IIMmedia TECHNISCHE UNIVERSITAT

ILMENAU

Jaziri, Nesrine; Boughamoura, Ayda; Mdlller, Jens; Mezghani, Brahim;
Tounsi, Fares; Ismail, Mohammed:

A comprehensive review of thermoelectric generators: technologies and
common applications

Original published in: Energy reports. - Amsterdam [u.a.] : Elsevier. - 6 (2020), Supplement 7,
p. 264-287.

Original published: 2019-12-24

ISSN: 2352-4847

DOl: 10.1016/j.egyr.2019.12.011

[Visited: 2021-02-22]

@ This work is licensed under a Creative Commons Attribution 4.0
@ International license. To view a copy of this license, visit
https://creativecommons.org/licenses/by/4.0/

TU llmenau | Universitatsbibliothek | ilmedia, 2021
http://www.tu-ilmenau.de/iimedia



http://www.tu-ilmenau.de/ilmedia
https://doi.org/10.1016/j.egyr.2019.12.011
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Energy Reports 6 (2020) 264-287

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Review article

A comprehensive review of Thermoelectric Generators: Technologies )

Check for

and common applications

Nesrine Jaziri **“*, Ayda Boughamoura ¢, Jens Miiller °, Brahim Mezghani ?, Fares Tounsi?,
Mohammed Ismail ¢

@ Micro Electro Thermal Systems (METS) Group, Ecole Nationale d’Ingénieurs de Sfax (ENIS), Université de Sfax, 3038, Sfax, Tunisia

b Electronics Technology Group, Institute of Micro and Nanotechnologies MacroNano, Technische Universitit llmenau,

Germany, Gustav-Kirchhoff-StrafSe 1, 98693, llmenau, Germany

¢ Université de Sousse, Ecole Nationale d’Ingénieurs de Sousse, 4023, Sousse, Tunisia

d Université de Monastir, Ecole Nationale d’Ingénieurs de Monastir (ENIM), Laboratoire d’Etude des Systémes Thermiques et Energétiques
(LESTE), LR99ES31, 5019, Monastir, Tunisia

€ Department of Electrical and Computer Engineering, College of Engineering, Wayne State University, Detroit, MI48202, USA

ARTICLE INFO ABSTRACT

Article history: Power costs increasing, environmental pollution and global warming are issues that we are dealing
Received 18 July 2019 with in the present time. To reduce their effects, scientists are focusing on improving energy
Received in revised form 7 December 2019 harvesting-based power generators. Thermoelectric generators (TEGs) have demonstrated their ability

Accepted 10 December 2019

: : to directly convert thermal energy into an electrical one via the Seebeck effect. Also, they are
Available online 24 December 2019

environmentally friendly because they do not contain chemical products, they operate silently because

Keywords: they do not have mechanical structures and/or moving parts, and they can be fabricated on many
Thermoelectric generator types of substrates like silicon, polymers, and ceramics. Furthermore, TEGs are position-independent,
MEMS/LTCC technologies present a long operating lifetime and are suitable for integration into bulk and flexible devices.
w;;r:ble devices This paper presents in-depth analysis of TEGs, starting by an extensive description of their working

principle, types (planar, vertical and mixed), used materials, figure of merit, improvement techniques

\B/IEO}E Tslgslgme including different thermoelectric materials arrangement (conventional, segmented and cascaded),
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adverse effects on atmospheric pollution and global warming.
Nevertheless, according to the US Energy Information Administra-
tion (EIA), electricity generated from power plants using natural
gas was increasing every year with 28% in 2014, 35% in 2018 and
36% in 2019 (U.E.I. Administration, 2018). Furthermore, the world
consumption and production of liquid fuels increased from 94
million barrels per day in mid-2014 to 100 million in mid-2018,
which is leading to an ever-increasing energy cost. To cope with
this global growth in the consumption of fossil fuels, quite expen-
sive and polluting, other forms of environment-friendly energies
arose in the last decades. Indeed, Nicolas Tesla once said: “Electric
power is everywhere present in unlimited quantities and can drive
the world’s machinery without the need of coal, oil, gas or any other
of the common fuels”. This quote anticipates the current new trend
of harvesting natural energy from the environment to provide
unlimited, sustainable, green and cheap electrical power. Nowa-
days the growing interest in using renewable energy, that can
be scavenged from several natural abandoned sources such as RF
radiation, thermal, solar, vibratory/mechanical energy, etc., and
converting it into electrical one to supply the world’s electronic
devices and machinery, is growing exponentially.

Thermal energy is one of the abundantly available energies
that could be found in many sectors like in operating electronic
devices (integrated circuits, phones, computers, etc.), running
vehicles, in-door buildings, and even in human body (in-vivo).
Thermoelectric generators (TEGs) are active devices that consist
of converting thermal energy into electrical one (Proto et al.,
2018). TEGs are made of dissimilar thermocouples, based on
the Seebeck effect, connected electrically in series and thermally
in parallel. TEGs are widely used in many fields due to their
attractive features, such as energy efficiency, free maintenance
and long lifetime. Throughout the last years, they have become an
area of interest in the field of energy harvesting for large and even
small types of applications, depending on size, delivered power
and used materials.

In this paper, we will present a comprehensive state of the art
of TEGs. This paper differs from other reviewing papers (Siddique
et al, 2017; Patil et al., 2018) in presenting the different types
(planar, vertical and mixed) and technologies (silicon, ceramics,
and polymers) of TEGs. We will also investigate the latest ther-
moelectric materials and keys for generating high-efficient power
factor with the different TE materials arrangement (conventional,
segmented and cascaded). Furthermore, we will present the use
of TEGs in high and low-power applications (medical, wear-
able, IoT, WSN, industrial electronics, automobiles and aerospace
applications).

2. Thermoelectric generators basis

Thermoelectric generators are based on the Seebeck effect
and are commonly used to convert thermal energy into an elec-
trical one. TEGs provide many advantages such as design sim-
plicity, the absence of moving parts, long lifetime, unnecessary
maintenance and environmental friendliness (does not contain
chemical products). TEGs are usually made of many connected
thermopiles in order to increase the output power (Leonov et al.,,
2007; Markowski, 2016). Each thermopile is made of many ther-
mocouples (TCs) connected electrically in series and thermally in
parallel (Fig. 1a). The thermocouple is made with two different
materials, having an opposite Seebeck coefficient, joined at their
ends. Due to Seebeck effect, the appearance of a temperature
gradient, AT = Thor — Tcold, between the two TCs ends, generates
an electric voltage expressed as (Yang et al., 2013; Pasquale,
2013):

Vout = Naap AT (1

where N is the number of connected thermocouples, app is the
Seebeck coefficients of the two joined materials A and B forming
the thermocouple (a¢pg = @a — ag). When the TCs are connected
electrically in series, the total internal resistance is proportional
to their number N. So, even though a high number of TCs will
increase the voltage delivered by the TEGs, its impact on the
internal resistance is adverse (Fig. 1b). Indeed, the increases of
series connected TCs number will lead to a rise of the TEG's
internal resistance which is expressed as (Wang et al., 2013):

L L L
Rige = N IOAA+IOBB+2)OCC )
Sa Sg Sc

where pa, pg and pc are, respectively, the electrical resistivity
of the materials A, B and the metallic contact. Ly and Ly are the
thermocouple arms lengths crossed by the heat flow, and L is
the contact length. Sy, Sg and S¢ are, respectively, the A and B
thermocouples and contacts cross-sectional areas. The delivered
output power of the generator is given by:

RL
(Rreg + Rp)?
where R_ and Rygg are, respectively, the external load and the
internal resistances (Fig. 1b). If the load resistance is matching
the internal TEG’s resistance, Rrgg, the maximum output power
is expressed as:

VZ

Pmax = —2& 4
max 4RTEG ( )

P=V?

— Yout

(3)

2.1. Main design approaches

There are three design approaches of TEGs which differs ac-
cording to the thermocouples’ arrangement on the substrate re-
garding the heat flow direction (Glatz et al., 2009), which are: (i)
Lateral heat flow, lateral TCs arrangement; (ii) Vertical heat flow,
vertical TCs arrangement; and (iii) Vertical heat flow, lateral TCs
arrangement.

The first TEG design uses a lateral TCs arrangement to convert
a lateral heat flow, Q;-Q.. In this design, called also planar TEG,
thermocouples are printed, patterned or deposited on the sub-
strate surface (Fig. 2a). The main advantage of this approach lies
in its ability to manipulate the thickness and the length of each
thermocouple arm combined to its suitability with thin film de-
position, which allows creating thinner and longer thermocouples
compared to other types (Glatz et al., 2009; Kao et al., 2010; Qing
et al,, 2018). Besides, this arrangement increases the thermal re-
sistance of the thermoelements compared to other TEGs designs
because of using lengthy TCs arms which leads to a temperature
gradient increasing along these latter, and eventually an output
voltage rising.

The second TEG design, i.e. vertical TEG, is made of TCs ar-
ranged vertically between the heat source and the heat sink
(Fig. 2b) (Aravind et al., 2018). Thus, the heat is flowing vertically
along the thermoelement arms and the substrates. This arrange-
ment is similar to the Peltier-based module for refrigeration. This
kind of TEGs provides high integration density, and is the most
commercialized because of its simplicity, high TCs integration,
and high output voltage (Leonov, 2013).

The last TEG design, referred to as mixed, is made by TCs
mounted laterally on the substrate, while the heat flows vertically
(Fig. 2c) (Sawires et al., 2018; Yan et al., 2019; Huu et al., 2018).
The vertical heat transfer was instigated through the integration
of micro-cavities into the substrate, located under the thermocou-
ple arms (Ziouche et al., 2017). This technique could be achieved
in silicon when using CMOS standard technology, or by a lift-
off process in polyimide/polymer-based flexible foil. This latter
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Fig. 1. Typical thermoelectric generator: (a) Basic principle, (b) Equivalent electrical circuit.

consists of creating a wavy form in the substrate containing the
patterned thermocouples (Hasebe et al., 2004). The second and
the third TEG designs should include two extra plates/substrates
placed above and beyond the hot and cold sides of the module. In
this case, the thermal conductivity of the substrate will influence
the temperature difference of the module especially when it is
much lower than that of thermocouples. This will decrease the
temperature difference between the TC arms. The temperature
difference between the thermocouples is changed as (Sawires
et al,, 2018):

Ore A
Ore + Op + 6

where, ATtgg is the temperature difference between the two sub-
strates, and 6y, 6, and 0. are respectively the thermal resistances
of the thermocouples, the hot and the cold plates.

AT = Trec (5)

2.2. Fabrication technologies

TEGs could be fabricated using different kinds of technolo-
gies, using a variety of fabrication methods, on different hosting
substrate materials, such as:

- Silicon technology (with CMOS-IC or CMOS-MEMS technolo-
gies) (Yang et al., 2013; Kao et al., 2010; Ziouche et al., 2017; Chen
et al.,, 2018), serves to create small-scale generators (dimensions
in the order of micro- to nano-meters) (Fig. 3). Both compatible
(such as N- and P-type polycrystalline silicon, poly-SiGe and
recently silicon nanowires (SiNW) (Li et al., 2011b; Zhang et al.,
2018)) and non-compatible CMOS materials like Bi-Sb-Te alloy
(Li et al., 2003; Nurnus, 2007; Volklein and Megier, 2006; Volklein
et al,, 1999) have been used for the fabrication of the TC arms.
CMOS technology allows also the creation of micro-cavities in
the silicon substrate to prevent heat dissipation under the hot
junctions as shown in Fig. 3 (Chen et al,, 2018; Ziouche et al,,
2017).

- Alumina (Al,03)- and Low-Temperature Co-fired Ceramic
(LTCC)-based technologies allow creating a multilayered approach
for high-density TEGs (Markowski, 2016; Markowski and Dziedzic,
2008; Markowski et al., 2008; Markowski, 2011, 2014). Indeed,
exploiting ceramics technology in TEG’s fabrication will be advan-
tageous thanks to its multilayered deposition capability, simplic-
ity, low-cost, time effectiveness and good resistance in harsh en-
vironments, like in high temperatures, gazes, and stresses (Thele-
mann et al., 2002; Gongora-Rubio et al., 2001; Gierth et al., 2018).
In ceramic-based technologies, thermocouples could be fabri-
cated using thick (Markowski and Dziedzic, 2008; Markowski,
2014, 2011, 2016), thin (Markowski et al.,, 2015) and mixed
(thick/thin) (Markowsi et al., 2009; Gierczak et al., 2017, 2018)
deposition techniques. Thick film-based thermocouples are fabri-
cated using a screen-printing technique with plenty of different
material pastes such as Ag, PdAg, Ni, Pt, Al, W, and Pd. Thin

films are fabricated using various deposition techniques from
the microelectronic industry using metals and semiconductor
materials like Germanium-based compositions (Markowsi et al.,
2009; Markowski et al., 2015), and group IlI-Nitride alloys like
Aluminum Nitride (AIN) and Gallium Nitride (GaN) (Manuel et al.,
2018; Jiménez et al., 2019). Thin-film, on ceramic, based semi-
conductor materials present a high Seebeck coefficient but they
also present very high electrical resistivity. Furthermore, ceramic
substrates possess low thermal conductivity compared to sili-
con ones, about 3.3 W/K.m for the DP951 green tape, which
provides an important thermal resistance of the ceramic-based
generator. This leads thereafter to a high-temperature gradient
along the LTCC-based TEG and results in a significant output
voltage. Ceramic based substrates are most suitable for lateral
TEG’s design (Fig. 4a) to decrease heat transfer between the TC
arms and obtain a higher temperature difference between the
hot and cold junctions. For vertical TEG’s design, this technology
could be presented by fabricating the TC arms vertically along
the substrate by punching several vias in the substrate and
filling them with conductive paste in order to obtain vertical TCs
arrangement (Fig. 4b) (Markowski and Dziedzic, 2008).
- Polymers—( Fig. 5a) (Huu et al,, 2018; Hasebe et al., 2004;
Suarez et al,, 2017b), polyimide—(PI)
(Fig. 5b) (Park et al., 2017), even cellulose fibers-based (Fig. 5¢)
(Zhu et al., 2018), and Fabric (Fig. 5d) (Elmoughni et al., 2019)
substrates are the most appropriate for creating flexible TEGs
(f-TEGs) for wearable applications. The used techniques include
screen-printing for thick films, and electro-deposition, sputtering
or evaporation for thin films fabrication.

Table 1 summarizes the latest TEG structures, types and out-
put parameters when using different technologies, substrates,
and materials.

2.3. Figure of merit and thermocouples arrangement

Many conductive and semiconductor materials are used in
thermocouples fabrication. However, it is necessary to carefully
choose among these materials to obtain better electrical perfor-
mances, i.e. high output voltage, low internal electrical resistance,
and high electrical power. The appropriateness of a thermoelec-
tric (TE) material is evaluated through its figure of merit, Z,
reflecting its quality factor, and is expressed as:

Ol2

o

where «, p and A are respectively the Seebeck coefficient [V/K],
the electrical resistivity [€2 m] and the thermal conductivity
[W/(K m)] of the material. The figure of merit allows knowing
the efficiency of a thermoelectric material during the conversion
of the heat into electricity. However, the higher this factor is, the

Z (6)
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Fig. 2. Different TEGs designs: (a) Planar, (b) Vertical, and (c) Mixed.

heat flow more the material is efficient. Furthermore, the figure of merit is a

ag temperature-dependent and each material present its high figure

~
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of merit in a certain range of temperature. For one TE material,
the dimensionless figure of merit is expressed as (Kim et al., 2015;
‘ Snyder and Snyder, 2017):

hot part
cold part j///////////}}/////% cold part 052
IT=—T (7)
L PA
heat o where T is the absolute temperature of the material [K]. For a TE
dissipation dissipation couple composed of A and B materials, the dimensionless figure
of merit is defined as (Simon, 1961; Goldsmid et al., 1985):
2
o
(ZT)pg = AB T (8)
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Fig. 3. Cross-section schematic illustration of a mixed TEG with N- and P-
types polysilicon thermocouples fabricated with CMOS technology showing a
suspended hot part (Chen et al.,, 2018).

(2)

Connector /

generator can be formulated as (Thielen et al., 2017):
(Noag)?

RrecKreg

(ZT g = (9)

where Kigg is the thermal conductance of the generator and
Rrec is the internal electrical resistance. The energy conversion

Arm B
(b)

Arm A

Fig. 4. LTCC-based multilayered TEG, (a) Planar design using Ag/Ni thermocouples (Markowski, 2016), (b) Vertical design using conductive vias (Markowski and

Dziedzic, 2008).
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Fig. 5. Vertical flexible TEGs fabricated on a substrate made of: (a) PDMS polymer (Suarez et al., 2017a), (b) Polyimide (PI) (Park et al., 2017) , (c) Cellulose fiber
(paper substrate with cooper/nickel TCs) (Zhu et al., 2018), and (d) Knitted fabric (Elmoughni et al., 2019).

efficiency of a generator, also called thermoelectric conversion
efficiency, is expressed as (Hussain et al., 2009):

n=— (10)
Qn

where P is the produced electrical power from the generator and

Qyp, is the incoming heat flow at the hot side of the TEG. It is

expressed as:

) 1
Qn :AAT-i—aThI—EIZR (11)

The maximum conversion efficiency could be expressed in func-
tion of the Carnot efficiency ((T,, — T.) /Ty) and the dimensionless
figure of merit factor of the used materials as (Kim et al., 2015;
Snyder and Snyder, 2017):

N ~ Th =T (WV14ZTp — 1) (12)
T Th T+ ZTag + T,

As the conversion efficiency is related to the figure of merit,
good thermoelectric materials should present a high Seebeck
coefficient, low electrical resistivity, and low thermal conductiv-
ity. Since metals present low electrical resistivities, high thermal
conductivities, and low Seebeck coefficients, they engender a low
figure of merit. Contrariwise, the highest figure of merit belongs
to the semiconductors class. The most used thermoelectric mate-
rials are Bi,Tes, PbTe and CoSbs providing ZT around 1 (Hébert,
2014; Beltran-Pitarch et al., 2018; Shu et al., 2018).

Recently, researchers are focusing on the industrialization of
novel thermoelectric materials with a higher figure of merit.
However, one of the core problems that restrict achieving ma-
terials with a high figure of merit is the dependency of the
Seebeck coefficient and electrical conductivity, where increasing
the Seebeck coefficient leads to the carrier concentration decreas-
ing and then the decreasing of the electrical conductivity. Also,
difficulties in minimizing heat losses during the determination
of thermal conductivity considered as one of the main problems
(Beltran-Pitarch et al., 2018). However, researchers succeeded in
synthesizing some materials, such as Cu,_,Se, and PbTeq;Sg 3,
with a figure of merit ZT > 2 (Olvera et al,, 2017; Wu et al., 2014).

Since thermoelectric materials properties are temperature de-
pendent, they usually present the highest ZT under certain tem-
perature range. Hence, to achieve maximum benefit, recent stud-
ies are focusing on designing and fabricating thermocouples with
segmented materials based on the operating temperature in order
to endure the required heat source’s temperature while main-
taining the highest ZT (Shu et al, 2018; Tian et al, 2015; Ge
et al., 2018). Fig. 6 presents the difference between ordinary and
segmented thermocouple arrangements (Shu et al., 2018). The TE
materials in segmented TEGs structure are arranged according to
their optimal operating temperature range, from high to low tem-
peratures. Table 2 presents the TE materials properties according
to their optimal operating temperature range.

However, heterogeneity between different stacked materials,
with different mechanical properties, especially thermal expan-
sion coefficients, mechanical stresses, thermal and chemical sta-
bility, may affect the compatibility of the segmented materials
and then reduce the maximum thermoelectric efficiency (1;4x)-
The maximum TE efficiency is only achieved when the relative
current density is equal to the compatibility factor for all seg-
mented materials (Snyder and Ursell, 2003; Snyder, 2004). The
compatibility factor, s, and the relative current density, u, are
respectively given by:

JT+2ZT -1
s = Z—T (13)
u= % (14)

Consequently, to solve the incompatibility problem, an appro-
priate cascaded approach of the different TE materials arrange-
ment is needed (Zhang et al., 2008; Gou et al., 2017; Kanimba
et al., 2017). This approach is based on arranging TCs in different
stages (mounting in a parallel way). Each stage is connected in-
dependently to the load circuit. The electrical connectivity’s self-
reliance in each stage for the cascaded arrangement allows the
independency of the electrical, mechanical and thermal proper-
ties which will beget higher materials’ efficiency. Fig. 7a presents
two stages of TCs arrangement. Fig. 7b presents three stages TE
modules arrangement. The selection of TE materials and type of
arrangement, depending on the application’s environment, will
be discussed in the next section. Moreover, another core problem
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Table 1
Summary of TEGs structures, types and output parameters based on different technologies/substrates.
Substrate TEG’s type TCs materials Techniques # of TCs TCs TCs area [mm?] Max AT Vg Prec Year & Ref
lengths [K] [mV] [wW]
[mm]
Si + thin Vertical Poly-SiGe Surface micro-  2350-4700  0.003 - 50 150 0.0003 2009 (Wang
PCB layer machining et al., 2009)
Silicon (with LPCVD
TCs deposition)
N and P 0.35 wm CMOS 33 0.64 0.005 x 0.0003 1 0.067 48E—7 2010 (Kao
Planar .
Si types process (with et al., 2010)
poly-Si CVD TCs
deposition)
0.35 wm CMOS 24 0.12 0.008 x 0.0002 15 0.55 9.4 2013 (Yang
process (with et al, 2013)
CVD TCs
deposition)
Mixed N-type Monolithic 560 1 - 315 41 42 2017 (Ziouche
poly-Si/Au CMOS process et al., 2017)
(with LPCVD
TCs deposition)
N and P CMOS-UMC 273870 0.019 0.004 x 0.00016 2.34 - 9.25 2018 (Sawires
types 0.13um 1P8M et al., 2018)
poly-Si process
Vertical Ag/Ni Needle + 18 1.75 5.49 18 4.8 0.8 2008
compressed air (Markowski
Ceramic LTCC and Dziedzic,
2008)
PdAg/TSG - Screen 35 7 0.2 x 0.01 100 660 5.6 2009
Planar printing 0.2 x 0.003 (Markowsi
Ag/WSG - Magnetron 0.2 x 0.02 100 700 19.6 et al.,
sputtering 0.2 x 0.003 2009)
Ag/PdAg Screen printing 450 14.1 0.13 x 0.005 135 450 130 2014
0.13 x 0.009 (Markowski,
2014)
Ag/Ni Screen printing 90 17 0.15 x 0.0155 193 353 460 2016
0.15 x 0.012 (Markowski,
2016)
Alumina  Planar Ag/Cu-Ni - Screen 16 27 0.315 x 0.02.8 85 57 - 2017
(96% alloy printing 0.3 x 0.012 (Gierczak
Al,03) - Magnetron et al,, 2017)
sputtering
PI Planar SbyTes/ Screen printing 150 5.5 - 48 2.2E3 150 2019 (Yuan
Polymer Bi,Te, 7Sep 3 et al, 2019)
Paper . BigsSbysTe; Pipette + Plate 10 0.2 15.07 35 8.3 10 2019 (Zhao
Vertical X
pressing et al,, 2019)
[BizSeo3Te; 7
Fabric PEDOT:PSS/  Stencil printing 32 0.5 6.9 3 3 0.5 2019
Na(NiETT) (Elmoughni
et al.,, 2019)
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that restricts the progress of achieving high-efficient thermoelec-

tric materials is the high cost of their development which also

— [w]

Fig. 6. Thermoelectric materials arrangements for (a) Conventional thermocouple, (b) Segmented thermocouple (Shu et al., 2018).

results in a high industrialization cost. For instance, the Bismuth
(1I1) telluride (Bi2Te3), the BiSb and Skutterudites (e.g. CoSb) cost,
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Classification of TE materials according to their operating temperature (Li et al., 2011a; LaGrandeur

et al., 2006; Espinosa et al., 2010).

Group Material Best temperature Peak ZT
range (K)
CoSbs (n-type) 650-1100 0.9
PbTe (n-type) 600-850 0.8
SiGe (n-type) >1000 0.9
. Zn,4Sbs (p-type) >600 14
E-;lgg_'ggrggel:)ature (HT) CeFe,Sby, (p-type) >850 15
SiGe (p-type) 900-1300 0.5
TAGS (p-type) 650-800 13
CeFe3RuSb; - -
Mg,Si (n-type) 645 1.1
Medium Temperature (MT) TlyBiTeg (p-type) >400 1.3
(400-700 K)
Bi;Te; (n-type) <350 0.7
{'g(‘)"(’)_T:(’)‘(‘)pgature (LT Bi,Tes (p-type) <450 1.1
(Bi,Sb),Tes (p-type) 375 1

respectively, about 1278 $/100 g, 1830 $/100 g, and 3946.5 $/100
g (Sigma-Aldrich, 2019). However, improving TE materials will
increase the TEG’s conversion efficiency.

3. Common applications

TEGs are widely used in many applications such as automo-
bile engines (Crane and LaGrandeur, 2010; Orr et al.,, 2017; Cao
et al,, 2018; Mostafavi and Mahmoudi, 2018), industrial electronic
devices (Solbrekken et al., 2004; Zhou et al., 2008), micro self-
powered wireless platforms (Guan et al,, 2017; Musleh et al,,
2017), health monitoring and tracking systems (Amar et al., 2015;
Torfs et al.,, 2006; Thielen et al., 2017), and aerospace (Liu et al.,
2017; Yuan et al, 2018). These applications require different
sizes and supplying powers. Thereby, TEGs are divided into two
types, large (or bulk) and micro-TEGs. The first category has a
millimetric dimension and provides output power from several
to hundreds of Watts under a high heat range. This category is
usually used for industrial purposes. The second category works
with low wasted heat and generates electrical power in the
range of W to a few mW (Liu et al, 2018a). In the next sub-
sections, we will introduce TEGs used in these different kinds of
applications.

3.1. In medical and wearable devices

Since body heat is a sustainable energy, it can be exploited
to supply fully of emerging wearable and implanted medical
devices (IMDs) allowing a various range of applications such
as health monitoring and tracking systems, sports and fitness
wearable devices, etc. Wahbah et al. (2014), Yang et al. (2007),
Amar et al. (2015), Torfs et al. (2006), Thielen et al. (2017).
These wireless medical devices/sensors can easily control safety
and physiological conditions, health, and emergent issues and
overall analysis of the patient in the hospital or at home. Body
heat can act as a thermal engine to power these smart devices.
Furthermore, wearable medical devices are not only specified
for patients but also healthy people for a permanent exami-
nation during sports or even normal daily routine for calories
and sleeping hours tracking. The amount of heat varies from
27.1 °C to 35.2 °C depending on body activities, location, and
environmental conditions (Proto et al., 2018; Stark, 2011). Hence
the average temperature gradient between the body and the
ambient air is around 13 °C. The needed electrical power to
supply wearable medical devices and IMDs is lower than 5mW
(Pistoia, 2005). Using TEGs in medical devices and sensors is
a suitable solution; especially for implantable medical devices
where the maintenance (changing batteries) is a very costly and

time-consuming task (e.g. the surgery cost of an implantable
cardioverter-defibrillator is $8.250 without including the device
price or the used batteries (Lind, 2017)). Furthermore, even when
using rechargeable batteries (like lithium-ion batteries), they may
cause hazardous results like over-heating caused by the battery
over-charging. Fig. 8 presents some TEGs-based wearable applica-
tions. In these designs, TEGs are ideally placed vertically between
the body skin (heat source) and the ambient air (heat sink) as
shown in Fig. 8a.

Torfs et al. have successfully presented a wearable autonomous
pulse oximeter to control oxygen saturation powered by body
heat TEG in a wearable watch (Fig. 8b) (Torfs et al., 2006, 2007).
The used commercial BiTe-based TEG generates 100 wW of elec-
trical power at 22 °C, whereas the whole wireless system con-
sumes only 62 wW. Van Bavel et al. have presented TEG-powered
wireless electroencephalography (EEG) headband for recording
the electrical activities of the brain (Fig. 8c) (Bavel et al., 2008;
Leonov et al., 2009). The fabricated TEG generates 2-2.5 mW of
electrical power, while the whole system consumes 0.8 W. In
addition to conventional wearable devices, TEGs have also been
used in wearable textiles and garments (Leonov, 2013; Myers
and Jur, 2017; Leonov and Vullers, 2009b,a; Leonov et al., 2011).
Leonov et al. have fabricated a planar CMOS-based TEG located
between the skin and a T-shirt (Leonov et al., 2011). The fabric
was acting like a flexible radiator. The bulk-micromachined TEG
contains 1700 poly-Si thermocouples and produces >1 mW at
the temperature of 11-13 °C, and generates an electrical voltage
of 2 V. Leonov had also presented 8 TEGs for powering implanted
electrocardiography (ECG) systems in wearable textiles (Leonov,
2013) (Fig. 8d). The used TEG presents a figure of merit Z =
0.0025 K~! and generates 0.5-5 mW at a room temperature of
15-27 °C. From body heat generation, “Matrix Power Watch” is
the first commercialized [oT smart-watch monitoring powered by
a TEG (Fig. 8e) (Brewster, 2016; Boukai, 2017). No indication was
provided about the fabrication technology of the proposed TEGs
in this commercialized smart-watch. Fig. 8f presents the use of
TEGs to supply a medical hearing prosthesis (Lay-Ekuakille et al.,
2009). A thin-film-based TEG named MPG-D602, from Micropelt,
has been used in this device.

On the other hand, w-TEGs based on silicon-nanowires are
becoming an area of interest in the field of high-power TEGs.
They are compatible with CMOS technology and have a low
thermal conductivity, low fabrication cost, and higher simplicity.
Watanabe et al. studied the influence of the Si-nanowires length
on the -TEGs electrical parameters (Watanabe et al., 2017). They
also developed a new scaled design with shorter thermocouples
length arranged in series between hot-side and cold-side con-
ductors. This WTEG consists of suspended 0.25 pm-width P- and
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Fig. 7. Cascaded arrangement of TE materials: (a) Two stages cascaded design (Snyder, 2004), (b) Three stages cascaded TE module (Zhang et al., 2008).
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Fig. 8. Wearable vertical TEG applications: (a) schematic illustration of a TEG module powered by body heat with (1) thermal interface between skin/TEG’s hot side,
(2) TEG module, and (3) heat sink providing heat dissipation to the ambient air (Thielen et al.,, 2017), (b) Wearable pulse oximeter based on CMOS-based TEG with
poly-SiGe TCs (Leonov et al., 2009), (c) Electroencephalography (EEG) headband (Leonov et al., 2009), (d) electrocardiography (ECG) shirt (Leonov, 2013), (e) Matrix
Power Watch powered by TEG and body heat (Boukai, 2017), and (f) Biomedical hearing aid (Lay-Ekuakille et al., 2009).

N-type silicon nanowires on an SOI-wafer of 50 wm-thickness.
Fig. 9a and b present the difference between the conventional and
the scaled WTEG. The planar scaled silicon-nanowire WTEG was
designed with 400 Si-NWs which were fabricated by a dry etching
technique and electron beam lithography with 100 nm of Si-
wire’s width and 8-90 wm length (Fig. 9c). The results show that
the maximum power (1000 pW) and lower internal resistance
(~0.3 k2) were related to the shortest leg’s length (L = 8 wm)
(Fig. 9d). Improving the efficiency of such novel high-power Si-
nanowires-based wTEG, manufactured with CMOS-IC technology,
presents an outstanding achievement Tomita et al. (2018). The
latter generates 12 wW/cm? of power density for just 5 °C of a
temperature gradient.

Huu et al. (2018) presented a human body-powered lateral
Y-type flexible thermoelectric generator (f-TEG) based on an elec-
trochemical deposition. The f-TEG was fabricated using N-type
bismuth telluride (Bi;Te3) and P-type antimony telluride (Sb,Tes)
thick films on a flexible 1 x 1 cm? polymer substrate (Fig. 10a
and b). The fabricated f-TEG made it possible to generate 56 mV
of electric voltage and 3 wW/cm? of electrical power density
under 37 °C of body heat temperature and 15 °C of environment

ambient temperature. Fig. 10c presents the output power density
versus the applied body heat temperature of the Y-type flexible
TEG.

3.2. In wireless sensor networks

Wireless Sensor Networks (WSNs) have become rapidly a field
of interest during the last three decades. It combines wireless
communication with the use of smart and advanced sensors
network. Exploiting TEGs for self-powering WSNs helps in re-
ducing maintenance tasks and costs neglects the utilization of
batteries and reduces environmental pollution from chemical
products emitted from them (Dilhac et al., 2014). This tech-
nology, combined with TEGs, has been applied in many areas
like Building Energy Management (BEM) (Wang et al., 2013),
industry (Kim et al,, 2018; lezzi et al., 2017), commercial and
residential smart-buildings (Guan et al., 2017; Musleh et al., 2017)
where heating sources like heat pipes, water heaters, central
heating, and air conditioners are widely existing. Also, intro-
ducing TEGs-based self-powered WSNs are used in aeronautical
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Fig. 10. Y-type flexible-TEG presented by Huu et al. (2018): (a) Schematic principle, (b) The fabricated device, and (c) Output power density.

wireless sensors to monitor aircraft security, flight tests, and
safety (Dilhac et al,, 2014). Because of the miniaturized form of
wireless sensors nodes, the used thermocouples are limited in
dimensions and require small temperature detection (heat source
temperature lower than 100 °C). In a typical active mode, WSNs
need 10 to 100 mW of power consumption and 10 to 50 pW at
sleep mode.

Wang et al. (2013) presented experimental and numerical
work of Bismuth Telluride (Bi,Tes)-based TEG for powering WSN
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nodes for BEM applications. The authors investigated the match-
ing of the generators’ internal resistance with the power man-
agement module input system. Three TEGs configurations were
presented: The first one consists of one single arrangement of
576 thermocouples with an internal resistance of 40 2. The TCs
were fabricated on a 50 x 50 mm?-area including two ceramic
plates (Fig. 11a). The second one was made of two parallel-
connected 288 thermocouples with an internal resistance of 9.9
Q. The last one consisted of three parallel-connected 192 ther-
mocouples with an internal resistance of 4.1 . Fig. 11b presents
the impedance matching between the TEGs internal resistances
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Fig. 11. (a) Vertical Bi;Te;-based TEG for WSN applications (Wang et al., 2013) , (b) Impedance matching investigation of the TEG internal resistance and the input
resistance of the power management module (Wang et al.,, 2013).
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Fig. 12. TEG diagram for self-powered WSN-based applications (Wang et al., 2013).
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Fig. 13. Flexible TEG on heat pipe for WSN application (a) schematic illustration of the TCs and flexible TEG on pipe arrangement, (b) Module insertion, and (c)
Complete device on pipe (lezzi et al., 2017).

and the input resistance of the power management module. The difference of 3-5 °C. The wireless sensing module including the
convenient resistance to the input resistance of the power man-
agement module was corresponding to the second type of TEG . L
with an error of less than 10%. The two parallel-connected 288  transmit data: a DC/DC converter, energy storage unit (like Super-

TCs present an output voltage of 280-450 mV at a temperature Capacitors), output power regulation and WSN mote acting like a

thermoelectric generator contains four main units to collect and
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Fig. 14. Flexible TEG with a flexible heat sink located on a heat pipe for WSNs
applications: (a) Side view of the f-TEG and shaped heat sink, (b) Top and
schematic view of the f~-TEG and heat sink with the two double-sided adhesive
tapes (Kim et al.,, 2018).

receiver. Fig. 12 presents the TEG diagram for self-powered WSN
cells.

lezzi et al. (2017) presented a flexible planar TEG to extract
heat from industrial heat pipes to self-powering a wireless sensor
network. The proposed TEG was made with 420 Ag/Ni thermo-
couples screen printed on a flexible substrate to adapt to the
cylindrical form of the pipe (Fig. 13). He used the same diagram
given in Fig. 12 (Wang et al., 2013) to receive and transmit data
to WSN nodes. The TEG produces an output power of 308 wW at
a temperature difference of 127 °C.

Similarly, Kim et al. (2018) presented a flexible vertical TEG
used for self-powering a WSN for industrial smart-buildings mon-
itoring. The f-TEG was shaped and tested around an aluminum
heat pipe with the integration of a flexible heat sink (Fig. 14a). To
achieve such elasticity, authors fabricated a very thin aluminum-
based heat sink to be suitable with the pipe shape. To avoid
thermal resistance increasing, a graphite layer acting like a ther-
mal interface material (TIM) was added between the TEG and the
flexible heat sink. Also, in order to increase thermal emissivity,
the heat sink surface was black-anodized with Al,03. Two double-
sided adhesive tapes were added to electrically insulating the TEG
with the heat pipe and the TEG with the graphite layer (Fig. 14b).

TEGs are a promising solution for supplying WSN nodes and to
substitute the use of batteries, like lithium and alkaline, because
of the extremely high maintenance cost of batteries (Tuna and
Gungor, 2016; Liu and Wu, 2019). TEGs are capable to produce
enough power to supply WSN nodes which typically consume
average energy of 100 mWh (Penella et al., 2009). When assuming
a small residential house contains 100 WSN nodes supported by
lithium-ion batteries, the use of TEGs instead of batteries over
20 years will result in $2000 savings (with a battery cost of $5
and without including the maintenance cost). This economic cost
is much higher in larger housing and industrial buildings.

3.3. In industrial electronic devices

Waste heat is a complex problem in many electronic devices
such as central processing units (CPUs), integrated circuits, etc.
CPUs produce thermal power in the range of 6-320 W, depending
on the product’s type, and generate a huge amount of wasted heat
up to 110 °C. Table 3 resumes thermal and dimension properties
for various CPU types (Intel, 2018). The waste heat emitted from
the die during its operating could be turned into an advantage

by reusing this thermal energy to supply other components in
the device or to activate the cooling fan, which will lead to an
increasing battery’s performance and lifetime.

In 1995, Suski (1995) invented an apparatus for recovering
power from a semiconductor circuit using a thermoelectric gen-
erator. The generator was located between the integrated circuit
and the heat sink whereas a fan was positioned above the heat
sink to provide heat sink’s cooling which results in reducing the
temperature of the die. Fig. 15a illustrates the placement of the
conventional components on a computer system (Ref. Glatz et al.,
2009), which comprise an integrated circuit (Ref. Qing et al., 2018)
installed on a motherboard (Ref. Leonov, 2013), an exhaust fan
(Ref. Chen et al,, 2018), a heat sink (Ref. Gongora-Rubio et al.,
2001) and other components of a computer unit. As the inventor
referred, the exhaust fan alone may not provide enough cooling.
Eventually, adding another fan will solve the problem. Fig. 15b
presents the invented structure, where a thermoelectric gener-
ator (Ref. Simon, 1961), or as it is mentioned in the paper “A
Peltier cooler operating in the Seebeck mode”, placed between a
semiconductor device (Ref. Qing et al., 2018) (CPU), and a heat
sink (Ref. Ge et al., 2018). The DC generated power from the
generator will eventually supply the newly added fan (Ref. Crane
and LaGrandeur, 2010) located on the top side of the heat sink. In
fact, increasing the heat released by the integrated circuit leads
an increase in the temperature difference between the hot and
cold sides of the TEG which increases the generator’s and fan’s
output powers. Eventually, the heat of the integrated circuit will
be automatically controlled by the airflow from the fan.

Solbrekken et al. (2004) and Zhou et al. (2008) improved
Suski’s invention by using a “shunt attach” configuration. This
latter consists of creating an alternative heat track to a shunt
heat sink to enable sufficient electricity to be generated by the TE
module to power-supply the cooling fan (Fig. 16a). Fig. 16b shows
the experimental set-up when using TEG on the processor. Using
TEG on shunt according to Zhou et al. showed an improvement
in the delivered power compared to a conventional placement.
Indeed, from a Pentium Il working at 1 GHz, the used commercial
TEG on shunt produced an electrical power of 6.7 mW compared
to TEG on CPU (1.5 mW). In addition to powering cooling fans,
TEGs were able to power-supply magneto-fluid-dynamic (MFD)
pump to drive a liquid metal coolant in a computer chip (Ma and
Liu, 2007). Fig. 17 presents the schematic diagram and prototype
of the TEG mounted on the MFD channel. In this study, the
authors used a commercial TEG (TEC1-127.08), with dimensions
of 40 mm x 40 mm x 3.8 mm, located between a heat sink and
a finned heat exchanger. The TEG was able to produce electrical
power in the range of 10 mW to 100 mW to supply the MFD
pump and to drive the metal liquid flow loop in order to cool
the die.

Rosales et al. (2018) invented a TEG-based energy harvest-
ing system for mobile phones. The invention serves to use the
heat released by the electronic devices integrated inside the
mobile phone like the camera, the display, the printed circuit
board (PCB) and the die. The invention also consists of cre-
ating a new methodology that enables heat-losses decreasing
from the heat sources to the TEG. This optimization is presented
by adding two TEGs between a heat-generating device and a
thermal interface material acting as an insulating layer, and con-
sists of thermally prevent heat dissipation towards the other
electronic components (Fig. 18). The TEGs are surrounded by
two thermal conductive layers with high thermal conductivity.
The TEG’s materials have low thermal conductivity compared to
the thermal conductive layers. This approach provides achieving
high-temperature difference across the TEG. The first insulation
layer helps to conduct heat from the heat dissipation device to
the TEG while the second conductive layer helps to drive the heat
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Fig. 15. Illustration of Suski's invention: (a) Conventional computer system with: die, conventional exhaust fan and heat sink. (b) The electrical connections between
the TEG, fan and heat sink (Suski, 1995).
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Fig. 16. Illustration of the TEG’s placement: (a) TEG integrated on the CPU with shunt attach, (b) Experimental set-up of the used TEG on the processor (Zhou et al.,
2008).

Fig. 17. MFD cooling pump driven by a commercial TEG with, finned heat exchanger (1), electrodes for TEG (2), MFD pump (3), liquid metal (4), magnetic plate (5),
Thermoelectric generator (6), substrate (7), simulating chip (8): (a) Principle, (b) loop channel of the liquid coolant, and (c) prototype (Ma and Liu, 2007).
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Fig. 18. Heat recovery system from mobile phone: (a) Illustration of profile view of the mobile device with, device (400), display (402), PCB (403), cover (404), Die
(406), camera (408), battery (409), first energy harvesting device (410) and second energy harvesting device (420). (b) Illustration of the energy harvesting device
(500) with, first thermal conductive layer (510), TEG (520), second thermal conductive layer (530) and an insulation layer (540) (Rosales et al., 2018).
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Table 3

Intel’s microprocessors properties (Intel, 2018).
CPU type Package size (mm?) Thermal Design Power TDP (W) T (°C)

Min Max Min Max Min Max

Desktop 24 x 31 37.5 x 375 6 165 80 105
Mobile 12 x 12 42 x 24 2.2 57 80 105
Server 34 x 28 88 x 56.5 11.7 320 40 100
Embedded 25 x 27 45 x 42.5 3 105 40 110

from the TEG (Rosales et al., 2018). This methodology enables to
harvest of about 1.5%-4.2% of the heat from the generating device.

Considering a maximum working thermal power of a desktop
is 165 W and a conversion efficiency of TEG about 10%. Assume
the desktop is working 24 h, 365 days a year, the converted
electrical power by the TEG is: 16.5 x 8760/1000 = 144.54 kWh.
The cost of electricity in the USA is 0.13 $/kWh. Therefore, the cost
economic by using the TEG for a year is: 0.13 x 144.54 = $18.78.
This cost economic is considered as 12.2% of the total electricity
price of the mentioned desktop (with desktop’s average power
consumption is 135 W (Krzywaniak et al., 2018) and electricity
cost of $153.7 per year).

3.4. In automobile engines

Due to high fuel costs and carbon dioxide (CO,) emission,
many automotive industries are focusing on finding an alterna-
tive power source to reduce fuel energy costs and to improve
engine performance. Industrialists are manifesting a big interest
to thermoelectric generators (Espinosa et al., 2010; Crane and
LaGrandeur, 2010; Orr et al.,, 2017; Cao et al,, 2018; Mostafavi
and Mahmoudi, 2018; Haidar and Ghojel, 2001; Yang, 2005;
LaGrandeur et al, 2006), in order to convert the heat wasted
by the exhaust gas, emitted from the internal combustion (IC)
engine, into electrical energy. In a passenger vehicle, only 25% of
the energy from fuel combustion is used for vehicle mobility and
accessories running, while 40% is wasted as exhaust gas (Espinosa
et al, 2010; Crane and LaGrandeur, 2010; LaGrandeur et al., 2006;
Tang et al., 2015). In contrast, the amount of heat emitted from
the exhaust system is very high and could vary from 100 °C to
800 °C with a thermal power up to 10 kW, depending on the ve-
hicle speed and fuel category (Yang, 2005). This great amount of
heat could be considered as a valuable source to generate sustain-
able and sufficient energy. Thus, converting the emitted heat will
be the main solution to improve engine performance and supply
additional electronic devices such as navigation systems, elec-
tronic braking, additional powertrain/body controllers, stability
controls, telematics, and collision avoidance systems on conven-
tional and hybrid vehicles. Also, this will reduce atmospheric
pollution and power costs (Tang et al., 2015). Many international
automotive industries are focusing on this field such as BMW
(Crane and LaGrandeur, 2010; LaGrandeur et al.,, 2006), Ford
(Hussain et al., 2009), Renault (Espinosa et al., 2010) and Honda
(Mori et al., 2011). They have prototyped many TEGs for their new
automobile generations.

Because of the high-temperature range in the internal com-
bustion engine, using more than one type of thermoelements
is required which will lead to better effective conversion effi-
ciency. Segmented thermoelectric materials were often used in
this kind of applications because of the large scale of extracted
temperature. LaGrandeur et al. (2006) have arranged three stages
segmented TE materials as follows: N- and P-type Bi,Te3 for low
temperature range (< 250 °C), P-TAGS and N-PbTe for medium
temperature range (250 °C-500 °C) and skutterudite materi-
als (P-CeFesRuSbj; and N-CoSbs) for high temperature range
(500 °C-700 °C). To control TE elements thicknesses, thermal
expansion coefficient and to optimize the power efficiency of

the module, the authors develop a new TE arrangement for the
segmented materials (Fig. 19). This new configuration utilizes a
planar TC approach with segmented TE materials between the
heat source and the heat sink (Fig. 19b). This approach sup-
ports the possibility of obtaining different areas, thicknesses and
thermal expansion coefficients of the materials. In addition to
the segmented TEGs, cascaded TEGs have also been presented
for vehicle applications (Chen et al,, 2017; Cheng et al., 2018;
Krzywaniak et al., 2018). The independent mechanical arrange-
ment in this approach allows avoiding the incompatibility prob-
lem of the segmented arrangement. Wilbrecht and Beitelschmidt
(2018) presented two stages of cascaded TE materials for railway
vehicles. The cascaded TEG was made of Bi;Te; (220 °C) and
Mg-Sig 4Sng 6/MnSi g1(410 °C) and produced electrical power of
2.5 kW.

Two TEG’s locations were used in the literature in the IC
engine: on the cooling system (radiator) and the exhaust heat
exchanger. The first location was presented by Crane et al. (2001).
They presented the modeling of a radiator integrated TEG and
demonstrated its capability to extract enough power from the
cooling system to supply the alternator function. Fig. 20a de-
picts the schematic that illustrates the TEG arrangement on the
radiator. The generators were placed between the surface of
the radiator and the fins. The maximum temperature difference
between the radiator and the fins system was around 80 °C.
Furthermore, the engine load affects the heat transfer to the
radiator and then the TEG’s output power. Fig. 20b presents the
total radiator heat flow to the engine brake power and TEG output
power versus the engine full power. The system with the use
of Bi;Tes-based TEG and with low engine loads (25%) was able
to generate an electrical power over 1 kW, which could self-
supply the alternator and result in a significant fuel reduction
improvement. However, experimental results about this approach
have not been presented.

The second cited TEG’s location is on the exhaust heat system. The
heat exchanger allows transferring gaseous working fluid from
the catalytic converter to the muffler (Fig. 21a). Heat exchangers
are presented in two forms: flat and cylindrical forms. Placing
the TEGs on the exhaust heat exchanger surface was the most
cited placement from the literature because of the high generated
temperature (Orr et al., 2017; LaGrandeur et al., 2006; Mori et al.,
2011; Yu and Chau, 2009; Crane et al., 2013; Liu et al., 2016).
The TE modules are connected in a matrix form to the exhaust
system surface. The heat passing by the exhaust inlet to the
exhaust outlet provides thermal energy to the TEGs hot sides.
Fig. 21b presents the placement of 32 TEG modules, with 24
TCs each, on a flat exhaust gas (Mori et al., 2011). For the cold
TE modules side, coolant heat exchangers, mostly liquid, are the
most used to maintain the cold temperature (Mori et al., 2011).
Orr et al. presented the use of gas heat exchangers with liquid
heat pipes attached to both the cold and hot sides of the TEG (Orr
et al,, 2017). The hot gas comes from the exhaust heat and passes
through exhaust channel where 8 water pipes are integrated into
the channel fins and attached to the hot side of the 8 TEGs. A fan
was placed in the cool air channel’s inlet. The cold channel also
presents 8 water heat pipes, integrated into the fins and attached
to the cold side of the TEGs. Haidar and Ghojel utilized water-
cooled heat sink to provide the minimum temperature at the cold
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Fig. 20. TEG in radiator by Crane et al.: (a) Schematic illustration of the thermoelectric location in the radiator, and (b) The total radiator heat flow to the engine
brake power and TEG output power versus percent of the engine full power (Crane et al., 2001).

junctions for 6 modules of 96 Bi,Te;-based TCs each and generate
14 W at AT = 200 °C (Haidar and Ghojel, 2001). Hussain et al.
(2009) presented a direct loop to the radiator with coolant fluid
to maintain the cold junctions at lower temperatures.

Thermoelectric generator modules could be placed in different
ways on the heat exchanger’s surfaces: on the two (upper/lower)
sides of the flat heat exchanger (Fig. 22a) (Mori et al,, 2011; Yu
and Chau, 2009; Quan et al., 2018), on the four surfaces of a flat
heat exchanger (Fig. 22b) (Cao et al., 2018), and on all surfaces of a
cylindrical heat exchanger which provides heat distribution in all
possible directions (Fig. 22¢) (Crane et al., 2012, 2013; Liu et al,,
2016). Another TEG’s placement approach on the exhaust system
has been studied, to maintain high thermal energy, is placing the
TE system inside the heat exchanger (Fig. 22d) (Hussain et al.,
2009; Zhang et al., 2015; Risseh et al., 2018).

One of the encountered problems is the inhomogeneous tem-
perature from the heat exchanger surfaces. This leads to an in-
crease in the parasitic Peltier effect and a decrease in power
efficiency. To avoid this mismatch temperature problem, ther-
mally insulating TE modules or exhaust heat/coolant exchanger
surfaces is needed (Mori et al, 2011). Tang et al. (2015) have
proposed to insulate the hot sides of the TE modules using silica
fiber of 0.1, 0.2 and 0.3 mm thicknesses. The proposed technique
improved the output power with 22.5% compared to the TEG
without thermal insulation. The output power increased from
14.12 W to 17.3 W at the same hot junction’s temperature as the
inlet temperature. This step also reduces the thermal conductivity
and parasitic Peltier effect of the module and reduces power
losses from 11% to 4.2%. Insulating the exhaust heat system has
also been taken into consideration to decrease the temperature
gap between the heat exchanger and TE modules.

In the previous studies, most of the researchers used commer-
cial TEGs for the automotive sector. Gierth et al. (2018) allowed

the combination of ceramic and thick film-based technologies.
They presented the fabrication of 3 thick-film thermocouples on
ceramic-alumina (Al,03) substrates (Fig. 23a). Fig. 23b shows
the placement of the temperature sensor on the test rig. Two
thermocouples types were fabricated and tested, Pt/PtRh10 and
Ag/Pd, to investigate their long-term stability in harsh environ-
ments. The Pt/PtRh10 presents significant long-term stability at
high temperatures and minimum aging issues compared to the
Ag-Pd sensor for a temperature higher than 700 °C and air mass
flow of 1000 L min~'. According to these results, the authors have
ameliorated the temperature sensor to a cylindrical form-TEG
with 30 screen-printed TCs (Fig. 24). The experimental results
of these sensors will be carried out in the future as the authors
mentioned (Gierth et al., 2018).

The biggest financed and structured program for high-efficient
thermoelectric waste heat recovery systems for passenger vehi-
cles was developed by the Bell Solid-State Thermoelectric (BSST)
team with the aid of the US Department of Energy for BMW
vehicles and later for Ford vehicles. The project started from 2004
to 2012 with total funding of $10,856,667 and passing by many
development phases (Crane and LaGrandeur, 2011; Singh, 2007).

Table 4 presents the fabrication summary with different de-
velopment phases for the thermoelectric exhaust heat recovery
system developed by BSST for BMW and Ford Vehicles. The de-
velopment phases started by the fabrication of fractional and
full-scale low-temperature TEGs based on P- and N-type Bi,Te;
TE materials and passed by the integration of segmented TE
elements, to handle the increased high temperature of the ex-
haust heat. Also, the phases carried the development of flat to
cylindrical TEGs approaches to minimize thermal losses. Table 5
presents the advantages and disadvantages of each phase. Fig. 25
presents the different phases (from phase 1(Fig. 25a) to phase 6
(Fig. 25f) respectively) for the development of vertical TEGs-based
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Fig. 22. Different thermoelectric exhaust heat systems: (a) TEG modules on the double sides of a flat heat exchanger (Quan et al, 2018), (b) TEG modules on the
four sides of a flat heat exchanger (Cao et al, 2018) and (c) TEG modules on hexahedral (6 sides) heat exchanger with: Inner-side of the tube (1), main support
tube (2), conducting oil (3), TEGs modules (4), aluminum plate (5), the second stage TEGs module (6), cooling plate (7), and fins (8) (Liu et al., 2016), (¢) Nanobulk
half-Heusler-based TEG system integrated into the exhaust heat system (Zhang et al., 2015).

Fig. 23. Ceramic-based thermocouples: (a) 3 Screen printed thermocouples and one reference PT100 platinum resistance thermometer on planar alumina substrates,
(b) View inside the test rig with reference thermal sensor and thick-film validation sensor (Gierth et al., 2018).
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Fig. 24. Tubular screen-printing: (a) Layout of 30 TCs on a tubular surface, (b) Screen-printing on an alumina (Al,03) substrate, and (c) Glass insulation paste on

steel (Gierth et al., 2018).

exhaust heat recovery system for BMW and Ford vehicles by
Crane et al. From the past studies, some points need to be taken
into consideration for such an application in order to improve
TEGs performance and fuel efficiency:

- Wisely choosing TE materials with a temperature range
suitable with the high emitted heat from the engine (maximum
of 700 °C);

- Placing the TEGs modules on the heat exchanger to convert
high thermal energy;

- Decrease heat losses between the heat source and the mod-
ule. Limiting the thermal gap and decrease the thermal contact
resistance by thermally insulating the heat exchanger’s surfaces
or the TEGs surfaces and electrically isolate the surfaces be-
tween the TEG and the heating/cooling exchangers to decrease
the parasitic electrical resistances;

- Considering the mechanical robustness of the TEGs against
harsh environments and high pressure;

- Taking the vehicle speed into consideration: in fact, increas-
ing the vehicle’s speed will lead to exhaust temperature and mass
flow increasing. However, this will damage the generator if the
exhaust temperature is higher than the melting point tempera-
ture of the TE materials. Hence, to avoid these issues, we should
decrease the exhaust backpressure and choose TE materials with
a high melting point temperature.

Multiple efficiency factors are combined to analytically calcu-
late the fuel cost saving (Liu et al., 2016) : TEG’s efficiency (nrgc),
the alternator efficiency (n4p) which is usually about 60%, the
exhaust gases efficiency (ny ) which is the ratio of the transferred
gases from the fuel to the exhaust gases and is usually about
40%, engine thermal efficiency (ngyc) which is about 30% and the
efficiency of the heat exchanger which is usually between 40%
and 70% (depends with the size and materials) and expressed as
Haidar and Ghojel (2001):

_Tgas.in - Tgas.out 1
AHEX Tgas.in - Tcool.in ( 5)
For a 10% power efficiency of the TEG module and one-liter, diesel
price is 0.794 $/1, the fuel cost saving is:

NTEG X NHX X TIHEX
NALT X1IENG

The energy/fuel cost-saving efficiency is then 20% per one liter.
The latest publications of TEG’s based exhaust waste heat recov-
ery systems are listed in Table 6.

Fuel_Cost_Saving= x Fuel_Cost = 0.1588$/1 (16)

3.5. In aerospace

TEGs, or RTGs for Radioisotope Thermoelectric Generators,
are widely used in aerospace applications such as space crafts,
satellites, and space probes. RTGs use the heat released by the
natural decay of some radioactive materials to convert it into
electricity. Consequently, the isotope materials determine the

characteristics of the RTG’s heat source. Isotope used fuels should
demonstrate many characteristics like low radiation emission,
acceptable fuel half-life with the mission duration, high melting
point, high-power density and being safe in all conditions. Five
isotope materials with the required characteristics were devel-
oped for a long time by the Department Of Energy (DOE) and the
US space missions: Cerium-144 (Ce-144), Polonium-210 (Po-210),
Strontium-90 (Sr-90), Promethium-147 (Pm-147) and Plutonium-
238 (Pu-238) (Streb, 1966). Table 7 presents the characteristics
of isotope fuels. However, Ce-144, Po-210, Sr-90, and Pm-147
demonstrate many disadvantages while testing. Ce-144 provides
half-life of 285 days and preferred to only work for 6 months
space mission. It was developed to work in the orbit with the
SNAP-1 power system (SNAP for System for Nuclear Auxiliary
Power). Eventually, the power system results in high emission of
beta/gamma radiation and failed in reentry tests from the orbit.
Po-210 was first developed for the SNAP-3 by 1959. It presents
the lowest radiation emission and requires low shielding. How-
ever, the power system presents very short half-life (138 days)
for working on space missions. Sr-90 provides high working half-
life (28 years) but it results in a very high radiation emission
which requires heavy shielding to prevent the radiation. Pm-147
presents a high half-life of 2.6 years. It also presents low beta
emission but very high gamma radiation.

Eventually, the most suitable isotope fuel is the high-cost Pu-
238. It presents a high melting point, low gamma radiation and
high half-life of 89.6 years which enables the use in long term
missions without the need for a power-fluttering device. The
features of this fuel enabled the launching of the first navigation
satellite (Transit 4A spacecraft) fueled by the radioisotope power
system SNAP-3 RTG by June 1961. Since then, the DOE and the
US space missions have been focusing on producing the Pu-238 to
use it for space programs (Streb, 1966). After that, NASA launched
47 RTGs for 27 space mission and earth orbit exploration for the
Transit, Snapshot, Nimbus and Apollo missions.

In 1989, NASA launched the first modular GPHS-RTG (GPHS
for General Purpose Heat Source) on Galileo spacecraft (Bennett
et al., 1989). One GPHS-RTG module, fueled by Pu-238, provides
285 W of thermal energy at the beginning of the mission. Fig. 26a
presents the overall structure of the GPHS-RTG. The cylindrical
envelope of the RTG presents 0.42 m diameter and 1.14 m length
and weighs of 55.9 kg. It contains 18 thermally coupled GPHS
modules surrounded by 572 Silicon Germanium (SiGe) thermo-
couples with 2.74 x 6.50 mm? cross-section for each N and P
leg. Fig. 26b presents the structure of the SiGe thermocouple.
The hot junctions of the TCs were made of Silicon Molybdenum
(SiMo) and operate at 1308 K. The cold junctions operate at 566
K. The GPHS-RTG provides electric power of 245 W at 28-30 V
DC (Bennett et al., 1989) and conversion efficiency of 6.5% to
7% (O’Brien et al., 2008).

The next generation of the RTG used in space missions is the
Multi-Mission Radioisotope Thermoelectric Generator (MMRTG).
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Table 4
Summary of the fabrication phases for the thermoelectric exhaust heat recovery system developed by BSST for BMW and Ford Vehicles.
Phases Type of thermoelements Number of TCs Heat source Cold side Generated Reference
power [W]
Phase 1 (2006) Fractional LT-TEG: p and 2160 TCs (60 TEG PHx (fluid): Coolant pump 130 LaGrandeur
n-types Bi,Tes modules) 200 °C (water): —5 °C et al. (2006)
Full-scale LT-TEG: p and 10800 TCs (300 5 PHx (fluid): 6 coolant 500 and Crane
n-types Bi,;Tes TEG modules) 210 °C pumps (water): et al. (2009b)
2.5 °C
Fractional MT-TEG: 4TCs 0il heat Liquid heat 20
p-TAGS and n-PbTe exchanger: exchanger: Crane et al.
Phase 2 (2007) 472 °C 33 °C (2009a)
Fractional-MT-TEG: 0il heat Liquid heat
- LT: p and n-Bi,Tes 6TCs exchanger: exchanger: -
- MT: p-TAGS and n-PbTe 500 °C 20 °C
Segmented HT flatTEG: Electric Liquid cold Crane and
Phase 3 (2008) - LT: p and n-Bi;Tes - cartridge lgte' 25 oC 125 LaGrandeur
- MT and HT: half-Heusler heater: 600 °C plate: (2010)
alloy (Zr, Hf)
LT cylindrical TEG: p and - Gaz heat Liquid heat 205
n-Bi,Tes exchanger: exchanger: 20° Crane et al.
Phase 4 (2011) 435 °C (2012)
MT-Segmented cylindrical Gaz heat Liquid heat
TEG: - exchanger: exchanger: 608
- LT: p and n-Bi,Tes 620 °C 20 °C
- MT: half-Heusler alloy
(Zr, Hf)
MT-Segmented cylindrical - - - - 712 (in test Crane et al
Phase 5 (2012) TEG: bench) (2013) :
- LT: p and n-Bi,Te;_ - 600 (in real
vehicle)
- MT: half-Heusler alloy
(Zr, Hf)
Table 5
Advantages and disadvantages of the different phases of the thermoelectric exhaust heat recovery systems developed by BSST for BMW and Ford Vehicles.
Phases Advantages Disadvantages
Phase 1 - High power density.

(High-density Bi,Tes-based Flat
TEG) (Crane et al., 2009b)

- A power control system (PCS) reaches 99% DC-DC
converter’s efficiency for the fractional Bi,Te; TEG.

- Low-temperature range.

Phase 2
(Low-density Bi,Tes, P-TAGS and N-PbTe-based
Flat TEG) (Crane et al.,, 2009a)

- Power efficiency 10%.

- Medium temperature range.
- Low power density.
- Low integration density.

Phase 3
(Half-Heusler alloy and Bi,Tes-based Flat

TEG) (Crane and LaGrandeur, 2010). _ High power density

- High-temperature range.

- Mismatch of thermal interfacial
resistance between the TEG and hot/cold
heat exchangers.

Phase 4
(Half-Heusler alloy and Bi,Tes-based
Cylindrical TEG) (Crane et al,, 2012)

— Solving the problem related to the thermal
expansion’s inherence found in phase 3.

— Medium-temperature range.

Phase 5

(Half-Heusler alloy and
Bi,Tes-based Cylindrical TEG)
(Crane et al., 2013).

- Heat loss between the TEG
and the environment because
of the bypass valve.

- Improving the ring’s diameter (from 1.5 mm to 0.05
mm) to achieve lower interfacial resistance between the
hot side heat exchanger and the hot shunt interfaces.
- Validation of the steady-state and transient conditions.

- Testing on a real engine dynamometer for BMW X6 - The integrated system’s

and on Lincoln MKT.

weight and volume.

- Adding an auxiliary water pump.

It was first developed in June 2003 and planned to work on
planetary bodies like Mars and in the vacuum of space (Ritz
and Peterson, 2004). The MMRTG was designed to operate for
14 years and to generate power of 110 W (minimum) at 28
V DC. The MMRTG (Fig. 27a) presents 8 GPHS modules fueled
by Pu-238. It is made of 16 PbTe/TAGS modules and 48 TCs
each connected electrically in series and located under the heat
radiations fins (Fig. 27b). The RTG design was similar to that used
for SNAP-19 for the Pioneer-10 and Viking missions. Moreover,
the MMRTG-based design was developed to reduce the thermo-
electric degradation found in previous studies. The study was
focusing on reducing the P and N legs diameter (5.9 mm and
4.67 mm respectively for the N and P legs compared to 9.575 mm
and 6.858 mm respectively for the N and P legs for the Pioneer

couple). Also, the MMRTG uses PbSnTe as hot side connection ma-
terial and increasing the TAGS-base P leg hot side’s temperature
to 121.11 °C by increasing the P leg thickness. The MMRTG was
capable to operate at 510 °C hot temperature (compared to 371 °C
for the Pioneer and Viking-based RTGs) (Hammel et al., 2009). The
MMRTG is addressed to work for MSL and Mars missions by 2020
(Holgate et al., 2015).

To increase the performance of RTGs in terms of materials,
design, and efficiency, Holgate et al. presented an enhanced MM-
RTG (Holgate et al., 2015). The proposed design was made of 768
skutterudite (SKD)-based TCs with nickel-based connectors. The
SKD-based eMMRTG, for Enhanced Multi-Mission Radioisotope
Thermoelectric Generator, was able to operate under 600-625 °C
hot temperature and 100-200 °C cold temperature. The eMMRTG
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Fig. 25. Different phases for the development of vertical TEGs-based exhaust heat recovery system for BMW and Ford vehicles by Crane et al.: (a) Phase 1: Full-scale
Bi,Te; with 5 heat exchangers and 6 coolants (500 W at AT = 207 °C) (Crane et al., 2009b), (b) Phase 2: 10% Efficient Pb/TAGS/BiTe Fractional TGM Hot Subassembly
(Crane et al., 2009a) , (c) Phase 3: Single-layer high-temperature segmented TEG (Crane and LaGrandeur, 2010), (d) Phase 4: Bi,Tes; cylindrical TEG device., (Crane
et al, 2012), (e) Phase 5: TEG integration into the exhaust line of the BMW X6 prototype vehicle (Crane et al., 2013), (f) Phase 6: Integration of the TEG into the

underfloor of the Ford Lincoln MKT vehicle (Crane et al,, 2013).

generates electrical power of 90-105 W at the beginning of life
and conversion efficiency of 7.6-8.3% compared to 6% for the
PbTe/TAGS MMRTG (Holgate et al., 2015).

Also, to satisfy the demand of power-supplying the low-power
devices in the space systems, many researchers focused on devel-
oping low-power radioactive thermoelectric generators. Liu et al.
(2017) developed a micro-radial milliwatt-power RTG. The fabri-
cated RTG was made of four TE modules and a radioisotope heat
source covered by an aluminum cylinder box. Fig. 28 presents
the micro-radial milliwatt-power RTG’s experimental prototype
(Fig. 28a) and the simulated structures respectively with 4, 6
and 8 modules (Fig. 28b-d). An electric heating aluminum oxide-
based helm with an internal resistance of 3.2 Q was used in the
simulations to perform as an Am-241 isotope heat source. The
heat source with a dimension of 7 x 7 x 27 mm® was wrapped
by a copper-based shielding. The thermocouples were made of

low-temperature Bi,Te; with P and N legs with dimensions of
10 x 3 x 1 mm?>. The fabricated RTG presents an output voltage
of 92.72 mV and electrical power of 149 uW at 0.1 W heat
source’s power.

Liu et al. (2018b) have developed an RTG based on concentric
filament architecture for low power aerospace microelectronic
devices. The RTG was made of 16 filaments, fabricated using
simple brush coating (Fig. 29a). Two structures were fabricated:
arrayed structures (Fig. 29b) and cylindrical ones (Fig. 29c). The
arrayed RTG was able to produce an electrical voltage of 83.5 mV
and an electrical power of 32.1 wW with a planar heat source and
temperature of 398.15 K. The cylindrical RTG produces 156.7 mV
of electrical voltage and 85.8 wW of electrical power with a
cylindrical at the same heat source temperature.

Yuan et al. presented a radial micro screen-printed planar
RTG for lightweight applications in space missions (Yuan et al.,
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Publications summary of TEGs’ based exhaust waste heat recovery system in automobiles.

Authors Size Number Type of TCs Generated Type of tested Conversion  Fuel Type of study
of TEGs power vehicle/engine efficiency consumption
Espinosa SWS:? 50 x 31 x 10 - Low temperature: - Simulation
et al. (ecm?) Bi, Tes/(BiSb), Tes, 1200 W Renault - -
(2010) - High temperature: - Experimental
Mngi/Zn4Sb3
Mori . 3 Low, Medium 225 W Honda 1.3L o - Simulation
et al. SWS: 3600 cm 2 and High- Th ~ 500 °C  Civic - 3%
(2011) temperature TE AT =~ 330 °C
modules - Experimental
Jeng and Tzeng SOT:" 40 x 40 (mm?) 6 - 16 W Toyota 2200 c.c. - - Experimental
(2013)
Zhang SWS: 513 x 232 x 190 400 Nanobulk 1 kW 21% B - Simulation
et al. (mm3) half-Heusler Th & 550 °C e
(2015) alloy AT ~ 339 °C
- Experimental
Temizer SOT: 5.6 x 5.6 x 5 40 B 156.7 W Diesel B B - Simulation
and Ilkilig mm? Th ~ 250 °C  P8602 Fiat
(2016) Tc = 100 °C  Doblo
- Experimental
Orr et al. SOT: 68 x 68 (mm?) 8 - 38 W 3.0 L V6 engine.  2.46% 1.57% Experimental
(2017) Th = 250 °C
Tc = 54 °C
Liu et al. SWS: 450 x 350 x 15 . 250 W at o - Theoretical
(2016) (mm?) 96 Bi,Tes Th = 746 °C - 5.35% -
SOT: 40 x 40 x 4.2 - Experimental
(mm?)
Quan et al. SWS: 1420 x 670 x 185 240 Bi;Tes 608.85 W at Military SUV with 1.03% - Experimental
(2018) (mm?) Th = 247 °C  four-cylinder
SOT: 56 x 56 x 6 Tc =75 °C diesel engine
(mm?)
Cao et al. SOT: 40 x 40 x 4 36 Bi;Tes 13.08 W at - 2,58% - Experimental
(2018) (mm?) Th = 300 °C
aSWS: Size of Whole Structure.
bSOT: Size of One TEG.
Table 7
Characteristics of isotope materials for space missions (Streb, 1966).
Isotope [sotope Watts cm®  Half-life  Melting Weight density Specific activity ~ Decay
fuel form point (°C) (g/em?) (W/Kc) particle
Po-210 Metal 1210 138 d 254 9.3 31.7 Alpha
Pm-147 Pm,03 1.5 26y 2300 5.55 0.37 Beta
Sr-90 SrO, 0.93 28y 2430 2.65 6.5 Beta
Pu-238 PuO, 5.0 896y 2250 11.46 34.5 Alpha
Ce-144 CeO, 13.8 285 d 2680 7 7.9 Beta

2018). The proposed RTG was made of N-type Bi,Te,7Seq 3, P-
type Bigs5SbysTes, and P-type Sb,Te; and screen-printed on a
polyimide substrate (Fig. 30). The fabricated RTG was able to
generate 6.31 wW at 35.66 mV when the Pu0,-238 radioactive
heat source produces 1.564 W thermal energy.

However, the cost production and deployment of RTGs are
very high because of the needed safety protection of the nu-
clear materials and because of the high cost and low disposal
of Pu-238, where a gram of Pu-238 costs $1,968 (Werner et al.,
2016). The cost production of an RTG reached $118M for GPHS-
RTG and $109M for MMRTG. However, the important need of
Plutonium-238 as fueling, despite its very high production cost,
is an important limitation for RTGs production which leads to an
emergent necessity in improving the efficiency of the radioiso-
tope power system (RPS) (Hayhurst et al., 2019; R.P.S. Commiittee,
2009).

In order to minimize the use of Pu-238 and to increase the effi-
ciency of RPS, NASA started developing a dynamic thermoelectric

conversion system: ASRG (Advanced Stirling Radioisotope Gener-
ator) (Mason, 2007; Qualls et al., 2017). This dynamic converter
uses a Stirling engine and produces a conversion efficiency of up
to 30% while using half of the thermal energy as the RTG. How-
ever, using converters with moving mechanical parts will always
be exposed to maintenance problems. Furthermore, the research
should focus on combining these two designs technologies while
they are using the same heat source (GPHS), in order to produce
higher electrical power for space applications and without the
need of increasing the number of GPHS (i.e. same as Pu-238) in
order to increase the electrical power in a single machine.

4. Conclusion

In this paper, we presented an in-depth analysis of thermo-
electric generators for the recovery of waste thermal energy in
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Fig. 26. The General-Purpose Heat Source Radioisotope Thermoelectric generator (GPHS-RTG), (a) overall structure, (b) SiGe thermocouple (Bennett et al., 1989).
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Fig. 27. Multi-mission radioisotope thermoelectric generator (MMRTG): (a) MMRTG cutaway, (b) TE module (Hammel et al., 2009).

(b)

©) (d)

Fig. 28. A micro-radial milliwatt-power RTG: (a) Experimental prototype, (b) RTG with 4 modules, (c¢) RTG with 6 modules, and (d) RTG with 8 modules (Liu et al.,

2017).

various sectors using the latest advanced thermoelectric genera-
tors designs, materials, and technologies. Thermoelectric gener-
ators have proved their usefulness in low and even high-power
devices, as well as miniaturized and bulk applications depending
on the generated power range, materials, and manufacturing
process. Many applications were introduced, as well as their
energy sources and cost economic ratio, like wireless sensor
networks (WSNs), wearable and implantable devices (IoT and
medical applications), industrial electronic devices, automobiles,
and aerospace applications. Furthermore, according to Research

and Markets, the market size of thermoelectric generators is ex-
pected to rise from US$460M in 2019 to US$741M by 2025 (with
an 8.3% compound annual growth rate) (Markets, 2019). With
more than 500 scientific papers published every year, the auto-
motive sector is subjected to lead the TEGs market as well as R&D
for thin film based TEGs. One of the encountered issues in the
mentioned studies is the parasitic thermal resistances generated
from thermal heat losses, especially for high-temperature range
applications, which decreases significantly the performance of the
conversion efficiency. Also, researchers are trying to improve the
conversion efficiency, using new technologies, miniaturization,
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2018b).

Fig. 30. Thick film planar RTG (Yuan et al., 2018).

increasing the number of thermocouples, limiting the parasitic
resistances, etc. but they ignore the need of optimization in
term of design of the TE modules and TC legs to have lower
internal resistance in order to provide higher electrical power
of such devices without the need of utilizing new TE materials
with high power factor or increasing the number of TCs. In fact,
the electrical internal resistance of the TEG modules plays the
main role in order to provide higher electrical power which also
depends in the first place on the TCs and connectors dimensions.
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