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Abstract

This study presents the design, implementation, and validation of a thermoelectric energy harvesting
system that exploits waste heat from an industrial electric motor to power an autonomous wireless
sensor device. The proposed prototype integrates a single thermoelectric generator directly onto
the motor housing and leverages the built-in cooling fan to maintain a stable thermal gradient of
approximately 4-5 °C. Under real factory conditions, the system harvested 6.17 ] of energy over 9612s,
sustaining continuous operation and 41 successful Long Range (LoRa) data transmissions with a
positive energy balance. Compared with related works, the prototype achieved competitive or superior
performance while operating at a lower motor rating of 0.25 kW, highlighting its efficiency relative to
system scale. Key innovations include a hybrid DC/DC conversion chain bridging ultra-low input
voltages to modern microcontrollers, and an adaptive transmission strategy that ensures predictable
energy management and reliable wireless communication. These results demonstrate the feasibility
of battery-free sensing in industrial environments and underline the potential of thermoelectric har-
vesting as a cost-effective, maintenance-free, and environmentally responsible solution for predictive
maintenance and Industry 4.0 applications.

Keywords: thermoelectric generator; energy harvesting; waste heat recovery; battery-free sensing;
predictive maintenance; Industry 4.0

1. Introduction

In modern industrial systems, the demand for continuous data acquisition has become a funda-
mental requirement for ensuring operational efficiency, safety, and competitiveness [1,2]. The transition
towards digitalized production, often framed under the concepts of Industry 4.0 and the Internet of
Things (IoT), increasingly relies on advanced sensing technologies that enable real-time monitoring of
machines and processes [3,4]. Artificial intelligence methods play a pivotal role in this transformation,
providing the means for predictive maintenance and condition monitoring that reduce unplanned
downtime, extend the service life of critical components, and optimize resource utilization [5]. At the
same time, ecological and economic pressures are driving the development of sustainable solutions
that minimize dependence on disposable batteries and promote energy-efficient maintenance practices,
thereby lowering both operational costs and environmental impact [6].

Despite the rapid progress in sensing and communication technologies, the long-term deployment
of IoT devices remains constrained by their energy supply [7]. Conventional solutions rely on primary
or rechargeable batteries, which introduce several limitations: restricted lifetime, the need for periodic
replacement or recharging, and the associated maintenance costs. In many industrial applications,
the encapsulation of sensing devices makes battery access impractical or even impossible. Moreover,
the large-scale use of batteries contributes to ecological concerns related to material consumption
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and waste management. To address these challenges, research has increasingly focused on energy
harvesting strategies, which exploit ambient energy sources to achieve autonomous operation of
wireless sensor systems [8].

Among the available energy harvesting approaches, thermal energy has attracted significant
attention due to its ubiquity in both natural and industrial environments. Heat sources such as solar
radiation, geothermal reservoirs, or waste heat from machinery represent promising opportunities
for generating electrical power in situ [1,9]. In particular, waste heat from electric motors and other
industrial equipment offers a stable and predictable energy source, making it highly suitable for
long-term sensor operation. Thermoelectric generators (TEGs) provide a robust means of exploiting
such temperature gradients, as they operate without moving parts, require minimal maintenance,
and can deliver continuous power even from small temperature differences [10]. These properties
make TEG-based harvesters especially attractive for industrial IoT applications where reliability and
autonomy are critical.

The proposed concept builds on these principles by integrating a TEG directly with an industrial
electric motor, thereby harvesting waste heat to supply energy for an autonomous IoT node. As
illustrated in Figure 1, the harvested energy powers a wireless sensor system capable of measuring
operational parameters of the motor and transmitting the data to the cloud. This architecture eliminates
the dependence on batteries, ensuring sustainable and maintenance-free operation. By enabling
continuous monitoring of machinery, the solution supports both predictive maintenance and condition
monitoring, which are key pillars of modern smart manufacturing strategies. The integration with
cloud-based analytics further allows advanced data processing, including the application of artificial
intelligence methods for fault detection and performance optimization.

Predictive maintenance

CIou

Measured
parameters

oY
©

Temperature
difference AT

Figure 1. Application concept of a thermoelectric energy-harvesting IoT sensor in a smart factory environment.
Waste heat from an electric motor is converted into electrical energy that powers a wireless node. The collected
data are transmitted to the cloud, enabling artificial intelligence methods for predictive maintenance and condition
monitoring.

This study advances the field of energy-autonomous sensing by demonstrating the practical
integration of thermoelectric harvesting with industrial equipment. Unlike previous works that
primarily focus on laboratory characterization of TEG modules or partial subsystems, the presented
solution delivers a fully functional prototype of an IoT device powered exclusively by harvested
thermal energy. The system shows that reliable wireless communication and cloud connectivity can be
achieved without batteries, supporting long-term predictive maintenance and condition monitoring in
real industrial environments.

The main contributions of this work are as follows:

1.  Develop a thermoelectric energy harvesting approach that exploits waste heat from industrial
motors through optimized mechanical integration.

2. Implement a complete prototype that directly powers an IoT device from harvested energy
without the use of batteries.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Demonstrate reliable wireless sensing with cloud data transmission supporting both predictive
maintenance and condition monitoring in real industrial conditions.

The remainder of this paper is structured as follows. Section 2 describes the design of the
proposed thermoelectric energy harvesting system and its integration with the motor. Section 3
presents the experimental methodology, including the setup and measurement procedures. Section 4
summarizes the results obtained from both the harvester evaluation and the operation of the sensor
device. Section 5 provides a detailed discussion, comparing the findings with related work, outlining
the main contributions, limitations, and future research directions. Finally, Section 6 concludes the
paper by highlighting the key outcomes and practical implications of the study.

2. Related work

In the context of Industry 4.0, continuous data acquisition from machines and processes is essential
for effective production planning and maintenance [1,2]. Wired sensor systems have traditionally been
used for this purpose, since they provide both power and data transmission. Their disadvantage is
limited flexibility, especially in distributed or hard-to-reach locations. Wireless sensor nodes address
this limitation and enable easier deployment [3,4], but they usually rely on batteries that require
regular replacement or recharging. In many cases, access to batteries is difficult or impractical, and
large numbers of deployed batteries also raise environmental concerns. To overcome these limitations,
research has focused on energy harvesting, where ambient energy is converted into electrical power
for long-term autonomous sensor operation [8].

A wide range of studies has investigated thermoelectric energy harvesting for powering wire-
less sensor nodes in different environments and applications. Table 1 summarizes representative
experiments, including gearbox monitoring [11], railway bearings [12], vehicle exhaust systems [13],
and electric motors in industrial settings [14-17]. Other works have targeted power generation from
heating elements in vehicles [18], switch cabinets [19], coking plants [20], thermos pots [21], and soil-air
gradients for outdoor IoT devices [22,23]. Additional applications include respiration monitoring
using micro-TEGs [24], hybrid TEG / phase change materials (TEG/PCM) systems [25], flexible gener-
ators powered by body heat [26], and buried infrastructure monitoring with long-term underground
deployments [27]. The reported results vary widely in terms of available temperature differences,
harvested energy, and achieved output power, reflecting both the diversity of operating conditions
and the limitations of current solutions.

As seen in Table 1, the reported temperature differences range from only a few degrees Celsius in
small motors or soil-air systems [14,16,22] up to several tens of degrees in large engines or industrial
processes [13,20,25]. The corresponding harvested power varies from hundreds of microwatts to
several watts. Many studies confirm that even small AT values are sufficient to enable low-power
sensing, but most experiments remain limited to laboratory settings or partial demonstrations of
energy conversion. Only a few works [14-17] attempt to integrate TEG harvesters with complete
IoT sensor nodes, and these typically provide restricted functionality or short-term operation. This
highlights the challenge of achieving reliable, batteryless sensing under real industrial conditions.

lezzi [28] evaluates a TEG mounted on pipe insulation, where only a very small portion of the
heat is available for conversion, resulting in sub-milliwatt power levels. Jiang [29] does not analyze
an operational system but rather characterizes the behavior of the TEG itself under generic heating,
providing electrical measurements without integrating the harvester into an application. By contrast,
Aragonés [30] and Boegel [31] exploit high-grade thermal sources from steam pipelines or coolant lines,
where temperature gradients of tens or even hundreds of degrees Celsius enable orders-of-magnitude
higher output, reaching the watt range in controlled setups. The most practically relevant example
for low-grade industrial waste heat is Santos [14], who demonstrate that even a modest temperature
difference of 3.27°C on an electric motor can yield 3.19 mW (TEG 55 x 55 mm) and accumulate 909.35 m]
every five minutes (IEEE 802.15.4), sufficient to power a complete wireless vibration-monitoring node.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0520.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 February 2026 doi:10.20944/preprints202602.0520.v1

40f17

Table 1. Representative studies on TEGs powering wireless sensor nodes, showing main heat sources, number of
modules, and reported output.

Study / Ex- Main source of AT TEG Harvested energy Achieved power

periment used

Elforjani [11] Gearbox + Air 1 - -

Ahn [12] Bearing + Air 1 16.6] (34005s) 19.3 mW

Risseh [13] ATS / EGR 224 [/ - 245-420W;,

240 92-403 W

Santos [14] Electric motor + Air 1 909.35 m] -

Nils [15] Electric motor + 1 - 1.3 mW
Centrifugal pump

Oliveira [16]  Electric motor + Air 3 - 370.10 pyW

Kim [18] PTC heater (car en- 1 - 7.619 mW
gine)

Yu [19] Switch cabinet / 1 - -
Ambient air

Boitier [20] Smoke box + Air 1 400] (one cycle) 800 mW
(coking plant)

Toan [21] Thermos pot + Am- 1 - 95.9 mW
bient air

Puluckul Soil + Ambient air 1 - 875 uW (TEG);

[22] 337 uW (LTC3109)

Oliveira [17]  Electric motor + Air 1 - 320 pW

Kiirschner Soil/ Asphalt pave- 4 286.24]/day 20.20mW

[23] ment + Air/Solar

Yan [24] Human breath 1 - 4.5uW

Patra [25] Waste heat + PCM 16 - 502 mW

Lv [26] Human body heat 1 - 110.2 pW
to Air

Boebel [27] Water pipe + Sur- 2 21]/day (avg.) -
rounding soil

Tezzi [28] Pipe insulation + - - 0.2mW
Air

Jiang [29] General heat 1 - 0.0478 W

Aragones Steam pipeline + 1 1W/170°C

[30] Air

Boegel [31] Coolant + Air 1- - -

In summary, previous research demonstrates the feasibility of thermoelectric harvesting for
supplying low-power electronics, but most studies are restricted to laboratory validation, simplified
setups, or short-term demonstrations. Only a limited number of works combine TEGs with wireless
nodes in real operating environments, and these often face constraints in harvested power, stability, or
long-term applicability. There remains a clear need for practical evaluation of complete IoT devices
powered directly from industrial waste heat, with robust data transmission and integration into
predictive maintenance and condition monitoring frameworks. The present study addresses this gap
by implementing and validating a fully functional prototype in a smart factory environment.

3. Methods and Experiment

This section outlines the methodology applied to design, implement, and validate the proposed
thermoelectric energy-harvesting system integrated with an industrial motor. The presentation follows
a structured approach: first, the construction of the waste heat energy harvester is introduced, including
mechanical design considerations and integration with the motor housing. Second, the development
of a batteryless IoT prototype is described, highlighting the energy conversion chain and wireless
communication module. Finally, the experimental procedure is detailed, covering the Smart Factory
test environment, measurement chain, and test scenarios for both electrical characterization and real IoT
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operation. Together, these subsections provide a comprehensive account of the system development
and its validation under realistic industrial conditions.

3.1. Waste Heat Energy Harvester for Electrical Motor

To obtain a usable temperature difference for thermoelectric energy harvesting, a prototype was
designed for integration with a small industrial motor operating in the Smart Factory demonstration
line. The selected unit is a BOSCH Rexroth type 3 842 547 992 motor (0.25 kW, worm gear) driving
one of the conveyor systems. Since the thermal field on the motor housing is not uniform, an infrared
analysis was carried out to locate the most suitable area for harvester installation.

Figure 2 shows the surface temperature distribution, highlighting hot spots on the smooth part of
the housing where the thermoelectric module can be mounted to achieve a stable temperature gradient
during operation. In practice, the measured surface temperatures ranged from approximately 35 °C to
60 °C, providing a sufficient gradient against the ambient air to enable effective energy conversion.

(a) (b)

Figure 2. Electric motor captured by a conventional camera and its corresponding infrared image obtained
using a thermal camera, illustrating the maximum measured surface temperature: (a) photograph, (b) infrared
thermographic image.

The mechanical construction of the harvester was designed to enable reliable attachment of a
flat TEG onto the curved surface of the motor casing. To compensate for the curvature, a custom-
machined aluminium adapter, further referred to as the heat transfer part (HTP), was introduced
as an intermediate element ensuring uniform contact and efficient heat transfer. The selected TEG
was a Marlow RC12-8-01LS module (40mm X 44.7 mm, thickness 3.51 mm), chosen based on its
proven performance in previous experiments. On the cold side, a Wakefield Thermal 910-40-2-33-2-B-0
aluminium heatsink was mounted, matching the footprint of the TEG. The heatsink was equipped
with tubular fins to enlarge the effective surface area and reduce thermal resistance. To minimize
contact imperfections at each interface, all surfaces between the motor, HTP, TEG, and heatsink were
coated with ARTIC MX-4 thermal paste. The arrangement of the HTP components and the air tunnel
is illustrated in Figure 3.

Figure 3. Visualization of HTP arrangement surrounding the motor, including the configuration of HTP compo-
nents and the air tunnel: (a) detail view, (b) exploded view of the assembly.

To further enhance the thermal gradient across the TEG, the design also takes advantage of
the airflow generated by the integrated cooling fan of the motor. During operation, the fan drives

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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air through the housing, which is partially finned to improve heat dissipation. The harvester was
mounted on a smooth section of the housing without fins, where localized heat accumulates. This
position simultaneously enables the directed airflow to pass through the added air tunnel surrounding
the heatsink, as illustrated in Figure 4. The accelerated cooling of the heatsink lowers its surface
temperature and thus increases the AT across the TEG. Figure 4b shows the deployment of the
complete energy harvesting device on the motor in the Industry 4.0 demonstrator line, where it was
also equipped with temperature sensors to enable detailed validation under real operating conditions.

() (b)

=~ Waste heat
= generated
«—_

= by the motor

i

Lower outer cover ! ||([(| fe Surface —

of the motor fan motor housing I

Fan blade

Figure 4. (a) Proposed air tunnel design illustrating airflow, waste heat transfer, and the integration of HTP and
TEG modules with the motor structure. (b) Deployment of the energy harvesting device on the small electrical
motor in the Industry 4.0 demonstrator line, equipped with temperature sensors for real-world validation.

3.2. Prototype of Battery-less IoT Device

A fully operational prototype of a wireless IoT node was developed to demonstrate the feasi-
bility of powering embedded electronics exclusively from thermoelectric energy harvesting. The
design objective was to achieve reliable operation with minimal energy overhead while maintaining
compatibility with industrial deployment scenarios.

The harvested voltage from the TEG is conditioned by an LTC3109 ultra-low-voltage DC/DC
converter, which charges a 20 mF storage capacitor to buffer the intermittent energy supply. An
LMR1901YG-M operational amplifier is included to enable precise voltage measurement and mon-
itoring of the storage element. Downstream regulation is provided by a TPS62840 high-efficiency
buck converter, delivering a stable supply to the digital electronics. This configuration ensures reli-
able bridging between the millivolt-level TEG output and the requirements of modern low-power
components.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Prototype of the IoT node powered by thermoelectric energy harvesting. The hardware integrates:
LTC3109 DC/DC converter with 20 mF storage capacitor, LMR1901YG-M operational amplifier, KL.25Z4 micro-
controller, TPS62840 step-down converter, and SX1261 LoRa transceiver.

The control and sensing logic are executed by an NXP KL25Z4 microcontroller, a 32-bit ARM
Cortex-M0+ device with integrated peripherals for data acquisition and energy management. For long-
range wireless communication, a Semtech SX1261 Long Range (LoRa) transceiver is employed, enabling
periodic transmission of measured data to the cloud. LoRa technology was selected for its favorable
balance of range and energy efficiency, making it well suited for batteryless IoT devices powered by
energy harvesting. The modular design further allows adaptation of transmission parameters (e.g.,
spreading factor, bandwidth, payload size) to match the available harvested energy, as demonstrated
in [32].

3.3. Experimental procedure

The experimental campaign was designed with two main objectives: first, to characterize the
thermal and electrical behavior of the proposed harvester under real operating conditions of an
industrial motor; and second, to verify its capability to reliably power a wireless IoT node for long-
term autonomous operation. For this purpose, a dedicated measurement setup was established
within the Smart Factory demonstrator line at VSB-Technical University of Ostrava. The environment
provides realistic conditions for testing energy harvesting from industrial motors, while allowing
controlled monitoring of thermal fields, harvested power, and wireless data transmission performance.

The Smart Factory demonstrator (Figure 6) consists of a modular production line equipped with
conveyor systems, robotic manipulators, and multiple electric drives. This platform is primarily used
for education and research in the field of Industry 4.0, providing a realistic environment for testing
advanced sensing and energy harvesting concepts. The harvester prototype was installed on a BOSCH
Rexroth 0.25 kW motor driving one of the conveyor modules. This integration allowed continuous
exposure to realistic thermal loads generated during operation, while also enabling straightforward
instrumentation for experimental measurements.

To capture the operating characteristics of the TEG, a dedicated measurement chain was imple-
mented. Surface temperatures on the hot and cold sides of the TEG were monitored using Pt100
sensors (type TT-PT100A-2050-11-AUN]I, class A accuracy) connected to a National Instruments NI-
9219 universal DAQ module via a four-wire interface to ensure high precision. The DAQ module,
housed in a cDAQ-9171 chassis, provided both power and data communication with a host PC, while
a custom LabVIEW application was developed for data acquisition, processing, and visualization. Two
complementary test configurations were applied (Figure 7): (a) measurements with a resistive load
matched to the TEG internal resistance, and (b) direct powering of the IoT node through the storage
capacitor to verify wireless transmission under realistic operating conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(a)

Figure 6. Experimental test bed of a Smart Factory established at VSB-Technical University of Ostrava, providing
the environment for energy harvesting experiments: (a) 3D model, (b) photograph.

(a)
Cooler LOAD  __ USB Chasis __
\ _[;] v cDAQ-9171
i

cDAQ-9171

)

(b)
Cooler or ) __ USB Chasis __
_ Tcold—~ cDAQ-9171
T hot ——F %
il ¥
—— i
L O] cDAQ-9171
Electric Motor T T

Figure 7. Experimental setup using motor waste heat to supply a TEG: (a) characterization with a resistive load,
(b) operation with an IoT node powered via a storage capacitor for wireless transmission.

To analyze the electrical behavior of the system in greater detail, two circuit configurations were
implemented. The first configuration (Figure 7a) connected the TEG output to an LTC3109 ultra-
low-voltage DC/DC converter, which ensured efficient energy transfer and enabled operation from
temperature differences as low as 1 °C. This setup allowed precise evaluation of the conversion
efficiency and the behaviour of the storage capacitor during charging. The second configuration
(Figure 7b) included the complete IoT node, where the harvested energy powered the KL25Z4 micro-
controller and the SX1261 LoRa transceiver. In this case, the LTC3109 supplied the baseline energy
management, while the TPS62840 high-efficiency step-down converter provided stable power to the
radio during transmission. This dual approach enabled both laboratory-style characterization and
verification of real IoT operation under energy harvesting conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The IoT node operated under a simple duty-cycling strategy implemented in the microcontroller
firmware. The algorithm continuously monitored the capacitor voltage and initiated a wireless
transmission only when the voltage exceeded 2.0 V, ensuring that sufficient energy was available to
complete the operation. After each successful transmission, the node entered a sleep mode for 20 to
minimize quiescent consumption and allow the capacitor to recharge from the harvester. This strategy
guaranteed reliable operation of the wireless link while adapting the duty cycle to the variable amount
of harvested energy.

4. Results

The experimental evaluation was carried out in two consecutive stages to verify both the perfor-
mance of the developed thermoelectric energy harvesting device and its capability to reliably power an
IoT sensor node. First, the energy harvester prototype was analyzed in terms of thermal and electrical
behavior under realistic operating conditions. Subsequently, the feasibility of autonomous operation
of a wireless sensor node powered solely by harvested energy was assessed, focusing on transmission
regularity, energy balance, and system stability.

4.1. Energy Harvester Performance

To assess the capability of the developed thermoelectric prototype to convert waste heat into
usable electrical energy, the device was mounted on a small electric motor driving a manipulator in
the production line test bed. The objective of this evaluation was twofold: to characterize the thermal
behavior of the harvester under realistic operating conditions and to quantify the corresponding
electrical output as a function of the temperature difference across TEG.

Figure 8a depicts the temperature evolution on the hot and cold sides of the TEG during con-
tinuous motor operation. After start-up, both surfaces exhibited a gradual increase in temperature,
reflecting the heating of the motor casing and the heat sink. The resulting temperature difference
stabilized in the range of 4.8-5.2 °C, with an average of 4.0 °C over the entire experiment (Figure 8b). A
transient increase was observed immediately after the motor was switched off, caused by the cessation
of the integrated cooling fan, which temporarily reduced convective heat dissipation before the system
returned to ambient conditions. These findings demonstrate that a measurable and stable thermal
gradient can be established even without dedicated thermal management.
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Figure 8. (a) Temperatures recorded during experiment on hot and cold side of TEG placed in energy harvesting
device. (b) Temperature difference on TEG during experiment with small electrical motor.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0520.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 February 2026 doi:10.20944/preprints202602.0520.v1

10 of 17

The corresponding electrical characteristics are shown in Figure 9. The TEG produced an voltage
that increased with time until thermal steady state was reached. The maximum measured voltage
was 89.6 mV, with a mean of 64.2mV and a median of 81.5mV. The associated electrical power output
peaked at 5.07 mW, with an average value of 3.16 mW and a median of 4.19 mW. The observed temporal
evolution of both voltage and power closely followed the thermal response of the system, indicating
that the harvester output becomes progressively more stable as the thermal conditions approach

equilibrium.
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Figure 9. Measured voltage and calculated power during prototype validation.

A more detailed view of the harvester behavior is provided in Table 2, which reports the electrical
parameters as a function of the temperature difference across the TEG. At a minimal AT of 0.5 °C, the
device generated only 6.26 uW, while a AT of 5 °C yielded 4.72 mW. This scaling behavior confirms that
even modest improvements in thermal coupling or gradient enhancement can substantially increase
the harvested power.

Table 2. Electrical characteristics of the TEG harvester as a function of the temperature difference AT: output
voltage V1gg, current Itgg, and power Prgg.

AT  Vigc  Itec Preg
(°C)  (mV) (mA) (zW)
0.5 2.63 1.75 6.26
1 10.08 6.43 69.25
1.5 11.62 7.30 92.32
2 1643 10.34 193.82
25 31.63 19.96 673.08
3 4407 2779 1257.44
3.5 5573 3515 1974.95
4 6654 4195 280047
45 76.52 48.23 3696.60
5 86.57 5454 472453

4.2. IoT Sensor Analysis

To verify the feasibility of fully autonomous operation, the developed harvester was deployed to
power a wireless sensor node integrated into the production line environment. The node consisted of
a microcontroller and a LoRa transceiver, executing an energy-aware algorithm designed to regulate
data transmissions according to the instantaneous energy state. The experiment aimed to demonstrate
whether the harvested energy could reliably sustain continuous operation without external supply.

Figure 10a shows the temporal evolution of the temperature difference across the thermoelectric
module, the corresponding capacitor voltage, and the instants of data transmission. After an initial
charging phase, the system entered stable operation, with regular transmissions sustained by harvested
energy. The cumulative energy balance presented in Figure 10b confirms that 6.17] of energy was
harvested while 6.05] was consumed, yielding a slight surplus. This margin indicates that the device
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was able to compensate for natural fluctuations in the thermal gradient and operate continuously
without external intervention.
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Figure 10. (a) Temperature difference and capacitor voltage measured during the experiment with the energy
harvester powering a LoRa module and microcontroller. (b) Cumulative harvested and consumed energy during
the experiment.

In Figure 11, the transmission intervals of the wireless sensor node powered by the energy
harvester are analyzed. Panel (a) illustrates the sequential order of transmissions, where the vertical
axis represents the elapsed time between successive messages. Most intervals fall within the range
of approximately 170-220 s, with only a few instances deviating towards longer or shorter delays.
The box-plot in panel (b) provides a statistical summary of the interval distribution. The median lies
around 2005, and the inter-quartile range is relatively narrow, indicating stable sensor operation.

Finally, Table 3 quantifies the dependence of transmission periodicity on the available temperature
difference. At AT = 0.5°C, the interval between transmissions is estimated to approach 2000 min,
whereas at AT = 5°C the node is capable of transmitting every 2.6 min. It should be noted that these
values were not obtained from direct long-term measurements but were derived analytically: the
transmission interval was approximated as inversely proportional to the harvested power, using the
experimentally verified operating point at AT = 4.5 °C as the reference. All other entries in the table
therefore represent extrapolated estimates based on this proportionality.
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Figure 11. Analysis of transmission intervals of the wireless sensor node powered by the energy harvester:
(a) sequential order of data transmissions, where the vertical axis represents the time elapsed between consecutive
transmissions, (b) box-plot representation of the distribution of transmission intervals.

Table 3. Estimated time interval between successive transmissions of the IoT node as a function of the temperature
difference AT.

AT (°C) | 05 1 15 2 25 3 35 4 45 5
Estimated time (min) | 1976 179 134 64 18 10 61 44 33 26

5. Discussion

The results of this study demonstrate the feasibility of powering an autonomous IoT device
exclusively by harvesting waste heat from an industrial motor. The developed prototype achieved
stable operation under real factory conditions, where modest temperature differences of approximately
4-5°C were sufficient to sustain continuous data acquisition and regular wireless transmissions.
Throughout the measurement campaign, the energy harvested exceeded the consumption, enabling
uninterrupted functionality of the sensor node. These findings confirm that even small and naturally
occurring thermal gradients can be effectively exploited to ensure reliable operation of embedded
electronics without the need for batteries or external power sources.

Table 4. Comparison of energy harvesting studies which use waste energy from electric motors.

Study / Ex- Main source of AT TEG Harvested en- Achieved power

periment used  ergy

Santos [14] Electric motor + Air 1 909.35m] 3.19 mW/3.27°

Nils [15] Electric motor + 1 - 1.3 mW
Centrifugal pump

Oliveira [16]  Electric motor + Air 3 - 370.10 pyW

Oliveira [17]  Electric motor + Air 1 - 320 pW

This experi- Electric motor + Air 1 6.1686] (9612s)  0.6418 mW (avg.)

ment

When compared with previously published approaches, the developed prototype demonstrates a
favorable balance between harvested energy, power output, and system simplicity. As summarized in
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Table 4, Santos [14] reported 909.35,m] harvested from an electric motor using a single TEG; however,
their setup employed a substantially larger thermoelectric module, whereas our prototype operates
with a TEG of approximately 60 % of that active area. In addition, their wireless transmission relied on
the relatively energy-efficient IEEE 802.15.4 protocol, while our system must accommodate a more
demanding communication scheme, which further increases the energy budget required for each
measurement cycle. Oliveira achieved 370.10 uW with three modules [16] and 320 uW with a hybrid
solution [17]. Reeh et al. [15] obtained 1.3 mW by positioning a module between an electric motor and
a centrifugal pump, though at a significantly higher motor rating of 2.5kW. In contrast, the system
presented here harvested 6.17 ] during 9612 s of operation and delivered an average of 0.64 mW, with
peaks exceeding 5 mW, despite being attached to a motor of only 0.25 kW. These results highlight an
improved energy harvesting efficiency relative to the scale of the machine and confirm that reliable
wireless communication can be sustained even under modest thermal conditions. The findings further
underline the benefit of direct integration with the motor housing and utilization of the built-in cooling
fan, which enables both stable thermal gradients and minimal installation effort compared with more
complex experimental arrangements.

The presented design also introduces several innovations that enhance its practical value for
industrial applications. Unlike many studies that rely on multiple modules or large thermal gradients
to achieve usable power levels [16,17], this prototype demonstrates that a single TEG can provide
sufficient and stable output when integrated directly on the motor casing and supported by the existing
airflow of the built-in cooling fan. As indicated in Table 4, the achieved energy and power levels are
competitive with or superior to more complex setups, despite the use of a comparatively small motor.
A further novelty lies in the use of a hybrid DC/DC conversion chain (LTC3109 and TPS62840), which
effectively bridges the ultra-low input voltage of the TEG with the operating requirements of modern
microcontrollers and wireless transceivers. Combined with an adaptive transmission strategy, this
ensures efficient utilization of the harvested energy and predictable operation of the sensor node. These
features make the approach particularly suitable for retrofitting into existing industrial environments,
where low cost, non-invasive integration, and long-term autonomy are critical requirements.

Despite these promising results, several limitations of the presented work should be acknowl-
edged. The absolute power output remains in the order of milliwatts, which constrains the range
of potential applications to low-power sensing and communication tasks. The experiments were
performed on a single motor type under stable operating conditions, and thus the generalisability of
the results to different machines or more dynamic environments remains to be validated. In addition,
the duration of the experimental campaign was limited to a few hours, whereas long-term stability
and reliability over months or years are critical for industrial deployment. Potential issues such as
the thermal cycling of the TEG, ageing of capacitors, or mechanical stability of the mounting under
vibrations were not addressed. These factors represent important aspects for future studies to ensure
the robustness of the system in practical use.

Future improvements of the proposed concept may build on both circuit-level and system-level
enhancements. At the circuit level, next-generation DC/DC converters such as the EM8900, which can
start harvesting from input voltages as low as 5mV [? ], or the MATRIX Mercury with a 9 mV threshold
[? ], offer opportunities to extend the operational envelope towards smaller temperature gradients
and faster cold-start behavior. At the system level, hybrid harvesters that combine thermoelectric
conversion with alternative sources such as vibrations, solar radiation, or electromagnetic induction
could further increase the available energy budget. Long-term testing across different motor types,
varying workloads, and seasonal conditions will be essential to validate durability and scalability.
Finally, integration with artificial intelligence techniques for adaptive duty-cycle control and predictive
diagnostics represents a promising direction, enabling sensor nodes not only to operate autonomously
but also to contribute actively to advanced maintenance strategies in Industry 4.0.

From a practical perspective, the findings highlight the potential of thermoelectric energy harvest-
ing as a sustainable alternative to battery-powered sensing in industrial environments. The elimination
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of batteries reduces maintenance requirements, lowers operational costs, and minimizes environmental
impact associated with large-scale battery disposal. The compact design and straightforward installa-
tion make the system attractive for retrofitting onto existing machinery without interrupting operation.
By ensuring continuous data collection and transmission, the approach directly supports predictive
maintenance strategies, which are central to modern manufacturing concepts. As such, the presented
solution not only advances the technical feasibility of battery-free sensing but also contributes to the
broader goals of Industry 4.0 by enabling reliable, autonomous, and environmentally responsible
monitoring of industrial assets.

6. Conclusions

This work presented the development and validation of a thermoelectric energy harvesting system
designed to power wireless sensor devices directly from the waste heat of an industrial electric motor.
The prototype demonstrated that even modest temperature gradients of approximately 4-5°C are
sufficient to sustain continuous autonomous operation, including regular wireless data transmissions.
Over a measurement period of 9612 s, the system harvested 6.17] of energy while consuming 6.05],
maintaining a positive energy balance and confirming the feasibility of battery-free operation under
realistic factory conditions.

In comparison with related studies, the proposed approach achieves competitive or superior
performance in terms of harvested energy and power output, despite relying on a single thermoelectric
module and operating at lower motor power. The integration strategy—direct attachment to the motor
housing with the aid of the built-in cooling fan—ensures both stable thermal gradients and simple,
low-cost installation, making the solution well suited for retrofitting in industrial environments.

The system further benefits from a hybrid DC/DC power conversion chain, which bridges
the ultra-low input voltages of the TEG with the requirements of modern microcontrollers and
radio transceivers. Together with an adaptive transmission strategy, this enables predictable energy
management and reliable wireless communication.

Looking ahead, the adoption of next-generation converters capable of harvesting from lower
input voltages, as well as the combination with hybrid energy sources, offers promising opportunities
to expand the operational envelope. Long-term testing across different machine types and workloads
will be essential to validate durability. By demonstrating a practical pathway towards sustainable,
maintenance-free sensing, this study contributes to the broader objectives of Industry 4.0 and highlights
the role of thermoelectric harvesting in enabling reliable and environmentally responsible monitoring
of industrial assets.
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