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Preface

This reprint, “Advanced Studies of Thermoelectric Systems”, is a collection of research contributions

referring to the latest advancements in thermoelectric technology, focusing on the design,

optimization, and application of thermoelectric generators (TEGs). The topics of this reprint

include both theoretical fundamentals and practical applications, offering valuable insights into

the conversion of waste heat into usable electrical energy—a technology that is increasingly vital

in diverse fields, from automotive and wearable electronics to hypersonic vehicles and energy

harvesting.

The motivation behind this work arises from the rapid progress in thermoelectric research,

followed by the need for more efficient and sustainable energy solutions. This reprint addresses

key challenges such as improving material properties, reducing heat loss, and enhancing the

scalability of thermoelectric devices. The scope of this reprint includes a wide range of research

themes—ranging from novel material development to the integration of TEGs in advanced

technological systems—with the aim of advancing the field toward more effective and widespread

use.

This reprint is intended for a broad audience, including researchers, engineers, and industry

professionals who are interested in the latest developments in energy efficiency, material science, and

the practical applications of thermoelectric engineering.

The contributions included in this volume are authored by a distinguished group of experts

from various disciplines, reflecting the collaborative nature of the research presented. The involved

authors have brought together their expertise to create a comprehensive overview of the current state

and future potential of thermoelectric technology, ensuring the credibility and depth of the content.

I would like to take this opportunity to express my deep gratitude to all the authors for their

invaluable contributions. Their expertise and dedication have been crucial in the development of

this reprint. Special recognition is also due to the peer reviewers, whose insightful feedback has

significantly enhanced the quality of the research presented here. This reprint is a demonstration of

the collaborative efforts and shared commitment of everyone involved in making this project happen.

Diana Enescu

Editor
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1. Introduction

Over the past two decades, significant advances have been made in the field of
energy harvesting, which involves the collection of energy from various environmental
sources, including light, thermal gradients, electromagnetic radiation, and mechanical
vibrations [1]. Thermal energy is ubiquitous and can be found in electronic devices (such
as integrated circuits, smartphones, and computers), vehicles, buildings, and even within
the human body, representing a significant and accessible source of energy [2]. Devices
known as thermoelectric generators (TEGs) play a crucial role in harvesting this energy by
transforming thermal energy directly into electrical energy without the need for mechanical
processes, unlike conventional turbine-based power generation methods [3]. TEGs are
characterized by energy efficiency, negligible maintenance requirements, and durability,
making them increasingly popular in energy harvesting for a broad range of applications.
Despite their low efficiency of about 5%, the versatility of TEGs makes them ideal for
diverse operational settings, including space use, medical applications within the human
body [4], and even aircraft engines [5], where price is not an essential parameter [6]. Small,
affordable, and efficient TEG systems are a good alternative to batteries for many uses [7,8].
For example, a TEG system that makes 1.5 mW of power from a temperature difference
∆T = 10 ◦C can run a small preamplifier and a sensor controller [6]. On the other hand,
the Internet of Things (IoT) refers to the network of physical objects embedded with
sensors, software, and other technologies for the purpose of connecting and exchanging
data with other devices and systems over the Internet. IoT gathers large amounts of data
automatically without human aid by using smart, small devices that can sense, compute,
and connect to each other. TEG is a good method for converting thermal energy into
electricity for these IoT devices, also promoting the use of renewable energy [9]. TEGs are a
promising technology for powering wearable electronics and IoT node sensors. They offer
a number of advantages over traditional batteries, including their small size, light weight,
and ability to harvest energy from a variety of sources [10].

TEGs can be used in vehicles to convert waste heat into electricity. Waste heat energy
is described as unconsumed heat energy that is rejected from a thermal process [11]. For
example, Kim et al. [12] put a hexagon-shaped TEG in the exhaust pipe of a hybrid electric
car. Shu et al. [13] proposed a way to use the waste heat from a diesel engine to run a
thermoelectric generator system. This new setup increases its maximum power by 13.4%
compared to the old setup. Lan et al. [14] created a model to predict the temperatures
and power output of a TEG, which operates using the recovered waste heat energy from
a large truck in transit. Li et al. [15] arranged TEG units around the exit of the exhaust
pipe of a passenger car. Agudelo et al. [16] explored the capture of waste heat energy
from the exhaust gases of a diesel car. Ge et al. [17] also aimed to improve the functioning
of this kind of system. Muralidhar et al. [18] conducted a study on the benefits of using
a thermoelectric generator in a heavy-duty hybrid electric bus. Their findings indicated
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that this could lead to reductions of up to 7.2% and 7.58% in fuel use and CO2 emissions,
respectively.

TEGs also offer a promising method for generating power in hypersonic vehicles,
which are capable of travelling significantly faster than the speed of sound, usually defined
as speeds of at least Mach 5. Hypersonic vehicles are used in a variety of sectors, ranging
from military applications, such as missiles and reconnaissance aircraft, to potential future
uses in civilian space travel and rapid long-distance transportation. For long-distance
travel at hypersonic speeds, creating electricity on the spot is crucial for powering a vehicle,
especially in terms of fuel, control, and radar systems [19]. Cheng et al. [20] and Cheng
et al. [21] introduced a method for generating power in these vehicles using a sophisticated
multi-stage (cascade) TEG system. They managed to reach a peak efficiency of 18.4% by
using cutting-edge thermoelectric materials. Furthermore, Cheng et al. [22] conducted a
study comparing single-stage and multi-stage TEG setups to identify the most efficient
performance conditions for the system.

Recent advancements in thermoelectric materials focus on overcoming the limitations
of traditional semiconductors by developing novel materials with higher figures of merit
(ZT). The efficiency of thermoelectric materials, crucial for converting heat to electricity, is
bound by their Seebeck coefficient, electrical conductivity, and thermal conductivity. While
metals offer low electrical resistivity and high thermal conductivity, their low Seebeck
coefficients result in poor thermoelectric performance, making semiconductors with high
ZT values, such as Bi2Te3, PbTe, and CoSb3, more desirable. Recent research has yielded
materials such as Cu2−xSe and PbTe0.7S0.3, achieving ZT > 2, marking a significant step
forward. These innovations, alongside the development of segmented thermocouples
designed to operate across different temperature ranges, aim to enhance the efficiency and
practicality of thermoelectric generators (TEGs), despite the challenges posed by the high
development and industrialization costs of these materials [2].

The above-mentioned aspects indicate the range of current studies on thermoelectric
system technologies and applications, and significant progress in different research direc-
tions is expected in the coming years, from the evolution of materials to the identification
of more effective solutions in the power and energy sector. This context is the motivation
behind the collection of specific contributions that form this Special Issue.

2. An Overview of the Contributions to the Special Issue

This Special Issue includes a variety of research papers that provide insights into
the technology and applications of thermoelectric systems. The featured papers, written
by 42 authors with affiliations in nine countries, cover a range of topics, from theoretical
research to practical applications in different fields. This collection not only addresses
existing challenges in the field but also opens new areas for future research. The Special
Issue is divided into two main themes:

1. TEG design and optimization;
2. Advances and applications of thermoelectric materials and technologies.

For the first theme, TEG design and optimization is a key area for thermoelectric
research. Four contributions address specific aspects concerning the geometry, durability,
and performance enhancement of TEGs, as follows:

■ In “Design of Thermoelectric Generators and Maximum Electrical Power Using Re-
duced Variables and Machine Learning Approaches”, Vargas-Almeida et al. inves-
tigated the geometric optimization of TEGs through a combination of a technique
to reduce variables and machine learning. The article concludes that combining su-
pervised machine learning with the technique of reduced variables is effective for
designing TEGs. This approach is beneficial for estimating thermoelectric properties
at various temperatures and designing TEGs with limited amounts of experimental
data. The key findings include the ability to analyze and optimize power for different
temperature ranges and the potential of using this methodology for TEG design with-
out extensive laboratory resources. Additionally, the study highlights the application
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of artificial intelligence in predicting thermoelectric properties and electrical power,
demonstrating high accuracy and efficiency in modelling TEGs. This study represents
a significant advance in predicting thermoelectric properties and maximizing the
power output of TEGs, blending computational methods with practical applications.

■ In “Experimental Analysis of the Long-Term Stability of Thermoelectric Generators
under Thermal Cycling in Air and Argon Atmosphere”, Schwab et al. investigated
the durability of TEGs under different environmental conditions. The study deter-
mined the degradation of TEGs at the system level, particularly emphasizing the
impact of the atmosphere on their performance. This degradation is attributed to
increased inner resistance, influenced by oxidation and crack formation, especially
at electrode interfaces. The experiments demonstrated a significant reduction in the
maximum output power in an air atmosphere, which stabilizes at about 57% of its
initial maximum power after 50 cycles, while an argon atmosphere mitigates this
degradation, maintaining a constant output power during the cyclic tests. The paper
recommends developing standard testing procedures based on application-oriented
thermal cycles to enhance the design and longevity of TEG systems. The gaps iden-
tified in the paper include the need for a broader range of thermoelectric materials
and test conditions, as well as a standardized approach to testing, to comprehensively
understand and mitigate degradation phenomena in TEGs. This study is crucial for
understanding the practical challenges in deploying TEGs in various atmospheric
conditions, emphasizing the importance of long-term stability.

■ In “Analyzing the Performance of Thermoelectric Generators with Inhomogeneous
Legs: Coupled Material–Device Modelling for Mg2X-Based TEG Prototypes”, Camut
et al. present an innovative method for the performance analysis of TEGs with inho-
mogeneous material properties. Their study introduces a new analytical approach,
the Constant Property for Inhomogeneous Materials (CPIM) approach, which inte-
grates experimental carrier concentration profiling with the Single Parabolic Band
(SPB) model and continuum theory to accurately assess the inhomogeneity of ther-
moelectric materials at macro/mesoscopic levels. Applied to an Mg2(Si,Sn)-based
TEG, this method reveals discrepancies between predicted and observed heat flows
and thermal losses in N-type legs when considering material inhomogeneity, exceed-
ing measurement uncertainties and suggesting higher thermal losses at TEG/heat
exchanger interfaces. The significant difference between calculated and measured
electrical resistance points to crack formation as a prevalent degradation mechanism.
The CPIM approach, by capturing property inhomogeneity, offers a more accurate
analysis of TEG performance under a thermal load, identifying the need for precise
heat flow measurements in small TEG prototypes as a critical future challenge. This
highlights gaps in current modelling approaches, especially in accounting for ma-
terial inhomogeneity and accurately measuring thermal and electrical properties in
experimental settings.

■ In “Thermoelectric Performance Evaluation and Optimization in a Concentric An-
nular Thermoelectric Generator under Different Cooling Methods”, Yang et al. offer
a comprehensive analysis of a concentric annular TEG. This study addresses the
key aspect of thermal management in TEGs, exploring various cooling methods to
optimize performance. This study focused on creating a detailed simulation model
that looks into how heat from a car’s exhaust can be turned into electricity using a
new type of TEG with a special design called a concentric annular heat exchanger.
The model considers how temperature affects the materials used in the TEG, how heat
is transferred within it, and how the setup of the heat source impacts its efficiency
and the temperature differences inside the TEG. The study specifically examined how
changing the heat source and cooling methods can affect the TEG’s power output
and efficiency under various car operating conditions. The study discovered the
potential of using advanced TEG systems to recover energy from automotive exhaust
fumes, suggesting that with the right cooling method, these systems can significantly
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improve their efficiency and power output. However, it also highlights gaps, such as
the need for more material for optimal performance in some configurations and the
varying effectiveness of cooling methods based on the temperature of the heat source.

The second theme includes new developments in thermoelectric materials and their
uses in different applications. The contributions on this theme address the use of dedicated
materials and discuss the effectiveness of applications relevant to personal comfort and
engineering applications. In particular:

■ In “Nanostructured Thermoelectric PbTe Thin Films with Ag Addition Deposited
by Femtosecond Pulsed Laser Ablation,” Bellucci et al. explore the development of
nanostructured thermoelectric materials. Their study contributes to the field of nano-
materials and their application in thermoelectric devices, focusing on thin films for
low-power applications. In this paper, the focus was on enhancing the thermoelectric
efficiency of PbTe thin films through the addition of silver (Ag) using Pulsed Laser
Deposition (PLD). Previous efforts achieved a lower thermal conductivity in PbTe
films by creating nanocrystalline structures, yet these did not significantly improve
the power factor compared to bulk materials. Bellucci et al. explored Ag as a dopant,
observing its effects on the electrical and thermal properties of the films. Their findings
indicate that Ag can reduce resistivity and alter the Seebeck coefficient, suggesting
increased carrier concentration. The optimal thermal performance was identified in
the 510–540 K range, with the materials showing stability under prolonged heat treat-
ment. Despite achieving an improved power factor with specific Ag concentrations,
the performance still fell short of that of bulk materials and other thin film techniques.
This gap underscores the need for further exploration into co-doping strategies and
complex alloys to advance the thermoelectric properties of thin films.

■ In “Influence of Charge Transfer on Thermoelectric Properties of Endohedral Metallo-
fullerene (EMF) Complexes”, Alshammari et al. analyze the thermoelectric properties
of EMFs. The paper focuses on how charge transfer within these complexes can be
harnessed to improve electrical conductance and thermopower, offering insights into
the material science of thermoelectrics. Their study investigates the charge transfer
mechanisms in donor–acceptor complexes, focusing on three different analysis meth-
ods: Mulliken population, Hirshfeld, and Voronoi. These techniques were applied to
understand how charge is transferred between molecular components. The findings
from all three charge transfer methods consistently indicate that charge moves from
the metallic components to Ih-C80 cages, with the extent of charge transfer varying
depending on the type of metallic moiety involved. This behavior suggests a pathway
to enhance both the conductance and thermopower in these complexes, pointing
to novel design strategies for electronic and thermoelectric devices by modulating
charge transfer through different metallic moieties. However, the study highlights a
knowledge gap in comprehensively understanding the relationship between different
types of metallic moieties, their specific influence on charge transfer efficiency, and
the resultant electronic properties, signaling the need for further targeted research in
this area to fully leverage these findings for practical applications.

■ In “Heat Transfer Mechanisms and Contributions of Wearable Thermoelectrics to
Personal Thermal Management”, Enescu discusses the conceptual aspects of heat
transfer in the application of wearable TEGs. This paper offers a new viewpoint on
wearable TEGs (w-TEGs), focusing on their use for personal thermal management,
rather than providing a detailed exploration of the specific materials and devices, as
was the case in other reviews. Enescu emphasizes the critical role of understanding
how heat transfer between w-TEGs and the human body can enhance local thermal
comfort without changing the room temperature. This approach provides innovative
ways to improve energy efficiency by considering the body as a heat source and
optimizing how the device interacts with the skin through various heat transfer
methods, including evaporation. Future progress relies on developing materials with
improved thermal performance and designing devices that are flexible, lightweight,
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and affordable, with a particular interest in biobased materials and organic composites
due to their lower environmental impact. The review points out the need for a
collective effort to increase the efficiency of energy conversion, suggesting the use
of multistage thermoelectric modules and smart sensors for more adaptable thermal
regulation. However, it identifies a gap in fully integrating these technologies into
everyday wearable items that can adjust to body movements and cater to individual
thermal needs in an environmentally friendly and cost-effective manner.

■ In “Evaluation of Performance and Power Consumption of a Thermoelectric Module-
Based Personal Cooling System—A Case Study,” Dąbrowska et al. present an evalua-
tion of a personal cooling system using flexible thermoelectric modules. Their research
focused on developing and testing a novel personal cooling system (PCS) for work-
place use, using flexible thermoelectric (TE) modules and heat sinks to combat heat
effects. The study aimed to assess the effectiveness of these TE modules in reducing
thermal discomfort under conditions of increased physical activity and elevated am-
bient temperatures, while also evaluating the system’s electrical power consumption
and controller efficiency. Laboratory tests involving human participants compared
active cooling by TE modules against passive cooling through wet heat sinks and
examined the influence of ambient temperature on the system’s performance. The
results indicate that TE modules effectively lowered skin temperature over several
hours and highlighted the need for the cooling device to adhere closely to the body for
optimal heat removal. Additionally, a combination of TE modules with evaporative
heat sinks was found to enhance cooling effects. The study also showed that ambient
temperatures between 25 ◦C and 35 ◦C had a minimal impact on cooling efficiency. A
limitation of the study was its reliance on a single participant, suggesting the need for
future testing with a broader user base to more comprehensively explore usability,
ergonomics, and market viability. This research lays the groundwork for refining the
PCS prototype, indicating gaps in understanding user interaction and optimization of
TE module count for cost-effectiveness and market success.

■ In “Employing the Peltier Effect to Control Motor Operating Temperatures”, Lucas
et al. examine the application of thermoelectric coolers in electric motors. Their
research explores the use of thermoelectric coolers (TECs) not for cooling but for
heating electrical motors to minimize thermal gradients and stresses, and to address
issues such as internal condensation and water absorption. By reversing the supply
polarity, TECs can pump heat energy into the core of the motor, potentially allowing
control over internal temperatures, particularly at winding locations. This approach
aimed to maintain warmth within the motor’s internals and windings. The study
involved integrating TECs into three different setups on a standard electrical motor
equipped with temperature sensors, marking the first trial of such technology for
internal temperature regulation in operational conditions to enhance motor reliability
and reduce maintenance costs. The findings revealed that TECs, when mounted on
motors using simple or complex adapter plates depending on the motor’s exterior
design, can significantly increase internal temperatures, surpassing dew points and
eliminating condensation problems. This application of TECs presents a cost-effective
alternative to traditional heating methods by directly heating the volume of the motor.
The potential for TECs to be included in new motor designs during the manufacturing
phase was also noted, suggesting a proactive approach to incorporating this technol-
ogy. While the study successfully demonstrated the capability of TECs to heat motor
cores effectively across different configurations, it also opens the door for further
investigation into dynamically managing motor temperatures under varying ambient
conditions.

■ In “Design Modifications for a Thermoelectric Distiller with Feedback Control,” Nasir
et al. propose a novel design for a thermoelectric distiller. This study introduces
a redesigned thermoelectric (TE) distiller that enhances water distillation efficiency
by incorporating both the heating and cooling functions of a thermoelectric module.
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Key innovations include a new thermoelectric configuration with an added heat sink
and cooling fan to better manage the cold tank’s temperature, and the development
of a feedback control system that optimizes the distiller’s performance by adjusting
the fan’s speed and the TE module’s voltage. Specifically, the study explores the use
of PID and MPC controllers to maintain the desired operational conditions despite
external disturbances and introduces an angled cover design to improve the collection
of distilled water. The research assesses the upgraded distiller’s effectiveness under
various conditions, aiming to maximize pure water production. The findings from
the mathematical modelling and comparative analysis of the PID and MPC control
systems demonstrate that the MPC controller achieves a superior dynamic perfor-
mance, enhancing productivity by up to 150% compared to traditional open-loop
systems. This productivity boost is attributed to improved heat recovery and vapor
production, alongside reduced vapor loss. The advancements outlined in the study
suggest a significant step forward in thermoelectric distillation technology, offering a
more efficient method for water purification.

3. Concluding Remarks

This Special Issue, entitled “Advanced Studies of Thermoelectric Systems”, brings to-
gether a collection of innovative papers that highlight the diverse and progressive research
on thermoelectric technology. The contributions emphasize how collaboration across vari-
ous disciplines—such as physics, chemistry, and engineering—leads to significant advances
in thermoelectric technology. Such collaboration is fundamental for creating solutions to
enhance the energy efficiency of the systems. The importance of the progress made in
thermoelectric technology is illustrated by these contributions and highlights directions
for advancing the field. Research undertaken in areas such as material science, device
design, and optimization strategies addresses major obstacles to the broader application
of thermoelectric technology. The major obstacles include the development of materials
with improved thermoelectric properties, the reduction in heat loss in devices, and the
enhancement of scalability of the practical solutions. Insights derived from these studies
offer a deep understanding of the fundamentals of thermoelectric systems and suggest
promising directions for ongoing research.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: This work aims to contribute to studies on the geometric optimization of thermoelectric
generators (TEGs) through a combination of the reduced variables technique and supervised machine
learning. The architecture of the thermoelectric generators studied, one conventional and the other
segmented, was determined by calculating the cross-sectional area and length of the legs, and
applying reduced variables approximation. With the help of a supervised machine learning algorithm,
the values of the thermoelectric properties were predicted, as were those of the maximum electrical
power for the other temperature values. This characteristic was an advantage that allowed us to obtain
approximate results for the electrical power, adjusting the design of the TEGs when experimental
values were not known. The proposed method also made it possible to determine the optimal values
of various parameters of the legs, which were the ratio of the cross-sectional areas (Ap/An), the
length of the legs (l), and the space between the legs (H). Aspects such as temperature-dependent
thermoelectric properties (Seebeck coefficient, electrical resistivity, and thermal conductivity) and the
metallic bridge that connects the legs were considered in the calculations for the design of the TEGs,
obtaining more realistic models. In the training phase, the algorithm received the parameter (H) and
an operating temperature value as input data, to predict the corresponding value of the maximum
power produced. This calculation was performed for conventional and segmented systems. Recent
advances have opened up the possibility of applying an algorithm for designing conventional and
segmented thermocouples based on the reduced variables approach and incorporating a supervised
machine learning computational technique.

Keywords: thermoelectric generator design; dimensional parameters; maximum power; supervised
machine learning

1. Introduction

The design of thermoelectric generators (TEGs) using geometric optimization tech-
niques is the topic of interest in this work. Here, we describe some advantages of this type
of design. First, it allows us to make better use of the thermoelectric material; to date, the
best materials have been inorganic compounds (such as Bi2Te3), which have a relatively
low abundance on Earth, and their manufacture requires a highly complex vacuum process.
It is also possible to gradually adjust the dimensions of the system according to the space
available for its coupling to a heat source. One parameter used in the geometric method is
the cross-sectional area of the leg [1]. For example, it is possible to maximize the output
power of the TEG as a function of the variable cross-section; in fact, in [2], it was stated that
“The geometry of the TEG has a vital impact on the thermal resistance and the electrical
resistance, influencing its integral performance”.
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Another aspect that motivated the development of this work is the emergence of
new manufacturing techniques, such as additive manufacturing, which allow customizing
thermoelectric systems according to the requirements of the field of application (from
low-power applications, medical and wearable devices, Internet of Things, and wireless
sensor networks; to high-power applications, industrial electronics, automotive engines,
and aerospace). However, as rightly mentioned in [3], “little knowledge exists about
which shapes are beneficial in applications with different thermal conditions”. This author
analyzed the effect of different thermoelectric leg designs on device performance. The
authors in [4] proposed an optimized design of legs with special geometric shapes and
their manufacture using 3D printing to increase the output power of TEGs.

In [2], two relevant aspects were mentioned: (a) in the current literature, there are still
few studies on the optimization of the geometry of TEGs, especially for the shape of the
legs; (b) recently, algorithms have been used to design optimal devices by simultaneously
analyzing two or more geometric parameters.

The idea of geometric optimization comes from the structural aspect of the thermoelec-
tric generator, which in its most elementary form (thermocouple) is composed of two legs of
semiconductor material (for example, BiTe or SiGe), one n-type and the other p-type, which
are electrically connected in series by means of a metallic bridge (for example, copper)
(Figure 1); these legs have a rectangular prism shape. Then, two geometric parameters
present in each leg are identified, the cross-sectional area (A) and the length (l). These
geometric parameters are linked to two properties of thermoelectric materials, thermal
conductance (K) and electrical resistance (R). This relationship between the geometric
parameters and the thermoelectric properties is useful for adjusting the shape and size of
the thermocouple. To achieve this dimensioning, a useful technique is the analysis of the
electrical power produced by the TEG, in terms of the geometric parameters.

Figure 1. Design obtained for the conventional thermocouple.

The main motivation for carrying out this work arose from identifying that currently,
in the thermoelectricity field, there is a growth in the amount of researchers interested in
developing TEGs devices for harvesting energy from waste heat sources [5,6]. To achieve
the maximum use of this heat, it is essential to analyze the geometric characteristics of the
device. As previously mentioned, geometric optimization methods require knowledge of
thermoelectric properties, which are linked to the dimensional parameters and that also
vary with temperature. These conditions require knowledge of property measurements
to achieve the best adjusted TEG design for the requirements imposed by the heat source,
the available space, and the load resistance of the system that will use the power produced
by the TEGs. However, not all researchers attempting to design TEGs have a materials
laboratory or the equipment required to prepare samples and measurements. At present,
a useful resource is simulation software to study the properties of materials and design
TEGs; even so, depending on the type of software, investment in licensing is required, in
addition to high-end computer equipment.
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Seeking to develop an affordable alternative for the community intending to design
TEGs, in this work, we propose developing a methodology built on three principles:

(I) Use data from experimental measurements found in publications by specialists in
thermoelectric materials; (II) Use a formalism or an approximation that allows the imme-
diate use of the data obtained from the literature to obtain the leg dimensions (An, Ap, l);
(III) Merge the selected formalism or approximation with a prediction algorithm that allows
us to generate the design best adjusted to the operating conditions of the environment.

The three previous principles guided us toward combining the reduced variables
technique with supervised machine learning (SML) in a design process that consists of the
following steps: (a) take advantage of the qualities of the reduced current approximation to
obtain the architecture of the thermoelectric generator by calculating the parameters (cross-
sectional area and length of its legs); (b) with the help of an algorithm (SML), the values of
the thermoelectric properties and the maximum electrical power (P) are predicted for any
temperature value; and (c) the values obtained in the prediction are useful for adjusting the
design for the operating conditions. In addition, the algorithm has the outstanding feature
of simultaneously analyzing and determining various parameters related to the geometry
of the legs that maximize (P). These parameters are the cross-sectional area ratio (Ap/An),
length (l), length n ratio (ln2/ln1), length p ratio (lp2/lp1) (in the case of a segmented
TEG), and the space between legs (H).

The results provide useful information for the construction of optimal devices and
their possible applications. The scope of this work was extended to a new training phase,
in which it is possible to introduce values of the parameter H and of the temperature,
managing to predict the corresponding value of the maximum power. Of course, this study
has limitations, which are discussed in later sections; however, these first results allowed
us to determine that it is possible to obtain an algorithm for the design of conventional and
segmented thermocouples based on a reduced variables approach fused with a supervised
machine learning calculation model, trained for various thermoelectric materials. The
utility and scope of the method are shown when confronted with a computerized and
experimental model in Section 6.

Notes on the State of the Art

The reduced variables approach is a strategy that can be applied for the optimization of
power, efficiency, and even the coefficient of performance, modifying the current flow in the
legs by adjusting the cross-sectional area. This feature allows us to model the architecture
of the TEG, managing the size of the cross-sectional area and length of the legs. The scope
of this tool was reported in the works of [7–10].

On the other hand, in the field of thermoelectricity, machine learning has been applied
for the prediction of material properties and for the design of new materials. As [11] rightly
mentioned, “the machine learning technique can provide a powerful discovery tool for
thermoelectric materials with respect to the new chemical composition, nanostructural
design, stoichiometry optimization, etc.”. Specifically, supervised machine learning, which
is based on algorithms that learn from an input dataset and a training dataset and manage
to predict unseen data or future values—divided into two categories of classification and
regression [12]—has been applied to carry out the synthesis of a new material spin-driven
thermoelectric effect (STE) [13].

2. Related Work

In the search for a sustainable society and world, thermoelectric generators are an
alternative that can contribute to the economic and social development of regions where it
is possible to take advantage of the products generated by biodiversity; for example, in [14],
the coupling of a thermoelectric generator in a lignin biorefinery was reported (which is a
heteropolymer that is part of the cell wall of the vascular tissue of plants, one of the main
components of the biomass that can be used to obtain renewable products as raw material
for biofuels). The use of thermoelectric generators for the recovery of waste heat from
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biomass stoves was reported in [15]; in this work, the voltage produced by a thermoelectric
generator placed between the hot wall of a stove and a heatsink was investigated. The
voltage produced by this system was measured and compared for different biomass fuels,
such as wood chips, walnut shells, cobs of corn, and coconut shells. Their results showed
that each biomass fuel had its own combustion characteristics that allowed the TEG to
generate a high voltage at specific values. It is also very interesting to comment on the
work of [16], in which a self-powered marine mammal condition monitoring system was
proposed based on the hybrid energy-harvesting mode of a triboelectric nanogenerator
(TENG) and a thermoelectric microgenerator (MTEG). Table 1 below shows some very
interesting works on the design of TEGs that are related to the one presented in this article.

Table 1. Related work.

Reference Characteristics

[1]
A thermal-electric coupled mixed-method algorithm that predicts TEG performance

and optimizes the crosssectional area along the leg length in order to optimize
power output or thermal conversion efficiency

[2]

This work proposes an optimization study to maximize the output power of
variable cross-section TEGs for solar energy utilization by coupling finite element
method (FEM) and optimization algorithm. Six geometric variables along with the
external load resistance are optimized by genetic algorithm (GA) and particle swarm

optimization (PSO).

[3]

Various leg shapes (rectangular prisms, prisms with interior hollows, trapezoids,
hourglass, and Y-shape) were modeled numerically to determine their thermal and

electrical performance under constant temperature and heat flux boundary
conditions. Two thermoelectric materials, bismuth telluride and silicon germanium,

were modeled to capture both low and high temperature application
cases, respectively.

[4]

This work proposes a new geometric design concept to improve the output voltage
and power of the TE legs in RTGs based on increasing side area to enhance heat

dissipation caused by convective heat transfer and radiative heat transfer.
Helix-shaped and spoke-shaped TE legs with different geometrical shapes

are designed.

3. Materials and Methods
3.1. Conventional Thermocouple
Dimensional Parameters

The parameters used for the design of thermoelectric legs were the cross-sectional area
(An), (Ap) and the length (lp = ln = l). Snyder [10] rigorously formulated the reduced
variable approximation. A critical parameter of this approximation is the reduced (relative)
current, defined as:

u =
J

κ∇T
(1)

where κ is the thermal conductivity and T is the absolute temperature.
Snyder [10] proposed an iteration equation to calculate the numerical values of the

quantity (uκ) required for calculations. The (uκ) values were obtained from tables con-
sulted in [10] for different temperature values. This quantity is the kernel of the integrals
that appear in Equations (4) and (12), which were used to calculate the cross-sectional area
and length of the legs. Below is the detailed procedure for calculating (An), (Ap), and (l),
applying reduced variable approximation, which are the main parameters for TEG design.

The first step in the reduced variable procedure is to establish the equal lengths of
both legs; that is, (lp = ln):

I = Jp Ap = Jn An (2)
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if the current density (J) is defined as follows:

Jl =
∫ Th

Tc
κudT (3)

where κ is the thermal conductance and u is the reduced current density. For a complete
understanding of the equations of the reduced variable formalism used in this article,
we suggest consulting reference [10]. Combining Equations (2) and (3), the following
relationship is obtained:

Ap

An
=

−Jn

Jp
=

−
∫ Th

Tc
unκndT

∫ Th
Tc

upκpdT
(4)

To calculate the integrals of Equation (4), data from Table 2 are required; these were
obtained from the literature; see reference [10].

Table 2. Numerical data (uκ), material (Bi2Te3).

T (K) upkpdT (A/cm) unkndT (A/cm)

T0 = 298 upkp(T0) = 0.8132 unkn(T0) = −0.4966
T1 = 323 upkp(T1) = 0.8350 unkn(T1) = −0.5206
T2 = 348 upkp(T2) = 0.8424 unkn(T2) = −0.5679
T3 = 373 upkp(T3) = 0.8435 unkn(T3) = −0.6312
T4 = 398 upkp(T4) = 0.8466 unkn(T4) = −0.6933
T5 = 423 upkp(T5) = 0.8603 unkn(T5) = −0.4454

The integrals −
∫ Th

Tc
unκndT and

∫ Th
Tc

upκpdT are calculated applying the Newton–Cotes
method (fourth order). The results for each integral are shown:

−
∫ Th

Tc
unκndT = −57.78 (5)

∫ Th

Tc
upκpdT = 83.82 (6)

The area ratio is

Ap

An
= 0.69 (7)

Now, it is possible to calculate the current densities in the legs;

Jp =
Utotal−h

Atotal

1 + An
Ap

Φp−h − Φn−h
(8)

Φp−h and Φn−h are the thermoelectric potentials at temperature Th = 423 K;

Utotal−h
Atotal

= 20 (W/cm2)

Φph = 0.37(V)

Φnh = −0.49(V)

(9)

At these values, the current density in the p-type leg is

Jp = 57.32 mA/cm2 (10)

For the current density in the n-type leg, the value Jp and quotient (7) are used;
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Jn = 39.51 mA/cm2 (11)

Now, it is possible to know the length (l), for which the following equation is applied:

∫ Th

Tc
kn,pun,pdT = Jn,pln,p (12)

The next value of l is obtained;

l = 1.46 (mm) (13)

To calculate the cross-sectional areas Ap and An, Atotal is defined as the total area. For
calculation purposes, Atotal = 1 mm2 is selected. The results are

Ap = 0.41 mm2

An = 0.59 mm2 (14)

Now, the thickness (lmetal) of the metal bridge is added. Figure 1 shows a sketch of
the design obtained:

This first system can be used as a basic unit for the design of a thermoelectric module
composed of several thermocouples.

4. Temperature-Dependent Thermoelectric Properties and Supervised Machine Learning

Integrals [5,6] could be calculated thanks to the fact that we know the measurements of
the thermoelectric properties at the temperatures in Table 2, generating a first TEG design
with their respective parameters (An, AP, l). However, the system obtained is specific for
that temperature range, in such a way that it is not possible to adjust the design for a wider
or narrower range. Trying to make a new design may require preparing a new material
sample for new measurements or perhaps using advanced software for numerical design
and simulation; there is a possibility that researchers do not have some of these resources.
This difficulty can be overcome with the implementation of a supervised machine learning
algorithm that allows predicting the values of the Seebeck coefficient, α; electrical resistivity,
ρ; and thermal conductivity, κ, properties at any temperature value. Table 3 shows the
measurements of these properties for the BiTe material.

The data in Table 3 were used to train the prediction code, for which an 80/20 rule
was used; that is, 80% of the data were used for the training set and 20% for the test set.
The code was generated using the Wolfram Mathematica 13.2 software using a predictive
function that has the advantage of automatically selecting the most appropriate prediction
model according to the behavior of the experimental data used for training. Specifically,
the algorithm was applied to obtain a set of 50 data points for each thermoelectric property;
however, more data can be predicted for any established temperature range. The distance
between the data was reduced to 2.5 K. Figure 2 shows a spreadsheet containing the
prediction results of the thermoelectric properties generated by the algorithm for each of
the materials selected for the design of the conventional generator.
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Table 3. Experimental data of the thermoelectric properties of the Bi2Te3 material.

T (K) αp (µV/K) ρp (10−3 Ωcm) κp (mW/cm K)

T0 = 298 173 0.927 9.63
T1 = 323 185 1.015 9.85
T2 = 348 194 1.198 9.87
T3 = 373 200 1.415 9.79
T4 = 398 203 1.632 9.70
T5 = 423 204 1.834 9.71

αn (µV/K) ρn(10−3 Ωcm) κn (mW/cm K)

−209 2.38 8
−213 2.61 8.23
−210 2.79 8.72
−201 2.90 9.8
−187 2.94 10.92
−171 2.92 12.07

Figure 2. Spreadsheet containing the 50 data generated by the prediction algorithm.

This algorithm helps predict a material’s thermoelectric property value for any operat-
ing temperature value. As shown below, it is possible to calculate the maximum electrical
power of a conventional system for any T value within this range.

4.1. Segmented Thermocouple

As a result of efforts to take advantage of heat in a wide temperature range, the
segmentation technique was developed. It consists of joining segments of various thermo-
electric materials and allowing thermal and electrical contact between them; its principle is
based on the fact that each of the segments will be subjected to the temperature range in
which it reaches its highest figure of merit value.

4.1.1. Design of a Segmented Thermocouple

The materials selected were Bi2Te3 and Zn4Sb3 (p-type) and Bi2Te3 and CoSb3 (n-
type).The operating temperatures selected were TC = 398 K and TH = 573 K. Tables 4 and 5
show the values of the product uk of the materials Bi2Te3 and Zn4Sb3 (p-type), respectively.
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Table 4. Numerical data of the uκ product of the material Bi2Te3.

T (K) uκBi2Te3 (1/V)

398 0.8466
423 0.8603
448 0.8932
473 0.3339

Table 5. Numerical data of the uκ product of the material Zn4Sb3.

T (K) uκZn4Sb3 (1/V)

482 0.3167
498 0.4999
523 0.5107
548 0.5257
573 0.5430

Tables 6 and 7 show the values of the product uk of the materials Bi2Te3 and CoSb3
(n-type), respectively.

Table 6. Numerical data of the uκ product of the material Bi2Te3.

T (K) uκBi2Te3 (1/V)

398 −0.6933
423 −0.4454

Table 7. Numerical data of the uκ product of the material CoSb3.

T (K) uκCoSb3 (1/V)

440 −0.7948
448 −2.4649
473 −2.4387
498 −2.4164
523 −2.3984
548 −2.3855
548 −2.3783
573 −2.3783

Applying the treatment defined in the previous sections, the following parameters of
the segmented thermocouple were obtained:

Table 8 contains the design parameters of the segmented thermoelectric generator. A
design sketch is shown in Figure 3.

Table 8. Current density and dimensional parameters of the segments.

Parameter Bi2Te3 (p) Zn4Sb3 (p) Bi2Te3 (n) CoSb3 (n)

J (mA/cm2) 29.16 29.16 96.96 96.96
l (mm) 1.76 1.56 0.10 3.21

A (mm2) 0.77 0.77 0.23 0.23
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Figure 3. Design obtained for the segmented thermocouple.

Figure 4 shows a diagram that represents the interaction between the components in
the system.

Figure 4. Sequence diagram showing the interaction between segmented thermocouple components.

Again, the prediction algorithm was applied to obtain 50 data points for each of the
thermoelectric properties. For each of the materials selected in the design, the distance
between the data points was reduced to 2.5 K. Figure 5 shows a spreadsheet containing the
prediction results of the thermoelectric properties generated by the algorithm for each of
the materials selected for segmented generator design.

This algorithm helps predict the values of the materials’ thermoelectric properties
for any operating temperature value within the range of 398–573 K. As shown below, it
is possible to calculate the maximum electrical power of the segmented system for any T
value within this range.
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Figure 5. Spreadsheet containing the 50 data points generated by the prediction algorithm for the
segmented thermocouple.

4.1.2. Evaluation of the Feasibility of the Segmented Thermocouple by Means of the
Compatibility Factor

An important aspect to remember in the design of segmented thermocouples is that
only certain combinations of materials are appropriate, because there is a risk of building a
thermocouple with a low efficiency, even lower than that of a conventional thermocouple. A
useful resource for evaluating combinations of materials is the compatibility factor (S) [10],
defined as

S =

√
1 + ZT − 1

αT
(15)

Applying Equation (15), it can be confirmed that the materials selected in the system
studied in this work were correct for the segmentation; see Table 9. In this table, it can be
observed that the values of S between p-type and n-type materials differed by a factor not
greater than 2, as indicated by the rule.

Table 9. Values of the compatibility factor S for each of the materials selected for segmentation.

Material S

Bi2Te3 (p) 4.22
Zn4Sb3 4.383

Bi2Te3 (n) 2.27
CoSb3 2.26

5. Results and Discussion
5.1. Maximum Electrical Power of a Conventional Thermocouple

As is well known in the field of thermoelectricity, the maximum power (Pmax) of the
generator is reached with the condition Rload = Rinternal . In this work, an analysis of the
maximum power of generators, conventional and segmented,was conducted for various
physical conditions established for the dimensional parameters (cross-sectional area, length
of the legs, space between the legs). First, the maximum power analysis is shown for the
conventional system and later for the segmented system.

The maximum power of a conventional TEG is

Pmax−conventional =
(αp − αn)2(TH − TC)

2

4
(

Rn + Rp + Rmet
) . (16)
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Pmax−conventional was analyzed for three conditions, as a function of (a) the space
between the legs (H), (b) the ratio of cross-sectional areas (Ap/An), and (c) the length of
the legs (l). Equation (16) was written for each of these parameters using relationships
Rn = ρn l

An
, Rp =

ρp l
Ap

, and Rmetal =
ρmetal l
Ametal

.
The electrical resistance (R) metal used in this study is presented in Table 10. Notice

that for calculation purposes, a thickness of the metal bridge of 0.01 cm was selected.

Table 10. Electrical resistance metal bridge.

Component Electrical Resistance (R)

Metal 0.00002(0.01)
Ametal

We have chosen not to present the equations, since our main objective was to analyze
the behavior of the power curves. The results obtained for each one are shown below.

5.1.1. Maximum Power of the Conventional Generator: Space between the Legs

The space between the thermoelectric legs is considered a variable parameter; see
Figure 6.

Figure 6. H: space between the thermoelectric legs.

Figure 7 shows the maximum electrical power as a function of the space between the
legs for different values of temperature using the prediction algorithm. The values 298 K,
318 K, 348 K, 398 K, and 418 K were selected.

Figure 7 shows that the maximum power increased significantly in the range from
0 to 1 cm, after which the variation was insignificant. This is because the closer the legs are
together, the greater the temperature difference between the hot and cold sides of the gen-
erator. It was also observed that the power values increased as the temperature decreased.
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Figure 7. Maximum electrical power of the conventional thermoelectric generator as a function of the
space between the legs, H.

5.1.2. Maximum Power of the Conventional Generator: Area Ratio

It is also helpful to observe how the maximum power varies concerning the ratio of
areas, to determine the optimum value of the Ap and An areas, which must be maintained
for the system to achieve the highest possible power value.

Figure 8 shows the region of rapid increase in each electrical power curve. The
electrical power quickly grew until reaching close to 0.5; after that point, the variation was
insignificant. Again, the maximum power was more significant for temperatures close to
298 K.
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Figure 8. Maximum electrical power of the conventional thermoelectric generator as a function of
area ratio (Ap/An).
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5.1.3. Maximum Power of the Conventional Generator: Length of the Legs

From the variation in the maximum power as a function of the length of the legs, it
was possible to determine the optimum length for the highest performance of the thermo-
electric generator.

Figure 9 shows that for the selected temperatures, length values less than 0.1 cm would
be appropriate to achieve the maximum performance.

0.1 0.2 0.5 1 2
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Figure 9. Maximum electrical power of the conventional thermoelectric generator as a function of the
length of the legs.

5.2. Maximum Electrical Power of a Segmented Thermocouple

The maximum power produced by a segmented thermoelectric generator is defined
using the following equation:

Pmax−segmented =
(αp−e f f ective − αn−e f f ective)

2(TH − TC)
2

4
(

Rn1 + Rn2 + Rp1 + Rp2 + Rmet
) (17)

Note that the effective Seebeck coefficient can be defined for each of the n-type and
p-type segmented legs as

αp−e f f ective =
κp1αp2 + κp2αp1

κp1 + κp2
(18)

αn−e f f ective =
κn1αn2 + κn2αn1

κn1 + κp2
(19)

The electrical power produced by the segmented thermoelectric generator was an-
alyzed for four conditions, which were (a) as a function of the space between the legs,
(H), (b) as a function of the ratio of cross-sectional areas, (Ap/An), (c) as a function of
the ratio of the lengths of p-type materials (lp2/lp1), and (d) as a function of the ratio of
lengths of n-type materials (ln2/ln1). Similarly to the case of the conventional thermocou-
ple, Equation (17) was written for each of the four parameters. Again, the key was the
electrical resistance values, which in this case were (Rn1), (Rn2), (Rp1), (Rp2), and (Rmet).
Thus, the power curves for each were generated.
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5.2.1. Maximum Power of the Segmented Thermoelectric Generator: Space between
the Legs

Figure 10 shows that the system’s maximum power was practically constant as the
space between the legs changed, but this depended dramatically on the selected tempera-
tures. It can also be seen that the temperature that produced the highest power was 510 K.
This is interesting news for researchers and engineers who are working on developing new
ways to generate power. The results of this study suggest that by carefully controlling the
temperature, we could produce a constant and reliable source of power, regardless of the
distance between the legs of the system. This could have a major impact on the development
of new technologies, such as portable electronics and renewable energy sources.
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Figure 10. Maximum electrical power of the segmented thermoelectric generator as a function of the
space between the legs (H).

5.2.2. Maximum Power of the Segmented Thermoelectric Generator: Area Ratio (Ap/An)

Figure 11 shows the maximum power for the segmented thermoelectric generator
as a function of the area ratio. An attractive characteristic is the different intersections of
the curves in the interval from 0 to 0.5. These intersection points are essential because
they represent the same maximum power at different temperatures and at the same area
ratio. This behavior results from the segmentation because, as it is well known, certain
thermoelectric materials are more efficient than others at different temperatures. As the
values of the area ratio after that interval increased, all the curves remained without notable
changes. This analysis shows that the maximum power output of a segmented TEG can be
increased by increasing the area ratio and operating the TEG at a temperature of 510 K.

5.2.3. Maximum Power of the Segmented Thermoelectric Generator: n-Type Length Ratio

In the case of the conventional thermocouple, analyzing the power variation as a
function of the leg lengths is a simple task because lp = ln. However, for the case of a
segmented TEG, the lengths are different for each segment; that is, a set of four lengths
is formed (ln1, ln2, lp1, and lp2). A practical method is to analyze the electrical power as
a function of the length ratios (ln2/ln1) and (lp2/lp1). Figure 12 shows the power of the
segmented system as a function of the ratio (ln2/ln1) at different temperatures. The power
was maximum for small values of (ln2/ln1) or when (ln2 < ln1), but it decreased when
this ratio increased; that is, (ln2 > ln1). The temperature that showed the highest power
value was T = 426 K. This result suggests that the segmented system was more efficient at
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generating power at small values of n-type length ratio. Notice that the electrical power
decreased rapidly from the value 0.5.
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Figure 11. Maximum electrical power of the segmented thermoelectric generator as a function of the
area ratio (Ap/An).
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Figure 12. Maximum electrical power of the segmented thermoelectric generator as a function of the
n-type leg ratio (ln2/ln1).

5.2.4. Maximum Power of the Segmented Thermoelectric Generator: p-Type Length Ratio

Figure 13 shows the maximum power as a function of the ratio (lp2/lp1) for different
temperatures. An important feature is that the electrical power decreased rapidly for all
intervals of values of the p-type leg ratio (lp2/lp1). This is because longer legs have more
resistance, which limits the current flow and therefore the power output. Notice that
the maximum power values of the system in this case were lower than those achieved
with the quotient (ln2/ln1). These results suggest that for maximum electrical power,
semiconductors should be segmented in n-type legs. This can reduce the resistance of the
legs and allow for more current to flow, resulting in a higher power output. The highest
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maximum power output was achieved at temperatures around 398 K. The electrons in the
semiconductor were more mobile at higher temperatures.
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Figure 13. Maximum electrical power of the segmented thermoelectric generator as a function of the
p-type leg ratio (lp2/lp1).

When comparing the two systems, conventional and segmented, regarding the space
parameter (H) between the legs, the changes in maximum power values are more no-
ticeable in the curves of the conventional thermocouple. In contrast, for the segmented
thermocouple, the variations are minimal. The maximum power stabilized after reaching a
maximum value at some specific value of H, because this parameter is related to the area
of the metal bridge; thus, when H increased, the resistance of the metal bridge decreased
and approaches zero. In this way, the maximum power value approached a constant value.
In the case of the segmented thermocouple, it can be seen from Figure 10 that a smaller
value of H (0 ≤ H ≤ 1) was required to reach the maximum power and stability, compared
to the value of H required for the conventional thermocouple (1 ≤ H ≤ 2); see Figure 6.
When analyzing the variation in power as a function of (Ap/An), both systems reached
maximums at similar points (Ap/An ≈ 0.5), after which it was no longer necessary to
continue increasing the ratio. It is very interesting to observe the intersections between the
power curves in Figure 11; it is possible that this was a consequence of the segmentation
technique used (remember that each segment of thermoelectric material reached its maxi-
mum performance value for a specific temperature). Moreover, the intersection point of
two or more of these curves indicates that at those temperatures the TEG was operating
with the segments at maximum efficiency. For example, in the interval 0 < Ap/An ≤ 0.5,
the power curve at 559 K intersects with the curves at 398 K, 426 K, and 450.5 K. When com-
paring the points of intersection with the temperature values of Tables 4–7, the following
correspondence is found: “for a ratio of (Ap/An = 0.5), the optimal temperature values of
each material are shown in Table 11”.

Table 11. Optimum temperature values for each segment.

T (K) Material

559 Zn4Sb3 (p)
450.5 CoSb3 (n)
426 Bi2Te3 (p)
398 Bi2Te3 (n)
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For the analysis of the maximum power as a function of the leg length (conventional
TEG) or the ratio of lengths (segmented TEG), the Figures 9, 12 and 13 suggest that small
values of these parameters favor the performance of the systems, because it is possible to
reduce the electrical resistance.

The analysis of the temperatures in each case mentioned above showed that for the
conventional thermocouple, the dominant temperature was 298 K. This result confirmed
that the BiTe material reached its maximum figure of merit value at an operating tempera-
ture between 200 and 300 K. On the other hand, regarding the segmented thermoelectric
generator, Figures 10 and 11 show that the temperature that produced the highest power
was 510 K. However, in Figure 12, the segmented system produced the highest maximum
power value at 426 K, while Figure 13 shows that at T = 398 K, the system generated a high
maximum power value. These peculiarities show that, unlike the conventional thermocou-
ple, in the case of the segmented thermocouple, there was a greater sensitivity to changes
in the operating temperature, in a specific way concerning the condition established for
certain dimensional parameters.

6. Model Building and Experimental Setup

In order to verify the validity of the proposed methodology, in this section, we consider
the results of the work of Crane et al. [17], who created a design using a computerized
model and performed an experiment with the built prototype of a system called a three-
couple TEG engine; see Figure 14 [17].

Figure 14. TEG engine system designed and built by Crane [17].

The test carried out for this work consisted of using the information from the ex-
perimental measurements to design a conventional TEG; however, unknown data were
necessary to correctly develop the design. The source of the known information was the
data provided by Crane’s paper [17], shown in Table 12.

Table 12. TEG engine data [17].

Material Bi2Te3

Tc 20 ◦C = 293.15 K

Th 150 ◦C = 423.15 K

Figure 15 shows the power curves against the electric current for certain values of Th,
obtained through the computerized model made by authors in [17]. It is observed that they
coincide with the experimental curves.
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Figure 15. Power and voltage versus current curves to validate the computer model with experimental
data taken from Crane et al. [17].

Next, we sought to design a three-couple TEG engine system applying the reduced
variables methodology with supervised machine learning, to obtain a graph like the one
shown in Figure 15. In addition to the data shown in Table 12, it was required to know
the properties and dimensions Ap, An, lp, ln, ρp, ρn, Ametal , lmetal , and ρmetal not provided
by [17], so it was necessary to calculate them.For this purpose, a first attempt was made,
in which the Seebeck coefficient and electrical resistivity data from Table 3 were used to
obtain the graph of power at temperature Th = 150 ◦C = 423.15 K, presented as the yellow
curve in Figure 15. In this case, the six temperature values that are provided in Table 3
were the real values taken from the measurement and, as can be seen, the extreme values
Tc = 298 K = 24.85 ◦C and Th = 423 K = 149.85 ◦C were only approximate to the values
actually required for the design (Tc = 293.15 K = 20 ◦C and Th = 423.15 K = 150 ◦C). With this
information, the reduced variables technique was applied to obtain a first design for the
three-couple TEG engine, for which the graph of electrical power as a function of electrical
current is shown in Figure 16.

A comparison between Figure 16 and the yellow curve in Figure 15 shows that the
design obtained in this first attempt deviated from Crane’s model by approximately 50%,
which is a very high margin. It was therefore necessary to adjust the six temperature values
from Table 3 to the correct range of Tc = 298 K = 24.85 ◦C and Th = 423 K = 149.85 ◦C. The
following table shows the adjustment.
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Figure 16. Power vs. current three-couple TEG engine at Th = 150 ◦C.
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The values uκn, uκp, αn, αp, ρn, and ρp (Tables 2 and 3) were used as training data
for the supervised machine learning code implemented in this work and thus generated
appropriate data from these properties for the temperature values from Table 13. The
results are shown in the following Table 14.

Table 13. Adjusted temperatures for the design of the TEG engine.

T (K)

T0 = 293.15 = 20 ◦C
T1 = 319.15
T2 = 345.15
T3 = 371.15
T4 = 397.15

T5 = 423.15 = 150 ◦C

Table 14. Values Bi2Te3 thermoelectric properties obtained by supervised machine learning model.

T (K) upκpdT (A/cm) αp (µV/K) ρp (10−3 Ωcm)

T0 = 293.15 = 20 ◦C 0.8278 193 1.3975
T1 = 319.15 0.8278 193 1.3976
T2 = 345.15 0.8278 193 1.3976
T3 = 371.15 0.85345 194 1.3977
T4 = 397.15 0.85345 194 1.3978

T5 = 423.15 = 150 ◦C 0.85345 193.5 1.3979

T (K) unκndT (A/cm) αn (µV/K) ρn (10−3 Ωcm)

T0 = 293.15 = 20 ◦C −0.5507 −209 2.7573
T1 = 319.15 −0.5507 −209 2.7574
T2 = 345.15 −0.5508 −210 2.7574
T3 = 371.15 −0.5508 −210 2.7575
T4 = 397.15 −0.5508 −187 2.7575

T5 = 423.15 = 150 ◦C −0.5509 −171 2.7576

Using the data from column two and applying the methodology with the set of
Equations (2)–(12), the geometric parameters of the couples of the TEG engine were ob-
tained, see Table 15.

Table 15. Geometric parameters obtained for the design of the TEG engine of Bi2Te3.

Parameter Numerical Value

ln = lp 1.85 mm
Ap 1.73 mm2

An 2.67 mm2

Subsequently, with the data from the third and fourth columns, the averages of
the quantities αn, αp, ρn, and ρp in the temperature range (Tc = 293.15 K = 20 ◦C and
Th = 423.15 K = 150 ◦C) were obtained. The results are shown in Table 16.

Table 16. Averaged Seebeck coefficient and electrical resistivity, TEG engine design.

Property Averaged Value

αn 193.499 (µV/K)
αp −201.111 (µV/K)
ρn 2.75749 ρp (10−3 Ωcm)
ρp 1.39773 ρp (10−3 Ωcm)
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The data obtained for the legs of the TEG engine (Tables 15 and 16), as well as the data
of the metallic bridge (Table 10), were used in combination with the following equation for
the power produced by the TEG engine.

PTEG−engine = n
[
(αp − αn)(Th − Tc)I −

(
ρnln
An

+
ρplp

Ap
+

ρmetal lmetal
Ametal

)
I2
]

(20)

where PTEG−engine is the power produced by the TEG engine; n is the number thermocou-
ples, which in this case is n = 3; and I is the electric current (which is the independent
variable and is measured in amperes). The other quantities that appear in Equation (20)
have already been indicated above. The graph of the electrical power produced by the
three-couple TEG engine is shown in Figure 17.
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Figure 17. Power vs. current, three-couple TEG engine at Th = 150 ◦C, applying a supervised machine
learning model.

In Figure 17, it can be seen that the graph obtained adjusted well to the original Crane
curve at Th = 150 ◦C (curve in yellow); see Figure 14. It can be seen that the same maximum
value was reached below 0.6 W around 8 A in a range of 0–15 A. Therefore, it is evident that
the methodology (which combined the reduced variables method with supervised machine
learning) proposed in this work managed to reproduce the three-couple TEG engine model
and the experiment of Crane et al. [17] .

7. Conclusions

This work has shown that the fusion of supervised machine learning with the reduced
variables technique can be a useful tool for designing TEGs and adjusting them to the
conditions imposed by the operating environment of the system, specifically when facing
the challenge of knowing a reduced set of measured values. Thanks to its ability to calculate
geometric and prediction parameters, it is possible to

(a) Approximate values of thermoelectric properties (α, ρ, κ) for any temperature value;
(b) Generate new data from few experimental values, even when it is not possible to

perform a new experiment;
(c) Design TEGs for any range of temperature; if the value of a thermoelectric property

for a specific temperature is not known experimentally, it is possible to predict it with
(MLS) (Figures 2 and 5) and use it for design calculations;
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(d) Analyze power simultaneously with respect to various parameters for any temper-
ature value and determine optimization conditions.

The previous characteristics were verified through the design and analysis of the
power of the conventional TEG (Section 3.1), segmented TEG (Section 4.1), and TEG
engine (Section 6) systems.

When conducting the power analysis, one of the outstanding findings was the result
shown in Figure 11, indicating that the curve that corresponded to the highest temperature
intersected with the curves of the other temperatures. Each intersection point specifically
corresponds to the maximum performance of a segment. These intersection points occur
very close to the value (Ap/An) in which the power of the segmented TEG is maximized.

As shown throughout this work, the proposed methodology was translated into a
code in mathematics; its usability is now evaluated in terms of the following ten techno-
economic aspects:

(1) The calculation scheme will be updated soon, to introduce a procedure based on
heat transfer and to consider the physical aspects of the heat source;

(2) From an economic point of view, although Wolfram is a licensed software, it
currently allows the user a free basic plan account, in which the code notebook could
be published and shared with those interested in designing thermoelectric systems with
this methodology;

(3) The code automatically selects the appropriate prediction method according to the
training data. For the study of conventional and segmented systems, the methods that the
code selected to predict the values were linear regression, decision tree, and first neighbors;

(4) The methodology could be transferred in code to another type of software that is
freely available; for example, it could be implemented in python. In that case, there would
be the advantage of being able to modify the prediction method and make more robust
codes that can be better adjusted to the training data;

(5) This methodology may allow for the design of TEGs, taking advantage of the
results of experimental measurements reported in various papers. This aspect is very useful
for researchers who want to design TEGs and who do not have a laboratory, the equipment
to develop experiments, or specialized software for design and simulation;

(6) So far, the code has been tested with the thermoelectric materials Bi2Te3, Zn4Sb3,
and CoSb3. Currently, there are new materials, for example, organic materials or new alloys;
thus, tests must be carried out using the properties of these new materials, to adapt the
code to the needs of new TEG applications.

(7) In addition to what is mentioned in point (5), the designed code does not require
high-end computing equipment compared to specialized design software. In the case of
the calculations developed in this work, an AMD Ryzen 3 processor with Radeon Vega
Mobile Gfx 2.60 GHz, with 8 GB RAM, was used;

(8) The methodology has only been applied for constant cross-sectional areas with
a quadrangular geometry. The code should be extended to include the design of TEGs
with cross-sectional areas with geometries other than quadrangular, for example, circular.
Variable cross-sectional areas regarding leg length could also be included. This could be
achieved by reformulating Equations (16) and (17) in terms of An and Ap;

(9) The code does not send any warning in the event that the user makes some type of
error when capturing the information for the design; this still depends on the skills and
knowledge of the user regarding the specifications of the system to be designed, but it
is intended that soon some kind of table with reference values will be added to act as a
design guide;

(10) It would be very useful to link this code with an interface that collects data in real
time from experiments carried out in various laboratories around the world. This would
allow various thermoelectric material research groups to make a quick evaluation of the
possibility of developing new TEGs devices.
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Artificial Intelligence Applied in Thermoelectrics

Supervised machine learning (which is an area of AI) has been used to predict values
of thermoelectric properties and the electrical power produced; the input values are the
operating temperature and the space between the legs. The application of this powerful
computational tool is novel in the field of thermoelectric devices, as seen in [18]. Artificial
neural networks were applied to model a thermoelectric generator’s maximum energy
generation and efficiency. The authors concluded that neural networks demonstrated
an extremely high prediction accuracy, greater than 98%, and they can operate under a
constant temperature difference and heat flux. The physical model considered contact
resistance, electrical, surface heat transfer, and other thermoelectric effects.

Furthermore, Chika Maduabuchi’s paper [19] presented the first AI-enabled opti-
mization of a TEG performed using deep neural networks (DNN). The effects of strategic
parameters on TEG power output, efficiency, and thermal stress performance were investi-
gated. The parameters were hot and cold junction temperatures, heat transfer coefficients,
incident heat flux, external load resistance, span height TE, area, and area ratio.
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Appendix A

Finally, it is worth mentioning that the algorithm is currently in training to advance
the knowledge of the value of maximum power when introducing any parameter value
(H, Ap/An, l, ln2/ln1, or lp2/lp1) and any operating temperature value. Figures A1 and A2
show the first advance obtained by training the algorithm by providing maximum power
values at temperatures 298, 323, and 348 K with H = 0.25 and maximum power values
at temperatures 373, 398, and 418 K with H = 0.5. After executing the algorithm, a test
was conducted, introducing the values of 298, 323, and 348 K with H = 0.5 and 373, 398,
and 418 K with H = 0.25 in the code. Then, observing Figure A1 for the conventional
case, from left to right, the predicted results of maximum power when performing the test
are observed first, and then the values that were previously known from the spreadsheet
are observed. Similarly, this is evident for the case of the segmented system (Figure A2).
It can be noted for both systems, that in this first training, the results obtained with the
algorithm maintain an acceptable approximation with the spreadsheet results, which were
obtained using experimental measurements of the thermoelectric properties reported in
the literature.
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Figure A1. From left to right, the maximum power values predicted using the algorithm are shown
first and then the power values calculated in a spreadsheet using experimental data (yellow color).
Conventional thermoelectric generator.

The first results allowed us to determine that it is possible to obtain an algorithm for
designing conventional and segmented thermocouples based on the reduced variables
approach fused into a supervised machine learning calculation model trained for various
thermoelectric materials. The reduced variables technique helps obtain the dimensions of
the generator, cross-sectional area, and length of the legs. However, there is the possibility
that the values of the thermoelectric properties are only known for certain temperatures.
This is a situation that could arise for a researcher who does not have the equipment to
carry out experimental measurements. One solution is to use a dataset obtained from the
literature to generate a more extensive dataset, applying a supervised machine learning
resource. In this work, this was helpful, because it allowed us to generate the values of
the thermoelectric properties for any temperature and then calculate the corresponding
maximum electrical power.
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Figure A2. From left to right, the maximum power values predicted using the algorithm are shown
first and then the power values calculated in a spreadsheet using experimental data (yellow color).
Segmented thermoelectric generator.

Appendix B. Details about the Supervised Machine Learning Algorithm Applied in
This Work

The algorithm was developed with the Wolfram Mathematica software, and its basic
operation consists of receiving a set of values (experimental data); the predictor function
was used, which analyzes the data and automatically selects the prediction method that
best fits the training data. Part of the experimental data was used for training the algorithm,
and the other data was used for verification.The model was compared with the results of
the work of Mamoozadeh et al. [1], in which they applied a mathematical–numerical model
to optimize the cross-sectional area and length of thermoelectric legs to maximize power
and conversion efficiency. Figure A3 shows a graph generated with our model. Figure A4
belongs to the abovementioned work, where the blue curve is the power.
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Figure A3. Power curve as a function of the length of the thermoelectric leg, obtained using the
algorithm developed in this work.

Figure A4. Power curve as a function of the length of the thermoelectric leg, in blue, obtained by [1].

Although the relationship between thermoelectric properties and temperature is not
linear, the implemented algorithm works using a predictive function, which improves
the degree of approximation in each iteration. The algorithm was tested using a group of
certified values of the Seebeck coefficient (reference [20], Figure A5). It can be seen that the
algorithm managed to predict the Seebeck coefficient values for temperatures of 350, 450,
550, 650, and 850 K with an acceptable approximation (Figure A6).
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Figure A5. Certified Seebeck coefficient values obtained from reference [20].

Figure A6. Seebeck coefficient values generated by the algorithm developed in this work.
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Abstract: Thermoelectric generators (TEGs) possess the ability to generate electrical power from
heat. As TEGs are operated under a thermal gradient, inhomogeneous material properties—either by
design or due to inhomogeneous material degradation under thermal load—are commonly found.
However, this cannot be addressed using standard approaches for performance analysis of TEGs in
which spatially homogeneous materials are assumed. Therefore, an innovative method of analysis,
which can incorporate inhomogeneous material properties, is presented in this study. This is crucial to
understand the measured performance parameters of TEGs and, from this, develop means to improve
their longevity. The analysis combines experimental profiling of inhomogeneous material properties,
modelling of the material properties using a single parabolic band model, and calculation of device
properties using the established Constant Property Model. We compare modeling results assuming
homogeneous and inhomogeneous properties to the measurement results of an Mg2(Si,Sn)-based
TEG prototype. We find that relevant discrepancies lie in the effective temperature difference across
the TE leg, which decreases by ~10%, and in the difference between measured and calculated heat
flow, which increases from 2–15% to 9–16% when considering the inhomogeneous material. The
approach confirms additional resistances in the TEG as the main performance loss mechanism and
allows the accurate calculation of the impact of different improvements on the TEG’s performance.

Keywords: thermoelectrics; performance modelling; material modelling; TEG characterization; single
parabolic band model; constant property model; inhomogeneous material; performance analysis

1. Introduction

Thermoelectric (TE) materials can convert heat flow into electrical power. They have
gained a lot of interest over the past decades as a green source of electrical energy [1]
since 60% of the primary energy is lost as waste heat [2]. TE devices have the advantages
of being lossless scalable, and negligible maintenance requirements due to their lack of
moving parts. This has made them a reliable energy source in demanding fields, such as
the aerospace industry, in which RTGs (Radioisotope Thermoelectric Generators) were
used in several space missions [3]. Terrestrial applications are also being considered and
researched, such as in the automotive industry and industrial processes [3–5], wearable
medical devices [6–8], mobile storage of pharmaceuticals, and electronic devices [3].

A thermoelectric generator (TEG) is a device in which n- and p-type TE legs are
connected electrically in series and thermally in parallel to generate an electrical current
from a heat flow. Over the last decades, the optimization of the TE properties of various
material classes has been the main focus of research as the first, very challenging step
in the development chain of a TEG [9–18]. As a consequence, research on contacting
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techniques and on TE module building remained relatively scarce, and only TEGs based
on (Bi,Sb)2(Te,Se)3 and PbTe/TAGS have reached commercial maturity. For many other
promising material classes such as half-Heusler materials, Skutterudites, PbTe, and Zintl-
phases, prototypes have been demonstrated [19–23]; partially, with limited stability due to
an early development stage.

Another promising material class is solid solutions from Mg2Si-Mg2Sn, due to the high
performance of the n-type material, the recent improvement of the p-type material, and the
abundance and non-toxicity of its components [12,13,24–26]. It is also lightweight; which,
is advantageous for mobile applications. For this material class, few prototypes have been
reported recently [27,28], and we have performed the first efficiency measurement on an
Mg2(Si,Sn)-based TEG, demonstrating 3.6% conversion efficiency for a hot side temperature
of 400 ◦C and a cold side temperature of 25 ◦C [29].

Locally resolved measurements showed a spatially varying Seebeck coefficient, in-
dicating an inhomogeneous carrier concentration in the initially homogeneous material.
As the device properties depend on the figure of merit zT = α2σ

κ T of the employed mate-
rial and the material properties α (Seebeck coefficient), σ (electrical conductivity), and κ
(thermal conductivity), all depend on the carrier concentration that has a direct impact on
the device’s performance. In fact, spatially inhomogeneous materials are quite a common
feature in TEGs. With respect to our prototype, Mg2(Si,Sn) was previously shown to be
sensitive to Mg evaporation at expected working temperatures [30,31] and in addition to
interdiffusion with foreign elements, such as the metallization layers which are included in
a TEG design [32,33]. Both mechanisms usually lead to spatially inhomogeneous changes
in the carrier concentration due to changes in the intrinsic or extrinsic defect densities.
Other material systems show similar chemical or thermal instabilities, leading to inhomo-
geneity. Such as: Mg3Sb2, which is also sensitive to Mg loss [34]; CoSb3 and half-Heusler
compounds, which are sensitive to Sb loss [35]; as well as (Bi,Sb)2(Te,Se)3, which is sensitive
to corrosion [36]. Generally, due to high temperatures (processing, application) and the
proximity of multiple chemical elements, doping defects can form in the TE materials,
which alter their properties [32]. On the other hand, local variation of properties can also be
intended and designed, as thermoelectric material properties are generally quite strongly
temperature-dependent; in addition, strategies such as segmentation [25,37] or grading are
employed for performance optimization [38].

Those local changes in TE properties can be challenging when it comes to TEG mod-
eling, used to predict the performance of a TEG, and in providing a reference to evaluate
and understand measured data. The Constant Property Model (CPM) is generally used
in TEG calculations for its simplicity and ease [25,39–41]. For real materials, averages
corresponding to the relevant temperature range/profile are employed, resulting in a
relatively accurate prediction of TEG performance [32,42]. However, these averages are
obtained from temperature-dependent data; which, are usually obtained by integral bulk
measurements on material samples before device manufacturing, and are therefore only
available for homogeneous materials. On the other hand, locally resolved properties of
inhomogeneous samples are measured typically only at room temperature [43,44]. To be
able to model inhomogeneous materials in general, but also to calculate correct average
values for the CPM, there is a need for a material model that is both spatially and tem-
perature dependent. The performance of inhomogeneous thermoelectric materials was
already modeled using the Effective Media Theory [45–47]; however, those works are
generally applied to (intended) nanostructured thermoelectric materials, i.e., typically a
composite structure made of particles of a first material embedded in a matrix made of a
second material. This is a different case than that addressed here, as these materials are
homogeneous on a mesoscale/macroscale.

In this study, an innovative analytical method is developed combining experimental
carrier concentration profiling and the Single Parabolic Band (SPB) model combined with
the CPM/continuum theory: the CPIM (Constant Property (model) for Inhomogeneous
Materials). This method is able to capture the inhomogeneity of thermoelectric materials
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on a macroscopic/mesoscopic scale and is employed exemplarily to the measurement
results of an Mg2(Si,Sn)-based TEG. The predictions considering the actual inhomogeneous
properties of the n-type legs are compared to those assuming a homogeneous material
and the experimental data. When considering the inhomogeneous material, the deviation
between calculations and measurement of the heat flow increases above the measurement
uncertainty, and higher thermal losses through the TEG/heat exchanger coupling are
observed. However, for both conditions, the high difference observed between calculated
and measured electrical resistance likely indicates crack formation; which, is a commonly
observed degradation mechanism in TEGs.

2. Methods

Experimental:
This work deals with the same TEG as reported in [29], where the building process

and characterization methods are described. In this study, the solid solution Mg2Si0.3Sn0.7
was chosen as the chemical composition for both p- and n-type materials of the TEG. Both
materials have similar mechanical properties [48] and have a reported figure of merit among
the best in the mid- to high-temperature range. Pictures and dimensions are reported in [29],
while a schematic of the prototype is shown in Figure 1. The powder used to sinter the
n-type material was synthesized and compacted, such as reported in [24]; the resulting
properties are shown in Figure 2. The p-type powder is synthesized similarly, as described
in [32].
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Figure 1. Sketch of a 2 × 2 TEG; where, the color gradient in the n-type legs indicates the inhomogene-
ity in the carrier concentration. The top bridges are not directly connected to the legs on the sketch to
have a better view of the full length of the legs; in reality, they are bonded with a metallization layer.

The Seebeck coefficient and electrical conductivity were measured using an in-house
device with a four-probe technique (HTSσ) [44,49]. The thermal conductivity κ was calcu-
lated from κ = DρCp, where D, ρ, and Cp are the sample thermal diffusivity, density, and
heat capacity depending on the composition at constant pressure, respectively. D was mea-
sured by a laser flash technique with a NETZSCH LFA 427 apparatus or with an XFA 467HT

Hyperflash apparatus; ρ was measured using Archimedes’ method. Cp = CDP
v +

9E2
T T

βTρ ,

where CDP
v is the Dulong-Petit limit; ET and βT , respectively, are the linear coefficient of

thermal expansion and isothermal compressibility dependent on composition [50]. The
values for Mg2Si0.3Sn0.7 are 2·10−5 K−1 and 2.07·10−11 Pa−1, respectively [43]. The mea-
surement uncertainties for α, σ, and κ are ±5%, ±5%, and ±8%, respectively, based on a
comparison with the NIST low-temperature standard for the Seebeck coefficient [51] and
internal reference measurements on a high-temperature standard [52]. Our estimates are
comparable to those obtained in an international Round-robin test.
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The metallization of the pellets was done using Al foils with Zn coatings, such as those
reported in [53]. The resulting p-type legs are homogeneous while the n-type legs show a
property gradient, presumably due to Zn diffusion.

CPIM (Constant Property model for Inhomogeneous Materials):
The CPIM relies on the application of the CPM (Constant Property Model) to inho-

mogeneous materials. The inhomogeneity is implemented in the model by experimentally
obtaining a spatial distribution of the carrier concentration in the TE material, using a
Seebeck coefficient microprobe and the SPB (Single Parabolic Band) model to link both
quantities. The SPB is then used to obtain a spatial temperature-dependent distribution
of all relevant quantities for the calculation of the average values used in the CPM. Each
component of the model is adequately detailed below.

SPB model:
To capture the inhomogeneous properties of the n-type legs and be able to predict

the properties at temperatures higher than room temperature, a single parabolic band
model is employed. An SPB model allows us to calculate the macroscopic transport n-type
properties based on a few material parameters: the reduced chemical potential (η = EF

kBT ),
where EF is the Fermi energy and kB is Boltzmann’s constant); the mobility parameters for
acoustic phonon scattering (AP) and alloy scattering (AS) (µ0,AP and µ0,AS, respectively);
and the density of states effective mass (m*

D) [50,54]. In this work, the lattice thermal
conductivity (κlat) is also used as an input parameter. The transport properties are obtained
using the following equations; which, are given here in the specific case corresponding to
AP and AS as relevant scattering mechanisms.

α =
kB

e

(
2F1

F0
− η

)
(1)

n = 4π

(
2m∗

DkBT
h2

)1.5
F1

2
(η) (2)

µAP = µ0,AP·ψ(η) =
√

8πeℏ4ρvl
2

3EDef
2ms2.5(kBT)1.5 ψ(η) (3)

µAS = µ0,AS·ψ(η) =
64eℏ4N0

9(2π)1.5x(1 − x)E2
ASms2.5(kBT)0.5 ψ(η) (4)

1
µ
=

1
µAP

+
1

µAS
(5)

σ = µen (6)

κ = κlat + κe = κlat + LσT (7)

where h̄ is the reduced Planck constant,Fi(η) the Fermi integral of order i, and x is the alloy
atomic composition in Sn, such as Mg2Si1−xSnx (x = 0.7 in this work), ψ(η) = 3

√
π

16
F−0.5(η)

F0(η)

and L =
(

kB
e

)2 3F0(η)F2(η)−4F1
2

F0(η)
2 .

The other parameters are described in Table 1. These parameters were obtained from
the literature for samples whose properties match ours [12], and are therefore applicable.
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Table 1. Parameters used for the Single Parabolic Band model calculations of Mg2Si0.3Sn0.7.

Parameter (Units) Symbol Value (SI) Reference

Average density of states effective mass m∗
D 2.1 m0 [50]

Band degeneracy Nv 6 [31]

Single band mass ms m∗
D/N2/3

v -

Theoretical mass density (g/cm3) ρD 3.117 [50]

Longitudinal speed of sound (m/s) vl 5290 linear with x, [50]

AP deformation potential constant (eV) EDef 9.8 [55]

Alloy scattering potential (eV) EAS 0.5 [31,55]

Number of atoms per unit volume (m−3) N0 4.105·1028 linear with x, [31]

κlat is obtained from measured experimental data of our as-sintered n-type material:

κlat = κexp − LσexpT ≈ κexp −
[

1.5 + exp
(
−|αexp|

116

)]
σexpT, where κexp, σexp, αexp denote

the bulk measured values, corresponding to the homogeneous material, before contact-
ing and device making [11]. The obtained data is fitted with a third-order polynomial
κlat = 1.63

[
W

mK

]
− 2.21·10−3

[
W

mK2

]
·(T − 273) + 1.21·10−6

[
W

mK3

]
·(T − 273)2 + 3.09·10−9

[
W

mK4

]
·

(T − 273)3 with T in K, and this fit equation is used to calculate the temperature- and
position-dependent total thermal conductivity using the SPB model.

The comparison between bulk measurements on homogeneous samples correspond-
ing to the n-type material employed for the TEG and the related SPB model results (for
n = 2.3 · 1026 m−3, obtained with the experimental room temperature Seebeck coefficient
and Equation (2)) and measured data, is shown in Figure 2.

It can be seen that SPB represents the experimental data well and captures the temper-
ature dependence of the transport properties. α(T) starts to show a different temperature
dependence only for T ≥ 400◦C due to the excitation of minority carriers; which, is beyond
the analyzed temperature range. Therefore, SPB is fully valid for the initial, homogeneous
material.

Obtaining the spatial carrier concentration profile:
The spatial variation of the Seebeck coefficient is obtained using an in-house-built

device called the Potential & Seebeck Microprobe (PSM) [56,57]. This device locally mea-
sures the Seebeck coefficient and the voltage along a conductive sample; which, in the case
of a TE leg, allows us to calculate the electrical contact resistance and map the Seebeck
coefficient. Exemplary line scans, obtained in the PSM for the legs prior to TEG making, are
shown in Figure 3. In [29], we measured an n-type leg of the TEG post cycling, and little
difference was observed in the PSM Seebeck coefficient profile, showing a relatively stable
behavior of the legs through TEG measurement. Therefore, pre-cycling profiles can be used
for the SPB calculations in this work.

The Seebeck coefficient values obtained with the PSM are systematically underesti-
mated, and not as accurate as those obtained under integral measurement conditions using
the HTSσ device. This is due to the temperature difference between the effective position
of the thermocouple junction and the point where the thermovoltage is measured [56];
which, leads to an empirically determined deviation between 10% and 20% of the measured
Seebeck values in the PSM. This deviation depends on sample properties and tip wear,
and was found for the range of thermal conductivities of TE materials (2 to 6.5 W/(mK),
respectively, for Bi2Te3 and FeSi2); in which, the range our inhomogeneous material falls.
This effect is also known as the cold finger effect [43,51]. Note though, that the effect of
statistical noise can be reduced by averaging.
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Figure 3. Seebeck coefficient and electrical potential line scans of legs after contacting before TEG
joining: (a) n-type and (b) p-type. In (a), it can be noticed that the slope of the potential in zone 2 is
steeper than within zone 2, where the Seebeck coefficient is smaller.

A spatial Seebeck coefficient profile at room temperature is obtained by scanning
an n-type leg with the PSM. The obtained profile αPSM(x) is converted into a “true” α(x)
profile using previously measured Seebeck coefficient values from integral measurement
conditions αint. The employed assumptions here are first, that there is a constant relative
difference between αPSM and α (which is plausible as the cold finger effect on the PSM
measurements leads to a constant relative error) and second, that the carrier concentra-
tion in the middle of the sample (x = x0) is unchanged due to the distance to outside
metallization layers. This allows us to obtain a corrected Seebeck coefficient profile from
α(x) = αPSM(x) ∗ αint/αPSM(x0), where αPSM(x0) = −90 µV/K and αint = −109 µV/K. The
deviation between those values is 17%; which, lies within the combined uncertainty for the
local Seebeck coefficient by the PSM (10–20%) and that of the integral Seebeck coefficient
measurement system (5%).

The assumption that the carrier concentration in the middle of the sample is unchanged
is, in principle, an uncertainty of the CPIM. If that is not true, the correction factor and
subsequent analysis are flawed. However, for the considered example, this assumption
is reasonable since the PSM value at x0 is close to values measured for as-sintered pellets
made with other powder batches of the same composition and similar properties.
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As described in Equations (1) and (2), the Seebeck coefficient at room temperature can
be linked to the carrier concentration using the SPB model. A carrier concentration profile
n(x) can therefore be obtained from the corrected Seebeck coefficient profile.

The temperature function T(x) is obtained along the leg assuming a linear profile
between Th,TE and Tc,TE (see CPM section). For Mg2X materials, the linearity of the
temperature profile can be assumed in spite of the interplay between Thomson heat, κ(T),
and Joule heat, as shown by Ponnusamy et al. [42,58].

Constant Property Model (CPM):
The basics of the CPM are given in [39–41] while those applied to the TEG are derived

in detail in [29]; however, the most relevant equations are given below and the relevant
parameters are reported in Table 2:

∆TTE,0 =
U0,m

N
(
αp − αn

) (8)

Th,TE,I = Th,m − 0.5 × ∆Tpar,I (9)

Tc,TE,I = Tc,m + 0.5 × ∆Tpar,I (10)

Qopt,m

Q0,m
=

∆Tpar,opt

∆Tpar,0
=

∆Tm,opt − ∆TTE,opt

∆Tpar,0
(11)

QI = KTE∆TTE,I + I·N·
(
αp − αn

)
Th,TE,I −

1
2

I2R (12)

Iopt =
N(α p − αn

)
∆TTE,opt

2R
(13)

R = RTE + Rc + RCu = N
[

ρpL
Ap

+
ρnL
An

+ 2rc

(
1

Ap
+

1
An

)]
+ RCu (14)

KTE = N
(

κp Ap

L
+

κn An

L

)
(15)

Pmax = N
(

Pn + Pp
)
=

(
N
(
αp − αn

)
∆TTE,opt

)2

4R
(16)

ηmax =
Th,TE,opt − Tc,TE,opt

Th,TE,opt

√
1 + ZTm − 1

Tc,TE,opt
Th,TE,opt

+
√

1 + ZTm

(17)

Z =
N2(α p − αn

)
2

KTER
(18)

where:

Table 2. Parameters of the CPM.

Symbol Description

m (subscript) Indicates measured value

U0 Seebeck voltage

Th,m,I , Tc,m,I
Temperature at the hot, cold block in TEG measurement at
current I
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Table 2. Cont.

Symbol Description

Th,TE,I , Tc,TE,I Temperature at the hot, cold side of the TE legs at current I

∆Tpar,I = ∆Tm,I − ∆TTE,I Parasitic temperature loss at current I

QI Heat flow at the hot side (Qin) at current I

KTE Thermal conductance of the TE legs

RTE Electrical resistance of the TE legs

Rc Electrical contact resistance

rc Electrical contact resistivity

N Number of leg pairs

L, A Length, Cross-sectional area of TE element

RCu = ∑
i

Li
σCu(T)Ai

Resistance of the Cu bridges: sum of the resistances of all i pieces
(varying geometries and temperatures). Li,Ai are the length,
cross-sectional area of each Cu piece.

Iopt,p Current at maximum power

Pmax Maximum power output

ηmax Maximum efficiency

Note that all material properties (ρ, S, κ) in Equations (8)–(18) are actually temperature

averages, e.g., αp = 1
∆T
∫ Th

Tc
αp(T)dT, ρp = 1

∆T
∫ Th

Tc
ρp(T)dT and κp =

(
1

∆T
∫ Th

Tc
κp

−1(T)dT
)−1

.
When modeling module properties, the resistance of the bridges is often neglected,

[22,59] as in our previous work [29]. Here, RCu was considered explicitly in Equation (14),
and represents 4% of the calculated total resistance. This not-so-small value arises despite
a relatively large bridge thickness of 250 µm because of its relatively long length Li and
the significantly reduced conductivity of the Cu at the hot side temperature [60]. Note
also that we have taken the total bridge length; which, systematically overestimates the
effective length. The dimensions of the hot side bridges are Lh = 12 mm and Ah = 6 mm;
those of the shorter bridge on the cold side are Lc,s = 12 mm and Ac,s= 5 mm; and those of
the two longer bridges are Lc,l = 16 mm and Ac,l = 5 mm. rc = 4 µΩcm2 is used for all legs,
as measured and reported in [29]. Similarly to [29], temperatures at Iopt,P are used also
for ηmax calculations because the difference between Iopt,P and Iopt,η < 7%, so temperature
conditions at both currents are similar.

3. Results

The Seebeck coefficient, electrical resistivity and thermal conductivity profiles of the
n-type legs are obtained from n(x) and T(x). The procedure is represented in Figure 4.

From the calculated profiles, average material properties are calculated for the n-type
leg; while for the p-type, a homogeneous material is assumed. The averages are obtained
in dependence of the relevant temperature interval (∆TTE,I), obtained using the CPM with
the equations presented above, following, e.g., the procedure outlined in [29]. Module
parameters are also calculated following those equations. A comparison of the relevant
quantities assuming a homogeneous n-type leg and an inhomogeneous leg using the CPIM
is presented in Figure 5.
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Figure 4. Schematics of the procedure for the calculation of the property profiles for an inhomoge-
neous leg: (a) exemplary line scan of the Seebeck coefficient at room temperature, measured with PSM
and also corrected for the cold finger effect; (b) carrier concentration (spatial) profile obtained from
(a) using the SPB model; (c) fitted lattice thermal conductivity from experimental data of the sample
directly after sintering; (d) corresponding Seebeck coefficient profile (in a temperature gradient) calcu-
lated using Equation (1); (e) corresponding electrical resistivity profile calculated using Equation (6);
(f) corresponding thermal conductivity profile calculated using Equation (7). A comparative profile
for a homogeneous material using the properties directly after sintering is added in dashed lines
in (d–f). In (c–f), a linear temperature profile is assumed between Tc = 25 ◦C and Th = 400 ◦C (for
illustration purposes) to convert the temperature dependence of the properties into a spatial profile.
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Figure 5. Comparison of experimental data for a Mg2(Si,Sn) TEG (measured during cooling sequence
under stabilized temperature conditions, taken from [29]) to CPM and CPIM calculated data for a
TEG with homogeneous and inhomogeneous n-type legs, respectively: (a) ratio of the temperature
difference at the TE legs and the measured temperature difference at the module/heat flow meter
interface at I = 0 and Iopt,P; (b) heat flows at I = 0 and Iopt,P; (c) inner resistance; (d) maximum
conversion efficiency for measured inner resistance Rm and several calculated inner resistances
(considering TE resistance, contact resistance such as rc = 4 µΩcm2 and RCu ); (e) maximum power
for measured and calculated inner resistances. The legend in (e) also applies in (d). Th,m is the
temperature at the hot side of the TEG in the measurement column.
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Going from the homogeneous material to the inhomogeneous material, carrier loss
near the metallization interfaces leads to an increase of the average absolute Seebeck
coefficient and electrical resistivity while the thermal conductivity decreases. This trend is
observed in the CPM results shown in Figure 5, where the temperature difference at the TE
legs (based on measured open-loop voltage of the TEG and the input Seebeck coefficient)
and the heat flows decrease for the inhomogeneous legs. Note that the significant decrease
in heat flow (~10%) is due to a combined effect of the changed temperatures and the
decreased K.

Employing Equation (14), the expected resistance of the TEG can be calculated from
material properties, measured contact resistances before device making, and the contribu-
tion of the Cu bridges. If we consider the inhomogeneous leg properties the portion of the
measured resistance that is due to the TE materials is 74%; while, it would be 70% if we con-
sider the homogeneous properties of the original material. The contributions from contacts
and bridge are visible, but relatively small. While the unexplained differences between
measured and calculated resistances are large in both cases, this shows that incorrectly
assuming homogeneous material would lead to an overestimation of these parasitic resis-
tances. This corresponds to an overestimation of the “effective” contact resistances obtained

from rc,eff =
(Rm−Rlegs−RCu)An

2N(1+An/Ap)
[29] in the CPM model (at Th = 200 ◦C: 65 µΩcm2 for the

homogeneous material, 58 µΩcm2 for the inhomogeneous material). The relative difference
in maximum power between inhomogeneous and homogeneous material (Figure 5e) is
smaller for R = Rm than for R = Rideal = RTE + Rc with rc = 4 µΩcm2; since for the latter,
the resistance value is based on the calculated resistance of the TE materials, which differs;
while for the first, the same measured resistance value is used for both materials.

The proportion of parasitic electrical resistance is large in both cases; this confirms that
crack formation and propagation are responsible for the suboptimal performance of the
TEG, as initially reported in [29]. By avoiding cracking, the maximum power output could
be increased by 26%, with a corresponding power density of 1.06 W/cm2. The smaller
relative temperature difference for the inhomogeneous material also indicates that the
thermal coupling between the heat source and TE material is worse than initially expected.
From an application perspective, thermal losses inside the module and at the heat exchanger
need to be minimized [61]. These are not reported for most module characterizations but
will be relevant for system optimization and, hence, need to be characterized accurately.

It can be noted that the deviation from measured values for the maximum power
in Figure 5e is similar for the homogeneous and for the inhomogeneous legs (2–4% and
3–5%, respectively, with increasing temperature); while, the inhomogeneous leg should be
the most realistic case. This is due to the adjustment of the term

(
αp − αn

)
∆TTE,opt to the

measured U0,m value; which, is common to both cases. It is expected that the CPIM error
increases for higher temperatures where the SPB model is not as reliable, as the minority
carriers start contributing to the conduction [62]. This limitation is even more pronounced
for lower carrier concentrations where the conduction regime transition happens at a lower
temperature. The hot-side portion of the leg is therefore where the SPB limitations and
uncertainty are most relevant due to amplified bipolar effects; since, this portion combines
higher temperature and lower carrier concentration. This will be further discussed below.

The calculated heat flow remains below the measured one and the deviation increases
from 2–15% to 9–16% when going from a model considering a homogeneous to an in-
homogeneous leg, due to the decrease of thermal conductivity with decreasing average
carrier concentration of the material. In the case of inhomogeneous material, the deviation
between the CPM-predicted heat flow and the measured value can therefore be occasion-
ally larger than the estimated measurement uncertainty (13.5%). As explained in [63], the
measurement uncertainty was obtained by testing commercial TEGs which have a larger
number of legs, a higher filling factor, and a wider geometry [63]; therefore, it does not

46



Energies 2023, 16, 3666

necessarily strictly apply to our TEG. As discussed in the SI of [29], the main challenge for
small TEG prototypes is the radiative thermal bypass; which, could happen between the
hot side and the cold side of the TEG itself, but also between the heater and the soldered
cables and the heat flow meter (HFM) where the output heat flow is measured. Even
though it cannot be stated with sufficient certainty, the improved analysis also indicates
that the results of the efficiency measurements are systematically too low, i.e., the TEG
performance is underestimated, as the otherwise quite predictive CPM model disagrees
with the experimental data for heat flow and efficiency.

4. Discussion

Figure 6a shows the Seebeck coefficient with respect to temperature for experimental
data and calculated data with the SPB model for different carrier concentrations. It can be
seen that beyond a certain temperature the experimental data starts to bend much more
than the SPB model due to the minority carrier contribution. This bending indicates the
maximum temperature at which the SPB is reliable for each carrier concentration. The
carrier concentration range shown in Figure 6a corresponds to the range determined in
the inhomogeneous material, with lower carrier concentrations at the hot and cold sides
and higher carrier concentrations in the middle portion. It can be therefore seen that, on an
inhomogeneous leg with a gradient from 25 ◦C to 400 ◦C, the SPB prediction of the portion
between approximately 350 ◦C and 400 ◦C would not be accurate.

Figure 6b,c show the calculated resulting profiles of the n-type material power factor
(PF) and figure of merit (zT) assuming a linear temperature profile between 25 ◦C and
400 ◦C. As mentioned above, for a fraction of the leg on the hot side, the SPB data is likely
not reliable; however, it can be seen that also the rest of the leg, the inhomogeneous leg is
predicted to have a higher performance. This is only on a first glance in contradiction to the
lower power CPIM calculation of the inhomogeneous leg in Figure 5e, as the reduced ∆TTE
for the inhomogeneous material overcompensates the increase in α. Efficiency, on the other
hand, is also governed by the heat flow, which is significantly lower in the inhomogeneous
leg, leading to the increased efficiency with CPIM shown in Figure 5d.
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Figure 6. (a) Seebeck coefficient with respect to temperature for: experimental data (from this work
and the literature [64]) and calculated data for different carrier concentrations, obtained with the
SPB model. It was added for visualization although no perfect match is expected as SPB parameters
were obtained by different synthesis routes and for different sample compositions. The grey area
visualizes the temperature range in which the SPB model apparently deviates from experimental data.
Calculation of the (b) PF and (c) zT profiles for an inhomogeneous (SPB data) and a homogeneous leg
(experimental data) with an assumed linear temperature profile between Tc = 25 ◦C and Th = 400 ◦C.
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The SPB predictions in Figure 6b,c show that the Zn-induced gradients initially present
on the n-type legs after contacting are not detrimental to the TEG’s performance. The as-
sintered material was not synthesized intentionally with a lower carrier concentration from
the start because the SPB model tends to overestimate the figure of merit for low n (see,
e.g., [50,65]). In practice, a lower-doped material might therefore have a lower performance.
Also, the material was synthesized aiming for a maximized zTmax; while zTavg is actually a
better performance indicator [58].

In this work, a constant mobility parameter is assumed in the SPB model, indepen-
dently of the carrier concentration value. If the local change in carrier concentration is
due to Mg loss in the TE material (diffusion into the metallization), it could also have an
effect on the carrier mobility, as was previously observed in [31,55]. For a one-dimensional
current flow along the leg holds ∂U

∂x ∝ 1
σ ; an approximately constant mobility can therefore

be verified by comparing the relative change in the slope of the electrical potential along
a leg on a gradient portion and a middle portion of a leg as shown in Figure 3a in the
light and dark grey zones (the slopes are, respectively, 8.3 mV/m and 3.5 mV/m) to the
relative change of carrier concentration in those portions (8.5·1025 m−3 and 1.7·1026 m−3,
respectively). In our case, both relative changes are about a factor of ≈2. This means
that the electrical resistivity and the carrier concentration changed quite proportionally;
therefore, mobility stayed relatively constant. This analysis validates the use of Equation (5)
with a constant EDef for the inhomogeneous material and is of significant importance, as a
change in mobility is one of the largest uncertainties of the SPB model.

Besides the limitations of the SPB model, part of the calculation error could also
originate from the specific methodology of the CPIM, especially the determination of the
corrected Seebeck coefficient profile, see the method section. Finally, the CPM is based on
temperature averaging, which balances out the uncertainty on the carrier concentration
profile; it is therefore, by definition, not sensitive to fine-tuning of the TE properties.

Lastly, the material change could have an impact on the self-compatibility of the mate-

rial. This can be verified by calculating the compatibility factor s(T) = (−1+
√

1+zT)
αT [38]

for the minimum and maximum carrier concentration values of the profile; which, gives
4.4 for both carrier concentrations at 200 ◦C and 3.8 and 3.9 at 400 ◦C, respectively. Limited
compatibility becomes an issue when s differs by a factor of 2 [38]; it, therefore, is not
expected to play a role here.

As TEGs are supposed to have a long-term application, a method of analysis that con-
siders degradation mechanisms is crucial to understand device behavior. The new method
presented here, CPIM, is easy to implement, as SPB-based material models are available
for several relevant thermoelectric material systems [54,65,66] and the often-implemented
CPM methodology needs to be adjusted only marginally. A further improvement of the pre-
sented approach would be to employ a two-band model [67] to overcome the limitations of
the SPB model and Finite Element Modelling to cross-check and deepen the understanding
of the results presented in this work.

5. Conclusions

In this paper, we present a new coupled material–device modeling approach, the
CPIM, which is a methodology developed to capture property inhomogeneity in TE legs
and which adapts the CPM model accordingly. This concept can be transferred to cases
where the inhomogeneity is by design, for example for graded materials [38]. The CPIM
furthermore enables an analysis of TEGs that have seen a thermal load where assuming
homogeneous material could lead to wrong conclusions. For the considered case of a
measured Mg2(Si,Sn) based TEG, we obtain a smaller temperature difference at the TE legs
and a reduced heat flow, compared to the initially assumed homogeneous material, beyond
the assumptions and doubts of the SPB model. Consequently, our deepened analysis of
the experimental data allows us to identify the heat flow measurement as a main future
challenge for accurate measurement of small TEG prototypes.
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Abstract: It is estimated that 72% of the worldwide primary energy consumption is lost as waste
heat. Thermoelectric Generators (TEGs) are a possible solution to convert a part of this energy into
electricity and heat for space heating. However, for their deployment a proven long-term operation
is required. Therefore, this research investigates the long-term stability of TEGs on system level
in air and argon atmosphere under thermal cycling up to 543 K. The layout of the examined test
objects resembles a TEG in stack design. The results show that the maximal output power of the
test object in air reaches a plateau at 57% of the initial power after 50 cycles caused by an increased
electrical resistance of the system. Whereas the test object in argon atmosphere shows no significant
degradation of electrical power or resistance. The findings represent a step towards the understanding
of the long-term stability of TEGs and can be used as a guideline for design decisions.

Keywords: thermoelectric; generator; module; half-Heusler; long-term stability

1. Introduction

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

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

ZT =
α2σ

λ
T (1)

with the differential Seebeck-coefficient α in VK−1, the electrical conductivity σ in Sm−1,
the thermal conductivity λ in Wm−1K−1 and the temperature in K [2]. For low temperature
applications below 600 K commonly used materials are based on bismuth telluride (BiTe).
For applications with higher temperatures, the materials used include lead telluride (PbTe),
Skutterudites or half-Heusler compounds. Other materials in the medium temperature
region, such as copper sulfide compounds, are currently under development [3].
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TEGs are systems consisting of TEMs between the hot side and cold side heat exchang-
ers as shown in Figure 1. They can be integrated in waste heat flows, where the waste heat
is absorbed by the hot side heat exchanger and transferred through the TEMs to a fluid in
the cold side heat exchangers. In this way electrical energy is produced and additionally
in stationary applications the heat in the fluid can be used for space heating. TEGs do
not need any moving parts and are therefore low-maintenance and low-noise, compact,
and have potentially low investment costs. They are suitable for a variety of applications,
with economic benefits even with low to medium amounts of waste heat. Their potential
is shown by Kober et al. [4,5] for passenger vehicles, by Heber et al. [6,7] for commercial
vehicles and by Schwab et al. [8] for cogeneration in residential heating systems.

Hot gas flow

Thermoelectric Modules

Coolant heat exchanger

Hot gas heat exchanger
Coolant flow

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

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

Sublimation is the phase change from solid to gaseous state and often degrades ther-
moelectric material at high temperatures. Sublimation rates of PbTe and PbSnTe increase
with the temperature as measured by Bates and Weinstein in vacuum at temperatures of
673 K and 873 K [9]. Similar behavior is reported by Ohsugi et al. for other telluride-based
materials. Telluride is dissociated and agglomerates at the surface of the material where
it sublimates at temperatures above 673 K [10]. Skutterudites based on CoSb3 also show
thermal degradation. The material in varying atmospheres including vacuum, helium
and air at temperatures of 293 K to 1123 K is investigated by Leszczynski et al. [11] and
Broz et al. [12]. The CoSb3 is stable at temperatures to around 873 K, above this tem-
perature CoSb2 dissociates to the surface and eventually CoSb dissipates. Half-Heusler
compounds are reported to be more stable. Experiments by Zelenka et al. with TiFe1.33Sb
and TixNb1−xFeSb show very low sublimation of Sb at temperatures to 873 K in an Argon
atmosphere [13].

Oxidation of thermoelectric materials is their reaction with oxygen from surrounding
air. For PbTe-based materials, models by Berchenko et al. show that PbTeO3 already starts
to form at temperatures of 673 K [14]. The influence of the partial pressure of oxygen
on the oxidation of PbTe is analyzed by Chen et al. With a rising partial pressure, the
oxidation rate rises as well [15]. Skutterudites are also affected by oxidation. This is
reported for CeFe4Sb12 and YbyCo4Sb12 at temperatures over 573 K and 650 K, respectively,
by Sklad et al. [16] and Xia et al. [17,18]. To reduce the oxidation of CoSb3, different
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coatings are investigated by Skomedal et al. and Al2O3 is found to be effective with
reduced oxidation at 180 thermal cycles to 873 K [19]. Another possibility to reduce the
oxidation is by altering the surrounding atmosphere. La0.9Fe3CoSb12 oxidizes on air at
temperatures above 673 K, this is prevented by Shin et al. with a vacuum atmosphere
and no oxidation is found while tempering the material at 823 K for 100 h [20]. Half-
Heusler alloys oxidize at higher temperatures. Different material compositions, such as
MNiSn, MCoSb with M = Hf, Zr or Ti and NbSeSb at 873 K for 168 h are investigated by
Kang et al. MNiSn and NbSeSb show a higher stability of less than 7% then MCoSb [21].
At even higher temperatures of 1000 K, oxidation of TiNiSn to TiO2 and Ti2O3 [22] and
of ZrNiSn to ZrO2 is found by Appel et al. [23]. Similar behavior is also reported by
Zillmann et al. for the commercial materials Zr0.5Hf0.5CoSb0.8Sn0.2, Zr0.25Hf0.25Ti0.5NiSn
and Zr0.4Hf0.6NiSn0.98Sb0.02. It oxidizes in an air atmosphere at 1073 K and is stable in an
Argon atmosphere [24].

Diffusion processes occur inside of the materials and especially at the contact interfaces
to the electrodes. These processes for PbTe and Pb0.6Sn0.4Te in combination with copper
and silver electrodes at temperatures of 673 K for 1000 h and 773 K for 50 h are analyzed
by Li et al. It shows that Pb0.6Sn0.4Te reacts with both electrode materials even at low
temperatures, but the contact of the PbTe is uniform and with no crack formation. However,
copper diffuses in the leg and affects the thermoelectric properties [25]. To reduce this, it
is possible to apply a diffusion barrier at the contact interface. A NiTe-layer is used and
no diffusion while tempering the material at 823 K for 360 h in vacuum is observed by
Ferres et al. [26]. Diffusion barriers are also used for skutterudite materials. CoMo is used
by Feng et al. [27] and Nb is used by Chu et al. [28] as a metallization layer on CoSb3 and
no significant diffusion during testing is found. A direct bonding method for ZrCoSb- and
ZrNiSn-based half-Heusler materials is used by Nozariasbmarz et al. High efficiencies of
over 9.5% and a performance reduction of 2.7% after tempering the material at 823 K for
20 h is achieved [29].

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

In addition to the research on material level, the analysis of the long-term stability on
TEM level is also relevant. It expands the scope, including the geometry of the module,
implications of the production processes and the interactions of the electric isolators,
electrodes and thermoelectric legs. Most studies are conducted regarding BiTe-TEM of
different manufacturers, as these are the most commonly available type. Ding et al. [31]
find that the power reduces by 37% after 7 h at 483 K, Harish et al. [32] obtain similar
results after 300 thermal cycles. Riyadi et al. investigate different thermal cycling heating
rates and find that the electrical resistance of the TEM rises with higher heating rates [33].
Merienne et al. also investigate different heating rates but with sealed TEMs. They still find
a significant power loss and a correlation to the heating rates [34]. Barako et al. cycle from
253 K to 419 K for 45,000 cycles. The effective figure of merit reduces after 40,000 cycles
by 20% and after 45,000 cycles by 97%. The reason is a higher electrical resistance due to
crack formation [35]). Salvador et al. investigate PbTe- and CoSb3-based high temperature
TEMs sealed with aerogel. The TEMs are exposed to cyclic temperatures from 300 K to
673 K and 723 K and tempered for 200 h at 698 K and 750 K, respectively. The PbTe-based
TEMs display a lower long-term stability compared to the CoSb3-based TEMs. They show
signs of interlayer diffusion, sublimation and oxidation of the material and the electrical
connections [36].

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

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

2. Methodology

The layout of the test objects is shown in Figure 2, it is based on a stackable TEG
design. The heat is generated by electrical heating cartridges which are embedded in a
plate. The cartridges have a maximum operation temperature of 1023 K and a total heat
power of 10 kW. On one side of the heating plate is an isolating layer and on the other side a
steel sheet with grooves on the surface. For the experiment type K thermocouples are placed
in the grooves to measure the surface temperature of the TEMs. Six TEMs are electrically
connected in series and placed on the steel sheet. The TEMs are based on (Ti,Zr)NiSn for the
n-type and FeNbSb for the p-type and produced by the professional manufacturer Yamaha
Corporation. The material is chosen as it has a high maximal temperature, a ZT value of
around unity and a high mechanical stability. Each TEM has a nominal power output of
46.1 Wel at 450 K temperature difference and an active area of around 1453 mm2. The TEMs
are connected with soldered copper cables. Above the TEMs is a coolant heat exchanger as
heat sink. It also has grooves on the surface for thermocouples to measure the cold side
temperature of the TEMs. The whole stack is compressed to around two MPa pressure on
the TEMs with a structure consisting of two stiff compression plates and four compression
bolts. The applied pressure and graphite sheets between each layer are needed to minimize
the thermal contact resistance between the components.

Compression plate

Heating plate
Electrical cartridge

Compression bolt

Thermoelectric 
Modules

Coolant heat exchanger
Steel plate

Isolating layer

Figure 2. Schematic view of the layout of the test objects. The Thermoelectric Modules are compressed
with a compression structure to a heating plate and a coolant heat exchanger.

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

(a) (b)

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

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

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

3. Results and Discussion

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

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

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

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

58



Energies 2023, 16, 4145

and there is no positive or negative influence of the overall mechanical system on the
long-term stability detected during the measurements.
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Figure 5. Progression of the electrical parameters power, inner resistance, voltage and current of
the test obejts in air and argon. All values are at the maximum power point and normalized to the
inital value.

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

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

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

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

In future experiments, different Thermoelectric Modules from various producers and
the influence of test parameters such as cycle duration, maximal temperature and oxygen
concentration should be considered. The selection of the different Modules should be based
on their maximal temperature, as the long-term stability in the high temperature regime is
especially critical. Promising material classes for this investigation are Half-Heusler alloys
and Skutterudites. After the experiments, all components should be examined regarding
microcrack formation. To consolidate research about this topic, standard testing procedures
may be introduced that are based on application-orientated thermal cycles. This research
represents a step towards the understanding of the long-term stability of TEGs on system
level and can be used as a guideline for design decisions.
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Abstract: To ensure effective heat recovery of thermoelectric generators, a cooling system is necessary
to maintain the working temperature difference of the thermoelectric couples, which decreases con-
tinuously due to thermal diffusion. In order to evaluate and improve the thermoelectric performance
of a concentric annular thermoelectric generator under various cooling methods, a comprehensive
numerical model of the thermo-fluid-electric multi-physics field for an annular thermoelectric gen-
erator with a concentric annular heat exchanger was developed using the finite-element method.
The effects of four cooling methods and different exhaust parameters on the thermoelectric perfor-
mance were investigated. The results show that, in comparison to the cocurrent cooling pattern,
the countercurrent cooling pattern effectively reduces temperature distribution non-uniformity and
hence increases the maximum output power; however, it requires more thermoelectric semiconductor
materials. Furthermore, when using the cocurrent air-cooling method, high exhaust temperatures
may result in lower output power; high exhaust mass flow rates result in high exhaust resistance and
reduce system net power. The maximum net power output Pnet = 432.42 W was obtained using the
countercurrent water-cooling, corresponding to an optimal thermoelectric semiconductor volume of
9.06 × 10−4 m3; when compared to cocurrent water-cooling, the maximum net power increased by
8.9%, but the optimal thermoelectric semiconductor volume increased by 21.4%.

Keywords: thermal management; thermoelectric generator; cooling method; annular thermoelec-
tric semiconductor

1. Introduction

The use of waste heat to generate electricity power via thermoelectric generators has
been a focus of attention in the field of energy recycling for many years. The majority of the
energy produced by fossil fuels is wasted as heat in internal combustion engine vehicles,
with only about 30% of the energy converted to usable work. Thermoelectric generators
(TEGs) are believed to have the potential and possibility of being used in an automobile’s
thermal energy recovery system due to their unique advantages, such as no moving
parts, no pollution, and the ability to immediately convert thermal energy into electric
energy [1,2]. TEG can not only reduce pollution, but also improve fuel efficiency and save
energy. The primary components of a thermoelectric generator are a thermoelectric module
(TEM), a heat exchanger, and a cooling system. A conventional TEM is a thermoelectric
device composed of many rectangular shaped p- and n-type thermoelectric semiconductors
electrically connected in series via copper sheets and covered with two ceramic plates. The
large amount of high-temperature exhaust gas generated in the exhaust should be cooled
in time to ensure normal operation. In addition to the field of automobile exhaust gas
recovery, TEGs can also be used effectively in fuel cell systems to recover waste heat and
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improve overall energy conversion efficiency. Musharavati et al. proposed an integrated
system that combines a proton exchange membrane fuel cell with a solar pond system
and uses TEG to recover thermal energy, thereby addressing the issues of low thermal
efficiency and energy output [3]. Subsequently, they proposed a tandem energy recovery
system for proton exchange membrane fuel cells, which uses an organic Rankine cycle and
thermoelectric power generation technologies for more energy recovery [4].

However, the current TEGs for waste heat recovery system still suffer from low
conversion efficiency, which hinders its commercialization. To improve the performance of
TEG, the researchers opened up two main research directions. The first is to enhance the
thermoelectric efficiency of thermoelectric semiconductor materials, and the second is to
optimize the internal structure of TEG.

The dimensionless constant (ZT) is a common metric for evaluating the efficiency
and performance of thermoelectric materials. In order to improve the ZT value of ther-
moelectric semiconductor materials, significant progress has been made by employing
modern synthesis and characterization techniques [5–7], but most thermoelectric materials
now still have ZT values in the range of 1–1.6. Bell pointed out that if ZT values of 2 or
greater could be achieved, thermoelectric electronic components would be more widely
used [8]. Yin et al. achieved a high ZT of 2.2 at 450 ◦C by alloying CuBiSe2 into GeTe [9].
Ao et al. assembled a thermoelectric sensor by integrating the n-type Bi2Te3 flexible thin
films with p-type Sb2Te3 counterparts and found that the thermal diffusion method is
an effective way to fabricate high-performance, flexible Te-embedded Bi2Te3-based thin
films [10]. With advancements in thermoelectric materials, thermoelectric power generation
technology based on thermoelectric devices is expected to emerge as a new alternative
energy technology.

There are several methods to improve the internal structure of a thermoelectric gen-
erator, such as optimizing the shape of the thermoelectric semiconductor, improving the
thermal management scheme on the hot side of the TEM, and optimizing the TEG cooling
system [11]. A pair of thermoelectric couples (TEC), the most fundamental constituent
of a thermoelectric module, is often analyzed and optimized by researchers. The energy
conversion efficiency and output performance of TEGs are affected by the length of the
thermocouple legs, cross-sectional area, and spacing between the legs [12,13]. Chen et al.
optimized the geometry of the TEC using a multi-objective genetic algorithm; the opti-
mized output power and efficiency increased by about 51.9% and 5%, respectively [14]. Fan
et al. investigated the effects of thermoelectric semiconductor leg cross-sectional area and
length on power output, efficiency, and power density of the TEG under various thermal
boundary conditions; they determined the optimal cross-sectional area ratio and length of
thermocouple with the objective of maximizing peak output power [15]. To accommodate
cylindrical heat sources, researchers proposed a new structure of annular thermoelectric
couples (ATECs)—a number of ATECs were integrated and assembled into an annular ther-
moelectric generator (ATEG). The application of ATEG can effectively reduce the contact
thermal resistance caused by a geometric mismatch between the cylindrical heat source and
the flat-type TEG [16]. Zhu et al. studied the effect of ATEC geometric parameters on ATEG
output power and efficiency in three application scenarios, determining the optimal shape
factor under various boundary conditions [17]. Weng et al. investigated and improved vari-
able angle ATEC geometry parameters, as well as designed a variable angle thermoelectric
generator to increase output performance by 35% [18]. Furthermore, segmented ATEC was
proposed [19–21], which effectively improved the thermoelectric performance of ATEG
by taking the optimal operating temperature range of different thermoelectric materials
into account.

Furthermore, improving the heat transfer performance between the hot fluid and hot
end of TEG can significantly improve the overall performance of the thermoelectric system.
Luo et al. designed a converging TEG with the hot side wall of the heat exchanger slanted
inward, effectively increasing power output [22]. Li et al. placed foam metal with 20 pores
per inch and a filling rate of 75% in a hot-side heat exchanger—the convective heat transfer
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coefficient of the channel was improved by a factor of four and the output power was
doubled [23]. Yang et al. developed an ATEG based on a concentric annular heat exchanger
for a cylindrical channel of an automotive exhaust pipe [24], which significantly improved
the heat transfer coefficient and system net power.

The main cooling methods for thermoelectric devices in terms of waste heat dissipa-
tion at the cold end of TEG are heat sink heat dissipation [25,26], phase change material
heat dissipation [27], air-cooling, and water-cooling [28–30]. Water-cooling and air-cooling
methods, in particular, are widely used in TEG because of their superior cooling perfor-
mance, as well as the advantages of a simple structure and broad applicability [31]. For
example, He et al. proposed an optimized method to improve a flat plate TEG with ambient
air-cooling [32]. Following that, He et al. studied the effect of different cooling methods
on optimal TEG performance based on a common flat plate type TEG and found that
the reverse flow of heat source and cooling fluid could achieve higher power output [33].
Luo et al. proposed a numerical model of an automotive TEG that used a flat-type tank
as the cooling device and internally circulated water as the coolant to evaluate the TEG
performance at different vehicle speeds [34].

The cooling methods of ATEG, however, have not been fully evaluated, although a
series of investigations have been conducted on ATEG and its performance advantages
over the flat type TEG demonstrated. Meanwhile, in practical applications, the exhaust
temperature and exhaust mass flow rate vary with vehicle speed, resulting in changes in
TEG temperature distribution and exhaust resistance. However, most studies concentrate
solely on improving the performance of automotive TEG systems under constant operating
conditions, ignoring the effects of vehicle speed and power loss due to exhaust resistance.
Furthermore, the vast majority of the literature is based on conventional flat plate-type
TEGs, and the applicability of these results and design guidelines to such ATEGs has not yet
been verified, especially for the cooling method of ATEGs with a new concentric annular
heat exchanger.

Thus, in this paper, a comprehensive numerical model of a thermo-fluid-electric
multi-physics field for an ATEG with a concentric annular heat exchanger was developed.
Temperature dependence of the physical properties of thermoelectric materials, heat trans-
fer characteristics, effect of heat source parameters on exhaust resistance, and temperature
gradient characteristics within the thermoelectric generator were considered. The effects
of different heat source parameters on the heat transfer coefficient in the channel and the
effects of different cooling methods on the optimal output power, net power, and energy
conversion efficiency of this new TEG under different vehicle operating conditions were
investigated. The new features of the ATEG thermal energy recovery system were also
explored. The research findings may open up new avenues for the use of automotive
exhaust heat recovery systems.

2. Mathematical Modeling of the CATEG
2.1. Three-dimensional Geometry of the CATEG

Figure 1a depicts a 3D schematic view of a water-cooling CATEG. The hot fluid
inlet and outlet of the TEG are 45 mm in diameter, which matches the diameter of most
automobile exhaust pipes. The ATEC are evenly distributed between the hot end heat
exchanger and the radiator via an electrical series and thermal parallel connection. Figure 1b
shows the axial profile of the CATEG. The concentric annular heat exchanger has a solid
inner tube, and the automotive exhaust flows into the device at a temperature of Tfin and
then flows through a narrow channel of the heat exchanger to heat the thermocouple, which
then exits through the end of the heat exchanger. The proposed concentric annular heat
exchanger compresses the fluid passages and improves heat transfer from the thermal fluid
to the thermocouple, thereby improving the TEG output characteristics [24]. In the figure,
L represents the length of TEG, while the inner and outer radiuses of the heat exchanger
are represented by ri and ro, respectively, with ri = 30 mm and ro = 37 mm. Cooling water
flows in at a temperature of Twin from inlets of the heat sink, effectively maintaining the
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temperature of the TEC cold end, and then flows out from the outlet at the other end. A
portion of energy of the exhaust gas is transferred to the hot end as heat, which is directly
converted to electrical energy by Seebeck effect of the thermoelectric elements, and the
remainder is transferred to the cold end or to the outflow device.
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Figure 1. CATEG schematic view: (a) the whole frame, (b) profile of CATEG, (c) 3D view and
equivalent thermal resistance of an ATEC.

Figure 1c shows the general structure of an annular thermoelectric couple branch
and its equivalent thermal resistance. An annular thermoelectric couple is made up of an
annular p-type thermoelectric semiconductor leg and an annular n-type thermoelectric
semiconductor leg. Each PN leg is connected with a copper piece and the ATEC is insulated
on the outside by two curved ceramic pieces (Al2O3). The thermocouple is made of
commercially available Bi2Te3 material, which has variable resistivity, thermal conductivity,
and Seebeck coefficient dependent on operating temperature. In the figure, a1, a2, and
a3 represent the height, inner arc length, and thickness of the ATEC, respectively, and a4
represents the distance between the semiconductor legs. The inner radius of the PN leg is
represented by rpn; the thicknesses of ceramic sheets and copper sheets on both sides of
the PN leg are denoted by δcer and δcu, respectively; and the wall thicknesses of the heat
exchanger is denoted by δplate. Detailed parameters and material properties of the CATEG
are shown in Table 1.
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Table 1. Detailed parameters and material properties of the CATEG.

Parameters Description Value Units

a1/a2/a3 Height/thickness/inner arc length of the p(n)-type leg 5/5/5 mm
a4 Distance between p-type leg and n-type leg 1 mm

δcer Thickness of the ceramic sheet 0.05 mm
λcer Thermal conductivity coefficient of ceramic 35 W m−1 K−1

δcu Thickness of the copper sheet 0.2 mm
λcu Thermal conductivity coefficient of copper 398 W m−1 K−1

δplate Thickness of the exchanger plate 1 mm
λplate Thermal conductivity coefficient of the exchanger plate 398 W m−1 K−1

αp Seebeck coefficient of the p-type semiconductor
αp (T) = 161 × 10−4 − 1.818 × 10−6T + 1.11 × 10−8T2

− 2.035 × 10−11T3 + 1.134 × 10−14T4 V K−1

αn Seebeck coefficient of the n-type semiconductor αn (T) = −4.428 × 10−4 + 3.469 × 10−6T − 1.42 × 10−8T2

+ 2.325 × 10−11T3 − 1.3 × 10−14T4 V K−1

λp Thermal conductivity of the p-type semiconductor
λp (T) = −46.97 + 0.457T − 1.575 × 10−3T2 + 2.331

× 10−6T3 − 1.242 × 10−9T4 W m−1 K−1

λn Thermal conductivity of the n-type semiconductor λn (T) = 10.12 − 7.414 × 10−2T + 2.246 × 10−4T2 − 3.019
× 10−7T3 − 1.537 × 10−10T4 W m−1 K−1

ρp Electrical resistivity of the p-type semiconductor
ρp (T) = −5.01 × 10−5 + 3.519 × 10−7T − 7.74 × 10−10T2

+ 8.94 × 10−13T3 − 4.32 × 10−16T4 Ω·m

ρn Electrical resistivity of the n-type semiconductor ρn (T) = −8.072 × 10−6 + 4.507 × 10−8T + 7.827
× 10−11T2 − 2.305 × 10−13T3 + 1.317 × 10−16T4 Ω·m

2.2. Main Equations of the Numerical Model

The ATEG non-isothermal finite element model is shown in Figure 2a. It can be divided
into nx × nr pairs of thermocouples within the ATEG, with each pair of thermocouples
acting as a computational unit. The i-th ring in the x-direction and the j-th thermocouple
in the r-direction are chosen as an example, denoted as the (i, j)th computational unit,
to illustrate the heat transfer process in this finite element model, where i ranges from
1 to nx and j ranges from 1 to nr. Following that, the CATEG modeling process was
illustrated by using the example of cold and hot fluids flowing in the same direction, with
the counterflow modeling process being similar to the cocurrent flow. Thermocouples
installed in the same ring are connected in series, and ATECs in the same ring are assumed
to have the same temperature distribution, thermodynamic properties, and power output;
thus, the superscript i can be used to denote the inclusion of nr pairs of ATECs. The
numerical calculation is performed with each ring as a new calculation unit. The fluid
temperature and ATEC surface temperature in the i-th ring are shown in Figure 2b. The
automobile exhaust flows into the ATEG at temperature Tfin and the cold fluid flows into
the device at temperature Twin. The hot fluid flows into the i-th ring at temperature Tf

i, and
its heat is transferred to the ATEC hot end and ring i + 1, respectively, to raise the hot end
temperature of the thermocouple to Th

i. The hot fluid flows out of ring i at temperature
Tf

i+1. Similarly, the cold fluid flows into the i-th ring at temperature Tw
i and its heat is

transferred to the ATEC cold end and the i + 1th ring, respectively, cooling the ATEC cold
end to Tc

i and then flowing out of the i-th ring at temperature Tw
i+1. The precondition

in this model is that there should be no air in the thermoelectric semiconductors, and the
Thomson effect and thermal radiation could be ignored.

Three sets of heat transmission equations can be used to describe the heat transfer rate
at the hot side of the ATEG, Qh, and the heat transfer rate at the cold side, Qc [35]. The first
group is represented by the components of the Peltier effect, conduction heat, and Joule
heat transfer to both ends of the TEC, respectively; the second group is constructed by
considering the rate of heat transfer to the fluid; and the third group is the heat transferred
by convection to the fluid at the hot and cold sides of the solid phase given by the cooling
Newton law, respectively.
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Figure 2. (a) Finite element analysis of the annular thermoelectric generator, (b) schematic of
calculation unit with temperature definitions (cocurrent flow).

Based on the non-isothermal finite element model and steady-state heat transfer
process in a single ring, the two heat transmission components Qh

i and Qc
i are described as:

{
Qi

h = nr[αpn
i ITi

h + Kpn
i(Ti

h − Ti
c)− 0.5I2Rpn

i]
Qi

c = nr[αpn
i ITi

c + Kpn
i(Ti

h − Ti
c) + 0.5I2Rpn

i]
(1)

The second group, Qtransff and Qtransfw, are given by:

{
Qi

trans f f = c f m f (Ti
f − Ti+1

f )

Qi
trans f w = cwmw(Ti+1

w − Ti
w)

(2)

The third group, Qconvf and Qconvw, are given by:

{
Qi

conv f = nr Ahk f [0.5(Ti
f + Ti+1

f )− Ti
h]

Qi
convw = nr Ackw[Ti

c − 0.5(Ti+1
w + Ti

w)]
(3)

where A denotes the heat transmission area of the thermocouple, the subscripts “h” and “c”
denote the hot end and cool end, respectively; c and m denote the specific heat capacity
and mass flow rate, respectively; k denotes the total heat transfer coefficient of the fluid;
and the subscripts “f ” and “w” denote the hot and cold fluids, respectively.

According to the continuity condition at the junctions, we have Qh = Qconvf, Qc = Qconvw.
The heat absorbed by the ATEG hot-side junction is equal to the heat released by the hot
fluid, and the heat released by the TEG cold-side junction is equal to the heat absorbed by
the cold fluid. Therefore, we have Qh = Qtransff, Qc = Qtransfw.

The Seebeck coefficient αpn, thermal conductance Kpn, and resistance Rpn of an ATEC
can be calculated using the following equations, respectively:

αpn
i = αpi − αni (4)

Kpn
i = a2a3(λpi + λni)/

{
rpn ln[(rpn + a1)/rpn]

}
(5)

Rpn
i = rpn ln[(rpn + a1)/rpn](ρpi + ρni)/a2a3 (6)

The temperature-dependent equations for α, ρ, and λ of thermoelectric material are
determined by:

αpi = [
∫ Th

i

Tci αp(T)dT]/[Th
i − Tc

i]

αni = [
∫ Th

i

Tci αn(T)dT]/[Th
i − Tc

i]
(7)
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λpi = [
∫ Th

i

Tci λp(T)dT]/[Th
i − Tc

i]

λni = [
∫ Th

i

Tci λn(T)dT]/[Th
i − Tc

i]
(8)

ρpi = [
∫ Th

i

Tci ρp(T)dT]/[Th
i − Tc

i]

ρni = [
∫ Th

i

Tci ρn(T)dT]/[Th
i − Tc

i]
(9)

As shown in Figure 1c, the thermal resistance in the process of fluid heat transfer
primarily consists of the convective thermal resistance Rf1 of the thermal fluid, the thermal
conductivity Rf2 through the heat exchanger, the contact thermal resistance Rfcon between
the heat exchanger and the ceramic sheet, and the conduction thermal resistance Rf3 through
the ceramic piece and the copper connector; similarly, the cold end thermal resistance is
Rw1, Rw2, Rwcon, and Rw3. Therefore, the total heat transfer coefficient kf is determined by:

k f = 1/(R1 + R2 + Rcon + R3)
= 1/(1/h + δplate/λplate + R f con + δcu/λcu + δcer/λcer)

(10)

where h denotes the convective heat transfer coefficient, and is given by

h = Nuλ f /D (11)

where D denotes the hydraulic diameter of the hot fluid channel. In (11), the Nusselt
number Nu of hot fluid is determined by Gnielinski-related estimation [22]:

Nu = 0.0214(Re0.8 − 100)Pr0.4[1+
(Dh/L)2/3](Tf av/Twav)

0.45, 2300 ≤ Re ≤ 106 (12)

where Tfav and Twav denote the average temperature at which the hot and cold fluids flow
through the TEG; Pr and Re represent the Prandtl number and Reynolds number of the hot
fluid, respectively; Re can be calculated as follows:

Re = γ f Dv f /µ f (13)

where γ, µ, and v are the density, dynamic viscosity, and velocity, respectively.
The output performances of the CATEG, i.e., total current, power output, and efficiency

equations are as follows:

I =
nx

∑
i=1

αpn(Ti
h − Ti

c)/(RL + Rpn(i)nxnr) (14)

Pteg =
nx

∑
i=1

(Qi
h − Qi

c) (15)

η = Pteg/
nx

∑
i=1

Qi
h (16)

Although the heat transfer is improved in a CATEG, the reduction in hydraulic diame-
ter results in a larger pressure drop. As a result, an evaluation of the CATEG net power is
required. The pressure drop ∆p of the channel is expressed as:

∆p = 4F(L/D)(v2
f ρ f /2) (17)
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where Darcy resistance coefficient F is defined as follows [36]:




F = 0.0791/Re0.25, 2000 < Re ≤ 59.7/(2Hr/D)8/7

0.5/
√

F = −1.8lg
{

6.8/Re + (Hr/3.7D)1.11
}

,

59.7/(2Hr/D)8/7 < Re ≤ 665 − 765lg(2Hr/D)/(2Hr/D)

F = 0.25/{2lg[3.7Dh/(2Hr/D)]}2,
Re > 665 − 765lg(2Hr/D)/(2Hr/D)

(18)

where Hr = 0.005 mm denotes the surface finish quality of the concentric annular
heat exchanger.

The power dissipation Pb caused by the exhaust back pressure is calculated by com-
bining Equations (13), (17) and (18):

Pb = ∆p(m f /ρ f ) (19)

The net power Pnet of the CATEG system is calculated as:

Pnet = Pteg − Pb (20)

2.3. Solution Method

To solve the temperature distribution and heat distribution of ATEG using the nu-
merical model developed in Section 2.2, the following equations were constructed from
Equations (1)–(3):




1/c f m f 0 0 0 1 0
1/nr 0 −(αpn

i I + Kpn
i) Kpn

i 0 0
1/nr Ahk f 0 1 0 −0.5 0

0 1/cwmw 0 0 0 −1
0 1/nr −Kpn

i Kpn
i − αpn

i I 0 0
0 1/nr Ackw 0 −1 0 0.5
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h
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c

Ti
h

Ti
c

Ti+1
f

Ti+1
w



=




Ti
f

−0.5I2Rpn
i

0.5Ti
f

−Ti
w

0.5I2Rpn
i

−0.5Ti
w




(21)

The total series current I of the CATEG is highly algebraically coupled to the nonlinear
system of Equation (21), i.e., the temperature distribution of CATEG affects the series
current I, and I affects the temperature distribution inside the thermoelectric generator at
the same time; no analytical solution was obtained. Similar coupling relations exist between
the TEG temperature field and the total heat transfer coefficient. A double iterative circular
approximation approach was used to effectively solve such a multiple coupling numerical
problem and the entire calculation process was solved using the Matlab program. The
flowchart of the CATEG model solution procedure is shown in Figure 3.

First, the model parameters were provided and the initial guess I0 and kf0 initialization
procedures were set. The initial temperature distribution within the CATEG was obtained
by solving Equation (21). Based on this temperature distribution, Equation (10) was used
to update kf, which was then used as the new kf0 for the next inner loop iteration. The
process was repeated until the kf equaled the new initial kf0 of this iteration. Next, the new
series current I was calculated using Equation (14) and used as the initial current I0 in the
next iteration. This process was repeated until the new series current I equaled the initial
current I0 of this iteration. Once the current, total heat transfer coefficient, and temperature
distribution were determined, the power output, efficiency, and net power of CATEG was
calculated using (15), (16), and (20).
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3. Model Validation

In this section, the numerical results of the developed thermo-fluid-electric multi-
physics field CATEG system model are validated with other numerical models and experi-
mental data.

The numerical results of this model are compared with those of Yang et al. [37], who
developed a numerical model of an ATEG applicable to a cylindrical heat source to com-
prehensively evaluate the optimal thermoelectric material structure size and maximum net
power. To reproduce their data, we used the same ATEG parameter settings as in the litera-
ture in the model validation and set the hot end heat exchanger to a common cylindrical
channel. Figure 4a depicts the variation in the ATEG maximum net power with hot fluid
mass flow rate. The numerical simulation results in this study have a maximum error of
4.3% with Ref. [37]. This error is due to the fact that our model considers heat conduction
through the ceramic and copper sheets, as well as the contact thermal resistance between
the thermoelectric semiconductor and the heat exchanger, which were not considered in
Ref. [37]. Furthermore, we improved the calculation method of the physical properties of
the thermocouple, i.e., the Seebeck coefficient, thermal conductivity, and resistivity of the
thermoelectric semiconductor are all highly dependent on temperature.
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The numerical simulation results of this paper were compared with the experimental
results as well as the numerical results of Ge et al. to further validate the developed CATEG
numerical model. Niu et al. built an experimental thermoelectric generator set out of
56 commercially available Bi2Te3 thermoelectric modules combined with a flat plate heat
exchanger and tested the power generation performance at various temperature differ-
ences [38]. Ge et al. proposed a new annular thermoelectric vaporizer that combined an
air-heated vaporizer and thermoelectric power generation technology [39], and compared
the simulation results with Niu’s experimental data. This is because, when the radius of
the annular thermocouple is large enough, the inner arc of the thermoelectric leg corre-
sponds to a small curvature and can be considered as a flat plate type thermocouple. The
parameters from Ref. [38] were used for model verification. Figure 4b depicts the output
performance of the thermoelectric generator under different loads. The error between the
simulation data of Ge and the experimental results is less than 10%, whereas the error
between the numerical simulation results in this study and the experimental data is around
7%. Although the numerical model established in this paper is a general thermoelectric
generator mechanism model, there are still some discrepancies between simulation results
and experimental data, which are primarily due to the model parameter settings limitations.
First, the contact thermal resistance is set to 0.0008 m2·K W−1 in the simulation; however,
this is not provided in the experiment. Second, the density, dynamic viscosity, and Prandtl
number of the heat source are highly dependent on temperature, which is not measured in
the experiment but is set to a constant value in this model.

4. Results and Discussion
4.1. Effect of Different Cooling Methods on CATEG Thermoelectric Conversion Performance

The type of cooling fluid used in CATEGs for an automobile waste heat recovery
system can be divided into air-cooling (ambient air used as cooling fluid during automobile
operation) and water-cooling (coolant of the automobile engine cooling system). In regards
to fluid flow direction, it can be divided into two ways: hot and cold fluid flowing in the
same and reverse directions [33]. As a result, when the exhaust direction is fixed, the four
most common cooling methods for an automobile thermoelectric generator system are
cocurrent water-cooling (COW), cocurrent air-cooling (COA), countercurrent water-cooling
(COUW), and countercurrent air-cooling (COUA). Since the convective heat transmission
thermal resistance between the thermocouple and the ambient air (or water) is significantly
lower than that between the thermocouple and the hot fluid [40], the heat transfer coefficient
at the cold end is assumed to be constant. The cold side heat transfer coefficient kw is
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100 W m−2 K−1 for air-cooling and 1000 W m−2 K−1 for water-cooling. Table 2 shows the
specific parameters of the hot and cold fluids.

Table 2. Detailed parameters and properties of the hot and cold fluids.

Name Description Parameter Value Unit

Exhaust gas

Heat transfer coefficient kf Equation (10) W m−2 K−1

Inlet temperature Tfin 400 ◦C
Mass flow rate mf 20 g s−1

Specific heat capacity cf 1.12 J g−1 K−1

Ambient air

Heat transfer coefficient kw 100 W m−2 K−1

Inlet temperature Twin 30 ◦C
Mass flow rate mw 20 g s−1

Specific heat capacity cw 1.0 J g−1 K−1

Cooling water

Heat transfer coefficient kw 1000 W m−2 K−1

Inlet temperature Twin 70 ◦C
Mass flow rate mw 200 g s−1

Specific heat capacity cw 4.177 J g−1 K−1

The variation in the power output and energy conversion efficiency of CATEG with the
volume of thermoelectric semiconductor for different cooling methods is shown in Figures 5
and 6, respectively. When compared to the cocurrent cooling method, the countercurrent
cooling method increases the output power and efficiency of the thermoelectric generator;
the percentage increase is also shown in the figures. This shows that the improved output
power and efficiency by countercurrent water-cooling are lower than those improved by
countercurrent air-cooling; when the total thermocouple volume is less than 2.66 × 10−4

m3, the increased percentage of output power and efficiency is lower and nearly the same
for both cocurrent and countercurrent.
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This is due to the fact that when the total thermocouple volume is small, the length
of the CATEG is short, and cooling water flow direction has little influence on the tem-
perature change at the TEG cold end; when the volume of the thermocouple increases,
the use of countercurrent water-cooling can optimize the temperature distribution of the
thermoelectric generator, i.e., obtain a more stable temperature difference to improve the
output performance of the CATEG. Simultaneously, when using countercurrent air-cooling,
the power output and energy conversion efficiency of the TEG are significantly improved
as the thermocouple volume gradually increases, compared to cocurrent air-cooling. This
is because the flow direction of air has a large impact on the cooling performance of the
TEG: the mass flow rate of air is small compared to the cooling water, and the working
temperature difference of the thermocouple decreases continuously when the exhaust gas
and air flow in the same direction, whereas the countercurrent flow method can effectively
maintain the stability of the working temperature difference of the ATECs and improve
the thermoelectric conversion performance of the TEG. The greater the total volume of the
thermocouple, the greater the output power and efficiency boosted by the counterflow of
cold and hot fluids, and the percentage boosted by air-cooling is always greater than the
percentage boosted by water-cooling. Furthermore, for each of the four cooling methods,
there is an optimal thermocouple volume that produces the highest output power of the
thermoelectric generator, and in general, the optimal volume is larger for water-cooling
than air-cooling, and larger for countercurrent flow than cocurrent flow.

The variation in the working temperature difference ∆T of the thermocouple for the
four different cooling methods are shown in Figure 7. The effect of the cocurrent flow and
countercurrent flow methods on ∆T is small for water-cooling, but significant for air cooling.
When using cocurrent air-cooling, ∆T decreases rapidly along the direction of fluid flow,
whereas when using countercurrent air-cooling, the thermal energy transferred from the hot
fluid to the cold side of the thermocouple gradually heats the air, resulting in a decreasing
∆T along the direction of air inflow; however, in general, the countercurrent flow method
improves the operating temperature difference of the thermocouples and keeps the TEG at
a higher output performance. When using cocurrent water-cooling, ∆T decreases rapidly
along the direction of fluid flow, similar to the case of ACO; when using countercurrent
water-cooling, ∆T also decreases continuously along the direction of exhaust gas flow, but
at a faster rate than cocurrent flow. This is actually determined by the physical properties of
hot and cold fluids, because the mass flow rate as well as the specific heat capacity of water
are much greater than that of exhaust gas, regardless of whether the water is cocurrent or
countercurrent flowing through the TEG, the temperature change is not too large, and thus
has similar thermoelectric performance. Although the maximum temperature difference
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of COW is greater than that of COUW, the average working temperature difference of
thermocouples in COUW is slightly greater than that of COW, and this difference is not
obvious in practical applications.
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different cooling methods.

As a result, when using air-cooling in the CATEG system, a distinction must be
made between using the cocurrent flow or countercurrent flow method depending on the
actual situation, whereas water-cooling does not require a distinction because the effect
on thermoelectric properties is minor. On the other hand, the effect of different cooling
methods on the hot side heat transfer coefficient within the CATEG can demonstrate
this result. Figure 8 depicts the variations in total heat transfer coefficient at the hot
end of the CATEG for different cooling methods, as well as the increased percentage
obtained by the countercurrent flow method over that obtained by the cocurrent flow
method. As shown, the hot side heat transfer coefficient decreases continuously as the
thermoelectric semiconductor volume increases under the four cooling methods. The
change in cooling fluid flow direction has very little effect on the heat transfer coefficient; the
real reason for improved thermoelectric generator performance is that the countercurrent
flow method increases the working temperature difference of the thermocouples, which
increases efficiency and output power.
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4.2. Effect of Various Exhaust Parameters on CATEG Performance under Four Different
Cooling Methods

Section 4.1 discussed and analyzed the variation in CATEG output performance with
total volume of thermoelectric semiconductors for different cooling methods; however,
changes in vehicle operating conditions cause changes in exhaust parameters, which also
have a significant impact on the thermoelectric performance of CATEG, and changes in
engine exhaust back pressure caused by exhaust parameters’ fluctuation in a CATEG can
also result in additional engine power loss. Therefore, it is critical to conduct an analysis of
the effects of various automobile operating conditions on CATEG performance. According
to Ref. [35], during vehicle operation, the exhaust gas temperature and mass flow rate vary
with vehicle operating conditions within 200–600 ◦C and 10–50 g s−1, respectively, and this
section evaluates the output performance of CATEG for various operating conditions and
cooling methods.

The variation in CATEG power output for various exhaust gas temperatures under
different cooling methods are shown in Figure 9. From Figure 9a,b, for the air-cooling
method, the power output of the countercurrent method increases with the increase in
thermoelectric semiconductor volume and then slowly decreases, and its maximum power
output is significantly higher than that of the cocurrent flow method; the advantage of
the countercurrent method becomes more apparent as the inlet temperature rises. Mean-
while, the optimal thermoelectric semiconductor volume corresponding to the maximum
power output point is greater than that of the cocurrent flow method. The power out-
put increases and then decreases as the thermoelectric semiconductor volume increases
under the countercurrent flow method, and CATEG maintains a high output power for
only a limited range of thermoelectric semiconductor volume. The optimal total thermo-
electric volume is defined as the volume corresponding to the maximum output power
point. The optimal total thermoelectric semiconductor volume for the countercurrent air-
cooling (9.06 × 10−4 m3 for Pnet = 57.94 W) is greater than that of the cocurrent air-cooling
(4.26 × 10−4 m3 for Pnet = 45.7 W). When using cocurrent air-cooling, the power output
increases and then decreases as the heat source temperature rises, in contrast to the other
three methods, which increase with increasing heat source temperature. Because of the
presence of a large temperature gradient, the Seebeck coefficient and resistance of the PN
couples along the direction of fluid flow continue to decrease during TEG operation, while
heat transfer through the thermocouple increases. This temperature gradient characteristic
becomes more apparent when the exhaust inlet temperature is higher. Although increasing
the inlet temperature raises the working temperature difference of the thermocouple, which
increases the output power, this power in the cocurrent air-cooling mode is insufficient to
compensate for the power consumed by the thermoelectric semiconductors, resulting in
a reduced output power. Figure 9c,d show that when water-cooling is used, the effect of
the cocurrent and countercurrent methods on TEG thermoelectric performance is small;
and the effect of exhaust inlet temperature on thermoelectric performance is similar under
both cooling methods. The countercurrent flow method has a 5.5% higher maximum
output power than the cocurrent flow method, which is consistent with the discussion
in Section 4.1.

Figure 10 shows the variation in CATEG power output for various exhaust mass flow
rates under different cooling methods. As shown in Figure 10a,b, the CATEG power output
increases and then decreases with the rise in thermoelectric semiconductor volume for
different exhaust gas mass flow rates under the air-cooling method; when the volume of
the thermoelectric semiconductor remains constant, the output power increases quickly
at first with increasing mass flow rate and then gradually decreases. When mf = 40 g s−1,
the maximum power output of these two cooling methods can be obtained separately, but
the maximum power point in the countercurrent method corresponds to a thermoelectric
semiconductor volume of Vx = 5.86 × 10−4 m3, which is larger than that in the cocurrent
flow method Vx = 4.26 × 10−4 m3, and the maximum output power of the countercurrent
method is 13.2% higher than that of the cocurrent method.
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cooling methods when mf = 20 g s−1: (a) cocurrent air-cooling, (b) countercurrent air-cooling,
(c) cocurrent water-cooling, (d) countercurrent water-cooling.

According to Figure 10c,d, when using water-cooling, the power output increases first
with increase in the volume of the thermoelectric semiconductor, and once the volume
reaches a certain value, effective power boost cannot be obtained by further adding the
thermoelectric element. The output power variation in the COW and COUW methods is
nearly identical, but the maximum output power of the countercurrent flow is significantly
greater than that of the cocurrent flow, especially at high mf (more than 20 g s−1). The
mass flow rate of the exhaust gas has a significant influence on the electricity output of
a water-cooling CATEG. When the volume of the thermoelectric semiconductor remains
constant, the output power increases almost linearly as the mass flow rate increases. The
optimal total thermoelectric semiconductor volume for the countercurrent water-cooling
(1.06 × 10−3 m3 for Pnet = 515.9 W) is similar to that of the cocurrent water-cooling (9.59 ×
10−4 m3 for Pnet = 466.08 W), and the maximum output power of the countercurrent method
is 10.6% greater than that of the cocurrent method. The output power of the water-cooling
is much higher compared to the air-cooling, regardless of fluid flow direction, especially at
large mass flow rates.
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4.3. Effect of Exhaust Mass Flow Rates on CATEG Net Power under Four Different
Cooling Methods

Although the output power of the countercurrent flow cooling method is higher
than that of the cocurrent flow method, as previously discussed, a larger thermoelectric
semiconductor volume is required to achieve optimal thermoelectric performance, implying
a longer TEG length and a larger device volume, which will lead to an increase in the
exhaust back pressure of the car engine, resulting in a decrease in net system power.
Therefore, the effect of exhaust mass flow rate on net power of the CATEG system under
different cooling methods will be investigated in this section.

Figure 11 shows the variation in CATEG net power for various exhaust gas mass
flow rates under different cooling methods. The net power of the air-cooling CATEG
increases and then decreases as the thermoelectric semiconductor volume increases, as
shown in Figure 11a,b. The output power of the TEG at high mass flow rates is insufficient
to compensate for the power loss to the system caused by high exhaust back pressure,
resulting in a negative net power. The exhaust mass flow rate has a significant effect on
the net power of CATEG, when the volume of the thermoelectric semiconductor remains
constant; the net power increases with increasing mass flow rate and then rapidly decreases.
When mf =20 g s−1, the maximum net power of these two cooling methods can be obtained
separately; the maximum net power point in COUA method corresponds to a thermoelectric
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semiconductor volume of Vx = 5.33 × 10−4 m3, while in COA, its Vx = 4.26 × 10−4 m3;
the maximum net power of the countercurrent method is 11.2% greater than that of the
cocurrent method.
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From Figure 11c,d, it can be seen that countercurrent flow or cocurrent flow has little
effect on the net power of water-cooling in comparison to air-cooling. The optimal total
thermoelectric semiconductor volume for the countercurrent water-cooling (9.06 × 10−4 m3

for Pnet = 432.42 W) is greater than that of the cocurrent water-cooling (7.46 × 10−4 m3

for Pnet = 396.87 W). Although the maximum net power is increased by 8.9%, the optimal
thermoelectric semiconductor volume is increased by 21.4%; therefore, the economics
of CATEG is slightly reduced. When the goal is to maximize CATEG net power, the
determined optimal thermoelectric semiconductor volume is very different from that
determined in Section 4.2; therefore, when designing and improving automobile exhaust
TEG and choosing cooling methods, the impact of power loss caused by the engine exhaust
back pressure on the TEG system should be considered.

5. Conclusions

In this study, a comprehensive variable physical property numerical model of CATEG
using the finite element method was developed. The established theoretical model was
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validated using experimental data and other numerical simulation results. The maximum
output power, net power, and optimal total thermoelectric semiconductor volume were cal-
culated and compared for four different cooling methods with different exhaust parameters.
The primary findings of the study are summarized below:

(1) When compared to the cocurrent cooling method, the countercurrent cooling method
can effectively improve the working temperature difference of the thermocouples,
especially when using air-cooling, thereby increasing the output power; however,
it requires more thermoelectric semiconductor volume to achieve maximum out-
put power;

(2) It is not preferable to use the cocurrent air-cooling method for the heat source with
high temperature. As the temperature of the heat source rises, the output power of
TEG increases first, then gradually declines after reaching a peak. For COUA, COW,
and COUW, the output power rises almost linearly as the temperature of the heat
source increases;

(3) The exhaust mass flow rate has a significant influence on CATEG net power. The max-
imum net power Pnet = 432.42 W can be obtained using countercurrent water-cooling,
corresponding to an optimal thermoelectric semiconductor volume of 9.06 × 10−4 m3.
Compared to COW, the maximum net power increased by 8.9%, but the optimal
thermoelectric semiconductor volume increased by 21.4%.

Author Contributions: Data curation, writing—original draft preparation, W.Y.; formal analysis,
methodology, W.Z.; conceptualization, funding acquisition, writing—review and editing, Y.Y. and
C.X.; validation, L.H.; visualization, Y.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (51977164).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data, models, or code that support the findings of this study are
available from the corresponding author upon reasonable request. The data are not publicly available
as the data also forms part of an ongoing study.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

a1, a2, a3 height, inner arc length, and thickness of the thermoelectric leg, mm
a4 gap between p- and n-type semiconductors, mm
C specific heat capacity, J·g−1·K−1

D diameter, mm
Dh hydraulic diameter, m
F Darcy resistance coefficient
Hr surface finish quality, m
H convective heat transfer coefficient, W·m−2·K−1

I current, A
K total heat transfer coefficient, W·m−2·K−1

K thermal conductance, W·K−1

L length of the heat exchanger, m
m mass flow rate, g·s−1

nr total thermocouple number in a single-ring
nx total thermocouple number in a line
Nu Nusselt number
p pressure, Pa
P power, W
Pr Prandtl number
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Q quantity of heat, W
r radius, m
R resistance, Ω
Re Reynolds number
T temperature, ◦C
Greek symbols
α the Seebeck coefficient, V·K−1

γ density, kg·m−3

δ thickness, mm
∆ difference
η efficiency, %
λ thermal conductivity, W·m−1·K−1

µ dynamic viscosity, Pa·s
ρ resistivity, Ω·m
Subscript
b consumed pump value
c cold side of the thermoelectric generator
cer ceramic
con connector
cu copper
f hot fluid
fav average value of hot fluid
h hot side of the thermoelectric generator
i inner ring of the hot end heat exchanger
L external load
n n-type thermoelectric semiconductor
net net value
o outer ring of heat exchanger
p p-type thermoelectric semiconductor
plate heat exchanger plate
pn thermocouple
teg TEG system value
w cold fluid
wav average value of cold fluid
Abbreviations
ATEC annular thermoelectric couple
ATEG annular thermoelectric generator
CATEG concentric annular thermoelectric generator
TEG thermoelectric generator
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Abstract: Pulsed laser deposition operated by an ultra-short laser beam was used to grow in a vacuum
and at room temperature natively nanostructured thin films of lead telluride (PbTe) for thermoelectric
applications. Different percentages of silver (Ag), from 0.5 to 20% of nominal concentration, were
added to PbTe deposited on polished technical alumina substrates using a multi-target system. The
surface morphology and chemical composition were analyzed by Scanning Electron Microscope
and X-ray Photoelectron Spectroscopy, whereas the structural characteristics were investigated by
X-ray Diffraction. Electrical resistivity as a function of the sample temperature was measured by the
four-point probe method by highlighting a typical semiconducting behavior, apart from the sample
with the maximum Ag concentration acting as a degenerate semiconductor, whereas the Seebeck
coefficient measurements indicate n-type doping for all the samples. The power factor values (up
to 14.9 µW cm−1 K−2 at 540 K for the nominal 10% Ag concentration sample) are competitive for
low-power applications on flexible substrates, also presuming the achievement of a large reduction
in the thermal conductivity thanks to the native nanostructuring.

Keywords: thermoelectric properties; nanostructuring; pulsed fs-laser deposition; lead telluride

1. Introduction

In the last decade, a great interest has been growing to find a way of developing
efficient thermoelectric devices for the conversion of heat into electricity by exploiting
the Seebeck effect [1,2], with the aim of re-using the large heat that is typically wasted in
several industrial processes. Additionally, thermoelectric generators have been used to
produce renewable energy, particularly for the conversion of concentrated solar radiation,
both directly [3] or combined with thermionic generators [4,5]. The conversion efficiency of
thermoelectric materials is characterized by the dimensionless figure of merit zT = S2σT/κ,
where S, σ, T, and κ are the Seebeck coefficient, the electrical conductivity, the absolute tem-
perature, and the thermal conductivity, respectively. Extensive and detailed studies have
established, over a long period of time, that to achieve an optimal value of the coefficient
zT, it is advisable to follow the strategy of the “phonon glass electron crystal” approach [6],
which implies the creation of a material with a tailored structure that has, at the same time,
low thermal conductivity (phonon glass), but high electrical conductivity (electron crystal).
Consequently, several studies came to find a way to optimize thermoelectric material by
maximizing its performance. Nanostructuring is the most diffused approach to improve zT,
by enhancing the Seebeck coefficient via the quantum confinement effect and, at the same
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time, by decreasing thermal conductivity through enhanced phonon scattering at grain
boundaries and interfaces [7–10]. Several complex nanostructures have been designed
for thermoelectric materials: two-dimensional superlattice structures, one-dimensional
nano-systems, and zero-dimensional nanoplates and nanoparticles [11–15].

Compared with bulky systems, the production of thin films has the noteworthy
advantage of being compatible with semiconductor technology. Additionally, thin films can
be easily applied in the fabrication of thermoelectric nano-devices, the research of which is
becoming extremely important thanks to the continuous requirements of miniaturization
and flexibility for the novel application scenario of the Internet of Things [16–18]. However,
the presently low performance of thermoelectric films in terms of conversion efficiency and
temperature stability restricts their real use in the required applications.

Table 1 shows some of the most recent and relevant results obtained from the prepa-
ration and characterization of thermoelectric thin films operating at temperatures higher
than 350 K. Different approaches and solutions in terms of both materials and techniques
were attempted, with the attaining of maximum power factor values in the range of
0.2–4.6 mW m−1 K−2, which are typically lower than the values reported for the corre-
sponding bulk material.

Table 1. List of the most recent published works related to the production of thermoelectric nanos-
tructured thin films, displaying material and dopants, technique, power factor at the temperature T,
which maximizes the value, and year of publication.

Material/Dopants Production Technique Maximum Power Factor
(W m−1 K−2) at T

Publication Year
(Reference)

ZnSb RF Magnetron Sputtering 2.35 × 10−3 at 533 K 2014 [19]
Bi0.5Sb1.5Te3 KrF excimer PLD 3.2 × 10−3 at 390 K 2015 [20]

PbTe Thermal evaporation ~0.45 × 10−3 at 400 K 2015 [21]
ZnSb/Cr ArF excimer PLD 0.2 × 10−3 at 600 K 2017 [22]

SnTe Thermal evaporation 1.98 × 10−3 at 823 K 2018 [23]
Cu2Se XeCl excimer PLD ~0.2 × 10−3 at 580 K 2022 [24]

CoSb3/Ag, Ti Magnetron Sputtering 0.31 × 10−3 at 623 K 2023 [25]
Sb2Te3/Ag RF Magnetron Sputtering 4.6 × 10−3 at 373 K 2023 [26]

Smy(FexNi1−x)Sb12 Nd: YAG PLD ~0.38 × 10−3 at 525 K 2023 [27]

Among the different thermoelectric materials, lead telluride (PbTe) is a very appeal-
ing thermoelectric material for applications in the range of operating temperatures from
300 to 800 K [28]. Several research efforts have been oriented to the improvement of
the performance of PbTe bulk alloys through nanostructure optimization [29] and/or the
substitution/addition of dopants to adjust both thermal conductivity and carrier concen-
tration [30,31]. However, in the last years, many chalcogenides have lost attraction due to
the high cost, the problem of toxicity, and the decreased material availability.

One of the possibilities to be explored to overcome these issues is to use PbTe as thin
film, with the main intention to reduce the waste of material and, thus, to decrease the
cost of the final device, while maintaining high conversion performance. Many techniques
have been developed for the preparation of PbTe thin films [32–34]. Recently, Pulsed
Laser Deposition (PLD) has been demonstrated to be a technique capable of fabricating
high-quality thermoelectric films [35,36], mainly thanks to its experimental versatility and
capability of almost maintaining the stoichiometry in the transfer of mass from the ablated
target to the depositing substrate, in a vacuum or in a suitable gas atmosphere.

More specifically, femtosecond (fs) laser ablation in a vacuum has been suggested
as a powerful and versatile tool to produce nanoparticles of various materials. With
ultra-short pulses in the fs range, the laser intensity on the target is sufficiently high for
multi-photon absorption processes to take place; therefore, it becomes possible to fabricate
thin films and nanostructures of many materials, along with a low optical absorption
coefficient (or large bandgap) at the specific laser wavelength, such as oxides, nitrides, or
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semiconductors [37,38]. Moreover, the initial laser-heating occurs almost at solid density,
leading the matter to extreme temperature and pressure, generating a great number of
material states, which cannot be produced using longer pulses of comparable fluence.
In addition, laser pulses do not interact with the ejected particles, avoiding unwanted
secondary laser–material interactions or reactions.

This study aims to introduce a simple and fast approach to tune the properties of
nanostructured thermoelectric materials with the addition of potential dopants for achiev-
ing high-performance thin films. The previous works published by our group showed how
it is possible using PLD to obtain PbTe-based granular nanocrystalline film, with features at
the optimum size, i.e., in the range of 20–100 nm [10,39], for scattering the thermal phonons
and, thus, potentially achieving a drastic reduction in thermal conductivity. Despite this
promising evidence, the values of the thermoelectric power factor were still not competi-
tive with the performance of the bulk materials. With the scope of finding a strategy for
improving the overall performance of the thin films, the specific goal of this work was to
investigate the role of Ag incorporation as a possible effective dopant in the PbTe matrix
using PLD activated by an ultrashort laser at the femtosecond pulse duration, by evaluating
the addition of various percentages of atomic Ag in a multi-layer PbTe/Ag structure.

2. Materials and Methods

The experimental setup of the PLD system consists of an ultra-short Spectra Physics
Spitfire Pro XP Ti:Sapphire pulsed laser source (wavelength λ = 800 nm, pulse duration
of ~100 fs; energy of 3.7 ± 0.1 mJ/pulse) in front of a stainless steel vacuum chamber
evacuated by a turbo molecular pump (typical background pressure of 5 × 10−7 mbar).
The pulse repetition rate was fixed to 100 Hz (the maximum selectable value is 1 kHz). The
PbTe and Ag targets (commercial 1-inch diameter targets, 99.999% purity) were placed on a
rotating holder during ablation to avoid cratering. The laser beam was focused with an
entrance angle of 45◦, by a 1.0 m focal lens. As previously described [35,36], a multi-target
system was used to deposit both materials through a PbTe/Ag multi-layered structure.
The doping process was properly time-regulated and tuned to obtain a final product with
specific Ag atomic percentage composition, promoting the Ag diffusion into the film. For
the doping process, a PbTe/Ag multilayer structure was considered an acceptable attempt
to reach a heavy doping condition. A doping sequence as N × (A(t1)·B(t2)), with A = PbTe,
B = Ag, and t1, t2, N as variable parameters according to the nominal Ag concentration,
was used to perform the deposition. The overall deposition time was 30 min for all the
samples. The growth rate was 0.11 µm/min, evaluated by ex-situ measurements of the
film thickness. Technical-grade mirror-polished alumina plates were used as deposition
substrates. All the substrates were ultrasonically cleaned in n-hexane and positioned on a
sample holder maintained at room temperature at ~ 50 mm from the target.

XPS measurements were performed using an ESCALAB 250Xi spectrometer (Thermo
Fisher Scientific Ltd., Basingstoke, UK), equipped with a monochromatic Al Kα source
(1486.7 eV) for XPS and a six channeltrons detection system. The binding energy (BE)
scale was calibrated, positioning the adventitious carbon peak C 1s at BE = 285.0 eV. The
photoemission spectra were acquired at constant pass energy of 50 eV. The Avantage v.5.9
software (Thermo Fisher Scientific Ltd., Basingstoke, UK) was used to collect and process
the spectra.

Surface morphology was characterized by a Field Emission Scanning Electron Mi-
croscopy apparatus (FE-SEM model Supra 40, ZEISS NTS Gmbh, Oberkochen, Germany), to
be able to observe the grown materials at a very high resolution, down to nanometric sizes.

Grazing angle X-ray micro-diffraction (µ-XRD) measurements, which are typically
used for investigating the structural parameters of surfaces different from the bulk and
thin films [40], were performed using a Rigaku D/MAX RAPID (Tokyo, Japan) diffraction
system, operating at 40 kV and 30 mA. This instrument is equipped with a Cu Kα source,
curved-image plate detector, flat graphite monochromator, variety of beam collimators,
and motorized stage (allowing two angular movements, rotation ϕ and revolution ω). The
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µ-XRD data were collected as two-dimensional images and then converted into Angle
(2θ)−Intensity profiles using specific software provided by the producer. The data were
acquired using 50 µm collimator, 1 h of collection time, a fixed revolution angle ω (3◦),
and rotation angles Φ (60◦, 75◦, 80◦, 90◦). The peak assignment was made using JCPDS
database, whereas the unit-cell parameters of the PbTe samples were refined from the
µ-XRD data using the UNITCELL software [41].

The temperature-dependent electrical characterization was performed in a homemade
vacuum chamber by using the “four-contact-in-line-points probe” method. This method
allows the measurement of sheet resistance under dark conditions and film resistivity
when the thickness is known. Sheet resistance is commonly used to characterize thin
film materials, with almost uniform thickness. The measurements were performed in a
homemade system varying the temperature in the range of 300–600 K under controlled
vacuum conditions (~10−3 mbar). The value of the film thickness used for the calculation
of the electrical resistivity was 3.30 ± 0.05 µm, measured by a commercial profilometer and
found almost constant for all the samples. The setup scheme and the details of the method
are reported in a previous paper [42].

The Seebeck coefficient measurements were performed using commercial Seebeck In-
struments K-20 and SB-100 (MMR technologies, San Jose, CA, USA) with a high impedance
amplifier (30 gain) in the temperature range 300–600 K, following the method reported by
Ko and Murray [43].

3. Results

The experiments reported in this article follow the work we have undertaken and pub-
lished on the deposition of thermoelectric PbTe-based thin films via ns- and fs-PLD [35,36].
Our previous experiments verified some fundamental aspects concerning both the PLD
methods with related advantages/limitations and some important properties of the materi-
als themselves, which are usually prepared and studied in the form of bulk solid materials.

In particular, an ultrashort laser for PLD is preferred as an activating source if com-
pared to more traditional ns-pulse laser for the following reasons: (i) the rate of ablation and
subsequent growth of the film is much higher, and layers of micrometers can be obtained
in few minutes; (ii) the material deposited is nanostructured, therefore perfectly functional
to request a specific nano-sized structure; (iii) the stoichiometry of the target is maintained
without any chemical disproportion; (iv) the material obtained resulted in being crystalline
even by keeping the substrate at room temperature; and (v) the adopted multi-target and
multi-layered deposition, which is time-regulated, can potentially give the required atomic
composition, through the entire thickness of the film.

In the present experiments, we have grown room-temperature PbTe films with the
addition of Ag by PLD, operated by an ultra-short fs laser beam, comparing the typical
physical–chemical parameters (microstructural, stoichiometric, and electrical) of films
at different nominal dopant concentrations, whose expected values were calculated as
atomic percentages.

First, the surface chemical composition of the different samples was investigated by
XPS analysis. The obtained results evidenced that PbTe films doped with different amounts
of Ag were deposited. This result is confirmed by the peak-fitting analysis performed on
the spectra shown in Figure 1, shown for PbTe10, as an example. The peaks of Te3d5/2
and Pb 4f7/2 positioned at BE = 137.5 eV and 572.2 eV, respectively, were assigned to PbTe.
However, upon contact with air, a thin layer of oxides (few nm) is formed, as evidenced
in the spectra deconvolution, which is then promptly removed after a few seconds of ion
sputtering (Ar+—1 keV). Instead, the Ag spectrum was characterized by a single Ag3d5/2
peak positioned at 368.3 eV, BE value characteristic for Ag0, thus excluding the formation
of secondary phases, such as Ag2Te [21].
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Figure 1. Te3d (a), Pb4f (b), and Ag3d (c) spectra acquired by the investigation of the sample PbTe10.

Table 2 shows the main chemical information derived from the XPS investigation.

Table 2. Values of the XPS atomic concentration of Ag and Pb/Te atomic ratio for the investigated samples.

Sample Name Nominal [Ag] (%) [Ag] (at.%) 1 [Pb]/[Te] (at.%/at.%) 1

PbTe05 0.5 1.1 1.2
PbTe1 1 2.5 1.2
PbTe2 2 4.6 1.1
PbTe5 5 8.8 0.9
PbTe10 10 14.4 0.7
PbTe20 20 24.9 0.4

1 Values measured after the sputtering of the first layers to remove contaminants.

From the analysis of the XPS data, it is possible to state that the atomic [Ag] concen-
tration is quite high with respect to the nominal one. This difference is higher when the
nominal concentration is low because of the time-dependence of the multi-layer process:
for low concentration, the time for a single step is lower and the error increases. However, a
linear dependence between the [Pb]/[Te] atomic concentration ratio and the Ag atomic con-
centration was found (Figure 2a). The amount of Ag corresponding to a stoichiometry close
to the correct one ([Pb]/[Te] = 1) is up to 8.8 at.%, whereas the ratio [Pb]/[Te] drastically
decreases for [Ag] concentration >8.8 at.% when [Te] is much higher than [Pb]. The large
difference from the correct stoichiometry with an excess of Te atoms is surely ascribable
to the high number of Ag atoms, which can physically substitute Pb atoms in the Pb–Te
system but can also produce doping in interstitial sites or by metallic aggregates. Figure 2b
shows the depth profile of the sample PbTe05, which points out how the concentrations of
Pb, Te and Ag are quite constant along the thickness of the film apart from the first surface
layers (due to carbon and oxygen contaminations).

An evident and characteristic granular nanosized structure is clearly visible in mi-
crographs obtained by SEM, as shown in Figure 3 for samples PbTe05 and PbTe20. The
other samples show very similar morphologies and, for brevity, are not reported. An
estimation of the size of the granules was carried out via open-source software for imaging
analysis (ImageJ, National Institutes of Health, Bethesda, MD, USA) [44]. The size of the
granules is randomly distributed from about 220 nm (constituted by few crystallites) down
to approximately 30 nm (consisting of single crystallites).

In Figure 4, the XRD spectra of the undoped PbTe (altaite) and that of the sample
PbTe10 are shown. We state that the films at different Ag compositions present the same
features, without any significant variations in the position and intensity of the reflections
reported for the sample PbTe10.
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Figure 2. (a) [Pb]/[Te] atomic concentration ratio as a function of the Ag concentration; (b) XPS depth
profile for the sample PbTe05.

Figure 3. FE-SEM secondary electrons images of thin films: (a) PbTe05 and (b) PbTe20 at different
magnifications. The nanostructured morphology of PbTe grains (~30 to 220 nm) is evident.
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Figure 4. µ-XRD patterns taken at grazing incidence angle of the undoped PbTe, used as a reference,
and the sample PbTe10.

It is possible to state that the deposition at room temperature induces the formation
of a poly crystalline PbTe film, characterized by the position of the main peaks extremely
coherent with the altaite crystal shown in the undoped sample. The crystallite orientation is
predominantly in the (200) plane of the cubic phase. All the samples with the Ag addition
have a reflection at 2θ = 38.12◦; this diffraction signal can be attributed to the reflection
(111) of Ag nanoparticles [45]. Scherrer’s method [46] was applied to the full width at
half maximum (FWHM) of the main peak (200) of the cubic PbTe to estimate the size of
the crystalline grains. The values of grain size are shown in Table 3 and range from 25
to 39 nm, with a slight increase as a function of the Ag concentration. More interestingly,
the extrapolation of the values of the lattice parameter evidences that there is a tendency
for reduction when the Ag concentration increases. The decrease in the lattice constant
is usually related to the formation of ternary compounds, such as Pb1−xAgxTe, with the
Ag ionic radius being smaller than that of Pb [47]. However, since the lattice parameter
does not follow an expected clear trend as a function of the Ag concentration (i.e., Vegard’s
law), it is most probable that the presence of such compounds is only partially distributed,
as reported elsewhere [31]. One of the possible explanations for such behavior is the low
solubility limit of Ag for PbTe crystals [48].

From these results, obtained by means of a detailed µ-XRD analysis with a low
grazing angle specific for thin film characterization, we can thus conclude that the films
are characterized by a granular type of crystalline PbTe nanostructure, with the added Ag
playing the role of dopant atoms in the PbTe lattice and creating some metallic dislocations
among the grains. Most importantly, the specific particle sizes (25–39 nm) obtained are
well befitting to fulfill the specific request for a good thermoelectric material of an effective
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scattering effect for thermal phonons, as requested to achieve a significant decrease in
thermal conductivity inside the lattice of the material examined [7,10].

Table 3. Values of lattice parameter and grain size derived from XRD data for each sample. The
parentheses number represents the measurement accuracy.

Sample Name Lattice Parameter (Å) Grain Size (nm)

PbTe05 6.454 (3) 25
PbTe1 6.454 (4) 25
PbTe2 6.453 (3) 29
PbTe5 6.449 (3) 39
PbTe10 6.447 (3) 39
PbTe20 6.447 (3) 39

An analysis of the thermoelectric behavior was performed as a function of tempera-
ture in the range 300–600 K. Figure 5 shows the Seebeck coefficient (S) for the investigated
samples, obtained from ten measurements performed consecutively after repeated heat-
ing/cooling cycles to also test the system repeatability (represented by the error bars in the
figure). We found for all the samples a negative sign of S, indicating an n-type (electrons)
conduction for the majority carriers. At the same time, the absolute value decreases as a
function of the Ag concentration, with the sample PbTe20 showing a very low value of S,
about one order of magnitude lower than PbTe05. This trend can be expected since the
presence of the dopant should increase the carrier concentration. Indeed, according to the
electron transport models that are typically used, i.e., the single parabolic band model, S
depends on the carrier concentration, such that the lower the carrier concentration, the
larger the Seebeck coefficient [7].

Figure 5. Seebeck coefficient values as a function of the temperature.

Conversely, the Seebeck coefficient shows a particular temperature dependence for
all the samples, apart from PbTe05 and PbTe20, with a minimum value between 530 and
550 K. This behavior can be explained with a so-called dynamic doping process, which can
occur due to the increase in the carrier concentration when the temperature increases [49].
This performance was fully demonstrated for the addition of Ag atoms in n-type PbTe,
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where silver compensates the Pb vacancies below 500 K and provides electrons in excess,
occupying interstitial sites above 500 K, and thus increasing carrier concentration and/or
mobilities [50].

Conversely, the higher nominal Ag concentration induces a lower electrical resistivity
(ρ), as shown in Figure 6. The resistivity decreases as a function of the temperature,
thus indicating a semiconducting behavior for all the samples apart from the sample
PbTe20. The latter shows the electrical resistivity, which increases when the temperature
increases, thus pointing out a behavior of a degenerate semiconductor assumed when the
Ag concentration is higher than 20 at.%. Conversely to the Seebeck coefficient, we did not
find any temperature-dependent change in the electrical resistivity, thus pointing out that
future investigations must be conducted to highlight the complex mechanism of the doping
needed to completely improve the electronic transport.

Figure 6. Electrical resistivity values as a function of the temperature.

By combining the electrical conductivity σ = 1/ρ and the Seebeck coefficient measure-
ments, it was finally possible to evaluate the material power factor, defined as PF = S2 × σ

(Figure 7).
The PF increases as a function of the dopant concentration up to the nominal concen-

tration of 10%, whereas the trend is opposite for the most doped sample PbTe20 due to
the very low value of S. Note that the PF is larger by more than one order of magnitude
for the sample PbT10 with respect to the PbTe05 one. It is interesting to state that, apart
from PbTe05 and PbTe20, the samples show a maximum for PV ranging from 510 and
540 K, corresponding to the minimum observed for S, thus indicating a specific window
for the upper temperature of the operations of a possible device. The highest PF value
(14.9 µW K−2 cm−1 at 540 K) is more than four times the best performance of the PbTe films
grown using ns-PLD by our group [35], thanks to a more efficient process of doping per-
formed by the fs-PLD system. Generally, the results achieved in this study are in line with
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the PF values reported for thermoelectric films produced by magnetron-sputtering deposi-
tion (ranging from 0.33 to 23 µW K−2 cm−1) [51], and not far from complex nanocomposite
PbTe-based bulk systems (up to 30 µW K−2 cm−1) [52].

Figure 7. Power factor values as a function of the temperature.

The optimization of the power factor mainly depends on the best trade-off conditions
between electrical conductivity and the Seebeck coefficient, which can be obtained with
values of the carrier concentration (around 1020 cm−3) that are typical of highly doped
semiconductors [7]. In our case in which Ag incorporation is applied, the best condition
is achieved for a dopant concentration of [Ag] = 14.4 at.%. According to the results of
this study, further optimization is difficult to obtain due to the excessive reduction in S if
Ag concentration increases, regardless of the improvement in the electrical conductivity.
However, co-doping with different elements or even with other complex alloys could be a
strategy to be pursued to obtain thin films with improved performance.

To conclude the experimental activity, thermal annealing was performed to evaluate
the stability of the thin films, which were left at 600 K for 72 h under vacuum conditions in
the same setup used for the electrical resistivity measurements. Any significant change in
the structural part of the film was observed, noting that even the electrical parameters did
not show significant changes (<5% in terms of absolute value) following the thermal treat-
ment. Therefore, it is possible to state that excellent nanostructured and nano-crystalline
films are obtained even with easier depositions at RT. The overall system results are stable
from a thermodynamic point of view (the grain structure remains unaltered); although, at
present, we have no specific data about any change in the density of the films.

4. Discussion

The characterization of the Ag-added PbTe samples prepared in this work showed
that nanostructured materials can be natively deposited by fs-PLD, with an average grain
size significantly lower than 100 nm. The process of nanostructuring at dimensions smaller
than the mean free path of phonons, while larger than those of charge carriers, allows us to
obtain a material with good thermoelectric characteristics [6]. In these conditions, in fact,
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the phonons are scattered, reducing the lattice’s thermal conductivity, while the mobility of
charge carriers and electron conduction can remain unchanged.

Therefore, fs-PLD is found to be a powerful technique for producing efficient thermo-
electric thin films, combining native nanostructuring with the capability of growing films
at RT and at a high deposition rate, as well as being able to dope the materials with the
addition of different elements to the starting material structure.

To have an idea of the potential of the developed thin films, a possible estimation
of zT can be carried out for the best-produced sample (PbTe10). A zT = 0.64 at the opti-
mum temperature of 540 K is roughly estimated, considering κ ~ 1.25 × 10−2 W cm−1 K−1

as an indicative value of thermal conductivity. This value of κ has been recently re-
ported for a bulk PbTe:Ag system [50]. Furthermore, ultralow values of lattice thermal
conductivity (κL) have been measured for specific PbTe-AgBiTe2 bulk alloys, equal to
~4.0 × 10−3 W cm−1 K−1, which is close to the glass theoretical limit for PbTe [53]. If we
suppose achieving a similar reduction in κL and, taking into account the calculated elec-
tronic thermal conductivity κe = L × σ × T of 3.9 × 10−3 at T = 540 K for PbTe10 sample
(by fixing L = 2.4 × 10−8 V2 K−2 [31]), a promising value of zT of 1.02 could be obtained
for PbTe10.

5. Conclusions

The thermoelectric properties of PbTe thin films, deposited with various Ag concen-
trations by fs-PLD, were investigated to verify the effectiveness of Ag incorporation to
enhance the power factor.

From a correlation between XPS and XRD analyses, we can conclude that the thin
films are composed of nanostructured (25–39 nm) crystalline grains of PbTe, in which Ag
atoms behave partially as effective dopant, by filling existing vacancies or substituting Pb
atoms, and also create metallic nano-agglomerates along the grain dislocations.

Electrical resistivity measurements show the typical behavior of semiconductors,
apart from the sample with the highest Ag concentration (24.9 at.%), which displays the
behavior of a degenerate semiconductor, increasing the resistivity as a function of the
temperature. As was predicted, the resistivity decreases significantly with the increasing
atomic percentage of Ag. Regarding the Seebeck coefficient, the measurements point out
that electrons are the majority carriers and the absolute value decreases as a function of
the Ag concentration, thus indicating an increase in the carrier concentration when the
quantity of Ag atoms increases. Interestingly, dynamic doping for the Ag-added PbTe
system was identified, leading to a maximization of the performance in the range 510–540 K.
Moreover, the material deposited at RT proved to be totally stable, both from a structural,
morphological, and electrical point of view, after a thermal treatment for 72 h under the
maximum investigated temperature (600 K), showing that this material can grow with
excellent structure and properties even under experimental conditions that are very mild
and accessible.

A maximum PF value of 14.9 µW K−2 cm−1 was recorded at 540 K for the sample with
an Ag concentration of 14.4 at.%, improving the performance of the PbTe films obtained
previously with deposition via both ns- and fs-PLD by our group. However, these values
are still lower than the best results obtained by other approaches (in terms of both materials
and techniques) and, above all, by bulky solutions. Therefore, other strategies, including co-
doping with different elements or even complex alloys, should be considered for achieving
a further improvement of the thermoelectric properties.

Finally, we can conclude that the deposition method of fs-PLD has proven to be
extremely advantageous, both as regards the high growth rate (i.e., 110 nm/min), both
for obtaining crystalline material of cubic PbTe with silver incorporation, even at room
temperature, and for the unique characteristic of giving rise to nano-sized granular struc-
tures in the range 25–200 nm, as demonstrated by detailed structural and morphological
investigations. In the future, measurements of thermal conductivity will be performed to
measure the effective zT of the produced thin films.

94



Energies 2023, 16, 3216

Author Contributions: A.B.: conceptualization, methodology, investigation, data curation, visualiza-
tion, writing—original draft preparation; S.O.: methodology; L.M., A.L., A.M. and S.K.: investigation;
D.M.T.: conceptualization, validation, writing—review and editing, supervision. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Emilia Cappelli for her initial contribution to this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Champier, D. Thermoelectric generators: A review of applications. Energy Convers. Manag. 2017, 140, 167–181. [CrossRef]
2. Tritt, T.M.; Subramanian, M.A. Thermoelectric Materials, Phenomena, and Applications: A Bird’s Eye View. MRS Bull. 2006, 31,

188–198. [CrossRef]
3. Baranowski, L.L.; Snyder, G.J.; Toberer, E.S. Concentrated solar thermoelectric generators. Energy Environ. Sci. 2012, 5, 9055.

[CrossRef]
4. Trucchi, D.M.; Bellucci, A.; Girolami, M.; Calvani, P.; Cappelli, E.; Orlando, S.; Polini, R.; Silvestroni, L.; Sciti, D.; Kribus, A. Solar

Thermionic-Thermoelectric Generator (ST2G): Concept, Materials Engineering, and Prototype Demonstration. Adv. Energy Mater.
2018, 8, 1802310. [CrossRef]

5. Bellucci, A.; Girolami, M.; Mastellone, M.; Serpente, V.; Trucchi, D.M. Upgrade and present limitations of solar thermionic-
thermoelectric technology up to 1000 K. Sol. Energy Mater. Sol. Cells 2021, 223, 110982. [CrossRef]

6. Dresselhaus, M.S.; Chen, G.; Tang, M.Y.; Yang, R.G.; Lee, H.; Wang, D.Z.; Ren, Z.F.; Fleurial, J.P.; Gogna, P. New Directions for
Low-Dimensional Thermoelectric Materials. Adv. Mater. 2007, 19, 1043–1053. [CrossRef]

7. Snyder, G.J.; Toberer, E.S. Complex thermoelectric materials. Nat. Mater. 2008, 7, 105–114. [CrossRef]
8. Kanatzidis, M.G. Nanostructured Thermoelectrics: The New Paradigm? Chem. Mater. 2010, 22, 648–659. [CrossRef]
9. Venkatasubramanian, R.; Silvola, E.; Colpitts, T.; O’Quinn, B. Thin-film thermoelectric devices with high room-temperature

figures of merit. Nature 2001, 413, 597–602. [CrossRef]
10. Biswas, K.; He, J.; Blum, I.D.; Wu, C.I.; Hogan, T.P.; Seidman, D.N.; Dravid, V.P.; Kanatzidis, M.G. High-performance bulk

thermoelectrics with all-scale hierarchical architectures. Nature 2012, 489, 414–418. [CrossRef]
11. Yang, L.; Chen, Z.-G.; Han, G.; Hong, M.; Zou, Y.; Zou, J. High-performance thermoelectric Cu2Se nanoplates through nanostruc-

ture engineering. Nano Energy 2015, 16, 367–374. [CrossRef]
12. Zhang, Y.; Mehta, R.J.; Belley, M.; Han, L.; Ramanath, G.; Borca-Tasciuc, T. Lattice thermal conductivity diminution and high

thermoelectric power factor retention in nanoporous macroassemblies of sulfur-doped bismuth telluride nanocrystals. Appl. Phys.
Lett. 2012, 100, 193113. [CrossRef]

13. Chowdhury, I.; Prasher, R.; Lofgreen, K.; Chrysler, G.; Narasimhan, S.; Mahajan, R.; Koester, D.; Alley, R.; Venkatasubramanian, R.
On-chip cooling by superlattice-based thin-film thermoelectrics. Nat. Nanotechnol. 2009, 4, 235–238. [CrossRef]

14. Elyamny, S.; Dimaggio, E.; Magagna, S.; Narducci, D.; Pennelli, G. High Power Thermoelectric Generator Based on Vertical Silicon
Nanowires. Nano Lett. 2020, 20, 4748–4753. [CrossRef]

15. Blackburn, J.L.; Ferguson, A.J.; Cho, C.; Grunlan, J.C. Carbon-Nanotube-Based Thermoelectric Materials and Devices. Adv. Mater.
2018, 30, 1704386. [CrossRef]

16. Li, X.; Cai, K.; Gao, M.; Du, Y.; Shen, S. Recent advances in flexible thermoelectric films and devices. Nano Energy 2021, 89, 106309.
[CrossRef]

17. Xie, H.; Zhang, Y.; Gao, P. Thermoelectric-Powered Sensors for Internet of Things. Micromachines 2022, 14, 31. [CrossRef]
18. Han, C.; Tan, G.; Varghese, T.; Kanatzidis, M.G.; Zhang, Y. High-Performance PbTe Thermoelectric Films by Scalable and

Low-Cost Printing. ACS Energy Lett. 2018, 3, 818–822. [CrossRef]
19. Fan, P.; Fan, W.-F.; Zheng, Z.-H.; Zhang, Y.; Luo, J.-T.; Liang, G.-X.; Zhang, D.-P. Thermoelectric properties of zinc antimonide thin

film deposited on flexible polyimide substrate by RF magnetron sputtering. J. Mater. Sci. Mater. Electron. 2014, 25, 5060–5065.
[CrossRef]

20. Symeou, E.; Pervolaraki, M.; Mihailescu, C.N.; Athanasopoulos, G.I.; Papageorgiou, C.; Kyratsi, T.; Giapintzakis, J. Thermoelectric
properties of Bi0.5Sb1.5Te3 thin films grown by pulsed laser deposition. Appl. Surf. Sci. 2015, 336, 138–142. [CrossRef]

21. Bala, M.; Gupta, S.; Tripathi, T.S.; Varma, S.; Tripathi, S.K.; Asokan, K.; Avasthi, D.K. Enhancement of thermoelectric power of
PbTe: Ag nanocomposite thin films. RSC Adv. 2015, 5, 25887–25895. [CrossRef]

22. Bellucci, A.; Mastellone, M.; Girolami, M.; Orlando, S.; Medici, L.; Mezzi, A.; Kaciulis, S.; Polini, R.; Trucchi, D.M. ZnSb-based
thin films prepared by ns-PLD for thermoelectric applications. Appl. Surf. Sci. 2017, 418, 589–593. [CrossRef]

23. Xu, S.; Zhu, W.; Zhao, H.; Xu, L.; Sheng, P.; Zhao, G.; Deng, Y. Enhanced thermoelectric performance of SnTe thin film through
designing oriented nanopillar structure. J. Alloys Compd. 2018, 737, 167–173. [CrossRef]

24. Wang, A.; Xue, Y.; Wang, J.; Yang, X.; Wang, J.; Li, Z.; Wang, S. High thermoelectric performance of Cu2Se-based thin films with
adjustable element ratios by pulsed laser deposition. Mater. Today Energy 2022, 24, 100929. [CrossRef]

95



Energies 2023, 16, 3216

25. Wei, M.; Ma, H.L.; Nie, M.Y.; Li, Y.Z.; Zheng, Z.H.; Zhang, X.H.; Fan, P. Enhanced Thermoelectric Performance of CoSb3 Thin
Films by Ag and Ti Co-Doping. Materials 2023, 16, 1271. [CrossRef]

26. Thaowonkaew, S.; Insawang, M.; Vora-ud, A.; Horprathum, M.; Muthitamongkol, P.; Maensiri, S.; Kumar, M.; Phan, T.B.;
Seetawan, T. Effect of substrate rotation and rapid thermal annealing on thermoelectric properties of Ag-doped Sb2Te3 thin films.
Vacuum 2023, 211, 111920. [CrossRef]

27. Latronico, G.; Mele, P.; Sekine, C.; Wei, P.S.; Singh, S.; Takeuchi, T.; Bourges, C.; Baba, T.; Mori, T.; Manfrinetti, P.; et al. Effect of
the annealing treatment on structural and transport properties of thermoelectric Smy(FexNi1−x)4Sb12 thin films. Nanotechnology
2023, 34, 115705. [CrossRef]

28. Dughaish, Z.H. Lead telluride as a thermoelectric material for thermoelectric power generation. Phys. B Condens. Matter 2002,
322, 205–223. [CrossRef]

29. Pei, Y.; Wang, H.; Snyder, G.J. Band Engineering of Thermoelectric Materials. Adv. Mater. 2012, 24, 6125–6135. [CrossRef]
30. Takagiwa, Y.; Pei, Y.; Pomrehn, G.; Snyder, G.J. Dopants effect on the band structure of PbTe thermoelectric material. Appl. Phys.

Lett. 2012, 101, 092102. [CrossRef]
31. Dow, H.S.; Oh, M.W.; Kim, B.S.; Park, S.D.; Min, B.K.; Lee, H.W.; Wee, D.M. Effect of Ag or Sb addition on the thermoelectric

properties of PbTe. J. Appl. Phys. 2010, 108, 113709. [CrossRef]
32. Ito, M.; Seo, W.-S.; Koumoto, K. Thermoelectric properties of PbTe thin films prepared by gas evaporation method. J. Mater. Res.

1999, 14, 209–212. [CrossRef]
33. Shing, Y.H.; Chang, Y.; Mirshafii, A.; Hayashi, L.; Roberts, S.S.; Josefowicz, J.Y.; Tran, N. Sputtered Bi2Te3 and PbTe thin films.

J. Vac. Sci. Technol. A 1983, 1, 503–506. [CrossRef]
34. Dauscher, A.; Dinescu, M.; Boffoué, O.M.; Jacquot, A.; Lenoir, B. Temperature-dependant growth of PbTe pulsed laser deposited

films on various substrates. Thin Solid Film. 2006, 497, 170–176. [CrossRef]
35. Cappelli, E.; Bellucci, A.; Medici, L.; Mezzi, A.; Kaciulis, S.; Fumagalli, F.; Di Fonzo, F.; Trucchi, D.M. Nano-crystalline Ag–PbTe

thermoelectric thin films by a multi-target PLD system. Appl. Surf. Sci. 2014, 336, 283–289. [CrossRef]
36. Bellucci, A.; Cappelli, E.; Orlando, S.; Medici, L.; Mezzi, A.; Kaciulis, S.; Polini, R.; Trucchi, D.M. Fs-pulsed laser deposition of

PbTe and PbTe/Ag thermoelectric thin films. Appl. Phys. A Mater. Sci. Process. 2014, 117, 401–407. [CrossRef]
37. Amoruso, S.; Ausanio, G.; Bruzzese, R.; Lanotte, L.; Scardi, P.; Vitiello, M.; Wang, X.T. Synthesis of nanocrystal films via

femtosecond laser ablation in vacuum. J. Phys. Condens. Matter 2006, 18, L49–L53. [CrossRef]
38. Bellucci, A.; Orlando, S.; Girolami, M.; Mastellone, M.; Serpente, V.; Paci, B.; Generosi, A.; Mezzi, A.; Kaciulis, S.; Polini, R.; et al.

Aluminum (Oxy)nitride thin films grown by fs-PLD as electron emitters for thermionic applications. AIP Conf. Proc. 2021,
2416, 020004. [CrossRef]

39. Qiu, B.; Bao, H.; Zhang, G.; Wu, Y.; Ruan, X. Molecular dynamics simulations of lattice thermal conductivity and spectral phonon
mean free path of PbTe: Bulk and nanostructures. Comput. Mater. Sci. 2012, 53, 278–285. [CrossRef]

40. Sakata, O.; Nakamura, M. Grazing Incidence X-Ray Diffraction. In Surface Science Techniques; Bracco, G., Holst, B., Eds.; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 165–190.

41. Holland, T.J.B.; Redfern, S.A.T. UNITCELL: A nonlinear least-squares program for cell-parameter refinement and implementing
regression and deletion diagnostics. J. Appl. Crystallogr. 1997, 30, 84. [CrossRef]

42. Trucchi, D.M.; Zanza, A.; Bellucci, A.; Marotta, V.; Orlando, S. Photoconductive and photovoltaic evaluation of In2O3–SnO2
multilayered thin-films deposited on silicon by reactive pulsed laser ablation. Thin Solid Film. 2010, 518, 4738–4742. [CrossRef]

43. Ko, D.K.; Murray, C.B. Probing the Fermi Energy Level and the Density of States Distribution in PbTe Nanocrystal (Quantum
Dot) Solids by Temperature-Dependent Thermopower Measurements. ACS Nano 2011, 5, 4810–4817. [CrossRef] [PubMed]

44. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

45. Swetha, V.; Lavanya, S.; Sabeena, G.; Pushpalaksmi, E.; Jenson, S.J.; Annadurai, G. Synthesis and Characterization of Silver
Nanoparticles from Ashyranthus aspera Extract for Antimicrobial Activity Studies. J. Appl. Sci. Environ. Manag. 2020, 24, 1161–1167.
[CrossRef]

46. Jagodzinski, H.; Klug, H.P.; Alexander, L.E. X-ray Diffraction Procedures for Polycrystalline and Amorphous Materials, 2. Auflage.
John Wiley & Sons, New York-Sydney-Toronto 1974, 966 Seiten, Preis: £18.55. Ber. Bunsenges. Phys. Chem. 1975, 79, 553.

47. Miotkowska, S.; Dynowska, E.; Miotkowski, I.; Szczerbakow, A.; Witkowska, B.; Kachniarz, J.; Paszkowicz, W. The lattice
constants of ternary and quaternary alloys in the PbTe–SnTe–MnTe system. J. Cryst. Growth 1999, 200, 483–489. [CrossRef]

48. Sharov, M.K. Silver solubility in PbTe crystals. Inorg. Mater. 2008, 44, 569–571. [CrossRef]
49. Pei, Y.; May, A.F.; Snyder, G.J. Self-Tuning the Carrier Concentration of PbTe/Ag2Te Composites with Excess Ag for High

Thermoelectric Performance. Adv. Energy Mater. 2011, 1, 291–296. [CrossRef]
50. Wang, S.; Chang, C.; Bai, S.; Qin, B.; Zhu, Y.; Zhan, S.; Zheng, J.; Tang, S.; Zhao, L.D. Fine Tuning of Defects Enables High Carrier

Mobility and Enhanced Thermoelectric Performance of n-Type PbTe. Chem. Mater. 2023, 35, 755–763. [CrossRef]
51. Zhang, Z.; Gurtaran, M.; Li, X.; Un, H.I.; Qin, Y.; Dong, H. Characterization of Magnetron Sputtered BiTe-Based Thermoelectric

Thin Films. Nanomaterials 2023, 13, 208. [CrossRef]

96



Energies 2023, 16, 3216

52. Rogacheva, E.I.; Krivulkin, I.M.; Nashchekina, O.N.; Sipatov, A.Y.; Volobuev, V.A.; Dresselhaus, M.S. Percolation transition of
thermoelectric properties in PbTe thin films. Appl. Phys. Lett. 2001, 78, 3238–3240. [CrossRef]

53. Zhu, H.; Zhang, B.; Zhao, T.; Zheng, S.; Wang, G.; Wang, G.; Lu, X.; Zhou, X. Achieving glass-like lattice thermal conductivity in
PbTe by AgBiTe2 alloying. Appl. Phys. Lett. 2022, 121, 241903. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

97



Citation: Alshammari, M.; Alotaibi, T.;

Alotaibi, M.; Ismael, A.K. Influence of

Charge Transfer on Thermoelectric

Properties of Endohedral

Metallofullerene (EMF) Complexes.

Energies 2023, 16, 4342.

https://doi.org/10.3390/en16114342

Academic Editor: Diana Enescu

Received: 9 February 2023

Revised: 13 April 2023

Accepted: 28 April 2023

Published: 26 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Influence of Charge Transfer on Thermoelectric Properties of
Endohedral Metallofullerene (EMF) Complexes
Majed Alshammari 1, Turki Alotaibi 1, Moteb Alotaibi 2 and Ali K. Ismael 3,*

1 Physics Department, College of Science, Jouf University, Sakakah 11942, Saudi Arabia
2 Department of Physics, College of Science and Humanities in Al-Kharj,

Prince Sattam bin Abdulaziz University, Al-Kharj 11942, Saudi Arabia
3 Department of Physics, Lancaster University, Lancaster LA1 4YB, UK
* Correspondence: k.ismael@lancaster.ac.uk; Tel.: +44-(0)-1524-593059

Abstract: A considerable potential advantage of manufacturing electric and thermoelectric devices
using endohedral metallofullerenes (EMFs) is their ability to accommodate metallic moieties inside
their cavities. Published experimental and theoretical works have explained the usefulness of this
resilience feature for improving the electrical conductance and thermopower. Through thorough the-
oretical investigations of three EMF complexes employing three different metallic moieties involving
Sc3C2, Sc3N, and Er3N and their configurations on a gold (111) surface, this research demonstrates
that the thermoelectric properties of these molecular complexes can be tuned by taking advantage
of the charge transfer from metallic moieties to Ih-C80 cages. Mulliken, Hirshfeld, and Voronoi
simulations articulate that the charge migrates from metallic moieties to cages; however, the amount
of the transferred charge depends on the nature of the moiety within the complex.

Keywords: thermoelectric; power factor; EMFs; charge transfer; EMF complex

1. Introduction

Charge transfer (CT), electron transfer (ET), and donor–acceptor (DA) complexes
have long been the focus of investigation. Consequently, charge transfer perception is
essential in many organic devices, because of its various uses in many disciplines involving
chemistry, physics, materials science, medicine, and biology. For example, CT has been
extensively explored in organic solar cells [1–3], water splitting devices, [4], and single
molecule electronics [5–9]. Similarly, there have been varying types of donors and acceptors
in complicated charge transfer research [10–13]. The chemical nature of the molecule
determines whether a molecule behaves as a donor or acceptor. In such systems, an electron-
rich donor commonly acts as the receptor and the acceptor is often electron-deficient. In
measurement methods, the charge transfer through molecular systems is classified into two
categories: CT in Donor–Bridge–Acceptor (DBA) molecules and CT in Metal–Bridge–Metal
(MBM) junctions [14–16].

To probe the charge transfer and density functional theory (DFT), analysis can be
employed to determine the nature of two molecular segments (i.e., molecule) in complexes
based on their electronic structures, as illustrated in Figure 1. Donor–acceptor interaction
energy calculation within the DFT framework plays a crucial role in studying charge
transfer behaviours inside a molecular system. DFT analyses have been widely used to
investigate CT complexes [17–19].

In the present research, we explore the electronic properties of three donor–acceptor
complexes. The major investigation here is dedicated to the analysis of three distinct
methodologies including the Mulliken population [20], Hirshfeld [21], and Voronoi [22].
These methods were used to trace down the charge transfer between the molecular seg-
ments (see Figure 1). CT calculations were first performed in isolated systems (i.e., gas
phase), and then on a Au (111) surface (see Section S3 of the SI).
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Figure 1. Schematic illustration of donor–acceptor complex Li@C60. Li cation is positively charged
(donor), while C60 cage is negatively charged (acceptor).

Figure 2 below illustrates the anatomy of three complexes, each of which consists of
two molecular segments involving a metallic moiety such as Sc3C2, Sc3N, Er3N, and Ih-C80
cages. When the metallic moiety is encapsulated inside the fullerene cage, the outcome is
endohedral metallofullerene (EMF) complexes. The current research investigates the elec-
tronic structure of three EMFs, i.e., Sc3C2@C80, Sc3N@C80, and Er3N@C80; examples of three
EMF complexes and an empty fullerene are shown in Supplementary Figures S1 and S2.
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Figure 2. Schematic illustration of three metallic moieties including Sc3C2, Sc3N, Er3N, and Ih-C80

cages (Note: All structures are fully optimised). Insertion of the metallic moiety inside the cage yields
EMF complexes such as Sc3C2@C80, Sc3N@C80, and Er3N@C80.

2. Computational Methods

All the theoretical simulations were carried out by employing the density functional
(DFT) code SIESTA [23]. The optimum geometries of isolated EMFs were obtained by
relaxing the molecules until all forces on the atoms were less than 0.01 eV/Å (for more
detail, see Supplementary Figures S1 and S2). A double-zeta plus polarization orbital basis
set was used, with norm-conserving pseudopotentials and the local density approximation
(LDA) exchange with a functional correlation, and to define the real space grid, an energy
cut-off of 250 Rydberg was used. Results using GGA were also calculated and found that
the resulting functions were comparable [24,25], with results obtained employing LDA
functional exchange (see Section 1). To simulate the likely contact configuration during a
break-junction experiment, we employed leads constructed from 6 layers of Au (111), each
containing 30 gold atoms and further terminated with a pyramid of gold atoms.

To determine the optimum distance of EMF complexes attaching to the Au (111)
metals, density functional theory and the counterpoise method were used, which removes
basis set superposition errors (BSSEs). The binding distance was defined as the distance
between the gold surface and the EMF complex. The ground state energy of the total
system was calculated using SIESTA and is denoted EAB

AB . The energy of each monomer
was then calculated in a fixed basis, which is achieved through the use of ghost atoms in
SIESTA (see Section 4). Since the energy of the individual complex in the presence of the
fixed basis is defined as EAB

A and for the isolated gold as EAB
B , the binding energy ∆(θ), is

then calculated using the following equation [26–28]:

Binding Energy = EAB
AB − EAB

A − EAB
B (1)

3. Results and Discussion

The electronic properties of the three EMF complexes involving Sc3C2@C80, Sc3N@C80,
and Er3N@C80 were simulated employing both density functional theory (DFT) and quan-
tum transport theory. To have a deep understanding of thermoelectric properties, the wave
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function of the investigated complexes, i.e., the lowest unoccupied orbitals (LUMO) and
the highest occupied molecular orbitals (HOMO), along with their energies, are explored,
as illustrated in Supplementary Figures S3–S5. These isosurface plots clearly demonstrate
a significant weight on metallic moieties Sc3C2, Sc3N, and Er3N, in contrast to Ih-C80
cages. The significant weight occurs on the LUMO orbitals and it is well-known that these
complexes possess LUMO dominated transport. This denotes that metallic moieties play a
pivotal role in tuning the electronic properties of the EMF complexes.

As a first step, we investigated the charge transfer through these EMF complexes.
Charge calculations are common practise in chemical science measurements and calcula-
tions. We shall first discuss charge transfer analyses in the gas phase for the three EMFs.
We evaluate the net charge transfer from metallic moieties Sc3C2, Sc3N, and Er3N to Ih-C80
cages using three different DFT analyses methods Mulliken, Hirshfeld, and Voronoi (see
Section S3 in the SI).

Table 1 below demonstrates that the three metallic moieties donate electrons to the
C80 cage. However, the total number of the transferred electrons depends on the chemical
nature (i.e., atom species) and geometrical shape of the metallic moiety. We find that the
donation of erbium nitride Er3N is the highest followed by scandium nitride Sc3N and
then scandium carbide Sc3C2. Furthermore, the charge transfer through the three EMF
complexes follows the order Er3N@C80 > Sc3N@C80 > Sc3C2@C80 for Mulliken, Hirshfeld,
and Voronoi analyses.

Table 1. Gas phase, charge transfer calculations employing Mulliken, Hirshfeld, and Voronoi methods
of Sc3C2@C80, Sc3N@C80, and Er3N@C80 complexes. The total number of electrons transferred from
metallic moieties (with a charge of +|e|) to Ih-C80 cages (with a charge of –|e|) to form complexes.
Note: loss–gain differences gained by C2, N, and N (numbers in brackets) of Sc3C2@C80, Sc3N@C80,
and Er3N@C80 complexes.

Metallic Moiety Mulliken Hirshfeld Voronoi

moiety cage moiety cage moiety cage
Sc3C2 +1.40 −1.14 +1.15 −0.83 +1.06 −0.72

C2 (−0.26) - (−0.32) - (−0.34) -
Sc3N +1.50 −1.26 +1.31 −0.98 +1.27 −0.96

N (−0.24) - (−0.33) - (−0.31) -
Er3N +6.96 −5.14 +7.48 −6.14 +7.14 −5.82

N (−1.82) - (−1.34) - (−1.32) -

Surprisingly, there is a difference between the total number of the donated and gained
electrons through the complexation (i.e., encapsulating the moiety inside cage). For ex-
ample, the scandium carbide Sc3C2 donates 1.40 electrons to the cage; however, only 1.14
is indeed gained by the cage (loss–gain difference), and this occurs through all the EMF
complexes. To answer this question, we tracked down the CT from the donor to receptor,
atom by atom. The tracking analyses suggest the missing electrons are gained by the
metallic moiety itself.

To accommodate this, we find that loss–gain differences are indeed gained by the
moieties. For instance, through Sc3C2@C80 complexation, the two carbon atoms of Sc3C2,
gain 0.26, 0.32, and 0.34 electrons from the moiety’s donation. Similarly, the nitrogen atoms
of Sc3N and Er3N gain 0.24, 0.33, and 0.31 and 1.82, 1.34, and 1.32 electrons, respectively,
when they form complexes with Ih-C80 cages (above analyses evaluated via the Mulliken
population, Hirshfeld, and Voronoi). It should be noted that the electron travelled from the
moiety to the Ih-C80 cage has a significant effect on the conductance G and thermopower S;
more details have been given previously [20,29]. Moreover, it should be noted that the total
number of electrons donated by erbium nitride Er3N is significantly larger than of Sc3C2
and Sc3N moieties; we will discuss that later.

To mimic the likely metal–organic contact configuration during a scanning tunnelling
microscope break-junction measurement (STM-BJ), we now repeat the above analysis for
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the case when the EMF forms a complex on a gold surface. Calculations in this section are
for three parameters: metallic moiety, Au surface (2nd, 4th, and 6th columns), and a Ih-C80
cage (3rd, 5th, and 7th columns). Table 2 suggests that the electronic charge travels from
both the metallic moiety and the gold surface to the Ih-C80 cage for the three configurations
(i.e., EMF complex + Au surface). This behaviour is expected to occur as both the moiety
and Au are metals, unlike the cage.

Table 2. On a gold surface, charge transfer calculations employing the Mulliken, Hirshfeld, and
Voronoi methods of Sc3C2@C80, Sc3N@C80, and Er3N@C80 complexes. The total number of electrons
transferred from metallic moieties and Au surface (with a charge of +|e|) to Ih-C80 cages (with
a charge of −|e|) to form complex Au junctions. Note: numbers in brackets correspond to Au
donation (+|e|) and C2, N gaining (−|e|).

Moiety +
Au Mulliken Hirshfeld Voronoi

moiety cage moiety cage moiety cage
Sc3C2 +1.33 −1.39 +0.93 –0.81 +0.97 −0.79
Au, C2 (+0.3, −0.24) - (+0.2, −0.32) - (+0.18, −0.36) -
Sc3N +2.15 −2.09 +1.07 –0.98 +1.04 –1.02
Au, N (+0.22, −0.28) - (+0.23, −0.32) - (+0.24, −0.26) -
Er3N +6.53 −5.20 +6.96 –5.80 +6.66 −5.60
Au, N (+0.24, −1.57) - (+0.28, −1.44) - (+0.29, −1.35) -

Table 2 explains that both the Sc3C2 and Au lose (+) electrons, and in total, their
donation is 1.63 electrons (Sc3C2 = +1.33 and Au = +0.3 electrons). Again, only 1.39 is
the gained (−) by the Ih-C80 cage, the difference of 0.24 electrons gained by C2 atoms
within the moiety. Summing up the two negative figures (1.39 and 0.24), we obtain the
total transferred electrons to be 1.63 electrons. Looking at the numbers in brackets mainly
Au donation and C2, N gaining, one could summarise that Au donation is approximately
0.2–0.3 and C2 and N gaining 0.24–1.60 electrons. Furthermore, in all cases, the gain by C2
and N is larger than Au donation; we attribute that to the fact that C2 and N atoms are in
direct contact with EMF moieties.

Again, in the erbium nitride configuration (Sc3N@C80 + Au), net charge transfers are
significantly larger than those of the scandium nitride and scandium carbide configurations.
Tables 1 and 2 show that the net charge transfers of Er3N are more than four times higher
than those of Sc3C2 and Sc3N, and the reason for this is that the erbium nitride moiety
possesses f-electrons in its outer orbital shells [30]. It is widely known that DFT cannot treat
electrons in f-orbitals accurately [31].

The above result explains why the ∆(θ) of Er3N is less symmetric than that of Sc3C2
and Sc3N, as shown in Figure 3 (Note: Figure 3 is reported in our previous work [29]). This
also applies to the charge inhomogeneity (σq). In ref. [29], the standard deviations of charge
distributions on the three EMFs complexes were evaluated, and the values indicated that
the σq of the erbium nitride complex was 10 times less than that of the other complexes, as
illustrated in Table 3.

Table 3. Standard deviations of charge σq for Sc3C2@C80, Sc3N@C80, and Er3N@C80 complexes.
Charges are simulated using the Mulliken, Hirshfeld, and Voronoi methods. Adapted with permission
from ref [29]. Copyright 2022 Nanoscale Horizons, 2022.

EMF Complex σMulliken σHirshfeld σVoronoi

Sc3C2@C80 0.0154 0.0113 0.0133
Sc3N@C80 0.0163 0.0109 0.0119
Er3N@C80 0.00378 0.00259 0.00268

101



Energies 2023, 16, 4342
Energies 2023, 16, x FOR PEER REVIEW 6 of 9 
 

 

 
Figure 3. Δ(θ) of Er3N, Sc3C2, and Sc3N within the fullerene cage. Energy barriers ΔE(θ) to rotation 
about θ. Adapted with permission from [29]. Copyright 2022 Nanoscale Horizons, 2022. 

 
Figure 4. 𝐺𝑆  analysis. (a) Experimental histograms of PF at first contact, built with the data in 
Figure 3. The inset zooms into the details of the main panel. (b). Theoretical 1D histograms of power 
factor obtained from Supplementary Figures S14 and S15 of the Supplementary Materials. Adapted 
with permission from [29]. Copyright 2022 Nanoscale Horizons, 2022. 

4. Conclusions 
In conclusion, through a systematic theory study, we have demonstrated that the 

electrical and thermoelectrical performance of endohedral metallofullerene (EMF) com-
plexes and configurations can be modulated by chemically varying the metallic moiety 
that encapsulates inside Ih-C80 cages. The electric charge transfer of three EMFs involving 
Sc3C2@C80, Sc3N@C80, and Er3N@C80 complexes and their configurations when they are 
placed on a gold (111) surface have been investigated in three different charge transfer 
methods. The Mulliken, Hirshfeld, and Voronoi methods all suggest that the charge 

Figure 3. ∆(θ) of Er3N, Sc3C2, and Sc3N within the fullerene cage. Energy barriers ∆E(θ) to rotation
about θ. Adapted with permission from [29]. Copyright 2022 Nanoscale Horizons, 2022.

CT analyses that were performed in both the solute and on a Au surface are essential to
determine the total number of electrons transferred from metallic moieties to the Ih-C80 cage.
These charge transfers have a great influence on the electric and thermoelectric properties
of the EMFs. The electrical conductance is boosted in crown ether molecules [32,33], due to
charge transfer from the ion to the molecular wire, causing the molecular resonances to
shift closer to the electrode Fermi energy. Similarly, CT enhances the Seebeck coefficient in
crown ether molecules [34–37] and endohedral metallofullerenes [38–40].

Many experimental and theoretical studies pointed out that EMF–complex junctions
retain a high single molecule power factor. For example, Lee and his co-workers [41]
reported that the Gd@C82 complex has the biggest power factor for a molecular device (at
the time of publication), which is about 16.2 fW K−2. This is equivalent to approximately
4 × 10 µW K−2 m−1 for a Gd@C82 monolayer. In another study [29] performed in 2022, the
researchers noticed a larger PF of 50 fW K−2 for Sc3N@C80 and Sc3C2@C80 complexes, and
some measurements hit 70–80 fW K−2 for Sc3N@C80 and Sc3C2@C80 complexes. Statistically,
they report larger values for the carbide complex (Sc3C2@C80). Considering all their
measured conductance and Seebeck coefficient values, the PF can be statistically improved
when the charge transfer becomes larger. We attribute this desirable feature to the CT
phenomena. Table 3 above clearly illustrates that the charge transfer of Sc3N@C80 and
Sc3C2@C80 complexes are approximately 10 times larger than that of the Er3N@C80 complex,
and this explains why their conductance G and Seebeck S (i.e., power factor GS2) are larger
than those of Er3N@C80, as shown in Figure 4 below (Note: Figure 4 has been reported in
our previous work [29]).
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Large power factor GS2 and bi-thermoelectric behaviour of the studied EMF complexes
underline our initial intuition that charge transfer (CT) results in considerable improvement
in the thermoelectric transport properties, compared with an empty cage such as C60. This
desirable feature has also been noted previously [41] in some EMF complexes involving
Gd@C82 and Ce@C82, and the empty C82 displayed mainly negative Seebeck coefficients,
with occasional positive Seebeck coefficients. The positive and negative Seebeck coefficients
were ascribed to meta-geometries. The reported findings of the thermopower demonstrate
improvements in the EMFs thermoelectric properties compared to the empty C82. Com-
pared to the current investigated EMF complexes, the only difference with the complexes
explored in a previous study [41] is the number of metallic atoms within the complex, and
in [41], a single atom was positioned out within the cage. This difference could lead only to
less migrated charge to the fullerene cage as the metallic moiety is smaller.

4. Conclusions

In conclusion, through a systematic theory study, we have demonstrated that the
electrical and thermoelectrical performance of endohedral metallofullerene (EMF) com-
plexes and configurations can be modulated by chemically varying the metallic moiety
that encapsulates inside Ih-C80 cages. The electric charge transfer of three EMFs involving
Sc3C2@C80, Sc3N@C80, and Er3N@C80 complexes and their configurations when they are
placed on a gold (111) surface have been investigated in three different charge transfer
methods. The Mulliken, Hirshfeld, and Voronoi methods all suggest that the charge mi-
grates from metallic moieties such as Sc3C2, Sc3N, and Er3N to C80 cages; however, the
amount of the transferred charge depends on the nature of the moiety inside the EMF
complex. Published studies [32,33,38,42–45] evidenced that the CT improve both conduc-
tance and thermopower. This work sheds light on new strategies for designing electric and
thermoelectric devices based on tuning the CT by using different metallic moieties with
potential practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16114342/s1, Figure S1: Geometries of an asymmetric Sc3C2
(a), symmetric Sc3N and Er3N moieties (b,c). Key: C = grey, N = blue and Er = O = red; Figure S2:
Endohedral metallofullerenes and fullerene studied Molecules. Schematic of the three endohedral
metallofullerenes (EMFs), namely, a: Sc3C2@C80, b: Sc3N@C80, and c: Er3N@C80 and an empty
fullerene cage d: C80; Figure S3: Wave function plots of Sc3C2@C80 complex. Top panel: fully
optimised geometry of Sc3C2@C80 EMF. Lower panel: HOMO, LUMO, HOMO-1, LUMO+1 of
Sc3C2@C80 complex along with their energies; Figure S4: Wave function plots of Er3N@C80 complex.
Top panel: fully optimised geometry of Sc3C2@C80 EMF. Lower panel: HOMO, LUMO, HOMO-
1, LUMO+1 of Er3N@C80 complex along with their energies; Figure S5: Wave function plots of
Er3N@C80 complex. Top panel: fully optimised geometry of Sc3C2@C80 EMF. Lower panel: HOMO,
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LUMO, HOMO-1, LUMO+1 of Er3N@C80 complex along with their energies; Figure S6: Sc3C2@C80
on a gold surface (Right panel). Energy difference of Sc3C2@C80 /gold complex as a function of
molecule-gold distance. The equilibrium distance corresponding to the energy minimum is found to
be approximately 2.5\Å (Left panel); Figure S7: Seebeck coefficient S as a function of Fermi energy
at 60 different orientations angles \theta of Sc3C2@C80, for a tip-substrate distance of 2.5 Å; Figure
S8: Seebeck coefficients S as a function of Fermi energy at 60 different orientation angles\theta of
Sc3N@C80 for a tip-substrate distance of 2.5 Å. Table S1: Charge transfer analyses using Mulliken,
Hirshfeld and Voronoi methods of Sc3C2@C80, Sc3N@C80 and Er3N@C80 complexes. The total
number of electrons transferred from metallic moieties (with a charge of +|e|), to Ih-C80 cages (with
a charge of −|e|), to form complexes. Note: loss-gain differences gain by C2, N and N (numbers in
brackets), Sc3C2@C80, Sc3N@C80 and Er3N@C80 complexes in gas phase; Table S2: Charge transfer
analyses using Mulliken, Hirshfeld and Voronoi methods of Sc3C2@C80, Sc3N@C80 and Er3N@C80
complexes. The total number of electrons transferred from metallic moieties (with a charge of +|e|),
to Ih-C80 cages (with a charge of −|e|), to form complexes. Note: loss-gain differences gain by C2,
N and N (numbers in brackets), of Sc3C2@C80, Sc3N@C80 and Er3N@C80 complexes on an Au (111),
surface.

Author Contributions: A.K.I. originally conceived the concept; calculations were carried out by M.A.
(Majed Alshammari), M.A. (Moteb Altoaibi) and T.A. All authors provided essential contributions to
interpreting the data reported in this manuscript. A.K.I. coordinated the writing of the manuscript
with input from M.A. (Majed Alshammari), M.A. (Moteb Altoaibi) and T.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Leverhulme Trust for Early Career Fellowship ECF-
2020-638. This work was additionally funded by the European Commission FET Open projects
767187-QuIET and 766853-EFINED. M.A. (Majed Alshammari) and T.A. are grateful for the financial
assistance from Jouf University (Saudi Arabia), M.A. (Majed Alshammari) and T.A. are thankful for
computer time, this research used the resources of the Supercomputing Laboratory at King Abdullah
University of Science & Technology (KAUST) in Thuwal, Saudi Arabia. M.A. (Moteb Altoaibi) is
grateful for the sported the Deanship of Scientific Research at Prince Sattam bin Abdulaziz University,
Alkharj, SaudiArabia and the Saudi Ministry of Education. A.K.I. is grateful for financial assistance
from Tikrit University (Iraq), and the Iraqi Ministry of Higher Education (SL-20).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Soos, Z.G. Theory of π-molecular charge-transfer crystals. Annu. Rev. Phys. Chem. 1974, 25, 121–153. [CrossRef]
2. Bauer, C.; Teuscher, J.; Brauer, J.C.; Punzi, A.; Marchioro, A.; Ghadiri, E.; De Jonghe, J.; Wielopolski, M.; Banerji, N.; Moser,

J.-E. Dynamics and mechanisms of interfacial photoinduced electron transfer processes of third generation photovoltaics and
photocatalysis. CHIMIA Int. J. Chem. 2011, 65, 704–709. [CrossRef]

3. Günes, S.; Neugebauer, H.; Sariciftci, N.S. Conjugated polymer-based organic solar cells. Chem. Rev. 2007, 107, 1324–1338.
[CrossRef]

4. Megiatto, J.D., Jr.; Méndez-Hernández, D.D.; Tejeda-Ferrari, M.E.; Teillout, A.-L.; Llansola-Portolés, M.J.; Kodis, G.; Poluektov,
O.G.; Rajh, T.; Mujica, V.; Groy, T.L. A bioinspired redox relay that mimics radical interactions of the Tyr–His pairs of photosystem.
Nat. Chem. 2014, 6, 423–428. [CrossRef] [PubMed]

5. Aviram, A.; Ratner, M.A. Molecular rectifiers. Bull. Am. Phys. Soc. 1974, 19, 341. [CrossRef]
6. Herrer, L.; Ismael, A.; Martin, S.; Milan, D.C.; Serrano, J.L.; Nichols, R.J.; Lambert, C.; Cea, P. Single molecule vs. large area

design of molecular electronic devices incorporating an efficient 2-aminepyridine double anchoring group. Nanoscale 2019, 11,
15871–15880. [CrossRef]

7. Al-Khaykanee, M.K.; Ismael, A.K.; Grace, I.; Lambert, C.J. Oscillating Seebeck coefficients in π-stacked molecular junctions. Rsc
Adv. 2018, 8, 24711–24715. [CrossRef]

8. Bockrath, M.; Cobden, D.H.; McEuen, P.L.; Chopra, N.G.; Zettl, A.; Thess, A.; Smalley, R.E. Single-electron transport in ropes of
carbon nanotubes. Science 1997, 275, 1922–1925. [CrossRef]

9. Ismael, A.K.; Lambert, C.J. Single-molecule conductance oscillations in alkane rings. J. Mater. Chem. C 2019, 7, 6578–6581.
[CrossRef]

10. Romaner, L.; Heimel, G.; Brédas, J.-L.; Gerlach, A.; Schreiber, F.; Johnson, R.L.; Zegenhagen, J.; Duhm, S.; Koch, N.; Zojer, E.
Impact of bidirectional charge transfer and molecular distortions on the electronic structure of a metal-organic interface. Phys.
Rev. Lett. 2007, 99, 256801. [CrossRef]

104



Energies 2023, 16, 4342

11. Bennett, T.L.; Alshammari, M.; Au-Yong, S.; Almutlg, A.; Wang, X.; Wilkinson, L.A.; Albrecht, T.; Jarvis, S.P.; Cohen, L.F.; Ismael,
A. Multi-component self-assembled molecular-electronic films: Towards new high-performance thermoelectric systems. Chem.
Sci. 2022, 13, 5176–5185. [CrossRef] [PubMed]

12. Lu, D.; Chen, G.; Perry, J.W.; Goddard, W.A., III. Valence-bond charge-transfer model for nonlinear optical properties of
charge-transfer organic molecules. J. Am. Chem. Soc. 1994, 116, 10679–10685. [CrossRef]

13. Gorczak, N.; Renaud, N.; Tarkuç, S.; Houtepen, A.J.; Eelkema, R.; Siebbeles, L.D.; Grozema, F.C. Charge transfer versus molecular
conductance: Molecular orbital symmetry turns quantum interference rules upside down. Chem. Sci. 2015, 6, 4196–4206.
[CrossRef] [PubMed]

14. Closs, G.L.; Miller, J.R. Intramolecular long-distance electron transfer in organic molecules. Science 1988, 240, 440–447. [CrossRef]
15. Sukegawa, J.; Schubert, C.; Zhu, X.; Tsuji, H.; Guldi, D.M.; Nakamura, E. Electron transfer through rigid organic molecular wires

enhanced by electronic and electron–vibration coupling. Nat. Chem. 2014, 6, 899–905. [CrossRef]
16. Deibel, C.; Strobel, T.; Dyakonov, V. Role of the charge transfer state in organic donor–acceptor solar cells. Adv. Mater. 2010, 22,

4097–4111. [CrossRef]
17. Otero, R.; de Parga, A.V.; Gallego, J.M. Electronic, structural and chemical effects of charge-transfer at organic/inorganic interfaces.

Surf. Sci. Rep. 2017, 72, 105–145. [CrossRef]
18. Kollmannsberger, M.; Rurack, K.; Resch-Genger, U.; Rettig, W.; Daub, J. Design of an efficient charge-transfer processing molecular

system containing a weak electron donor: Spectroscopic and redox properties and cation-induced fluorescence enhancement.
Chem. Phys. Lett. 2000, 329, 363–369. [CrossRef]

19. Wörner, H.J.; Arrell, C.A.; Banerji, N.; Cannizzo, A.; Chergui, M.; Das, A.K.; Hamm, P.; Keller, U.; Kraus, P.M.; Liberatore, E.
Charge migration and charge transfer in molecular systems. Struct. Dyn. 2017, 4, 061508. [CrossRef]

20. Mulliken, R.S. Electronic population analysis on LCAO–MO molecular wave functions. J. Chem. Phys. 1955, 23, 1833–1840.
[CrossRef]

21. Hirshfeld, F.L. Bonded-atom fragments for describing molecular charge densities. Theor. Chim. Acta 1977, 44, 129–138. [CrossRef]
22. Guerra, C.F.; Handgraaf, J.W.; Baerends, E.J.; Bickelhaupt, F.M. Voronoi deformation density (VDD) charges: Assessment of the

Mulliken, Bader, Hirshfeld, Weinhold, and VDD methods for charge analysis. J. Comput. Chem. 2004, 25, 189–210. [CrossRef]
23. Soler, J.M.; Artacho, E.; Gale, J.D.; García, A.; Junquera, J.; Ordejón, P.; Sánchez-Portal, D.J.J.o.P.C.M. The SIESTA method for ab

initio order-N materials simulation. J. Phys. Condens. Matter 2002, 14, 2745. [CrossRef]
24. Davidson, R.J.; Milan, D.C.; Al-Owaedi, O.A.; Ismael, A.K.; Nichols, R.J.; Higgins, S.J.; Lambert, C.J.; Yufit, D.S.; Beeby, A.

Conductance of ‘bare-bones’ tripodal molecular wires. RSC Adv. 2018, 8, 23585–23590. [CrossRef] [PubMed]
25. Markin, A.; Ismael, A.K.; Davidson, R.J.; Milan, D.C.; Nichols, R.J.; Higgins, S.J.; Lambert, C.J.; Hsu, Y.-T.; Yufit, D.S.; Beeby, A.

Conductance Behavior of Tetraphenyl-Aza-BODIPYs. J. Phys. Chem. C 2020, 124, 6479–6485. [CrossRef]
26. Kobko, N.; Dannenberg, J. Dannenberg. Effect of basis set superposition error (BSSE) upon ab initio calculations of organic

transition states. J. Phys. Chem. A 2001, 105, 1944–1950. [CrossRef]
27. Sherrill, C.D. Counterpoise Correction and Basis Set Superposition Error; School of Chemistry and Biochemistry, Georgia Institute of

Technology: Atlanta, Georgia, 2010.
28. Sinnokrot, M.O.; Valeev, E.F.; Sherrill, C.D. Estimates of the ab initio limit for π− π interactions: The benzene dimer. J. Am. Chem.

Soc. 2002, 124, 10887–10893. [CrossRef]
29. Ismael, A.K.; Rincón-García, L.; Evangeli, C.; Dallas, P.; Alotaibi, T.; Al-Jobory, A.A.; Rubio-Bollinger, G.; Porfyrakis, K.; Agraït, N.;

Lambert, C.J. Exploring seebeck-coefficient fluctuations in endohedral-fullerene, single-molecule junctions. Nanoscale Horiz. 2022,
7, 616–625. [CrossRef]

30. Akkermans, E.; Montambaux, G. Mesoscopic Physics of Electrons and Photons; Cambridge University Press: Cambridge, UK, 2007.
[CrossRef]

31. Cohen, A.J.; Mori-Sánchez, P.; Yang, W. Challenges for density functional theory. Chem. Rev. 2012, 112, 289–320. [CrossRef]
32. Ismael, A.K.; Al-Jobory, A.; Grace, I.; Lambert, C.J. Discriminating single-molecule sensing by crown-ether-based molecular

junctions. J. Chem. Phys. 2017, 146, 064704. [CrossRef]
33. Ismael, A.K.; Grace, I.; Lambert, C.J. Increasing the thermopower of crown-ether-bridged anthraquinones. Nanoscale 2015, 7,

17338–17342. [CrossRef] [PubMed]
34. Ismael, A.K.; Grace, I.; Lambert, C.J. Connectivity dependence of Fano resonances in single molecules. Phys. Chem. Chem. Phys.

2017, 19, 6416–6421. [CrossRef] [PubMed]
35. Wang, X.; Ismael, A.; Ning, S.; Althobaiti, H.; Al-Jobory, A.; Girovsky, J.; Astier, H.P.; O'Driscoll, L.J.; Bryce, M.R.; Lambert, C.J.

Electrostatic Fermi level tuning in large-scale self-assembled monolayers of oligo (phenylene–ethynylene) derivatives. Nanoscale
Horiz. 2022, 7, 1201–1209. [CrossRef] [PubMed]

36. Wilkinson, L.A.; Bennett, T.L.; Grace, I.M.; Hamill, J.; Wang, X.; Au-Yong, S.; Ismael, A.; Jarvis, S.P.; Hou, S.; Albrecht, T. Assembly,
structure and thermoelectric properties of 1,1′-dialkynylferrocene ‘hinges’. Chem. Sci. 2022, 13, 8380–8387. [CrossRef] [PubMed]

37. Ye, J.; Al-Jobory, A.; Zhang, Q.-C.; Cao, W.; Alshehab, A.; Qu, K.; Alotaibi, T.; Chen, H.; Liu, J.; Ismael, A.K. Highly insulating
alkane rings with destructive σ-interference. Sci. China Chem. 2022, 65, 1822–1828. [CrossRef]

38. Rincón-García, L.; Ismael, A.K.; Evangeli, C.; Grace, I.; Rubio-Bollinger, G.; Porfyrakis, K.; Agraït, N.; Lambert, C.J. Molecular
design and control of fullerene-based bi-thermoelectric materials. Nat. Mater. 2016, 15, 289–293. [CrossRef]

105



Energies 2023, 16, 4342

39. Lu, J.; Nagase, S.; Zhang, X.; Wang, D.; Ni, M.; Maeda, Y.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T.; Akasaka, T. Selective
interaction of large or charge-transfer aromatic molecules with metallic single-wall carbon nanotubes: Critical role of the molecular
size and orientation. J. Am. Chem. Soc. 2006, 128, 5114–5118. [CrossRef]

40. Ismael, A.; Al-Jobory, A.; Wang, X.; Alshehab, A.; Almutlg, A.; Alshammari, M.; Grace, I.; Benett, T.L.; Wilkinson, L.A.; Robinson,
B.J. Molecular-scale thermoelectricity: As simple as ‘ABC’. Nanoscale Adv. 2020, 2, 5329–5334. [CrossRef]

41. Lee, S.K.; Buerkle, M.; Yamada, R.; Asai, Y.; Tada, H. Thermoelectricity at the molecular scale: A large Seebeck effect in endohedral
metallofullerenes. Nanoscale 2015, 7, 20497–20502. [CrossRef]

42. Balachandran, J.; Reddy, P.; Dunietz, B.D.; Gavini, V. End-group-induced charge transfer in molecular junctions: Effect on
electronic-structure and thermopower. J. Phys. Chem. Lett. 2012, 3, 1962–1967. [CrossRef]

43. Adams, D.M.; Brus, L.; Chidsey, C.E.; Creager, S.; Creutz, C.; Kagan, C.R.; Kamat, P.V.; Lieberman, M.; Lindsay, S.; Marcus, R.A.
Charge transfer on the nanoscale: Current status. J. Phys. Chem. B 2003, 107, 6668–6697. [CrossRef]

44. Liu, S.-X.; Ismael, A.K.; Al-Jobory, A.; Lambert, C.J. Signatures of Room-Temperature Quantum Interference in Molecular
Junctions. Acc. Chem. Res. 2023, 4193–4201. [CrossRef] [PubMed]

45. Alshehab, A.; Ismael, A.K. Impact of the terminal end-group on the electrical conductance in alkane linear chains. RSC Adv. 2023,
13, 5869–5873. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

106



Citation: Enescu, D. Heat Transfer

Mechanisms and Contributions of

Wearable Thermoelectrics to Personal

Thermal Management. Energies 2024,

17, 285. https://doi.org/10.3390/

en17020285

Academic Editor: Wei-Hsin Chen

Received: 27 November 2023

Revised: 26 December 2023

Accepted: 29 December 2023

Published: 5 January 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Heat Transfer Mechanisms and Contributions of Wearable
Thermoelectrics to Personal Thermal Management
Diana Enescu 1,2

1 Electronics, Telecommunications and Energy Department, University Valahia of Targoviste,
130004 Targoviste, Romania; diana.enescu@valahia.ro or d.enescu@inrim.it

2 Istituto Nazionale di Ricerca Metrologica (INRiM), 10135 Torino, Italy

Abstract: Thermoelectricity can assist in creating comfortable thermal environments through wearable
solutions and local applications that keep the temperature comfortable around individuals. In the
analysis of an indoor environment, thermal comfort depends on the global characteristics of the indoor
volume and on the local thermal environment where the individuals develop their activity. This paper
addresses the heat transfer mechanisms that refer to individuals, which operate in their working
ambient when wearable thermoelectric solutions are used for enhancing heating or cooling within the
local environment. After recalling the characteristics of the thermoelectric generators and illustrating
the heat transfer mechanisms between the human body and the environment, the interactions between
wearable thermoelectric generators and the human skin are discussed, considering the analytical
representations of the thermal phenomena. The wearable solutions with thermoelectric generators
for personal thermal management are then categorized by considering active and passive thermal
management methods, natural and assisted heat exchange, autonomous and nonautonomous devices,
and direct or indirect contact with the human body.

Keywords: wearable thermoelectric generator; thermal comfort; local thermal environment; convective
heat transfer coefficient; thermal sensation; personal thermal management

1. Introduction

A thermoelectric generator (TEG) is a solid-state device that operates due to the See-
beck phenomenon to harvest electrical energy by converting the temperature difference
∆T determined by human body heat (considered as a heat source) and surrounding con-
ditions into voltage ∆V [1]. The parameter called the Seebeck coefficient or thermopower
is S = −∆V

∆T . The TEG device generates electricity in direct current (DC) as long as there
is a temperature difference between its sides. In this way, the TEG operates due to the
movement of the charge carriers (electrons and holes) within one or more thermoelement
pairs (or thermocouples) connected together. The two thermoelements that form the pair
are made of semiconductor materials (N-type and P-type) connected to each other at one
end through a metallic strip (or copper interconnect or metal electrodes), forming a junction
(as shown in Figure 1). When the junction is subject to a temperature gradient, the heat
carriers (electrons and holes) begin to move through the two thermoelements. In the N-type
thermoelement of a TEG, there is an excess of negative charge carriers, i.e., electrons. These
electrons are set in motion by the temperature gradient and migrate from the hotter side
to the colder side, creating an electrical potential. In the P-type thermoelement, there
is an excess of positive charge carriers, i.e., holes, which also move in response to the
temperature gradient, generating an electrical potential. Both electrons and holes move in
the same direction under the same temperature gradient, and this results in the creation of
a difference of potential at the TEG terminals.

The thermoelements are arranged in a regular matrix inside the TEG and are connected
electrically in series and thermally in parallel. In addition, the thermocouple is placed
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between two ceramic plates or ceramic substrates. The ceramic plates are excellent electrical
insulators and maintain the thermoelements insulated from the electrical point of view. At
the same time, the ceramic plates are good conductors from a thermal point of view. In
addition, the ceramic plates serve as mechanical support upon which the thermoelements
are mounted. The common ceramic plate is made of aluminum oxide (Al2O3). A tem-
perature gradient between the ceramic plates leads to a temperature difference along the
thermoelements. Keeping an appropriate temperature gradient along the thermoelements,
a heat sink is usually attached to the cold side of the TEGs to speed up the heat dissipation.
The higher output voltage and electric power are obtained by rising ∆T between the heat
source and the heat sink.

An electrical load having resistance RL can be connected to the output terminals of
TEG, creating an electric circuit in which there is the circulation of a current.
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Qh¯the incoming heat flow at the hot side of TEG;
.

Qc¯the outcoming heat flow at the cold side of TEG) [2].

The efficiency of the thermoelectric material is gauged by the dimensionless figure
of merit ZT, which depends on the three transport properties of the material (electrical
conductivity σ, thermal conductivity k, and Seebeck coefficient S), as well as the mean
absolute temperature T, and is given by the following equation:

ZT =
S2·σ·T

k
(1)

The mean absolute temperature T is the arithmetic mean between the temperature Th
at the hot side and the temperature Tc at the cold side.

The product S2σ is the power factor, representing the main parameter to evaluate the
performance of the thermoelectric materials. A thermoelectric material requires high-power
factor (high S and high σ), and low k. The thermal conductivity of a semiconductor depends
on the charge carriers’ thermal conductivity and the lattice’s thermal conductivity:

k = kcharge carrier + klattice (2)
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The charge carrier thermal conductivity depends on the Lorenz constant L, the electrical
conductivity σ and the absolute temperature according to the Wiedemann–Franz law:

kcharge carrier = L·σ·T (3)

The thermal conductivity of the lattice is given by:

klattice = a·cp·ρ (4)

where a is the thermal diffusivity, cp is the specific heat at constant pressure and ρ is
the density.

There is no theoretical limit for the dimensionless figure of merit, but the most efficient
semiconductor materials used today have values around unity at room temperature.

The conversion efficiency of the TEGs depends on the dimensionless figure of merit
and the temperature difference along the thermoelements, ∆T = Th − Tc.

The maximum theoretical conversion efficiency of a TEG is given by:

ηmax =

(
Th − Tc

Th

)
·
√

1 + ZT − 1√
1 + ZT + Tc

Th

= ηC·
√

1 + ZT − 1√
1 + ZT + Tc

Th

(5)

where ηC is the Carnot efficiency, which represents a superior limit on using waste heat for
thermoelectric power generation [3]. The maximum theoretical conversion efficiency of the
TEG is directly influenced by ∆T. Raising ∆T along the thermoelements, the maximum con-
version efficiency of the TEG rises. To regulate ηC, one of the most encouraging approaches
is the analysis of the structural design of the thermoelements with respect to the optimal
ratio of the cross-sectional area of the P-type (SP) and N-type (SN) thermoelements [4]. The
optimal ratio is given by:

SN

SP
=

√
σP·kP

σN·kN
(6)

Structural design classifies TEGs into two categories: flexible TEGs and rigid TEGs.
The rigid TEGs have a sandwich structure, while flexible TEGs feature a thin-film structure
or fabric-based construction. Furthermore, rigid TEGs are used in powering medical
equipment, while flexible TEGs are used for powering wearable equipment [4,5]. In the case
of rigid TEGs, the thermoelements are linked using copper strips and are placed between
ceramic plates such as alumina (with a thermal conductivity of approximately 30 W/(m·K)
or aluminum nitride (with thermal conductivity of approximately 285 W/(m·K)) [6]. For
the flexible TEGs, the rigid substrates are eliminated, and the gap between thermoelements
is filled with filler material (e.g., flexible polymers with very low thermal conductivity,
while the exposed copper strips are into contact with the body’s skin [4]). In flexible TEGs,
a liquid metal interconnect made of a gallium and indium eutectic alloy (EGaIn) has been
used, providing both flexibility and self-healing properties that maintain the TEG module’s
integrity even after enduring significant strains [7]. The two most used flexible substrates
are polydimethylsiloxane (PDMS) and Kapton HN. However, compared to rigid substrates,
flexible substrates can hinder the transfer of heat from the human body to the TEG due
to their higher thermal resistance [8]. The flexible TEG has both a cross-plane structural
design and an in-plane structural design, while rigid TEG has a cross-plane structural
design [1,9]:

# In the cross-plane structural design, the thermoelements are placed perpendicularly
to the substrate. For a curved surface, the cross-plane structural design has a high
flexibility degree, which can bend up to 2 mm in radius for a curved surface. For this
reason, the cross-plane structural design is more adequate for human body energy
applications than the in-plan structural design.
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# In the in-plane structural design, the thermoelements are parallel to the substrate.
Due to the low ∆T between the hot and cold sides in the cross-plane structural design,
this design cannot generate more power.

The TEG device has several benefits considering it is portable, noiseless, and requires
no maintenance [10]. These advantages are also useful for a wearable TEG (w-TEG), which
converts the heat generated by the human body into electricity. The w-TEG is used as a battery
booster or as a single power source in many wearable electronic devices (e.g., multisensory
electronic skin [11], glucose sensors [12], and electrocardiogram sensors [13,14]).

The design and fabrication of TEG devices are limited by the type of material. The
utilization of inorganic materials (e.g., bismuth telluride (Bi2Te3) [15,16] and antimony
telluride (Sb2Te3) [17,18], lead telluride (PbTe), and germanium telluride (GeTe). Even if
these materials have high performance with superior stability at ambient temperature,
they are mechanically rigid and require advanced techniques to manufacture the wanted
thermoelement structure [19]. For this reason, it is difficult enough to integrate inorganic
semiconductors into flexible w-TEGs for harvesting energy from irregular surfaces (e.g.,
the human wrist) [13]. Inorganic semiconductors are toxic, scarce, and expensive, with
relatively poor processability, limiting their large applications. In addition, inorganic semi-
conductors have high thermal conductivity from about 1.2 to 1.6 W/(m·K) [20]. Conversely,
organic materials, recently exploited in power generation applications, are considered good
candidates due to their light weight, flexibility, processibility, low-cost manufacturing,
and abundant raw material. In addition, organic materials have a thermal conductivity of
around 0.5 W/(m·K), being very close to the lower limit of inorganic materials [21,22].

This paper contains a review of the application of w-TEG devices for personal ther-
mal management. Unlike other review papers, which have focused on thermoelectric
technologies and applications with details on specific materials and devices, this paper
takes a different approach. Starting with the heat transfer principles that underlie the
interaction between thermoelectric devices and the human body, this paper discusses the
implications of using w-TEG for local thermal comfort. Specific applications of wearable
thermoelectric devices for monitoring the biophysical parameters [23] or to optimize the
design of thermoelectric devices [24] are outside the scope of this paper.

The next sections of this paper are organized as follows: Section 2 discusses the heat
transfer mechanisms between the human body and the environment, which are important
for understanding how to use the human body as a heat source for w-TEGs. Section 3
addresses the interactions between w-TEG and the human skin, recalling the thermal
analytical representations. Section 4 summarizes the use of w-TEGs for personal thermal
management. The last section contains the conclusions.

2. Basic Principles of Human Body Dry Heat Transfer to the Environment: Harnessing
the Human Body as a Heat Source for Wearable TEGs
2.1. Heat Transfer Mechanisms

Heat transfer from the human body to the surroundings is vital for the human body’s
thermoregulation. The human thermoregulatory system utilizes a range of coordinated
physiological mechanisms. These mechanisms are:

■ Insulation, which slows down the transfer of heat from the body, helping maintain a
comfortable internal temperature.

■ Sweating, which cools the body through the evaporation of water.
■ Shivering, which generates heat via muscle contraction.
■ Vasodilation and vasoconstriction, which regulate blood flow and distribute heat

throughout the body.

When the body’s core temperature rises, mechanisms such as sweating and vasodila-
tion are activated to cool the body. Conversely, when the core temperature falls, the system
initiates mechanisms like shivering and vasoconstriction that warm the body [25]. The
physiological mechanisms serve as the functional tools the body deploys to execute its
thermoregulatory responses.
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The human body continuously produces heat through metabolic processes—the chem-
ical reactions within our cells. This metabolic heat is essential to sustain the body’s core
temperature, which, for optimal function, should remain around 37 ◦C (homeothermy).
Metabolic heat, also known as metabolic rate, is measured in metabolic equivalents (Met).
For example, a sleeping person’s metabolism is roughly 46 W/m2 (0.8 Met), a person
sitting in an office has around 70 W/m2 (1.2 Met), and during intense physical activity, the
metabolic rate can spike up to 550 W/m2 (9.5 Met) [26]. Metabolic heat production in the
human body directly influences the subsequent heat transfer processes, as it determines
the amount of heat that needs to be dissipated to maintain the core temperature. The body
utilizes several processes for heat transfer, including conduction, convection, radiation, and
evaporation. Understanding these mechanisms is crucial, especially in fields like garment
design and safety gear. These insights also influence the design of environmental control
systems, such as heating, ventilation and air conditioning systems, and lighting, ensuring
optimal comfort for the occupants [21].

2.2. Conductive Heat Transfer

Conductive heat transfer takes place when a part of the body comes into contact with
a solid surface in the environment. Conductive heat exchange depends on the surface area
of body parts in direct contact with external surfaces, and it is typically minimal.

In steady-state conditions, the conductive thermal flux density is expressed by the
following equation:

.
qcond = k·(tskin − tsurface) (7)

where k is the thermal conductivity in W/(m·K), which is influenced by the thermal
properties of both the skin and the solid surface and by the contact solid surface area,
tskin is the temperature of the skin body in ◦C, and tsurface is the temperature of the solid
surface in ◦C. In transient conditions, the heat that is exchanged between the skin and the
solid surface depends on the thermal inertia of the material. The Merriam-Webster online
dictionary defines “thermal inertia” as “the degree of slowness with which the temperature
of a body approaches that of its surroundings and which is dependent upon its absorptivity,
its specific heat, its thermal conductivity, its dimensions, and other factors” [27]. In other
words, thermal inertia expresses how quickly a material can absorb or release heat. With
higher thermal inertia, more heat is transferred to the skin or removed from the skin. If there
is only a small surface area of the body in contact with another material (e.g., a person who
is standing), and that material has low thermal inertia, then a small amount of conductive
heat will be transferred. On the other hand, if a higher surface area of the body is in contact
with a material (e.g., a person lying down on a surface) and that material has high thermal
inertia, then a significant amount of conductive heat will be transferred [21,28].

2.3. Convective Heat Transfer

Convective heat transfer refers to the process of carrying heat away from the skin to
the surrounding air. The convective thermal flux density from the skin to the surrounding
air is expressed by the following equation:

.
qconv = hc·

(
tskin − tsurr air

)
(8)

where tsurrair is the temperature of the surrounding air, and hc is the convective heat transfer
coefficient, which, according to (8), is the ratio of the convective thermal flux density to
the temperature difference from the skin to the surrounding air [29]. The greater the
temperature difference between the skin and the surrounding air, the faster the rate of
convective heat loss. This is because a larger temperature difference results in a stronger
convective current, accelerating the heat transfer process.
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For the dressed human body, the convective thermal flux density from the clothes to
the surrounding air is expressed by the following equation:

.
qconv = fclo·hc·

(
tclo − tsurr air

)
(9)

where fclo represents the clothing area factor, which represents the ratio between the clothed
body surface area compared to the unclothed body surface area. The clothing area factor is
estimated as fclo = 1 + 0.3·Iclo, where Iclo is the intrinsic clothing ensemble insulation, in
clo ( fclo = 1 for the unclothed body surface area), and tclo is the mean surface temperature
of the clothed body.

Convective heat transfer from the skin or clothing occurs when moving air perturbs
the insulating boundary layer of air around the body’s surface. The more rapid the airflow
around the body, the narrow the boundary layer on the body’s surface, leading to lower
thermal insulation for the individual [30].

Convection from the human skin or clothing can be divided into the following types:

- Natural convection occurring for the air velocity w < 0.2 m/s;
- Forced convection occurring for the air velocity w > 1.5 m/s;
- Mixed-mode convection, which takes place at air velocity 0.2 < w < 1.5 m/s.

Now, having outlined the three main types of convection, it is important to examine the
phenomenon of natural convection and the dimensionless parameter known as the Grashof
number. The average skin temperature of a naked individual is higher than the surrounding
air temperature. Consequently, the layer of air directly touching the skin surface warms up
and, as a result, becomes lighter. In calm conditions, this warm air ascends due to buoyancy
forces, and colder air from the surrounding environment flows in to take its place [31].
The upward airflow can exhibit either laminar or turbulent characteristics. In the context
of natural convection, a crucial dimensionless parameter that describes this flow is the
Grashof number (Gr) [29,31]. This parameter quantifies the relationship between buoyant
forces and viscous forces and is defined as follows:

Gr =
g·β·(tskin − tsurr air)·↕3

ν2 (10)

where g = 9.81 m/s2 is the gravitational acceleration; β = 1
T is the thermal expansion

coefficient of the air; ↕ is a characteristic length, identified with body height; and ν is the
kinematic viscosity of the air.

The flow is laminar if Gr < 109 [30] and is turbulent for Gr > 1010 [32]. In the
case of a stationary, unclothed individual, with a temperature difference ∆t = tskin −
tsurr air ≈ 8 ÷ 10 ◦C, the flow is laminar up to a height of 1 m and turbulent at 1.5 m [32].
Therefore, different flow regimes occur under natural convection and at various height
levels, permitting different heat loss rates across body segments.

2.3.1. Natural Convection

Under natural convection (w < 0.2 m/s), the convective heat transfer coefficient
hc for the whole human body varies from 3.1 to 5.1 W/(m2·K), according to different
studies [30,33].

Xu et al. [34] analyzed the possible reasons for this variation, including differences in
body geometry, body posture, and airflow patterns in the investigated room.

Under natural convection, for a clothed body, the general equation used by many
researchers is structured as:

hc = an·
(
tclo − tsurr air

)bn (11)

where an and bn are the coefficients determined by the specific analyses carried out by the
researchers, while for the naked human body the equation is structured as:

hc = an·
(
tskin − tsurr air

)bn (12)
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Table 1 shows the values of the coefficients used in the above equations for clothed or
naked human body in various postures.

Table 1. Coefficients for the representations of the convective heat transfer coefficients under natural
convection.

Posture an bn w (m/s) Human Body Reference

Sitting 2.38 0.25 <0.15 clothed [35]

Sitting 0.78 0.59 <0.1 naked [30]

Sitting 1.94 0.23 <0.15 naked [36]

Sitting (exposed to atmosphere) 1.175 0.351 <0.2 naked [37]

Sitting (contact with seat) 1.222 0.299 <0.2 naked [37]

Sitting (cross-legged, floor contact) 1.271 0.355 <0.2 naked [37]

Sitting (legs out, floor contact) 1.002 0.409 <0.2 naked [37]

Standing 2.35 1.25 0.02 < w < 0.1 naked [38]

Standing 1.21 0.43 <0.1 naked [39]

Standing 2.02 0.24 <0.15 naked [36]

Standing 2.38 0.25 <0.15 clothed [35]

Standing (exposed to atmosphere) 1.007 0.406 <0.2 naked [37]

Sitting (floor contact) 1.183 0.347 <0.2 naked [37]

Supine (floor contact) 0.881 0.368 <0.2 naked [37]

Lying 2.48 0.18 <0.15 naked [40]

In other references, only the convective heat transfer coefficientshc of the human body
are indicated. For example, de Dear et al. [30] indicated values in the range from 4 to
6 W

(m2·K)
.

2.3.2. Forced Convection

Under forced convection, numerous efforts have been undertaken throughout the
years to empirically determine the convective heat transfer coefficients suitable for the
entire human body. The Archimedes number (Ar) plays a key role in determining the
relative significance of free and forced convection. Considering the Reynolds number (Re),
defined as:

Re =
w·↕

a
(13)

where ↕ is a characteristic length associated with the body and a is the thermal diffusivity,
Ar is the ratio between the Grashof number to the Reynolds number squared:

Ar =
Gr
Re2 (14)

Sparrow et al. [41] provided a criterion for categorizing various types of convective
flow based on the Archimedes number. In this case, for forced convection 0 < Ar < 0.3, for
mixed convection 0.3 < Ar < 16, while for natural convection Ar > 16.

In forced convection, where air is blown over the surface, the convective heat transfer
coefficient hc increases with air velocity being a function of it.

For vertical airflow, in the case of the mixed convection, when the air velocity is
w > 0.2 m/s the following expression holds:

hc = cf + af·wbf (15)
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where af, bf, and cf are the constants determined by the researchers [42]. For example, Colin
and Houdas [43] obtained the values af = 8.7, bf = 0.67, and cf = 2.7 from the regression for
sitting, for the air velocity, in m/s, in the range 0.15 < w < 1.5.

The convective heat transfer coefficient for downward airflow conditions was greater
than that for upward airflow conditions when the air velocity was below 0.3 m/s. However,
as the air velocity surpassed 0.3 m/s, the convective heat transfer coefficient for upward
airflow conditions significantly surpassed that for downward airflow conditions [42].

For horizontal airflow, when the air velocity is w > 0.2 m/s, the general equation for
the forced convection that outlines the relationship of the whole body on the air velocity w
is given as:

hc = af·wbf (16)

where af and bf are the coefficients determined by the specific analyses carried out by the
researchers.

The studies on the convective heat transfer have been carried out on the human body,
or on manikins that emulate the human body.

For the studies on the human body, as discussed in [44], the relationships between the
air velocity w and the convective heat transfer coefficient hc obtained from experimental
studies of frontal wind on the human body show large discrepancies among the values of
af and bf, which increase with the air velocity [34].

Table 2 reports the coefficients used in the representations found by different authors.

Table 2. Coefficients for the representations of the convective heat transfer coefficients of the human
body under forced convection.

w (m/s) af bf Reference

Downward air currents 12.1 0.5 [45]

(Not indicated) 8.6 0.531 [46]

0.10 < w < 2 6.51 0.391 [47]

0.15 < w < 1.5 14.8 0.69 [48]

(Not indicated) 8.3 0.5 [49]

> 1 8.7 0.6 [50]

(Not indicated) 8.3 0.6 [51]

Still air 8.6 0.5 [46]

Both theoretical and experimental methods have been applied to heated thermal
manikins with varied body shapes, sizes, and postures. A thermal manikin is a device used
for evaluating human thermal environments because it accurately replicates human heat
production, heat dissipation, and body shape [52]. The measurements of the heat transfer
coefficients for every part of the body are impacted by the ambient factors, specifically, the
temperature difference between the human body and its surroundings, the wind velocity,
and the body’s position and walking speed [53].

A literature review reveals that, in the context of thermal manikin experiments involv-
ing forced convection, researchers typically disregarded the influence of free convection,
due to the condition Ar << 1 [54]. However, when a variable temperature gradient is
present, there can be situations where the effects of natural and forced convection are com-
parable. In such cases, it is inappropriate to neglect either of these processes. In combined
natural and forced convection scenarios, both natural and forced convection mechanisms
play a role in heat transfer [54].

Over time, many studies have tried to create a useful database for predicting the
convective heat transfer coefficient for the human body. A general form of the empirical
formulas where the convective heat transfer coefficient is influenced by the air velocity, as
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seen in Equation (16). Table 3 shows the coefficients determined by different studies with
the use of manikins.

Table 3. Coefficients for the representations of the convective heat transfer coefficients under forced
convection by using manikins.

w (m/s) Position Note af bf Reference

1.08 < w < 12.67 Sitting 16.731 0.573 [55]

0.15 < w < 0.2 Standing 15.4 0.63 [56]

0.2 < w < 5.5, upstream flow Sitting or standing Nude 9.31 0.60 [57]

0.2 < w < 5.5, downstream flow Sitting or standing Nude 9.41 0.61 [57]

0.2 < w < 5.5, upstream flow Sitting or standing Clothed 13.36 0.60 [57]

0.2 < w < 5.5, downstream flow Sitting or standing Clothed 12.38 0.65 [57]

0.2 < w < 0.8 Sitting 10.1 0.61 [30]

0.2 < w < 0.8 Standing 10.4 0.56 [30]

0.2 < w < 0.8 Sitting or standing 10.3 0.6 [30]

w < 6 Walking 8.17 0.43 [58]

w < 6 Standing 7.34 0.49 [58]

There are some discrepancies in the values shown in Table 3, which can be partially
explained by body geometry and body posture, as the difference for standing and sitting
postures using the same manikin. Moreover, some discrepancies could be explained by the
fact that many studies neglect the turbulence intensity.

When turbulence intensity is taken into account, the formulation of the convective
heat transfer coefficient becomes more articulate than the structure of Equation (16). Ono
et al. [59] determined the convective heat transfer coefficient for the human body in an
outdoor environment using a combination of wind tunnel testing and computational fluid
dynamics analysis. They proposed a new formula for the mean convective heat transfer
coefficient for the human body in standing position at ambient temperature of 30 ◦C, as a
function dependent on wind velocity w and turbulence intensity TI:

hc = 4·w + 0.035·w·TI − 8·10−4·(w·TI)
3 + 3.5 (17)

The prediction of the heat transfer coefficient considering both turbulence and wind
intensity on the human body can be performed in outdoor conditions where the wind veloc-
ity is high. This formula is useful for assessing thermal comfort in an outdoor environment
where there is big turbulence. Nevertheless, their proposed formula does not provide a
transparent explanation of the underlying principle, and the turbulence intensities studied
are lower than those commonly observed in typical pedestrian-level urban microclimates,
which typically reach around 30% [60].

Yu et al. [44] measured the heat loss from the human body’s surface on a thermal
manikin in a simulated outdoor urban wind environment with realistic ranges of wind
velocity from 0.7 m/s to 6.7 m/s and turbulence intensity from 13% to 36%. The ambient
temperature is 19 ◦C. The regression equation for estimating convective heat transfer
between the body surface and outdoor urban surroundings is expressed as:

hc = a·wn·
(

1 + b·TI·w0.5
)

(18)

where a and n depend on the shape of the segments, and b is less affected. When TI is set to
4%, the regression formula, Equation (18) yields results that closely align with the findings
of [39], which report turbulence intensity (TI) values ranging from 4% to 8%. However,
when compared to the study in [59], the discrepancies become more pronounced with
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increasing wind velocity, exceeding 20% when the velocity is higher than 3 m/s. This
divergence can be attributed to the fact that their experiments were conducted at wind
velocities below 2 m/s.

The indications provided above refer to the whole body. However, many studies have
presented results for individual body segments. De Dear et al. [30] conducted a study on
an unclothed thermal manikin consisting of 16 body segments (head, chest, back, upper
arms, forearms, hands, pelvis, upper legs, lower legs, and feet) generating convective and
radiative heat transfer coefficients under various microclimatic conditions, both indoor and
outdoor, using a climate chamber and wind tunnel. The study focused on wind speeds from
calm air conditions up to 5 m/s, and eight wind directions. In addition, the thermal manikin
(both seated and standing postures) remained stationary throughout the experiments. The
study estimated that the radiative heat transfer coefficient was 4.7 W/(m2·K) and the
convective heat transfer coefficient ranged from 3.3 to 3.4 W/(m2·K) when the air velocity
was below 1 m/s and the temperature difference between the skin and the surrounding
air was 12 K. The conclusions of their study were that limbs, especially hands and feet,
had higher convective heat transfer coefficients than the torso. The head and neck had the
lowest coefficients due to the insulative shoulder-length hair on the manikin. Seated and
standing postures had similar heat losses in still air but seated showed slightly more loss in
moving air. The conclusion drawn in [39] is that, under controlled airflow conditions, the
convective heat transfer coefficients for the clothed manikin significantly exceeded those of
the nude manikin, with disparities ranging from 100% to 200% for individual body parts
and 30% to 50% for the entire body.

Luo et al. [61] investigated how movement speed, direction angle, and temperature
difference between the human body and its environment affect convective heat transfer
coefficients. Experiments with a thermal manikin in a cabin demonstrated that movement
speed has a stronger impact on upper limbs than trunk parts. Convective heat transfer
coefficients are influenced by the movement direction, with higher losses observed when
moving against the wind. Additionally, coefficients increase with higher movement speeds
and temperature differences.

Fojtlín et al. [62] carried out a study that aimed to experimentally determine heat
transfer coefficients using a thermal manikin, with a focus on repeated coefficient measure-
ments and statistical analysis. The manikin imitated the human metabolic heat production,
measuring combined dry heat flux and surface temperature while reducing radiative heat
flux with a low-emissivity coating. Tests were conducted across 34 body zones in both
standing and seated postures, maintaining constant air temperature (24 ◦C) and wind speed
(0.05 m/s). Their conclusion was that sitting manikins had slightly higher convective heat
transfer coefficients compared to standing, while the opposite was observed for radiative
heat transfer coefficients, consistent with other studies. Mean heat transfer coefficient
values closely aligned with the existing literature, with minor variations in specific body
segments. Overall, reproducibility of the measurements was achieved.

Yang and Zhang [63] analyzed how the convective heat transfer coefficient of the
human body changes at different body angles (0–180◦) and air velocities (0.2 to 20 m/s).
The convective heat transfer coefficient values for both the entire body and specific body
parts increase following a power exponent function as air velocity rises. Generally, higher
air velocity led to increased heat transfer convective coefficients, with hands, feet, and
limbs having higher values than the trunk except at a 90◦ body angle. The impact of body
angle on heat transfer coefficient varied by body segment and air velocity. The following
regression equation was developed in this study to express the convective heat transfer
coefficient as a function of velocity and human body angle for both the entire body and
individual body segments:

hc = h0·
(

z0 + a·
(

Ha

180◦

)
+ b·w + c·

(
Ha

180◦

)2
+ d·w2

)
(19)
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where h0 is the convective heat transfer coefficient at a human body angle of 0◦ and the air
velocity of 0.2 m/s, Ha represents the human body angle, a, b, c, and d are dimensionless
regression coefficients, and z0 is a constant term. Equation (12) derived in the study
demonstrates strong predictive accuracy for heat transfer convective coefficient at air
velocities of 0.5 m/s and 4.9 m/s, but it exhibits a maximum relative error exceeding 10%
at air velocities of 2 m/s and 2.8 m/s.

2.4. Radiative Heat Transfer

Radiative heat transfer of the human body refers to the process by which heat is emitted
from the surface of a person’s skin in the form of electromagnetic radiation, primarily in
the infrared portion of the electromagnetic spectrum. This type of heat transfer occurs
due to the temperature difference between the human body and its surroundings. When a
person’s skin is warmer than the objects or air around them, their body emits heat in the
form of infrared radiation. This radiation carries energy away from the body and into the
environment, helping to regulate the body’s temperature and maintain thermal comfort.

The radiative thermal flux density from the clothes to the surrounding air is expressed
by the following equation [30,64]:

.
qrad = fclo·hr·

(
tclo − tr

)
(20)

where hr is the radiative heat transfer coefficient and tr is the mean radiant temperature
perceived by the body.

The radiative heat transfer coefficient is computed as:

hr = 4·ε·σ·
(

Ar

AD

)
·
[

273.2 +
tcl + tr

2

]3

(21)

where ε is the average body surface emissivity, σ = 5.67·10−8 W/
(
m2·K

)
is the Stefan-

Boltzmann constant, Ar is the effective radiation area of the human body, AD is the DuBois
body surface area [65], and tr is the mean radiant temperature for each segment.

The emissivity of the body can be assumed as 0.95, as already adopted by other
manikin owners ([30,36]), and the effective radiation area factor Arad/ADuBois for the
standing posture is generally accepted as 0.73 while for a sitting person was estimated to be
0.70 [65]. The value of radiative heat transfer coefficient is hr = 4.7 W

m2·K and is suitable for
general applications within standard indoor temperature conditions. The estimation of hr
values for individual body segments produced important findings, which were presented
in [30,37].

2.5. Combined Convective and Radiative Heat Transfer

When investigating the exchange of heat between the human body and its surround-
ings, it is essential to consider the total sensible heat released through conduction, convec-
tion, and radiation. Conductive heat exchange depends on the surface area of body parts in
direct contact with external surfaces, and it is neglected when there is a minor contact with
solid objects [31,62]. In this case, the total sensible heat released is the sum between the
convective heat exchange and radiative heat exchange, which can be calculated for clothed
body and for naked body. In the case of the clothed human body, the overall sensible heat
released through convection and radiation is calculated using the following equation [64]:

.
qs = hc· fclo·

(
tclo − tsurr air

)
+ hr· fclo·

(
tclo − tr

)
(22)

In the case of the naked human body, the overall sensible heat released through
convection and radiation is written as [64]:

.
qs = hc·

(
tskin − tsurr air

)
+ hr·

(
tskin − tr

)
(23)
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Kurazumi et al. [66] experimentally obtained the total sensible heat transfer coefficient
(convective and radiative) using a thermal manikin in a thermal environment in which each
surrounding wall temperature and air temperature were considered equal. They obtained
the empirical formulas for calculating the convective heat transfer coefficient of the entire
body in the case of nude seated position downdraft at the temperature of 20 ◦C and 26 ◦C:

hc = 4.088 + 6.592·w1.715 at 0.01
m
s

≤ w ≤ 0.73
m
s

and t = 20 °C (24)

hc = 2.874 + 7.427·w1.345 at 0.005
m
s

≤ w ≤ 0.71
m
s

and t = 26 °C (25)

2.6. Heat Loss through Evaporation at the Skin Surface

Evaporation relies on the process of mass transfer, during which latent heat is con-
sumed. Heat loss through evaporation at the skin surface is a complex process that depends
on a number of factors, including the evaporative heat transfer coefficient, the water vapor
pressure difference between the skin and the ambient air, skin wettness, and the amount of
sweat secretion.

The amount of heat lost to the environment through evaporation can be calculated
using the following equation:

.
qe = he·wskin·(pskin − pair) (26)

where
.
qe is the evaporative heat loss in W/m2, he is the evaporative heat transfer coefficient

in W/
(
m2·kPa

)
, wskin is skin wettedness (dimensionless), pskin is the water vapor pressure

at the skin surface, assumed to be the pressure of saturated air at the skin temperature
(kPa), and pair is water vapor pressure of the ambient air in kPa.

The evaporative heat transfer coefficient is estimated from the convective heat transfer
coefficient using the Lewis ratio (LR), which is about 16.5 K/kPa for indoor conditions [67]:

LR =
he

hc
(27)

Skin wettedness (wskin) is a measure of how much of the skin is covered in sweat, which
is affected by factors such as sweating and diffusion through the skin. Skin wettedness
ranges from approximately 0.02 to 0.06 for normal conditions, but it increases when the
human body sweats more. This is because sweat is a liquid that evaporates easily, and when
it evaporates, it takes heat with it. As a result, wskin is also related to warm discomfort,
with values wskin > 0.2 that is perceived as uncomfortable. This is because when the
skin is too wet, the sweat cannot evaporate quickly enough, and the body cannot cool
down effectively [67]. In theory, wskin can attain a value of 1.0 while the body maintains
thermoregulatory control. However, in practice, it is difficult to exceed 0.8 [68].

2.7. Skin Temperature Regulation

After investigating the heat transfer mechanisms of conduction, convection, radiation
and evaporation, the thermal conditions experienced by the human body are significantly
impacted. In a neutral environmental condition where no thermoregulatory effort is needed
to keep thermal equilibrium, the skin temperature usually ranges from 30 to 34 ◦C. The
human body can be likened to a thermostat set at approximately 37 ◦C. This internal
thermostat generally maintains a temperature regulation accuracy of around ±0.5 ◦C,
although the temperature of the body’s outer surface (the skin) can fluctuate [69].

Different factors, such as environmental conditions like temperature, airflow rate, air
pressure, and humidity, as well as clothing insulation, can impact the skin’s temperature and
how it is distributed across the human body [21]. The research developed in [70] highlights
the dynamic nature of skin temperature regulation and the role of the neck as a prominent
heat loss area in cold conditions. In their research, skin temperature distribution was studied
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under neutral, warm, and cold conditions. From the experiments carried out in neutral
conditions, the mean skin temperature remained stable during an exposure of two hours,
with fluctuations limited within 0.1 ◦C. In a warm environment (31.5 ◦C), and increased by
0.6 ◦C due to vasodilation, with a 2.7 ◦C difference between neck and calf. After 2 h in a cold
environment (15.6 ◦C), the mean skin temperature decreased by 1 ◦C due to vasoconstriction,
with the neck being the warmest region and a key heat loss area in cold conditions.

The skin temperature also changes during physical activity to regulate the body
temperature. Infrared thermography reveals that these changes are dynamic, with initial
decreases in mean skin temperature due to vasoconstriction. This reduction persists
throughout exercise, especially during high-intensity activities. However, during constant-
load exercises, skin temperature may increase slightly, reflecting the interaction between
vasoconstriction and vasodilation as body temperature rises. Different body regions exhibit
varied temperature changes, with the upper limbs experiencing more pronounced decreases
(2.5 to 3.75 ◦C after 30 min of running) than areas near working muscles, such as the calves
(approximately 1.5 ◦C decrease) [21,71].

While the core temperature plays a significantly more substantial role in body’s
thermoregulation than the skin temperature (e.g., approximately 10:1 for sweating and
4:1 for shivering), both skin and core temperatures are equally important when assessing
subjective thermal sensation [72]. When the skin temperature is within a narrow range near
the point of thermal neutrality (where neither hot nor cold is felt), people’s perception of
temperature remains unchanged [68,73,74].

The regulation of the skin temperature is closely linked to the development and appli-
cation of w-TEGs for human body energy harvesting. Our body’s ability to maintain skin
temperature within a comfortable range is a fundamental aspect of thermoregulation. A
w-TEG utilizes the temperature gradient between the skin and the surrounding environ-
ment to generate electricity. By continuously monitoring and managing skin temperature,
these devices can optimize their energy harvesting efficiency without compromising the
wearer’s thermal comfort. This relationship between skin temperature regulation and
w-TEGs highlights the potential for sustainable power sources for wearable technology,
offering extended battery life while ensuring that the body remains thermally comfortable
and well regulated, especially in various environmental conditions.

3. Analytical Heat Transfer Equations Related to the Interaction between Human Skin
and Wearable Thermoelectric Generators
3.1. Analytical Heat Transfer Equations Related to the Human Skin

In the development of analytical heat transfer equations related to the interaction
between human skin and w-TEG, the human skin is considered a quasi-homogeneous
structure with three layers, in which each layer has its own thermal conductivity (as shown
in Figure 2). The deepest layer is fat, followed by the dermis, and finally, the outer layer is
the epidermis [75].
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While the core temperature plays a significantly more substantial role in body’s ther-
moregulation than the skin temperature (e.g., approximately 10:1 for sweating and 4:1 for 
shivering), both skin and core temperatures are equally important when assessing subjec-
tive thermal sensation [72]. When the skin temperature is within a narrow range near the 
point of thermal neutrality (where neither hot nor cold is felt), people’s perception of tem-
perature remains unchanged [68,73,74]. 

The regulation of the skin temperature is closely linked to the development and ap-
plication of w-TEGs for human body energy harvesting. Our body’s ability to maintain 
skin temperature within a comfortable range is a fundamental aspect of thermoregulation. 
A w-TEG utilizes the temperature gradient between the skin and the surrounding envi-
ronment to generate electricity. By continuously monitoring and managing skin temper-
ature, these devices can optimize their energy harvesting efficiency without compromis-
ing the wearer’s thermal comfort. This relationship between skin temperature regulation 
and w-TEGs highlights the potential for sustainable power sources for wearable technol-
ogy, offering extended battery life while ensuring that the body remains thermally com-
fortable and well regulated, especially in various environmental conditions. 

3. Analytical Heat Transfer Equations Related to the Interaction between Human Skin 
and Wearable Thermoelectric Generators 
3.1. Analytical Heat Transfer Equations Related to the Human Skin 

In the development of analytical heat transfer equations related to the interaction be-
tween human skin and w-TEG, the human skin is considered a quasi-homogeneous struc-
ture with three layers, in which each layer has its own thermal conductivity (as shown in 
Figure 2). The deepest layer is fat, followed by the dermis, and finally, the outer layer is 
the epidermis [75]. 
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interface. The blue arrow represents the direction of the heat flux that is released through the
encapsulating layer including the spreader at the heat sink).

The general differential heat conduction equation used to describe the temperature
distribution within biological tissues, including the human skin, when subject to heat
sources is given by the Pennes bioheat equation [76] having the basic form as described in
Equation (28):

∇2T +
1
k
·
( .
qmet +

.
qblood

)
=

1
a
·∂T
∂τ

(28)

where ∇2T is the Laplacian of temperature, k is the thermal conductivity of the tissue,
.
qmet

is heat generation due to metabolic activity, such as cellular metabolism,
.
qblood is convective

heat transfer due to blood perfusion (it considers the convective heat transfer between
blood vessels and surrounding tissue), a = k

ρ·cp
is the thermal diffusivity and quantifies

how quickly heat is conducted through a material compared to how quickly it is stored or
accumulated within the material, ρ is the tissue density, cp is the specific heat capacity of
the tissue at constant pressure, T is the tissue temperature, and τ is the time.

The general differential heat conduction equation for the steady-state conditions within
a multilayer structure with three layers, for one-dimensional geometry, is reduced to:

d2Ti

dx2 +
1
ki
·
( .
qmet +

.
qblood

)
= 0 (29)

where d2Ti
dx2 represents the second spatial derivative of temperature Ti with respect to the

spatial coordinate Ti within of the specific layer i (such as fat, dermis and epidermis), ki
is the thermal conductivity of the specific layer i,

.
qblood = ρb·cpb·ωb·(Tcore − Ti), ρb is

the blood density, cpb is the specific heat capacity of the blood at constant pressure, and

ωb =
.
vb

vb·∆τ is the blood perfusion rate that quantifies the rate at which blood circulates
through a particular region of tissue (the blood perfusion rate can vary considerably and
plays a crucial role in regulating the body’s temperature),

.
vb is the rate of blood flow

through a particular region of tissue, vb is the volume of the tissue through which the blood
is flowing, ∆τ is the time duration over which the blood flow is being considered. When
the blood flow through the skin increases, it is called vasodilation, and when it decreases
it, is referred to as vasoconstriction [77]). Moreover,

.
vb is the tissue volume within the

considered region,
.
vb is the volume flow rate of blood, ∆τ is the time interval over which

the blood flow is measured, Tcore is the body core temperature, and Ti is the temperature of
the skin.

In the thermal analysis of fat and epidermis layers, the influence of blood perfusion is
not considered, resulting in

.
qblood = 0. In this case, the influence of the blood perfusion is

found only in dermis (second layer), and Equation (23) becomes [75]:

d2Ti

dx2 = −
.
qmet

ki
(30)

To solve the second-order derivative Equation (30) with respect to the variable x, this
equation is integrated twice, taking into account the integration constants C1 and C2 that
arise in the integration process.

For fat and epidermis, the solutions of the temperature field in each skin tissue take
the form of quadratic equations:

Ti(x) = −
.
qmet
2ki

·x2 + C1i·x + C2i (31)
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For dermis, the solution of the temperature field is more complex and involves expo-
nential terms:

Td(x) = Tcore −
(

ρb·cpb·ωb

)−1
· .
qmet + C1d·em·x + C2d·e−m·x (32)

where m =
(

ρb·cpb·ωb·kd
−1
)0.5

.
The coefficients C1 and C2 for fat and epidermis as well as C1d and C2d for dermis are

determined by applying the boundary conditions and are shown in Tables 4 and 5.

Table 4. Integration constants for fat and epidermis of the quasi-homogeneous structure.

Integration
Constants

Fat
i = fat

Epidermis
i = epidermis

C1 C1f =
.
qmet

2 · δf
kf
− δf

−1·(Tcore − Tf) C1e =
.
qmet
ke

·
(

δe
2 + δf + δd

)
− δe

−1·(Td − Te)

C2 C2f = Tf C2e = −
.
qmet
2ke

·(δe + δf + δd)·(δf + δd) +
Td
2 ·
(

1 + δf+δd
δe

)
− Te· δf+δd

δe

Table 5. Integration constants for dermis of the quasi-homogeneous structure.

Integration Constants Dermis

C1 C1d =
Td−Tf·e−m·δd−

[
Tcore+

.
qmet·(ρb·cpb·ωb)

−1
]
·(1−e−m·δd )

(em·δd−e−m·δd )·em·δf

C2 C2d =
Td−Tf·em·δd−

[
Tcore+

.
qmet·(ρb·cpb·ωb)

−1
]
·(1−em·δd )

(em·δd−e−m·δd )·e−m·δf

3.2. Wearable TEG as a Thermal Load

In a w-TEG, the extrinsic temperature gradient between the body core Tcore and the
ambient air Tair, ∆Te = Tcore − Tair results in a constant heat flux through the w-TEG. This
heat flux leads to an intrinsic temperature gradient ∆Ti = Thot TEG − Tcold TEG across the
hot and cold sides of the w-TEG legs, which in turn produces an output voltage due to the
Seebeck effect [78].

The intrinsic temperature gradient is expressed as [70]:

∆Ti = Thot TEG − Tcold TEG = (Tcore − Tair)·Rt TEG·(Rskin + Rt TEG + Rair)
−1 (33)

where Rt TEG is the thermal resistance of the w-TEG, Rskin is the thermal contact resistance
between the skin body and the w-TEG, and Rair is the convective thermal resistance of the
surrounding air. All resistances are in K/W.

The thermal resistance of the w-TEG is given by [79]:

Rt TEG =
1

FF
· L
k·STEG

(34)

where k is the thermal conductivity of the thermoelectric legs and FF = SN+SP
Sw−TEG

is the fill
factor (the ratio between the area of the thermoelectric legs to the total surface area of the
w-TEG).

Effectively extracting heat from the human body depends on maximizing intrinsic
temperature difference. This proves to be a challenging task because other parasitic thermal
resistances make it hard for the heat to flow, namely: (i) the thermal resistance between
the body core and w-TEG, due to the body skin, known as a thermal insulator; (ii) the
contact thermal resistance between the skin interface and w-TEG due to the skin roughness;
and (iii) the convective thermal resistance at the interface between the w-TEG and the
surrounding air. The convective thermal resistance at the interface between the w-TEG and
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surrounding air is the dominant thermal resistance if no heat sink is used at the cold side of
the w-TEG [19]. However, if the w-TEG is to be used on the human body, it is favorable
not to use a bulky heat sink or to use a heat sink with a small design while achieving
an acceptable heatsink resistance at this interface. In this case, the heat sink must be
compact, not too large or bulky, to be suitable for use on the human body without causing
discomfort [78]. Enhancing the overall performance of a w-TEG is achievable through the
incorporation of heat spreaders. A heat spreader offers the advantage of reduced weight
and increased flexibility compared to a finned heat sink, which is particularly beneficial for
wearable applications. The utilization of high thermal conductivity heat spreaders on both
the cold and hot sides of a w-TEG can effectively boost the power output [19].

When a w-TEG is in contact with the skin, on the one hand the w-TEG limits the
heat transfer from the body to the surrounding air, acting as a thermal barrier. On the
other hand, at the same time the w-TEG absorbs heat from the skin to generate electricity,
acting as a thermal load. Figure 3 shows the thermal circuit, with indicative values of the
temperatures for air, skin, and core.
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The simplified model of the thermal circuit is presented [70,80]. The optimal thermal
resistance of the thermal circuit is defined as follows:

Roptimal TEG =
1

2·Rfab sub
−1 +

(
Rbody + Rair

)−1 (35)

where Rfab sub is the parasitic thermal resistance due to the fabric material, which is in paral-
lel with the total thermal resistance of the w-TEG with n thermoelements; Rbody = Rcore +
Rskin is the thermal resistance between the body core and the skin surface; and Rair is the
thermal resistance of the surrounding air.

Nevertheless, the thermal resistance of the thermoelectric components is variable as
a result of the Peltier effect during w-TEG operation. For this reason, it is proposed to
consider an effective thermal conductivity concept when calculating the thermal resistance
of the w-TEG, as provided in the following equation [81]:

Rt TEG =
k·S
L

·
(

1 +
ZT

1 +
√

ZT

)
(36)

where k is the thermal conductivity, L is the thermoelement leg length, and S is the ther-
moelement area.

The thermal contact resistance Rtc at the interface where the w-TEG contacts the human
skin has a big impact on how well the w-TEG operates. High thermal contact resistance

122



Energies 2024, 17, 285

can impede the heat flow from the skin to the w-TEG. This means that less heat is utilized
for electricity generation, reducing the w-TEG conversion efficiency. Reducing thermal
contact resistance through improved materials or TEG design can enhance the module
performance by allowing for more efficient heat transfer, thus increasing the amount of
electricity generated from the human body heat. The w-TEGs must possess flexibility to
ensure they establish conformal contact and minimize thermal resistance at the skin/w-TEG
interface when integrated into a self-powered wearable electronic system [75].

The resistance at the point of contact should be measured between the skin and the
w-TEG surface being explored. The thermal contact resistance model utilized by Benali-
Khoudja and colleagues [82] in the development of their thermal display is derived from
the model originally proposed in [83]. This model considered various factors including
mechanical, thermophysical, and surface properties. In the absence of any fluid in the
interfacial gap, the thermal contact conductance Ktc at the skin and w-TEG interface can be
expressed as follows [84,85]:

Ktc =
1

Rtc
=

[
1.25·ktc·

∆stc

rtc
·
(

ptc

δtc

)0.95
]

︸ ︷︷ ︸
htc

·Sskin tiss (37)

where Rtc is the thermal contact resistance, htc is the heat transfer coefficient; ks is the harmonic
mean thermal conductivity for solid 1 (epidermis) and solid 2 (flexible substrate of w-TEG) with

ktc = 2· kepidermis·kflexible substrate of w-TEG
kepidermis+kflexible substrate of w-TEG

; rtc is the effective root mean square roughness, with the

relation rtc =
(

r2
epidermis + r2

flexible substrate of w-TEG

)0.5
; ∆stc is effective absolute average surface

asperity slope with ∆stc =
(

∆sepidermis
2 + ∆sflexible substrate of w-TEG

2
)0.5

; ptc is the contact pres-
sure; δtc is the microhardness of the softer material (epidermis); and Sskin tiss is the cross-section
area of skin tissues [75].

3.3. Analytical Heat Transfer Equations Related to Wearable TEG

In order to streamline the analysis, it is assumed that both P-type and N-type legs
possess symmetric material properties and dimensions. Consequently, the subsequent
theoretical analysis focuses solely on the P-type thermoelement [75]. The temperature
distribution in the thermoelements for the steady state is expressed as follows:

d2TP

dx2 +
I2·RP

KP·δ2
TEG+fill mat

= 0 (38)

where I is the electric current that flows in the w-TEG, and RP =
δTEG+fill mat

σP eff·SP
, KP = kP·SP

δTEG+fill mat
,

KP = R−1
tP are the electric resistance, thermal conductance, and thermal resistance of the P-type

thermoelectric leg, respectively.
It is important to highlight that, in contrast to thermoelectric legs, the Joule heat

generation in metallic electrodes is negligible, as presented in [75].
The electric current does not flow through the flexible layers and in this case, its value

is I = 0. In this condition, Equation (41) becomes:

d2Tn

dx2 = 0 (39)

where “n” represents three combinations: n = f for the flexible substrate and the skin/w-
TEG interface, n = N for the N-type and P-type thermoelectric legs and the fill material,
and n = ES for the encapsulating layer and the spreader at the heat sink (Figure 4).
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As the thermal resistances of the thermoelectric legs and fill material are connected in
parallel, the effective thermal conductivity is calculated as follows:

kef = kN·FF + kfill mat·(1 − FF) (40)

where kP is the thermal conductivity of the P-type thermoelement, kfill mat is the thermal
conductivity of the fill material, and FF is the fill factor.

The temperature field distribution in the w-TEG and fill material satisfies the following
equation:

TP (x) = − I2·R
(KN + KP + Kfill mat)·δ2

TEG+fill mat
·x2 + AP·x + BP (41)

where the constants AP and BP are:

AP =
Tc − Th

δTEG+fill mat
+

I2·R
(KN + KP + Kfill mat)·δ2

TEG+fill mat
·(δb + δcontact + 0.5·δTEG+fill mat ) (42)

BP = Th·
(

δb+δcontact
δTEG+fill mat

+ 1
)
− Tc· (δb+δcontact)

δTEG+fill mat
− I2·R

(KN+KP+Kfill mat)·δ2
TEG+fill mat

·(δb + δcontact)

·(δb + δcontact + δTEG+fill mat)
(43)

where KN = kN·SN
δTEG+fill mat

is thermal conductance of the N-type thermoelectric leg, KP = kP·SP
δTEG+fill mat

is thermal conductance of the P-type thermoelectric leg, Kfill mat =
kfill mat

δTEG+fill mat
·S·(1− FF) is the

thermal conductance of the fill material, R = RN + RP = δP
σP·SP

+ δP
σN·SN

is the electrical resistance
of the TEG thermoelements.

The heat flux that is absorbed at the skin–w-TEG interface including the flexible
substrate is: .

Qh = Kequiv 1·(Tskin − Tflex sub) (44)

where Kequiv 1 = Ktc ·Kcontact
Ktc+Kcontact

is the equivalent thermal conductance between the thermal
contact conductance, at the skin and w-TEG interface Ktc (as expressed in Equation (37)),
and the thermal conductance of the flexible substrate Kcontact.
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The heat flux that is released through the encapsulating layer including the spreader
at the heat sink is: .

Qc = Kequiv2·
(
Tencap − Tair

)
(45)

where Kequiv2 =
Kencaps ·Kspreader
Kencaps+Kspreader

is the equivalent thermal conductance between the en-

capsulating layer Kencaps =
kencaps·Sencaps

δcontact
and the thermal conductance of the spreader

Kspreader = hair·Sspreader at the heat sink, kencaps is the thermal conductivity of the encap-
sulating layer, hair is the convective coefficient of the air, and Sencaps and Sspreader are the
cross-sectional area for the encapsulating layer and for the spreader, respectively.

According to the steady-state energy conservation law, heat flow rates must remain
continuous at the interfaces between various components, including fat, dermis, epidermis,
substrate, thermoelectric legs (including fill material), and the encapsulating layer [75,86]. In
this case:

.
Qf(δf) =

.
Qd(δf);

.
Qd(δf + δd) =

.
Qe(δf + δd);

.
Qe(δb) =

.
Qsubstr++skin−w−TEG(δb);.

Qsubstr++skin−w−TEG(δb + δcontact) =
.

Qw−TEG+fill mat(δb + δcontact);
.

Qw−TEG+fill mat

(δb + δcontact + δTEG+fill mat) =
.

Qencaps+spreader(δb + δcontact + δTEG+fill mat). These condi-
tions are necessary to obtain the expressions of the temperatures for the hot and cold sides
of the w-TEG, Th and Tc, as well as the temperatures Te, Td, and Tf at the interfaces of the
skin tissues, as shown in Table 6 [75].
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3.4. Evaluation of the w-TEG Performance

The performance analysis of w-TEG involves a detailed examination of the power
output generated using the temperature differential between the heat source and heat
sink [75,86,87]. The power output is calculated due to the principle of energy conservation
and is evaluated as:

Pout =
.

Q|x=δb+δcontact
−

.
Q|x=δb+δcontact+δTEG+fill mat

= α·I·(Th − Tc)−
R·I2

2
(46)

where α is the Seebeck coefficient.
When an external load resistance RL is introduced, the power output can be written as

follows:
Pout = RL·I2 (47)

The expression for the electric current is obtained by setting Equation (46) equal to
Equation (47):

α·I·(Th − Tc)−
R·I2

2
= RL·I2 ⇒ I =

α·(Th − Tc)

R + RL
(48)

The substitution of the expressions of the temperatures Th and Tc indicated in Table 6 in
Equation (48) results in a third-degree equation with the electric current as the unknown [75,86,87]:

a3·I3 + a2·I2 + a1·I + a0 = 0 (49)

where the parameters a3, a2, a1, and a0 are known and have the following expressions [75]:

a0 = α·Kequiv2·
[
D0 −

(
Kequiv1 + D1

)
·Tair

]
(50)

a1 = −
[(

KTEG+fill mat + Kequiv2
)
·
(
Kequiv1 + D1

)
+ KTEG+fill mat·Kequiv2

]
·(R + RL)− α2·

(
D0 + Kequiv2·Tair

)
(51)

a2 = α·
(
Kequiv 1 − Kequiv 2 + D1

)
·
[

RL +
R
2

]
(52)

a3 = α2·RL (53)

The solution of Equations (49) and (52) has the following form:

I = −1
3
·a2·a−1

3 + ξ2· 3

√√√√−ψ
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2

√(
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2
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√(
ψ
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(54)

with ξ = − 1
2 + i·

√
3

2 , ψ = a0
a3
+ 2

27 ·
(

a2
a3

)3
− a1·a2

3·a2
3

, and χ = a1
a3
− 1

3 ·
(

a2
a3

)2
.

The power output is calculated by replacing Equation (54) into Equation (47). In
addition, the power density PD of the w-TEG refers to the amount of electrical power
produced by the w-TEG per unit area. The power density is the ratio between the power
output Pout generated by the w-TEG to the surface area S over which the TEG is distributed
or attached:

PD =
Pout

S
(55)

The performance of a w-TEG is influenced by various parameters, including external
load resistance RL, human body skin, thermoelectric couple height, and fill factor FF. Zhang
et al. [87] investigated the influence of these parameters on the performance of w-TEG. The
research conducted in [87] highlights the significance of these parameters in optimizing the
performance of w-TEG devices. Understanding how factors such as the thermophysical
properties of the filler material, human body skin, fill factor, thermal convective boundary
conditions, and the figure of merit of thermoelectric legs (ZT) influence the external load
resistance can lead to the development of more efficient and practical w-TEG systems,
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with potential benefits in energy harvesting, waste heat recovery, and sustainable power
generation. The metabolic heat generated has very little effect on the power density of
the skin-w-TEG system, even when the metabolic heat generation increases significantly.
Conversely, the blood perfusion rate within the skin tissue plays a key role in enhancing
the w-TEG performance, with power density increasing significantly as the blood perfusion
rate rises. Therefore, effective management and optimization of the w-TEG should consider
blood perfusion as a crucial factor. The influence of convective heat transfer between the w-
TEG’s lateral surfaces and the ambient surroundings significantly impacts the temperature
drop (∆T) and power density of the w-TEG. The influence of convective heat transfer on
a w-TEG’s lateral surfaces is essential because it determines how effectively the w-TEG
can maintain the necessary temperature gradient for efficient electricity generation. If
convective heat transfer is not considered or optimized, it can lead to reduced performance
and power output of the w-TEG. Also, the influence of convective heat transfer at the heat
sink and contact pressure between human skin and w-TEG significantly affects temperature
drop and power density. Increasing contact pressure causes the human body’s skin to
deform. Since the human body’s skin is generally softer than the flexible substrate of the
w-TEG, this deformation can effectively increase the actual contact area with the substrate.
This, in turn, reduces the contact thermal resistance, leading to more effective heat transfer.
Concerning the influence of the height of the thermoelectric couples and the convective
heat transfer coefficient, these significantly affect the temperature drop and power density
of the w-TEG. Increasing the thermoelectric couple height improves the temperature drop
but also raises the internal electric resistance, leading to an optimal height for maximum
power density. Additionally, heat convection at lateral surfaces becomes more significant
with higher thermoelectric couple heights.

In summary, the performance analysis of w-TEG involves evaluating the power output
based on temperature gradients. Various factors, including external load resistance, human
body skin, thermoelectric couple height, and fill factor, significantly impact the w-TEG
performance. Understanding these parameters is crucial for optimizing w-TEG systems.
Additionally, the influence of metabolic heat generation and blood perfusion within the
skin tissue should be considered. Convective heat transfer between w-TEG lateral surfaces
and the surroundings also affects temperature and power density. Optimizing contact
pressure and managing thermocouple height are key factors for maximizing power density.
These insights are essential for enhancing w-TEG design and applications.

4. Wearable Thermoelectric Devices for Personal Thermal Management

Personal thermal management refers to the establishment of a satisfactory thermal
environment around the human body, in which the individuals live and operate under
acceptable thermal comfort conditions. The solutions for personal thermal management
can be used to reduce the energy needed to heat or cool the internal environments in the
buildings, concentrating the means for reaching satisfactory temperatures to the space close
to the activity of the individuals [88].

There are various possibilities for impacting on the local thermal environment. The
first category includes non-wearable solutions, which act on the forms of heat transfer that
have an impact on the human body. These solutions (whose detailed analysis is outside the
scope of this article) include, for example:

■ Thermally controlled chairs: thermoelectric devices are used in thermoelectrically
heated and cooled chairs to have an influence on thermal sensation and comfort, as
shown, for example, from the experiments presented in [89,90]. The thermal sensation
can be improved when the temperature is outside the acceptable range, even though
the effects of chair heating can be limited by the fact that the thermal sensation of the
extremities cannot be improved to a significant extent [91].

■ Systems for local heating, ventilation, and air conditioning: portable solutions have
been developed for heating or cooling the local environment and interact with the
thermoregulation of the human body [92]. For example, a thermoelectric air condi-
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tioning undergarment solution that provides personal heating or personal cooling
depending on the control mode with air volume control is illustrated in [93]. The
system contains a power-supplied micro-blower that heats up or cools down the air in
the local ambient and uses a system with small tubes to send the air to various parts
of the human body.

The other category, which is of interest for this section, is the one of wearable solu-
tions, consisting of thermoregulated clothing of different types. Traditional thermoelectric
devices are generally based on inorganic thermoelectric devices—which are rigid, have
poor mechanical properties, and are expensive—so that they can be applied to localized
solutions (e.g., sensors) more than for clothing purposes [94]. For the diffusion of wearable
thermoelectric solutions for clothing, the main aspect is the development of flexible devices,
which can adapt to the movements of the human body [95] or can be easily stretched [96]
and are composed of sections that are simply reconfigurable [97]. In particular, flexible
thermoelectric devices based on organic composites, such as polymer materials [94], are
interesting because of their specific properties of flexibility, low toxicity, low cost, and
stability at relatively high temperatures, even though their efficiency is lower than the that
obtained with inorganic materials [98]. The development of organic–inorganic composite
thermoelectric devices and other hybrid solutions [99] is promising, with the possibility of
benefitting from the best properties of the different materials and providing cost-effective
applications [100]. In the evolution in progress on the materials side, promising solutions
are expected from film-based thermoelectric modules, because of significant performance,
high scalability, and opportunities for largescale production [101].

For the development of wearable solutions, the expressions indicated in the previous
sections illustrate the basic heat transfer principles referring to the interactions between
the human body and the wearable TEG. In particular, the skin thermal resistance is higher
than the TEG resistance and plays a considerable role in wearable applications. Further
practical aspects depend on body comfort. Generally, wearable solutions are acceptable
if their size and weight are limited. For this purpose, the preferred solutions have lower
thermal conductivity of the material that forms the thermoelectric legs, in such a way that
a thinner TEG can be constructed by maintaining a relatively large temperature difference.

Moreover, in some practical applications, the use of a heat sink is avoided because
of esthetic or space reasons. However, without a heat sink, the power density that can
be obtained from a wearable TEG is generally limited with respect to the power density
obtained from a wearable TEG with heat sink. For wearable TEG applications, solutions
that use a flat thermal spreader to replace the heat sink can be more adaptable. Even though
in general the thermal spreader could be less efficient than a heat sink for dissipating heat,
the w-TEG presented in [8] with a flat thermal spreader reached a 30% power density
increase with respect to the best reported TEG with heat sinks.

Active and passive thermal management methods have been categorized [102] for
wearable solutions referring to heating or cooling modes, as follows:

■ Active methods: in general, thermoelectric devices can be used for cooling and heating,
as well as electro- and magnetocaloric cooling and heating. For active heating, the
typical source is Joule heating, and for active cooling the active microfluidic cooling is
adopted. Regarding active heating, thermoelectric textiles based on the Peltier effect,
in which flexible thermoelectric devices are integrated into the textiles to provide
power generation, can be more efficient than Joule heating textiles [103]. For active
cooling with thermoelectric devices, typically, the circulation of water in a copper tube
is added for improving the heat exchange; the cooling output that can be provided
is relatively low, due to the low coefficient of performance, and could be enhanced
with the use of multistage thermoelectric modules [104]. An effective solution for a
wearable solution with a thermoelectric device that does not use a water heat sink
and can produce a cooling effect of more than 10 ◦C by maintaining a relatively high
coefficient of performance is presented in [105].

129



Energies 2024, 17, 285

■ Passive methods: in general, heat storage from the external environment is obtained
with materials having high latent heat or high heat capacity to store and release heat
as needed. Further methods include thermal insulation to minimize the heat transfer
with respect to the human skin. For passive heating purposes, thermally conductive
materials are used to enhance the heat exchange with the air, or photothermal mate-
rials are used to absorb solar energy to warm the human skin. For passive cooling
purposes, radiative cooling materials are used to refrigerate the human skin, and
evaporative cooling materials facilitate the transition from liquid to vapor. Passive
methods are not based on thermoelectric devices.

The wearable solutions can be partitioned, for example, into:

■ Natural heat exchange: these solutions focus on natural heat exchange and energy
harvesting and aim to harness the body’s natural heat production and the surrounding
environment to maintain thermal comfort.

■ Assisted heat exchange: these solutions adopt clothing enhancements and include
additional parts with fans for better air circulation, or in other cases water circulation
systems for making the temperatures in the different parts of the clothing more uni-
form. The effectiveness of these solutions could depend on the type of activity carried
out by the individual in the living environment. For example, the extra devices that
allow for assisted heat exchange could add weight or size to the clothing, potentially
reducing the mobility of the individuals when carrying out certain activities.

From another point of view, the devices used in the wearable solutions can be catego-
rized into:

■ Autonomous devices: self-powered solutions in which there is no energy input
from external sources. These solutions rely on internal energy sources to regulate
temperature and maintain thermal comfort.

■ Non-autonomous devices: solutions for which an energy input is needed from external
sources. These solutions require a continuous supply of energy to function and
regulate temperature effectively.

■ Hybrid devices: These combine nonautonomous and autonomous devices in different
parts of the wearable solutions. Some parts of the clothing may operate autonomously
while others rely on external energy sources. This hybrid approach offers flexibility in
managing thermal comfort. The review presented in [106] addresses many cases of
personal comfort devices and indicates an energy efficient solution with combined use
of air-cooling units and a thermoelectric cooling unit with limited surface coverage.

A further distinction refers to the type of contact of the thermoelectric devices with
the human body, which is an important aspect that also affects the choice of the materials
and of the modes for connecting the devices to the human body:

■ For direct contact with the human body, the main solutions include cooling vests
with the thermoelectric device in contact with human skin [105]. A key aspect is to
avoid the contact of the human body with rare or toxic elements that can be found
in some thermoelectric devices (e.g., bismuth, lead, or tellurium) [107]. Biobased
thermoelectric materials (such as cotton, cellulose, or lignin), which have less impact
on the human body, can be used as a substrate for constructing wearable devices.

■ Without direct contact with the human body (i.e., with indirect contact), the heat
transfer modes have to be studied by considering the materials used for clothing.
The use of flexible and long thermoelectric fibers is an effective solution for covering
the various possible curvatures of the surfaces, enhancing thermal management and
comfort [108].

In summary, personal thermal management is a multifaceted field with a wide range
of solutions for enhancing thermal comfort and energy efficiency. These solutions can
range from nonwearable solutions that affect heat transfer around the human body to
wearable solutions, including thermoregulated clothing. The advancement in materials and
technology has enabled the development of flexible and efficient thermoelectric devices that
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can be integrated into clothing, offering active and passive thermal management methods.
Furthermore, the choice between autonomous, nonautonomous, or hybrid devices, as well
as the consideration of direct or indirect contact with the human body, provides a wide
array of options for tailoring personal thermal management solutions to individual needs
and preferences. The exploration of these possibilities holds promise for improving comfort
and wellbeing of individuals, while reducing energy consumption in various environments.

5. Conclusions

Technological development in the thermoelectric generation area is providing inter-
esting solutions to create better local thermal environments for individuals who carry out
activities in indoor environments. This paper addressed wearable thermoelectric generators
that interact with the human body to improve local thermal comfort and increase energy
efficiency by reducing, to a certain extent, the need for heating or cooling the ambient. The
analysis of the heat transfer mechanisms that appear in the interaction between thermoelec-
tric devices and the human body was discussed as a crucial step for understanding how the
human thermoregulatory system can respond in the presence of wearable thermoelectric
generators that consider the body as a heat source. Moreover, the review presented in this
paper summarized how conductive, convective, and radiative heat transfer, together with
evaporation at the skin surface, impact on the temperature regulation of the skin, which is
the surface of contact between the human body and thermoelectric devices. Furthermore,
the materials, flexibility, and efficiency of wearable thermoregulated clothing that can be
used to create a comfortable thermal environment around the human body were considered,
also categorizing their active and passive modes of operation.

Wearable thermoelectric generators are versatile and adaptable solutions to address
individual thermal needs in local environments. The main directions for the future are
the development of thermoelectric materials with enhanced thermal performance and the
design of structurally flexible, lightweight, and cost-effective solutions able to enhance the
interaction with the human body considering situations with parts of the body in movement.
On the materials side, biobased materials and organic composites are of interest because of
their low environmental impact. Thermal performance refers to the efficiency of the energy
conversion, for which the use of multistage thermoelectric modules and the exploitation of
smart sensors and control systems can provide more adaptive thermal regulation.

The evolution of wearable thermoelectric generation technologies and application
requires multidisciplinary collaborations between experts of different domains, such as
materials science, thermal engineering, environmental engineering, physiology, psychology,
up to clothes design, for merging their competences in the direction of providing more
comfortable, energy efficient, cost-effective, and practically appealing solutions.
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Anna Dąbrowska 1,* , Monika Kobus 1, Łukasz Starzak 2 and Bartosz Pękosławski 2
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Abstract: Thermoelectric (TE) technology is promising for reducing thermal discomfort of workers
during their routine professional activities. In this manuscript, a preliminary evaluation of a newly
developed personal cooling system (PCS) with flexible TE modules is presented based on an analysis
of cooling efficiency and power consumption. For this purpose, tests with human participation were
performed involving the monitoring of local skin temperature changes and electrical parameters of the
controller. Thanks to TE cooling, a significant reduction of local skin temperature was observed at the
beginning of the experiment, reaching as much as 6 ◦C. However, the observed effect systematically
became weaker with time, with the temperature difference decreasing to about 3 ◦C. Cooling efficiency
stayed at the same level over the ambient temperature range from 25 ◦C to 35 ◦C. The obtained results
showed that a proper fitting of the PCS to the human body is a crucial factor influencing the PCS
cooling efficiency.

Keywords: Peltier effect; thermoelectric module; thermoelectric cooler; personal cooling; smart
clothing

1. Introduction

According to the general principles of prevention described in the Council Directive
89/391/EEC [1], risks at the workplace should be avoided. However, there are many
situations in which the only possible method of protecting the worker is by providing
personal protective equipment. This may result from the characteristics of the technological
process at the workplace, workers’ mobility requirements or environmental parameters.
One of the hazards that workers may be exposed to is a hot microclimate. It can cause
just thermal discomfort to the worker, but it can also pose a risk to their health, leading to,
e.g., a heat stroke. Heat stress can disrupt the employee’s cognitive processes, which also
has a negative impact on work performance. This issue is well known, among others, in
the metal industry or mining. Considering the increasing ambient temperatures resulting
from climate changes, people also working outside (such as in the construction sector) have
started to complain about the thermal load, especially in the summertime during increased
physical activity. Such professions usually require workers’ mobility, therefore individual
cooling systems may be a good solution to this problem.

Ventilation systems, liquid cooling, phase change materials (PCMs) and evaporative
cooling are commonly used in personal cooling solutions developed so far [2]. Air cooling
is usually based on the cooling of the small air space around the body with fans [2].
Another solution, using liquid CO2 atmospheric discharges to create a cool microclimate
under clothing, was proposed by Sayed et al. [3]. Liquid cooling, on the other hand,
involves distributing a cooled liquid around the body by a network of tubes located in
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the garment [4]. There has also been some research already conducted that combined two
cooling methods in one system. Lu et al. [5] developed a personal cooling system in which
PCMs were supported by means of ventilation fans. They increased cooling efficiency of the
proposed solution thanks to an increase in the evaporative cooling. Similarly, Qiao et al. [6]
worked on the addition of PCMs into the condenser of an evaporative personal cooling
system. These authors proved that the developed system is able to provide a cooling
efficiency as high as 160 W for 4.5 h thanks to the provided active thermal storage by means
of PCMs’ addition. In spite of this advantage, the main drawbacks of the above-mentioned
systems are their weight, size or limited operating times.

Thermoelectric (TE) modules can potentially help in overcoming these disadvantages.
The flow of current through a module transports heat from one side to the other, thus
lowering the temperature of the former. The electric power supplied to the module, which
translates into the amount of the transported heat, can be easily adjusted by varying
the current, as TE modules are largely resistive from the electrical point of view [7]. At
present, technological research is focused on developing TE modules of high flexibility,
which is very important in personal cooling systems. Despite many studies conducted on
the development of efficient cooling systems using TE modules, there are few reports on
testing these solutions with human participation, although such tests are very important
for determining the usefulness of a particular solution.

Wei et al. [8] developed a soft-covered wearable TE device for body-heat harvesting
and on-skin cooling in the form of TE pillars sandwiched between a fabric and a pin-fin
soft cover [8]. They investigated the cooling efficiency with the participation of a human in
a temperature-controlled chamber where the human placed their lower arm to which the
developed device was attached. The tests were carried out in a stationary state, at various
ambient temperatures. During the tests, the ambient temperature and skin temperature
under the device were measured. The test lasted 30 min, of which the cooling lasted
continuously for 20 min, and for the first and last 5 min of the test, the temperature was
monitored with the device turned off. They showed that their solution allowed to reduce
skin temperature by 1.5 ◦C [8].

A similar study of a developed flexible TE module was conducted by Hong et al. [9].
In a temperature-controlled chamber, the skin temperature was measured using a thermo-
couple placed under the device mounted on the arm. The tests were carried out at various
ambient temperatures ranging from 22 ◦C to 36 ◦C for 10 min, with the device turned on
after 5 min. The authors also conducted tests in realistic conditions while sitting indoors,
walking indoors at 5 km/h and walking outdoors at 5 km/h [9].

Li et al. [10] tested a cooling vest solution under simulated conditions of use with the
participation of a human. Their solution uses liquid cooling together with TE modules.
In the study, temperature was measured at six cooled points during three activities, sit-
ting, walking at a speed of 1.2 m/s and walking at a speed of 1.8 m/s, performed in an
experimental cabin at a temperature of approximately 40 ◦C.

These works proved the potential of TE modules in supporting human thermoregu-
lation. Their results, however, do not relate to a work environment. In this study, it was
decided to carry out a comprehensive iterative process of development and testing of a
personal cooling system intended to be used at the workplace, with the aim of providing a
means of protection from the effects of heat. The novelty of our solution based on thermo-
electric cooling with flexible TE modules and heat sinks was already demonstrated in [11],
where we also highlighted the importance of the adopted TE module control method as
well as their location on the human body. The aim of the work presented in this paper was
to preliminarily evaluate the potential of flexible TE modules in the reduction of thermal
discomfort during increased physical activity and under high ambient temperature. Electric
power consumption and electronic controller efficiency were also taken into account and
assessed under simulated utility conditions.
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2. Materials and Methods
2.1. Tested Object

For the purpose of this study, a model of an active personal cooling system (PCS) based
on TE modules was developed. The developed system consisted of seven TE modules,
seven heat sinks, two temperature sensors, a power source and a dedicated electronic
controller to regulate temperature through the electric power supplied to the TE modules.
The TE modules were embedded into frames with Velcro that enabled their integration
with custom-made clothing. Details related to the developed personal cooling system have
been described in [11]. A view of the PCS with two TE modules and one heat sink mounted
on the clothing showing the integration method is presented in Figure 1. In the utility tests,
all seven TE modules and heat sinks were applied.
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The dedicated power and temperature controller is an electronic system whose block
diagram is shown in Figure 2. It consists of four main functional blocks: a power processing
block, an input power measurement block, an output power measurement block and a
microprocessor control block. The power source for the entire system is a rechargeable
battery pack.
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The power processing block includes analog-controlled DC/DC input switched-mode
power converters (SMPCs) and digitally controlled output SMPCs. The input SMPCs
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provide appropriate supply voltages for all the controller blocks. The output SMPCs supply
the TE modules. There are three output channels, each having its own, independently
controlled output SMPC.

The input power measurement block includes a battery monitor circuit that measures
the battery voltage and current and converts these results into a digital form. The task of
the output power measurement block is to provide analog voltage signals proportional to
the instantaneous voltage and current in each output channel.

A microcontroller in the microprocessor control block reads temperature data from
temperature sensors and battery voltage and current from the input power measurement
block via a serial digital interface. Moreover, the microcontroller’s internal analog-to-digital
converter is used for converting analog measurement signals (output voltages and currents)
to a digital form. The microcontroller’s program includes a control algorithm enabling the
digital regulation of power or temperature, as described in Section 2.2. The output signals
from the microcontroller are digital pulse width-modulated (PWM) signals whose duty
cycles D[1..3] are controlled independently.

The microprocessor control block is also equipped with a user interface (a four-button
keyboard for increasing or decreasing cooling intensity and navigating through a user menu
and a display for presenting system settings and status) as well as an SD card interface for
storing measurement data and controller configuration in a nonvolatile memory.

2.2. Digital Controller for Output SMPCs

The output power converters are automatically controlled so that the TE modules will
provide the cooling intensity level set by the user. The system can operate in one of two
modes, power regulation or temperature regulation, which are also selected by the user.

In the power regulation mode, the cooling intensity corresponds to the electric supply
power of a single TE module Ppm(set). This setting is common for all the output converters
and is used to determine the output power set point,

Po(set) = Npm Ppm(set), (1)

where Npm is the number of TE modules supplied by the given converter. This set point
is achieved using a digital proportional controller with feedforward implemented in the
microcontroller. Its structure is presented in Figure 3.
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Figure 3. Block diagram of the digital power controller.

The feedforward term is calculated from the ideal buck converter equation using the
conductivity of the supplied TE modules Gpm and the input voltage of the output converters
Ui, as described in detail in [11]:

Dff = (Po(aim) Gpm)1/2/Ui, (2)

where Po(aim) is the aimed output power. In this equation, Ui is a constant parameter, as
the output converters are supplied from one of the input SMPCs that delivers a regulated
voltage of a constant value at its output. The conductivity Gpm is measured at the output of
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each converter when the controller is turned on. This is performed by briefly applying a
low voltage and measuring the resulting current.

On the other hand, the feedback (proportional) term is calculated as

Dp = Kp Po(e), (3)

where Kp is the proportional term coefficient and Po(e) is the output power error,

Po(e) = Po(aim) − Po(meas). (4)

The actual output power Po(meas) is calculated based on the measurement results of the
given converter’s output voltage Uo(meas) and output current Io(meas):

Po(meas) = Uo(meas) Io(meas). (5)

It must be noted that the aimed output power Po(aim) appearing in Equations (2) and
(4) is not identical with the set output power Po(set). The aimed power is gradually changed
up or down in constant steps until a new set power is reached. In this way, abrupt strikes
of cold or warmth are avoided when Po(set) increases or decreases. On the other hand, the
power should not change too slowly as this would make the user feel as if the system
underperformed. The optimum stepping rate has been found empirically to be 400 ms.

The output of the power controller represents the duty cycle to be applied to its
transistor switch. It is simply the sum of the feedforward and feedback terms:

D = Dff + Dp, (6)

In the temperature regulation mode, the power controller still operates according
to the same equations. However, the set output power Po(set), to which the input signal
Po(aim) is stepped, is no longer directly coupled to the cooling intensity setting. Instead, it is
derived by a higher-level temperature controller whose block diagram is shown in Figure 4.
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PID controllers are often used for temperature control using TE modules, such as
in box coolers [12]. However, as argued in [11], the proportional-derivative (PD) type is
optimal for the considered application due to its following features:

• Simplicity.
• Inherent stability.
• Ease of empirical term coefficient determination when plant parameters are unknown

and variable (e.g., between users).
• High reactivity to fast changes of the power setting or the temperature measured.
• The corresponding controller equation is:

Po(set) = KpT Te[n] + KdT (Te[n] − Te[n − 1]), (7)
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where KpT and KdT are the proportional and derivative term coefficients, respectively, n is
the current sample number and Te is the temperature error. The latter signal is calculated
according to:

Te = Tmeas − Tset, (8)

where Tmeas is the temperature measured (an average of the readings from the two sensors)
and Tset is the desired temperature set by the user.

It should be noted that although it is the set temperature that is subtracted from the
measured one, the controller still implements a negative feedback scheme. This follows
from the fact that the reaction of the input signal (temperature) is principally opposite to
the change in the output signal (TE module supply power): when the electric supply power
increases, heat is removed from the body more intensively, which makes the temperature
decrease.

2.3. Testing Methodology
2.3.1. Research Conditions

This research was carried out at the Research and Demonstration Laboratory at the
Central Institute for Labour Protection—National Research Institute, with the participation
of a human tester. All tests were performed with the same participant so that results from
different steps of the iterative testing and development process may be compared with
each other. Tests were performed on different days at similar times. The participant was
acquainted with the research methodology and signed an informed consent before starting
the tests. The tests were carried out in a controlled environment where the temperature
varied from 25 ◦C to 35 ◦C in steps of 5 ◦C. The relative humidity was constant at 65% and
the air velocity was constant at 0 m/s.

2.3.2. Measured Parameters

During the experiments, thermal and electrical parameters were measured. Local
skin temperature of the user was measured using AC1913-A sensors from Rotronic in two
locations on the front of the body and on the back, with two sensors per location: one under
a TE cooler and one beside the cooler. For the input (battery pack) voltage and current, the
temperature was measured by either electronic sensor as well as the average of the two
temperatures, the output voltage, the current and power of each TE module channel, the
total output power of all TE module channels, the cooling level set by the user and the
corresponding temperature or power.

2.3.3. Test Variants

An earlier research presented in [11] concentrated on the selection of the optimal
system configuration in terms of ensuring high cooling efficiency while limiting the electric
energy consumption. The following were demonstrated:

• The best results were obtained using a control mode where the TE module supply
power was alternatingly regulated by the controller described in Section 2.2, with a
limit of 2 W, and brought down to a standby value of 1 W, with either phase duration
of 1 min;

• The optimum arrangement of TE modules was that with two modules on the front
and five modules on the back.

These findings were applied in the present work, where laboratory tests were divided
into two stages, as presented in Table 1. Stage I was aimed at the investigation of the
effect of the active cooling using TE modules. The aim of stage II was to determine the
influence of the ambient temperature. In stage I of the tests, two TE modules in the front
were mounted on the upper chest, while in stage II of the tests, they were mounted on the
abdomen, as preferred on the basis of the results from our previous research [9].
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Table 1. Study stages and related experiment conditions.

Stage Study Heat Sinks TE Modules Ambient Temperature

I

1 None Off 30 ◦C

2 Mounted Off 30 ◦C

3 Mounted Active 30 ◦C

II

4 Mounted Active 25 ◦C

5 Mounted Active 30 ◦C

6 Mounted Active 35 ◦C

2.3.4. Testing Procedure

The clothing and the cooling system were acclimated in a separate air-conditioned
room at a temperature of 23 ◦C for 1 h before the experiment in order to standardize study
conditions. The participant stayed under the same conditions prior to the study. The
conditions in the laboratory room were stabilized for 2 h.

Before starting the experiment, heat sinks were prepared by soaking them in water at
a room temperature of 23 ◦C until their weight reached between 80 g and 90 g. At the same
time, the TE modules were placed on the clothing in designated locations (depending on
the stage of the study), which was then put on by the participant.

After soaking the heat sinks, they were attached to the TE modules using Velcro tapes.
In order to achieve good adhesion of the TE modules to the skin, which is crucial for an
efficient operation of the cooling system, the adherence of the clothing with PCS to the
participant’s body was improved by means of an additional fastening system. During the
experiment, the electronic controller together with the battery pack were placed in a kidney
bag at the waist of the participant.

The tests were performed using a Zebris FDM-THM-M-3i inclinable treadmill by
Zebris Medical GmbH. Each of the tests at stages I and II was composed of six phases, as
shown in Table 2.

Table 2. Test phases at stages I and II.

Phase Activity Movement Kind Movement
Speed

Track
Inclination

a I Walk 3 km/h 0%

b Break None N/A N/A

c II Walk 5 km/h 0%

d Break None N/A N/A

e III Walk 5 km/h 10%

f Break None N/A N/A

3. Results
3.1. Effect of Active TE Modules on Cooling Efficiency (Stage I)

To assess the cooling efficiency of the developed system, local skin temperatures un-
derneath and next to the TE modules were analyzed for the three cooling variants indicated
in Table 1. Figures 5 and 6 show the temperatures recorded on the chest (Figures 5a and 6a)
and on the shoulder blades (Figures 5b and 6b).
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Figure 5. Local skin temperature under and next to a TE module for different cooling variants (stage 
I, study numbering compliant with Table 1): (a) chest; (b) back. 

Figure 5. Local skin temperature under and next to a TE module for different cooling variants (stage
I, study numbering compliant with Table 1): (a) chest; (b) back.

A significant temperature drop before starting the test was observed for both Studies
2 and 3, resulting from the soaked heat sinks being mounted. However, the effect of
activating the TE modules in the PCS was much more pronounced, as observed at the
beginning of Activity I in Study 3.

For both cooling variants (Studies 2 and 3), lower local skin temperatures were ob-
served throughout an entire experiment than in the case of a lack of cooling (Study 1). On
the chest (Figure 5a), the local skin temperatures were similar for both cooling variants,
while on the back (Figure 5b), the local skin temperature was reduced by 4 ◦C in Study 3
(TE modules active) in comparison to Study 2 (just soaked heat sinks mounted) and by 7 ◦C
in comparison to Study 1 (no cooling). The differences mentioned apply to the beginning of
the initial phase of the tests; they decreased by between 2 ◦C to 3 ◦C at the end of the tests.
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Figure 6. Normalized local skin temperature for different cooling variants (stage I, study numbering
compliant with Table 1): (a) chest; (b) back.

On the chest (Figure 5a), a slightly lower temperature was observed with the TE
modules off (Study 2) than when they were active (Study 3). However, this resulted just
from a higher initial temperature in Study 3. The normalized temperature values shown in
Figure 6a indicate that the cooling effect was in fact stronger with the TE modules on. In
this latter case, the temperature drop was around 2 ◦C in the first 3 min of the test. On the
back (Figure 6b), a greater drop in temperature was also observed with the TE modules
active (Study 3). After 3 min from the start of cooling, a temperature drop of 4 ◦C was
obtained under the TE module.

For all the tested variants, the measured temperatures increased throughout the entire
period of the study. However, only with the TE modules active (Study 3), the temperature
at the end of the test did not exceed the temperature measured at its beginning. This proves
that active cooling using thermoelectric modules provides a more effective cooling than
just using passive methods (soaked heat sinks).
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3.2. Effect of Ambient Temperature (Stage II)

At the next stage, the PCS with soaked heat sinks mounted and TE modules active
was tested at three different ambient temperatures: 25 ◦C, 30 ◦C and 35 ◦C (Table 1). The
measured skin temperatures are shown in Figures 7 and 8.
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Figure 7. Local skin temperature under and next to a TE module for different ambient temperatures
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A cooling effect was observed with the use of the developed system for all three
ambient temperatures. The lowest local skin temperature, of around 28 ◦C, was measured
on the back during Activity I at an ambient temperature of 35 ◦C (Figure 7b). In this
case, it was about 6 ◦C lower than the body temperature before the test, which is a very
pronounced difference (Figure 8b).

On the abdomen, the cooling effect was similar to that on the back for all ambient
temperatures in the first phase of the study (Figure 7a). In further phases, the largest local
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skin temperature drop with respect to its initial value, amounting to 3.5 ◦C, was obtained
for an ambient temperature of 25 ◦C (Figure 8a).
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In every case, the local skin temperature increased with time. This was due to the high
intensity of physical exertion.

3.3. Power Consumption and Electronic Controller Efficiency

Table 3 contains the results related to electric power consumption and conversion in
the system for Studies 4 through 7. They were therefore obtained for the same cooling
variant (heat sinks mounted and TE modules active), while the ambient temperature varied.
The durations of Studies 4 through 6 were almost equal (0.93 h to 0.94 h) while Study 7 was
of a much longer duration (6.02 h). All the studies started with the battery fully charged.
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Table 3. Electric power delivered to the TE modules and power drawn from the battery (study
numbering as in Table 1).

Study

Ambient
Tempera-

ture
(◦C)

Study
Duration

(h)

Average
Battery
Voltage

(V)

Peak
Battery

Discharge
Power

(W)

Total
Output
Energy
(Wh)

Total Energy
Drawn from

Battery
(Wh)

Average
Total

Output
Power

(W)

Average
Battery

Discharge
Power

(W)

Average
Controller
Efficiency

4 25 0.93 20.54 14.9 5.68 6.36 6.09 6.83 0.89

5 30 0.93 20.55 14.9 7.46 8.17 8.05 8.82 0.91

6 35 0.94 20.50 15.1 8.42 9.13 8.93 9.67 0.92

7 30 6.02 19.66 14.9 52.15 56.84 8.67 9.45 0.92

It should be noted that the total output power recorded by the electronic controller
is not exactly equal to the total electric supply power of the TE modules. This is due to
the resistance of the connecting wires which was estimated to be approximately 0.27 Ω.
This brings an additional power loss of 9.5% when two TE modules are supplied, whose
equivalent resistance is 2.6 Ω. The possibility of reducing these losses is limited, due to the
fact that any increase in the wire diameter decreases the comfort of the user.

On the other hand, power losses between the controller and the battery are negligible
thanks to the much shorter distance, greater wire diameter and lower current (resulting
from a higher converter input voltage as compared to its output one). Thus, the input
voltage is, to a good approximation, equal to the battery voltage.

On the basis of the measurement results contained in Table 3, the battery power was
calculated for each sample as

Pbat[n] = Ui[n] × Ii[n]. (9)

where Ui is the controller’s input voltage, Ii is its input current and n is the sample number.
Then, the energy drawn from the battery and the energy delivered to the converter’s output
were evaluated according to, respectively,

Wbat = ∑ [Pbat [n] × (t[n] − t[n − 1])], (10)

Wo,tot = ∑ [Po,tot[n] × (t[n] − t[n − 1])]. (11)

where Po,tot is the recorded controller’s total output power and t is the sample time stamp.
Consequently, the respective average powers were

Pbat(av) = Wbat/∆tstudy, (12)

Po,tot(av) = Wo,tot/∆tstudy, (13)

where ∆tstudy is the study duration.
Finally, the average power conversion efficiency of the electronic controller was evalu-

ated as
η = Po,tot(av)/Pbat(av). (14)

This overall average electronic controller efficiency includes both power losses in all
the power converters and power consumption by the microcontroller, the display and
auxiliary circuitry.

To investigate the effect of varying operating conditions of the controller, an instan-
taneous efficiency was also evaluated for the consecutive samples using the following
formula:

η[n] = Po,tot[n]/Pbat[n]. (15)

In this case, only those time intervals were taken into account where neither the battery
nor the output power varied, applying a limit of 5% variation sample-to-sample. This was
because the reaction at the input of the controller (battery current) is delayed with respect
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to the output power, this resulting from the dynamic characteristics of switch-mode power
converters [13]. Consequently, the result of Equation (15) is only physically meaningful in
a steady state. The obtained overall instantaneous efficiency has been plotted in Figure 9 as
a function of the total output power Po,tot. It can be seen that the characteristic obtained
does not depend on a particular study, thus on ambient temperature or test duration.
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Figure 9. Overall instantaneous efficiency of the electronic controller as a function of its total output
power (study numbering as in Table 1).

4. Discussion
4.1. Cooling Efficiency

The results of the study confirm that the developed PCS based on TE modules is able
to provide efficient cooling with a temperature drop of about 3.5 ◦C. This result is coherent
with the results obtained by Hong et al. [9] who also worked on the implementation of
flexible TE modules in PCS; however, their solution was not intended for physical workers.

According to our observations, cooling efficiency of the PCS with TE modules and
evaporative heat sinks is highly dependent on both the heat capacity and the rate of water
evaporation from the heat sink, as well as on the fitting of the TE module to the user’s body.
The large temperature drop prior to the beginning of the test results from the temperature
of the water absorbed by the heat sink being lower than the hot side of the TE module.
When the temperature of the water and that of the TE module’s hot side become equal, the
cooling efficiency is decreased. Nevertheless, even then the evaporation of water from the
soaked heat sink still provides a cooling effect whose intensity is stable in time. Following
Cotter et al. [14], local cooling of about (−4) ◦C can be considered as mild, and the results
obtained with our TE-based PCS were quite similar to the effect provided by the personal
liquid cooling vest described by Xu et al. [15] and are within the range of reduction of the
local skin temperature (from 1.1 to 7.4 ◦C) achieved by Song and Wang [16] by means of
PCS with PCMs and small air ventilation fans.

The obtained results also indicate the importance of a proper fitting of the TE modules
to the user’s body. While all modules were supplied with nearly the same electric power,
differences are observed between the modules in the resulting local skin temperature. The
particular design of the clothing enables better fitting of those TE modules that are located
on the back. That is why a stronger cooling effect is observed there than on the chest.

Without any cooling (no heat sinks and TE modules turned off), temperatures under TE
modules are slightly higher than those next to them throughout the entire test duration, both
on the chest and on the back. This is caused by the presence of an additional layer—a TE
module—at the place of measurement. As the blouse’s material was highly air-permeable,
this resulted in lower temperatures outside the TE modules. The research outcomes in the
above-discussed field related to the influence of water evaporation from the flexible heat
sinks in the TE-based PCS as well as the fitting of the TE modules to the human body on
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the PCS cooling efficiency have not been considered up to now. Therefore, they indicate
a completely new research direction in environmental engineering that will be explored
further.

4.2. Energy Consumption and Operating Time

As it can be seen in Table 3, the peak power drawn from the battery is about 15 W
for any study. This value results from the power limitation of 2 W per TE module that is
activated each time the temperature controller requests a maximum module supply power.

On the other hand, both the average battery power and the average output power rise
with the ambient temperature increasing. This is expected as more heat has to be evacuated
from the body in order to maintain a comfortable body temperature, which in turn requires
a higher temperature difference to be produced between the ambient temperature and the
body. The average battery power has increased by 42% with the ambient temperature rising
from 25 ◦C to 35 ◦C. This is a very pronounced change, affecting the required capacity of
the battery and, consequently, the size, weight and cost of the latter.

The average output power is higher in Study 7 than in Study 5 despite the ambient
temperature being the same. This may result from the efficacy of heat sinks decreasing
over the long-time scale due to evaporation of water therefrom. To compensate for this, the
electric supply power of the TE modules must be increased.

Based on the average battery power of 9.45 W obtained for the long-time study, a
battery with a capacity of 10.2 Ah and a nominal voltage of 3.7 V (lithium-ion technology)
is sufficient to supply the system for 4 h, which corresponds to a standard power bank
whose weight is typically about 230 g. A battery of 20.4 Ah would be required to extend
the operating time to 8 h.

In papers where similar wearable cooling systems have been described, power con-
sumption is rarely analyzed. In [17], the ambient temperature varied between 27 ◦C and
35 ◦C, while the power consumption was between 10 W and 15 W, which is higher than for
the system presented here (supposing that the value of 10 W corresponded to 27 ◦C, the
difference may be estimated by linear interpolation as 31%). This may have resulted from
the use of a fan and a water pump which additionally contributed to the overall weight of
680 g for an operating time of only 2 h. The total weight of the system presented in this
paper is similar at 650 g with a battery of 3.4 Ah and 18.2 V (nominal values), allowing it to
operate for 6.4 h (3.2 times longer) under the worst-case temperature of 35 ◦C.

The body temperature regulator described in [18] consumed 5.58 W (0.05 W in standby)
with just a single TE module versus seven modules in this work. However, it seems that
that system was not tested on humans, so the practical effect of this supply power on body
temperature is unknown.

The electric energy conversion efficiency of the developed dedicated electronic con-
troller was high. According to Table 3, its average value over an entire study, as defined by
Equation (14), was 0.89 to 0.92. This efficiency decreased with decreasing output power.
This effect can be seen more clearly in Figure 9, where the instantaneous efficiency has been
plotted, as defined by Equation (15). It may be explained by an important contribution of
those components of the power consumption that are independent of or weakly dependent
on the output power, such as the supply power of the control circuitry, especially the
microcontroller, the display and the SD card.

For high output power, those components become dominant that depend on the output
current, including losses in power converters’ components, e.g., transistors and inductors.
As these losses have been minimized by careful component selection, the efficiency then
reaches 0.95, which is identical with the result given in [17]. The nature of the relationship
observed is favorable for a battery-supplied system, as it keeps the absolute power loss low:
the efficiency is high when the output power is high, and it is only low when the output
power is low as well.

It should be noted that much of the control circuitry power consumption is due to
those functions that were necessary for research purposes, such as the OLED display, the
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SD card and the battery monitor. These features may be eliminated in a final version of
the system, thus increasing the overall efficiency and reducing the energy drawn from the
battery.

5. Conclusions

The laboratory tests of the developed personal cooling system carried out with human
participation allowed the efficiency of active cooling using TE modules to be compared to
passive cooling using only soaked heat sinks. They also made it possible to investigate the
effect of the ambient temperature. The use of TE modules provided an efficient reduction
of the skin temperature during an entire experiment of about 1 to 6 h involving moderate
physical intensity.

It follows from the results obtained that a proper fitting of the clothing to the user’s
silhouette is required to efficiently draw the excess heat out of the human body. With
those TE modules that better adhere to the body, a much higher temperature difference
can be achieved. Moreover, in the first stage of the research, we proved a favorable effect
of the use of evaporative heat sinks (Study 2) as well as a synergic effect of the use of TE
modules with those heat sinks (Study 3). Furthermore, without effectively drawing heat
from the hot side of the TE modules, they will not provide an expected cooling function.
The tests conducted in different ambient temperatures show similar differences in local
skin temperature between cooled and uncooled locations. This suggests that ambient
temperature has no significant effect on the cooling efficiency of the proposed PCS, at least
in the range between 25 ◦C and 35 ◦C.

The experimental results demonstrate that power losses in the power electronic con-
verters are relatively low, enabling an average efficiency of 0.90 and a maximum one of 0.95
(for a maximum TE module electric power), which is the same as in a similar system. On the
other hand, the overall electronic controller efficiency includes the power consumption by
the control circuitry that becomes more prominent at low output power values, leading to
a decrease in the efficiency. However, much of this consumption is related to functions that
were only implemented for research purposes and may be eliminated in a future version of
the system to decrease the power demand. This will allow the battery size and weight to
be reduced or the operating time to be increased.

The research stage described in the present paper was focused on the cooling efficiency
and energy efficiency aspects of system operation. The conclusions from this research will
be used in the development of an improved PCS prototype. The main limitations of the
performed tests are related to the involvement of only one participant. Nevertheless, this
has been sufficient to reliably assess the PCS in respect of its cooling performance and power
consumption thanks to a repeatable testing methodology adopted. To formulate wider
conclusions related to the evaluation of PCS efficiency, it is planned to test the prototype
with multiple end users. Those further tests will involve workers carrying out physical
operations characteristic for their real workplaces. This will enable us to study the ease of
use, ergonomics as well as functionality of the developed PCS and its compatibility with
other equipment used during routine work. Moreover, based on further experiments, a
decision on a potential limitation of the number of TE modules will be made to make PCS
more cost-effective and increase its potential for successful placement on the market.
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Abstract: Electrical insulation failure is the most common failure mechanism in electrical machines
(motors and generators). High temperatures and/or temperature gradients (HTTG) are the main
drivers of insulation failure in electrical machines. HTTG combine with and augment other destruc-
tive effects from over-voltage, to voltage transients, overload and load variations, poor construction
techniques, and thermal cycling. These operating conditions cause insulation damage that leads
to electrical insulation failure. The insulation failure process is greatly accelerated by pollutants
and moisture absorption. A simple and robust way to reduce HTTG and moisture adsorption is
by maintaining constant internal temperatures. The current method to maintain elevated internal
temperatures and reduce condensation issues is by internal electrical heating elements. This paper
examines the effectiveness of applying thermoelectric coolers (TECs), solid-state heat pumps (Peltier
devices), as heaters to raise a motor’s internal temperature by pumping heat into the motor core rather
than heating the internal air. TEC technology is relatively new, and the application of TECs to heat a
motor’s internal volume has not previously been explored. In this paper, we explore the hypothesis
that TECs can pump heat into a motor when out of service, reducing the HTTG by maintaining high
winding slot temperatures and eliminating condensation issues. This paper describes a test motor
setup with simple resistive heating (traditional method), compared with the application of TECs with
heat sinks, heat pipes, and a water circulation heat exchanger, to gauge the capability of TECs to
heat the inner core or winding area. In this paper, we demonstrate the full integration of TECs into a
motor. The results show that each of the systems incorporating the TECs would effectively pump
heat into the core and keep the winding hot, eliminating condensation issues and water ingress due
to thermal cycling.

Keywords: electric motor; condensation; insulation; thermoelectric device; thermal management

1. Introduction

Electrical motors are now incorporated into every facet of today’s life and primarily
convert electrical energy to mechanical energy. Their makeup consists of steel cores with
insulated electrical windings, bearings, rotors, and couplings. A key material affecting the
life of a motor is the electrical insulation. The electrical insulating material applied to the
winding conductors used in electrical motors varies from simple enamel coatings to layers
of glass/mica tape impregnated with resins. It can also consist of layers of specialized
insulating material such as Nomex or Kapton. The type of insulation and the number of
layers applied depend on the operating voltages and thermal conditions. The more exotic
the material, the higher the costs. Its purpose is to insulate the turn conductors from each
other and from the core. All insulation systems are susceptible to mechanical and thermal
damage [1], and their ability to maintain their insulating property can be greatly affected
by pollutants such as dirt, oil, and moisture [2].
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The insulation system for small motors up to 300 kW is primarily made from enamel
resins, and for large motors, a resin-impregnated fibreglass carrier with mica is normally
used. When motors are in service, this insulation is affected by several operating conditions.
High temperatures (HT) and temperature gradients (TG) are key issues affecting insulation
integrity, but normal operating conditions such as thermal cycling, load variations, voltage
fluctuations, system harmonics, and daily environmental temperature changes cause insu-
lation aging. For motors greater than 50 kW, the air gap flow heating phenomena [3] also
affect insulation life. Normal maximum running temperatures by design are set by the class
of insulation used. If temperatures exceed the class temperature by 10 ◦C, the insulation
life will be halved. Variations in the operation temperature result in varying dimensional
changes to the windings, insulation, core, and wedging systems. The mechanical stresses
on the insulation due to different thermal expansion rates damage the insulation and result
in surface damage and microcracking of the insulation [4,5]. This then enables moisture
absorption and higher leakage currents [6].

New motors with new windings and insulation are nearly waterproof, as the insulation
systems have little surface damage and absorb little moisture. Motors that have been in
service for a long time are extremely hygroscopic [7,8], and a day of high humidity can result
in an extremely low insulation resistance (IR) value [9]. Electrically testing a winding’s
IR will show the serviceability of the insulation. Standards give a minimum IR value of
2E + 1 MΩ, where E is the line voltage in kV [10].

When motors or generators are in service, they are hot, and moisture issues are
rare [11]. Motors that are continually running for long periods of time suffer less from
mechanical stresses, as the operational temperatures are more stable, compared to motors
that are frequently started and stopped. Base-load hydro generators are good examples of
electrical winding with long lives. Pumps or pressurising systems are good examples of
motors that have short lives.

In all cases, as the insulation ages, electrical insulation systems become more sus-
ceptible to moisture ingress and failure [8,12]. Even motors stored for future use suffer
from moisture ingress due to normal daily thermal cycling [13]. When internal air heats, it
expands, causing it to bleed out of the motor. When it cools and contracts, it pulls air in with
moisture from outside. Continued thermal cycling concentrates the internal moisture levels.
This process affects in-service motors as well as motors stored as spares for operational
backup. Over time, this daily thermal cycling can result in many litres of water being
trapped inside the motor.

Because of the design of a motor, there is a large amount of iron in the stator and rotor
cores, and they also have substantial frames. Consequently, a large mass results in a time
delay in temperature stabilization with the external environment. The resulting temperature
difference can result in internal condensation with the internal surfaces becoming wet
and the electrical insulation absorbing high levels of moisture [8]. This high level of
moisture contamination can lead to catastrophic insulation failure [14]. With hot days,
cool nights, and the thermal inertia inside the machine, condensation is an issue. The
point where moisture in the internal air will condense onto surfaces [15,16] or above daily
temperatures [17] is called the dew point. As shown in Figure 1 [2], with an air temperature
of 27 ◦C and a humidity of 60%, the dew point is 18 ◦C, and at 80% humidity, the dew point
is 23 ◦C. In normal conditions with cold nights and the air temperatures quickly rising
when the sun rises, the conditions for internal condensation are easily reached, and internal
heaters often fail to prevent internal condensation.

The degree of protection required and the practical systems to maintain motors above
the dew point are dependent on a number of factors. Of immediate consideration is whether
the motor is cycling in and out of service or whether it is being stored from the short- to the
long term. If it is being stored, the environmental conditions become very important with
internal temperature-controlled warehouses being far more protective than outside storage.
To help eliminate internal condensation and moisture absorption, the internals of a motor
need to be kept above the dew point [7]. The most common method employed to achieve
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this is the installation of resistive heaters mounted internally. Another system of heating
heats the winding by circulating a low current via electronic supplies [7].

Figure 1. The relationship between the air temperature, the dew point, and the humidity (adapted
from [2]).

For storage, portable electric heaters inside a storage container, or for large machines,
temporarily installed space heaters can be used [13]. Partial disassembly of the motor elim-
inates an internal environment that can result in condensation [17]. The use of waterproof
bagging with several bags of desiccant (silica gel) can also be used [17]. Another option is
called cocooning, sometimes used by the military, where the motor is protected and then
covered with a layer of plastic sheeting; then, a continuous layer of plastic film is sprayed
directly onto the motor surface [17]. Moreover, the process of slowly raising the motor
temperatures while circulating dry air can remove upper level moisture contamination [18]
before placing the motor back into service.

The heating methods currently employed, as described above, have difficulty in
keeping motors above the dew point [2]. The resistive heaters commonly used are limited
because they heat the internal air and have difficulty coping with rapid external temperature
changes. Winding heating systems require extra equipment that adds to the installation
and maintenance costs and is rarely applied. The cocooning option used by the military is
for extreme conditions, and when in place, it is regularly renewed, increasing maintenance
costs. Storage systems try to limit thermal cycling, but this is difficult to achieve.

This research investigates the application of thermoelectric coolers (TECs) to heat a
motor to decrease the thermal gradients and stresses, eliminate the internal condensation
issues, and stop the water absorption. The TEC module is a solid-state heat pump, and
the direction the heat is pumped depends on the supply polarity applied to the module.
The aim of this study is to set the TEC up to pump heat into the core to determine whether
the inner core temperatures at the winding position can be controlled, providing the
opportunity to keep the winding and internals hot. The TECs were incorporated into three
basic systems to measure their impact on the heating system. This would help to control the
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condensation issues and reduce the thermal cycling stresses on the insulation and bracing
systems. It is not a comparison between systems, as the system configuration requirements
are dependent on the load and the environmental conditions and are different for each
motor system. Any system that can improve the life of a motor and reduce the life cycle
costs is worth exploring. The introduction of new technology often leads to additional
environmental problems [19], but the introduction of the TEC and the ability to directly
pump heat into the core will reduce the temperature differences, reducing the mechanical
stresses and moisture issues without impacting other systems.

This research used a standard electrical motor integrated with sensors to monitor the
temperatures at various locations using TECs to control the internal temperatures. The use
of TECs to control internal temperatures has not been previously tried, and this was the
first attempt to incorporate these low-cost devices into a fully instrumented motor working
in standard operating conditions to improve the reliability and reduce the life cycle cost.

Section 2 explains the TEC devices available and their performance. Section 3 describes
the test motor and each of the four heating setups (resistors, heat sinks, heat pipes, and a
water heat exchanger) with the results from the four heating systems. Section 4 discusses
the obtained results, and Section 5 concludes with the findings of the study.

2. Thermoelectric Cooling Device (Peltier Module)

The makeup of a thermoelectric cooling device is a combination of N and P type
material between two ceramic plates. The most common and economical material is
bismuth telluride (Bi2Te3 ) or lead telluride (PbTe). These are low temperature materials
that limit the operating range of the TEC. However, the base materials can be alloyed
with other materials to improve the performance at various temperatures [20]. Thus, by
alloying the base materials with other materials, the temperature ranges can be significantly
increased to match the application.

The expected life of these units is 200,000 h, but care must be taken to not exceed the
maximum ratings. There are also a variety of these units; for example, the TEC1-12715
(A$6.08) is rated for a maximum temperature of 70 ◦C, and the TEC1-12715HTS (A$33.58)
has a rating of 200 ◦C. The cost increases in proportion to the increased temperature range.

When a current passes through the TEC, heat is transferred from one plate to the other, as
shown in Figure 2, and energy is pumped from one plate to the opposite plate. Today, these
modules can be found in portable water coolers or heated seats in the car industry. Figure 2
shows a schematic diagram [21], and Figure 3 provides a view of the internal constructional
layout.

Figure 2. Schematic diagram of a typical thermoelectric module (adapted from [21]).
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Figure 3. The Peltier (cooling module) arrangement.

The TEC data sheets are based on the cold plate being held at 0 ◦C. In application, the
operation of the cold plate is likely to be subjected to climatic and industrial variations in
temperature, so, six easily obtained TECs were tested to develop a better understanding of
their operational performance. The test setup in Figure 4, also shown in Figure 9 in [22],
was developed to allow the TECs to be tested and the performance characteristics to
be compared.

Figure 4. The TEC test layout.

Each of the TECs was installed into the test rig in turn, and the current was increased
in 0.5 A steps until its rating was reached. A plot of the TEC current rating against the
temperature is shown in Figure 5. As can be seen, the temperature gains were linear in
proportion to the maximum TEC current rating.

The thermoelectric cooler (Peltier Module) chosen for this project was the TEC1-12706
(Figure 3). This unit was the lowest cost unit (AUD 3.21 per module) readily available
online with operational characteristics suitable for experimentation. It had a 60 W cooling
capability at nominally 12 V and 6 A. Further information and specification data are readily
available in [23,24].
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Figure 5. The thermoelectric cooler (TEC) max current versus the temperature of the tested TECs.

3. Experimental Test on a Motor and the Results

Previous research [22] by the authors used TECs to heat a core sample from a section
of a motor’s inner core encompassing the winding slot area. This paper explores the
previously untried application of TECs to heat a single phase 3/4HP (559 W) induction
test motor. Four systems were employed namely: resistors, heat sinks, heat pipes, and
a water heat sink. This paper is not a comparison between the systems but rather an
application of each system to gauge its effectiveness to heat up the motor from a stabilized
room temperature.

A motor with the same arrangement as a standard induction motor was selected as the
test motor. The motor was dismantled and serviced (cleaned and varnished for mechanical
stability, with new bearings installed), and eight new thermocouples were added to the
windings as in Figure 6, to monitor and record the winding temperatures when under test.
The slot area is a critical thermal area, and all data presented in this paper were taken from
slot 13 (CH02, see Figure 6), as a thermocouple was inserted into the centre of the slot.

The test motor was switched off and allowed to stabilize at room temperature. There
were four different configuration arrangements:

1. Resistive heating;
2. TECs with small heat sinks;
3. TECs with heat pipe coolers;
4. TECs with water circulation heat sinks.

With the motor at room temperature, the heating power supply was applied to each
system. The polarity to the TECs was established so that the TEC pumped heat into the
motor (the side against the motor became hot). The current supply to the configuration
was adjusted in 0.5 A steps, with the input power to the resistor heaters and the TECs, and
the resulting temperatures were recorded for each of the applied systems.
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Figure 6. Schematic showing the placement of the thermocouples on the motor being tested. (Top):
Front view. (Bottom): Back view.

3.1. Resistive Heating

The resistive heater system is the most common heating method in motors today. The
resistive heating system used in this paper comprised three resistor heating banks attached
to the outer surface of the motor (see Figure 7). This arrangement heated the motor, the
core, and the slot where the stator windings were inserted. Although applied in a different
manner, as they are normally installed inside the motor under the windings, they did raise
the winding temperatures. The slot, casing, and resistance bank temperatures at various
total power inputs to the resistors were recorded and plotted in Figure 8. At a nominal
50 W input, the slot temperatures reached 32.1 ◦C as shown in Figure 8, attaining thermal
stability after 5 h.
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Figure 7. Resistive heating of the test motor.

Figure 8. The graphed results of the heating with the resistors.

3.2. TECs with Small Heat Sinks

With this configuration, 14 TECs with small heat sinks were attached to the outer
surface of the motor as shown in Figure 9. The TECs with small heat sinks had a small
footprint, which allowed the largest application of the units to the test motor. This enabled
a large coverage (14 TECs) of the casing, which minimized the losses from exposed sur-
faces. The mounting arrangement of the TECs was via a curved aluminium adapter plate
(Figure 10), and the curve matched the diameter of the motor casing. Figure 11 shows a plot
of the slot, casing, and heat sink temperatures at various total power inputs to the TECs. For
a power less than 60 W, the temperature of the heat sink dropped below the atmospheric
temperature due to the extraction of the heat from the environment and pumping it into
the motor, coupled with the small area of the heat sinks. The temperature of the heat
sink increased slightly when the input power was above 60 W due to the Joule effect. At
the nominal 50 W input, the winding slot in the core reached 34.95 ◦C, attaining thermal
stability after 4.5 h (Figure 11).
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Figure 9. The setup of the heating of the test motor with the TECs and small heat sinks.

Figure 10. An adapter plate with the TEC and heat sink setup.
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Figure 11. The graphed results of the heating with the TECs and small heat sinks.

3.3. TECs with Heat Pipe Coolers

This configuration consisted of TECs with heat pipe coolers attached to the outer sur-
face of the motor (see Figure 12). The system utilizing the heat pipe heat exchangers [25,26]
took up room; hence, only three TECs were used in this configuration. The recorded slot,
casing, TEC top side, and heat sink temperatures at various total power inputs to the TECs
are shown in Figure 13. At the nominal 50 W input power to the inner core area, the motor
slots reached 42.93 ◦C, attaining thermal stability after 5 h (Figure 13).

The system, because of the greater area of the heat sinks, was more efficient.

Figure 12. The setup of the heating of the test motor with the TECs and heat pipe coolers.
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Figure 13. The graphed results of the heating with the TECs and heat pipe coolers.

3.4. TECs with Water Circulation Heat Sinks

The configuration considered here comprised TECs with water circulation heat sinks
attached to the outer surface of the motor (see Figure 14). The heating system consisted of
10 TECs with water heat sinks and water running at 12 ◦C. This system worked similarly to
the TECs with the small heat sinks. The recorded slot, casing, heat exchanger, and water
outlet temperatures at various total power input to the TECs are plotted in Figure 15. With
the water temperature at a low 12 ◦C at the heat source, the TEC combination performance
was slightly limited, but at the 50 W nominal input setting, it raised the inner core windings
to 35.48 ◦C, attaining thermal stability after 5 h (see Figure 15).

Figure 14. The setup of the heating of the test motor with the TECs and water cooled heat sinks.
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Figure 15. The graphed results of the heating with the TECs and water cooled heat sinks.

At 50 W nominal input power, the inner core and winding slot temperatures for all the
heating systems are summarised in Table 1. In addition, the slot temperatures at various
input powers for all the heating systems are shown in Figure 16.

Table 1. Comparison of the heating setups.

Setup Resistive Heating Heat Sink Heat Pipe Water Cooled

Arrangement Three heating elements 14 TECs with heatsinks Three TECs with heat
pipes and radiators

10 TECs with water
heat exchangers

Arrangement Cost AUD 15.00 AUD 78.68 AUD 144.78 AUD 59.65
Complexity Simple Slightly Difficult Slightly more difficult Difficult

Physical Size Minimal Small Large but flexible Large when including
heat exchanger

Performance at 50 W 32.14 ◦C 34.95 ◦C 42.93 ◦C 35.48 ◦C

Issues Limited effectiveness.

Adapter plates
for mounting.

Effectiveness limited by
heat sink size.

Adapter plates for
mounting. Large heat
exchangers. Flexible

mounting by utilisation
of heat pipes.

Adapter plates for
mounting. Extra

maintenance. Larger
install area.

Figure 16. Comparison of the heating setup results.
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4. Discussion

The resistive heating system, the most common system employed by manufacturers
because of its low cost and ease of installation, is normally mounted internally. In this
position, it heats the internal air, limiting its ability to heat the entire volume of the machine.
There is thermal loss via the external surfaces, and the internal volume conducts the heat to
these surfaces. This thermal path causes a thermal lag between the internal and external
temperatures and limits the resistive heating systems’ ability to stop internal condensation.
The resistive system arrangement used in this study attached the resistive heating elements
to the outside casing of a motor, and as this was the normal radiating surface, in this
position, they could not be insulated, thus, the losses to the surroundings were high.
The location had one major advantage; it was attached directly to the steel core, which
conducted the heat quickly to the inner winding slot area. The results showed that at
the nominal input power of 50 W, the winding temperature reached 32.14 ◦C, only a few
degrees cooler than the other systems despite its simplicity. The results also showed that
this system could make a difference, especially to very small motors where there is not
enough room to internally mount resistive heaters.

In the TEC and heat sink system, there was a combination of seven adapter plates and
14 TECs with heat sinks. This system was simple to install with the adapter plates. This
enabled the largest coverage of the external surface, reducing the surface losses; however,
the very small heat sinks limited the TEC’s ability to transfer or collect and pump the heat
into the core. These worked well, and the slot temperature was easily able to be pushed up
to 68 ◦C. At the nominal input power of 50 W, the inner core reached 34.95 ◦C. The main
limitation was the very small size of the heat sinks. Larger units would have improved the
TEC’s ability to draw heat from the heat sink; however, this inexpensive system worked
well and proved the concept.

In the TEC and water circulation heat sink system, there were 10 TECs. This system
was difficult to assemble and install, as water tubing with tube clamps was required to
be fitted to each heat sink. In a water cooled system, there is a lot of extra equipment
such as pumps, radiators and fans. This equipment significantly increased the required
footprint for the installation and added considerably to the system costs and particularly
the maintenance costs. The results were comparable with the heat sink system. The cold
water holding the heat exchangers at 12 ◦C limited the ability of the TECs to pump heat
into the motor, but at the nominal input power of 50 W, the inner core reached 35.48 ◦C.

From Table 1, the three TECs connected to the fan cooled radiators via heat pipes
resulted in the best result compared to the other heating systems. With a nominal input
power of 50 W, the inner core reached 42.95 ◦C. This was achieved with only a small area
covered by three TECs. The advantage of this configuration was that it connected the
TECs via the casing to the core, which efficiently conducted the heat to the inner core area,
where the stator winding was located. This system also demonstrated the potential to
locate the heat exchangers away from the motor. In confined conditions such as electric
cars and portable compressor stations, this would enable the heat exchangers to be in a
more appropriate area than the motor location. The disadvantage, however, is that the fan
cooled radiators need to be located in an open area and are fairly large.

The three TEC heating systems employed in this paper are commonly found in thermal
control applications. The mounting of these systems to the outer surface or flat surfaces is
simple as the TECs are flat units. For round motors, a simple adapter plate can be used.
For ribbed motors, a more complex adapter plate is required. These systems can be used
post manufacture.

The TEC systems are inexpensive and have a major advantage over the existing
heating systems in that they can pump heat directly into the volume of the motor, raising
the temperature well beyond the dew point and eliminating the condensation issues. For
new machines, the incorporation of TECs could be implemented during the design phase
and could be placed between the core and casing.
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5. Conclusions

This work has demonstrated that the application of TECs can effectively pump heat
into the core of electrical motors and generators, raising the core temperatures. All three
TEC heat pumping systems were effective, and the choice between the approaches would
be application driven. The results of applying the TECs in these three cases showed that
for all three arrangements, the application of 50 W of power to the TECs resulted in an
increase in the slot temperature of a 500 W induction motor to more than 20 ◦C above the
ambient temperature.

TECs can pump heat in either direction, and previous studies have shown that TECs
can pump heat out of a motor. A future study will examine the viability of dynamically
managing a stable electrical motor core temperature in a varying ambient environment by
utilizing controlled TECs to pump heat into and out of the core as required.

Author Contributions: Conceptualization, S.L., R.M. and J.C.; Investigation, S.L.; Project administra-
tion, R.M.; Resources, M.L. and J.C.; Supervision, R.M. and M.L.; Writing—original draft preparation,
S.L. and R.M. Writing—review and editing, S.L., T.O., J.C., M.L. and R.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maughan, C.; Gibbs, E.; Giaquinto, E. Mechanical testing of high voltage stator insulation systems. IEEE Trans. Power Appar. Syst.

1970, PAS-89, 1946–1954.
2. Cowern, E. Keep Your Motor Dry in Damp Environments. 2001. Available online: https://www.ecmweb.com/content/article/

20886991/keep-your-motor-dry-in-damp-environmrnts (accessed on 19 September 2012).
3. Kim, C.; Lee, K. Numerical Investigation of the Air-Gap Flow Heating Phenomena in Large-Capacity Induction Motors. Int. J.

Heat Mass Transf. 2017, 10, 7. [CrossRef]
4. Jeftenic, I.; Stankovic, K.; Kartalovic, N.; Loncar, B. Life Expectancy Determination of Form-Wound Coil Isolation of High-Voltage

Motor. In Proceedings of the 2016 IEEE International Power Modulator and High Voltage Conference (IPMHVC), San Francisco,
CA, USA, 6–9 July 2016. . [CrossRef]

5. Nemirovskiy, A.; Kichigina, G.; Sergievskaya, I.; Udaratin, A.; Alyunov, A.; Gracheva, Y. Improving the Efficiency of Electroos-
motic Drying of Electric Motors Insulation. E3s Web Conf. 2020, 178, 01061. [CrossRef]

6. Khudonogov, A.M.; Khudonogov, I.A.; Dulskiy, E.Y.; Ivanov, P.Y.; Lobytsin, I.O.; Khamnaeva, A.A. Reliability Analysis of Power
Equipment of Traction Rolling Stock Within the Eastern Region. IOP Conf. Ser. Mater. Sci. Eng. 2020, 760, 012018. [CrossRef]

7. Zhang, P.; Du, Y.; Habetler, T.G.; Lu, B. A Nonintrusive Winding Heating Method for Induction Motor Using Soft Starter for
Preventing Moisture Condensation. IEEE Trans. Ind. Appl. 2011, 48, 117–123. [CrossRef]

8. Keithly, W.R.; Axe, S.P. A unique solution to improving motor winding life in medium-voltage motors. IEEE Trans. Ind. Appl.
1984, IA-20, 514–518.

9. Li, W.; Cotton, I.; Lowndes, R. Effects of Electrical Conductivity of Contamination on Tracking Formation in Aerospace Electrical
Systems. In Lecture Notes in Electrical Engineering, Proceedings of the 21st International Symposium on High Voltage Engineering,
Budapest, Hungary, 26–30 August 2019; Németh, B., Ed.; Springer: Cham, Switzerland, 2020; Volume 599. [CrossRef]

10. EASA. EASA Technical Manual. 2002. Available online: https://easa.com/resources/easa-technical-manual (accessed on
19 September 2012).

11. Gallonia, E.; Parisia, P.; Marignettib, F.; Volpec, G. CFD Analyses of a Radial Fan for Electric Motor Cooling. Therm. Sci. Eng. Prog.
2018, 8, 470–476. [CrossRef]

12. Giangrande, P.; Madonna, V.; Nuzzo, S.; Galea, M. Moving Toward a Reliability-Oriented Design Approach of Low-Voltage
Electrical Machines by Including Insulation Thermal Aging Considerations. IEEE Trans. Transp. Electrif. 2020, 6, 16–27. [CrossRef]

13. Pai, V.S. Preservation of large motors and generators from weather on offshore platforms. IEEE Trans. Ind. Appl. 1990, 26, 914–918.
[CrossRef]

14. Guastavino, F.; Torello, E.; Dardano, A.; Bono, S.; Pellegrini, M.; Vignati, L. A comparison of the short and long term behaviour of
nanostructured enamels with the performances of conventi. In Proceedings of the Seventh International Conference on Machine
Learning and Cybernetics, Kunming, China, 12–15 July 2008.

15. Branch, F.E. Keeping Motor Windings Dry. 1991. Available online: https://www.usbr.gov/power/data/fist/fist3_4/vol3-4.pdf
(accessed on 10 September 2022).

165



Energies 2023, 16, 2498

16. Thomas, R. Preventing Condensation in 3-Phase AC Motors. 1996. Available online: https://www.ecmweb.com/content/article/
20888577/preventing-condensation-in-3phase-ac-motors (accessed on 19 September 2012).

17. Finley, W.; Wilson, C.; Burke, R. Storage of electric motors. Conference Record of 1995. In Proceedings of the Annual Pulp and Paper
Industry Technical Conference, Vancouver, BC, Canada, 6 August 1995; pp. 74–81. . [CrossRef]

18. Lysenko, D.A.; Konyukhov, V.Y.; Astashkov, N.P. Implementation of the control algorithm of the traction electric equipment.
J. Phys. Conf. Ser. 2021, 2061, 012135. [CrossRef]

19. Livotov, P.; Sekaran, A.P.C.; Mas’udah; Law, R.; Reay, D. Eco-Innovation in Process Engineering—Contradictions, Inventive
Principles and Methods. Therm. Sci. Eng. Prog. 2019, 9, 14.

20. U.S. Department of Energy. Chapter 6 Innovating Clean Energy Technologies in Advanced Manufacturing Direct Thermal Energy
Con 2015, p. 26. Available online: https://www.energy.gov/sites/default/files/2015/12/f27/QTR2015-6G-Direct-Thermal-
Energy-Conversion-Materials-Devices-and-Systems.pdf (accessed on 19 September 2012).

21. Sunawar, A.; Garniwa, I.; Hudaya, C. The characteristics of heat inside a parked car as energy source for thermoelectric generators.
Int. J. Energy Environ. Eng. 2019, 10, 347–356. [CrossRef]

22. Lucas, S.; Marian, R.; Lucas, M.; Ogunwa, T.; Chahl, J. Research in life extension of electrical motors by controlling the impact of
the environment through employing Peltier effect. Energies 2022, 15, 7659. [CrossRef]

23. Hebei, I.T. TEC1-12706 Thermoelectric Cooler. Shanghai Co Ltd. Available online: https://www.hebeiltd.com.cn (accessed on 20
November 2022)

24. Espressomilkcooler. Specification of Thermoelectric Module TEC1-12706. 1997. Available online: https://espressomilkcooler.
com/wp-content/uploads/2015/03/TEC1-12706-site-ready.pdf (accessed on 20 November 2022).

25. Adera, S.; Antao, D.; Raj, R.; Wang, E.N. Design of Micropillar Wicks for Thin-Film Evaporation. Int. J. Heat Mass Transf. 2016,
101, 15. [CrossRef]

26. Bai, C.; Qiu, Y.; Wei, M.; Tian, M. Converging-Shaped Small Channel for Condensation Heat Transfer Enhancement Under
Varying-Gravity Conditions. Int. Commun. Heat Mass Transf. 2021, 123, 11. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

166



Citation: Nasir, M.T.; Afaneh, D.;

Abdallah, S. Design Modifications for

a Thermoelectric Distiller with

Feedback Control. Energies 2022, 15,

9612. https://doi.org/10.3390/

en15249612

Academic Editor: Diana Enescu

Received: 5 November 2022

Accepted: 15 December 2022

Published: 18 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Design Modifications for a Thermoelectric Distiller with
Feedback Control
Mohammad Tariq Nasir 1,* , Diaa Afaneh 2 and Salah Abdallah 1

1 The Mechanical and Industrial Engineering Department, Applied Science Private University,
Amman 11931, Jordan

2 Mechanical Engineering Department, King Fahd University for Petroleum and Minerals,
Dhahran 31261, Saudi Arabia

* Correspondence: mo_nasir@asu.edu.jo

Abstract: In this paper, a modified design for a thermoelectric distiller is proposed, constructed, and
tested. The design modifications include adding an inclined cover for the thermoelectric module
and a cooling fan. The thermoelectric module and the fan were operated by an open loop or a
feedback control to have the desired productivity. As the distiller productivity depends on the
operating conditions, these operating conditions are investigated to find the best performance with
the highest pure water productivity. Furthermore. a comparison between the closed and the open
loop for driving the cooling fan with different operating conditions is conducted. In this work, the
mathematical model of the proposed distiller is derived. Experimental results illustrate the robustness
of the proposed approach and they show that the suggested thermoelectric distiller with feedback
control, for both cases with MPC and PID controllers, can increase pure water productivity by up to
150% when compared with the open loop thermoelectric distiller.

Keywords: water distillation; thermoelectric module; feedback; MPC controller; PID controller;
system identification

1. Introduction

Distilled water is essential in many human practices, as it is used for many industrial
and medical applications, such as the manufacture of medicines, laboratory analyzes, the
manufacture of batteries, and ironing clothes [1]. However, the process of producing
distilled water is challenged by the high energy consumption, due to the need to evaporate
the water before condensing it [2]. It should be noted that the latent energy and the heat
capacity of water are significantly high, leading to the consumption of a lot of energy, most
of which is wasted. This high energy consumption is reflected in the environment since
most distillation devices depend on electrical energy generated mostly from burning fossil
fuels. Therefore, the active research community has studied several methods to obtain
energy-efficient, low-cost, environment-friendly, and high-yield distillers.

Recently, many environment-friendly distillation designs tackled the challenge of
adding a thermoelectric module (TEM) within the distiller apparatuses. TEM is a semicon-
ductor device, that works based on the Seebeck effect. Thus, TEM is used in two ways. The
first TEM application includes converting electrical energy to heat flux. The second usage
opposes the first one because the TEM is exposed to heat flux converted into electrical
energy. Recently, there has been considerable interest in TEM scientific research, in particu-
lar for the environment-friendly distillation process, and this is due to TEM’s interesting
properties. One of its remarkable properties is its ability to heat and cool simultaneously.
In other words, TEM can generate heat flux or pump heat energy between its hot and cold
sides. This process results in temperature differences between TEM sides. Because of this
property, TEM can be utilized for water distillers, mainly considering three methodologies:
(1) TEM is used as a secondary element for increasing the water condensation rate by
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placing the TEM cold side in touch with the vapor. Several works considered using the
thermoelectric module to enhance the vapor condensation in solar distillers [3–6]. (2) TEM
is a secondary element to increase water evaporation in solar distillers. In this case, the
TEM hot side is attached to the saline water tank or the solar distiller basin [7]. (3) TEM is a
primary source for heating the saline water and cooling the vapor. In this case, the TEM
hot side is attached to the hot tank while the other TEM side is placed on the distiller cold
tank. This way, the TEM restores the heat from the vapor and pumps it back to the hot tank
for heating and boiling the saline water. Recently, several research methodologies were
proposed considering TEM as a primary element. For example, the multi-stage design [8],
the concentric design of the thermoelectric distiller [9,10], and the usage of thermoelectric
distiller in urine–water recovery systems inside spacecraft [10,11]. Additionally, recent
works tackled the use of the thermoelectric module to enhance vapor condensation and
cooling in solar distillers [3,12].

Another interesting study presented thermoelectric utilization to improve saline water
evaporation and condensation [13,14]. Such a proposed device employed a pump for
recirculating the saline water between the water basin and the heat exchanger coupled to
the hot side of the thermoelectric module. The cold side of the thermoelectric module is
used for vapor condensation. This approach shows better energy conservation. However,
the limitation of using a pump for water circulation will increase the required operational
power. Moreover, to the best of our knowledge, no control strategy is proposed resulting in
optimal productivity. A promising work proposed a simplified mathematical model for
a thermoelectric-based distiller and compared it through experimental validation [15]; it
proposed a new distiller design that is very efficient and has lower power consumption
with high-purity water production. Nonetheless, the shortcoming of the work by [15]
is wasting 45% of the input water through the system vent. This considerable loss is
due to the vapor production rate being higher than the condensation rate. As a result, a
considerable amount of vapor comes out of the distiller through a vent to conserve the
constant pressure in the system. Similar work proposes a thermoelectric-based distiller by
deriving a polynomial function for predicting the water evaporation rate with time [16].
The second TEM property is the ability to generate electrical power through the temperature
difference between hot and cold sides. This property is employed to generate electricity
from the heat losses in distillers [17]. The main challenge with this type of TEM application
is its low efficiency since the thermoelectric generator efficiency is less than 20% [18].
This limitation reduces the TEM usage as a generator for low-temperature harvesting
applications (e.g., water distillers).

Motivated by the abovementioned challenges, in this work, a modified TEM distiller
is proposed, where the TEM is considered as a primary element such that both hot and
cold sides are utilized in the evaporation and condensation stages. The main objective
of this work is to improve the productivity of the TEM distiller through different design
modifications summarized as follows:

1. The main contribution is the modified thermoelectric design. This new design includes
adding a heat sink with a fan to the distiller cold tank outer face to attenuate the
heat effect from the system. This facilitates controlling the temperature of the distiller
cold tank.

2. Proposing a closed loop feedback control method where the output performance is
compared with standard open loop control methods.

3. Proposing and implementing two feedback control systems, PID and MPC controllers,
to control the operation of the thermoelectric distiller by manipulating the rotational
speed of the fan and the TEM input voltage in the MPC case. The proposed control
strategy successfully handles various unknown disturbances keeping the system at
the desired operating conditions.

4. Additionally, an inclined cover of the thermoelectric distiller has been introduced to
facilitate the collection of condensed drops of distilled water.
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2. System Description

In this section, the proposed system parts and working principles are illustrated. Main
distiller design modifications will be presented, followed by the mathematical model of
the system, which consists mainly of energy and heat balance equations. Finally both
steady-state and dynamic thermal model is derived.

2.1. The Proposed Thermoelectric Distiller Design

The proposed design of the thermoelectric module distiller (TEMD) uses the hot side
of the thermoelectric module (TEM) to heat the water to the boiling point. The cold side
is used to condensate the vapor and to recover a part of the vapor’s latent heat to the hot
side for reusing it. Figure 1 shows the main parts of the TEMD, which are two separate
(casted aluminum) tanks, hot and cold tanks (9 × 5 × 5 cm each tank), a cover, and two
TEM modules. The right tank includes hot water (saline water), and the left tank is for
distilled water. The two TEMs are sandwiched between these two tanks in parallel. The
condensed water in the cold tank loses a part of its latent heat to be pumped back to the
hot tank by TEM. As a result, the waste energy will be reduced. However, heat losses occur
in the hot and cold tanks to the surroundings, and vapor escapes from the vent when the
distiller pressure increases. So, to keep the system in steady, a heat sink with a cooling fan
is used to increase cooling and prevent water vapor from accumulating inside the system
by condensing it and avoiding any vapor losses. The heat sink is fixed on the top of the
cover over the cold tank. The fan is mounted above the heat sink. The primary function of
the fan and the heat sink is to get rid of the excessive amount of energy to keep the process
in a balanced state with maximum productivity.

The saline water tank is piped with the hot tank from both bottoms. This connection
decreases heat loss because hot water has a lower density than cold water. As a result,
the hot water will not flow through the pipe, minimizing heat losses. On the other hand,
controlling the water level in the hot tank will be easily obtained by controlling the water
level in the saline water tank. The water level is very low in the cold tank, and the
condensed water film will cover the inside walls. The cold tank is attached to a U-shaped
pipe to prevent the vapor from escaping from the tank while allowing only the distilled
water to leave. A vent through the cover of the distiller is connected with a long pipe. This
arrangement is required to keep the inside pressure near the atmospheric pressure and to
prevent vapor accumulation in the hot tank.
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In this section, a mathematical model of the proposed system is derived. A similar
model was validated in [15]. This model represents energy balance, mass balance, and heat
transfer equations. The thermal model can be simplified into three main areas: the TEM
model, the hot tank model, and the cold tank model, as shown in Figure 2.
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The first thermal zone is TEM. The TEM model is given in [18,19]. Since we have
an n number of the TEMs connected thermally in parallel, and electrically in series, the
equations will be as follows:

Qh = n
[

αITh − k∆T +
1
2

I2R
]

(1)

Qc = n
[

αITc − k∆T − 1
2

I2R
]

(2)

V =
IR
n

+ α∆T (3)

where Qh and Qc are, respectively, the heat flow rate to the hot side and the heat flow rate
entering from the cold side of the thermoelectric module. α is the Seebeck coefficient, R
is the electric resistance, k is the thermal conductance of the thermoelectric module, and
∆T = Th – Tc. The thermoelectric module type used is TEC1-19908, and its character-
istics are validated experimentally by applying a simple least square fitting procedure
for collected voltage, current, and temperature readings as in Equation (3). The TEM
characteristics are α ∼= 0.088 V/K, R ∼= 2.38 Ω, and k ∼= 0.8889 W/K.

The second thermal zone is for the hot tank. Heat convection from the hot side of TEM
to the water inside the hot tank is found using Equation (4), and heat loss from the water in
the hot tank to the surroundings is found in Equation (5):

Qh =
Th − Twh

Rh
(4)

QH,loss =
Twh − Tamp

Rout
(5)

The resultant dynamic energy balance equation is:

Qh − QH,loss −
.

mv,losshv +
.

mwinhwin −
.

mvhv =
dTwh

dt
VwhρwhCp (6)

The related steady energy balance equation is:

Qh − QH,loss −
.

mv,losshv +
.

mwinhwin −
.

mvhv = 0 (7)

The vapor loss due to the vent and the corresponding vapor energy loss are given in
the following equation:

.
mv,loss =

.
mv −

.
mcond (8)

The third thermal zone is the cold tank volume. Equation (9) represents the convection
heat transfer from the cold side of TEM to the condensed water film that covers the cold
tank walls. Equations (10) and (11) formulate heat loss from the vapor and the condensed
water film to the surroundings. For simplification, the thermal resistance is assumed to be
the same for both losses.

Qc =
Twc − Tc

Rc
(9)

QC,loss =
Twc − Tamp

Rout
(10)

QV,loss =
Tv − Tamp

Rout
(11)

Equation (12) represents the dynamic heat balance in the cold tank, which can be used
to find the condensation mass flow rate.

.
mcondhv − Qc − QC,loss − QV,loss −

.
mcondhcond =

dTwc

dt
VcρcCp (12)
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Equation (13) represents the steady-state heat balance.

.
mcondhv − Qc − QC,loss − QVloss −

.
mcondhcond = 0 (13)

Note that the Rout in the cold tank depends on the fan rotational speed.

(A) To simplify the model, the following assumptions were used:
(B) Tv = 98 ◦C while boiling.
(C)

.
mv =

.
mwin in the hot tank.

(D) The distiller pressure is equal to the atmospheric pressure due to the small vent in
the design.

(E) The thermal heat transfer resistances Rh, Rc, and Rout are constants.

Vapor loss can be calculated by
.

mv,losses =
.

mv −
.

mcond, and it is found experimentally,
where

.
mv,losses = 5%

.
mv.

The system coefficient of performance can be calculated using the following equations:

COPh =
Qh
Pin

= COPc + 1 (14)

COPc =
Qc

Pin
(15)

Pin = I ∗ V (16)

The distiller mathematical model shows a strong relation between the fan and TEM’s
input currents and the system states. The following section discusses developing a con-
trol system that manipulates the voltage inputs for both the fan and TEM for obtaining
better productivity.

3. Control System Description and the Model Identification

In this section, different control methodologies are proposed. Some of the methodolo-
gies are not suitable with the proposed system and others are too complicated. Then, the
usage of two controller types are discussed.

3.1. The Power Circuit of TEMD System

The TEMD hardware consists of the hot tank, cold tank, saline water tank, and cover.
All of these are cast aluminum, except the saline tank, which is made from a 1.0 mm
galvanized steel sheet. Aluminum has high thermal conductivity and can help to cool the
cold tank. On the other side, insulation means are needed on the hot tank to reduce energy
losses. Figure 3 shows the schematic diagram of the TEMD as an electrothermal system.
The electrical components are 24 VDC power supply generated by a photovoltaic system, a
12 buck converter, 2 PWM drivers, two TEMs, and two thermocouples with a MAX 6675
interface. The Arduino Mega is used to control the process, and it is connected to a PC
and programmed with Simulink and MATLAB. The data are collected by using Simulink
software. The TEM input voltage is set constant at 14 VDC with the PID controller, and the
MPC controller controls its value, as will be discussed in the next section. The fan voltage
is the controller command in both PID and MPC controllers. The fan is used to cool the
cold side of the TEMD.
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3.2. Control Methodology

Previous work has tackled driving the thermoelectric distiller in open loop control [15].
This paper proposes two principal control methodologies: open loop and closed loop con-
trol. With an open loop, two cases are conducted, the first case is running the thermoelectric
distiller without a cooling fan, and this case is like the previous work done in [15]. This
open loop case showed that the vapor production rate is higher than the condensation rate;
this main drawback led to increased vapor pressure in the distiller. The second open loop
case has the cooling fan at full speed by setting the highest input voltage to the fan motor.
In both open loop systems, the TEM’s voltage is set constant such that the PWM voltage
source is set to 14 VDC. In the results section, these open loop cases will be compared with
proposed closed loop methodologies.

The second principal methodology is a closed loop system. This paper proposes closed
loop control to drive the thermoelectric based water distillation process and guarantee
maximum productivity. This target can be achieved by keeping the system balanced by
having the water evaporation rate equal to the water condensation rate, so that the vapor
loss will be minimized, and, as a result, the lost energy will be minimized. Since the vapor
production rate is more than the condensation rate, an external cooling device is needed
to keep the system balanced. This work adds a fan and heat sink to the TEMD system.
The fan will run to minimize the extra vapor produced and keep the system balanced at
a high heat recovery state. It was realized that when the fan runs at full rotational speed,
more heat will be removed from the system, which will decrease the recovered energy by
TEM to the hot tank. At this point, using a fan at full rotational speed will drop the system
efficiency. On the other hand, if the fan is stopped, more vapors will be accumulated, and
the vapor will escape from the system vent having more energy loss (the open loop case).
So, it should be an optimum operating point in the middle with a certain value of the fan
speed with maximum productivity and minimized energy losses.

Three proposed closed loop strategies may possibly be used for obtaining maximum
productivity, as follows:

1. The first one is keeping a constant voltage for the TEM and controlling the fan
rotational speed based on the pressure inside the system with no vapor vent. So, if
the vapor production increases, the pressure will rise accordingly, and the controller
will increase the fan speed to reduce the vapor and the pressure. This method was
experimentally found to be difficult since the distiller vapor pressure value varies
rapidly, and it requires to keep the system working at the equilibrium point by
controlling the system’s input and output water flows. This control approach is similar
to the steam power plant control system. Therefore, this method is not considered in
this research.
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2. The second methodology considers the TEM cold side temperature Tc as a feedback
signal and the fan input voltage as a control command, while keeping the vent open
with constant voltage at the TEM input. The controller’s response is simplified into
two steps: 1—TEM cold side temperature increases, and more vapor will be generated
in the TEMD. 2—Then the controller will increase the fan speed to condense more
vapor and keep the system at a stable Tc operating point, sustaining lower pressure
and decreasing the vapor losses. Experimentally the TEM cold side temperature
indicates the amount of vapor inside the system. However, the energy harvested from
the vapor’s latent heat will decrease if the fan’s rotational speed is increased. A PID
controller is implemented with this strategy and compared with the third one. The
optimum value of the fan’s rotational speed will be discussed in the results section.

3. The third control methodology considers more input signals Tc and Th, compared with
the second strategy, which uses only Tc. The third strategy deals with two control
commands: the fan and TEM voltages. So, the system will be a multi-input and
multi-output system. The controller will drive the system using a well-known control
method called Model Predictive Control (MPC). Using a predefined mathematical
model, this method predicts the system’s behavior with the control commands. So,
the controller will generate the optimum control commands that perform the best
dynamic responses from studying the system’s mathematical model. This third
method is implemented and compared with the second control methodology.

3.3. PID and MPC Control System Schematic Diagrams

Figure 4 shows the schematic diagram of the suggested control system with a PID
Controller. The PID controller is a common and a famous controller type, where the error
signal e is derived as in Equation (17); then, the control command u, current or voltage
in our case, is calculated using Equation (18). Three terms are used in this controller
(proportional, integral, and derivative terms), and three parameters (kp, ki, and kd) have to
be tuned appropriately. PID controller tuning can be implemented by software once the
system’s mathematical model is given. The system model is found experimentally, and
will be discussed in the following subsection. In the PID controller case, the distiller has
two inputs: the TEM input voltage and the fan input voltage. The TEM voltage is set to
be a constant. The PID controller manipulates the fan voltage to keep the Tc at the desired
value Tcd .

e = Tcd − Tc (17)

u = e ∗ kp + ki ∗
∫

e dt + kd
de
dt

(18)
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Figure 5 shows the schematic diagram of the suggested control system with the MPC
controller. In the case of the MPC controller, the distiller has two inputs: the TEM input
voltage and the fan input voltage. Temperature sensors send the feedback to the controller,
and both of them are manipulated by the controller. The MPC controller is an optimal
controller type [19]. MPC predicts the system dynamics for a finite length of time, called
a prediction horizon. The system model is required and found experimentally, as will be
discussed in the following subsection. Using the control command u, MPC minimizes a
quadratic cost function J as shown in Equation (19).

J = ∑n
i=1 wxi(ri − xi)

2 + ∑n
i=1 wuiu2

i (19)

where wxi is the system state weight.
ri are the desired values, in our case Tcd and Thd

.
xi are the system states, in our case Tc and Th.
wui are the weights of the control commands.
ui are the system control commands, in our case the TEM and fan voltages.
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3.4. System Identification: MPC and PID Controller Tuning

A properly identified TEMD model is crucial for tuning the PID and MPC controllers.
TEMD model is complicated since the heat transfer coefficients are functions of steam
pressure inside the system. One easy method to simplify this model is using MATLAB
identification tools that give an approximated model around the operating points. The
identification method starts with running the model in open loop and collecting the output
values accordingly during a specific time interval. Since the TEMD system has two inputs
(TEM voltage and fan voltage) and two outputs (Th and Tc), this control system can be
considered a multi-input multi-output (MIMO) system. The curves of input voltages and
output temperatures of this system are shown in Figure 6.
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Figure 6. The open loop system temperature responses based on the manually adjusted
input voltages.

It is noted that, at the beginning when switching the system on, the Tc will decrease
slightly due to the Seebeck effect. Then after a short time, Th will increase, and the Tc will
increase accordingly while keeping a temperature difference.

These results are used in the identification toolbox in MATLAB with command N4SID
to have the best approximated discrete state-space model in Equations (20) and (21). The
identified model was found with sample time equaling 1 s and A, B, C, and D matrices
as shown below. The identified model is a 95% fit with a final prediction error (FPE) of
0.01427 and a mean squared Error (MSE) of 0.2683. These values indicate that this model
is accepted.

x(t + Ts) = Ax(t) + Bu(t) (20)

y(t) = Cx(t) + Du(t) (21)

where x = [Th, Tc]′ and u =
[
VTEM, Vf an

]
′.

A =

[
0.984 0.0153

0.0041 0.9958

]
, B =

[
0.051 −0.0107

−0.0073 −0.00264

]
, C =

[
1 0
0 1

]
, D =

[
0 0
0 0

]

The values of tuning parameters for PID controller are found to be KP = 4.05,
KI = 0.00024, and KD = 1.0494. The PID controller has a limited range of voltage equal
[0–12] VDC with the clamping anti-wind up method. In addition, this model is fed into the
MPC toolbox in MATLAB.

4. Experimental Results

This section discusses the results of the open loop and closed loop control strategies,
suggests optimal operating conditions found experimentally, and compares the experimen-
tal results of the closed loop strategies (PID and MPC), including the system dynamics with
both PID and MPC controllers.

4.1. Open Loop Experimental Results

Two open loop cases were discussed in previous sections; the first case is running the
distiller without a cooling fan, and the experimental results show system productivity equal
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to 120 mL/h of purified water. The results of the second open loop case with maximum
fan speed show 125 mL/h purified water productivity. Both cases have approximately low
production rates and low productivity to power ratios, as shown in Table 1. The explanation
for this decrease in productivity is due to water loss in the vent in case 1, and the increase
of energy loss with the fan in case 2. For more details, refer to Section 3.2.

Table 1. Experimental results.

TEM PWM
Voltage
(Volt)

24 VDC Power
Supply

Current (Amp)

TEM
Power
(Watt)

TDS (ppm) Th
(◦C)

Tc (◦C)
Productivity

(ml/h)

Production
to Power

Ratio
(ml/(W·h))

Fan Operation
(Set Point for

Controlled
Cases)

14.2 5.78 138.72 54 110 67.5 * 125 0.9
Full power
(open loop

case 2)
14 5.81 139.44 62 111 72.5 157.9 1.13

by closed loop
feedback
controller

14 5.85 140.4 68 111 74 150 1.07
14 5.84 140.16 70 111 74 166.7 1.19
14 5.85 140.4 74 111.5 78 176.5 1.26
14 5.8 139.2 75 112.3 82 187.5 1.35
14 6.08 145.92 83 112 84 166.7 1.14
14 5.97 143.28 115 111 84 187.5 1.31

14 5.88 141.12 180 112 89 * 120 0.85 Off (open loop
case 1)

* Without control (open loop).

4.2. Closed Loop Optimum Operating Conditions

The approach used in this paper is to find the optimal operating point experimentally
and then compare the two proposed closed loop control strategies. Consequently, many
experimental tests were performed to find the relation between the system productivity
and operating conditions Tc and Th. Table 1 shows the experimental results with different
Tc set points. Compared to previous work [14], the productivity to power ratio is decreased
because of the heat loss in the electronic devices and PWM drivers. That causes transistors
to consume extra heat loss due to the high frequency switching with the PWM method.

The productivity to power ratio varies with respect to Tc as shown in Figure 7. The
best production to power ratio is at set point Tc = 80 ◦C. Th mainly depends on the hot
water temperature in the hot tank, and since it is constant (equal to 98 ◦C), there are no
major changes in Th. The behavior of the system can be illustrated as follows: low Tc
id caused by the high cooling from the fan, so the system will lose more energy and the
evaporation rate will decrease. On the other hand, high Tc means low cooling from the
fan; the vapor will accumulate due to the weakened condensation rate, and then vapor
losses will increase via the vent, which will reduce productivity. As shown in Table 1, the
optimum production to power ratio is at Tc = 82 °C, which is 150% more compared to open
loop operating conditions: (1) fan switched off and (2) full fan power.

In summary, water productivity in the proposed operating conditions with closed loop
control is higher than the value of the open loop thermoelectric distiller. This shows that the
control of the TEM cold side temperature plays an important role in thermoelectric efficiency
and productivity. The resultant specific energy consumption (SEC) at the max productivity
is equal to 742 kWh/m3. Note that the best operating conditions found experimentally are
not fixed, and they may vary if the distiller design changes. The max productivity rate to
power ratio is 1.35 mL/(W·h) compared with 0.49 mL/(W·h) by previous thermoelectric
based distiller proposed in [13].
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4.3. Testing PID Controller

The PID controller is added to the system then the system is closed loop operated.
Figure 8 shows the system response with the proposed PID controller, where the settling
time is 20 min. This controller is used to regulate the system in the desired operating
conditions, in this case keeping Tc at 80 ◦C.
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4.4. Comparing PID with MPC Controllers

The model predictive controller (MPC) is a multi-input and multi-output controller
that can, in this case, send two control commands: the TEM input voltage and fan input
voltage for regulating the two outputs, Th and Tc values. This control approach is compared
with the well-tuned PID controller, and the results were found as shown in Figure 9. The
MPC shows faster system performance with less settling time. This result was expected
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since the MPC controller controls the TEM voltage and the fan speed, compared with only
controlling the fan speed with PID controller.
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Figure 9. TEMD dynamic performance with the PID and MPC controllers.

The operating conditions of the modified design were determined experimentally by
studying the effect of varying the cold and hot side temperatures on the system’s produc-
tivity. Two control methodologies were proposed, PID and MPC, and both strategies were
used to keep the system working at specified operating conditions. First, the system model
around the operating point is determined experimentally, and then the PID and the MPC
controllers are adjusted based on this model. The effect of the added design modifications
on the thermoelectric distiller design is clear. The total collected distilled water during
20 min from the previous design thermoelectric distiller was 0.85 mL/(W·h) [13], and the
total collected distilled water from the modified thermoelectric distiller was 1.35 mL/(W·h).
The MPC controller leads to better dynamic performance than the PID controller.

5. Conclusions

The performance of a novel design of a thermoelectric distiller is investigated. The
design modifications include the addition of an inclined cover of the thermoelectric module,
a heat sink with a controlled cooling fan, using two feedback control systems with PID
and MPC controllers, and the suggestion of a special control strategy to handle various
disturbances and variables to keep the system in a steady state at the desired operating
conditions. Different operating conditions are investigated to find the best performance
with the highest pure water productivity. In this work, the mathematical model of the
proposed distiller is derived. A comparison between PID and MPC controllers with
different operating conditions is conducted. The system with the MPC controller has better
dynamic performance than the system with PID controller. Experimentation results show
that a thermoelectric module with the proposed design and operating conditions, for both
cases with MPC and PID controllers, increase productivity by up to 150%, compared with
the open loop thermoelectric distiller. This increase is obtained at the optimum operating
conditions because of increasing the heat recovery and vapor productivity and decreasing
the vapor loss in the vent. The results show higher productivity with less water losses
compared with previous thermoelectric distillers.
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Nomenclature

Symbol Description
α The Seebeck effect coefficient (V/K)
Cp The heat capacity of the water (kJ/(kg·K))
COPh Coefficient of performance for heating process in the TEM
COPc Coefficient of performance for cooling process in the TEM
∆T Th − Tc(K)
hv Enthalpy of the vapor (kJ/kg)
hcond Enthalpy of the output water at 45 ◦C (kJ/kg)
h f g The latent heat of the boiled water (kJ/kg)
hwin Enthalpy of the inlet water at 25 ◦C (kJ/kg)
I The TEM inlet current. (A)
Kp PID controller proportional gain
Kd PID controller derivative gain
Ki PID controller integral gain
k Thermal conductivity of the TEM (W/K)
.

mwin The mass flow rate of the inlet water. (kg/s)
.

mv The mass flow rate of the produced vapor (kg/s)
.

mcond The mass flow rate of the produced water (condensation) (kg/s)
mhw The total water mass in the hot tank (kg)
.

mv,losses Vapor loss flow rate outside the tanks from the vent (kg/s)
n The number of TEM connected in parallel
Powerin The electrical power consumed by the TEMD = I ∗ V(W)
Pin Electrical power input to TEMs (W)
Qc Heat flux of the TEM cold side (W)
Qh Heat flux of the TEM hot side (W)
Qloss Heat losses from the hot or the cold tank to surroundings
Rc Thermal resistance between the TEM cold side and the vapor (K/W)
Rh Thermal resistance between the TEM hot side and the hot tank water (K/W)
R The TEM electrical resistance (Ω)
Rout The thermal resistance between the system and the environment (K/W)
ρwh Hot water density
ρc Condensate water density
Th TEM hot side temperature (K)
Tc TEM cold side temperature (K)
Twh Temperature of the water in the hot tank (K)
Tv Temperature of the vapor (K)
Twc Temperature of the water in the cold tank (K)
Tatm Temperature of the surrounded environment (25 ◦C)
TDS Total dissolved solids (ppm)
V The voltage source value (V)
Vc Condensate water drops covers inside of the cold tank wall.
Vwh Hot water volume inside of the hot tank.
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Abbreviations

Symbol Description
A Amber
◦C Degree Celsius
MPC Model predictive controller
MIMO Multi-input multi-output system
PID Proportional integral derivative controller
PWM Pulse-width modulation
ppm Part per million
TEM Thermoelectric module
TDS Total dissolved solids
TEMD Thermoelectric module-based distiller
VDC DC voltage
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