between predicted and measured performance. Moreover, the
consistent shape of the two curves across the whole range of AT suggests
that the module design optimally balances the contributions of p-type
and n-type legs. Furthermore, it can be seen that the actual efficiency
values are around 10 % of the maximum one. This divergence highlights
the growing influence of non-idealities at large temperature differences,
including the limited thermal conductivity and electrical resistance of
the materials. Despite these factors, the actual efficiency curve retains a
similar shape to the theoretical trend, indicating that the module
effectively harnesses the thermoelectric potential of its materials. This
difference is mainly attributed to thermal and electrical losses produced
from Joule Heating, low module manufacturing factor (30 %), space
between the legs, heat transfer to the environment, etc.

Nevertheless, to the knowledge of the authors no efficiency values
have been reported for ceramic-based thermoelectric modules specif-
ically at high temperature, namely 900°C. Moreover, the theoretical
values, obtained from measured thermoelectric properties of these ma-
terials, clearly indicate the potential of these modules for high temper-
ature applications, once fabrication process is optimized. These values
are comparable with reported data for modules with intermediate
working temperature such as Skutterudite-based [42] or PbTe-based
ones [43] where thermal heat transfer is much lower.

Long-term stability test was conducted for one of the modules at 900
°C for up to 2000 h, and the power output was compared to that of the
as-processed module and presented in Fig. 13. The data obtained from
as-processed, and after 1000 and 2000 h at 900 °C, indicate that the
module exhibits nearly identical power output curves, demonstrating its
remarkable stability and reliability over time, even subjected at high
temperatures. The peak power output occurs at approximately the same
voltage value for all cases, being slightly higher after thermal treatment,
(1.1 V and 80 mA). These results indicate exceptional thermal stability
in the high-temperature working regime, unlike many other TE mate-
rials that suffer degradation, oxidation, or increased resistance after
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Fig. 13. Long-term stability of module up to 2000 h.
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extended periods at high temperatures under air. The lack of any
noticeable change in peak power output or the overall shape of the
power curve suggests that the module’s material composition and
structural integrity remain intact, even after 2000 h at 900 °C. This
result also indicates that no significant degradation, drastic micro-
structural changes affecting the legs performances, or increased contact
resistance, occurred during the long-term test.

Another important parameter to take into account is that these
modules can be subjected to cyclic heating-cooling processes. Conse-
quently, the second module was further evaluated through thermal
cycling, where the module underwent 100 heating-cooling cycles. The
power output variation with voltage for each cycle is shown in Fig. 14.
As evidenced by the overlapping curves across all cycles, there is no
significant change in the power output throughout the cycling process,
again suggesting excellent thermal stability and durability of the mod-
ule. From cycle 1 to cycle 100, the power output curves remain almost
the same, with the peak power output occurring at approximately the
same voltage value across all cycles. The stability in both the peak power
and the overall curve shapes demonstrates that the TE module’s per-
formance is unaffected by repeated thermal cycling, highlighting the
ability of the module to maintain its efficiency even under cyclic thermal
stresses. The lack of any visible shifts or reductions in power output over
these 100 cycles suggests that the module is highly resistant to common
degradation mechanisms of this type of devices, such as microcracking,
delamination, or increasing contact resistance, which often affect TE
materials subjected to repetitive thermal cycling. The durability dis-
played in these results indicates that the module is well-suited for long-
term applications that involve continuous temperature changes. The
module’s ability to maintain stable performance after 100 thermal cy-
cles is highly promising for real-world applications where devices
experience regular temperature fluctuations, such as in waste heat re-
covery systems or high-temperature power generation.

4. Conclusions

In this study, two thermoelectric modules were fabricated using
ceramic-based materials, specifically Cag.93Srg07C0409 as the p-type,
and Cag.91Y0.03La0.03Ybo.03MnO3 as the n-type legs. The successful syn-
thesis, assembly, and characterization of the modules demonstrate the
significant potential of ceramic oxide thermoelectric materials for high-
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Fig. 14. Variation of power values as a function of voltage in 100 heating-
cooling cycles. The curves have been recorded on heating.
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temperature applications. Both materials exhibited excellent thermo-
electric properties, with power factors of 0.62 mW/K?m for the p-type
and 0.33 mW/K?m for the n-type at 800 °C, comparable to leading
values in the literature. The lower thermal conductivity of the n-type
material (1.24 W/K/m) compared to the p-type one (1.56 W/K/m) re-
sults in nearly identical ZT values for the n- (0.29) and p-type (0.43)
materials, resulting in power output of ca. 85 mW (935 mV, 91 mA)
with a temperature gradient of 555 °C. Moreover, energy conversion
efficiency shows actual values of 0.8 % and theoretical value of 6 %,
comparable with commercial intermetallic module at moderate tem-
perature of around 550 °C, which highlighting the potential of these
materials for practical application. The similar thermal expansion
behaviour of the two compositions further reinforced their compati-
bility, ensuring the mechanical stability and integrity of the module. The
modules were subjected to extensive performance tests, including
operation at temperatures up to 900°C, during 100 thermal cycles, and
long-term stability testing for up to 2000 h at 900 °C. Throughout these
tests, the modules maintained consistent power output and exhibited
remarkable durability, underscoring the thermal and structural stability
of the selected materials. These results highlight the viability of oxide-
based thermoelectric modules for waste heat recovery and energy gen-
eration in extreme environments, providing a reliable and efficient so-
lution for sustainable energy applications. Future work should focus on
optimizing the design and reducing the internal resistances to further
enhance the power density and overall performance of these modules, as
well as improving the thermal contact between the thermoelectric
module and the measuring system to obtain values closer to the real
ones.
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