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Abstract: This paper deals with an electrothermal model of a thermoelectric converter dedicated
to performing simulations of coupled thermal and electrical phenomena taking place in harvesting
processes. The proposed model is used to estimate the electrical energy gain from waste heat that
would be sufficient to supply electronic circuits, in particular autonomous battery-less nodes of
wireless sensor networks (WSN) and Internet of Things (IoT) devices. The developed model is not
limited to low-power electronic solutions such as WSN or IoT; it can also be scaled up and applied
to simulations of considerably higher thermal power conversion. In this paper, a few practical case
studies are presented that show the feasibility and suitability of the proposed model for complex
simultaneous simulation processes in both the electrical and thermal domains. The first example deals
with a combined simulation of the electrothermal model of a thermoelectric generator (TEG) and an
electronic harvester circuit based on Analog Devices’ power management integrated circuit LTC3108.
The second example relates to the thermalization effect in heat sink-less harvesting applications that
could be mitigated by a pulse mode operation. The unique contribution and advancement of the
model is the hierarchical structure for scaling up and down, incorporating the complexity of the
Seebeck effect, the Joule effect, heat conduction, as well as the temperature dependence of the used
materials and the thermoelectric pellet geometries. The simulations can be performed in steady as
well as transient states under changing electrical loads and temperatures.

Keywords: thermal energy harvesting; thermoelectric module; TEG; IoT; WSN; electrothermal
simulations; thermalization effect

1. Introduction

Wireless Sensor Networks are central components of the Internet of Things (IoT).
They find various critical and non-critical applications impacting nearly every area of
our lives. The wireless sensor networks (WSN) market is on an upward trajectory; the
projected compound annual growth rate between 2022 and 2027 is 17.32% [1]. According
to IoT Analytics, by 2027, there will likely be more than 29 billion IoT connections [2].
The key drivers of the dynamic growth are the rising adoption of Industry 4.0, wearable
technologies, and the demand for wireless sensors in smart manufacturing processes. The
proliferation of IoT devices [3] and the rapid development of wireless sensor networks
(WSN) nodes, numbering now to a quantity many times higher than the total number of
people worldwide [4], have forced many R&D teams to search for self-powering electronics
and battery-less energy sources to ultimately bring the paradigm of completely autonomous
WSN/IoT systems (in terms of energy resources and connectivity) much closer to reality (see
Figure 1). This necessity mainly results from the fact that the IoT and WSN elements are very
often installed in harsh, difficult-to-reach locations or remote environments, far from power
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mains grids that deliver the necessary energy to power sensors and communication devices.
The use of batteries also does not solve the problem of IoT powering because they need
periodic replacement or recharging, which results in a significant increase in maintenance
costs. Moreover, batteries are chemically hazardous, which imposes additional risk on the
environment. That is why energy harvesting from freely available environmental sources
of energy has attracted great research attention [5–8]. Apart from very well-recognized
free energy sources being subjects of energy harvesting applications, like heat, light [9–11],
mechanical vibrations [12–14], and electromagnetic background [15–17], hybrid harvesting
systems are also being developed [18,19] and new solutions investigated as pyroelectric or
triboelectric [20–22].
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From the above-mentioned ambient energy sources, heat energy and thermoelectric
conversion play increasingly important roles in the fields of energy harvesting and energy
scavenging, although the heat-to-energy conversion efficiency still leaves much to be
desired. On the other hand, thermoelectric modules (TEM), which are devoid of moving
components, offer the advantages of quiet and reliable operation with an exceptionally
long Mean Time to Failure (MTTF) coefficient. Waste heat is often abundant in industrial
environments, and temperature gradients typically change more gradually compared to
the abrupt bursts of vibration that often occur spontaneously. This is why thermoelectric
generators can offer a consistent and uninterrupted source of energy that is relatively easily
converted by power management circuits.

It is estimated that in closed facilities, an ambient energy harvester with an area
of 1 cm2 or a volume of cm3 can provide electrical power in the range of 200 µW from
piezoelectric vibrations or 10–100 µW from electrostatics, 10 µW from light, 1 µW from
the electromagnetic background, and 20 µW from the heat at a 10◦ temperature gradient.
Even if the thermoelectric methods are not characterized by high conversion efficiency
and output power, compared to other ambient energy sources, they are preferred in many
applications. TEGs can harvest energy in dark, hidden locations, and they provide direct,
silent, vibrationless, and reliable conversion of heat into electric energy.

The development of heat energy harvesting by means of thermoelectric modules is
nowadays greatly enhanced by improvements and progress that proceed in three parallel
paths. One is the materials science that provides new materials for thermoelectric couples
exhibiting far higher figures of merit ZT in the room temperature range than the traditional
Bi2Te3 [23–26]. Historically, in the 1960s, the best industrially produced thermoelectric
materials were based on solid solutions of Bi2Te3, Sb2Te3, PbTe, GeTe, and SiGe [27].
They are still widely used, but nowadays, new materials ranging from monocrystalline or
polycrystalline solids through semiconductors and metalloids, ceramic oxides, and thin-
layer superlattices are increasingly used in thermoelectric modules. The key thermoelectric
materials for room temperature include solid solutions based on Bi2Te3, solid solutions
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based on PbTe for the intermediate temperature range spanning from 600 to 800 K, and
Si1−xGex for temperatures exceeding 1000 K. For room-temperature applications, the
most suitable candidates are Bi2Te3 (ZT ≈ 1), Nano-Bi2Te3 (ZT ≈ 1.4), and (PbTe)0.82 or
(AgSbTe2)0.18, which have a ZT ≈ 1.8 [28,29]. Currently, the ZT value reaches 2.5 for n-SnSe
2% Bi [30] and p-SnSe [31]; however, it is still behind market expectations targeting ZT > 3.
Recent developments bring new very attractive solutions with potential for harvesting
and sensing applications in IoT, like metamaterials [32], nanoparticles [33], near-zero-index
materials [34], graphene [35], plasmonics [36], and multifunctional composites [37].

Thermoelectric materials based on Bismuth and Tellurium and their alloys are not
chemically hazardous, and their disposal does not have a negative impact on the natural
environment. It is the opposite of alloys based on Lead, which have a better figure of
merit (ZT), but are highly toxic elements and banned in the EU according to the Directive
RoHS-2002/95/EC. Compared to batteries, thermoelectric modules have a much longer
lifespan, which makes them more environmentally friendly, not to mention that primary
non-rechargeable and secondary rechargeable batteries contain many components that are
harmful to the environment, including toxic elements.

The second path of development is the advancements in the construction and geometry
of thermoelectric modules with segmented legs that can achieve much higher efficiencies
and high output power densities of over 2.1 W/cm2 [38,39].

The third path results from recent developments in the design of electronic circuits
and the microelectronics industry. There are both energy-efficient converters and power
management integrated circuits (ICs) for energy harvesting [40–43] and ultra-low-power
microcontrollers and wireless transceivers that have such low energy requirements that
they can be powered by human warmth alone. For example, in [44], a low-temperature
thermal energy harvesting system that supplies power to wireless sensing modules was
demonstrated, capable of transmitting the collected temperature, current, and voltage
measurements. In [45], a wearable thermoelectric power generator using body heat to
supply power to low-power human diagnosis devices (sensor nodes) is presented. The
experimental results show that the power of a single TEG module reaches about 250 µW at
a temperature difference of around 5 ◦C. It is estimated that a single IoT node needs only
around 100 µJ per cycle [46]. Advances in microelectronics and semiconductor technol-
ogy have enabled the miniaturization of thermoelectric modules, making them suitable
for integration into compact and portable devices such as wearables, IoT sensors, and
medical instruments.

The motivation behind the proposed work is the development of an efficient model
of a thermoelectric converter for a thermal energy harvesting process simulation that
will consider the thermoelectric materials’ parameters, the TEG mechanical construction
(including heat sink optimization), as well as the inclusion of an electronic circuit for
power conversion. The complex thermoelectric converter model is suitable for simulation
experiments carried out on a common platform, namely the electronic circuit simulator.
The proposed model uses the electro-thermal analogy, where the thermal quantities, such
as heat power, temperature, thermal resistance, and capacitance, are replaced by equivalent
electrical quantities, respectively, the current source, voltage, electrical resistance, and
capacitance. The model is useful in the assessment and performance prediction of a
customized energy harvester and self-powered electronic system before developing a costly
prototype. It can be used to estimate the available electrical energy harvested from waste
heat that would be required to supply electronic circuits (in particular, autonomous battery-
less nodes of wireless sensor networks (WSN) and IoT), or at least to support a primary
battery that prolongs the lifetime of the nodes. The developed model is not limited to only
low-power electronic solutions such as IoT or WSN; it can also be scaled up and applied to
simulations of considerably higher thermal power conversion.

In the context of IoT and WSN applications, the general structure of the model can
be easily scaled-up and modified according to the given geometry of the thermoelectric
module and the thermoelectric materials it is made of, including their temperature depen-
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dencies. The electrical power and energy requirements of the IoT and WSN applications
can be directly confronted during the simulations with the available harvested energy
from the environment for changing external temperature conditions. In this context, the
electrothermal model implemented in LTspice is very efficient and does not have direct
competition among the available simulation tools based on finite element methods (FEM).

The main technical challenge in modeling thermoelectric energy harvesting is the inte-
gration within the electronic circuit simulator of complex thermal and electrical phenomena
governing the TEG operation and the parallel implementation of thermoelectric parameter
temperature dependencies. The model takes into account the low internal resistance of a
TEG and links the relationship between ambient, hot, and cold temperatures as well as
the Seebeck voltage at the TEG terminals. Such a component integrated with an electronic
circuit simulator is critical in simulations of ultra-low-power step-up DC/DC converters.
It provides a drop-in replacement of an ordinary voltage/current source with a more
sophisticated energy source that reproduces a real TEG.

The model can be applied to all existing electronic power management solutions
that use LTspice as simulation software [47] at the system development stage. As this
software environment is a common tool used by electronic engineers, it can be easily
integrated with existing solutions to reliably and accurately mimic the behavior of real
thermoelectrical circuits.

This article is organized as follows: in Section 2, we describe the detailed process of
the thermoelectric harvester modeling and the equivalent representation in the LTspice. In
Section 3, we present the basic simulated operations of the TEG, demonstrating its perfor-
mance characteristics, for example, the available output power against current or resistive
load and changing temperature conditions. In Section 4, we show practical, real-life scenar-
ios and the results of simulation experiments, followed by a discussion. The first example
deals with a combined simulation of the electrothermal model of a thermoelectric generator
(TEG) and an electronic harvester circuit based on Analog Devices’ power management
integrated circuit LTC3108. The second example relates to a thermalization effect in heat
sink-less harvesting applications that could be mitigated by a pulse mode operation.

2. A Model of a Thermoelectric Converter

A typical thermoelectric harvester (Figure 2) consists of a thermoelectric module at-
tached to a heat source and a heat sink to create a temperature gradient ∆T over TEM
that is next converted at an open circuit into a Seebeck voltage VS by the Seebeck coef-
ficient S (1). Heat sink dimensions are often much higher than TEM, which hinders the
miniaturization of the whole system. When the electric circuit is closed by an external
load RL, the output voltage VOUT and harvested power PL can be observed as shown in
Equations (2) and (3), respectively.

VS = S∆T = S(Th − Tc) (1)

VOUT = S(Th − Tc)
RL

RL + R
(2)

PL =

[
S(Th − Tc)

RL + R

]2
·RL, (3)

where R stands for the internal resistance of the TEM, including the resistance of the bismuth
telluride Bi2Te3 and the resistance of the copper strips connecting the thermoelectric pellets.

2.1. Approaches to Modeling Thermoelectric Converters

As the demand for thermoelectric harvesters/converters grows, designers encounter
the challenge of creating a straightforward yet precise model for simulations. This requires
an accurate numerical representation of their performance parameters across various
operating conditions [48]. The modeling behavior of thermoelectric modules (TEMs) has
quite a long history. Typically, simulations are conducted using mathematical software,



Energies 2024, 17, 204 5 of 23

employing numerical techniques, or through electronic and thermal simulators that address
the electrical and thermal aspects of the model independently.
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In [49], differential equations governing thermoelectric transports were analytically
and numerically solved by the Mathematica software tool. This tool is capable of solving
the inhomogeneous second-order differential equation for the temperature profile, even
for non-constant coefficients with mixed boundary conditions. Thus, exact temperature
profiles along the pellet could be easily calculated, including the temperature dependence
of the material properties.

The electro-thermal operation of energy harvesters based on thermoelectric modules is
a complex process, and in-depth insights require 3D numerical methods. Another approach
uses the numerical models of thermoelectric generators implemented by means of the finite
element method (FEM). In [50], an effect of the geometric design and height of the TEM
legs on the optimal output voltage was studied. In [51], the ANSYS Workbench software
was used to model a TEM in which the Peltier, Joule, and Thomson effects were included in
the heat equation. A holistic 3D finite element simulation model for a thermoelectric power
generator element implemented into COMSOL Multiphysics software was demonstrated
in [52].

Finite element-based methods give accurate results, and fortunately, calculating the
module’s performance in a steady state is sufficient to meet the accuracy required for
validation of the design requirements. Nonetheless, electronic engineers often find such
complex tools impractical because they do not allow quick results. What is even more
important to take into consideration is that the FEM methods are not suitable for the
simulation of coupled energy harvesters and electronic circuits at the same time, which
is crucial in the customized TEG development process. Moreover, the energy harvesting
system has to undergo simulations when it is running overtime and is subjected to various
external conditions, in particular, changing temperatures and the electrical load that the
TEG has to cope with. In this context, the most adequate and reliable approach is to use an
electronic circuit-like simulator and an electro-thermal analogy.

2.2. Electro-Thermal Analogy-Based TEG Model

The first models of the thermoelectric modules that were implemented into electronic
circuits’ simulators were working in cooling mode. In [53], an analysis of a developed
PSPICE-compatible equivalent circuit of a thermoelectric cooler was demonstrated, whereas
in [54,55], an electrothermal macromodel of an active heat sink based on TEM for cooling
process simulation was described. In [56], a modified electrothermal model of TEMs was
demonstrated, with temperature-dependent material properties taken into consideration.
The electrothermal models of TEMs working as thermogenerators differ from coolers in
that an extra circuit has to be added that models a voltage source resulting from the Seebeck
effect [57–59].

In our work, we assume a one-directional heat flow from a heat source through a TEM
to a heat sink. All components in the harvesting system stack are transformed into a lumped
network of equivalent thermal resistances and capacitances reflecting heat conductance
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and accumulation, as well as current sources corresponding to heat sources. Figure 3 shows
a detailed structure of the layers of the thermoelectric generator and the corresponding
equivalent electrothermal circuit components.
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The heat source can be modeled as a current source Qp if the power of the heat source
attached to the TEM is known, or as a voltage source reflecting temperature Th when
the heat to the TEM is delivered from a source characterized by infinite heat capacity at
constant temperature Th.

The resistors, Rth Al2O3 and capacitors Cth Al2O3 mimic the thermal resistance and
capacitance of the alumina layer Al2O3, which is the outer surface of the TEM; it exhibits
very high thermal conductance and extremely low electrical conductance. The RthCu and
CthCu are the thermal resistance and capacitance (respectively) of the copper strips that
connect the thermoelectric pellets in series. The parallel thermal circuit consisting of Rthhs
and Rthhs is responsible for modeling heat accumulation and dissipation by the heat sink
(made of aluminum) into the air. Finally, the heat power sources Qc and Qh represent the
heat powers of the cold and hot sides of the TEM, respectively.

Apart from the “active” layer Bi2Te3, the remaining layers of the TEG are passive,
and the values of thermal resistance can be calculated based on the thermal conductivity
coefficient of the appropriate materials, the cross-section area, and the thickness of a specific
layer. The thermal capacitance can be estimated based on the volume of the layer and the
specific heat parameter of the material. The “active” part of the TEM is described by the
equations expressing the thermal and electrical power balance across the TEG (4)–(7).

Qc = SITc −
RI2

2
− K(Th − Tc) = Qc1 − Qc2 − Qc3 (4)

Qh = SITh +
RI2

2
− K(Th − Tc) = Qh1 + Qh2 − Qh3 (5)

Qh − Qc = P = S(Th − Tc)I + RI2 = VI (6)

V = S(Th − Tc) + RI (7)
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where Qc represents heat power at the cold side of TEM [W], Qh is heat power at the hot
side of TEM [W], P is electrical power delivered to or generated by TEM [W], I is electrical
current flowing through TEM [A], V is voltage over TEM terminals [V], Tc is temperature
at the cold side of TEM [K], Th is temperature at the hot side of TEM [K], S is total Seebeck
coefficient of TEM [V/K], R is total electrical resistance of TEM [Ω], and K is total thermal
conductance of TEM [W/K].

In the proposed model, the nonlinear thermal dependencies of the relevant ther-
moelectric parameters, such as the Seebeck coefficient, electrical resistance, and thermal
conductivity, are included and expressed as temperature functions S(T), R(T), and K(T).

2.3. Electrothermal Model of a TEG Based on the Low-Cost Themoelectric Module TEC1-12706

The proposed model is used in our research work in the development of cost-effective
battery-less electronic systems that are powered by thermoelectric generators [60] or com-
bined TEGs and other sources of harvested energy (e.g., photovoltaic or vibrations). There-
fore, we subjected ourselves to modeling the low-cost, commercially-available thermoelec-
tric module TEC1-12706 (one of the cheapest modules on the market). Its dimensions are
40 mm × 40 mm × 3.9 mm. At 50 ◦C, it has the maximum heat power Qmax = 57 W, the
maximum current Imax = 6.4 A, and the maximum voltage Vmax = 16.4 V.

The thermal resistances and capacitances of the passive layers of the modeled TEM
were calculated in accordance with the description given in Section 2.1. For the active part,
before the equivalent model was developed, the most important parameters (namely R, S,
and K values) were extracted. In [61,62], experimental techniques for the determination
of these parameters (from observable variables obtained from temperature, voltage, and
electric current measurements made on a working TE device) were proposed. Another
more convenient technique for extracting temperature-dependent data concerning the
three critical parameters of a heat energy harvesting system were proposed in [63] and
was also used in this work. The temperature functions of R, S, and K were calculated
from the performance plots provided by the TEM manufacturer. From the graphs showing
the relationship of the voltage and heat power at the cold side of the TEM against the
temperature gradient, R can be determined first (8), next S (9), and finally K (10). The linear
approximation of the temperature dependence obtained from the calculations for the total
resistance R, Seebeck coefficient S, and thermal conductance K of the TEC1-12706 is given
in Figure 4.

R =
V
I

; @ ∆T = 0 (8)

S =
Qc +

1
2 RI2

ITc
; @ ∆T = 0 (9)

K =
Qc − 1

2 RI2 − Qc

Th − Tc
(10)
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coefficient S, and thermal conductance K of the TEC1-12706 module.

Table 1 presents the extracted values of the components for the equivalent circuit
model of the TEC1-12706 working as a thermoelectric converter. The coefficients ‘a’ and ‘b’
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express the linear approximation of the temperature dependence of the parameters R, S,
and K according to the linear function y = ax + b. The complete equivalent circuit of the
thermoelectric converter based on TEC1-12706 is shown in Figure 5.

Table 1. Values of the extracted thermal component parameters of the TEC1-12706 module used in
the equivalent circuit model.

Rth_Cu
[K/W]

Cth_Cu
[J/K]

Rth_Al2O3
[K/W]

Cth_Al2O3
[J/K]

R
[Ω]

S
[mV/K]

K
[mW/K]

a b a b a b

0.41 m 0.55 14.06 m 0.96 0.011 2.106 0.068 49.56 −5.48 973.9
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module TEC1-12706.

In the thermal part of the equivalent model shown in Figure 5, the three parallel
current sources Qcn on the left side of the circuit and the three Qhn on the right mimic heat
power sources on the cold and hot sides of the TEG, respectively. They originate directly
from Equations (4) and (5), consisting of three components reflecting the Peltier effect (Qh1
and Qc1), Joule heat generation (Qh2 and Qc2), and heat conduction (Qh3 and Qc3). The heat
power sources Qcn and Qhn are controlled by auxiliary voltage sources reflecting the actual
values of R, S, and K calculated continuously at mean temperature Tmean across the module
(11). The detailed description of Qcn and Qhn, as well as the Seebeck voltage VS modeled in
the LTspice, are shown in Figure 6. In particular, for Qc1, a current source I is controlled by
three voltage sources. The I is mimicking the heat power source on the cold side, which is
responsible for the Peltier effect. It is modeled according to Equation (4) as a product of the
mean value of Seebeck coefficient S expressed by a voltage V (Smean) having the value of
Smean, next the absolute temperature at the cold side expressed by a voltage V(Tcold) + 273,
and finally the voltage V(Ipel) having the value of Peltier current flowing through the TEG.
On both sides of the connected in parallel heat power sources Qcn and Qhn, there are also in
the equivalent circuit the lumped thermal capacitors, Cth Al2O3 and CthCu as well as the
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thermal resistors, Rth Al2O3 and RthCu is responsible for mimicking heat conduction and
accumulation.

Tmean =
Th + Tc

2
(11)
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Figure 6. Description of the heat sources Qcn, Qhn, and Seebeck voltage sources in LTspice notation.

In the electrical part of the model, the generated output Seebeck voltage expressed by
the voltage source Vseeb appears between terminals V+ and V−. The internal resistance
is controlled by an auxiliary voltage source that delivers a value of Rmean proportional
to Tmean.

For the simplicity of the simulation exercise, the complex electrothermal model is hid-
den from the enduser with a hierarchical structure in the LTspice tool. The final component
that can be used in prototype circuits and systems is represented by a five-terminal symbol
(Figure 7). Terminals 1, 2, and 3 correspond to the ambient, hot, and cold side temperatures,
respectively, whereas V+ and V− correspond to the output voltage.
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Each developed electrothermal model is validated experimentally at the laboratory
stand presented in Figure 8. The testbed consists of two extra TEC1-12706 Peltier modules
connected to separate Twintex TPM-3005 programmable power supplies to set cold and hot
temperatures on both sides of the investigated module. Heat and cold from the two auxil-
iary Peltier modules are dissipated by large heat sinks. Between these two modules, there
is a third one working as a thermoelectric generator under test. Thermocouples placed
between modules are connected to the Pico TC-08 thermocouple data logger. The open
circuit voltage, or the voltage over an electrical load, are measured by the PicoLog 1216 data
logger. Based on measurements carried out on the real component, the LTspice model is
adjusted accordingly (only the values of the parameters are tuned, but not the structure of
the model as such) to mitigate a production mismatch and tolerance of TEG parameters.
After setting the cold and hot side temperatures of the TEG under test, the Seebeck voltage
and then the power were in line as computed by the proposed model.
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3. Simulated Basic Operations of the TEG and Performance Assessments

In the following subsections, a few important operations of the TEG TEC1-12706 are
modeled. The obtained characteristics and results give a much deeper insight into the
behavior of the thermoelectric converter than the data sheets provided by TEM manufac-
turers and allow for performance assessments in the various conditions that the TEG may
face in real operating conditions.

3.1. Seebeck Voltage in Open Circuit Mode of Operation

The relationship between the Seebeck output voltage at the open circuit and the
temperature gradient ∆T across the TEG can be modeled and predicted in the equivalent
thermal circuit shown in Figure 9.
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The voltage sources VTa, VTc, and VTh represent the ambient Ta, cold Tc side, and
hot Th side temperatures of the TEG, respectively. The simulations were performed with
various temperature gradient values, with Tc specified as a parameter and Th declared as a
variable. The obtained results enable the estimation of the highest voltage ratings in the
absence of loads. They can be highly beneficial when designing DC-DC boost regulators
necessary to increase the voltage and fulfill the requirements of electronic circuits, such as
sensor network nodes. As expected, the plots shown in Figure 9 prove that the Seebeck
voltage is proportional to the temperature gradient across the TEG and that the module
TEC1-12706 can provide at least V = 510 mV at ∆T = 10 ◦C and as much as V = 3.06 V at
∆T = 60 ◦C.
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3.2. Maximum Available Output Power and Maximum Power Transfer Point

Figure 10 illustrates the output power PL in function of the current load IL at different
temperature differences between TEG sides; the temperature of the cold side is constant
and set to Tc = 20 ◦C, whereas the hot side temperature Th changes in 20 ◦C increments.
From the plots, it can be estimated that the maximum output power from the generator (at
∆T = 100 ◦C) exceeds 1.6 W, and when ∆T = 40 ◦C, it is only 100 mW.
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Figure 11 shows the relationship between the output power PL and a resistive load
RL at various temperature gradients (∆T). By analyzing the simulated functions, one can
identify the optimal matching points (points of maximum power transfer MPPT) between
RL and the internal resistance of the thermoelectric module.
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3.3. The Influence of the Thermal Resistance of a Heat Sink on Output Power

Figure 12 demonstrates the output power PL in function of the thermal resistance
Rth_heat_sink of a heat sink at various temperature differences between the TEG sides; the
temperature of the cold side is constant and set to Tc = 20 ◦C, whereas the hot side tem-
perature changes in 20 ◦C increments. The matched load resistance was set to 2.5 Ω, as
it follows the results presented in Figure 11. The plots show a strong dependence of the
output power PL on the thermal resistance of the heat sink, which plays an essential role in
the energy conversion process and significantly contributes to the overall efficiency of the
TEG, but on the other hand, it is very cumbersome as its dimensions are bulky, and thus it
often takes up much more space than the TEM and the WSN node combined.
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3.4. Operation of TEG under Varied Temperatures on Both Sides of the Thermoelectric Module and
Electrical Load

The proposed model is suitable to perform simulation experiments not only in steady
states but also under varied environmental conditions. Figure 13 shows an example scenario
where changing external conditions are expressed by sine temperature waveforms at hot
and cold sides and the operational stress resulting from the electrical current periodically
taken from the TEG to supply an electronic circuit, which is reflected in a square-like wave.
The hot temperature Th (green) is varying with a frequency of 200 mHz, whereas the cold
temperature Tc (blue) has a 100 mHz rate. The output voltage V (red) results directly from
the Seebeck voltage, which is proportional to the temperature difference Th-Tc. In periods
when the current IL is taken, the output voltage V is lowered by a voltage drop at the
internal TEG resistance. The power PL delivered from the TEG is calculated as the product
of the output voltage V and the load current IL.
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3.5. Model’s Sensitivity to Key Material Parameter Deviations

The sensitivity of the model performance to key parameters was evaluated in relation
to the generated power PL under the matched resistive load RL = 2.5 Ω and a temperature
gradient of 10 ◦C. The worst-case conditions analysis instead of the distribution approach
was used in calculations, and maximum deviations of 1% from the nominal value of each
material parameter were assumed, namely the Seebeck coefficient S, electrical resistance R,
and thermal conductance K. To assess the impact of material tolerances on the generated
power, simulation experiments consisting of nine runs (numbered from 0 to 8) were carried
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out to cover all the combinations of maximum and minimum values of the three parameters
plus the nominal one in the last run.

The black trace in Figure 14 shows that the output power varies from a maximum
worst case of 26.26 mW (run 1) to a minimum worst case of 24.72 mW (run 6), which gives
a ±3% error. The last run shows the output power at 25.48 mW for the nominal values
of the parameters. In dashed lines, the maximum and minimum worst cases are marked,
resulting from individual parameter 1% deviations (green for S, blue for R, and orange for
K). It is noticeable that the Seebeck coefficient deviations have the highest contribution to
the output power, whereas the thermal conductance has a minor impact.
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4. Results of Numerical Simulations of Real Scenarios and Discussion

The graphs presented in Figures 8–11 give very useful data about the static boundary
operating conditions that the TEG can work in, as well as the available voltage and power it
can deliver to supply electronic systems or WSN nodes. However, the electrothermal model
of the TEG fully demonstrates its capabilities and usefulness in simulations of dynamic
processes in the time domain. Two practical, real-life scenarios are discussed below.

4.1. Combined Operation of a TEG and a Power Management Circuit

A single thermoelectric generator is not able to directly deliver the level of output voltage
sufficient to power electronic circuits and WSN nodes, especially when working in relatively
low temperature gradients. Therefore, DC-DC converters have to be used [40,64,65].

The objective of the numerical experiments presented below was to test how well the
developed TEG model works with an ultra-low voltage step-up converter and the power
management circuit LTC3108, as well as to estimate the available power after DC-DC
conversion and the conversion efficiency.

The main advantage of the LTC3108 is that it takes extremely low quiescent current
from very low input voltage sources, such as TEGs or small solar cells. The input step-up
circuitry of the LTC3108 consists of a small step-up external transformer. It starts with
input voltages as low as 20 mV, which predestines it to low temperature gradients in TEGs
in particular. For example, the TEC1-12706 gives a 50 mV Seebeck voltage at ∆T = 1 ◦C
and a 25 mV output voltage when it is connected to a matched resistive load. It provides a
complete power management solution for wireless sensing and data acquisition because it
manages multiple outputs with very low power consumption requirements: a low drop-out
voltage regulator provides VLDO = 2.2 V to power an external microprocessor, where VOUT
is the main output with a value that can be selected and programmed to four fixed voltages
(typically 3.3 V) to power a wireless transmitter or sensors, and VSTORE = 5 V (for a battery
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or storage capacitor). It is also able to generate periodic pulses of higher load current (at
VOUT2), which are essential in wireless data transmission.

Figure 15 shows the electrothermal circuit being tested and the plot of the output
voltage VOUT from the LTC3108 when the temperature gradient across the TEG is 20 ◦C.
As the TEG starts the conversion of heat energy into electrical energy and the integrated
circuit is boosting the voltage, before the output voltage is kept constant and regulated at
3.3 V, it increases linearly, which means that the output capacitor C5 = 100 µF is charged by
a constant current IOUT.
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The available maximum output power POUTmax can be estimated according to (12). We
performed a series of numerical experiments where ∆T across the TEG was changed from
5 ◦C to 50 ◦C and the POUTmax from the LTC3108 was obtained with a conversion efficiency
η estimated (Table 2) for a given input power delivered from the TEG.

POUTmax = VOUTmaxC5
dVOUT

dt
(12)

Table 2. Estimated output power and conversion efficiency of the combined operation of TEG
TEC1-12706 and the ultralow voltage converter LTC3108.

∆T
[◦]

dVOUT/dt
[V/s]

POUTmax
[mW]

η
[%]

5 3.44 1.14 17.8
10 7.34 2.42 9.5
15 11.36 3.75 6.5
20 15.72 5.19 5.1
25 20.25 6.68 4.2
30 24.66 8.14 3.5
35 28.97 9.56 3.1
40 33.20 10.96 2.7
45 37.52 12.38 2.4
50 41.79 13.79 2.2

From the data and graphs displaying POUTmax and η (Figure 16), it can be deduced that
the maximum output power is almost proportional to the temperature difference, whereas
the conversion efficiency is decreasing significantly. This is probably due to the power
losses in the step-up transformer when the input current from the TEG increases because
the resistance of the secondary winding of the 1:100 transformer is 300 Ω. Therefore, to
reduce the power losses and improve the conversion efficiency, for higher temperature
differences resulting in increased output voltage from the TEG, a transformer with a lower
winding ratio should be considered.
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against temperature difference ∆T across TEG, obtained for a combined TEG-LTC3108 circuit.

The model of the TEG was successfully used in developing a battery-less microelec-
tronic system for remote sensing (Figure 17). The completely autonomous wireless sensor
node working in a wireless network, powered by a thermoelectric converter and harvesting
heat from a central heating system, were able to take and collect data on humidity and
temperature in 60 min intervals and transmit them every 36 h. The thermoelectric module
was attached to a heat sink (top-left in Figure 17) from one side and to an aluminum block
with built-in neodymium magnets, next to the surface of a radiator, from the other.
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Figure 17. An autonomous wireless sensor node powered by a TEG harvests heat energy from a
central heating system (top) and measures relative humidity and temperature (bottom).

The prototyping stage was preceded by simulation experiments where all of the
managed outputs from the LTC3108 were tested (Figure 18). During one of the simulation
tests of the LTC3108 supplied by the TEG TEC-12706, the hot side temperature Th was
periodically changed every second between Thmax = 60 ◦C and Thmin = 20 ◦C, while the cold
side temperature remained constant at Tc = 20 ◦C. The capacitors at VLDO, VOUT, and
VSTORE were 2.2 µF, 470 µF, and 1000 µF, respectively. The current drawn from the VLDO
was 100 µA, whereas from the VOUT, a pulse current IOUT = 1 mA was passed to the load
in interval times of 1–2 s, 5–6 s, and 9–10 s.
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Figure 18. Output voltages managed by the LTC3108 supplied by the TEG TEC1-12706 are subjected
to periodic temperature changes Th at the hot side and at constant Tc = 20 ◦C.

The power management functionality implemented in the LTC3108 ensures that when
sufficient power is delivered by the TEG, the first output voltage is VLDO = 2.2 V (green).
Next, the capacitor at the VOUT is charged to the selected voltage of 3.3 V (blue). If the
temperature difference across the TEG drops below a certain value and the power delivered
by the TEG is not sufficient to regulate both the VLDO and VOUT, priority is given to
VLDO, and the capacitor at VOUT plays the role of a reservoir of energy to sustain VLDO
at 2.2 V (the drop of VOUT during the 0–5 s interval is visible in Figure 18). In periods where
the VLDO and VOUT are regulated and have constant values, excessive power is stored in
the capacitor at VSTORE (red), which is an extra reservoir of energy for VOUT in periods
of TEG power deficiency (unless VSTORE is higher than VOUT).

4.2. Termalization Effect and Pulsed Operation of TEG in Heat Sink-Less Energy
Harvesting Applications

From Figure 12, it is evident that the thermal resistance of a heat sink that is attached to
the cold side of the TEG significantly affects the energy conversion process and the output
power, which is reduced to zero when Rth_heat_sink approaches infinity. The optimization of
thermoelectric harvester design is a challenging task as its goal is to reduce the external
dimensions of a heat sink (resulting in reduced thermal conductance) and to increase the
output power at the same time.

In [66] a breakthrough idea for a TEG solution without a heat sink was proposed.
It improves output power by reducing the thermalization effect—an adverse process of
equalizing temperatures on both sides of the TEM when thermal resistance to the ambient
temperature is too high. The concept of pulse mode operation of the TEG is presented in
Figure 19 and an equivalent electrothermal model with exemplary values for simulation
experiments and future development is proposed in Figure 20.
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accumulated in the TEG is slowly dissipated to the ambient by large convection thermal 
resistances Rth2 and Rth3). Consequently, in the pulse mode operation, apart from the first 
period when temperatures at both TEM sides start rising from ambient, in the following 
periods the temperatures are higher and the peaks of the generated output power are 
lower (6.76 mW) than at the beginning of the operation (13.94 mW) (Figure 21). However, 
the average power in the pulse mode operation (POUTavg = 85.23 µW) is much higher than 
in the continuous mode (POUTmin = 7.62 µW) when the thermalization process takes place at 
a high thermal resistance between the TEG cold side and ambient. 
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The results of a series of numerical simulations of the relationship between the aver-
age output power POUTavg and the time of Phase 1 are shown in Figure 23. The plot proves 
that for a given total period ttotal of TEG pulse mode operation, the shorter Phase 1 time 
gives a higher average output power. This is because during a very short Phase 1, the 
effective temperatures at both sides of the TEM cannot equalize, and the resulting tem-
perature difference is sufficiently high. Secondly, the longer Phase 2 gives the TEM more 
time to dissipate the accumulated/residual heat and lowers both of the effective tempera-
tures as close as possible to the ambient. It means that in Phase 1, when the TEM is again 

Figure 20. Equivalent electrothermal circuit demonstrating pulse mode operation of TEG.

In Phase 1, when the hot surface of the TEM is abruptly attached to a heat source at
temperature Th = 30 ◦C and the cold side is exposed to ambient at Ta = 20 ◦C, the effective
temperature difference ∆Teff across the module increases rapidly, allowing the output
power to reach its maximum value POUTmax = 13.94 mW, and then gradually decreases to a
very low value at equilibrium (thermalization), where ∆Teffmin = 0.22 ◦C and corresponding
POUTmin = 7.62 µW (Figure 21). The effective temperature difference ∆Teff is the actual
temperature gradient between both sides of the TEM (∆Teff = Theff − Tceff), excluding
temperature drops over thermal resistances connecting the TEM to the heat source and
the ambient. In this case, the thermal resistance between the heat source and the TEM is
very low (Rth1 = 100 m K/W), and the thermal resistance between the TEM cold side and
the ambient is Rth3 = 62.5 K/W. The Rth3 resulting from thermal convection was calculated
according to (13), with convection coefficient h = 10 W/(m2K) and TEM surface area
(A = 4 cm × 4 cm).

Rthconvection =
1

hA
(13)
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In the equivalent electrothermal circuit in Phase 1, the S1 switch is closed and S2 is
opened, which means that the heat is transferred to the TEG directly from the heat source
at temperature Th through a thermal resistance Rth1, and on the other side, part of it is
dissipated to the ambient through Rth3 (the rest of the heat energy is converted to electrical
energy and powered by RLOAD = 2.5 Ω).
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In Phase 2, the TEM is abruptly detached from the heat source, and both sides of
the TEM are exposed to the ambient; thus, the heat accumulated in the TEM is gradually
dissipating. Phase 2 is reflected by the equivalent circuit with closed S2 and opened S1.
When the state of the working TEG changes periodically between Phase 1 and Phase 2, it
results in an increased average power POUTavg.

In Figure 22, the results of the simulations of pulse mode TEG operation are shown.
The “/ctrl” signal controls the switches S1 and S2 and the moments in time when the TEM
is either attached to the heat source (/ctrl is high) or is detached (/ctrl is low). From the
effective temperature plots Tceff and Theff, we can see that the thermal time constant at Phase
1 (when the TEG is fed from the heat source) is much lower than in Phase 2 (when the heat
accumulated in the TEG is slowly dissipated to the ambient by large convection thermal
resistances Rth2 and Rth3). Consequently, in the pulse mode operation, apart from the first
period when temperatures at both TEM sides start rising from ambient, in the following
periods the temperatures are higher and the peaks of the generated output power are lower
(6.76 mW) than at the beginning of the operation (13.94 mW) (Figure 21). However, the
average power in the pulse mode operation (POUTavg = 85.23 µW) is much higher than in
the continuous mode (POUTmin = 7.62 µW) when the thermalization process takes place at a
high thermal resistance between the TEG cold side and ambient.
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As a library component implemented into LTspice, the model can be used in more 
complex structures, and it is convenient to perform a series of simulation experiments and 
optimization iterations before a real prototype is developed. The real challenge during the 
simulations is not the model of the TEG itself. After adjusting its parameters according to 
empirical measurements, it provides accurate results when it is placed between two ob-
jects characterized by infinite thermal capacitances with well-determined temperatures. 
The problem appears when one of the TEGs plates is attached to a heat sink or an object 
characterized by thermal resistance, which is difficult to determine with good accuracy. 
Another problem with simulations of more complex and bulky harvester structures is the 

Figure 22. Numerical simulation of pulse mode operation of TEG (top—control signal; middle—
effective temperatures at both sides of the TEG; bottom—output power).

The results of a series of numerical simulations of the relationship between the average
output power POUTavg and the time of Phase 1 are shown in Figure 23. The plot proves that
for a given total period ttotal of TEG pulse mode operation, the shorter Phase 1 time gives
a higher average output power. This is because during a very short Phase 1, the effective
temperatures at both sides of the TEM cannot equalize, and the resulting temperature
difference is sufficiently high. Secondly, the longer Phase 2 gives the TEM more time to
dissipate the accumulated/residual heat and lowers both of the effective temperatures as
close as possible to the ambient. It means that in Phase 1, when the TEM is again attached
to the heat source, the instantly generated temperature difference and, therefore, the output
power are higher.

The proposed model is very flexible and useful in consideration of original and
innovative energy harvesting solutions based on thermoelectric modules. Even such
emerging concepts as thermo-vibration harvesters can be analyzed, which are technically
difficult to realize in practice at this moment because of a problem with the feasibility of
periodic mechanical detaching of a TEG from a heat source. However, in our latest work,
which is to be published, we have proposed an idea and a special tool to overcome it.



Energies 2024, 17, 204 19 of 23

Energies 2024, 17, 204 19 of 24 
 

 

attached to the heat source, the instantly generated temperature difference and, therefore, 
the output power are higher. 

The proposed model is very flexible and useful in consideration of original and inno-
vative energy harvesting solutions based on thermoelectric modules. Even such emerging 
concepts as thermo-vibration harvesters can be analyzed, which are technically difficult 
to realize in practice at this moment because of a problem with the feasibility of periodic 
mechanical detaching of a TEG from a heat source. However, in our latest work, which is 
to be published, we have proposed an idea and a special tool to overcome it. 

 
Figure 22. Numerical simulation of pulse mode operation of TEG (top—control signal; middle—
effective temperatures at both sides of the TEG; bottom—output power). 

 
Figure 23. Average output power POUTavg from TEG working in the pulse mode operation against the 
Phase 1 time tPhase1 at constant total period ttotal = tPhase1 + tPhase2 = 100 s and temperature difference be-
tween the heat source and the ambient equal to 10 °C. 

As a library component implemented into LTspice, the model can be used in more 
complex structures, and it is convenient to perform a series of simulation experiments and 
optimization iterations before a real prototype is developed. The real challenge during the 
simulations is not the model of the TEG itself. After adjusting its parameters according to 
empirical measurements, it provides accurate results when it is placed between two ob-
jects characterized by infinite thermal capacitances with well-determined temperatures. 
The problem appears when one of the TEGs plates is attached to a heat sink or an object 
characterized by thermal resistance, which is difficult to determine with good accuracy. 
Another problem with simulations of more complex and bulky harvester structures is the 

Figure 23. Average output power POUTavg from TEG working in the pulse mode operation against the
Phase 1 time tPhase1 at constant total period ttotal = tPhase1 + tPhase2 = 100 s and temperature difference
between the heat source and the ambient equal to 10 ◦C.

As a library component implemented into LTspice, the model can be used in more
complex structures, and it is convenient to perform a series of simulation experiments and
optimization iterations before a real prototype is developed. The real challenge during the
simulations is not the model of the TEG itself. After adjusting its parameters according
to empirical measurements, it provides accurate results when it is placed between two
objects characterized by infinite thermal capacitances with well-determined temperatures.
The problem appears when one of the TEGs plates is attached to a heat sink or an object
characterized by thermal resistance, which is difficult to determine with good accuracy.
Another problem with simulations of more complex and bulky harvester structures is the
fact that the heat does not flow only in one direction but also dissipates/leaks from the side
surfaces of the system that are perpendicular to the main direction of the heat flow.

5. Conclusions

In contrast to power generation on a larger scale, where the primary focus is on
maximizing conversion efficiency, energy harvesting applications prioritize achieving the
highest possible power transfer from an ambient energy source to the load. Hence, it is
crucial that the entire process, starting from the modeling of the physical phenomena taking
place in the transducers, the series of numerical simulations, and finally the development
of a prototype harvester and the design of an electronic converter, be executed with great
care and precision.

The proposed model is a very useful tool in the assessment and performance predic-
tion of a customized energy harvester and self-powered electronic system across various
operating conditions before a costly prototype is developed. It makes the development
process of an efficient TEG less time-consuming. It can be used in the estimation of the
small amounts of available electrical energy harvested from waste heat that would be
sufficient to supply electronic circuits, in particular, autonomous battery-less nodes of
wireless sensor networks, and to set their appropriate duty cycle to execute sensing and
transmission activities.

The proposed hierarchical model structure that encapsulates the complexity of the
Seebeck effect as well as the Joule effect and heat conduction provides the scientific commu-
nity with a simple and flexible LTspice tool. Scientists interested in model customization
might fine-tune it by altering the model parameters, especially the temperature-dependent
Seebeck coefficient, resistance, and thermal conductance. The simulations can be performed
in steady as well as transient states under changing electrical loads and temperatures.

The developed model can be further extrapolated to larger systems, provided that the
assumption on unidirectional heat flow is fulfilled (that is, when the planar dimensions of
the thermoelectric module are much larger than the lateral ones). The unique feature of
the proposed electrothermal model is its hierarchical structure and flexibility for scaling
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down to single pellet geometries as well as scaling up to a system level embracing several
thermoelectric modules. Complex systems can be modeled and simulated using a previ-
ously developed library of thermoelectric components with customized geometries and
with specific material parameters implemented.

The proposed solution can be used in high-power applications. However, we have to
confirm its applicability by performing another set of experiments with high-temperature
heat sources and efficient heat sinks. Our customized laboratory testbeds, which we have
been using so far, can provide temperature gradients in the range of several dozen degrees
(Th up to 80 ◦C and Tc below 10 ◦C). It has to be emphasized that in commercially available
TEMs (e.g., TEC1-12706), due to the solder construction linking the thermoelectric pellets,
the operating TEG temperature should not exceed 140 ◦C. Hopefully, the model should not
degrade too significantly, but additional research is definitely needed.

There are few prospects for improvements in the model to better replicate real-world
conditions and constraints in our ongoing and future research work. First of all, the
thermoelectric module can be considered in modeling as a segmented entity (similar to
the FEM method) instead of a bulky object. Then, Equations (4) and (5) and equivalent
circuits could model each single segment and better imitate the thermoelectric phenomenon
taking place during energy harvesting processes. Obviously, this would lead to significant
complexity in the model structure and an extra load on computing resources. However, it
will be the subject of future work, and we believe that a trade-off solution could be found.
In parallel to that, the reference temperature for calculating parameters S, R, and K could
be estimated from the nonlinear temperature profile across the pellets instead of the mean
value at the hot and cold sides. These improvements might contribute to better accuracy
for high power and high temperature gradient applications and for thermoelectric modules
with longer pellets, which is rather not typical for WSNs.

There is still room for research work on modeling the other parts of the energy har-
vesters, apart from the thermoelectric module itself, namely the sink, the assembly to a
heat source, and the thermal resistances linking them with the thermoelectric module. For
example, our next approach to modeling the heat sink is to use a 3D network of lumped
thermal resistors and capacitors corresponding to heat flow in more directions.

The model has been specifically designed to model real-world applications. The
limitations that have to be kept in mind are related to unidirectional heat flow, which might
not always be the case for bulky heat spreaders/heatsinks or wearable applications where
the TEG might abruptly lose contact with the skin and the hot side might suddenly become
the side that dissipates heat. This is an issue we would like to address in the next stage of
our research.

The proposed model as such does not reflect aging processes or the long-term reliability
and durability of the designed systems (this issue might also be a subject of future work).
According to the manufacturer’s data, the life expectancy of TEC1-12706 is 200,000 h (more
than 22 years), and the failure rate based on long-term testing is very low, at 0.2%. Therefore,
it can be assumed that the reliability or durability of the whole energy conversion system
is least dependent on the thermoelectric module. It is worth emphasizing that, compared
to batteries, thermoelectric modules based on bismuth telluride, such as TEC1-12706, are
not chemically hazardous; they have a much longer lifespan, which makes them more
environmentally friendly, not to mention that primary non-rechargeable and secondary
rechargeable batteries contain many components that are harmful to the environment,
including toxic elements.

The model supports the design of ultra-low-power systems with dedicated, specialized
power management integrated circuits that do not need external sources to perform certain
signal processing and computational tasks. It demonstrates feasibility and suitability
for complex simultaneous simulation processes, both in electrical and thermal domains,
and also for emerging harvesting technologies. Combining thermoelectric converters
with vibrations in the pulse mode TEG operation, as was initiated in Thomas Skotnicki’s
work [66], may contribute to the significant miniaturization of thermoelectric generators by
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depleting them of bulky heat sinks, thereby making them more suitable for integration into
compact and portable devices, such as wearables and medical instruments. The model is
freely available online at [67].
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