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Preface

The growing energy demands and the urgent necessity to curb greenhouse gas emissions
have promoted the advancements of a broad range of possible solutions meant to miti-
gate the impact of our society on our environment. Among the different approaches to
limit our footprint, thermoelectric materials have been positioned as a prime candidate
to recover energy from heat that would otherwise deemed wasted. The physics of
thermoelectricity alone, namely the Seebeck effect, is unambiguously appealing.
However, the engineering and commercial realities have been a major obstacle to the
wider acceptance of thermoelectrics in practical applications. Economically viable
generators have so far evaded the thermoelectric community.

The 11th European Conference on Thermoelectrics provided an international
forum for discussion and a dissemination venue for thermoelectrics. Under the man-
date of the European Thermoelectric Society, the event was organized by the
European Space Agency at the European Science and Technology Centre (ESTEC)
in Noordwijk, The Netherlands on November 18-20th, 2013. The Proceedings from
the 11th European Conference on Thermoelectrics are a collection of 26 manu-
scripts that cover topics from material syntheses, the measurement of thermoelectric
properties, and the design of modules and generators. The proceedings are being
complemented by fully peer-reviewed manuscripts that will appear in a special
issue of the Journal of Electronic Materials.

The large emphasis of these proceedings on the design of thermoelectric mod-
ules and generators reflects the need to grow thermoelectricity beyond investiga-
tions limited to the fundamental physical understanding and the material
characterization. The future of thermoelectricity may lie in the discovery of new
high-ZT material, but we believe that it resides as much, and perhaps even more, in
the design of modules and generators where these materials can be best exploited.

We are thankful to all the participants and the authors who submitted manuscripts
to the 2013 European Conference on Thermoelectrics. We hope that these proceed-
ings correctly reflect the time and effort that each invested to achieve these results.

Noordwijk, The Netherlands Andrea Amaldi
Francois Tang
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Chapter 1
Effect of Structure and Microstructure
on the Thermoelectric Properties

of Yb0.19CO4Sb12 Alloy

A. Castellero, M. Ostorero, A. Ziggiotti, M. Brignone, and M. Baricco

Abstract In this work, we report the results of the synthesis and characterisation of the
n-type Yby 4Co,Sb;, thermoelectric alloy that is among the most promising materials
for automotive applications with a value of ZT ranging around 1 at 600 K.

Sample preparation consisted of a sequence of three steps: (1) a solid/liquid reac-
tion between the individual elements at 660 °C in a resistance furnace, (2) complete
melting in an induction furnace, and (3) annealing at 730 °C in a resistance furnace
for 0.75, 1.5, 3 and 6 h.

The unannealed samples consist of a mixture of Sb, YbSb,, CoSb, CoSb, and
CoSbs. Only a fraction (about 50 %) of the thermodynamically stable CoSbs-type
phase could be obtained by free cooling of the melt. This is due to the complex
solidification path, involving two peritectic transformations, that does not allow the
system to reach the equilibrium.

Annealing at 730 °C promotes the formation of the desired CoSbs-type phase up
to fractions ~98 % after 3—6 h.

Thermoelectric properties were measured between 300 and 500 K. Longer
annealing time caused an increase of the absolute values of the Seebeck coefficient
as a consequence of the higher fraction of the Yb,Co,Sb,, thermoelectric phase.
In the case of electrical conductivity, no clear trend as a function of annealing time
was observed.

Keywords Skutterudite  Processing ® Thermoelectric material
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Introduction

Filled skutterudites emerged as potential candidates for thermoelectric (TE) power
generation in the 700-800 K temperature range [1]. In the case of n-type CoSbs, a
figure of merit (ZT) exceeding unity could be achieved with suitable Yb doping [2,
3]. Processing routes for obtaining the CoSb; single phase consist of several steps
and are often time and energy consuming. Alloying of the elements can be typically
obtained by ball milling (BM) [3], by continuous reaction between solid Co and
liquid Sb [4] or by direct melting of the pure elements [5, 6]. BM processing allows
complete alloying in one step and the as-milled powders are ready for subsequent
compaction. However, BM processing typically favours contamination and surface
oxidation of the powder. On the other hand, samples prepared from the liquid are
often not homogeneous from the microstructural point of view. In fact, a complex
solidification path, involving two peritectic reactions, slows down the kinetics of
phase transformations. Therefore, extremely long annealing time (up to 10 days) is
currently used for promoting the formation of the CoSb; single phase [6].

Attempts to shorten the synthesis were made by non-equilibrium techniques
such as rapid solidification [7, 8], that also promotes nanostructuring and supersatu-
ration of the phase with the dopant [7].

Despite the technological importance of controlling and optimising the synthesis
of CoSb; single phase, only few systematic studies have been carried out. For exam-
ple, Kim et al. [9] performed isochronal annealing in vacuum of undoped CoSb; at
temperatures between 300 and 800 °C. Complete formation of the single phase was
achieved after annealing at 400 °C for 24 h [9].

In this work, Yb,4C0,Sb,, was synthesised with a sequence of three steps: (1) a
solid/liquid reaction between the pure elements, (2) complete melting in an induc-
tion furnace, and (3) annealing at 730 °C. The effect of the annealing time on the
evolution of phase structure and microstructure is studied and correlated to the ther-
moelectric properties. It is shown that annealing for 6 h at 730 °C promotes the
formation of Yb,;Co,Sb, single phase. However, the samples are characterised by
porosity (10-20 vol.%) that is detrimental for thermoelectric applications.

Experimental

Samples with nominal composition Yb,;0Co,Sb, (at.%) were prepared using
elemental Co (Alfa Aesar, 99.8 % powder), Sb (Alfa Aesar, 99.999 % shot), and Yb
(Aldrich, 99.9 % chip). A small excess of Sb (about 3 at.%) was added in order to
compensate the loss of this element as a consequence of its evaporation during the
thermal treatments. The elements were sealed in a BN-coated quartz crucible under
an Ar atmosphere (6.1 kPa) and were heated at 660 °C for 2.5 h in a resistance fur-
nace. The melting reaction was then completed in an induction furnace, under an Ar
atmosphere. Finally, samples in bulk form (rods with diameter 9 mm and height
30 mm) were annealed at 730 °C for 0.75, 1.5, 3 and 6 h.
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Structural analysis on ground powders obtained from the bulk samples was
performed by X-ray diffraction (XRD) in transmission geometry (PANalytical X’
Pert PRO, Cu Ka), using a rotating capillary. The experimental patterns were refined
by Rietveld analysis using the MAUD software [10].

Microstructure and phase compositions were investigated by scanning electron
microscopy (SEM) (Leica Stereoscan 420) equipped with an energy dispersive
spectroscopy (EDS) microprobe (Oxford Instruments).

The density of the samples was measured with a pycnometer.

The electrical conductivity (o) was measured with the four-probe method. The
Seebeck coefficient (@) was measured with a homemade apparatus where the sam-
ple is held between two plates. The whole sample holder can be inserted inside a
vertical electrical furnace under an inert atmosphere. The temperature difference
between the two plates during a heating ramp is maintained by heating the lower
plate by Joule effect. Thermocouple wires were used to measure both the tempera-
ture of the plates and the potential difference generated by the sample. The Seebeck
coefficient was obtained by the following equation:

AV
a=a, —— 1.1
wires AT ( )

where ay;.s represents the Seebeck coefficient of the thermocouple wires, AV is the
measured potential difference and AT is the measured temperature difference. All
the measurements were performed in an Ar atmosphere in a temperature range
between 25 and 300 °C.

Results and Discussion

Figure 1.1 shows XRD patterns related to the phase evolution in the bulk samples
after annealing at 730 °C for different times. The XRD pattern of the non-annealed
sample clearly shows the crystallographic reflections of additional phases to CoSb;
(i.e. Sb, CoSb and CoSb,). As expected, increasing the annealing time promotes the
formation of the desired CoSbs-type phase. The evolution of the volume fraction of
the various phases is shown in Fig. 1.2 as a function of annealing time. It can be seen
that, after only 3—6 h of annealing, the formation of the CoSbs-type single phase is
almost completed. Table 1.1 shows the values of the lattice parameter for the CoSbs-
type phase after different annealing times, together with the values of R,, indicating
the quality of the fit for the Rietveld refinement. The increase of the lattice param-
eter with annealing time indicates that the CoSbs-type phase progressively solu-
bilises a larger amount of Yb. From the comparison of the lattice parameter for the
sample annealed for 6 h (a=9.0462 A) with those reported in literature for undoped
Co,Sb, (a=9.0347 A [11]) and Yb, ;5C0,Sb, (a=9.0531 A [6]), we estimated that
the maximum amount of Yb solubilised in Yb,Co,Sb,, is x~0.1 indicating that the
annealing is not enough for obtaining a complete dissolution (i.e. Yb,4C0,4Sb,).
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Fig. 1.2 Evolution of the phase volume fraction as a function of annealing time

The microstructural evolution as a function of the annealing time is shown by
the backscattered electron SEM images in Fig. 1.3. In the unannealed sample,
Fig. 1.3a, large dendrites of the primary CoSb phase are surrounded by CoSb, and
CoSb; phases, where CoSb, CoSb, and CoSb; are immersed in an Sb matrix. The
inset of Fig. 1.3a shows a eutectic microstructure consisting of YbSb, and Sb,
showing that the Yb atoms were not fully dissolved in the skutterudite structure.
After 0.75 h of annealing, Fig. 1.3b, CoSb, CoSb, and Sb tend to disappear in favour
of CoSb;, while a small fraction of the YbSb,/Sb eutectic is still present (see inset).
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Table 1.1 Values of the lattice parameter, a, of Yb,Co,Sby, and R,, for the Rietveld refinement of
the X-ray diffraction patterns at different annealing times

Annealing time (h) Lattice parameter of Yb,Co,Sb,,, a (A) R,, (%)
0 9.0403 2.5
0.45 9.0422 5.8
1.5 9.0428 54
3 9.0455 39
6 9.0462 6.1

After 3 h of annealing, Fig. 1.3c, only residual traces of CoSb and CoSb, are present,
whereas the YbSb,/Sb eutectic fully disappears. Finally, after 6 h of annealing, the
microstructure shown in Fig. 1.3d becomes more homogeneous, with only a small
fraction of Sb segregated at the grain boundaries of CoSb;.

According to the Co-Sb equilibrium phase diagram [12], the sequence of reac-
tions upon cooling is the following:

~1065°C:L — CoSb+L’ (1.2)
936°C :L'+CoSb — CoSb, (1.3)
874°C:L"+CoSb, — CoSb, (1.4)

where L, L and L" represent the liquid phase with different compositions. The pres-
ence of significant amounts of Sb, CoSb and CoSb, in the unannealed sample indi-
cates that the two peritectic reactions (1.3) and (1.4) were not completed during the
uncontrolled cooling after induction melting, due to the need of long-range diffu-
sion. The effect of annealing is to homogenise the microstructure progressively,
favouring the formation of the expected CoSbs-type phase. The presence of residual
Sb in the sample annealed for 6 h indicates that the excess of Sb added at the begin-
ning did not evaporate completely. All the samples show a significant amount of
porosity (ranging between 10 and 20 vol.%) irrespective of the annealing time. The
measured density ranges between 6.2 and 7.0 g.cm™, corresponding to 81-92 % of
the theoretical density (7.60 g.cm™). According to Geng et al. [5], the mechanism
of the formation of porosity is the one explained below. During the peritectic reac-
tion (1.3), CoSb, dendrites form inside the network of primary dendrites of CoSb
formed from reaction (1.2). As a consequence of the solidification contraction,
empty volumes remain between the solid phases because the pores cannot be easily
filled by the remaining liquid. Since the pore fraction does not show a trend with
annealing time, it can be supposed that porosity is caused by the mechanism
described by Geng et al. [5] rather than from the evaporation of Sb. This is also sup-
ported by the fact that the excess of Sb was not fully evaporated, as evidenced in
Fig. 1.3d. Finally, pores tend to become more rounded when the annealing time
increases as a consequence of the reduction of the surface area.

The results of the thermoelectric properties are reported in Fig. 1.4. The evolution
of the Seebeck coefficient, a, and of the electrical conductivity, 6, measured at different
temperatures in function of the annealing time is reported in Fig. 1.4a, b, respectively.
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Fig. 1.3 SEM backscattered electron images of the microstructure evolution in Yb,Co,Sb, at dif-
ferent annealing times: (a) O h, (b) 0.75 h, (¢) 3 h, and (d) 6 h. The numbers in the micrographs
indicate the corresponding phases: (/) CoSbs, (2) CoSb,, (3) CoSb, (4) Sb, (5) YbSb,
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Fig. 1.3 (continued)

Fig. 1.4 Thermoelectric
properties of Yb,Co,Sb,.
Seebeck coefficient (a) and
electrical conductivity (b) as
a function of annealing time
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The Seebeck coefficient is initially positive and progressively becomes negative as the
annealing proceeds. Values around —120 and —160 pV/K at 300 K and 500 K, respec-
tively, are reached after annealing for 6 h. This trend is due, on the one hand, to the
progressive formation of the CoSb;-type thermoelectric phase, and, on the other hand,
to the doping of this phase with Yb, as shown by the progressive increase of the lattice
parameter (Table 1.1). In fact, undoped CoSb; has a p-type behaviour whereas
Yb-doped CoSb; has an n-type behaviour. After annealing for 6 h, the formation of the
CoSb;-type phase is almost completed, whereas the Seebeck coefficient does not reach
a saturation value because Yb,Co,Sb, is only partially doped with Yb, indicating that
the solubilisation of Yb is a slower process with respect to the formation of the CoSb;-
type phase.

For each annealing time, the absolute value of the Seebeck coefficient becomes
larger at higher temperature, revealing the typical behaviour of doped semiconduc-
tors. The magnitude of the Seebeck coefficient obtained for the sample annealed for
6 h is slightly lower than that reported in the literature for the Yb-doped CoSb;
single-phase compound. For example, values ranging from —130 to —160 pV/K at
300 K, and from —170 to =200 pV/K at 500 K have been reported [5, 7, 13, 14]. The
difference between our results and those reported in the literature is likely due to the
incomplete solubilisation of Yb (x~0.1) and the presence of a small fraction of Sb
that shows metallic behaviour.

In the case of the electrical conductivity, there is not a clear trend as a function of
annealing time. The significant scattering of the values is mainly due to the high
porosity of the samples that affects the reliability of the resistivity measurements.
The values obtained are slightly higher than those typically reported for this system
(e.g. between 8 15x 10* S/m at 300 K [5, 7, 13, 14]). As expected, for each anneal-
ing time, the electrical conductivity decreases as the temperature increases, indicat-
ing a degenerated semiconductor behaviour due to the Yb doping.

Comparing the results of the thermoelectric properties (Fig. 1.4) with the struc-
tural and microstructural analyses of crystalline phases present in the samples as a
function of annealing time (Figs. 1.1, 1.2, and 1.3), it appears clear that, with the
proposed preparation process, short annealing times (i.e. 3—6 h) might be sufficient
to obtain a single-phase material. However, annealing for 6 h at 730 °C does not
allow the complete solubilisation of Yb. Furthermore, the volume contraction upon
solidification leads to undesired porosity (10-20 vol.%) and, consequently, to a rela-
tive density lower than 92 % with respect to the theoretical one. Thus, improve-
ments are needed for optimising the preparation and annealing sequence in order to
increase the final properties.

Conclusions

In this work, Yb, 0C0,Sb;, alloy was prepared by a combination of liquid/solid
reaction, induction melting and annealing. Samples with about 98 % of the desired
CoSbs-type phase were obtained after annealing for 3—6 h. After annealing for
6 h, the samples have an effective composition of Yb,;Co,Sby, and show a
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chemically homogeneous microstructure, apart from a small-fraction Sb in excess
that segregated at the grain boundaries. All the samples show porosity ranging
between 10 and 20 vol.%.

Concerning thermoelectric properties, on the one hand, the absolute value of the
Seebeck coefficient progressively increases as a function of annealing time.
Thermoelectric n-type behaviour reveals that the CoSbs-type phase was successfully
doped with Yb during the annealing. On the other hand, electrical conductivity does
not show a clear trend with annealing because of the porosity of the samples that leads
to a density 81-92 % of the theoretical one. It can be concluded that the processing
route proposed in this work might be effective for preparing single-phase CoSb;-
based alloys for thermoelectric applications. However, improvements are needed for
ensuring a higher density of the material and a complete solubilisation of Yb.
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Chapter 2

Thermoelectric Properties of Hot-Pressed
K,Bis_ Sb,Se,;; Materials

T. Kyratsi and M. Ioannou

Abstract Alkali bismuth chalcogenides are promising for thermoelectric applica-
tions as suggested by previous works. The K,BigSe;; compounds were grown from
melt as polycrystalline ingots or from Bridgman technique as highly oriented poly-
crystalline ingots. In this work, we apply powder techniques as a post-growth pro-
cess on the K,Biz_ Sb,Se; series and the effect of the sintering process and the Sb
concentration on the thermoelectric properties of the series is discussed.

Keywords Sintering ¢ Solid solutions ¢ Structural disorder * Grain boundaries

Introduction

Alkali bismuth chalcogenides attracted considerable attention in the last two
decades as candidates for thermoelectrics due to their complex crystal and elec-
tronic structure [1]. The properties of K,BigSe ;-based compounds were studied in
more detail as the most promising. The properties of materials grown from melt as
polycrystalline ingots [2, 3] or from Bridgman technique as highly oriented poly-
crystalline ingots have been reported in several publications [4, 5]. Powder tech-
niques were applied as post-growth methods through pressureless sintering [6, 7]
and also, only recently, through hot pressing [8] on K,BigSe;; S, series. The hot-
pressed pellets had high density and performed ZT of about 0.5 at 800 K.

In this system, the formation of solid solutions has been extensively studied as a
common strategy to minimize the thermal conductivity and there are several reports
on substitution at the heavy metal sites, i.e., K,Biz_Sb,Se;; [4, 9], the chalcogenide
sites, 1.e., K,BigSe 5_,S, [10]; as well as the alkali metal sites, i.e., K,_,Rb,BigSe;; [11].
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Crystallographic studies show that the nonuniform partial substitution of Bi/Sb
decreases the lattice thermal conductivity [12] but also significantly affects the elec-
tronic properties through changes in structural disorders [5].

In this work, we apply post-growth powder techniques on the Sb series and hot-
pressed pellets of K,Bis_Sb,Se; (0 <x<2.4) are fabricated. The hot pressing condi-
tions were selected based on the previously applied statistical design of experiments
optimization approach [8]. The effect of the sintering process and the Sb concentra-
tion on the thermoelectric properties of the series is discussed. A comparison with
different types of samples, prepared also by post-growth techniques (i.e., oriented
polycrystalline ingots), is also presented.

Experimental Section

Chemicals were used as obtained: potassium metal, rod, 99.5 % purity, Sigma
Aldrich, and bismuth, antimony, and selenium metals, 99.999 % purity from Alfa
Aesar and all manipulations during synthesis were carried out under a dry argon
atmosphere in an MBraun glovebox. The K,Biz_,Sb,Se,; series was synthesized in
the form of ingot as explained in the following: mixtures of elements were weighted
according to the chemical formula of each member and were sealed in silica tube
under pressure of <107 Torr. The mixtures were, then, heated to 850 °C over 12 h
and kept there for 1 h, followed by cooling to 50 °C at a rate of —15 °C/h. The ingots
were broken in small pieces and ground using a mortar and pestle. Pellets were
fabricated using a uniaxial hot-press system (HP20) from Thermal Technologies
Inc. The sintering conditions were modified according to each member’s melting
point as discussed below.

The samples were examined by X-ray powder diffraction to assess phase purity.
Powder patterns were obtained using a Rigaku Miniflex powder X-ray diffractom-
eter with Ni-filtered Cu Ka radiation operating at 30 kV and 15 mA. Seebeck coef-
ficient and electrical conductivity measurements were carried out on the hot-pressed
pellets simultaneously using a commercial ZEM-3 system from ULVAC-RIKO.
A Netzsch LFA-457 system was used to measure thermal diffusivity and heat capac-
ity. The diffusivity (D), density (p), and specific heat (C,) were measured and used
to calculate the total thermal conductivity using the formula k=D xpxC,.

Results and Discussion

Synthesis and Pellet Fabrication

Selected members of K,Bi;_Sb,Se,; series were synthesized and hot pressed into
pellets. The final products were single K,BisSe,; phase as concluded by powder
X-ray diffraction (PXRD). The sintering conditions were selected based on the
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Table 2.1 Melting point (7p) and sintering conditions (hot-pressing temperature (7yp), pressure
(P), and time at maximum temperature) of the K,Big_Sb Se;; materials

X Twr (°C) Tup (°C) P (MPa) Time (min)
0.0 700 540 80 90
0.8 687 530 80 90
1.6 675 520 80 90
2.4 654 505 80 90

results of the previously reported optimization process [8]. However, the actual sin-
tering temperatures had to be adjusted due to the different melting points of the Sb
members. Table 2.1 shows the sintering conditions and melting points [4] for each
stoichiometry. The relative densities of the hot-pressed pellets were between 94
and 98 %.

Electrical Conductivity and Seebeck Coefficient

It is the first time that members of the K,Bis_,Sb,Se,; series are processed via pow-
der techniques, i.e., grinding and sintering with hot pressing; therefore a compari-
son with the highly oriented ingots previously studied is attempted. Figure 2.1a
shows that the electrical conductivity values of the members prepared as highly
oriented polycrystalline ingots by Bridgman technique [5] are much higher than
those reported here. Since the hot-pressed pellets include many grains and the
boundaries significantly decrease the mobility of the carriers, such behavior was
expected. In addition, the anisotropy of this system is well known and affects the
thermoelectric properties along and perpendicular to the needle orientation (crystal-
lographic b-axis). The electrical conductivity along the needle direction was found
to be five times higher than the perpendicular one [4]. Therefore, the contribution of
the different crystallographic directions is also involved here, although this does not
seem to be the main mechanism here.

On the other hand, the Seebeck coefficient of the pressed pellets is higher, in
absolute values, than the reported values for oriented ingots; see Fig. 2.1b. This sug-
gests lower carrier concentration that could be explained by the fact that the post-
growth processes were different; hot pressing is a solid-state process at lower
temperatures while the oriented ingots were prepared after melting the materials at
higher temperatures. The variation of the Seebeck coefficient due to anisotropy is
less important as discussed in ref. [4].

According to previous work on polycrystalline oriented ingots [5], the behavior
of the Bi-rich members is that of typical heavily doped semiconductors. For the hot-
pressed pellets, this is also the case for the member x=0; see Figs. 2.2 and 2.3.
When Sb incorporates in the lattice the electron concentration decreases. At the
same time, the temperature dependence of the electrical conductivity changes with
Sb and this can also be attributed to the lower carrier concentration. The electrical
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Fig. 2.1 (a) Electrical conductivity and (b) Seebeck coefficient of K,Biz_ Sb,Se,; hot-pressed pel-
lets in comparison to materials prepared as oriented ingots [5]
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Fig. 2.2 Temperature dependence of Seebeck coefficient of K,Bis_Sb,Se; hot-pressed pellets

conductivity in this temperature range changes from that of typical heavily doped
semiconductors to intrinsic semiconducting region.

In order to better understand the properties, one should have a closer look on the
crystal structure. K,BigSe,; material has a complex structure, as shown in Fig. 2.4,
that includes two different interconnected types of Bi/Se building blocks and K*
atoms in tunnels. The two different Bi/Se blocks are connected to each other at special
mixed-occupancy K/Bi sites that seem to be crucial in defining the electronic struc-
ture near the Fermi level and consequently the electronic properties. This is supported
by ab initio density functional band structure calculations on this material [13].



2 Thermoelectric Properties of Hot-Pressed K,Big_,Sb,Se;; Materials

100 3 T T T T T T T
= A A A A A A A A A
r * * * * * *
10 & . - E
F % . O’ E
* o
¢ o
; * o
< 1L & @] .
@ o
© *
o
A x=0.0
01k he * x=0.8| -
3 * & x=1.6| ]
o) O x=2.4
0,01 1 " 1 " 1 " 1 "
300 400 500 600 700
T(K)

Fig. 2.3 Temperature dependence of Seebeck coefficient of K,Bis ,Sb,Se;; hot-pressed pellets

15

NaCl1'®-
type block

type block

Fig. 2.4 Crystal structure of K,BigSe;; compound (from ref. [5])




16 T. Kyratsi and M. Ioannou

As discussed previously regarding the ingots [5], the incorporation of Sb affects
the properties in two different ways, one related to these mixed-occupancy sites
mentioned above. The band structure calculations on K,BigSe,; dealt with the mixed
occupancy of the M/K sites M(8) and M(9) [13]. The occupancy of the M(8) and
M(9) was once considered to exclusively contain either K or Bi atoms and according
to band structure calculations this led to semimetallic behavior with Eg=0.
In another case, a 1 X2 x 1 supercell with ordered Bi and K distributions was involved
and the band structure calculations showed a semiconductor with Eg=0.55 eV, a
value close to the experimental gap of 0.60 eV. When Sb is introduced in the lattice,
it preferentially occupies the sites M(8) and M(9) (Fig. 2.4) until x reaches 1.5 or 1.7
[5]. At higher concentration, the additional Sb atoms show again a preferential sub-
stitution for the sites with distorted octahedral coordination environment which are
proximal to the mixed sites M(8) and M(9) and these are M(2), M(3), M(7), M(1),
and M(5); see Fig. 2.4 [5]. Since the donors originate from the degree of order/dis-
order at the mixed-occupancy M/K sites, the gradual elimination of the disorder
with the Sb incorporation reveals a more semiconducting character of the
K,Big . Sb,Se; materials. This is in agreement with our results in oriented ingots [5]
as well as the hot-pressed pellets in this work.

On the other hand, there is a variation of the energy band gap of the compounds
that affect the properties [4]. The energy gaps of the end members K,BizSe;; and
K,SbgSe;; are 0.59 eV and 0.78 eV respectively [2]. However, the gaps of the
K,Bi;z_,Sb,Se,; series do not increase monotonously, as expected, but small amounts
of Sb actually cause the Eg to slightly decrease and it actually increases only when
Sb atoms replace 30 % of Bi atoms (x=~2.5) [4].

In the case of the hot-pressed pellets, all the above phenomena are valid and can
explain the variation in the properties with Sb concentration. The elimination of the
structural disorder as well as the small changes in the energy gap are expected to
affect the properties in the hot-pressed pellets in the same way as previously
observed in oriented ingots. On the other hand, differences such as the lower doping
level, can be understood in terms of the different type of the applied post-growth
process (hot press as solid-state process vs. melting).

Thermal Conductivity and Figure of Merit

Thermal conductivity measurements of the members of the K,Bi;_ Sb,Se,; series are
shown in Fig. 2.5. The room-temperature values are between 0.30 and 0.6 W/m K
which are very low compare to other thermoelectric materials. For x=0 the thermal
conductivity value is lower than that of 1.28 W/m K [2] that corresponds to highly
oriented polycrystalline ingot, but it is similar to that of 0.3 W/m K, expected for
pressed pellet [14] and these differences can be explained based on the anisotropy
of these materials and the porosity as discussed elsewhere [14]. The lattice thermal
conductivity seems to be the major contribution to the total thermal conductivity
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Fig. 2.5 Temperature dependence of thermal conductivity of K,Bis_.Sb,Se,; hot-pressed pellets

due to the low electrical conductivity values and correspond to values of
0.32-0.35 W/m K. These values are very similar to those of K,BigSe;;_.S, pellets
[8]. The figure of merit ZT was maximum for the x=0 member reaching 0.58 at
673 K. For higher x values the maximum ZT decreased to 0.43, 0.22, and 0.15 for
the members x=0.8, 1.6, and 2.4, respectively.

Conclusions

In this work, hot-pressed pellets of the K,Biz_,Sb,Se,; series were prepared for the
first time. The sintering conditions followed previous results based on statistical
design of experiments approach and were modified based on the different melting
point of the compounds. The pellets prepared by hot pressing presented different
properties than those previously reported for oriented polycrystalline ingots and
these can be understood based on the different post-growth processes applied in
each case (solid-state process vs. melting). The electrical conductivities were sig-
nificantly lower as expected due to the contribution of the grain boundaries, while
the Seebeck coefficient measurements suggested lower doping level in these materi-
als. Regarding the thermal conductivity, all members exhibited very low values due
to the combination of the complex crystal structure of the materials and the powder
processing. More work is in progress trying to modify the electronic properties as
well as keep the benefit of this extremely low thermal conductivity.
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Chapter 3

Effect of Open Die Pressing

on the Chemical-Physical Properties
of Zn,Sb; Compound

R. Carlini, C. Fanciulli, A. Castellero, F. Passaretti, M. Baricco,
and G. Zanicchi

Abstract Recently, semiconducting intermetallic compounds, belonging to the
Zintl phases, have attracted much attention due to their unexpectedly low thermal
conductivity, which leads to improved thermoelectric properties. The glass-like
thermal conductivity of Zn,Sb;, originated in the framework Zn position of its struc-
ture, makes this compound one of the most studied phases in the thermoelectric
field. The reduction of grain size obtained by the melt spinning process can lead to
an improvement of figure of the Merit-ZT but, unluckily, is associated with an
increase of material brittleness.

As a prosecution of a previous work, melt-spun samples and powders obtained
by a solid-phase synthesis of Zn,Sb; were sintered by Open Die Pressing (ODP)
process: with this technique, already used for sintering of nano-powder of chalco-
genides, bulk samples with high density and compactness were produced.

Chemical physical properties and the stability of the pure phase Zn,Sb; are inves-
tigated after ODP process. All samples were studied in terms of crystal structure,
phase composition, thermal stability, mechanical resistance and thermoelectric
properties. Preliminary results show the formation of ZnSb phase into the Zn,Sb;
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matrix after both melt spinning and ODP processes: the effects of time and temperature
parameters of ODP process on ZnSb phase formation have also been investigated
and thermoelectric properties have been compared for the different conditions.

Keywords Zn,Sb; ¢ Thermoelectric materials * Mechanical processing ¢ Rapid
solidification

Introduction

Efficient thermoelectric devices for technological applications require the develop-
ment of new materials that combine high thermoelectric performance, low cost and
chemical stability, in order to make them suitable for different operating conditions
[1, 2]. The challenge of thermoelectric materials research is to find compounds with
high ZT, in particular in the intermediate- and high-temperature range, in order to
improve their capability in wasted heat recovery. The glass-like thermal conductiv-
ity of some compounds belonging to the Zintl phases makes this class one of the
most studied in the thermoelectric field [3]. Particularly the Zn,Sbs, originating its
good thermoelectric performance from its disordered structure, is one of the most
studied intermetallic due to its very low thermal conductivity. Unfortunately, the
Zn,Sb;, as the main intermetallic compound, presents a very high brittleness [4].
This behaviour is a heavy obstacle for its application in thermoelectric modules.

Here a new approach, aimed to obtain an improvement of the Zn,Sb; mechanical
performance, is proposed. The intermetallic, obtained through a simple route, has
been processed using Open Die Pressing (ODP) technique [5] starting from both
ground bulk material and Melt-Spun (MS) material. ODP has already been success-
fully applied for fast chalcogenide powder sintering, the main feature of the process
being the low temperature involved and the short time required for sintering. Both
these factors contribute in preserving a fine structure in the final sample. In this
work the results of an investigation carried out on the effects of ODP on microstruc-
tural, mechanical, thermal and thermoelectric properties are presented.

Experimental

The intermetallic binary compounds Zn,Sb; were synthesised as bulk samples.
A stoichiometric ratio of pure commercial elements (purity 99.999 %), sealed in
silica vials under Ar flow, were heated at 750 °C in a muffle furnace, annealed at this
temperature for 10 h and spontaneously cooled for 5 h. The material produced was
processed following two different paths. In the former the ingot was ground and the
powders obtained ODP processed into a Fe sheath. In the latter the material was
melt spun [6] and the ribbons obtained were sintered via ODP process again using
a Fe sheath as mechanical support for the compaction. The sintering process was
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performed at 285 and 290 °C with a sintering time varying from 2 to 10 min.
Following both the procedures described, densifications between 98.5 and 99 % of
the theoretical value reported in literature [7] were obtained.

A Scanning Electron Microscope (SEM) equipped with Energy-Dispersive X-ray
spectroscope (EDX)—EVO 40 (Carl Zeiss) with Pentafet Link (Oxford
Instruments)—was used to examine microstructures and determine phase composi-
tion. X-ray diffraction (XRD) analysis was used to investigate the phase crystal
structures and the lattice parameters. The measurements were performed on bulk or
powdered samples using a vertical diffractometer (PANalytical X’Pert Pro model).
XRD measurements were also performed at different temperatures, in order to evalu-
ate possible effects on the phase stability in the samples. Data refinement was carried
out using Rietveld method by Full Proof Suite software. To evaluate the analytical
sample composition, an ICP-AES analysis (Inductively Coupled Plasma-Atomic
Electronic Spectroscopy) was performed to support XRD and EDX analyses.

Thermal stability of the samples was investigated by differential scanning calo-
rimetry (DSC) using a power compensation Perkin Elmer Diamond DSC.

Electrical conductivity of the processed samples was measured as a function of
the temperature using Van Der Pauw method between 300 and 700 K. In the same
range measurements of the Seebeck coefficient have been performed using an MMR
Technology system, in order to evaluate the power factor.

Results and Discussions

In Table 3.1 the results of ICP analyses are reported. A change in Zn content at dif-
ferent steps of sample preparation was observed: starting from stoichiometric 4:3
Zn-Sb ratio for as-cast sample, a reduction of this ratio to 1.25 was found after ODP
process. This result is consistent and explains the results of other characterizations.
Indeed SEM investigations showed the presence of ZnSb phase into the Zn,Sb; matrix
as displayed in Fig. 3.1. The little solubility field of this secondary phase is consistent
with the phase diagram [8] considering the Zn content in each sample characterised.
Normalised XRD patterns are reported in Fig. 3.2: Rietveld refinement allowed
to obtain lattice parameters, atomic positions and atomic occupancies in the
B-Zn,Sbs. Results of the analyses were in accordance with cell parameters reported
in literature [9, 10], giving lattice parameters a and ¢, 1.2228 nm and 1.2424 nm,

Table 3.1 Results of ICP analyses performed on different samples

Sample Zn (ppm) Sb (ppm) Zn:Sbratio Znat. %
7Zn,Sb; (th) - - 1.33333 57.1
As-cast 10.9 7.85 1.3410 57.3
Melt spun 7.58 5.63 1.3830 58.0
ODPnoMS  70.2 47.2 1.2520 55.5

ODP MS 62.3 39.6 1.1836 54.1
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Fig. 3.1 SEM image of ODP sample. The darker phase corresponds to Zn,Sb; matrix, the lighter
one to ZnSb secondary phase
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Fig. 3.2 XRD patterns of, starting from the bottom, as-cast material, ODP-processed powders and
ODP-processed MS ribbons
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Fig.3.3 Calorimetric analyses of as-cast (a) and ODP samples (b) in the range of 100-550 °C. Both
measurements were performed at 2 °C/min. Thermal cycling of the same samples is reported in (c)
and (d), respectively, in the range of 480-540 °C: slower rates were used (0.5 °C/min)

respectively. The ODP process resulted to have no significant effect on structural
properties of the starting compounds. The two phases already seen with previous
analyses were observed: peaks due to the presence of a little amount, estimated in
the range of 3—4 %, of ZnSb were identified. XRD performed up to 285 °C dis-
played no phase evolution in the range of temperatures proper of ODP processing
performed on the material.

Calorimetric analyses were performed on the samples up to 550 °C. In order to
study the effects of ODP, the starting (Fig. 3.3a, ¢) and processed (Fig. 3.3b, d)
materials were tested.

In the case of the bulk sample, the DSC trace, Fig. 3.3a, shows upon heating a
sequence of four endothermic signals: between 409 and 411 °C, around 440, 493, and
532 °C. Each peak can be associated to a corresponding invariant reaction proposed
in the equilibrium-phase diagram [8]. However, the two signals at lower temperature
(409—-411 and 440 °C) are not compatible with the nominal and measured composi-
tion, suggesting that the sample is not fully homogeneous. The result can be related
to the presence of regions richer in Zn due to local fluctuation of the chemical com-
position. The two signals at lower temperature disappear in a second DSC heating
cycle (not shown here) indicating that the sample became chemically homogeneous
after the completion of the first DSC cycle. Repeated heating cycles at 0.5 °C/min on
the same sample, Fig. 3.3c, show the reproducibility of the signals at 493 and 532 °C.
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Fig. 3.4 Stress—strain plots in compressive configuration of as-cast, ODP from powders and ODP
from MS samples. Sintered material overcomes the limits due to the brittleness of as-cast one

In the case of the ODP sample, the DSC trace, Fig. 3.3b, shows the two expected
endothermic signals at 493 and 532 °C, indicating that after ODP processing the
sample is already in the equilibrium conditions. Repeated heating cycles at 0.5 °C/
min on the same sample show again the reproducibility of the signals at 493 and
532 °C, Fig. 3.3d.

Comparing the DSC traces at 0.5 °C/min, it can be observed that the signal
around 532 °C is slightly broader in the ODP sample with respect to the bulk sam-
ple. This difference is due to the small variation of composition between the two
samples (see Table 3.1) that slightly modify the equilibrium between the phases.

The mechanical behaviour of the samples obtained following the different routes
was investigated by stress—strain tests performed in compression in a mechanical
test machine (MTS 2/M) at room temperature. Compressive setup was chosen
because it better reproduces the most common operating conditions for a material
into a basic device (module). Data are reported in Fig. 3.4: the curves correspond to
as-cast, ODP of powders and ODP of MS materials. All the samples, as expected,
displayed a fragile behaviour with fragile fractures at high strains. The value of
fracture load showed a large increase after ODP processing the material: both ODP
samples, MS and not, display a maximum load at least eight times greater than the
one for original material. MS sample reached the highest value, consistently with
the refined structure of starting material. This result suggests that processing the
starting material could be helpful in order to overcome the technological limits in
the usage of the material represented by its brittleness.

In order to evaluate the effective influence of the ODP process on obtained sam-
ples, measurements of electrical resistivity and Seebeck coefficient were carried
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Fig. 3.5 Thermoelectric properties for as-cast and ODP-processed samples. Resistivity (a) and
Seebeck coefficient (b) were measured from 300 to 700 K

out. Results reported in Fig. 3.5 are related to as-cast sample, ODP samples obtained
from powders with 5-min and 10-min sintering time (named PwdS and Pwd10,
respectively) and ODP sample from MS material sintered for 5 min. All the ODP
samples were processed and sintered at 285 °C.

The resistivity of ODP-MS samples resulted to be just a bit greater than the one
of powdered samples. This effect can be associated to the finer structure of the
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sintered material. As expected, a longer sintering time resulted in lower resistivity.
The values obtained for as-cast material, here not reported, resulted to be afflicted
by the large granularity of the samples obtained from the billet.

The values of the Seebeck coefficient resulted to be lower than the best ones
reported in literature: this could be due to the presence of a mix of phases into the final
material. As reported in literature the presence of pure Zn and/or ZnSb phase affects
the Seebeck value depending on the content of the secondary phases [11, 12]: com-
pared to the pure phase of as-cast sample, the results seem to be similar in all cases.

As a result we can deduce that ODP processing does not clearly affect thermo-
electric behaviour of the material: an improvement should be expected in the reduc-
tion of thermal conductivity, especially in melt-spun materials, due to the fast
sintering process and the low temperatures involved in the ODP process but, up to
now, thermal conductivity measurements are still in progress.

Conclusions

Open Die Pressing process was successfully used for the first time to sinter Zn,Sb;
compound. The bulk obtained resulted to be fully dense with a sintering time of
5 min at 285 °C: these conditions were such to preserve the microstructure of the
sample. Effects of the process have been investigated on melt-spun ribbons, obtain-
ing again good results in terms of densification and thermoelectric properties.

The main result presented in this work is the high improvement in mechanical
behaviour of the material after ODP processing: preserving thermoelectric proper-
ties of the material, we were able to increase the mechanical resistance of the bulk
up to 11 times as respect to the starting as-cast bulk.

Looking for thermoelectric property optimization, further developments are
needed in order to reduce the presence of secondary phases in the final material.
Moreover, a further refinement of starting powders or a grain refinement of melt-
spun ribbons could represent a way to improve mechanical and thermoelectric per-
formances of the ODP-processed samples.
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Chapter 4

Phase Selection and Microstructure
Refinement of Melt-Spun Zn,Sb;-Type
Compound

R. Carlini, A. Castellero, C. Fanciulli, F. Passaretti,
M. Baricco, and G. Zanicchi

Abstract The Zn,Sb; phase is considered one of the most interesting compounds
for thermoelectric applications in the intermediate temperature range (400-600 K)
because of its very low thermal conductivity. Typical processing routes of this mate-
rial for technological applications require several steps, in order to obtain a homo-
geneous single phase with fine microstructure.

In this work, melt spinning was used as an intermediate processing step for
improving the structural homogenization and microstructure refinement of Zn,Sb;.
The effect of rapid solidification on the phase stability and microstructure was
investigated.

Melt-spun samples show, on the one hand, other crystalline phases in addition to
the expected Zn,Sb;-type phase, probably because the high cooling rate did not
allow the system to reach the thermodynamic equilibrium. On the other hand, rapid
solidification induced a remarkable decrease of crystallite size down to the
nanoscale, as estimated by the peak broadening in the X-ray diffraction patterns and
shown by scanning electron micrographs. Additionally, the presence of an irrevers-
ible exothermic peak in the differential scanning calorimetry (DSC) trace can be
likely related to the crystallization of a small amount of amorphous phase, formed
as a result of the high cooling rate that could not be detected by XRD.
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The results suggest that melt-spun flakes can be used as a starting material in the
subsequent compaction steps.

Keywords Zn,Sb; * Thermoelectric material * Rapid solidification * Processing

Introduction

Today an enormous amount of unused waste heat could be converted to electricity
by using thermoelectric solid-state devices [1]. Research in the thermoelectric field
covers a lot of different materials such as intermetallics, composites, and nanomate-
rials [1, 2]. Thermoelectric efficiency of these materials can be improved by doping,
nanostructuring, or nonequilibrium synthesis routes [1, 3]. Up to now, intermetallics
are the most studied materials for thermoelectric applications due to their stability
and mechanical properties in thermoelectric devices.

The intermetallic Zn,Sb; compound has raised great interest due to its glass-like
thermal conductivity and consequently due to its good thermoelectric performance
in the intermediate temperature range (400600 K) [2]. Several studies were carried
out on this compound to evaluate the influence of different processing routes on its
efficiency [4-7]. Processing of this material for technological applications requires
several steps, in order to obtain a fully dense homogeneous single phase with fine
microstructure [1]. In fact, it is well known that phonon contribution to thermal
conductivity can be significantly depressed by a very high density of grain boundar-
ies, leading to an increase of the figure of merit ZT.

Among non-equilibrium processing techniques, melt spinning allows fast
quenching, promoting the formation of amorphous or metastable phases, together
with a significant grain size refinement [8]. Furthermore, the short processing time
required strongly reduces contamination due to the working atmosphere. Such a
technique could be effective in producing starting materials suitable for further pro-
cessing, in view of an efficiency increase of thermoelectric properties.

In this chapter, the effect of melt spinning on the microstructural, structural, and
thermal properties of Zn,Sb; intermetallic compound is investigated in view of ther-
moelectric applications.

Experimental

Bulk samples of the intermetallic binary compound Zn,Sb; were synthesized with a
simple preparation route. Stoichiometric quantities of zinc and antimony (purity
99.99 mass %) sealed in silica vials under Ar flow were heated up to 750 °C in a
muffle furnace, annealed at this temperature for 10 h and, finally, spontaneously
cooled.
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Rapidly solidified samples of Zn,Sb; were obtained with a melt-spinning (MS)
apparatus by Edmund Biihler GmbH. The bulk alloy was induction melted in a
BN crucible and ejected by an Ar overpressure (0.2 bar) on a copper wheel rotat-
ing at 20 m/s.

Chemical analyses of the bulk and melt-spun samples were performed by
Induction Coupled Plasma-Atomic Electron Spectroscopy (ICP-AES) analyses.
The ICP-AES system used was an axially viewed Varian (Springvale, Australia)
Vista PRO.

The microstructure and the composition of the samples before and after melt
spinning were investigated by scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDXS), using an SEM EVO 40 by Carl Zeiss.
Structural characterization was performed by X-ray diffraction (XRD). The mea-
surements were performed on bulk or powdered samples in the angular range of
10-100°, with a step of 0.002°, using a PANalytical X’Pert Pro model diffractom-
eter with Cu k, radiation. XRD measurements were also performed using an envi-
ronmental chamber in order to study the structural evolution of as-spun samples as
a function of temperature. Refinement of the XRD pattern was performed using
Rietveld method by Full Prof Suite software in order to determine the lattice param-
eters and the relative phase fractions.

Thermal stability of the samples was investigated by differential scanning calo-
rimetry (DSC) using a power compensation Perkin Elmer Diamond DSC.

Results and Discussion

X-ray diffraction analyses of the bulk samples show only the reflections of the
e-7n,Sb; equilibrium phase (not shown here), in accordance with the chemical com-
position measured by ICP (Zns; 3Sby,;at.%) and the equilibrium-phase diagram [9].
The first DSC heating cycle of the bulk sample, Fig. 4.1a, shows a sequence of four
endothermic signals between 409411, ~440, ~493, and 532 °C. The sequence of
endothermic peaks can be explained by the invariant reactions proposed in the
equilibrium-phase diagram. However, the two signals at lower temperature
(409-411 °C and 440 °C) are not compatible with the nominal and measured com-
positions, suggesting that the sample is not fully homogeneous, and can be related
to the presence of a small amount of Zn-rich regions due to local fluctuation of the
chemical composition. In the second DSC heating cycle, the first two low-tempera-
ture peaks disappear, while those at higher temperature are reproduced, indicating
that after the first DSC heating cycle the sample results chemically homogeneous.
The XRD pattern of the as-spun sample (pattern at 30 °C start, in Fig. 4.2) shows
the presence of the equilibrium-phase e-Zn,Sb; and additional phases that could not
be indexed. On the basis of the phase diagram, it is likely that some high-temperature
phase has been retained as a consequence of the rapid quenching. The broadening
of the reflections suggests that a highly defective microstructure was produced by
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Fig. 4.1 DSC traces of the bulk sample at 2 °C/min (black curve: first cycle; red curve: second
cycle), (a), and the as-spun sample at 20 °C/min, (b)

rapid solidification. Furthermore, the low intensity of the pattern and the relative
high value of baseline at low angle reflections suggest the presence of amorphous
phases consistent with the rapid solidification proper of the melt spinning process.
The values obtained for the lattice parameters of the rhombohedral cell (R,-3c) are
in agreement (a=1.2228 nm, c=1.2424 nm) with those reported in the literature for
the e-Zn,Sb; phase [10, 11].

The microstructure of the as-spun sample is shown by the SEM micrographs in
Fig. 4.3. The as-spun sample reveals a cross section ~2—10 pm thick (Fig. 4.3a), and
a fine microstructure constituted by small elongated particles (about 2x6 pm?)
(Fig. 4.3b), which are separated by small pores.
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Fig. 4.2 X-ray diffraction pattern of the as-spun ribbon as a function of temperature: 30 °C (start),
200, 285, and 30 °C (end)

The DSC measurements of the as-spun sample (Fig. 4.1b), show the disap-
pearance of two irreversible exothermic signals between 200 and 260 °C during
the second heating cycle. Such signals are compatible with the presence of amor-
phous or other metastable phases that irreversibly transform to more stable
phases.

The structural evolution of the spun samples as a function of temperature is
shown in Fig. 4.2. The XRD pattern at 200 °C does not show any significant
variation with respect to the one measured at 30 °C (start). At 285 °C the pattern
clearly shows the disappearance of the peaks related to secondary metastable
phases and the appearance of some peak related to the phase ZnSb (oP16-CdSb)
as indicated by the star in Fig. 4.2. Furthermore, the signal/baseline ratio tends to
become higher after annealing at 285 °C and the profile of the crystallographic
reflections becomes sharper indicating the occurrence of a recrystallization pro-
cess and the disappearance of an amorphous phase responsible for the low inten-
sities observed in the pattern of the as-spun sample. Finally, the XRD pattern at
30 °C (end) after the thermal cycle confirms the presence of the same phases
formed at 285 °C indicating that the structural transformation into the equilib-
rium phases ZnSb and e-Zn,Sb; is irreversible and compatible with the transfor-
mation observed by DSC.

On the basis of the results obtained, it can be concluded that rapid solidification
is a suitable technique for producing in a controlled way (i.e., no contamination,
short processing time) microstructurally refined e-Zn,Sb;, that can be successfully
used in the subsequent compaction step [12].
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Fig. 4.3 (a) Secondary electron SEM micrograph showing the cross section of the as-spun sample.
(b) SEM micrograph showing the texture of the as-spun sample, constituted by small elongated
particles divided by submicrometric pores. Left image: Secondary electron detector. Right image:
Backscattered electron detector

Conclusions

Melt spinning was used as an intermediate technique in the processing sequence for
the preparation of thermoelectric Zn,Sbs.

Rapid solidification leads to a nonequilibrium solidification path with the possible
formation of amorphous and metastable phases, together with the desired e-Zn,Sbs
equilibrium phase. The broadening of the XRD patterns indicates the presence of a
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highly defective microstructure. From the morphological point of view, the as-spun
samples are characterized by thin foils (2—10 pm) constituted by an agglomeration of
small elongated particles (around 2 pm wide and 6 pm long).

Irreversible transformations of the metastable phases in the as-spun sample
were evidenced by DSC measurements and XRD analysis upon heating, showing
the formation of the ZnSb and e-Zn,Sb; equilibrium phases after thermal cycling
up to 285 °C.
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Chapter 5

The Role of Sodium-Rich Pretreatments

in the Enhanced Sintering of Sodium Cobalt
Oxide Thermoelectric Ceramics

E.M. Jakubczyk, C.L. Sansom, and R.A. Dorey

Abstract Oxide-based thermoelectric materials are of growing interest for
high-temperature operation and as a route to eliminate elements, such as Te and Pb,
that pose issues of safety, sustainability and security of supply. NaCo,0O, bulk
ceramic materials were prepared from powders synthesized using a solid state reac-
tion (SSR) process. The effects of different Na-enriching pretreatments were evalu-
ated with respect to microstructural evolution and thermoelectric and electric
behaviours of the samples. Such modifications were found to be a critical factor
affecting the microstructure of the bulk ceramic materials. Both premixing the pow-
der and infiltrating a Na-rich precursor solution into the material prior to sintering
were found to improve the density by up to 10 %, increase the electrical resistivity
and help to compensate for Na losses at high sintering temperatures. A Seebeck
coefficient and resistivity of 17 pV/K and 2.85 mQ.m, respectively, were recorded
around room temperature.
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Introduction

The increasing level of interest in thermoelectric materials is driven not only by the
search for materials with increased thermoelectric efficiency close to room tempera-
ture but also materials which can be used for applications at higher temperatures
where generation efficiencies are higher. Layered cobaltites exhibit a large Seebeck
coefficient, small resistivity and thermal conductivity making them attractive for
such thermoelectric applications.

A number of proposals for the synthesis Na,Co,0, have been reported in litera-
ture including: solid state reaction (SSR) [1], auto-ignition followed by the airflow
shatter process [2], the citric acid complexing (CAC) [3.,4], reactive template grain
growth (RTGG) [5], polymerized complex (PC) method [6], sol gel (SG) method
[7]. To produce usable thermoelectric materials those powders need to be shaped
and sintered to produce homogeneous bulk materials. Such sintering requires high
temperatures to bring about densification. However the use of high temperatures has
a deleterious effect on composition due to the volatile nature of Na. Here, a number
of sodium-rich pretreatments are proposed to both compensate for Na loss and
reduce the high temperature.

Experimental

The sodium cobalt oxide powder was produced by a mixed oxide synthesis route
whereby the reagent powders Co;0, (99.9 %) and Na,CO; (99.9 %), in a Na:Co
atomic ratio of 1:2, were ball milled in propan-2-ol for 24 h using ZrO, milling
media. The resulting slurries were dried in an oven at 75 °C for 12 h. The mixed
powders were then calcined at 850 °C for 12 h in air to yield NaCo,O,. Besides the
NaCo,0, phase, the calcined powder also contains small amounts of residual initial
reactants. Three routes to incorporate a NaOH sintering aid were evaluated as
detailed in Table 5.1.

All pellets were uniaxially pressed using a pressure of 13 MPa and sintered at
950 or 1,000°C for 1, 2, 6, and 12 h. The sintered samples were examined using
X-ray diffraction (XRD) at room temperature. The microstructure of the as-sin-
tered samples was examined using a scanning electron microscope (SEM) and
energy dispersive X-ray spectroscopy (EDX). The density was determined from
the measured weight and dimensions of the prepared pellets. The Seebeck coeffi-
cient was determined by applying a temperature differential across the sintered
pellets and measuring the resultant voltage. In all tests the temperature of the hot
side was controlled by means of a custom hot plate mounted above the sample.
The temperature differential was maintained through the use of a cooled metal
plate on the cold side of the sample. Temperature differences of between 10 and
30°C were applied with this method with no significant difference in results
observed. The thermal conductivity was measuring using a heat flux method, using
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Table 5.1 Processing stages, and details of Na pretreatments, used in the preparation of NaCo,0,
pellets

Sample
Solid state reaction Infiltrated Mixed Ball milled
Preparation procedures (SSR) (INF) ™) (BM)
Ball mill:Na,CO;+Co;0, (1:2 mol ratio)  x X X X
for 24 h, calcinated at 850 °C for 12 h
Ball milled process (24 h) in propan-2-ol ~ x X X
and dry at 75 °C
Ball mill (24 h) in NaOH aqueous X
solution® and dry at 80-90 °C
Mix SSR powder with NaOH aqueous X
solution® and dry
Press into pellet X X X X
Infiltrate the surface of pellets with NaOH X
aqueous solution® and dry at 80-90 °C
Sintered at 950—1,000 °C for 1-12 h X X X X

22 wt% (relative to the NaCo,0, powder mass) of NaOH dissolved in distilled water

a low-temperature differential (40-80 °C), where the sample was sandwiched
between two glass samples of known thermal conductivity and the temperature
recorded at each interface.

Result and Discussion

The XRD patterns of the pellets sintered at 950 °C for different lengths of time are
shown in Fig. 5.1. All of the prepared pellets contained NaCo,0, (JCPDF no. 27
0682) in addition to residual Co;0,. A reduction in Co;0, content was observed
with increasing sintering time. Additionally, the amount of Co;0, was lower in
samples subjected to Na pretreatments. The Na:Co ratio, as determined by EDX, of
the materials sintered under different conditions is shown in Fig. 5.2. All samples
showed high purity. Additionally, it can be noted that the most consistent composi-
tion is shown by the infiltrated (INF) pellets. However, both EDX and XRD analysis
indicate loss of sodium with increasing temperature and sintering time for all sam-
ples. The observed co-occurrence of decreases in Co;O,4 and Na is explained by the
homogenisation through atomic diffusion consuming Co;0, and simultaneous loss
of Na from the system leading to the formation of low sodium Na-Co oxide phases.

The ceramic samples pretreated with additional sodium show a measured density
close to the theoretical density 4.5 g/cm? in particular after sintering at the higher
(1,000 °C) temperature. The samples showed an increased density with increased
sintering temperature and processing time, especially evident at higher sintering
temperature (Fig. 5.3).
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Figure 5.2 Variation in Na/Co atomic ratio as a function of sintering time, sintering temperature

and NaOH pretreatment

The results shown in Table 5.2 indicate that the thermal conductivity was slightly
affected by sintering temperature. No detectable variation in thermal conductivity
was observed with changes in sintering time. Despite increases in density, corre-
sponding increases in thermal conductivity were not observed due to a simultaneous
loss of Na from the system due to volatilisation at elevated sintering temperatures.
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Figure 5.3 Evolution of density as a function of sintering time, temperature and NaOH

pretreatment

Table 5.2 Dependence of Average x [W/m K] (0.1)

thermal coqduct.mty of Sample Sintered at 950 °C
pellets on sintering

Sintered at 1,000 °C

temperature and Na SSR 1.51
pretreatment BM 1.24
INF 1.24
M 1.39

1.76
1.21
1.22
1.32

All samples were sintered for 12 h

Table 5.3 Average voltage output, Seebeck coefficient and electrical conductivity of untreated

and pretreated NaCo,O, pellets sintered for 12 h

Average Seebeck

Average electrical

Average sample Voltage output coefficient resistivity
temperature (°C) range (mV) (V/K) (+0.5) (mQ.m) (+0.2)
SSR 414 0.17-0.48 17.8 2.85
BM 41.6 0.24-0.63 232 4.49
INF 41.6 0.23-0.66 22.0 3.39
M 41.5 0.23-0.57 19.7 2.97

Within experimental errors no differences in results for samples produced at 950 and 1,000 °C

could be observed

The study shows that the pretreatment of samples affects the thermoelectric properties
to a large degree with the Seebeck coefficient increasing with sodium pretreatment
(Table 5.3). For each sample type, all data was within experimental error and no
effect of temperature could be discerned. Moreover, all materials produced a positive
Seebeck coefficient that confirms a p-type behaviour. Values of Seebeck coefficient
recorded in this work are similar to those found in the literature [1].
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With the solid-state reaction (SSR) material considered as the reference material,
three microstructural changes can be considered to have led to the observed changes
in electrical and thermal properties: (1) increases in density leading to increased
thermal and electrical conductivities; (2) increases in grain size leading to increased
conductivities; (3) the formation of a second phase at the grain boundaries predomi-
nantly affecting thermal conductivity. This is manifested in each of the samples
such that:

* Ball milled (BM)—Enhanced densification and grain growth offset against for-
mation of grain boundary phase result in decreased electrical and thermal
conduction.

* Infiltrated (INF)—Minimal changes in microstructure relative to SSR with slight
grain boundary disruption results in a decrease in thermal conductivity.

* Mixed (M)—The densification, without grain growth, and the formation of a
second phase at the grain boundaries results in decreased thermal conductivity
but no changes in electrical conductivity.

Conclusion

Thermoelectric ceramics were successfully prepared using three different Na-rich
pretreatments. The results suggested that the Na-rich pretreatment methods played
an important role in enhancing the thermoelectric behaviour of bulk ceramics. The
infiltration pretreatment of the sodium cobalt oxide samples resulted in enhanced
stability of the chemical composition, while BM also better maintains the correct
stoichiometry. All NaOH pretreatments resulted in enhancements in uniformity of
shape and reduced porosity.

Acknowledgment This work was supported by EC project MATS - Multipurpose Applications
by Thermodynamic Solar (Project No. FP7-ENERGY-2010-2,268219).
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Chapter 6

Novel Process for Metal Silicide
Nanostructures Regarding Cheap
and Large-Scale Material Synthesis

A. Schonecker, P.-Y. Pichon, J. Konig, M. Jigle,
M. den Heijer, and B. Kraaijveld

Abstract Thermoelectric power generation presents a promising and attractive
way to utilize waste heat and to generate electricity in remote locations. Thanks to
continuing technology development an outlook of converting a significant amount
of waste energy comes within reach. The class of structured metal silicide materials
(MgSi,, Mn,;Si,, CrSi,) is considered a class of sustainable and cost-effective can-
didates for thermoelectric applications. An important way to improve the effective-
ness of these materials is by nanostructuring. Nanostructured metal silicides can be
obtained by using a rapid solidification technology, ribbon growth on substrate
(RGS), where a mixture of liquid metal and silicon melt is solidified under con-
trolled conditions by cooling on a solid, reusable substrate. This technology allows
for low-cost and high-throughput synthesis of silicide materials with controllable
structures in the nano- and micrometer range. Crystallizing materials from the melt
allows for an easy way to add dopants or alloy with different metals. Controlling the
structure and composition offers the opportunity of optimizing the thermoelectric
properties of silicides. This paper describes the current status of development and
validation process for higher manganese silicides and chromium silicides as demon-
strators, as well as future perspectives for TE applications.
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Introduction

Thermoelectric conversion of thermal energy into electricity has been a well-known
technology for many years; however, the production of mid-temperature thermo-
electric systems has always been limited in volume to special applications or niche
markets. Recently, there are a couple of factors that make it very likely that thermo-
electric are on the verge of becoming a widespread commodity technology. The
expectation is that with the increase in conversion efficiency that has been realized
by development of new classes of nanostructured thermoelectric materials, the tech-
nology is now ready for widespread use [1]. However, in order to enable large-scale
market development, not only does the conversion efficiency and the figure of merit
but also factors like, the availability of raw materials, the cost of materials and sys-
tems, environmental aspects, and large-scale manufacturing capability become
areas of importance.

Weighing all factors, the family of metal silicide materials, such as higher man-
ganese silicides, magnesium silicide, and others have a high potential in enabling
this widespread market development [2]. Silicon is one of the most abundant mate-
rials on Earth. Metal silicides show a very promising figure of merits [3], are envi-
ronmentally benign, and potentially of very low cost. Furthermore, many metal
silicides are resistant to corrosion and stable even under high temperature. Beyond
the well-known higher manganese silicides, iron silicide, and magnesium silicide,
there is a large potential for further excellent material combinations in this group.
Additionally, the ability to provide nano- and microstructured material composition
of silicon in combination with metal silicides allows for the tuning of electron and
phonon properties beyond the silicide in itself.

This paper demonstrates the state of the art of the ribbon growth on substrate
(RGS) process providing a low-cost manufacturing method for the development,
optimization, and industrial-scale production of structured metal silicide materials
for thermoelectric applications.

Structured Metal Silicide Manufacturing

The RGS Technology

The RGS technology has been developed to provide a cost-efficient alternative to
the silicon wafer manufacturing process in the field of photovoltaic solar energy.
The concept of the process is to combine a high-speed silicon crystallization pro-
cess with sufficient control to allow for wafer qualities that enable state-of-the-art
solar cell efficiencies. The unique feature of the process is the controlled crystalliza-
tion by cooling on a solid material, the substrate (see Fig. 6.1). After crystallization,
the produced sheet can be removed and the substrate is reused for the next crystal-
lization. This concept combines a high production rate with excellent crystallization
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Fig. 6.1 Principle of the RGS—Ribbon Growth on Substrate wafering process

Table 6.1 Example of RGS manufacturing costs for silicon wafers (note that input
material and casting costs are subject to the material used; further processing steps
such as ball milling and spark plasma sintering are not considered)

Input Si material ~ Nominal throughput Output Si material
RGS Si casting costs (€/kg) [kg/h] costs (€/kg)

10-20 40-60 40-75

control that allows for tuning of the crystallization velocity over a wide range,
without influencing the material output rate. In a well-control environment, this
process also has the capability to produce other materials from a liquid silicon melt,
such as metal silicides and structured metal silicides.

Being developed for solar wafer manufacturing, the process has been optimized
for low manufacturing costs and a high throughput of material. The product typi-
cally is a sheet of silicon, or metal silicide composite with a nominal dimension of
156 x 156 mm? and an adjustable thickness between 0.1 and 1 mm. The material can
be further processed by etching or mechanical processing such as ball milling.
Table 6.1 summarizes a typical output volume, costs assuming the manufacturing of
a Si sheet based upon solar grade silicon.

Structured CrSi-Si Eutectic Material

The characteristics of metal silicides grown from the liquid state by rapid solidifica-
tion in contact with a substrate are mainly controlled by the following parameters:
melt composition, crystal growth velocity, under-cooling, nucleation affinity with
the substrate material, and substrate parameters such as the choice of material and



46 A. Schonecker et al.

2100 1

e TINT LiQuID

1900

1700

Crgsi3 ~

1500

T(K)

1300

(o]
1
1

CrSi2 + Si(diamond-A4)

1100

900

700

500

300 1 L 1 1 1 L 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

mole Si/(Cr+Si)
b T T T T T T T T L]

1700

LIQuID

1500 N /
Bqc,
FCEZR1
A =

1300 Mndsi

LIQUID + Si(diamond-A4) |

3

21100 F ous_ata ]
& h Mn33Si7

900
Mn11si19

MngSi
700

500

300 L L 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

mole Si/(Mn+Si)

Fig. 6.2 Binary phase diagrams of the Cr-Si (a) and Mn-Si (b) systems [3]

surface geometry. Controlling these parameters allows for the design of specific
material properties according to the application requirements.

As an example, the growth of a CrSi,-Si structured sheet is described in the
following. In the Cr-Si phase diagram (see Fig. 6.2a), a eutectic point exists in the
silicon-rich side of the diagram around 85 at. % Si. Assuming a thermodynamic
equilibrium, the eutectic composition, cooled down to crystallize into a solid sheet,
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Fig. 6.3 Cross sections of the CrSi,-Si (Table 6.2—C1) material after removal of the CrSi, by wet
chemical etching in the fast growing volume (b), the typical structure geometry is ~500 nm. In the
slow growing region (a), the geometry is ~1,500 nm

will solidify into two solid phases CrSi, and Si. These eutectic systems are well
known and the growth of the phase structure is described by Jackson et al. and
Trivedi et al. [4, 5]. According to these models, the phases show typical rod-like or
lamellar patterns with a geometrical dimension that is controlled by the crystalliza-
tion velocity, the diffusivity of the components in the melt, and the interface energies
between the different phases.

The model predicts a dependence of the microstructure scale (lamellar spacing L)
with the solidification velocity v according to:

L=— 6.1
2 (6.1)

with k being a constant depending on the material properties only.

Figure 6.3 shows microscope pictures of a cross section of CrSi,-Si eutectic mate-
rial, at two different crystallization velocities. The faster crystallization velocity
(Fig. 6.3b) results in a microstructure scale of ~500 nm, while at the slower crystal
growth velocity (Fig. 6.3a), the microstructure scale is ~1,500 nm. Depending upon
the growth velocity, the structure size can thus be determined. By controlling the crys-
tallization velocity via the substrate in the RGS process, the micro-/nanostructure
can be adjusted.

Structured Higher Manganese Silicide Material

Higher manganese silicides are generally of great interest as potential candidates for
highly efficient thermoelectric materials [6]. However, the phase diagram for Mn-Si
compositions shows some relevant differences compared to the CrSi,-Si system
(Fig. 6.2b). The most obvious difference is the position of the eutectic point, which
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Table 6.2 Material descriptions and their different compositions

Code Description Overall composition (at. %) Phase composition (wt. %)
Cl CrSi,-Si Si=85 Cr=15 Si=52 CrSi, =48
C2 CrSi, Si=67 Cr=33 Si=0 CrSi, =100
Ml MnSi; 14-Si Si=67 Mn=33 Si=7 MnSi, ,=9
M2 MnSi; 74 Si=63 Mn=37 Si=0 MnSi, 7,=100

Fig. 6.4 Cross section of (a) Mn,,;Si;o-Si eutectic sheet (Table 6.2, M1) and (b) the silicon phase
after etching away M,,;Siyg. The light grey needle like areas correspond with the Si phase, the
slightly darker areas are the Mn;;Si;y phase

is much closer to the Mn,;Si;y phase. When such a eutectic melt is crystallized, the
Mn;;Si;y phase has higher volume ratio compared to the silicon phase. Furthermore,
the Mny;Si;y phase is not “well defined” as there is a number of Mn-Si ratios around
this point [7].

In order to produce such a material, tests were done using the eutectic composi-
tion (see Table 6.2, M 1) and the exact Mn;Si,, composition (Table 6.2, M2) without
additional silicon. Prior to melting, the Mn surface was etched to remove any oxide
layer and the melting and crystallization process was done in an argon environment
to prevent oxide formation during the process itself.

In the case of eutectic growth of two phases with atomically rough growth inter-
face, the growth morphology typically forms lamellar or rod like structures
(CrSi,-Si). When a phase grows with an atomically smooth interface, the morphol-
ogy is more complex due to faceting of one phase (Mn;;Si;o-Si). This explains the
differences between the structure of CrSi,-Si (Fig. 6.3) and the morphology of the
Mn;;Si;o-Si sample (Fig. 6.4) with the strongly facetted silicon crystal phase
(Fig. 6.4b). It is well known that pure silicon solidifies into faceted crystals [8],
because it has an atomically smooth interface. As is also known, the addition of
solute can roughen the growth interface of silicon [9]. Although we do not have the
thermodynamic data to evaluate the interface roughness of Si in the case of these
eutectics as in Taylor et al. [9], the strongly directional silicon crystal structures in
the case of the Mn;Siy-Si eutectic are likely caused by faceting of the silicon—melt
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interface during growth. The lamellar morphology of the CrSi,-Si shows that the
silicon—melt interface is rough in this case. After the results of the thermoelectric
property measurements are available, process tuning can be used to change material
composition and structural properties to further optimize the material properties.

Thermoelectric Properties of Mn;;Si;,-Si and CrSi,-Si

The first sample grown by the RGS process was ball-milled and sintered into 1-mm
diameter, 1-mm high legs using spark plasma sintering technology. In order to opti-
mize the sintering process, temperature and sinter duration were varied. Figure 6.5
shows the thermoelectric properties of the samples sintered for 10 and 90 min,
respectively, at 950 °C.

Measurements of the thermoelectric properties of the other samples are still
ongoing. Table 6.3 shows the preliminary measurements of a CrSi,-Si sample.

Although not all samples have been characterized yet, the results above indicate
the potential of Mn,;Si;o-Si as industrially useful thermoelectric material. The
Seebeck coefficient and thermal conductivity of Mn;;Si;o-Si are very promising.
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Fig. 6.5 (a) Heat conductivity, (b) Seebeck coefficient, (c) electrical conductivity, and (d) calcu-
lated ZT of Mn;,Si;o—Si samples after ball milling and spark plasma sintering. The samples were
sintered at 950 °C for 90 min (MnSi-Si BS 950-90) and 10 min. (MnSi-Si BS 950-10)
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Table 6.3 Intial characterization results of a Mn,;Si;o-Si sample and a CrSi,-Si sample after ball
milling and sintering at 950 °C for 90 min

Electrical Seebeck Thermal
Conductivity coefficient conductivity Temperature
Sample [S/cm] [mV/K] [W/m K] 7T [K]
CrSi-Si 950-10 1.8 360 36.2 0.00019 299
4.9 255 24.8 0.00060 473
16.1 195 18.5 0.00213 647
43.2 139 15.0 0.00456 821

However, the electrical conductivity should further be improved by adding a dopant
to the melt during the RGS process for example. The CrSi,-Si sample exhibits a low
electrical conductivity and relatively high thermal conductivity. As a consequence,
the figure of merit (Z7) is almost two orders of magnitude lower than for Mn;;Si;o-Si.
Due to the lower band gap of CrSi,-Si, it is generally believed that such a material
is unlikely candidate for high figure of merit. However, structuring CrSi,-Si and
changing its composition have not been investigated so far.

Conclusions and Outlook

Although the application of the low-cost, high-throughput RGS technology to ther-
moelectric materials has only started quite recently, preliminary results on test
materials and the ability to tune the material to the desired properties strongly indi-
cate that this technology can be an ideal base for the development, optimization, and
market introduction of metal silicides for thermoelectric power generation.

In order to develop these materials in the short term, it is necessary to gain a
deeper understanding of the material properties, especially in a multi-phase material.
As the number of combinations of possible material compositions and structures is
very large, a technology roadmap is needed to develop a strategy for material
optimization. Interesting areas with respect to that are: phonon transport properties
at metal silicide—silicon at phase boundaries; microscopic crystal characterization
with respect to the electron mobility and the conductivity in a two-phase material.
The addition of doping materials to change the conductivity type and optimize the
carrier concentration have to be known as well as the impact of phases and doping
on the band structure.

With the application of the RGS crystallization process in combination with
metal-silicon melts, a low-cost, industrialized process is available for large-scale
manufacturing of thermoelectric materials. This process allows the structural and
chemical composition control over a wide parameter range. It is further expected
that these materials show good thermal stability due to their typical production
temperature exceeding 1,000 °C.

Combining the know-how of the thermoelectric community on material develop-
ment (technology roadmap) with a market introduction plan, the availability of the
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RGS technology provides the opportunity to rapidly produce metal silicide—silicon
based systems and test them with respect to their thermoelectrical properties.

Consequently the combination of the promising class of metal silicide materials
with the low-cost, high-throughput RGS manufacturing process can be the enabler
to reduce the cost of thermalelectrical power generation and to open the market for
large-scale application.
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Chapter 7

A Flexible Measurement System

for the Characterization of Thermoelectric
Materials

M. Schonhoff, F. Assion, and U. Hilleringmann

Abstract The figure of merit needs to be determined to rate the quality of
thermoelectric materials (TM). Therefore, it is necessary to measure all involved
parameters—the Seebeck coefficient (S), the thermal conductivity (4), and the elec-
trical conductivity (o).

Hence, a concept of a measurement system was developed to perform a quick
and global characterization of TM by the use of two different sample mounts. The
maximum measurement temperature was planned to be at least 600 °C. The first
mount contains a four-point measurement system to determine the electrical con-
ductivity. The second one generates a heat flow which could be metered by measur-
ing temperatures at six specified points. In combination with the recorded voltage at
two points on the sample, S and A can be calculated at the same time.

Because of the strong dependence between contact resistance and contact pres-
sure, the measurement system was designed to keep the pressure constant for a high
reproducibility and a small error margin. All measuring points like the commercial
spring-mounted pogo-pins and the thermocouples (TC), which are integrated
spring-mounted in a special designed capsule, have small variances.

Experiments could show that the divergence of the force from the mounting
cylinder to the sample is constant and not dependent on the air pressure. Thus, the
accuracy of the measurement device was improved by increasing the contact
pressure.

Keywords Measurement device  Characterization * Contact resistance ® Measuring
error
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Introduction

Thermoelectric generators (TEG) can be used to harvest electric power from waste
heat [1]. Hence, there are a great number of possible applications and a big potential
for TEGs. However, due to their low efficiency, they are currently not widely
used yet.

Proper characterization of thermoelectric materials (TM) is necessary to analyze
new materials and improve them [2]. Their efficiency is given by the figure of merit:

S’ xo
A

ZT =

xT (7.1)

where S is the Seebeck coefficient, 4 is the thermal conductivity, and ¢ is the electri-
cal conductivity [3]. Nowadays, there are different measurement systems to charac-
terize each of these parameters separately, but there is no commercial device which
can be used to determine all the three parameters. However, even these measure-
ment devices are very expensive and/or very complex [4]. In addition to this, the
characterization of TE materials could be difficult, when different sample dimen-
sions are required for the various measurement systems.

Experiment

For characterizing TM a pneumatic measurement system was built with the basic
objective to acquire and minimize errors caused by thermal and electrical contact
resistance. These contact resistivities are strongly dependent on the contact pressure
[5, 6]. Initial experiments have shown that the output power of a silicon based TEG
can be enhanced by almost 600 % just by increasing the contact pressure from the
heat source to the TEG. This gives an idea about how important a constant and
reproducible pressure is for high accuracy measurement systems. Thereby, the use
of a pneumatic system gives a great advantage, because the pressure is constant and
it does not change with thermal expansion of the sample. Present measurement
devices generate the contact pressure with a screw system or a spring. By the use of
a screw system the measurement setup is absolutely fixed. Thus, the contact pres-
sure increases during measurement caused by thermal expansion of the sample.
This effect can be reduced by using a spring but it does not vanish though. Hence, a
pneumatic system is a promising new approach.

The frame of the measurement device consists of two massive aluminum plat-
forms with dimensions of 300x300x30 mm and four shafts between them with a
length of 720 mm each. The heat source is fixed at the upper platform. A third plat-
form with the same dimensions is mounted in the middle applying ball bearings, as
Fig. 7.1 depicts. It can be lifted up by a pneumatic cylinder whose force can be con-
trolled by used compressed air pressure, and defines the resulting contact pressure
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Fig. 7.1 Full measurment
device

between the sample and the heat source. This variability offers the possibility to
analyze the effect of different contact pressures on TEGs.

The moveable platform represents the base for two different sample mounts.
The first one is used to determine ¢ by a four-point collinear probe method [7].
This kind of four-point measurement is deliberately used, instead of the common
van der Pauw method, because it is easier and faster for samples with fixed dimen-
sions. Nowadays, it is not difficult to ensure reproducible dimensions and it is
necessary for later manufacturing of TEGs anyway. For this measurement four
spring-mounted pogo-pins are arranged in a row and embedded into MONOLUX
800 as shown in Fig. 7.2.

MONOLUX 800 from Promat consists of a calcium silicate alloy which is stable
up to 1,000 °C and has an extremely low thermal conductivity, less than 0.5 W/m K
[8]. The commercial spring-mounted pogo-pins ensure a constant contact pressure
of averaged 280 cN during the four-point measurement [9]. Furthermore, two
N-type TCs are integrated in this mount to record the temperature of the sample. To
ensure a constant contact pressure, the TCs are spring-mounted by integrating them
in new developed special capsules. In this capsule a spring is pressed against the TC
as illustrated in Fig. 7.3. A tube made of stainless steel is welded to the capsule to
guide, protect, and support the TC. Without this guidance the TCs would just deform
and not spring back which would eliminate the repeatability.
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Fig. 7.2 Four-point
measurement system
integrated in MONOLUX 800

Fig. 7.3 Cross section view
of developed capsule for
thermocouples

The second mount includes a water cooler to establish a heat sink. It is attached to
a cover to easily fix it above the four-point measurement mount. The device could be
used for a TEG function test as well as for determining 4 and S. For characterizing
the material, a sample is mounted between two copper blocks. One is mounted above
and the other one below the sample. Two TCs are connected to each copper block to
determine the thermal flow which is ideally equal to the one through the sample.
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Fig. 7.4 Full setup for determination of S and 4

Heat losses can be quantified by comparing the measured thermal flow above and
under the sample. 1 can be calculated by considering the dimensions of the sample.
At the same time, two further TCs are pressed against the sample. They are used to
measure the temperature difference and the voltage between these two points which
enables to calculate S [10]. The full setup is shown in Fig. 7.4.

All three parameters can be determined at one sample without changing the
sample dimension for each characterization. The simultaneous measuring of A and
S is an additional advantage regarding the needed measurement time. With the help
of a data logger all necessary parameters can be recorded and sent to a computer.
Both measurement setups get thermally insulated by covers made out of
MONOLUX 800. The material properties enable a precisely fitting cover with a
high reproducible thermal insulation, which can be easily mounted and removed.
These are advantages in contrast to, for example, powder or wool which are some-
times used for thermal insulation.

Discussion

The spring-mounted pogo-pins have a force variation of £20 % from minimum to
maximum spring compression [8]. This high value shows how difficult it is to
ensure a constant contact pressure, even in a commercial product. Because of the
fixed position in the first mount, the spring compression should always be the same.
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Fig. 7.5 Pressure variance referred to the final pressure after 60 s dependent on time and force
force

Hence, the force variation should also be smaller than 20 %. Analyzes have proven
that the averaged contact force of the spring-mounted TC is 3.81 N with a deviation
of £6.5 % from minimum to maximum spring compression. During measurements
the effectively occurring deviation should be even smaller, because of the identical
spring compression.

In a next step the reproducibility of the force between the sample and the heat
source was investigated by use of a ring load cell. To evaluate how exact the same
pressure can be achieved, four different fixed pressure settings were applied and
repeated for ten times. Each time the pressure was measured after 10, 30, and 60 s
to determine pressure variations in time. The results are shown in Fig. 7.5.

The variance is referred to the final pressure after 60 s. After this time no further
deviations have been observed. The time needed to reach the final force is longer
than expected. It can be assumed that the damping rings, which are integrated in
the cylinder, lead to this delay. On the other hand, the variance is already small
with a maximum of 1 N after 10 s and it gets even smaller by increasing the pres-
sure in the cylinder. Hence, a maximum variance of 1.3 % is good enough for an
exact measurement.

Furthermore, it was noticed that jiggling also highly affects the contact pressure.
After 60 s, when the force is rather constant, the pressure could have been increased
by 35 % by concussions. The absolute difference of this effect is constant with
16.76 N and not dependent on the force of the cylinder. Therefore, we assumed fric-
tion in the ball bearings to be responsible for this effect. When building the measure-
ment device we tried to improve the guidance by using extensions under the moveable
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Fig. 7.6 Compared percentage variance of 4 (blue) and 8 (red) installed ball bearings dependent
on the generated force of the cylinder. Left: Variance dependent on time after 10, 30, and 60 s.
Right: Variance caused by concussion after 60 s

platform to assemble one more ball bearing on each tube. So the extensions were
removed, which reduced the number of ball bearings from 8 to 4. This caused a cut-
back of the absolute force from 16.76 to 5.85 N. Figure 7.6 compares the variance of
the force to the ring load cell for four and eight ball bearings. In the left figure the
variance dependent on the time is shown. In the right figure the variance caused by
concussion is shown. Both figures show that the error is bigger when more bearings
are used.

Especially the error for low pressures with the use of eight ball bearings is huge
and affirms the assumption, that friction is responsible for this effect. The combina-
tion of low pressure and high friction requires too much power which the cylinder
cannot supply.

Conclusions

A measurement device with high reproducible thermal and electrical contact pres-
sure was successfully built up. It was shown that the error is constant and proba-
bly caused by friction. Measurement results revealed that the accuracy for
characterizing TM could be improved by using higher contact pressure and mini-
mized friction. For results with high accuracy, it is necessary to give the pneu-
matic cylinder 60 s to build up the pressure, even though the error is after 10 s
already smaller than 1.3 %. After 1 min the cylinder builds up the final pressure
and holds it constant.

Acknowledgments The author would like to thank the German Federal Ministry of Education
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Chapter 8

A Comparison of Thermoelectric Devices
Evaluation Results Obtained with a Harman
Method Based and a Porcupine Method Based
zT Meters

A. De Marchi, V. Giaretto, S. Caron, A. Tona, and A. Muscio

Abstract This paper compares the results obtained for the series resistance R and
the dimensionless figure of merit z7 of a variety of different thermoelectric devices
with two instruments based on alternative approaches: a commercial z7' meter
(DX 3065) manufactured by RMT and based on the Harman method, and a proto-
type realized at the Politecnico di Torino and based on the porcupine method. All
devices were evaluated with both instruments at three different temperatures (20, 25,
and 30 °C) in a climatic chamber, and results were compared. As expected from the
theoretical analysis, the porcupine method consistently returned lower R values than
those obtained by the Harman approach. Values obtained for z7" with the two instru-
ments are instead much more aligned, which is unexpected if thermoelectric effects
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are assumed to be correctly accounted for. A discussion of these results is presented,
with comments on extrapolations which are introduced in both approaches in order
to infer relevant quantities.

Keywords Thermoelectricity * Figure of merit ¢ z7 meter * Porcupine diagram
* Harman method

Introduction

Measuring the dimensionless figure of merit z7 of thermoelectric devices requires a
strategy to separate the voltage observed across the sample into Seebeck and ohmic
contributions. Both time domain and frequency domain approaches have been used
to that aim. The former yields methods [1, 2] which historically go under the name
of Harman, who was the first to propose it back in the fifties; the latter leads to the
porcupine method [3], which is named after the shape of the device’s impedance
diagram in the complex plane.

A novel zT meter has been recently developed as a variation on the concept of the
Vector Impedance Meter to implement such frequency domain approach, and pre-
liminary results obtained with a prototype instrument based on a high resolution
Digital Phase Meter and Digitally Controlled Attenuators were presented [4] to the
international community.

In this paper, a comparison is carried out between results obtained with a second
generation prototype of the porcupine z7 meter and with a commercial time domain
(Harman type) instrument [5] produced by RMT (model DX 3065). In both cases,
measurements of z7 and R (the ohmic series resistance) were performed on a num-
ber of thermoelectric devices in a temperature controlled chamber at 20, 25, and
30 °C in order to avoid environmental disturbances and get a good estimate of tem-
perature coefficients of the measured quantities.

Values of R measured with the porcupine meter turned out to be consistently
lower than the so-called AC resistance Rc returned by the Harman based z7 meter.
The difference between the two is discussed below, and turns out to be greater than
expected from the comparative analysis of the two methods, as it has previously
been [3] spelled out and is recalled in the next section.

In partial contradiction, instead, z7T values obtained from the porcupine meter
were not significantly different from those returned by the commercial Harman type
meter. A discussion of possible reasons for this discrepancy is also proposed below.

Comparison of the Two Methods

Both considered Time Domain and Frequency Domain methods are first quickly
illustrated here as implemented in the two instruments at hand. One is based on the
study of the Time Domain response to strategically designed excitation current
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Fig. 8.1 Strategy used in the porcupine method in order to estimate the ohmic resistance R from
electrical impedance measurements. The snout slopes at 45° at high frequencies, and R is taken to
be its intercept on the real axis. The dashed line shows the circle that approximates the porcupine
body at low frequencies. The indicated 12.5 Hz impedance point is highlighted because such is the
frequency fic that was used for measurements of R,c with the RMT meter

steps; the other on the study of the device’s electrical impedance in the complex
plane. A more complete description of both can be easily found in the open litera-
ture together with the underlying theory [3-5].

In both cases the dimensionless figure of merit z7 is obtained from the ratio
between resistances exhibited by the device in DC, where the developed voltage
includes the Seebeck effect, and at very high frequency, where it is expected to
asymptotically approach the ohmic resistance R. Such ratio is clearly equal to z7+ 1.
Neither condition is experimentally viable in practice, as one is sensitive to bound-
ary conditions and the other would in principle require operation at infinite fre-
quency. Extrapolations are therefore necessary at both ends. The two approaches
differ in the way such extrapolations are made and such resistances are estimated.

The former, in fact, identifies R with R,c, measured by switching directions of
the injected current [5] at some frequency fac, assumed high enough to avoid the
onset of thermal effects in the device. No extrapolation is made. The latter instead,
as shown in Fig. 8.1, which reports data for a device of the test group, finds R by
extrapolation as the point of the real axis where the complex impedance porcupine
diagram can be expected to finally land on it at very high frequency. The extrapola-
tion is based on the a priori knowledge [3] that the “snout” of the porcupine slopes
down at an asymptotic angle of 45° due to diffusion effects that are overlooked in
the Harman approach.

Also shown in Fig. 8.1 is the electrical impedance z,,c measured at 12.5 Hz,
which is equal to the fyc value used in this work for the measurement of R, with the
commercial Time Domain z7 meter. Clearly Iz, ¢l is always greater than R, but Rxc
is a different thing yet because it is not measured in sine wave regime. Further dis-
cussion on this point will be given in the next section.

In order to estimate the DC resistance value, instead, the Time Domain approach
extrapolates to steady state the step response, by assuming that it is shaped like an
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Fig. 8.2 Typical agreement between measured electrical impedance along the porcupine’s body
and the circle used to extrapolate it at low frequencies

asymptotic exponential [5], in order to identify an asymptotic voltage, and then
divides the latter by the injected current. No provision is made for the possibility
that diffusion effects may invalidate the assumption on the shape of the transient by
making the lumped parameters model inadequate.

The Frequency Domain approach, in turn, extrapolates the porcupine imped-
ance diagram down to very low frequencies, from the frequency range where it can
be easily measured, on the assumption that it lays on a circle [3]. This procedure is
valid in principle inasmuch as the lumped parameters model can be considered
adequate down in that region. How valid it is in practice can be judged by inspec-
tion from the agreement shown in Fig. 8.2 between such extrapolating circle and
the measured impedance points for one of the devices tested in this work. The
result is typical.

Different optimization procedures can be devised to identify such circle from a
limited number of experimental data, and one possible approach was illustrated in
ref. 4. In the present work, the approach was taken to use a number of impedance
data closely spaced in frequency in a range slightly above the thermal pole, and best
fit to them a circle centered on the real axis. The DC resistance is then found as the
resistance Rc of the circle center plus its radius 7, as shown in Fig. 8.3.

The Type A uncertainty of results clearly depends on that associated with the
individual impedance points used for the least square fit, which in turn depends on
signal level (that is on injected current and number of pairs in the device) and on the
number of averages chosen for the single data point. In the course of the evaluation
of the modules considered in this work, which all had more than 60 pairs, an rms
injected current of about 5 mA and averages of more than 20 samples were adequate
to obtain statistical contributions to an uncertainty of the order of 0.5 % for zT and
smaller yet for R.

Further comments will be given in the next section on the validity of the lumped
parameters model and on extrapolations made in the two approaches in order to
estimate the DC resistance.
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Fig. 8.3 Strategy used for the low frequency extrapolation based on a limited number of measured
impedance points just above the thermal pole. The estimated circle center Rc and radius r are
shown

Results and Discussions

Values of series ohmic resistance and figure of merit obtained with the two zT
meters on four different devices at three different temperatures are reported in
Table 8.1. All measurements were carried out in an environmental chamber with
less than 0.3 K uncertainty, and enough time was allowed after changing tempera-
ture settings for reaching adequate uniformity in the chamber and inside the con-
tainers hosting the modules under test.

Series resistance results obtained with the porcupine meter are reported in
Table 8.1 with 1 mQ resolution because they are considered accurate better than
2 mQ on the basis of the observed reproducibility (Type A contribution) and the
absence of reasons to think that the adopted model is faulty at that level (Type B
contribution). The reference resistor of the instrument [3, 4] is a 1 ppm/K Vishay®
unit accurate to better than 107, which does not introduce uncertainty at the 1 mQ
level. Since a four terminal structure is used in this meter, the leads’ resistance is not
included. The most important cause of R result variability in porcupine measure-
ments, incidentally, may well have been the 0.3 K instability of the chamber tem-
perature, which is expected to introduce variations of about 0.15 % on the actual
resistance value through the temperature coefficient, typically measured at the level
of 0.5 %/K. All other results are reported in Table 8.1 with three significant digits.

Both zT and z results are reported for the RMT meter because, in spite of the fact
that it actually measures z7, only z values are presented to the user, as calculated
from z7T by the embedded software. The ambient temperature 7T, used for this is
measured with a dedicated probe inside the sample holder. The z column shows
therefore displayed experimental results, while data in the z7 column are obtained
by multiplying those by the measured T, as given by the meter itself. Type A uncer-
tainties associated with quoted R and z results may well be dominated at the 1o level
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Table 8.1 Results obtained with both meters for R and z7'

Relative
Test Harman Porcupine deviation
temperature Ryc =z AR/IR AZT/ZT
Device trade name °C) (Q) (1,000/K) zT R(Q) T (%) (%)
Sirec TEC1-12704 20 1.56 242 0.709 1460 0.707 +6.8 +0.3
25 1.61 243 0.725 1494 0.723 +7.8 +0.3
30 1.64 243 0.737 1.531 0.737 +7.1 0.0
Sirec TEC1-12705 20 1.88 2.38 0.698 1.753 0.683 +7.2 +2.2
25 1.94 2.36 0.704 1.800 0.693 +7.8 +1.6
30 2.00 2.35 0.712 1.845 0.700 +84 +1.7
Sirec TEC1-12706 20 220 241 0.706 2.068 0.706 +6.4 0.0
25 2.28 242 0.722 2.118 0.715 +7.6 +1.0
30 2.36 2.41 0.731 2.174 0.725 +83 +1.2
RMT 20 1.03 221 0.648 0.933 0.634 +104 +2.2
IMDLO06-050-03t 25 1.07 2.18 0.650 0.956 0.640 +11.9 +1.6
30 1.09 2.19 0.664 0982 0.645 +11.0 +2.8

Quoted zT values for the RMT meter are obtained by multiplying displayed z results times 7,.
Relative deviations of R and zT are the Harman result minus the porcupine result divided by the
latter. Shown discrepancies suggest the existence of undetected errors and Type B contributions as
a consequence

of 5 mQ for the resistance and of 5 x 107 for z by the second decimal digit truncation
operated by the instrument. A trustable evaluation of Type B uncertainties appears
much more difficult.

Uncertainties associated to results obtained with the porcupine meter were
judged to be dominated by Type A contributions for both R and z7, at the level of
less than 2 mQ for the former and less than 0.004 for the latter. These estimates were
based on repeatability of results in the presence of noise in impedance data.
Uncertainties in radius and center of the porcupine body’s approximating circle,
whose estimate is needed for the calculation of uncertainty on z7, were determined
with the well known sensitivity matrix technique in the context of the best fit least
square routine. No evidence was found of model inadequacy at these levels.

Nevertheless, it can be noticed in looking at Table 8.1 that discrepancies exist,
between ohmic resistance results obtained with the two methods, which are much
greater than the quoted uncertainty, a clear sign that the used model is inadequate in
at least one of the two approaches, leading to grossly underestimated Type B
uncertainty.

Besides the irrelevant leads’ resistance, which is included by the Harman meter,
one cause for such discrepancy could certainly be thought to be the fact that the
frequency at which R, is measured in the Harman meter is far from infinite, which
in sine wave regime would lead to the operation point and the ohmic resistance
evaluation error shown in Fig. 8.1. In fact, there is no reason why the meter should
not measure R, in sine wave regime and reduce the error to the indicated level: in
practice a fraction of the snout length, which in the case of Fig. 8.1 amounts to about
1 % on R. As it turns out, instead, the meter produces estimates of R which appear
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Table 8.2 Results obtained with Harman and porcupine meters for the temperature coefficients
(TC) of R and zT

Harman Porcupine
Device trade name TCg (mK)™! TC.; (mK)~! TCy (mK)™! TC,; (mK)™!
Sirec TEC1-12704 5.00+0.20 3.9+0.2 5.11+0.08 4.2+0.3
Sirec TEC1-12705 6.20+0.15 2.0+£0.2 5.11+0.06 2.5+0.2
Sirec TEC1-12706 7.00+0. 15 3.5+02 5.00+0.05 2.7+0.3
RMT IMDL06-050-03t 5.64+0.30 24+02 5.1%£0.1 1.7+£0.3

Indicated uncertainties are Type A contributions only

to be biased by up to 12 % toward higher values for the tested devices, as shown in
Table 8.1. Such a huge deviation appears to be probably caused by the step response
of the device, which starts with an ideally infinite slope due to diffusion, so that no
frequency is high enough to avoid thermal effects and allow to correctly isolate the
ohmic voltage drop in the thermoelectric device if a square wave regime is adopted.
A dedicated study would be needed to determine if this effect does indeed explain
observed discrepancies, but this goes beyond the scope of this paper.

On the other hand, also the evaluation of the asymptotic value of the developed
voltage that is made in the Harman approach is not immune from diffusion effects
and may be altered by their existence. In fact, since the step response is not an
asymptotic exponential, albeit less and less so as time elapses, a systematic error is
generated when trying to estimate the asymptotic value by best fitting to experimen-
tal data a canonical RC type exponential response. Such an error is always positive,
and its size depends on the time position along the response curve where the fit is
attempted. Although this too needs closer consideration, it seems reasonable to
think that errors incurred in this way by the Harman meter in the evaluation of the
asymptotic voltage may just happen to be similar to the errors made in the evalua-
tion of R, so that they roughly compensate them when zT is calculated from the ratio
between asymptotic and AC developed voltages. It is suggested here that this might
be the reason why z7T values yielded by the two meters are so similar, while resis-
tance results are instead so different. The relative deviation between R and z7 evalu-
ations obtained with the two meters is shown in percentage in Table 8.1 as the
Harman result minus the porcupine result, divided by the latter.

The temperature coefficients (TC) of both R and zT are reported in Table 8.2 as
calculated with a linear regression from results yielded by both meters. It can be
noticed that, although in some cases they fail to agree within 20, TC estimates
obtained with the two approaches are not substantially different, at least in the face
of the huge discrepancy found in the estimate of series ohmic resistance. This fact
can be taken as an indication that whatever systematic errors do exist in either
method do not change significantly with temperature and are therefore mostly in
common mode in slope calculations. However, it should be pointed out here that
resistance TCs measured with the porcupine meter all turned out very close to one
another for the tested devices, as one might expect from the fact that they all employ
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the same thermoelectric material (Bi,Te;), while TC values measured with the
Harman type meter do not; a clear indication that errors and Type B uncertainties
are probably to be looked for in that part of the comparison.

In Figs. 8.4 and 8.5, a typical example of temperature dependence of R and z7 is
shown, as measured with the two meters on the RMT-1MDL06-050-03t module. It
can be seen that the mean distance of data points from best fit regression straight
lines is smaller than the indicated Type A uncertainty of data points themselves in
the case of the porcupine meter, which suggests noise whiteness and lack of unde-
tected systematic errors at the quoted level of uncertainty. In fact their variations
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would likely show departure from whiteness it they existed. The same cannot be
stated for temperature dependence plots of the Harman meter data, where the mean
distance of data points from regression straight lines is greater than the indicated
Type A uncertainty, suggesting the existence of Type B contributions.

Conclusions

In this paper, results obtained for the ohmic resistance R and the dimensionless
figure of merit z7 of a number of thermoelectric devices with a second generation
prototype zT meter based on the porcupine method are compared with results
obtained for the same devices by a commercial z7 meter based on a variation of the
Harman method. Each device was measured with both meters at three different
temperatures in an environmental chamber. The ohmic resistance measured with the
porcupine meter was consistently smaller than the value returned by the Harman
meter, while figure of merit results were much more aligned. Type A uncertainties
were estimated from the variability of measured data and their mean deviations
from the linear regression line in plots of their temperature variations, and turned
out to be typically <0.2 % for R and <0.5 % for zT with the porcupine meter, and
about 0.5 % for R and <0.3 % for zT with the Harman type meter, limited in the lat-
ter case by truncation of displayed measurement results. Temperature coefficients
of the series resistance were estimated with better than 2 and 5 % Type A uncer-
tainty with the porcupine and the Harman meter respectively. Similarly, z7 tempera-
ture coefficients were determined with Type A uncertainty of the order of 10 % with
both meters. Disagreements between results obtained with the two methods for R
and zT could not be completely explained by published models, which is a clear sign
that, at least in one of the two approaches, not all systematic errors have been
detected yet, and residual Type B uncertainty contributions at the 10 % level should
be considered to exist. It was argued that the model adopted in the Frequency
Domain approach should be expected to grant accuracy at least at the percent level,
and speculations were made on the directions in which further research should be
done in order to compose such discrepancies.
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Chapter 9
Sintered Nano-Ag as Joining Material
for Thermoelectric Modules

K. Brinkfeldt, J. Simon, K. Romanjek, S. Noel, M. Edwards,
J. Riithel, M. Da Silva, and D. Andersson

Abstract The use of sintered silver particles as an alternative to other types of
joining materials for the electrical connection between thermoelectric materials
and the substrate in thermoelectric modules (TEM) has been investigated.
Sintered silver particles have recently gained attention in the field of power elec-
tronics due to the high thermal and electrical conductivity of the material. The
nanosilver paste used in this work has originally been developed for use as a die
attach material, where these properties are important. The sintering process
involved a thermal treatment at 310 °C, under a 15 kg mechanical load, in a nitro-
gen atmosphere. Sample TEMs with sintered silver connections were tested both
mechanically and electrically. Initial results showed that the TEMs performed
well during thermal gradient tests with the hot side heated from 50 °C to 550 °C
and the cold side kept at 20 °C. This performance also indicates that the nano-Ag
joints have good contact resistance. The resistivity of the sintered silver joints
were measured at room temperature to p=15 pQ m (average value of Ti/Au
plated thermoelectric legs). Shear force tests of the sintered thermo electrical leg
material showed that the joints are brittle when W metallized AIN substrates
were used and these have an average shear strength of 3.3+1.9 MPa. On Cu met-
allized AIN substrates, ductile fracture behavior was observed and an average
shear strength of 2.4 + 1.4 MPa was measured.

Keywords Thermoelectric modules ® Joining material * Contact resistance ® Shear
force * Nanosilver
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Introduction

Thermoelectric (TE) materials rely on the Seebeck effect to transform heat energy
to electric power. Due to their simple, reliable operation without moving parts they
have been deployed as part of the power generation in space applications for several
decades [1-3]. They are also under investigation as waste heat recovery devices in
industrial and automotive applications [4—6].

Though the efficiency of the TEM depends largely on the properties of the
TE-material itself, the properties of the interface and electrode materials are also
important. If the joining and current-carrying materials do not have high thermal
and electrical conductivities, the efficiency is decreased due to resistive losses. The
interface materials are also critical from a reliability perspective. As applications of
TE-modules (TEMs) involve high temperature gradients, thermal cycling, or both,
difficulties arise due to the coefficient of thermal expansion (CTE) mismatches
between the constituent materials, resulting in significant stresses and strains, which
ultimately could cause fracture in the interface.

Others have recently reported on the use of Ag—Cu brazing methods to join
CoSb; and Cu [7]. CoSb;-based skutterudite materials have also been joined with
Mo or Mo—Cu electrodes by spark plasma sintering using Ti or Ag—Cu foils [8—10].
Kadhim et al. have used Ag-paste/Cu plate/Ag-paste as electrodes for Bi—-Sb—Se—Te
and Bi—Se-Te TE-materials [11]. They conclude that the contact resistance R, is
mostly attributed to the boundary resistance and the contribution of the Ag—Cu—Ag
electrodes is very small. The details of the Ag paste were not reported.

Recently, sintered nano-Ag particles have been introduced as a die attach mate-
rial in the field of power electronics [12]. The material consists of nanoscale parti-
cles in an organic solvent/binder. The small particle size enables a sintering
temperature in the order of 250-310 °C depending on if the surface material is Ag
or Au, while the resulting joint is pure Ag with a melting temperature,
T,=961 °C. Chen et al. reported that nano-Ag can have similar or improved
mechanical properties compared to solder joints [13]. This, combined with the high
thermal and electrical conductivity of Ag, low processing temperature and high 7,
makes the material very attractive to power electronics die attach applications,
which also makes it attractive to use in TEMs.

In this work we have evaluated nano-Ag as the joining material in small, proof of
concept TEMs consisting of four SiGe TE-legs joined to ceramic substrate metal-
lizations of different materials. In “Method” section, the fabrication of samples,
including the SiGe TEMs and special samples used for contact resistance (R.) mea-
surements, are described. Two different metallizations schemes for the SiGe TE-legs
were investigated with respect to contact resistance: Ti/Au and MoSi2/Ti/Ag.
“Method” section also describes the measurement setups for the electrical and
mechanical tests. “Result” section describes the results of the R, measurements,
mechanical test, and performance of the TEMs during thermal gradient tests with
AT ranging from 30-530 °C.
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Method

Sample Manufacturing Process

The TE material used in all of the measurements in this work was a polycrystalline
Silicon—Germanium alloy (80 % Si and 20 % Ge) made by spark plasma sintering,
with mechanical synthesis of the initial powder [14]. The material is completely
dense and has a submicron scale grain size. The N-type dopant is Phosphorous and
P-type is Boron.

The TE-material was sintered into pellets, which were then metallized on top and
bottom. Two different metallizations: (a) thin Ti/Au and (b) MoSi,/Ti/Ag were used,
and the pellets were then diced into 4x4 x5 mm? TE-legs. For metallization (b),
MoSi, was included as a barrier material. The use of silicides as diffusion barrier
materials has shown good results in thin film applications at very high temperatures
[15-17]. The MoSi, layer was created by sputtering a thin Mo layer followed by a
thin Si layer and this was repeated 60 times to create a film of the desired thickness.
The sputtering times were calibrated, so that the ratio of Mo atoms to Si atoms was
as close as possible to 0.5. This layered sputtering step was followed by an anneal-
ing step at 900 °C for 3 h. After annealing, the resulting MoSi, layer was~90 nm
thick. Finally, the MoSi, layer was covered with a Ti/Ag capping layer
(Ag thickness~2 pm).

The TE-legs (two P-type and two N-type) were then sintered to cold and hot side
substrates to form proof of concept TEMs. The types of metallizations used on the
different TEM substrates are listed in Table 9.1.

The nano-Ag material used to sinter the TE-legs to the substrate metallizations
was nanoTach paste from NBE-Tech, Virginia. Nano-Ag was selected due to its
high thermal and electrical conductivity, as well as its low Young’s modulus com-
pared to Cu.

The process to make the connection involved screen-printing of the nano-Ag
paste onto both hot and cold side substrate metallizations, the TE-legs were then
attached to the hot and cold side metallizations, which was followed by a sintering
process in a furnace at 310 °C with or without pressure applied at the peak tempera-
ture. The peak temperature (and pressure, when used) was maintained for 20 min.
The resultant joining interface is able to operate at much higher temperatures, which

Table 9.1 Substrates and metallizations used in the TEMs

Substrate Material Metallization

AIN/Cu Cold side AIN 300 pm Cu/0.1 pm Au/10 pm nano-Ag/300 pm Ag
AIN/Cu Hot side AIN 300 pm Cu/0.1 pm Au

AIN/W Cold side AIN 16 pm porous W/10 pm Ni/0.1 pm Au/10 pm

nano-Ag/300 pm bulk Ag
AIN/W Hot side AIN 16 pm porous W/10 pm Ni/0.1 pm Au




74 K. Brinkfeldt et al.

Pressure

0 20 40 60 80 100 120
Time, min

SEI  15kV WD11mm
Swerea IVF o9 Apr 2013

c

-

SEI 15KV WD1imm
Swarea IVF

Fig. 9.1 (a) Measured temperature profile for nano-Ag sintering process. (b and ¢) SEM images
of the cross section of SiGe leg material sintered to a Cu surface. The image (c) shows the resulting
interface with pressure applied during the final processing step

are theoretically near the melting temperature of Ag at 7,=961 °C, if the joint itself
is not required to withstand mechanical loads.

Figure 9.1 shows the measured temperature profile for the nano-Ag sintering
process in a N, atmosphere. If the bond surfaces are large, then an additional
mechanical pressure during the final temperature step is required. Since the TE-leg
surface area is 4 x4 mm?, which is close to the limit, tests with and without mechan-
ical pressure have been made. Figure 9.1 also shows comparative cross sections of
SiGe TE-legs sintered to a Cu surface using nano-Ag paste. The sample in Fig. 9.1c
has been sintered with a mechanical load of 15 kg applied during the final sintering
step. This load corresponds to a pressure of ~2—3 MPa on the sintered interfaces.
This process was followed by a slow, passive cooling period for several hours.
When the temperature decreased below 70 °C, the furnace was opened and the
remainder of the cooling was done in air.

Electrical Measurement Setup

A 4-point resistance (R4P) measurement method was used to find the total resis-
tance of the TEM. A known current was forced through the TEM and the voltage
was measured between the input and output. The resistance through the TEM was
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then calculated using Ohm's law. The measurements were done at room temperature
and the device is assumed to be passive (zero heat flux through the device). In order
to limit the Peltier effect, which appears when a current is forced through a TEM,
currents were limited to —100 mA—100 mA and the U(I) characteristics were mea-
sured for less than 1 s.

The measurement principle used to determine the contact resistance (R.) of the
nano-Ag interface was similar. Special samples were prepared for this measure-
ment. Two TE-legs, consisting of the same N- or P-type material, were attached
directly to each other using the nano-Ag sintering process. Current was then forced
between the top and the bottom of the TE-leg/joint/TE-leg stack and the voltage was
measured on either side of the joint. The resistance through the stack was then cal-
culated using Ohm’s law. In order to extract R., the resistance (Ryg) of a pure TE leg
with the same geometry as the stack was measured in the same way. R. was then
determined using the following formula:

R = RTE/joim/TE —Ryp. 0.1

The measurement was done at room temperature assuming there was no heat flux
flowing through the material stack.

Mechanical Testing

Sample TE-legs of both N- and P-type material with Ti/Au metallization were sin-
tered to both AIN/Cu and AIN/W substrates. The metallizations were identical to
the hot side substrate metallization shown in Table 9.1.

The substrates were then mounted on a plate, which in turn was attached to one
of the clamps in a MTS 20/M rig. On the other clamp, a hook was attached. The
hook was placed on the surface of the TE-leg, as close to the substrate as possible
without touching the surface. The clamps were then separated at a velocity of 1 mm/
min and the force was recorded. Figure 9.2 shows a photograph of a substrate hold-
ing four TE-legs attached to the rig.

Results

R, Measurement Results

Table 9.2 shows the results from the R4P measurements of the joined TE-legs. The
resistance through the stack (Rrgjoinyre), TeSistivity (p), electrical conductivity (o),
and the resistance of the nano-Ag joints (R.) are all derived from Equation 1. In
addition, the TE-material properties were measured on TE-legs coming from the
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Fig. 9.2 A photograph of the shear test setup used in the MTS 20/M rig. A sample substrate with
four TE-legs is mounted in the rig

same or similar pellets. In detail, the AA60SP and AA786N material, both with Ti/
Au metallization, showed low values of R.. In one of the measurements, the stack
became misaligned during the final pressure step of the sintering process (marked
by * in Table 9.2) and should not be considered representative of the results. The
measured Rrgjoinyte Values were very high and dispersed for the AA637P and
AA787N material stacks. The measured values were in the order of 300 times
higher than Ry, which results in the high R, values derived.

Shear Test Results

Figure 9.3 shows shear diagrams for the AIN/Cu and AIN/W samples. For the AIN/
Cu substrates, only two N-type material samples were tested successfully. The tests
indicate a brittle fracture mechanism for the AIN/W, whilst the AIN/Cu samples expe-
rience some ductile behavior prior to fracture. Average shear strengths of 2.4+ 1.4 MPa
for the AIN/Cu substrate samples and 3.3+ 1.9 MPa for the AIN/W substrate samples
were obtained. For both substrate types, the results were largely dispersed.

An analysis of the fracture surfaces was done, which is shown in Fig. 9.4. It
showed that the fracture surface contained mostly Ag for the AIN/Cu N2 sample
while the AIN/W P1 sample fracture surface also included significant amounts of
other elements. Au, Si, and Ge were easily identified in the spectrum.
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Table 9.2 Results of the R, measurements

AAB08 P

TE-material only (same pellet)

AAB37 P

TE-material only (similar pellet)

AA786 N

TE-material only (similar pellet)

AA787 N

TE-material only (similar pellet)

TEM Performance

Ti/Au

MoSi,/Ti/Ag

TilAu

MoSi,/Ti/Ag

25

2.9

2.4

566.3

18.3

576.8

3.6

3.4

5.1*

906.9

688.8

568.7

12.4

14.3

12.6

2780.3

89.9

2831.9

10.3

17.5

16.7

25.1*

16.7

44525

3381.9

27921

16.7

80,336

69,844

85,023

79,463

360

11,123

353

96,874

57,136

59,826

39,858

59,857

225

296

358

59,857

71

-3.50E-10

4.40E-09

-2.10E-09

7.10E-06

2.00E-07

7.20E-06

2.00E-09

2.10E-09

2.10E-08*

1.10E-05

8.60E-06

7.10E-06

AIN/Cu and AIN/W TEMs were tested on four probe setup to determine internal
resistance at room temperature. The results are shown in Table 9.3. The TEMs built
using AIN/W substrates had an internal resistance 2-3 times higher than the AIN/

Cu samples.

Samples Al and A2 in Table 9.3 subsequently failed during wiring, due to a
faulty pressure application during the final sintering step, so they could not be used
further in the performance tests. The AIN/W TEMs were tested under the following

conditions:
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Fig. 9.3 Shear stress as a function of the actual movement of the shear tool. (a) Shows the results
from the AIN/Cu substrates and (b) the results from the AIN/W substrates
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Fig. 9.4 SEM image and EDX spectral response of the shear test fracture surfaces of (a) AIN/Cu
N2 and (b) AIN/W P1 samples

Table 9.3 Results of TEM TEM R4P (mQ)

resistance measurements AIN/Cu—A1 11
AIN/Cu—A2 16
AIN/W—BI1 32

AIN/W—B2 31
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Fig. 9.5 Electrical results of the AIN/W TEMs. The figure shows (a) internal resistance, (b) open
circuit voltage, (¢) maximum power, and (d) current of the tested TEM
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Pressure: 10 mBar

Figure 9.5 shows the electrical property measurements of the tested AIN/W
TEMs. Measurements of current and power for AIN/Cu TEMs previously tested to
200 °C (denoted AIN/Cu*) have been included in Fig. 9.5 for comparison. A differ-
ent connection technique was applied to the AIN/Cu* samples, with a 300 pm diam-
eter Ag wires used to electrically connect the devices instead of the 300 pm thick
Ag plates. The AIN/W devices tested resulted in higher values for all measurements
except internal resistance, when compared to the AIN/Cu*devices.

Discussion of Results

The poor contact resistance from the MoSi,/Ag metallization stack could be the
result of inadequate cleaning of the SiGe surface prior to sputtering. There was also
some miscoloration on the surface following the 900 °C anneal of unknown origin
that could be linked to this. The future process will include Ar-plasma etch prior to
the sputtering and a different furnace will be used for annealing.

In the shear tests, the AIN/W samples all displayed brittle behavior, whilst the
AIN/Cu samples experienced some ductile behavior prior to fracture. This could be
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Fig. 9.6 Cross section SEM image of the AIN/W substrate metallization

an effect of the more ductile Cu (300 pm) compared to the W/Ni/Au metal stack
(30 pm) on the substrate on which the TE-leg was attached. The analysis of the
fracture surfaces in Fig. 9.4 showed almost exclusively Ag on the AIN/Cu fracture
surface, while the AIN/W substrate also contained Au, Si, and Ge. This means that
the fracture is located in the nano-Ag joint for the AIN/Cu substrates and in the
interface between the SiGe TE-leg and the nano-Ag for the AIN/W substrate.
Further analysis and better statistics are required.

The complete internal resistance of the AIN/Cu modules was almost 3 times
lower than that of the AIN/W modules. This is mostly a result of the metallization
thickness on the hot side substrates. The thickness of the AIN/Cu is 10 times thicker
than for the AIN/W. Cu is also a better electrical conductor than W/Ni. This differ-
ence exists on both parts of metallization between the TE-legs and the hot side
metallization which the current passes through. Additionally, as shown on the cross
section image of the AIN/W substrate metallization in Fig. 9.6, the W layer is very
porous, which increases the resistance further and it can be assumed that this layer
has 60-80 % of the electrical conductivity of bulk W.

Figure 9.1 shows that the use of pressure in the sintering process significantly
improves the density of the nano-Ag layer. Apart from mechanical consequences,
this would also affect the electrical resistance. The AIN/Cu TEMs that failed after
the internal resistance measurement could be expected to have even lower internal
resistance when processed correctly.

The electrical results of the tested AIN/W TEMs are shown in Fig. 9.5. The inter-
nal resistance of sample B2 increases more than that for B1 with respect to tempera-
ture. The open circuit voltage is almost identical for both samples throughout the
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entire temperature range. The AIN/W-B1 exhibits a slightly higher power output at
higher temperatures, which is a result of the slightly higher current, which in turn
results from a lower internal resistance for temperatures above 300 °C.

In spite of the lower performance of the AIN/Cu* sample, this version of the
device still has a lower resistance than both AIN/W samples. This indicates that
much improved results should be expected from the AIN/Cu versions with the new
generation of TE-material when the correct pressure process is applied on these
type of samples.

Conclusions

Results show that the use of nano-Ag sintered joints between TE-material and elec-
trodes is possible, but the low and dispersed shear stress tolerance indicates there is
room for improvement in the sintering process. The contact resistance of the nano-
Ag layer was low in the case where the TE-leg metallization was Ti/Au. The low
contact resistance was also reflected in the complete TEM measurements of the
AIN/Cu substrate. The AIN/'W TEMs show promising results, but they suffer from
high internal resistance due to the thin metallization on the hot side substrates.
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Chapter 10

Anodized Aluminum as Effective and Cheap
Alternative Substrate for Thermoelectric
Generators

F. Assion, V. Geneif}, M. Schonhoff, C. Hedayat, and U. Hilleringmann

Abstract The wide usage of thermoelectric generators (TEG) is still blocked by
very high product costs. This paper presents anodized aluminum (Al) as an effective
and cheap alternative for ceramics like alumina (Al,O;) or aluminum nitride (AIN).
Al has a significantly higher thermal conductivity as both named ceramics. In addi-
tion, the lower thermal stability of Al is still high enough to work with bismuth
telluride based modules, which are most common. To show the advantages of the
changed substrate, finite element method (FEM) simulations were performed. These
simulations show that by changing the cold side substrate material the temperature
drop across the substrate is reduced by 60 K. This correlates to a theoretical power
gain of more than 20 %. Furthermore, Al can be shaped much easier than a ceramic
material. The biggest advantage is obviously the price. Anodized Al is around
twenty times cheaper than Al,O;. To demonstrate the easy fabrication of the pro-
posed substrate, samples were prepared only with widely used processes like those
used for conventional printed circuit boards.
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Introduction

The wide usage of thermoelectric generators (TEG) is still blocked by very high
product costs. Almost all commercially produced TEGs nowadays are mounted on
ceramics like alumina (Al,Os) or aluminum nitride (AIN). On the one hand, these
materials have a very high thermal stability and a rather good thermal conductivity,
which makes them interesting for thermoelectric applications. On the other hand,
they are very expensive and their thermal conductivity actually drops with rising
temperatures. Furthermore, the maximal working temperature of thermoelectric
(TE) materials used nowadays is rather low so the high thermal stability might not
really be needed. This paper is not the first one calling the use of expansive ceramic
substrates into question [1] by looking at requested cost—performance ratios of
around one Euro per watt for TEGs.

Anodized aluminum (Al) could be an effective and cheap alternative for ceram-
ics used nowadays. For good module efficiency, the thermal resistance of a TEG
substrate must be as low as possible. Al has a significantly higher thermal conduc-
tivity as both named ceramics (see Fig. 10.1).

In addition, the lower thermal stability of Al is still high enough to work with
bismuth telluride (Bi,Te;) based modules that are most widely spread. Bi,Te; based
modules have a maximum working temperature of around 300 °C.
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Fig. 10.1 Thermal conductivity of Al,Os, AIN, and Al vs. temperature [2—4]
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Experiment and Results

To show the advantages of the substrate change finite element method (FEM),
simulations were performed with the CST Studio Suite. All material properties are
given in Table 10.1. In the simulation, a theoretical silicon/germanium (SiGe) TEG
was analyzed. The TEG was placed between a 20 °C cold side and a 600 °C hot
side. Caused by the rather high thermal conductivity (k=4.0-5.9 W/m K [5]) of the
SiGe material, the thermocouples are short (/=1 mm). Shorter thermocouples lead
to a better cost—performance ratio and therefore reduce the overall costs of TEG
systems [6]. The hot side substrate is a 0.5 mm thick Al,Os. The cold side mounting
material has for mechanical reasons a thickness of 1.6 mm.

In Fig. 10.2, the simulation results of two different substrates are shown. The
temperature distribution reveals the losses inside the particular mounting substrate.
On the left picture the substrate is a commercially used <92 % pure Al,O; ceramic
with a thermal conductivity of k=14-24 W/mK [8, 9]. With this substrate, the ther-
mocouple cold side temperature is 99 °C, which means nearly 80 K temperature dif-
ference, are lost. By using an anodized Al substrate (1.5 mm Al+0.1 mm Al,O3), the
thermocouple cold side temperature decreases to 39 °C (compare Fig. 10.2, right).

This means that by changing the cold side substrate material the effective tem-
perature difference across the thermocouples increases by 60 K, which is a relative
increase of more than 11 %. Moreover, since the temperature difference is squared
to get the output power this equals a theoretical power gain of 23 %. Even by con-
sideration that this is a theoretical example and that the output power gain also

Table 10.1 Material properties of the simulation model

Material SiGe Al AL O; References
Density in g/cm? 3.009 2.7 3.6 [5,7, 8]
Therm. conductivity in W/mK 4.0-5.9 237 14-24 [5, 7-9]
Specific heat in J/kgC 770 900 850-1,050 [5,7, 8]
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Fig. 10.2 FEM-simulations of thermocouples with Al,O; (left) and anodized Al (right) substrate
(log scale)
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Fig. 10.3 A theoretical
round shaped TEG between

two pipes
Table 10.2 Prices for Material Price Reference
different materials AIN 70 €/cm’ [11]

Al O, 1.3 €/cm? [12]
Al (anodized)  0.06 €/cm®  [13]

causes a higher needed input power, the message is clear. High thermal conductive
substrates lead to higher output powers. Earlier simulations have already shown
this trend [10].

In addition, there are still two more things to be mentioned by comparing anod-
ized Al vs. ALLO; and AIN. Al can be shaped much easier than a ceramic material
which could be used for a further reduction of the thermal resistance by more
detailed substrate shapes. Even round shapes can easily be processed and, due to the
high thermal conductivity of Al, the added thermal resistance is rather small (com-
pare Fig. 10.3).

The biggest advantage is obviously the price. Anodized Al is around twenty
times cheaper than Al,O; and even a thousand times cheaper than AIN (see
Table 10.2). Depending on the substrate’s share of total costs, the cost reduction can
be in the region of several single percentages.

To demonstrate the actual behavior of the proposed new TEG substrate, several
samples have been prepared. Figure 10.4 shows two pictures of the same sample.
The left one is taken with a light microscope at a 50-times magnification. For the
other one a confocal laser scanning microscope (CLSM) was used. In the shown
pictures the Al,Os-layer in the middle has a thickness of about 36 pm. It was grown
in sulfuric acid at room temperature with a current density of 20 mA/cm?. Tests have
shown that layers with a minimum of 12 pm are thick enough to insulate the top
cupper (Cu) layer from the lower Al-substrate. However, to ensure mechanical
stability the AL,O; has to be a little thicker. Even though for thermal reasons the
Al,O;-layer should be as thin as possible.

On top of the Al,O; is a 45 pm thick Cu-layer which shall be used to connect the
single thermocouples to a complete TEG. It was grown by a simple galvanic step in
Cu(Il) sulfate with a current density of 28 mA/cm? onto a thin sputtered titanium
start layer. The start layer was deposited by magnetron sputtering in argon at a pres-
sure of 2.4 Pa and 2 kW DC power. The gap between the metal and the insulation
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Fig. 10.4 Cross section view of anodized Al with Cu metallization—light microscope (left)/
CLSM (right)

accrued during the sample preparation. Exchanging the titanium with titanium
nitride will enhance the adhesion and will thereby enhance the mechanical stability.
To structure this layer conventional printed circuit board processes can be used.

Conclusions

It was shown that anodized aluminum is a cheap alternative for ceramics used nowa-
days. In special cases, anodized aluminum will actually enhance the output power of
the device. In the simulated example, the exchange of the substrate revealed a power
gain of over 20 %. Even though this is a constructed case, the consequences are dis-
tinct. It was also demonstrated that the substrate can be made very easily with widely
used processes like those used for usual printed circuit board. In the end, anodized
aluminum is at least one order of magnitude cheaper than usually used ceramics.
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Chapter 11
Silica-Based Materials for
Thermoelectric-Legs Embedding

A. Famengo, S. Boldrini, S. Battiston, S. Fiameni, A. Miozzo,
M. Fabrizio, and S. Barison

Abstract Sol-gel chemistry was used to synthesize low-density SiO, aerogel for
matrix embedding of silicide-based (Mg,Si and MnSi,_,)) thermoelectric legs.
In thermoelectric (TE) modules, the heat conduction in air and the convective and
radiative contribution to the heat transfer play an important role in the reduction of
the efficiency of the module. Silica aerogels are known for the lowest thermal
conductivity of any non-evacuated solid. With this in mind, silica-based aerogel
materials were employed to fill the void spaces between the thermoelectric legs of a
module. In order to do this, different synthesis procedures were taken into account
to produce suitable silica materials. It is important that the silica can be easily cast
into place, avoiding mechanical cracks of the matrix. Silica aerogel typically
requires a supercritical drying step to remove the pore fluid from the SiO, gel,
avoiding the collapse of the pores. This procedure is not practical for TE-legs
embedding and it is dangerous, expensive, and time-consuming. It is known that
replacing the —OH groups with organic hydrophobic substituents in the SiO, pores
prevents the pore-shrinkage and the sintering of the matrix during solvent evapora-
tion step. This allows synthesizing relatively light materials at low temperature and
ambient pressure, with no need of supercritical drying of the gel. The obtained
aerogels were characterized by thermogravimetric analysis and differential scan-
ning calorimetry to evaluate the stability of the material and the chemical modifica-
tion with increasing temperature. The thermal expansion of the silica was evaluated
by means of dilatometry. Finally, the thermal diffusivity was measured with the
laser flash method.
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Introduction

Thermoelectric devices are built up from thermoelectric legs made by conven-
tional thermoelectric materials such as Bi,Te; and PbTe, and less conventional
Mg,Si and MnSi,_,, (higher manganese silicide, HMS) linked together by means
of metal contacts. The thermoelectric legs are contacted electrically to obtain an
electrical series configuration and a thermally parallel configuration, in order to
keep all the legs on the same side at the same temperature. Embedding the legs in
a chemically and electrical inert matrix could enhance the TE module perfor-
mance by improving thermal insulation between the hot and the cold side.
Furthermore, the matrix could act as a sublimation barrier, especially for materials
where metallic elements tend to sublimate into corrosive vapors [1]. Metal vapors
can condense far from the material leg, creating problems such as thermal and/or
electrical short circuits and consequently they can reduce the efficiency and the
life of the module.

Si0, is an appealing candidate for TE module embedding because it is inert in
the whole temperature range exploited for TE generation with several materials,
such as skutterudites, TAGS, PbTe, and silicides. The most important feature is the
versatility of SiO, towards the formation of different nano- and microstructures with
a high degree of porosity. For this reason, the lightest solids ever obtained are silica
aerogels.

Module encapsulation on silica aerogel has already been exploited by Salvador
et al. [2] and Sakamoto et al. [1]. However, obtaining silica aerogel suitable for high
temperature thermoelectric applications is not straightforward. Wet chemistry like
sol-gel reactions of silane precursor is used to synthesize porous SiO, networks. The
silica backbone created upon gelation of the silane precursor undergoes tensional
stresses and it is sensitive to cracks. During the drying process necessary to obtain
the SiO, matrix, the solvent evaporates from the pores and the latter tends to col-
lapse because of the capillary forces, causing severe shrinkage of the structure. Two
possible techniques are commonly exploited to reduce pore collapse: drying the
alcogel in an autoclave under supercritical conditions, avoiding the formation of the
liquid solid meniscus, and the functionalization of Si—~OH groups of the pores with
organic hydrophobic groups. Si—CH; groups are not reactive and they keep the
pores “open.” Furthermore, the solvent inside the pores (usually alcohols) is replaced
by nonpolar hexane (or other linear alkanes) which has a low surface tension, reduc-
ing the shrinkage during the drying step even at ambient pressure.

In this work, low-density silica was synthesized via ambient pressure drying with
the aim to embed thermoelectric legs made of Mg,Si and MnSi,,_,.. Three samples
named HMDZ_1 (from the Si precursor HMDZ-hexamethyldisilazane), MTMS_1
and MTMS_2 (from the Si precursor MTMS-methyltrimethoxysilane) are dis-
cussed here. Ambient pressure drying was preferred to autoclave drying because it
is more versatile. In principle, all the synthetic steps could be carried out directly on
the mold where the thermoelectric legs are placed.
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The thermal behavior of the silica synthesized was investigated up to 600 °C,
considering that the operating temperature of Mg,Si and MnSi,,_,, is in the range
500-600 °C. The thermal diffusivity was evaluated for the sample showing ade-
quate thermal behavior.

Experimental Procedure

HMDZ_1 was synthesized according to Wei et al. [3] modifying the synthesis pro-
cedure using hexamethyldisilazane (HMDZ) in place of trimethylchlorosilane
(TMCS).

MTMS_1 was synthesized following the procedure reported by Xu et al. [4] with
minor modifications.

MTMS_2 was obtained by reaction of methyltrimethoxysilane (MTMS) with an
aqueous solution of oxalic acid (0.01 M) in methyl alcohol (MeOH) with
MeOH:MTMS =26 and oxalic acid:MTMS =0.004 molar ratios. The system was
stirred at room temperature for 1 h and then an aqueous solution of NH; (2.75 M)
was added to the reaction mixture, keeping a molar ratio of NH;:MTMS =0.20.
After 1 h of stirring, the sol was poured into polyethylene molds and let to gel over-
night. Residual MeOH was removed and the alcogels were aged in ethylic alcohol
(EtORH) for 6 h at 60 °C. After aging, EtOH was removed washing the material sev-
eral times with n-hexane and the materials were dried at 50 °C for 24 h. The samples
were thermal treated at 100 °C for 1.5 h followed by 150 °C for 1.5 and finally they
were kept at 200 °C for 1 h.

Thermogravimetric analysis were performed on a TA SDT Q600 TGA/DSC anal-
yser for the three samples under dry air (100 mL/min) using an alumina crucible.

Dilatometry measurements were recorded on a Netzsch DIL 402 PC dilatometer
under an Ar atmosphere (90 mL/min) for sample HMDZ_1 cut as a 7.6-mm bar.

Thermal treatment on MTMS_1 and MTMS_2 was performed on a homemade
apparatus with a flux of air of 200 mL/min in a Nabertherm P330 tubular furnace.

The thermal diffusivity was measured via laser flash method by means of a
Netzsch Microflash LFA457, using a powder sample holder with an internal graph-
ite coating.

Results and Discussion

Three types of SiO, matrices were synthesized with the idea of embedding the
n-Mg,Si and p-HMS (Higher Manganese Silicide) legs of a thermoelectric module.
The matrix should be light and should act as thermal and electrical insulation barri-
ers between the legs and between the hot and cold sides of the module. Among the
large variety of organosilane precursors, tetraethoxysilane (TEOS) and methyltri-
metoxysilane (MTMS) were chosen for their availability and fast hydrolysis and
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condensation time [5]. It must be pointed out that sol-gel chemistry is very complex
and the reactivity of the precursors does not depend only on their chemical nature
but also on the applied reaction conditions [6, 7]. The solutions of the precursors are
liquids of low viscosity before gelation time so it is possible to cast the SiO, matrix
on modules of the desired shape.

In order to obtain silica materials with low densities, two main synthetic paths
were followed. The first was the formation of hydrophilic alcogels via acidic
hydrolysis (HCI) of TEOS and then condensation of the polysiloxane species with
aqueous NHj, as previously reported by Wei et al. [3]. The as-obtained gels under-
went silylation with hexamethylsilazane (HMDZ), less hazardous than trimethyl-
chlorosilane (TMCS) usually employed. The silylation process changes the
liquid-solid contact angle and reduces the capillary liquid tension avoiding
cracking of the network during the drying process. Furthermore, it passivates the
pore surface, limiting the condensation of —Si—OH groups that leads to shrinkage
of the gel [7]. After silylation, the gels were kept several days in hexane and then
air dried to obtain a relative low-density hydrophobic silica (0.3 g/cm?), indicated
here as HMDZ _1.

In the second synthetic route, MTMS was used as the precursor because of the
presence of the nonpolar CH;-Si on the silane molecule. This avoids the silylation
step reducing the processing time and costs. Two procedures were followed with
MTMS. In the first, reported by Xu et al. [4], MTMS was hydrolyzed in MeOH with
an aqueous solution of oxalic acid and then aqueous ammonia was added to obtain
the alcogel. The gel was aged and dried replacing MeOH with EtOH, followed by
thermal treatments at 50, 100, 150, and 200 °C. The aerogel so obtained (density
0.102 g/cm~3) was named MTMS_1.

It must be said that, for this reaction, toxic MeOH was replaced by EtOH first as
the solvent. Unfortunately, any attempts to carry out the synthesis with MTMS in
ethanol led to cracked transparent xerogel granules.

In the second synthesis procedure, a solution of aqueous ammonia was added
after the hydrolysis of MTMS with oxalic acid in MeOH, working with a high con-
tent of water. It has been observed that adding F~ ions (within the NH3 solution),
which generally decreases the gelation time of the silica [8], did not considerably
change the gelation time in this case. The excess of water should favor the acidic
hydrolysis of MTMS, while the condensation process is enhanced by the high pH
(9-10) of the solution after the addition of NHj.

The silica matrix was aged in ethanol, washed several times with ethanol and
then n-hexane, and then dried. Thermal treatments at 50, 100, 150, and 200 °C were
performed. Hydrophobic and light silica was obtained, indicated here as MTMS_2
(density 0.09 g/cm?). As to the macroscopic scale, HMDZ_1 appeared as a semi-
transparent solid while MTMS_1 and MTMS_2 were opaque. MTMS_1 retained its
shape when small deformations were applied and it was quite easy to cut into slices
without breaking the material. MTMS_2 appeared as a highly compressed powder,
and after compression, it became powdery. However, it was possible to cut it into
pieces of all shapes and thickness.
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Fig. 11.1 Percentage of one-dimensional expansion dL/L versus time (dash) and temperature
versus time (solid) for sample HMDZ_1

To understand the mechanical behavior of the SiO, materials synthesized,
thermal expansion measurements from RT to 600 °C, the operative range for Mg,Si
and HMS thermoelectric materials, were performed on sample HMDZ_1 under an
Ar atmosphere. The expansion (dL) curve versus time and temperature ramp is dis-
played in Fig. 11.1.

In the range 30-250 °C the relative expansion was not perfectly linear: the system
expanded linearly up to 150 °C, a small decrease of the slope dL/L versus ¢t was
observed until 200 °C and then it increased up to 250 °C, from where the expansion
became constant up to 330 °C. After 330 °C, HMDZ_1 underwent shrinking while
heating up to 600 °C. After 600 °C, the cooling segments started and the shrinkage
continued. This behavior could be explained by thermogravimetric (TGA) and
differential scanning calorimetry (DSC) analyses (Fig. 11.2) performed in air: an
important weight loss for HMDZ_1 occurred from 250 to 600 °C. This corresponds
to the oxidation of the organic —CHj; groups present on the surface of the pores.
After oxidation, the pores —CHj; groups, which could not react, were replaced by —
OH polar groups that could condense to give Si-O-Si new bonds, leading to pore
collapse and consequently to material shrinkage.

Even if the dilatometry was performed under an argon flux of 100 mL/min, small
amounts of oxygen impurities could cause the oxidation of methyl groups of the
pores. It is important to consider that also under inert atmosphere chemical reaction,
like pyrolysis of the methyl groups, could occur in the temperature range consid-
ered, leading to the rearrangement of the microstructure and possible shrinkage.

The HMDZ_1 dL/L curve reached the origin at 550 °C and the shrinkage contin-
ued linear until 475 °C. At this point, the slope of the curve decreased and remained
constant up to 80 °C (below this temperature the dilatometer is no more able to
control the cooling rate). From the DSC signal (Fig. 11.2) it can be observed that the
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Fig. 11.2 TGA (solid) and DSC (dash) curves for HMDZ, 1 (heating rate: 5 °C/min, air: 100 mL/min)

main peak at 350 °C had a shoulder at 450 °C that corresponds to the oxidation of
secondary methyl groups, located on a different site of the silica network. This
could affect the thermal expansion of the material.

After the thermal expansion measurement, HMDZ_1 showed several cracks that
propagated during the measurement. This could be due to the collapse of pores dur-
ing oxidation of —CHj; groups and, probably, the silica network was not strong
enough to resist the thermal stresses. On the basis of this consideration, and as
observed by Sakamoto et al. [1], more “elastic” and deformable matrices are
required in order to embed parallelepiped TE modules because the edges could act
as stress intensifier causing the propagation of cracks. MTMS, with a methyl group
bound directly to Si could lead to elastic and compressible aerogel materials, as
reported by Xu et al. [4].

For MTMS_1 and MTMS_2, the thermal expansion curves were not recorded
because it was not possible to determine the origin of the dilatometer measuring bar.
Because the typical operating temperatures of the Mg,Si/HMS TE modules are
between 500 and 600 °C, a thermal treatment was performed under air (200 mL/
min) from RT to 600 °C (heating/cooling ramp 5 °C/min, 120 min at 600 °C) on
both samples to check the presence of cracks and their integrity. MTMS_1 broke up
into powdery pieces after the thermal treatment and it was not possible to measure
its density. On the other hand, MTMS_2 retained its shape with a linear shrinkage
of 10 %. The thermal treated MTMS_2 has a density of 0.11 g/cm?®.

Thermogravimetric and differential scanning calorimetry analyses of MTMS_1
and MTMS_2 in air are shown in Fig. 11.3. In the case of MTMS_1, a sharp exo-
thermic peak was present at 481 °C corresponding to the main weight loss in the
TGA curve. These are related to the oxidation of CH; groups present in the Si-O-Si
backbone. At 350 °C, a broad and less intense exothermic peak was present together
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Fig. 11.3 DSC (dash) and TGA (solid) curves for MTMS_1 (a) and MTMS_2 (b) recorded with
a heating rate of 3 °C/min in air (100 mL/min)

with a weight loss starting at 250 °C. This could be attributed to the oxidation of
surface functional CH; groups but also to the evaporation and oxidation of residual
organic solvent that could be trapped inside the silica matrix. It has to be noted that
after the analysis, the residual sample appeared as powder after the thermal treat-
ment at 600 °C.

For MTMS_2, a slight weight loss was present in the range 150-350 °C as
observed for MTMS_1, but, in this region, the DSC signal is smooth. This could be
an indication of the residual solvent evaporation, trapped into the silica matrix. The
oxidation of organic CH; occurred from 400 °C. Two sharp and well-resolved exo-
thermic peaks at 451 and 475 °C are an indication of two different sites for Si—~CHj,
groups in the silica network, leading to site-affected oxidation enthalpy.

MTMS_1 and MTMS_2 showed similar thermal behaviors but the former one
cracked upon heating at 600 °C. The density of MTMS after the thermal treatment
was 0.21 g/cm® and the matrix linearly shrunk by 18 % of the original length. The
thermal behavior could be better understood considering the microstructure of the
samples.

Secondary electron field emission (FE)—scanning electron microscope (SEM)
micrographs for MTMS_2 before and after thermal treatment are displayed in
Fig. 11.4. For comparison, also HMDZ_1 and MTMS_1 (before thermal treatment)
are shown.

The microstructure of MTMS_2 seems to not be affected by the thermal treat-
ment and it consists of micrometer-rounded silica particles attached to each other to
form opened chain structures and leaving void opened spaces. This is consistent
with the Ostwald ripening mechanism for silica formation, by which small particles
re-dissolve and larger particles grow from the condensation of the dissolved ones.
This mechanism is favored mainly in aqueous systems [5]. In this case, MTMS_2
was synthesized in the presence of a large excess of water. It has to be pointed out
also that the sizes of the microspheres are highly homogeneous. By comparison,
MTMS_1 showed compact agglomerates of grains of the order of 100 nm forming
micrometer sized open spaces, as previously reported [4]. HMDZ_1 had similar
globular structures as for MTMS_1 but smaller voids and pores (less than 200 nm)
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Fig. 11.4 Secondary electron SEM micrographs for MTMS_2 before (a) and after (b) thermal
treatment at 600 °C; MTMS_1 (c¢) and HMDZ_1 (d)

around the agglomerates. The chained structures of MTMS_2 are probably held
together via electrostatic forces and this could be the reason that, on macroscopic
scale, this material appeared as pressed powder, retaining its shape. The chain
agglomerations of silica microspheres and the presence of void spaces made
MTMS_2 retain its shape upon thermal treatment. It is reasonable to consider that
the chains can be rearranged during heating in the void spaces without breaking.
Furthermore, the organic products of combustion have enough space to escape from
the silica structure preserving the network. On the other hand, HMDZ 1 and
MTMS_1 networks could be damaged because of the retention of organic products
on the pores, which are less accessible to gases such oxygen or air.

The thermal diffusivity of MTMS_2 after thermal treatment at 600 °C was mea-
sured via the laser flash method. Thermal-treated MTMS_2 was chosen because the
typical silicide TE module working temperature is in the range of 500-600 °C, and
no organic groups are present in the SiO, matrix at these temperatures.

The measurement was carried out under an Ar atmosphere to avoid the oxidation
of the graphite layer needed for the measurement. As it can be observed in Fig. 11.5,
the thermal diffusivity decreased with temperature reaching a minimum value of
0.1047 mm?/s at 450 °C and then slightly increased at 600 °C (0.1099 mm?/s). It was
not possible to evaluate the thermal conductivity because the value of the density
(p), that should be used for this calculation, is not the measured one. In fact,
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Fig. 11.5 Thermal diffusivity of MTMS_2 as function of the temperature

MTMS_2 was slightly pressed inside the sample holder here used and the density
remained uncertain.

Furthermore, to the best of author knowledge, in the literature, thermal conduc-
tivity measurements on silica aerogel and light xerogel are usually performed via
the hot-disc or the hot wire techniques [3], and the values are restricted to room
temperature, so it is not possible to make a comparison in the temperature range
here considered (25-600 °C). On this basis, only thermal diffusivity values are
reported in Fig. 11.5. From a qualitative point of view, considering the low density
of MTMS_2 together with an intrinsic low specific heat for silica, it is reasonable to
expect values of thermal conductivity of the order of few mW/mK, as previously
reported [3, 9].

Conclusions

Three types of SiO, matrices were considered with the aim of embedding Mg,Si/
HMS thermoelectric modules. HMDZ_1 and MTMS_1 were synthesized as already
reported [3, 4] with minor variations of the synthesis procedure. MTMS_2 was
synthesized according to the procedure here reported, adding more water to enhance
the gelation step and to reduce gelation time and to obtain more elastic SiO, net-
work. The SiO, was made hydrophobic to reduce shrinkage during the ambient
pressure-drying of the gel, in order to obtain low-density and highly porous materi-
als. These characteristics are required to avoid much weight increase after embed-
ding TE modules, made of light Mg,Si and MnSi,_,, and to control the thermal
conductivity.
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Chapter 12
Finite Element Approach for the Evaluation
and Optimization of Silicide-Based TEG

A. Miozzo, S. Boldrini, S. Battiston, A. Famengo, S. Fiameni,
T. Sakamoto, and S. Barison

Abstract Numerical modelling represents an effective tool for designing and
evaluating the performances of thermoelectric power generators (TEG). In particu-
lar, the finite element (FE) method allows performing multiphysics simulation, that
is coupling different physical phenomena, such as heat transfer, thermoelectric
effects, and Joule heating. In this work, FE modeling is at first used to reproduce the
results of the open circuit voltage and output power measurements on an undoped
Mg,Si TE-chip under large temperature differences. Furthermore, the conversion
efficiency of a 16-chip TEG module has been calculated with different ratios of the
cross sections of the n-type (Bi-doped Mg,Si) and the p-type (higher manganese
silicide, HMS) legs. In both analyses, the thermal and electrical conductivities and
Seebeck coefficient are given, as input, in function of temperature. The effects of
thermal and electrical contact resistances were taken into account, by introducing
thin thermally/electrically resistive layers in the numerical model.
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Introduction

Evaluating the performances of thermoelectric devices is usually a hard task to
achieve, since it involves the solution of the coupled field equations of the thermo-
electric effects on three-dimensional domains (thermoelectric chips). No analytical
solution normally can be found even with simplified geometries and, for this reason,
numerical strategies must be implemented. Numerical methods generally employed
are based on the discretization of the domains, in order to convert the continuous
operator problem (differential equations) to a discrete problem (iterative solution of
linear systems) that leads to the evaluation of the values of temperature and electric
potential on the nodes linking the adjacent subdomains. In this work, the finite ele-
ment method was used to solve the coupled thermal-electrical equations of the ther-
moelectric effect; other numerical procedures available are the finite difference
method and the finite volume method [1].

The thermoelectric effect is governed by the equations of heat flow and continu-
ity of electric charge [1, 2]:

pcLiv.g-0 (12.1)
Ot
v.g=P (12.2)

ot

where T is the temperature [K], p is the density [kg/m?], C is the specific heat
[J kg™! K1, ¢ is the heat flux vector [W/m?], Q is the heat generation rate per unit
volume [W/m?], J is the electric current density vector [A/m?], and p, is the space
charge density [A/m?]. In Eqgs. (12.1) and (12.2), ¢ and j are given by the thermo-
electric constitutive equations:

q=PJ—kVT (12.3)
J=0(E-aVT)=c(-VV-aVT) (12.4)

where P is the Peltier coefficient [V], k the thermal conductivity [W m™ K7!], o the
electrical conductivity [S/m], E the electric field intensity vector [V/m], V the elec-
trical potential [V], and a is the Seebeck coefficient [V/K]. Furthermore, the inter-
nal heat source, including the Joule heating contribution, is defined by:

0=J-E (12.5)
For steady-state analyses Egs. (12.1) and (12.2) become:

V-(=kVT +P(-oVV —0aVT))=(-oVV —0aVT)-(-VV)  (12.6)
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V-(-oVV -0aVT)=0 (12.7)

The aim is to calculate the distribution of temperature T and electric potential V
on the thermoelectric material (domain). Joule heating in Eq. (12.7) makes the prob-
lem nonlinear [3]; furthermore, the temperature dependency of material properties
k, o, a must be taken into account.

The thermoelectric effect, described by Eqs. (12.1) and (12.2), is a coupled prob-
lem and in general, in the applications such as evaluation of thermoelectric
generators (TEG) with different operating conditions, Egs. (12.1) and (12.2) need to
be considered together with further equations governing other involved physics.
Therefore, a multiphysics approach can be considered as a suitable strategy for
modelling thermoelectric devices and the finite element method can be easily used
to implement multiphysics simulation.

FE Analysis

The finite element version of Egs. (12.6) and (12.7) was implemented through the
Physics Builder Interface of COMSOL Multiphysics [4] in the weak form of the
problem [5, 6]:

[(V-g) w00 = fow,00 (12.8)
Q Q

[(v-a)w,e0=0, (12.9)

Q

where wy and wy are H! (Q) Sobolev weight functions.
Equations (12.8) and (12.9) are solved on the discretized domain (mesh) [2]
where:

T=N-T, (12.10)
V=NV (12.11)

where T, and V., are the values of T'and V on the nodes of the mesh, and N the shape
functions that approximate the shape of the distribution of temperature and electric
potential within the finite elements. In this work, the FEM procedure is used to per-
form analyses on (a) single TE chips (height #=6-15 mm) and on (b) an embedded
in air 16-leg TEG (legs height #=10 mm), calculating the temperature and electric
potential distributions using Egs. (12.10) and (12.11) in the chips, in the connecting
Cu elements, and in the fluid (the domains). The thermoelectric materials are
assumed to be isotropic, considering k, o and « as scalar quantities instead of 3x3
matrices [k], [c], [&] [2]; the temperature dependency of these properties is taken
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into account. In the finite element approximation of Eqgs. (12.10) and (12.11), qua-
dratic Lagrange elements are used. The resulting mesh was almost coarse with a
maximum size of the elements varying from 0.6 mm up to 2.0 mm; finer meshes did
not lead to a significantly higher accuracy in the results.

In order to consider thermal and electrical resistances, boundary features have
been implemented. This is useful to avoid the introduction of thin geometric
domains, which would force the mesh to be, locally, extremely fine. For the thermal
contact resistance, heat flux across the resistive boundary is defined by [4]:

(kYT =k, Tu;Td (12.12)
- (kVT,) =k, Td;Tu (12.13)

where T is the temperature, u and d subscripts stand for upside and downside of the
contact surface [4], and k, and d, , thermal conductivity and thickness of an equiva-
lent thin domain, are defined through the thermal contact resistivity R,=d/k;
[m? K/W]. In the same way, for the electrical contact resistance, the current density
across the boundary is defined by [4]:

n-Jd,=—(V,~V,) (12.14)
P,

nd, = -v) (12.15)
P,

where V is the electric potential and p; is the electrical resistivity of the contact
surface.

Results of the FE Analysis on Silicide-Based TEG

Finite element analyses were performed on a single chip and a 16-chip thermoelec-
tric generator. In the first case, the analysis was carried out to verify the conformity
of numerical results with open-circuit voltage and output power data measurements,
reported in lida, Sakamoto et al. [7]. In the second case, the goal is to find out the
efficiency of a thermoelectric module, embedded in dry air, with different values of
the cross-section ratio of the p-type HMS legs and the n-type Bi-doped Mg,Si legs.
This latter analysis led to the identification of an optimal geometrical configuration,
which can improve the results obtained through a simplified analytical method
based on the mean values for k, ¢ and «a [8].
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Steady-State Analysis of a Single Undoped Mg,Si Chip

FEM simulation was performed on a parallelepiped-shaped sample with cross-section
area 2 mm x 2 mm and height varying from 6.0 to 15.0 mm, for AT=500 K (cold side
T.=373 K, hot side T,=873 K). The results of the numerical analysis were compared
to those obtained by lida, Sakamoto et al. in [7]. In Fig. 12.1a, b the values of mea-
sured thermal and electrical conductivities and Seebeck coefficient are plotted [7].

Thermal contact resistivity values were taken into account on both the cold and
the hot side; reference values were considered 0.3195 x 10~* m? K/W at the cold side
and 0.8241x10™* m? K/W at the hot side, being at both sides d;=0.10 mm,
corresponding to a feasible value of roughness of the contact layer [9]. Steady-state
FE analysis was developed on a geometrical model with the same cross-section area
and with different height values from 6.0 to 15 mm for the thermoelectric domain;
on the bottom and the top two 1.0 mm thick Cu layer were considered. Boundary
conditions were defined at the lower and upper faces, forcing temperature values to
be 373 and 873 K respectively. The temperature distribution on the Mg,Si and Cu
domains is reported in Fig. 12.2.

Open-circuit voltage and output power were also calculated; Fig. 12.3 shows the
leg height dependency of open-circuit voltage to be compared with experimental
measurements reported in lida et al. [7]. Numerical analysis yields an open-circuit
voltage value V,.=102.6 mV with 2=7.5 mm, whereas measured value for the same
height is V,.=101.1 mV. Numerically evaluated maximum output power density for
h=7.5 mm is 1.58 W/cm? whereas the measured value is 1.42 W/cm?. The higher
difference between measured and calculated values of power density may be related
to the fact that no electrical contact resistance has been defined. The electrical con-
tact resistance would affect output power with no effect on the open-circuit voltage.
The output power density calculated with FEM procedure is plotted on Fig. 12.4 as
function of the electric current.

Steady-State Analysis of a 16-Chips Thermoelectric
Generator (TEG)

A finite element analysis has been carried out on a 16-element thermoelectric mod-
ule with HMS p-type legs and Bi-doped Mg,Si n-type legs with different values of
cross-sectional ratios A,/A, and with AT=500 K. The thermoelectric legs were con-
sidered to be embedded in a medium with the temperature dependent thermal prop-
erties of the dry air. For the n-type legs (1 % Bi-doped Mg,Si) the values of the
thermal and electrical resistivities and Seebeck coefficient were taken as reported in
Fiameni et al. in [10]; p-type legs where characterized with the properties of higher
manganese silicide reported in Famengo et al. in [11]. The n-type legs were consid-
ered with a fixed 4.0x4.0 mm? cross section, whereas for the p-type leg was
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Fig. 12.1 (a) Temperature dependence of the thermal conductivity of the undoped Mg,Si sample
over the temperature range from 300 to 860 K (lida, Sakamoto et al. [7]). (b) Temperature depen-
dence of the electrical conductivity and the Seebeck coefficient of the undoped Mg,Si sample
(Iida, Sakamoto et al. [7])
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Fig. 12.2 Temperature distribution on the Mg,Si chip with the bottom and top Cu layers, height
of the TE chip 4=7.5 mm plotted as a function of z-coordinate: discontinuities occur where ther-
mal contact resistivity conditions are defined
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Fig. 12.3 Numerically evaluated open-circuit voltage for different values of the height of the
2x2mm? Mg,Si chip; the numerically evaluated open-circuit voltage with A=7.5 mm is
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Fig. 12.5 Distribution of temperature T [K] (yz plane) and electric potential V [V] (zx plane) on
the thermoelectric, connection and fluid domains for cross-sectional ratio Ay/A,=1.25

considered A,=4.0xL,, mm? with L, varying from 4.0 to 8.0 mm (1.0 <A, /A, <2.0);
for all legs, the height was taken 2=10 mm.

In Fig. 12.5, the distributions of the temperature (yz-plane) and the electric
potential (zx-plane) on the thermoelectric, the connecting Cu element and the fluid
domains are shown for cross-sectional ratio A/A,=1.25. At first, no thermal/electri-
cal contact resistances have been defined for the interfaces; the cross-sectional ratio
dependence of conversion efficiency has been investigated.

With 1.0<A,/A,<2.0, the internal resistance of the thermoelectric legs varies
from 0.1821 to 0.2561 Q. The FE analysis shows that for a load resistance R4
equal to the mean value R;,,~0.21 Q, the optimum value of the cross-sectional
ratio for the conversion efficiency is (Ay/An)opierr= 1.30. The maximum value for
conversion efficiency with no electrical contact resistance was found to be 7, .«
=5.33 %. The optimum value for A,/A, can be compared with the result obtained
with mean values for the thermoelectric properties [8]:

¥ = [hp.  2p, (12.16)

Taking the mean values for thermal conductivity and the electrical resistivity for
the n,p-legs:
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Fig. 12.6 Conversion efficiency as function of cross-sectional ratio A/A, (1.0<A,/A,<2.0),
Ria=Rinm=0.21 Q, (a) without and (b) with electrical contact resistance taken into account

Anmean=3.36 Wm™ K™ ppnen=2.172x107 Qm; A, pean=2.91Wm™" K;
Ppmean=2.940x 107 Qm; Eq. (12.16) yields ¥*=1.25.

Defining internal boundary conditions, introducing electrical contact resistance
on the interface between thermoelectric legs and the metallic connections on the
cool side, using as reference value p;,=12x10"* Q cm?, the optimum value of
(Ap/A,), for Rigaq=Rinm=0.21 Q shifts to (A/An)opierr ¥~ 1.15, as shown in Fig. 12.6,
whereas (A/A)oprerr * =1.30 for Rigaq=Rinm=0.18 Q. The maximum value of con-
version efficiency itself decreases: for R ,q =Ry n=0.21 Q, the maximum value was
found to be ¥ .x = 3.9 %.

Conclusions

Numerical investigations on the performances of uni-leg and multi-leg silicide-
based thermoelectric generators have been carried out using the finite element
method. The numerical solution of the thermoelectric coupled field equations
has been based on experimental measured properties in all analyses, and on mea-
sured data for open-circuit voltage and output power in the case of the uni-leg
TEG. The task to match measured data led to the implementation of boundary
features to reproduce the effect of thermal and electrical contact resistances; the
temperature dependence of the thermoelectric properties was taken into account.
The numerical analyses have been performed on a single undoped Mg,Si leg [7]
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and on a 16-element thermoelectric module, with Bi-doped Mg,Si n-type legs
and HMS p-type legs. In the first case, numerical results fit the available experi-
mental data for the evaluation of the open-circuit voltage with the definition of
thermal contact resistance conditions on the interfaces between the metallic and
the thermoelectric elements. On the other hand, a closer agreement was expected
in the case of the output power; this can reasonably be related to the fact that no
electrical contact resistance was taken into account. In the second case, the
numerical evaluation of the conversion efficiency, with different ratios of cross-
sectional areas for the n, p-type legs, was performed without and with electrical
contact resistance defined at the cool side. On the first analysis, the best geo-
metrical configuration was found to be (A,/A,)operr = 1.30, whereas the calcula-
tion with mean (temperature independent) thermoelectric properties yielded
(Ap/An)*opierr~ 1.25. The calculated maximum value for the efficiency with no
electrical resistance taken into account dramatically decreases from 5.33 to
3.91 %; in the second analysis, the optimum configuration is found to be
AJA ) oprete ¥R 1.15.
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Chapter 13
Reliable Thermoelectric Generators
for Space Missions

S.V. Novikov, E.Z. Parparov, and M.I. Fedorov

Abstract Different solar elements are being used in space researches, but these
cannot be efficient power supply devices for the space vehicles that are far from the
Sun, the main reason being the low intensity of the solar radiation. Thermoelectric
(TE) generators are devices that can successfully work in deep space. Thermoelectric
power is determined by the physicochemical properties of the thermoelectric mate-
rial and the temperature gradient applied.

Keywords Space applications * Thermoelectric generators * Tellurides

History

Snapshot (USA, 1965) and Kosmos-367 (USSR, 1970) were the first spacecrafts
with a thermoelectric power supply. The nuclear reactor was the heat source [1].
However, such types of spacecrafts were forbidden because of the risk of radioac-
tive contamination in the case of a launch failure.

The Radioisotope Thermoelectric Generator (RTG) is another type of power sup-
ply for the spacecrafts, where radioactive isotopes (Po?!?, Cs!¥’, Cm?*, etc.) are used
as the heat source. The Voyager 1 and Voyager 2 spacecrafts were launched by
NASA in 1977 and are still successfully operating. They are also the furthest man-
made objects from the Earth. The power supply devices on board of these spacecrafts
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Fig. 13.1 The thermoelectric battery for RTG “Life.” Temperature gradient 320-850 K, efficiency
10 %

Fig. 13.2 The thermoelectric
battery for RTG “Visit.”
Temperature gradient
520-720 K, efficiency 4.5 %

are RTGs [2]. The famous Mars Science Laboratory mission rover “Curiosity” was
launched in 2011 and has RTGs as the main power supply device on board.

The Ioffe Physical-Technical Institute RAS is very experienced in the thermo-
electric area. Various types of thermoelectric devices have been developed, con-
structed, and tested. Among these devices were the thermoelectric batteries for
space missions. The RTG “Life” was developed for electrical and thermal life sup-
port (Fig. 13.1). It was made using low (Bi-Sb-Se-Te)- and middle (Pb-Te-Ge-Sn)-
temperature TE materials. The RTG “Visit” was developed as an emergency power
supply device for Mars mission (Fig. 13.2). It was manufactured using middle
(Pb-Te-Ge-Sn)-temperature TE materials. These thermoelectric batteries were
exposed to cyclic thermal, environmental, cantilevered, vibration, percussion, and
other loadings during testing. The test time lasted 8,500-20,000 h, and all parame-
ters maintained the initial values.
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Present Time

At present, high-efficiency, long-life, and reliable thermoelectric generators are
developed at Ioffe Physical-Technical Institute RAS. Pb-Te-Ge-Sn compounds are
one of the most efficient thermoelectric middle-temperature materials [3] in the
temperature gradient 420-870 K. One of the most efficient thermoelectric low-
temperature materials are Bi-Te-Se-Sb compounds. Their working temperature gra-
dient is 300-520 K. The lifetime of such devices essentially depends on the
temperature of the hot junction during working conditions. For this reason, devices’
lifetime with low-temperature compounds is ~200,000 h, while with middle-
temperature compounds is only ~20,000 h.

The maximum allowable temperature of the middle-temperature materials is
about 870 K, dictated by the consequences of high chemical activity, low mechani-
cal strength (Figs. 13.3 and 13.4), strong vaporization (Fig. 13.5), and in the absence
of a reliable anti-sublimation protection.

It is important to notice that Cr-Si, Fe-Si, Mn-Si, Mg-Si-Sn, and other emerging
compounds are studied too [4-6]. However, little is known about their long-term
stability under thermal conditions, and therefore we will not address here the
possibility of using them for space applications.
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Space applications require the highest reliability of every device, meaning that
special attention must be paid to the stability of the thermoelectric materials.

In our opinion, it is necessary to find the optimal temperature conditions of the
Pb-Te-Ge-Sn compounds for the long life of thermoelectric generators. This is really
important because they have high chemical activity, high vapor tension, and low
mechanical strength at high temperature. This is particularly important in case of
Ge-Te compounds. These optimal conditions can be obtained by a temperature
decrease of 150-200 K. The reasons for this are the higher physicochemical stability
and mechanical strength of the materials at 670-720 K compared to a temperature
of 870 K (Figs. 13.3 and 13.4). Thereby, working at lower temperatures can signifi-
cantly increase the reliability of the thermoelectric generators. In addition, it gives
the possibility to use other switch materials for the cold junctions. Figure 13.5 shows
that the temperature decrease of 700 K leads to lower vapor tension that can help to
almost remove the sublimation and hence to ensure the long working time. Moreover,
lower temperatures lead to a reduction in physicochemical activity of the switch
materials and a reduction in the diffusion processes in the area of the junctions.

One of the most significant problems is to achieve the highest thermoelectric
efficiency in the new working temperature range. Thereby, not only the hot tem-
perature but also the cold temperature can be decreased, which partly compensates
for the temperature gradient reduction. Efficiency of n-PbTe compounds can be
enhanced in the new temperature range by changing the charge carriers’ concentra-
tion (Fig. 13.6), so that reduction in the temperature gradient can be partly compen-
sated as well. Unfortunately, Ge-Te compounds do not have such features.

A very important and complex task is the junction of the thermoelectric legs.
This technology for the new temperature range was developed on the basis of the
technology for the high temperature gradient. This method can be applied for differ-
ent types of materials (pressed, extruded, crystalline). It gives the possibility of
manufacturing separate legs with the optimal technology and achieve high effi-
ciency for every leg, for the thermoelements and ultimately for the thermoelectric
generators. The thermoelectric technology designed for the temperature gradient
420-720 K consists of several stages (Fig. 13.7): (1) Thermoelectric leg manufacture.
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Optimal technology is used for every leg for high efficiency. (2) Hot junctions. (3)
Cold junctions. (4) Assembly of thermoelectric batteries.

It is possible to construct multistage thermoelements based on middle-
temperature (Ge-Te, Pb-Te) and low-temperature (Bi-Te-Se-Sb) materials
(Fig. 13.8). Representative properties of the single thermoelement are 130 mWt and
efficiency of 6.5 % (cross-section of the legs 5x5 mm?). Thermoelements were
tested during 9,200 h in the temperature gradient 420-720 K and were subjected to
different thermal cycles (Fig. 13.9). After this life test, the electric power was nearly
the same. Similar results were obtained for the thermoelectric battery, which con-
sisted of four thermoelements (Fig. 13.10). Visible intermediate resistances of the
junctions were still absent respectively after 1,584, 3,240, and 6,000 h at 720 K
(Figs. 13.11 and 13.12).
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Conclusions

In this study, we have shown that our thermoelements have a lifetime of 10,000 h.
We optimized the temperature conditions, the material properties, and the junction
technology for a new temperature gradient. The efficiency of the thermoelements
decreased because of the new temperature gradient, but its reliability was signifi-
cantly increased.
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Fig. 13.13 The
thermoelements for different
heat flows

Fig. 13.14 The
thermoelectric multistage
battery (four thermoelements)

Highly efficient and reliable thermoelements were developed, constructed, and
tested in this work (Figs. 13.13 and 13.14). Such thermoelements have stood the test
of time under different stresses and hence can be used in thermoelectric generators

for space exploration.
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Chapter 14

Challenges in Dimensioning of an Optimized
Thermoelectric Generator for Waste Heat
Recovery in Cars

M. Rauscher, T. Richter, F. Finsterwalder, and D. Schramm

Abstract An exhaust system in a car has to face and withstand a lot of different oper-
ating conditions and so does a thermoelectric generator (TEG) integrated in the
exhaust system. In addition, the TEG has to transform heat into electricity at the high-
est possible efficiency in order to save fuel. This results in several challenges with
regard to the design and the dimensioning of the TEG.

One lever to improve the efficiency of a TEG is the optimization of the thermal
resistance of the thermoelectric material. This paper shows performance data of TE
modules made of identical material and active area but of different thickness. These
modules have been measured under thermostatic conditions, i.e., fixed surface tem-
peratures. Subsequently the different TE modules have been tested in a hot air test
bench. Here, the consequences of the different thermal resistances can be shown.
Furthermore the measurements highlight the influence of the electric load on the ther-
mal resistance of the module entailing different surface temperatures of the modules
and different heat transfer rates.

Along with the experimental tests, numeric optimization of the thermal resistances
of the TE modules has been carried out in order to achieve the maximum electrical
power output. The optimum module thermal resistance significantly depends on
whether the power output of the modules is optimized individually or if the power
generation of TEG is optimized as a whole.

Keywords Thermoelectric generator * Waste heat recovery ¢ Thermal resistance
* Optimization
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List of Symbols

A Module surface

Aem Surface of thermoelectric material in a module

P, Electric power output in segment x (W)

Q'x Heat flow rate into the thermoelectric material in segment x (W)

R/bs Thermal resistance from the exhaust gas to the thermoelectric material in

segment x (K m2W1)
Rtem Thermal resistance of the thermoelectric module in segment x (K m2W-!)

R& Thermal resistance from the thermoelectric material to the coolant in seg-
ment x (K m2W-1)

T.® Temperature of the exhaust gas in segment x (K)

T Temperature of the coolant in segment x (K)

Tembs  Temperature at the hot side of the thermoelectric material in segment x (T)

T,*™  Temperature at the cold side of the thermoelectric material in segment x (T)

Tesus ~ Positions of temperature measurements at the cold side and the hot side of
the thermoelectric module

Tusios  Positions of temperature measurements in the cube of the hot side

Tcs125  Positions of temperature measurements in the cube of the cold side

Nk Efficiency of the thermoelectric material in segment x

Introduction

The limitation of crude oil, the rising petrol price during the last years, as well as leg-
islation requires a drastic reduction of vehicle fuel consumption. State-of-the-art vehi-
cles with modern combustion engines still produce more waste heat than they convert
into mechanical energy [1]. An important field of research is therefore the recovery of
waste heat, for example using thermoelectric materials. In this regard, the exhaust gas
is particularly attractive due to its generally high energy content at elevated tempera-
tures, although this varies strongly over a drive cycle turning the dimensioning and the
design of the TEG in a demanding exercise. Small packaging and minimized weight
and costs are further targets of the automotive industry. Within these boundaries the
TEG must work at the highest possible performance.

As a consequence the module design has to be adapted to the heat exchanger, e.g.,
by changing the height or the surface area of the thermoelements (legs) of the mod-
ules. An increase of the leg height leads to a higher thermal resistance of the module
and therefore to a reduced heat flux and a higher efficiency within a TEG. The same
effect is obtained when the surface area is reduced in the direction of the heat flux in a
leg. For this purpose a small demonstrator TEG has been built. This TEG is not
intended to be used in a car, but allows getting insight into the behavior of different
module designs.
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Test Bench Results

Two thermoelectric modules of the same contact area, identical thermoelectric mate-
rial (bismuth telluride) but different height of the legs (see Table 14.1), have been
tested under thermostatic conditions in a module test bench at different hot and cold
side temperatures.

The different module designs result in a different thermoelectric behavior of the
modules. The higher number of legs in module A leads to a higher open voltage com-
pared to module B at the same surface temperature. Simultaneously, the electrical
resistance of module A is higher owing to the number of legs, which are electrically in
series, and the higher geometric factor (ratio of leg length to leg footprint). Due to the
same ratio of thermoelectrically active surface compared to the module surface, but
the higher geometric factor, module A has a smaller thermal resistance, which results
in a higher heat flux through the module compared to module B. Figure 14.1 shows the
test setup of both modules at the module test bench.

Table 14.1 Module basic data

Geometric factor

Module surface (cm?) Ratio: A.,/A of the legs (mm™)
Module A 16 ca. 0.5 0.83
Module B 16 ca. 0.5 0.75
6
temperature
SENSOrs §
2
controlled o
sarbon foil
temperature THS—____‘_""“--—-—-____\:. / PO
3
controlled ] /'.
| —ve 4 heat transfer paste

temperature Teg
temperature Z

SCNSOrs

Fig. 14.1 Test bench Setup: Module test bench (1) Cooling plate, (2) aluminum cube, (3) thermo-
electric module, (4) copper cube, (5) heating plate, (6) isolating stone
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Fig. 14.2 Electrical power output of module A and B at fixed surface temperatures (the cold side
temperature was 50 °C)

The applied contact pressure was 10 bars. The electrical contacts have been
connected to an electrical load. To measure the maximal power output, the current of
the electric load was successively increased until the electrical power output reached
its maximum. The temperatures on the hot and cold side of the module have been
readjusted during the measuring procedure. Figure 14.2 illustrates the power output in
the maximum power point of the two modules for a cold side temperature of 50 °C and
various hot side temperatures in the range of 100-220 °C.

Over the range of hot side temperatures the maximum electric power output of
module A is around 1.33 times higher than the maximum electrical power output of
module B. This is due to the decreased thermal resistance of module A as a conse-
quence of the reduced leg height.

Figure 14.3 shows the heat flux into the modules in the maximum power point. The
heat flux has been calculated using the measured temperature differences, the surface
of the cube, and the known thermal conductivity of the copper cube shown in Fig. 14.1.
At the same operating temperatures the heat flux into module A is also ca. 1.33 higher
than the heat flow rate into module B. Again, this is a result of the reduced thermal
resistance of module A.

Obviously, the efficiency is nearly the same, as one would expect from modules
made of identical materials and layer composition.
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Fig. 14.3 Test results for heat flux of module A and B for fixed surface temperatures (the cold side
temperature was 50 °C)

Hot Air Test Bench Results

The previously described thermoelectric modules (type A and B) have been integrated
in a heat exchanger of which the setup is shown in Fig. 14.4.

The TEG has one gas channel and two channels for the coolant. The TE modules
are inserted between the gas and the liquid side: three modules of type A on the upper
half of the heat exchanger and three modules of type B on the lower half. Two thermo-
couples (inserted in pockets punched into the graphite foils) have been positioned on
each module, one on the hot and one on the cold side.

The TEG has been tested under steady-state conditions. The gas (dry air) inlet
temperature was 320 °C and the coolant (water glycol mixture) temperature was
40 °C.

Table 14.2 shows the surface temperatures module Al and B1 at open electrical
circuit. Due to the higher thermal resistance of module B1, the temperature difference
between hot and cold side is larger for B1 than for Al.

The electric power output of the modules has been determined using a variable
electronic load. As in the test setup in the module test bench, the electronic load
increases the electrical current from zero to maximum within 4 min. The maximum
power point has been tracked for all modules individually.

Figure 14.5 illustrates the surface temperature and the electric current while chang-
ing the electric current from zero to its maximum. In this case, the load has only been
applied to module B1. The temperature on the hot side of B1 decreases with increasing
current, while the corresponding temperature on the cold side increases. The reason is
that the heat transport of the module B1 has changed because of the Peltier, Joule, and
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Fig. 14.4 Schematic of the TEG demonstrator unit (side view)

Table 14.2 Module surface temperatures

Measured surface Measured surface Temperature
temperature hot side (°C) temperature cold side (°C) difference (K)
Module Al 197 118 79
Module B1 211 111 100
Module A2 168 101 67
Module B2 178 100 78
220 . 12
wf
200 = ! 1
S 180 > = 0.8
E hot side module B1 (f N =
g 160 A 065
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120 7 3 02
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Fig. 14.5 Dependence of the surface temperature of module B1 on the electric load

Thomsen effect. When the electric load is removed, the surface temperatures of the
module return to their initial values.

The maximum power outputs of modules B exceed the corresponding maximum
power of the neighboring modules A by the factor of 1.22—1.53, depending on their
position in the TEG. This is in contrast to the power outputs measured under fixed
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surface temperatures (see Fig. 14.2), where the type B modules have shown inferior
performance. Here, the type B modules (integrated in the heat exchanger) have a
higher temperature gradient between the hot and the cold side as a result of the higher
thermal resistance of the module. This leads to an increased efficiency (electrical out-
put power divided by ingoing heat flux) of the module. In this case, the higher effi-
ciency of the module overcompensates the reduced heat flow across the module (due
to the higher thermal resistance) resulting in an overall superior maximum electrical
power output.

Numerical Optimization of the Thermal Module
Resistance for Maximum Power Output

As can be seen from the previous results the thermal resistance is a key parameter with
regard to the electrical power output. Its optimization plays a vital role in the design
process of an automotive TEG. The following section describes a numerical approach
for the optimization of the thermal resistance to get the highest yield of electrical
power.

The optimum thermal resistance, determined by the aspect ratio of the legs of the
module, can be determined relatively easily for a single module with no lateral tem-
perature gradient using thermoelectric equations [2, 3]. However, the calculation
becomes much more complicated when lateral temperature gradients occur within the
TEG (usually consisting of several module segments, see Fig. 14.6) along the flow
direction of the hot and cold media [4]. As a result, the efficiency as well as the local
power generation varies.

segment x-1 | segment x | segment x+1
coolant

TEM

gas

Fig. 14.6 Schematic model of the TEG
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For this case, we assume that the identical material (PbTe) is used in every segment
of the TEG and we suppose a constant heat transfer coefficient (R, R,*) for both
gas and coolant side. The module segments are considered discretely, so we assume
there is no electrical interaction between the segments.

The heat flow rate of each of the segments (see Fig. 14.6) of the TEG has been
calculated by using Eq. (14.1).

0, =A;(T5—T;) (14.1)

hs tem cs
R +R™+R,

g g mg.cp
TE, =T¢——% (14.2)

x+l

X

The temperature of the coolant is set to a constant value. This simplification is
done because of the much higher mass flow and heat capacity compared to the gas,
so that the warming of the coolant can be neglected.

The temperatures 7,°™ and T,“™ can be calculated from the ratio of the ther-
mal resistances in each segment. For the calculation of the electric power output the
following equations [5] were used.

1+ ZTX _1 Txtem,hs _ Txtem,cs

nx = tem,cs tem, hs (143)
JI+ZT, + % L
P, =n,-0, (14.4)

Equation (14.3) assumes that the electric current in a segment is adapted in the
way that the thermoelectric material works at maximum efficiency.

For the calculation of the temperature-dependent ZT, value the average tempera-
ture of the thermoelectric material in the segment has been used. This simplification
can still be employed with an acceptable degree of accuracy [5].

Three different optimization methods of the thermal resistance R*™ of the mod-
ules have been employed:

1. Maximization of the electric power output of every single segment:
The thermal resistance R*™ of each individual segment is adapted in the way that
the maximum electrical power of the segment is generated using the locally
available waste heat energy. The calculation is started with the segment nearest
to the gas inlet.

2. Maximization of the electric power output of the complete TEG:
The thermal resistance R*™ of each individual segment is adapted in a way that
the added electrical power output of all segments becomes a maximum.

3. Maximization of the electric power output of the complete TEG:
The thermal resistances R*“™ of all segments are equal and adapted in a way that
the added electrical power output of all segments becomes a maximum.
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Fig. 14.7 Cumulated electrical power output as a function of the scaled length of the TEG

For all three methods, the optimal thermal resistances were calculated using an
iterative algorithm (Generalized Reduced Gradient [6]). The results of the different
methods of electrical power optimization along the TEG are shown in Fig. 14.7. The
y-axis is normalized to the electrical power output of method 2.

Within the first half of the TEG, the optimization method 1 gives the highest
electric power output. The reason is that the TEG optimized by method 1 cools
down the exhaust gas relatively strongly at the inlet (maximum electrical power
generation of each segment), so that the remaining amount of heat for the down-
stream segments is relatively low. Therefore the first segments produce much elec-
trical power at relatively low efficiency at the expense of the following segments.
The decline in power generation of each segment is more pronounced than in the
other cases where the power drop is less steep.

The thermoelectric segments of the TEG optimized by method 2 have got a much
higher thermal resistance in the inlet area. Therefore the heat flow is reduced and the
electric power output is lower despite the higher efficiency. Hence, the available gas
temperature and energy for the downstream segments is higher. This entails a supe-
rior power output in the remaining segments in comparison to method 1. Apparently,
the overall power output of the TEG optimized according to method 2 is higher than
that when using method 1 (in this operating point the gain in power amounts to
approximately 13 %).
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Fig. 14.8 Segment heat resistance along the TEG for different optimization methods

Optimization method 3 implies identical module resistances along the TEG (see
Fig. 14.8). The optimized resistance throughout the TEG is clearly higher than the
resistances resulting from method 1, which show only very little variation. Compared
to method 2, the resistance at the beginning of the TEG is lower, whereas the resis-
tance at the outlet of the TEG is higher.

In total, electric power output for method 3 is only 2 % lower than for method 2
despite the additional boundary condition of constant resistance.

Note that the calculations refer only to one operating point, which is however
typical for the curve progression. Changes of the operating parameters lead to
changes in the absolute values of the optimized thermal resistances but the general
trend, i.e., the strongly digressive power output along the TEG when using method
1, remains. In all chosen boundary conditions for the exhaust gas mass flow or tem-
perature, method 1 leads to the lowest average thermal resistance compared to the
other methods. Method 2 has always the highest thermal resistance at the beginning
of the TEG and decreases towards the end.

The differences in the results of the optimization methods shrink with a smaller
gas temperature gradient from the entry to the exit of the TEG. This may be caused
by higher mass flows or a shorter TEG. Vice versa, the differences in the results
increase at lower mass flows or a longer TEG design. In the limiting case, i.e., no
gas temperature gradient along the TEG, all three methods yield the same result;
hence in this case all segments in the TEG have equal boundary conditions and
therefore the optimization methods have the same optimization goal.
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Summary

The measurements of two different modules made of the same material but different
aspect ratio of the legs integrated in a demonstrator TEG have highlighted the crucial
impact of the thermal resistance on the electrical power generation. An adaption and
optimization of the module heat resistances to the heat exchanger is therefore essential.

Simulations show that individual optimization of module heat resistances is not
necessary, but the optimum TEG power output performance can almost be achieved,
if all modules have the same heat resistance, i.e., the same design. This result is
equally important and encouraging. A cost-effective mass production of TEGs is
easier if a single module design is used.

Under the considered boundary conditions the simulation has also revealed that
a power optimization of every single module is less beneficial and comes at the
expense of the overall TEG power output. Instead, the module heat resistance should
be optimized with respect to the total TEG power output.
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Chapter 15

Assessment of Thermoelectric Power
Generation for Hybrid Electric Vehicles Based
on Tracked Data

M. Morschel, B. Hesse, G. Bastian, and D. Schramm

Abstract Many factors, like shortage of oil or environmental pollution, lead to the
need for a new and highly efficient engine generation in passenger vehicles. Plug-in
hybrid electric vehicles (PHEVs) are a promising approach. Most car manufacturers
therefore offer at least one hybrid vehicle. Even in these highly efficient vehicles,
there is still an amount of waste heat of the combustion engine which is not used.

The idea proposed here is to integrate a thermoelectric generator (TEG) into the
exhaust gas system of a PHEV. In comparison to internal combustion engine vehi-
cles (ICEVs), the combustion temperature throughout a typical drive of a PHEV
shows a distinct different characteristic (temperature gradient) and therefore other
materials can be used. Due to the fact that the combustion engine is only used tem-
porarily, the electric yield might be lower. On the other hand, the load is more con-
stant and uniform, which affects the thermomechanical stress positively. Lower
stress inside the module leads to a higher durability and lower deformation guaran-
tees a good thermal contact to both the heat source and the heat sink.

In the present study tracked drive data of a PHEV are used to evaluate the capa-
bility of a TEG integrated in the exhaust gas system of a hybrid electric vehicle.
Additionally, a FEM-simulation of the stress under realistic load is carried out. The
stress as well as the overall energy output of the TEG is then compared to its poten-
tial using a conventional vehicle.

Keywords Thermoelectric generator ¢ Plug-in hybrid electric vehicle
* Thermomechanical stress ® Efficiency
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Introduction

The idea of integrating a thermoelectric generator into the exhaust gas system of an
internal combustion engine vehicle (ICEV) is not new and is investigated by differ-
ent car manufacturers and research institutions. Looking ahead, the ICEVs will
indeed be only one possible solution for individual mobility. With regard to energy
resources, climate change, and ecological damage, a change in the automotive
industry is inevitable. Following the trend, plug-in hybrid electric vehicles (PHEV)
represent the next generation of cars. The combination of an electric motor and a
combustion engine enables the range of modern vehicles and the enhanced effi-
ciency of electric power trains at the same time. This reduces the exhaust emissions
and the fuel consumption to a minimum.

Since introducing a TEG to the exhaust gas system of a vehicle aims at enhanc-
ing the overall efficiency at the first place, a combination of PHEVs and TEGs
appears to be a logic step and one promising field of application.

Furthermore, the generated electrical energy can be easily stored and extends the
range of the PHEV. Since the voltage used in PHEV power-trains differs from
the usually used 14 V in vehicles, this high voltage storage could also be used for
the TEG, which potentially enables more efficient ways of interconnection. Previous
studies [1, 2] already superficially investigated the potential of the combination of
hybrid electric vehicles (HEVs) and TEGs.

In this contribution the assessment is carried out considering a realistic load.

Modeling and Simulation

For initial estimations of the potential, the modeling and simulation of the combina-
tion of a PHEV and a TEG is a reasonable tool. The capability is investigated and
feasibility problems can be detected early.

Simulation of Exhaust Gas System

The potential of using TEGs in a vehicle is set by the driving behavior (drive cycle).
To provide the simulation with realistic inputs, the first step is logging driving data of
ordinary trips. This data comprise the position, the velocity, and the acceleration.
Afterwards, the data is put in a MaTLAB-Simulink simulation. The detailed development
of the used simulation model is explained in previous work [3]. It includes a longitudi-
nal dynamics model with a virtual driver. Furthermore, the driving resistances, the
dynamics, and the power train are considered. Concerning the power train besides the
ICEV model, a PHEV model is available as described in the following reference [4].
Regarding the thermoelectric part, all practice-oriented parameters are calcu-
lated. They include the efficiency, the heat flows, and the electrical output of several
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TEGs. Both the Peltier effect and the joule heating are considered. By means of the
output data a statement concerning the efficiency of the combination PHEV/TEG
can be made.

Simulation of Stress Under Realistic Load

To simulate a realistic load, the temperature of the exhaust gas system before the
TEG and the temperature of the cooling circuit are read out of the MATLAB simula-
tion. The underlying logged driving data represent a realistic trip, and therefore it
can be investigated how the TEG behaves under real-life conditions in an ICEV and
a PHEV. The temperatures serve as input parameters for an Abaqus simulation.
In contrast to the MatLAB simulation of several TEGs, in Abaqus just one TEG is
analyzed. A coupled temperature-displacement analysis is carried out to investigate
the temperature-induced deformation and stresses.

Investigated Trips

The assessment of thermoelectric power generation is investigated concerning dif-
ferent driving cycles. The data of three different drives is tracked and used to analyze
the potential of the combination of a PHEV and a TEG. By applying the different
loads it is examined if one specific drive is particularly suitable for that combination.
A city drive, a country road cycle, and a highway cycle represent the basis of the
simulations. Figure 15.1 shows the velocity over time for the three cycles.
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Fig. 15.1 Development of velocity for different cycles
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Results

The results of the three cycles are presented. The influences of the different cycles
on the generated power and the temperature difference are presented.

City Cycle

The city cycle is a good example for a short drive within a city. The driven distance
as well as the duration are short compared to the other cycles. The velocity charac-
teristics are distinct for urban drives. The low velocities combined with frequent
accelerations and decelerations are typical for cities. Numerous studies show that
electric power trains have various advantages during these drives in terms of effi-
ciency, air pollution, or noise. The PHEV is designed to use the electric motor
within cities. That means that the ICE is not used as long as the battery provides
enough energy to drive the vehicle. Typical city cycles are only driven electrically
and the use of a TEG is excluded since there is almost no waste heat to be used. The
simulations performed clearly emphasize this, and the city cycle doesn’t need to be
discussed any further in terms of using a TEG in a PHEV.

Country Road and Highway Cycle

Country road and highway cycles are longer and dictated by higher vehicle
velocities. This means that the combustion engine of the PHEV will be used for a
considerable percentage of the drives. The engine then provides the needed heat for
the TEG.

Since the heat source (combustion engine) for the TEG does not offer constant
temperatures, the electric output of the TEG varies over on cycle. Figure 15.2 illus-
trates the relative frequency for different output power levels.

The illustrated values for the electrical power are the result of a large number of
modules. Under real conditions, only a smaller amount of modules would be inte-
grated so that the overall power of the TEG would be reduced. The chosen TEGs are
standard modules, made of BiTe and PbTe.

It is interesting to notice that the TEG provides more energy during a highway
drive in a PHEV than in an ICEV. Carefully looking at the operation strategy of the
combustion engine of a PHEV compared to the one in an ICEV, becomes clear why
the TEG has higher outputs in the PHEV. In fact, while the engine of an ICEV is
directly coupled to the vehicle velocity and the needed drive torque, the operational
point of the one in a PHEV can be chosen more freely. This is used to operate the
engine in a PHEV more efficiently at constant operation points, if possible.
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Fluctuations within the needed drive torque are compensated by the electric power
train. Excessive electric energy is stored in the battery. Figure 15.3 illustrates the
relative frequency for different combustion engine power levels for both the PHEV
and the ICEV in a highway cycle.

The combustion engine of the PHEV is operated at the point of its maximum
output power as often as possible. At the same time, the combustion engine of the
PHEV is completely switched off at a considerable percentage of times. Compared
to the points of operation of the ICEV engine, this leads to higher temperatures dif-
ferences (AT) over the cycle (Fig. 15.4).
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Fig. 15.4 Distribution of temperature difference in the highway cycle used in this contribution

An ABAQUS simulation of a TEG module performed with the calculated tem-
perature differences indicates that the deformations and the stress in the cycles do
not show distinct significant differences between ICEV and PHEV. The mechanical
properties of a TEG designed for the use in an ICEV would therefore meet also the
requirements in a PHEV.

Conclusions

The variety of available power trains will increase over the next few years. One
promising technique is the PHEV. This contribution surveys the use of TEGs in a
PHEV to enhance the overall efficiency.

Since the combustion engine in a PHEV is decoupled from the driven wheels, the
combustion engine is operated very differently compared to ICEVs. Regarding a
TEG and the use of waste heat, this leads to the necessity to analyze the driven
cycles in combination with the operation strategy of the PHEV.

The simulations clearly show that a TEG is of no use within a city cycle, since
the combustion engine in a PHEV will most probably not be used for these short
range drives. For long drives however the operation strategy of the PHEV power
train offers an enhanced potential of using TEGs. The operation of the combustion
engine at constant high power leads to constant and high temperature differences to
be used by the TEG.

Unfortunately, PHEVs are not primarily designed for long distance trips. The
basic idea is to use them for short to mid-range trips which unveils the strength of
these vehicles in terms of overall efficiency. However, surveys show that PHEVs are
actually used for a considerable amount of highway drives too. To judge upon the
potential TEGs have in PHEVs, the presented methods have to be supplemented by
a careful analysis of real daily use.
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Chapter 16
Thermoelectric Generator for Low
Temperature Applications

M. Follmer, B. Steiner, and D. Knospe

Abstract This paper describes the development of a thermoelectric generator for
low temperature applications and focuses on the conceptual design, mathematical
modeling as well as simulation of thermoelectric generators for the exhaust system
of diesel-powered commercial vehicles. Two design studies have been investigated
intensively within the last years. The first design study is based on common bismuth
telluride (BiTe) thermoelectric modules, and the second one is characterized by
axial cascaded sheets with radial located thermoelectric material (BiTe) and an inte-
grated heat exchanger for hot exhaust gas and cold coolant water. This offers the
advantage of a very high degree of integration and a compact design with the pos-
sibility to increase the electric power by adding or removing additional sheets.
Functional prototypes of the two design studies have been realized and verified at an
engine test bench. Comprehensive measurements showed the challenges of this
trendsetting technology and potential for further optimization.
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Introduction

Magna Powertrain: Engineering Center Steyr

The Engineering Center Steyr (ECS) is the commercial vehicle competence center of
Magna Powertrain and worldwide well recognized for engineering services and low
volume production. Several future technologies, which will help to make commer-
cial vehicles more environment-friendly and more efficient, are investigated at ECS.

Thermoelectric Generator for Low Temperature Applications

Based on the Seebeck-effect, thermoelectric generators (TEG) enable the conver-
sion of unused exhaust gas heat energy into useful electrical energy. The generated
electrical energy can be fed into the vehicles’ board-net and leads to lower utiliza-
tion of the alternator and consequently to a reduction of fuel consumption and
exhaust emissions. Thus TEG-systems allow to reduce the CO,-emissions of vehi-
cles and to meet the ever increasing demands of future exhaust emission standards.
Due to their enormous mileages per year and nearly constant operating points, long-
haul trucks represent a promising application area of this technology. A major chal-
lenge of this application is the low exhaust gas temperature of modern (Euro VI)
diesel engines. In combination with the standard cooling equipment of commercial
vehicles, the temperature difference available at the thermoelectric module remains
rather low.

Thermoelectric Activities

During a multiyear program, funded by the FFG (Austrian Research Promotion
Agency), thermoelectric waste heat recovery for commercial vehicles has been
investigated intensely at ECS. Different concepts of thermoelectric generators for
diesel-powered commercial vehicles have been studied with the help of mathemati-
cal models, virtual simulations, and physical simulations (experiments) at the
engine test bench. Two concepts, which are particularly promising, have been inves-
tigated in detail within the last few years: (1) Z-design and (2) plate design.

First Prototype: Z-Design

The Z-design (Fig. 16.1) basically consists of commercially available thermoelectric
modules using bismuth telluride (BiTe). The modules are clamped between the hot
exhaust gas side and the cold coolant water side. The hot exhaust gas side (three pieces)
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Fig. 16.1 Z-design

is made of steel channels with an integrated heat exchanging structure that improves
the convective heat transfer between the hot exhaust gas and the metal surface.

Further, baffle plates are implemented in order to distribute the fluid as homoge-
neously as possible. The coolant water flows through meander channels. Hot exhaust
gas flow and cold coolant water flow have been optimized with the in-house soft-
ware KULI and with CFD methods.

Second Prototype: Plate Design

The plate design (Fig. 16.2) is characterized by a very compact arrangement as well
as integrated exhaust gas and coolant water channels. Thermoelectric material (also
BiTe) is mounted on the outer side of a plate. Through the buildup of individual
plates arranged one behind the other, a simple and inexpensive concept has been
developed due to a high proportion of identical parts.

Furthermore, the thermoelectric generator is easily adaptable by adding or
removing individual plates. The plates can be formed, for example, circular, oval,
square, rectangular, or polygonal and/or curved.

Virtual Simulations

In an early design phase, the heat exchangers for hot exhaust gas and cold coolant
water have been pre-dimensioned by analytical equations in order to get a qualita-
tive and quantitative perspective of main dimensions, weight and power output.
With the help of extensive CFD simulations, the two design studies have been
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Fig. 16.2 Plate design (study of the functional prototype)

optimized. The exhaust gas pressure drop was minimized and the exhaust gas flow
was as homogenous as possible within the device in order to ensure the best possible
efficiency. The performed intensive numerical simulations can be divided into the
following two groups:

* 3D CFD simulations using the software ANSY S-Fluent for flow optimization of
the dynamic heat transfer, the pressure drop, and the mass of the heat exchanger
structure.

* 1D model (electrically coupled thermal fluid) which can be integrated into vehi-
cle models, and allows for the investigation of the thermoelectric generator and
its influence on the overall vehicle in dynamic driving cycles.

Physical Simulations

Finally, prototypes of the two design studies have been realized and verified at an
engine test bench at ECS. The Z-design has been realized as full prototype (Fig. 16.3,
left side), whereas the plate design has only been realized as functional prototype
(Fig. 16.3, right side).

Comprehensive measurements show the challenges of this trendsetting technol-
ogy as well as the potential for further optimization. Table 16.1 illustrates a com-
parison between the Z-design and the plate design under the same boundary
conditions. Due to the higher degree of integration of the thermoelectric material in
the plate design, the efficiency could be increased.
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Fig. 16.3 Z-design and plate design at the engine test bench at ECS

Table' 16.1 Efﬁciency' of Z-design  Plate design
Z-design and plate design Temperature difference (°C) 150 150
Heat flow through TEG (W) 10.425 263
Electric power (W) 250 8.4
Efficiency (%) 2.4 32

Fig. 16.4 Full-scale system
based on plate design

An extrapolation, based on the engine test bench measurements of the plate
design, leads to an electrical power output of approximately 1.2 kW for a full-scale
TEG-system in combination with a modern Euro VI diesel engine. Before building
the prototype of the full-scale system (Fig. 16.4), the design should be optimized
regarding heat transfer and weight.
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Conclusion

The results of these tests demonstrate the potential of this technology for the use of
the waste heat in the exhaust gas. The investigated systems are currently in proto-
type stage and therefore further efficiency improvements can be expected. Also
comprehensive research activities are necessary to reach further improvements of
the thermoelectric material within the next few years, especially for the relevant
temperature range for diesel engines. The materials must withstand the loads in
automotive applications and have an industry-typical long-term stability. The com-
mercial success of this technology also depends on the successful industrialization
of the manufacturing process of the used thermoelectric modules. Considering all
these factors, a serial application of TEG-technology for commercial vehicles
appears unrealistic before 2020.

Acknowledgement This work was funded by the FFG (Austrian Research Promotion Agency).



Chapter 17
Waste Heat Recovery in Steelworks Using
a Thermoelectric Generator

T. Kuroki, K. Kabeya, K. Makino, H. Kaibe, H. Hachiuma,
and A. Fujibayashi

Abstract In Japan the integrated steel industry has largely lowered its energy use
for the past several decades by investing in energy efficient processes and facilities,
and has kept the highest energy efficiency in the world. However, in view of energy
security, the steelmaking industry is strongly required to develop new technologies
to save more energy. Waste heat recovery can be one of the key technologies to meet
this requirement.

Thermoelectric generation is one of the most effective technologies to recover
waste heat, such as the radiant heat from steel products which has not been effi-
ciently used, because it can convert heat directly into electric power.

A thermoelectric generation system was installed in the butt welded pipe mill at East
Japan Works (Keihin District) of JFE Steel Corporation in May 2011. In this system, a
thermoelectric generation unit consists of 16 Bismuth-Telluride thermoelectric genera-
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tion modules. Each module can generate 24 W when the hot-side temperature is 553 K
and the cold-side temperature is 303 K. These 16 thermoelectric generation modules are
separated into four groups of four modules connected in series, and each group is con-
nected in parallel. A commercial battery charger for off-grid photovoltaic systems was
used as a maximum power point tracking (MPPT) control unit, and the output of 16
thermoelectric generation modules was used to charge storage batteries and supply
power to LED lamps through the MPPT controller.

This paper describes the performance and durability of the thermoelectric gen-
eration system which has been investigated under operating conditions in butt
welded pipe mill.

Keywords Thermoelectric generation * Waste heat * Heat recovery * Radiant heat
» Thermoelectric generation system ¢ Butt welded pipe

Introduction

The integrated steel industry in Japan has significantly reduced its energy use for the
past several decades by investing in energy efficient processes and facilities, and has
kept the highest energy efficiency in the world. However the steelmaking industry is
strongly required to develop new technologies for further energy conservation in view of
energy security, high and volatile energy prices, and climate change. One of the key
technologies to achieve the requirement is waste heat recovery. Figure 17.1 shows the
waste heat for various processes of steelworks [1]. We have been investing in many
energy efficient processes and facilities. However, a large amount of heat still remains
wasted. For waste heat such as radiant heat from steel products which has not been effi-
ciently used, thermoelectric generation is one of the most effective technologies to
recover it, because thermoelectric generation can convert heat directly into electric
power using the Seebeck effect. This environmentally friendly technology is expected to
have an important role for energy conservation, waste heat recovery and CO, reduction.
Thermoelectric generation has many advantages such as no mechanical moving parts,
compact, no CO, emissions and long lifetime. This paper describes the thermoelectric
generation system which was installed at East Japan Works of JFE Steel Corporation,
using waste radiant heat from the butt welded pipe.

Thermoelectric Generation System at Steelworks

Thermoelectric Generation Module

Figure 17.2 shows a Bismuth-Telluride thermoelectric generation module (TEG mod-
ule), which is made from a number of n-type and p-type thermoelectric elements [2].
It has high conversion efficiency and is a high-powered commercial thermoelectric
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Fig. 17.1 Waste heat energy in the various processes in steelworks [1]

generator. The size of TEG module is 50 mm x50 mm x4.2 mm. Its maximum output
power is 24 W, with a maximum conversion efficiency of 7.2 %, when the hot-side
temperature is 553 K and the cold-side temperature is 303 K respectively [3]. The
output P can be obtained from the external load r connected to the TEG module. P
brings the maximum output P, in impedance matching when R;=r.

Thermoelectric Generation Unit

Figure 17.3 shows an illustration of a partial cross section of the thermoelectric
generation unit (TEG unit). The TEG unit consists of 16 TEG modules. These ther-
moelectric generation modules are separated into four groups of four thermoelectric
generation modules connected in series, and each group is connected in parallel.
The TEG modules were connected to the MPPT control unit to achieve maximum
power at any temperature conditions. The output of 16 thermoelectric generation
modules is used to charge storage batteries and supply power to LED lamps through
the MPPT controller. Each TEG module is sandwiched between the heat collection
plate and the water cooled plate by a spring structure, meaning that almost constant
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Fig. 17.2 Bi-Te thermoelectric generation module [2]
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Fig. 17.3 Thermoelectric generation unit [3]

pressure is applied to the modules, even if a temperature difference is generated.
The pressure is set at 1 MPa, with a cooling water flow rate of 10 I/min. The size of
the heat collection plate is about 400 mm x 280 mm. Copper is used for the heat col-
lection plate. The surface treatment of the heat collection plate is an electroless
nickel plating (black) [3]. The temperature of heat collection plate 7, and water
cooled plate T, were measured by thermocouples. Figure 17.4 shows the thermo-
electric generation unit installed in the JFE’s butt welded pipe mill. The heat collec-
tion plate of the TEG units was heated by radiant heat from the butt welded pipe.
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Fig. 17.4 Thermoelectric

generation unit installed to
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mill
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Fig. 17.5 One of the examples of the verification test data

Verification Tests

JFE started verification tests to generate electric power by using radiant heat from
butt welded pipes in 2011. The performance of the TEG unit had been investigated
under various operating conditions in steelworks. Figure 17.5 shows the results of
the measured temperature difference ATrggy(=T,—T.). Here, ATrggy is the tempera-
ture difference of the heat collection plate (7},) and the water cooled plate (7) of the
thermoelectric generation unit.

When the welded pipe mill is under operation, the TEG unit is warmed up by
radiant heat inducing a temperature difference, and the power output is generated by
TEG unit.

The Eqgs. (17.1) and (17.2) are the basic equation of thermoelectric generation:

1
0 = aeTth—Erelz +K AT, (17.1)
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1
0, = aech”ErJz + K AT, (17.2)

where the heat Q, is supplied by the thermal source at the hot surface, Qy is the heat
flowing out at cold surface, . is the Seebeck coefficient, r_e is the internal electrical
resistance, K, is the thermal conductance, I represents the electric current [4],
AT(=Ty;—Ty) is the temperature difference of thermoelectric element, Ty, is the hot
side temperature, and T is the cold side temperature. These equations are derived
from the heat equation subject to the Peltier effect and Joule heating with boundary
conditions of the hot side temperature and the cold side temperature.
The power generation output P, is given by Eq. (17.3):

F=0-0, =(aeATj—41)1=RL12 (17.3)

where R, is the external electric resistance.
Also, the maximum generation output P,,,, is given by Eq. (17.4).

(A7)

1
P =
O i—— (17.4)

e

In order to obtain high power generation output, a large temperature difference
AT, is required. On the other hand, 7;; must be under the maximum tolerance tem-
perature. Therefore, it is very important to simulate 7}, for various conditions. In this
system, the heat input Q, is mainly the radiant heat from the pipe. The heat input Q,
is expressed by Eq. (17.5):

Q,=¢-F-0-A(T'~T))+h-A-AT (17.5)

where ¢ is the emissivity, ¢ is Stefan-Boltzmann constant, F is the view factor, T, is
pipe temperature, 7, is the hot side temperature of the thermoelectric generation
unit, and h is heat transfer coefficient.

The view factor F is a function of the distance from the pipe to the TEG unit and
it is inversely proportional to the distance. Therefore, the heat input O, becomes
larger as the TEG unit approaches the pipe. With a larger heat input, the heat collec-
tion plate temperature rises and the temperature difference ATrggy increases.

Using the thermal resistance of TEG unit and Eqs. (17.1)—(17.5), the relationship
between ATrpgy and the distance from the pipe to the TEG unit is numerically
investigated. The result is shown in Fig. 17.6. The experimental results are compat-
ible with the simulation results.

Figure 17.7 shows the power output of TEGS units as a function of ATrggy. The
measurements of the power output of the TEG units seem to confirm the simulated
output. The TEG output increases with ATrggy and the thermoelectric generation
system output is about 250 W when the ATqggy is 250 K.
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Fig. 17.6 Relationship
between the distance from the
pipe to TEG unit and the
temperature difference
ATy

Fig. 17.7 Electric power
output of TEG units as a
function of ATrggy
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A thermoelectric generation unit was tested in the butt welded pipe mill at the East
Japan Works in the Keihin District of JFE Steel Corporation to recover waste heat. The
thermoelectric generation unit which has 16 thermoelectric generation modules pro-
vides about 250 W when the temperature difference between the heat collection plate
T, and water cooled plate T, at the thermoelectric generation unit is 250 K. The result-
ing electric output is a good fit between the simulation and the experimental data.
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Chapter 18
Thermoelectric Generator Power Converter
System Configurations: A Review

E.A. Man, E. Schaltz, and L. Rosendahl

Abstract In a Thermoelectric Generator (TEG) system, the Thermoelectric (TE)
modules can be connected in series, parallel, or a combination of both. Independent
of the module connection, the power production of the TEG changes with the tem-
perature gradient applied at its input. In consequence, the system requires a power
conditioning circuit to deliver a stable and maximized output to the load. The solu-
tion is to integrate a DC-DC converter between the TEG and the load. Furthermore,
a suitable control strategy is necessary to make the TEG operate at its maximum
power point (MPP). The maximum power point tracking (MPPT) technique is
widely used for TEG systems. The aim of this paper is to create a survey over the
existing state-of-the-art TEG system configurations for TE energy harvesting.
Depending on the application specifications, a suitable TEG system topology can be
designed with the purpose of improving the power production of the overall system.
The overall TEG system configurations are presented step by step. First, the possi-
ble connections of the TE modules in a TEG system are analyzed. Afterwards, the
typical converter configurations used in TEG systems are discussed and options are
addressed with the purpose of improving the efficiency. A discussion about the role
and benefits of the MPPT depending on the TE modules connection is given. Finally,
the potential of the possible TEG system configurations classified by their TEG
connection is discussed and compared. The study highlights that a complete system
design approach is necessary to obtain high efficiency of the TEG system.
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Introduction

Over the last years, Thermoelectric (TE) energy harvesting has been regarded as a
promising renewable technology due to the potential of the Thermoelectric
Generator (TEG) to successfully produce electrical energy when exposed to a wide
range of temperature difference. A TE module presents the advantages of having
small size, light weight, and low maintenance. In addition, it has the ability to oper-
ate in harsh environmental conditions, it presents high reliability compared to other
technologies due to the lack of moving parts, and it allows for a silent operation
[1, 2]. At the moment, high production costs and low efficiency (<10 %) issues limit
the expansion of the market for TE technology. However, improvements are
expected in the next years, as soon as costs decrease and efficiency improves [3].
Although the concept presented in [3] and Fig. 18.1 refers to the automotive indus-
try, the low efficiency issue covers all the TEG systems independent of applications.
However, for small applications, thermoelectric harvesting can become very
competitive because TE modules are simple, compact, and scalable [4, 5].

TEGs have been used in a wide range of applications [6—18], from ultra-low
microwatts power systems [19] to large-scale multi-kilowatts applications [20, 21].

In waste heat recovery applications, TE modules are combined with heating sys-
tems to produce electrical energy from the dissipated heat. For this type of genera-
tion, a significant amount of research has been conducted with the objective of
enhancing the performance of the system. The majority focus on improving the
performance of the TE materials [22—30] and the design of the TE module [31-37],
but some studies aim to find the optimum operating temperature values [7], the
positioning of the modules in a system [38], or other parameters that may maximize
the power production [7, 39-41].

Mass production

Small and pilot series

Prototypes

System costs: ~10 €/W
Efficiency <10%
Temp. <500 °C

Number of TEG systems

Today | 2015 | 2020 2025

Fig. 18.1 Market requirements roadmap for TEG systems [3]
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TE modules can be integrated in systems as a cogenerating source of electrical
energy. In this way, an extra amount of power can be produced by the TEGs in addi-
tion to the existing generation systems. Sark [42] and Kings et al. [43] present
photovoltaic-thermoelectric (PV-TE) hybrid modules as being a good way to
improve the power generation of the system. The combination of TE and PV
increases the renewable production of the overall system and offers better energy
security. The hybrid module system studied in [42] was developed for roof-top
application and the one from [43] proposes to add the PV-TE to electric vehicles.
The results presented in both studies are only based on simulations and experimen-
tal validations are necessary and considered for future work. Chen et al. [44] pres-
ent, in the introduction of the study, several application examples where TEGs are
integrated as a cogeneration source into thermal energy systems.

Nevertheless, TEGs can be integrated in self-powering systems to generate
energy for the electrical components. Application studies for TE self-powered heat-
ing systems can be found in [11, 45, 46]. TEGs can be used as temperature sensors
or power supply in self-powered sensing systems, such as wrist watches, peace-
makers, or other medical equipment, even in applications with difficult or no access,
placed in remote locations with no grid connection, aircrafts, etc. [47-57].

This paper presents the state of the art of the general DC-DC converter system
configurations for TE energy harvesting, highlighting the potential of each topol-
ogy. This approach has the purpose of giving a better understanding about the key
issues of the classical DC-DC converter system topologies in the form of a general
presentation and relevant reference citations to offer the readers a start when consid-
ering improving the TE technology, mainly from the power electronic point of view.

TEG System Configurations

The design of a TEG system is dependent on the application specifications. This
process includes finding the optimum number of TE modules and their interconnec-
tion to form the TEG, a suitable DC-DC converter to process and deliver the elec-
tric energy from the TEG to the load and a control circuit to enhance the power
production of the overall system [58]. The general configuration of the TEG system
is presented in Fig. 18.2.

TEG icim A
7, + 7 DC-DC
T 2 Uy Converter Load

Fig. 18.2 General schematic
of the TEG system
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The output voltage of the TEG varies according to the temperature difference
input; therefore a power conditioning system is necessary to stabilize the power
delivered to the load as well as to extract the maximum power from the TEG.
A DC-DC converter has the ability to provide power conditioning [12]. Typically, a
DC-DC converter with step-up capabilities is integrated in the TEG system due to
the low output voltage produced by the TE modules. However, the additional step-
down feature may be necessary too.

Each TEG system requires also a suitable control method to achieve maximum
power transfer from the source to the load for any temperature difference input [59].
The MPPT is a widely used control technique in PVs due to its potential to make the
PV system function at its maximum power capability for various irradiation values.
PV and TEG systems have different characteristics [60, 61], but the MPPT control
algorithms applied in PV applications can be used for TEG systems [12, 62-67].

Additionally, an Energy Storage Device (ESD) can be integrated into the system
as the power generated by the TEGs is fluctuating. ESDs can increase the peak
cover capability of the system by generating the extra power necessary when there
is a mismatch between generation and load demand. Usually, such a device is either
a (super-) capacitor or a battery [68].

A DC-AC inverter can be placed in the system to convert the maximum harvested
DC power from the TEG into AC to deliver to the loads. However, the present
review focuses only on the DC-DC TEG system configurations.

TEG Module Connections

In a TEG system, the TE modules can be connected in different combinations to
form the TEG: in series, in parallel, or a combination of both.

The TE modules are series-connected when a high voltage and a low current are
desired from the output of the TEG. However, the drawback of connecting many
modules in series is the increase in the total electrical resistance of the TEG which
affects the reliability of the generator [69]. The general schematic of the TEG sys-
tem with the series-connected TE modules is presented in Fig. 18.3.

There are two ways to parallel connect the TE modules into the TEG system: (1)
TE modules connected in parallel to form the TEG (Fig. 18.4) and afterwards con-
nected to a single DC-DC converter and (2) each TE module connected to one
DC-DC converter in a parallel configuration (Fig. 18.5).

Liang et al. [70] studied the performance of the system which included the TEG
formed by parallel-connected TE modules (Fig. 18.4). The research was based on
the analytical model developed using theoretical analysis and calculations and vali-
dated with experimental tests. Under ideal conditions, the open-circuit voltage of
the parallel-connected TEG is the same voltage as that of one module, but the inter-
nal resistance is smaller, and the value is dependent on the number of the parallel-
connected modules. The parameters that influence the output of this type of
system configuration are the contact resistance and the thermal contact resistance.
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Fig. 18.5 General schematic
of the parallel-connected
TEG system
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Fig. 18.6 General schematic of the series-parallel-connected TEG system

The increase of contact resistance has the same effect as the internal resistance of
the TEG and may lead to decreased current and power output respectively. The
thermal contact resistance affects the temperature difference input which also leads
to reduced power output of the system.

The parallel configuration where each TE module is connected to one converter
is seldom used for TEG applications. This is because it is not practical to connect
one converter to each TE module due to the low voltage generation per module and
the high converter costs for the overall system [71].

To increase the potential of this configuration, more TE modules are added in
series and the arrays connected in parallel, making it more attractive for TEG appli-
cations. The series connection can achieve the necessary load voltage and by further
connecting the strings in parallel, the required output power can be obtained [60].
Another advantage of this configuration is the fact that the internal resistance of the
TEG will be lower compared to the series connection. For these reasons, the series-
parallel connection of the TE modules can become very competitive especially in
large-scale TEG application, when compared to the series-connected TE modules
topology. The general schematic of the TEG system with the series-parallel-
connected TE modules is presented in Fig. 18.6.
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Power Conditioning for TEG Systems

A DC-DC converter is necessary to stabilize the power delivered to the loads due to
the fluctuating nature of the power produced by the TEGs. Depending on the volt-
age harvested from the TEG and the application specifications, the DC-DC con-
verter needs to have step-up and/or step-down characteristics. Other features
required from the converter are wide input voltage range, high voltage conversion
ratio, low current ripple, and high efficiency dependent on desired volume and
weight. The wide input voltage range feature is necessary because the voltage gen-
erated by the TEGs varies widely and dynamically dependent on the external fac-
tors. The conversion ration of the converters is altered by several circuit imperfections
such as parasitic and switching components. Switch commutation times limit the
maximum switching frequency, the duty cycle ratio, and therefore the voltage gain
of the converters. The high-frequency switch signals from DC-DC converter may
influence the operation of the TE module and the high ripple currents may affect
the efficiency of the maximum power point tracking (MPPT). For this reason,
a DC-DC converter with low input current ripple is desired for TEG power condi-
tioning. The value of the current ripple should lie in the range of 10-20 % of the DC
component to avoid peak currents [72]. The current ripple is inversely proportional
to the inductor value which means that the current ripple can be reduced by increas-
ing the inductance. However, this leads to an increase in the total weight, volume
and cost of the converter.

In addition, several transformerless DC—DC converter configurations have been
proposed for TEG applications with series- and series-parallel-connected TE mod-
ules, such as the SEPIC converter, the Cuk converter, the classic buck, boost, non-
inverting buck-boost or their corresponding interleaved and cascaded topologies. In
TEG applications when high voltage conversion ratios are required, the transformer-
based DC-DC converter configurations are used, such as forward, flyback, push-
pull converters etc.

There exists several ways to categorize the DC-DC converters. Table 18.1 sum-
marizes the most common converters used in TEG application classified by their
step-up/step-down capabilities and whether they include a transformer in their
configuration.

The buck converter has only the ability of stepping down the voltage generated
by the generator and it is usually used in TEG systems when the TE modules are in
series connection [73]. For this reason, its use is narrowed down to low and ultra-
low power applications [74, 75]. The same can be said about the forward converter
which also has only the step-down capability. The high step-down voltage conver-
sion ratio and the nonpulsating output current features make the forward converter
suited for applications related to high output currents.

The step-up converters for TEG applications are used when the generator outputs
low voltage and high current. One of the mostly used step-up DC-DC converters for
TEG applications is the boost converter. It is easy to control and efficient, but the
high current input can increase the current stress and conduction losses which trans-
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late to a decrease in the efficiency. One option to reduce the input current ripple is
to operate the converter in Continuous Conduction Mode (CCM). This method
requires a large value of the input inductance which increases the weight and the
volume of the converter [67]. To limit the value of the inductance, the boost con-
verter can be operated in Discontinuous Conduction Mode (DCM) for low-power
applications [76]. To substantially reduce the input current ripple and the current
stress, the interleaved boost configuration can be chosen [58]. Both boost and inter-
leaved boost topologies present the drawback of having limited voltage gains. Due
to its transformer-based configuration, the push-pull converter is capable of high
level conversion and therefore suited for medium and high TEG power applications
[77]. Studies conclude that the interleaved boost configuration is often used as step-
up topology for TEG systems with series and series-parallel-connected TE modules
[58, 66, 74, 78].

The step-up/-down DC-DC converters proposed for TE conversion are buck-
boost, its corresponding cascaded and interleaved configuration, SEPIC, Cuk, and
flyback converters.

To achieve high voltage gains, the flyback converter can be used. This type of
transformer-based DC-DC step-down/-up converter has been used in small and
medium power applications. It presents the drawback of poor efficiency and high
switched voltage spikes due to the leakage inductance [79]. The other basic
step-up/-down converter configurations suffer from high components stress and
therefore are not favorable for high power applications [72].

Both inverting and non-inverting buck-boost configurations have been used in
TEG applications for battery charging. One way to increase the efficiency of the
non-inverting configuration is to replace the diodes with more efficient MOSFETs
[80-82]. Nagayoshi et al. [80] reported 96.7 % conversion efficiency for this syn-
chronous topology included in a 100 W TEG application for a battery load system.
For the inverting buck-boost configuration, the operation in DCM proves to be more
advantageous especially in low-power applications because the value of the induc-
tance can be minimized. This leads to lower losses and decrease in the volume of the
converter [68, 83].

The boost-cascaded-with-buck topology has been applied in several TEG sys-
tems [64, 65, 84]. Due to the input and output inductors, this converter has a con-
tinuous input and output current. To overcome the power density and cost problems
arisen by the necessity of the large filter inductors, the converter configuration can
be modified to a coupled inductor one. This configuration has proven to meet the
requirements for battery charging applications. In addition, the diodes can be
replaced by MOSFET:s for efficiency enhancement. Wu et al. [84] reached a peak
efficiency of 99 % for their 500 W prototype. It is also possible to adopt the inter-
leaved technique to the boost-buck cascade topology to reduce the input current
ripple and therefore the device current stress and increase the efficiency with the
drawbacks of increasing the hardware costs and the control complexity [12]. Kim
and Lai [65] reported that such a configuration with three- phase interleaving tech-
nique can achieve efficiency in a 95 % range.
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The SEPIC converter is considered suitable especially for battery charging TEG
applications since it has low-ripple input current and wide-range output voltage. On
the other hand, compared to the buck-boost topology, the SEPIC converter presents
lower efficiency because it utilizes two inductors [83].

The Cuk converter has the additional advantage of low input and output current
ripple compared to the SEPIC converter, but with the drawback of inverting the
output voltage. Due to the nonpulsating nature of the converter input and output
current, the TEG can operate with minimal disturbance [12, 17].

Zhang et al. [85] proposes the parallel connection of the DC-DC converter in the
TEG system for automotive applications. In this way, instead of processing all the
power generated by the TEG, the converter only partially balances the power
between the TEG and the load. The study shows that this parallel configuration
provides dual DC bus and high system efficiency with the drawback of complicated
hardware and complex control due to the use of a bidirectional DC-DC converter.
In addition, the authors discovered a low efficiency when the system operates in
pure battery discharging mode. This means that the TEG provides small or no power
output and the battery is discharging. The solution proposed is to avoid this operat-
ing mode by turning off the converter and connecting the battery directly to the load.

Andersson [74] presents the switching networks as alternative to DC-DC con-
verters with MPPT for TEG automotive applications. The study shows that a higher
efficiency can be obtained for the TEG system when using the proposed switching
networks. This is because fewer switches and no capacitors or inductors are used
compared to the DC-DC converters and therefore the costs for the power condition-
ing system can be decreased. However, this concept is relatively new and it should
be further investigated.

MPPT for TEG Systems

A TEG system requires also a suitable control method to achieve maximum power
transfer from the source to the load for any temperature difference input. The MPPT
is a widely used control technique in PV applications due to its potential to make the
PV system function at their maximum power capability for various irradiation val-
ues. PV and TEG systems have different characteristics, but the MPPT control algo-
rithms applied in PV applications can be used for TEG systems. The most used
control methods are the perturb and observe (P&O), incremental conductance (INC)
and the fractional open/short-circuit voltage/current (Frac. Voc/Isc) [86].

In Fig. 18.7 the temperature gradients AT1, AT2, AT3 and AT4 represent some
general samples to point out the dependency of the TEG voltage (V) on the tempera-
ture difference input.

It can be seen that an increase in the temperature gradient results in an increase
in the open circuit output voltage as well as in the maximum output power of the
module. The output power reaches its maximum value when the load resistance is
equal to the TEG internal resistance and the output voltage is half of the open circuit
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Fig. 18.7 Power/Voltage A 3
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voltage of the TEG. An MPPT control is necessary to perform the impedance match
in order to extract the maximum power output [67].

In the series-connected TEG, each module operates at the common current and
when the temperature difference input varies, it causes a deviation from the opti-
mum operating current. The MPPT is performed at stack level; hence not all the
modules work at their maximum power point (MPP). Another disadvantage of this
configuration that can be mentioned is the lack of robustness as, in case one of the
modules is damaged, the generator output will shut down.

In the parallel-connected TEG, the modules operate at the same output voltage
and when the temperature difference input varies, it causes a deviation from the
optimum operating voltage. In this case, the connection of one DC-DC converter to
each module allows an individual MPPT control which means they operate at
their MPP.

The series-parallel connection of the TEG also allows for an individual MPPT
control for each string. The configuration presents the advantage of individual
MPPT over the series connection and the increased power delivered to the load over
the parallel configuration.

Vadstrup et al. [81] concluded in their research that an increase in the power out-
put of the TEG system for the given application is possible if the MPPT is performed
at module level instead of stack level for both series and parallel connection.

In case of damage, both parallel and series-parallel topologies present high
robustness because only the related string will stop outputting power.

Discussions

Despite the current TE efficiencies are in the range of 5-10 %, this is no longer
regarded as an important issue when considering the benefits of energy saving, with
available no-cost waste heat sources, and emission reduction offered by the TE
technology. Due to the low efficiency issues, the TE society focuses more on
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low-power applications where a TEG system can be built with good efficiency, low
costs, and good reliability.

The TE modules that form the TEG can be coupled in series to achieve a high
output voltage with low current, in parallel to obtain a low output voltage with high
current or in series-parallel for a compromise between voltage and current values.
The series connection is preferred in low-power applications where a small number
of TE modules are connected without increasing too much the internal resistance.
To overcome the drawback of the high internal resistance, the series-parallel
connection of many modules is usually preferred for large-scale applications [79].
The modules are connected in series to acquire the necessary load voltage and after-
wards, the strings are connected in parallel to obtain the necessary output power.

The TEG is composed by connecting several TE modules that may experience
mismatch in the temperature difference input. Under these circumstances, some of
the modules will fail to operate at their MPP leading to a power loss in the TEG
system. To overcome this drawback, a DC-DC converter with MPPT control is
inserted between the TEG and the load [60].

In order to harvest the maximum power from the TEG, an impedance matching
between the generator and the load is necessary. This is regarded as the basic con-
cept when designing a TEG system. The impedance matching task can be performed
by a DC-DC converter as it can control its input conductance and therefore the
virtual load conductance by means of changing the voltage conversion ratio. Under
these conditions, the TEG maintains its operation in MPPT.

Transformer-based DC-DC converter topologies are attractive when isolation
between the source and the load or a high voltage conversion is necessary. However,
this translates also to additional costs and losses.

Studies show that the most attractive choices for power conditioning in a wide
range of TEG applications are buck, boost, buck-boost converters, and their corre-
sponding interleaved configurations. The choice is based primarily on their ability
to successfully track the MPP of the TEG and therefore reducing the power loss in
the systems. In addition, the converters require less components compared to other
topologies; they are easy to control and present high efficiency [68]. The interleaved
configurations present the additional benefit of low current ripple. Transformerless
converters are also used in high power applications where weight and size are the
key issues. Table 18.2 summarizes the key properties and parameters of the dis-
cussed transformerless converter topologies.

An important issue which needs to be regarded when designing the TEG system
is the high input current ripple which can cause early failure. To increase the reli-
ability of the system, the input current ripple needs to be reduced. This can be
achieved by (1) adding a capacitor at the input of the converters, (2) increasing the
switching frequency, (3) using the interleaved converter configurations, or (4)
increasing the value of the input inductor, but also the weight and volume of the
converter.

When a higher voltage is desired from the TEG, regardless of the modules con-
nection, an advantageous alternative is to increase the temperature difference input
instead of the number of the modules. By increasing the temperature difference
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Table 18.2 Comparison of key properties and parameters of the transformerless converters used
for TEG applications [87]

Buck Boost Buck-boost Non-inv. buck-boost Cuk SEPIC

#Semiconductors 2 2 2 4 2 2
#Capacitors 2 2 2 2 3 3
#Inductors 1 1 1 1 2 2
Inverted output No No Yes No Yes No
Continuous output current CCM  No No CCM (buck mode) Yes No
Continuous input current ~ No CCM No CCM (boost mode)  Yes Yes

input, the series-parallel-connected TEG system can reach the output power that a
parallel-connected TEG could generate.

It can be synthesized that the series-parallel-connected TEG is most practical
from the point of view of costs, MPPT effect, robustness, and reliability [88].
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Chapter 19

Transient Thermal Response of Heat
Sinks and Its Implication on Power
Control Strategies

N. Youn, Y.P. Kim, and D. Wee

Abstract Thermoelectric generation has relatively low efficiency and power output
compared with other types of energy production. Therefore, it is necessary to opti-
mize the operating conditions of the thermoelectric system in the applied research
phase. In this study, we aim to suggest the optimal operating conditions and develop
a strategy to obtain maximum power output in a thermoelectric generator. First, we
develop a theoretical framework for optimal control of operating voltage to get the
maximum power output. Then, to maintain the optimal conditions, the temperature
variation of the heat sink, which is controlled by current and voltage in the circuit,
will be discussed by modeling the heat transfer of a heat sink under real-world
conditions. Because of the importance of voltage control, we suggest the optimal
voltage control strategy.

Keywords Thermoelectrics ¢ Constant voltage algorithm ¢ Open-circuit voltage
algorithm * Optimization * Transient response ®* Power control strategy

Introduction

In thermoelectric generation, it is critical to properly maintain optimal operating condi-
tions in order to obtain the maximum power output. In a recent study [1], it was sug-
gested that a method of optimization that controls the operating voltage to half of the
“steady-state” open-circuit voltage should be a simple but effective strategy for main-
taining the optimal conditions. The reason behind this is not that the optimal conditions
correspond to the impedance-matching condition [2, 3], but that the typical V-I curves
of thermoelectric generators can be approximated by linear relations.

N. Youn ¢ Y.P. Kim * D. Wee ()

Department of Environmental Science and Engineering, Ewha Womans University,
Seoul 120-750, Republic of Korea

e-mail: dhwee @ewha.ac.kr

A. Amaldi and F. Tang (eds.), Proceedings of the 11th European Conference 167
on Thermoelectrics: ECT 2013, DOI 10.1007/978-3-319-07332-3_19,
© Springer International Publishing Switzerland 2014


mailto:dhwee@ewha.ac.kr

168 N. Youn et al.

The steady-state open-circuit voltage, which is the reference for the optimum
voltage, is a function of the thermal conditions of the system, which is subject to
changes during its operation. In cases where a large variation in the thermal
conditions is expected, it becomes necessary to regularly measure the steady-state
open-circuit voltage to estimate the optimum voltage. However, since thermal iner-
tia in the system exists, the voltage does not converge to the steady-state open-cir-
cuit voltage immediately after the current is cut off. The transient response due to
the variation of the temperature inside the system should also be considered. In
order to measure the steady-state open-circuit voltage that is required for estimating
the optimum voltage, one typically needs to wait for this transient response to decay.
When the convergence towards the steady state is too slow, too frequent and/or too
long interruptions of the operation required for the measurement may affect the
overall performance of the system.

In this study, we investigate the amount of time required for the heat sink to reach
its thermal steady state from the instant the current is cut off. Since a typical heat
sink in a thermoelectric system has relatively high thermal resistance, its thermal
inertia may become the limiting factor that dominates the transient behavior of the
entire system. Both analytic and numerical estimates of the time scale of the tran-
sient response are provided. Based on these estimates, we make a recommendation
on power control strategies for thermoelectric generation systems.

Numerical Analysis of a Transient Heat Transfer
in a Typical Heat Sink

First, we estimate the heat flux from the thermoelectric module to the heat sink in
typical conditions. The information obtained here will be used to specify the bound-
ary conditions in the numerical simulation of heat transfer in the heat sink. A sche-
matic illustration of the thermal network of interest is given in Fig. 19.1.

The situation we are interested in can be described as follows. The thermoelec-
tric generator must be operating at maximum power for most of its operational his-
tory, and hence the steady-state temperature distribution corresponding to the
maximum-power condition will be the initial condition given to the heat sink. Then,
the circuit suddenly breaks at t=t,, in order to measure the open-circuit voltage.
Howeyver, the heat sink and the thermoelectric module have a certain thermal iner-
tia, and the temperature distribution over the heat sink and the thermoelectric mod-
ule will not immediately change into the steady-state distribution corresponding to
the open-circuit condition. Rather, as time goes on, the temperature distribution
gradually approaches the steady-state distribution. Only after this transient behavior
sufficiently dies out and the temperature distribution reaches a state close to the cor-
responding steady state one can read the accurate open-circuit voltage.

In this process, the thermal inertia of the heat sink is the most important parameter,
since the largest temperature change in the system is associated with the heat sink,
due to its poor thermal conductance. Additionally, in many cases the heat sink is
physically the largest part of the generator, which makes its thermal inertia large
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Fig. 19.1 Schematic
illustration of the thermal
network representing a
typical thermoelectric module
[1,3]

enough to dominate the overall transient behavior of the system. Only when the
temperature distribution in the heat sink is close enough to the steady-state tempera-
ture distribution one can measure the steady-state open-circuit voltage correctly.

Since the heat sink is of paramount importance in this process, we need to
analyze the transient heat transfer in it, and the thermal boundary condition at the
interface with the thermoelectric module must be given by a pre-specified heat flux
into the heat sink. Since we consider the transient behavior between two states (the
maximum-power condition and the open-circuit condition), the heat flux for each of
these two states must be estimated.

From the thermal network, the governing equations can be written as follows:

. T -T T, -T

Q0,=—-21" =ISTH+H—C—112R, (19.1)
Wy Vg 2

. T.-T T, T,

Q. =——==IST.+-X C+112R. (19.2)
Vi v 2

From these two equations, we obtain Ty and 7¢ as functions of /, which can be
used to evaluate Qc. The short-circuit current, Iy, is approximated by:

* S(T‘S_Tw)
1"

I = (19.3)
STy ATy + R(We W g )y

As shown in a previous study [1], the maximum-power condition corresponds
approximately to I=1I",/2, while the open-circuit condition corresponds to /=0.

We estimate the heat flux for a case where Ts=354 K, Too =297 K, ¥4 =3.15 KW,
Y.=32.67 K W1, ¥=(0.305 W/K)!, R=4.47Q, and $=3.60x10#x127 V K,
which can be considered a practical representative condition (Case I in [1]). The
results are summarized in Table 19.1. The dimensions of the thermoelectric module
(LxWxH) are 3 cmx3 cmx3 mm.
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Table 19.1 Estimated heat Maximum power Open-circuit
losses t(; the heat sink for a Parameters condition condition
practical representative
condition I(A) 0.01640 0
Ty (K) 349.334 349.408
Te (K) 345334 344.628
dT=Ty-Tc (K)  3.9996 47798
0. (W) 1.4795 1.4579
q." (W/m?) 1,644 1,620
W fie podd Vegpot Yes Bet Dage Fegw ook - e ¥ - & A
) ?;n i -.r::u - A bW » GO l’J
P OR,E LR D menn 18- 800 0 | ) .
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Fig. 19.2 Computational domain of the analysis of transient heat transfer

Based on the estimated heat losses, the simulation of the heat transfer of the
thermoelectric system was carried out by using Abaqus/CAE version 6.10 [4]. We
assume that the main component of the heat sink is composed of planar fins. For
simplicity, the numerical analysis is only performed on half of a single fin, not the
entire heat sink (Figs. 19.2 and 19.3).

The material properties, the operating conditions, and the geometry of the heat
sink are similar to the values reported in a previous study [5]. The length of a fin
(between its bottom and its tip) is L and the thickness of the fin is b. The heat sink
is made out of a metal whose density, thermal conductivity and specific heat are
denoted as p, k, and c,, respectively.

The boundary conditions are set as follows. The bottom surface marked in
Fig. 19.4a is in contact with the module, receiving a heat flux from the module of
1,620 W m™ in the maximum-power condition and 1,644 W m~ in the open-circuit
condition. The marked surface in Fig. 19.4b releases heat through a convective heat
transfer process specified by the heat transfer coefficient (%) and the ambient tem-
perature 297 K. Numerical parameters are summarized in Table 19.2. By matching
the thermal resistance of the model to ¥, / is found to be equal to 1.17686 W K-! m2.
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Fig. 19.3 Planar cut view with L, b, and variables describing dimensions of parts of the single fin

Fig. 19.4 Selected surfaces b
of the fin for specifying
boundary conditions

The numerical simulation is composed of two computational steps, as shown in
Table 19.3.

The variation of temperature distribution over time (0-5,000 seconds) is shown
in Fig. 19.5. Figure 19.6 shows the evolution of the temperature at the center of the
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Table 19.2 Properties of the Density (p) 2,700 kg m™

heat sink Thermal conductivity (k) 237 W m™' K-!
Specific heat (c,) 904 J kg ' K!
Initial temperature (7) 345.087 K

Ambient temperature (7o) 297K

Heat transfer coefficient (k) 1.17686 WK~ m=
Length of fin (L) 15 mm

Thickness of fin (b) 0.1 mm

Table 19.3 Computational steps used in the numerical simulation

Condition
Initial material Ambient Convective heat Heat flux
temperature temperature transfer at the
(T) (Too0) coefficient (h) bottom
surface
Step Time (s) (g.")
Maximum t,=1-2,500 345.087 K 297 K 1.17686 Wm=2 K-' 1,644 W m™
power
condition
Open-circuit  7,=2,500— 1,622 W m™

condition 5,000

008 Mylabodh  Absten'Suibext GI0-BA0]  wied Jul B10-1) wed 3ed 6AB-3| Wied Jal 600 wies 3ol 610  wied Dol £10-]  wied Jal B10-] wed Jal 610  wied Jul B10-1  wied Jul

Shap MarPamart, asfawert .
T O S T w5 3 K o s

Gk h L L

e et el Saute Seain [+ - ] ’ =
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Fig. 19.5 Evolution of the temperature field in the heat sink
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Fig. 19.6 Evolution of the temperature at the center of the bottom surface (7¢)

bottom surface, which is equal to T¢. It shows that the transient behavior dies out at
a relatively slow rate, and that the time required to reach the steady state may be of
the order of 10>-10° s.

Discussion

In order to understand the results of our numerical simulation, the lumped capaci-
tance method is applied [6]. The essence of the lumped capacitance method is to
assume that the temperature field inside a solid object is spatially uniform at any
instant during the transient process and hence that temperature gradients within the
solid are negligible. The transient temperature response is determined by formulat-
ing an overall energy balance in the system. This balance must relate the rate of heat
loss at the surface to the rate of change in the internal energy.
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The main component of the heat sink is composed of planar fins. First, we
consider the longitudinal, internal heat transfer through the fin. From the given data,
the thermal diffusivity (a) is given by

o :iz9.7x10'5 m’s~. (19.4)
pe,

The time scale of the internal heat transfer (z;,) can be estimated by

2
Ty = L; =232 s, (19.5)

from which we conclude that the transient response of the longitudinal internal heat
transfer through the fin reaches its steady-state response within a few seconds. This
is a reasonably fast response.

On the other hand, we must also consider the heat transfer in the transverse
direction, that is in the direction of the fin thickness. Since the heat transfer in this
direction also involves the convective heat transfer between the surface of the fin
and the environment, we need to evaluate the corresponding Biot number (Bi):

Bi:%:4.97x10’7 <l (19.6)

Since the resulting Biot number is indeed small, the lumped capacitance model
can be applied. This model is certainly the simplest and most convenient method
that can be used to solve transient conduction problems. In this case, the governing
equation becomes

pcpb(ii—]; =—h(T-T,)+qg- (19.7)
T-T
Since (:1—5 = =, the time scale of the transverse heat transfer (z.) can be
Text
estimated by:
c b
T, = Php ~207.4 s. (19.8)

For the heat transfer process in the transverse direction, dominated by that
external to the fin, the subscript, “z.,” is given. This estimate clearly shows that the
time scale of the transient response may be of the order of several hundred seconds.
A more precise estimate can be obtained by considering the following version of the
lumped capacitance equation:

dar .
pchE = —Ah(T -T, ) + A oriom Tt - (19.9)
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Simulation results
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Fig. 19.7 Comparison of simulation results and the lumped capacitance models

where V is the volume of the heat sink, A is the convective surface area, and Apgom
is the area of the bottom surface. The lumped capacitance models (Eqgs. (19.7) and
(19.9)) match the numerically obtained transient behavior well, while Eq. 19.9
clearly shows a superior match (Fig. 19.7).

Since 7., is of the order of several hundred seconds, it is expected that the
transient response of this transverse, external heat transfer survives for at least
several minutes. As we mentioned earlier, too frequent and/or too long interruptions
of the operation required for the measurement may negatively affect the overall
performance of the system. If a significant and rapid temporal change in the thermal
condition is expected, the performance degradation may become very pronounced.
In summary, the open-circuit voltage control method may not be suitable in cases
where the conditions of thermal reservoirs and the characteristics of the heat trans-
fer between the generator and the reservoirs are rapidly changing, compared to the
transient thermal response of the heat sink, the time scale of which can be estimated
by the lumped capacitance method.
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Chapter 20

Feasibility Study on Screen Printing

as a Fabrication Technique for Low-Cost
Thermoelectric Devices

I.A. Dimitriadou, A. Fulham, M.C. Robbins, K. Simpson, R.A. Dorey,
P. Jones, S. Bernadet, J. Laroche, S. Piles Guillem, C. Potyrala, and J. Wood

Abstract Conventional fabrication techniques for thermoelectric devices at present
are expensive, time consuming, have low yield of material and come with a high
failure rate for the devices. The proposed fabrication technology, screen printing of
thermoelectric devices, offers a low-cost, flexible and quick manufacturing solution
with a high yield of material which would help boost the market for miniature thin-
film thermoelectric devices of high-voltage outputs, which can be utilised in numer-
ous applications (e.g. energy harvesting, aerospace and automotive applications)
where current devices are too expensive to be commercially attractive. The materials
used for the prototype screen-printed devices were n-type Bi,Te; and p-type Sb,Te;
thermoelectric materials, silver for the electrical contacts and glass and aluminium
oxide as substrate materials. Five discrete stages were described and well defined as
part of the ink formulation and screen-printing process: powder synthesis, material
characterisation, the formulating stage, screen printing and finally heat treatment.
A mathematical model was developed for the estimation of the electrical performance
of screen-printed devices. Tests of screen-printed single-semiconductor pair samples
proved that the fabrication technique proposed is promising, by demonstrating a
power output of 16 pW and a voltage output of 2.1 mV for the single p-n junction at
a AT of 20 °C across it, which compares well to existing systems in terms of voltage.
The feasibility study has helped to not only define a promising fabrication method for
thermoelectric devices but also identify the main challenges associated with it and
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realise that in many energy-harvesting applications the ZT of a thermoelectric device
may not be as important as the thermal stability and longevity of it.

Keywords Screen-printing * Thermoelectric devices ¢ Ink formulation ¢ Energy
harvesting

Introduction

Thermoelectric generators (TEGs) are solid-state systems of n- and p-type semicon-
ductor materials sandwiched between two electrically insulating but thermally con-
ductive ceramic plates. The n-type and p-type materials are connected electrically in
series and thermally in parallel. When a temperature difference is applied across a
thermoelectric generator, the generator can convert it into electrical energy [1].

Many energy generation, energy conversion and other industrial processes
are associated with great amount of losses mostly in the form of waste heat.
Thermoelectric generators operating under the Seebeck effect can exploit this waste
heat otherwise lost to the environment and convert it into useful electrical power. An
example of an application where TEGs could be widely used is the automotive
industry, where the waste heat from the exhaust gases could be converted into elec-
tricity by using thermoelectric devices and then fed back into the alternator of the
car contributing in fuel economy [2].

The aforementioned valuable capability of TEGs to convert waste heat into elec-
tricity offers the potential for them to be used in numerous applications, especially
in an energy saving-driven economy. However, their market is limited by their high
cost associated with the fact that these devices are currently fabricated by hand
(pick-and-place technique), a method which involves great use of resources, high
labour cost as well as a high device failure rate [3].

This study investigated the potential of minimising the manufacturing cost of TEGs
by using screen printing, a low-cost, automated and reliable fabrication method [4].

Preparation of Prototype Devices

There are five main stages involved in the preparation of screen-printed thermoelec-
tric devices: powder synthesis, material characterisation, ink formulation, screen
printing and heat treatment of the printed materials. Each one of the five stages pre-
viously mentioned was optimised through experimental trials as part of the project.

The following materials were chosen for the first prototype devices: n-type
Bi,Te; and p-type Sb,Te; thermoelectric materials, silver for the electrical contacts
and glass and aluminium oxide as substrate materials. Both the thermoelectric
materials and the silver contacts were screen-printed onto the selected substrates.

The synthesised powders for the thermoelectric materials showed purity of 71 %
for antimony telluride (detection of oxygen content) and approximately 100 % for
bismuth telluride, while the powder for silver was 100 % pure.
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Table 20.1 Screen-printed thermoelectric materials

Parameter Antimony telluride Bismuth telluride

Grain size range 50-100 nm 150-250 nm

Purity 70 % Close to 100 %
Temperature stability Less than 450 °C Less than 350 °C

Best sintering temperature-time 450 °C—30 min 350 °C—more than 30 min

Summary table of main findings

Ink formulation trials led to the optimisation of the ink composition for the best
printing results as follows: 57 wt% of nanopowder, 47 wt% of solvent and 2 wt% of
binder. The aforementioned mixture is ball milled for approximately 12 h and then
mixed together to form the ink.

A DEK 245 screen printer was used for the fabrication of the prototype devices.
The optimum squeegee speed was found to be 13 cm/s. The results for different
printing conditions showed that for a given squeegee speed, the best results were
obtained for low values of the squeegee pressure over the screen-printing mask [5].

Films of 15 pm thick thermoelectric material and silver contacts were deposited
on glass and ceramic substrates. The deposited films showed good homogeneity,
sufficient density and no visible flaws.

After screen-printing, the films were dried in order to remove the solvent and the
binder and make the screen-printed materials denser. The density of the printed
thermoelectric materials is crucial, because it determines their thermoelectric prop-
erties [6].

Sintering of the printed materials was carried out at different temperatures (250,
350 and 450 °C) for a fixed amount of time (30 min). At lower temperatures, sam-
ples for both thermoelectric materials showed no bonding between particles, while
at higher temperatures, where good bonding of particles could be achieved, oxida-
tion occurred. Time variations were the next stage at certain temperatures. A com-
promise between time and temperature for the sintering process was needed in order
to obtain good bonding and composition for the powders of the thermoelectric
materials. For antimony telluride the best sintering time-temperature combination
was found to be 30 min at 450 °C, while for bismuth telluride the best combination
was more than 30 min of sintering at 350 °C (Table 20.1).

Results and Discussion

Two single-semiconductor pair samples were produced, using bismuth telluride for
the n-type material and antimony telluride for the p-type (Fig. 20.1a). Both devices
were printed onto a glass substrate coated with a conductive gold film. The thick-
ness of the thermoelectric materials printed onto the glass substrate was 15 pm and
the surface area of each thermoelement was 2 cmx?2 cm. One of the samples was
sintered at 400 °C for 20 min and the other at 350 °C for 20 min under a nitrogen



180 I.A. Dimitriadou et al.

Fig. 20.1 Screen-printed thermoelectric couple of n-type Bi,Te; and p-type Sb,Te; (a) sintered at
350 °C for 20 min and (b) sintered at 400 °C for 20 min with a copper contact on top

Fig. 20.2 Array of n- and
p-type screen-printed
thermoelectric materials
demonstrating a feature size
<1 mm

atmosphere. The density of the printed material achieved for the two samples was
approximately 70-75 %. Other sample devices produced for demonstration purposes
rather than testing include two samples of screen-printed Sb,Te; and Bi,Te; thermo-
electric couples on silver electrodes printed onto alumina substrates, three samples
of screen printed silver electrodes (two on alumina substrates and one on a glass
substrate) as well as arrays of n-type and p-type thermoelectric material printed on
an aluminium oxide substrate that show the smallest feature size achieved (Fig. 20.2).

The two single-semiconductor pair samples have been tested for performance
evaluation of screen-printed thermoelectric devices. For establishing the electrical
contacts between the n-type and p-type pellets for each sample, a copper strip was
used (Fig. 20.1b). Simple resistance measurements for the samples demonstrated
that electrical connectivity at room temperature has been achieved (Table 20.2).
A test rig developed for testing thick film and commercial thermoelectric devices
was used in order to test the electrical performance of the screen-printed devices at
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Table 20.2 Electrical resistance measurements for the two single-thermoelectric
pair samples at room temperature

Sample Resistance (kQ)
Sintered at 400 °C for 20 min 130-150
Sintered at 350 °C for 20 min 5-10

Table 20.3 Electrical performance data for the single-thermoelectric pair sample
sintered at 400 °C for 20 min

Iy (°O) Tc (°C) dT (°C) Pou (HW) Vou (mV)
442 24.1 20 16.16 2.09

elevated hot-side temperatures. It should be noted that a 1 mm thick ceramic plate
was added at the top of the copper electrode for electrical insulation between the
device and the test rig.

Between the two samples tested at same conditions, the pair that was sintered at
400 °C for 20 min showed better electrical performance. For a hot-side temperature
(Ty) of 44 °C and a cold-side temperature (7¢) of 24 °C (temperatures measured on
the glass substrate and the ceramic plate, respectively), the voltage output (V,,) of
the sample sintered at 400 °C was 2.1 mV and the power output (P,,) approximately
16.2 pW (Table 20.3). It should be made clear that the actual temperature drop on
the thermoelectric material itself was less than 5 °C and most of the temperature
drop between the hot side and the cold side occurred on the glass and ceramic
layers.

Conclusions

The project’s aim was to prove that screen printing can be a promising alternative
fabrication method for low-cost thermoelectric devices. Five main stages were iden-
tified for the screen-printing process: powder synthesis, material characterisation,
the formulating stage, screen printing and finally heat treatment.

The synthesis of the bismuth telluride and silver nanopowders was successful
and resulted in pure samples, while the synthesis of the antimony telluride nanopow-
ders needs to be improved as the samples were only 70 % pure.

The best ink composition for screen printing was found to be 51 wt% of powder,
47 wt% of solvent and 2 wt% of binder.

The most challenging task was the sintering of the printed materials. At high
temperatures the material would degrade and oxidation would occur, while at lower
temperatures the particle bonding was insufficient. The density achieved for the
thermoelectric materials within the project was 70-75 %. More work is required in
order to optimise the sintering process including sintering under alternative atmo-
spheres or vacuum to prevent oxidation.
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Testing of sample devices showed that electrical connectivity was achieved
between the n-type and p-type thermoelements and that the voltage outputs of a
single p-n junction compare well with voltage outputs of other existing technolo-
gies. The power output however is still quite poor and further work is required in
order to minimise the electrical resistance of the thermoelements.

Except for the identification of the challenging tasks/issues associated with the
proposed technology, which could be the initiating point for new research projects,
the study helped us realise that in many energy-harvesting applications the ZT of a
thermoelectric device may not be as important as the thermal stability and longevity
of it. Hence, research related to thermoelectric energy harvesting should not focus
on high ZT values, but should investigate thermoelectric materials with particularly
high Seebeck values, which may mean looking at materials that in the past have
been discarded (due to having a low figure-of-merit value). Fabricating and provid-
ing pellets of thermoelectric materials with high Seebeck coefficients mean that for
the same temperature differences, there is the potential of making devices with
higher voltage outputs and lower number of thermoelectric pellets—compared to
devices utilising thermoelectric materials with lower Seebeck values but higher
ZT—or even weight-optimised devices for lightweight applications such as space,
aerospace and automotive. The last point is based on the fact that higher voltage
outputs work better with electronics, such as DC/DC converters and MPPT
microcontrollers.
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Chapter 21
Improving Thermoelectric Cooling
by Light Emission

G. Min

Abstract Conventional approach to improve the cooling performance of a thermo-
electric refrigerator is to increase its coefficient of performance (COP), which in
turn requires to improve the figure of merit of thermoelectric materials. However, it
has been recognised that improving the heat dissipation from the hot side of a
thermoelectric refrigerator can indirectly improve its cooling performance. In this
chapter, we show that the cooling performance of a real-world thermoelectric
cooling system can be significantly improved by enhancing energy dissipation
through light emission.

Keywords Thermoelectric ® Thermoelectric cooling ¢ Electronic refrigeration

Thermoelectric refrigeration, which employs electrons as the working fluid, is an
environmentally friendly solid-state cooling technology [1—4]. It has the advantage
of simplicity, high reliability, silent operation and total scalability. However, it
suffers from the drawback of low coefficient of performance (COP) compared with
conventional mechanical systems. A low COP system usually requires more input
power and dissipates more heat from its hot side. Consequently, improving the COP
has been a key challenge in the development of thermoelectric cooling technology.
A well-known and probably most effective way to improve the COP of a thermo-
electric device is to search for high ZT materials [5-8]. Over the past 50 years, tre-
mendous efforts have been made in this aspect with only marginal improvement
(Note that a significant improvement in ZT has been reported several years ago, but
it has not yet been confirmed.). Understandably, the lack of success in this aspect
has inspired the search for alternative approaches. It is well recognised that in many
applications, particularly small-scale cooling of electronics, the problem associated
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Fig. 21.1 Schematic energy band diagram of thermoelectric cooling process. (a) Conventional
thermoelectric process, in which thermal energy is absorbed at junction A and transported to junc-
tion B, and effectively heat is pumped from A to B. (b) Novel thermoelectric process, in which the
thermal energy absorbed at junction A is transported to junction B where a portion of the energy is
dissipated through light emission, resulting in a less increase of lattice temperature

with heat dissipation is often a more difficult challenge than that to reduce power
consumption. Recently, we proposed to improve the heat dissipation from the ther-
moelectric device with assistance from light emission [9]. The objective of this
work is to demonstrate the effectiveness of this proposed approach.

Figure 21.1a shows a schematic energy band diagram of a thermoelectric process
at junctions A and B. The electrons absorb energy from phonons of the crystal lattice
at junction A and carry the absorbed energy to junction B, where the energy is dis-
sipated back to the crystal lattice as phonons. As a result, junction A becomes cold,
which will absorb heat from the ambient, and junction B becomes hot, which will
dissipate heat to the ambient. At a steady state, the rate of thermal energy absorption
at junction A from the ambient, Qc, is related to the electrical power supplied to the
thermoelectric device, P, and the rate of the energy dissipation to the ambient at
junction B, Qy, by

0,=0.+P (21.1)

The COP of a thermoelectric refrigerator is defined as #=Q¢/P. The maximum
COP, which is obtained corresponding to an optimal electrical current, is given by

T. X\/1+ZT—TH/TC

T, -T. J1+ 27T +1

Noax = (21.2)
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Fig. 21.2 The COP of a thermoelectric system as a function of the energy dissipation at junction
B for a given heat exchanger. r is the ratio of the energy dissipated via light emission to the total
energy dissipated (r=0 represents the energy being dissipated by conduction only; r=1 represents
the energy being dissipated by radiation only)

where Ty and T, are the temperatures at hot and cold junctions, respectively. ZT
is the dimensionless thermoelectric figure of merit, and T is the average tempera-
ture between Ty and Tc. At first glance, Eq. (21.2) appears to indicate that the COP
of a thermoelectric device does not depend on Qy. This may be valid in the ideal
case where the temperatures can be maintained without any effort. In practice, a
heat exchanger must be employed in contact with the hot side of the thermoelec-
tric device to facilitate effective heat transfer. Consequently, the effectiveness of the
heat exchanger has a significant effect on the overall COP of the thermoelectric
system.

Figure 21.2 shows the COP of a thermoelectric device as a function of the energy
to be dissipated at junction B for a given heat exchanger. The data was calculated by
assuming that the required cooling temperature at junction A is 0 °C (i.e.,
Tc=273 K), the ambient temperature is 20 °C (i.e., T, =293 K), and thermoelectric
figure of merit Z=3.0x 10-3K=3. A typical value of 1.1 K/W is used for the thermal
resistance of the heat exchanger, which represents a typical commercial heat sink of
150 mm x 150 mm x 30 mm in size and dissipating thermal energy to the ambient by
natural convection. The hot-side temperature of thermoelectric device is determined
using Ty=1.1xQyx+293. The solid line in Fig. 21.2 represents the COP of a typical
thermoelectric process, in which the energy at hot junction B is dissipated to the
ambient by conduction via a heat exchanger. It can be seen that the COP of this
thermoelectric cooling system decreases significantly with increasing heat
dissipation power. The COP is 2.20 when the heat dissipation is 1 W, while it is only
0.22 if the heat dissipation increases to 50 W. This is due to a significant increase in
Ty when heat flow through the heat exchanger is increased. Clearly, Oy has an
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indirect influence on the COP of a practical thermoelectric system. Although the
COP may increase if a fan or a water circulation is used, this will lead to an increase
in complexity of the system and additional power consumption to drive the fan or
pump the water.

A possible approach to minimise 7y is to reduce the heat flow through the heat
exchanger. In order to maintain the same cooling power Qc, the same level of Oy
will be produced. However, it is possible to reduce the heat flow through the heat
exchanger by channelling heat dissipation from junction B through two paths:
conduction and radiation. Unlike in the usual thermoelectric process, the total
energy dissipation Qy consists of radiation Qg =rQy and conduction Qc=(1-r)Qy
(where r is the ratio of the portion of energy dissipated by radiation, Q, to the total
energy to be dissipated at junction B, Qy). As shown in Fig. 21.1b, when an electron
jumps to a lower energy level, the energy difference can produce either a phonon or
a photon. The structure of a thermoelectric device does not normally encourage the
generation of photons. Consequently, the energy difference converts into the lattice
heat, which has to be dissipated through a heat exchanger. In principle, it is possible
to design junction B of a thermoelectric device in a similar structure to that of a light
emission diode, so that a portion of energy transported to junction B can be con-
verted into light or infrared emission. Since the light or the infrared radiation can
leave the thermoelectric material without the need for a heat exchanger, the heat
flow through the heat exchanger can be reduced. In this case, Ty can be determined
using Ty=1.1x(1-r)Qy+293.

The effect of photoemission on the COP of a thermoelectric system is shown by
the dashed lines in Fig. 21.2. It can be seen that a reduction in the COP due to a large
Oy is less significant if a portion of the energy at junction B is converted into light
or infrared radiation. The improvement is more significant for a large r. For example,
with heat dissipation by conduction alone, the COP of the system reduces from 2.20
to 0.22 when Qy increases from 1 to 50 W. However, if 80 % of the energy at junc-
tion B can be dissipated through radiation, the COP of the system will reduce to
1.17, which represents an improvement by a factor of 5. Clearly, heat dissipation
through radiation can minimise COP reduction.

Although the structures of current thermoelectric devices do not encourage light
emission, it is possible to design a hybrid structure consisting of thermoelectric
cooling at one junction and light emitting at another, which could lead to a realisa-
tion of the “internal-cooling” laser [10—12] and light emission-assisted thermo-
electric cooling [9]. The device structures and conditions that can facilitate light
emission in a hybrid system were discussed. In addition, it was found that there
exists a tipping point, at which thermoelectric cooling without hot junction can be
realised [9]. This leads to the possibility of a novel device—CoolLED—to produce
light and cooling.

In summary, the COP calculated using Eq. (21.2) represents the best-case sce-
nario that can only be achieved by assuming an infinitely large heat transfer from
thermoelectric device to the ambient. In the real world, these predicted values may
be approached by using a heat sink that is significantly larger than the thermoelec-
tric device or by employing a complex liquid heat exchanger, both of which would
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seriously offset the advantages of thermoelectric devices. In reality, we have to
employ a practical heat exchanger, which will have limited capability. Under such
circumstances, the COP of a thermoelectric cooling system will decrease when
increasing the cooling power required. The results of calculations obtained from
this work demonstrate that the COP reduction due to large heat dissipation can be
minimised by employing a thermoelectric device that can dissipate energy through
light emission.
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Chapter 22

Simulation of Power Management Electronics
and Energy Storage Unit for MEMS
Thermoelectric Generator

L. Janak, Z. Hadas, Z. Ancik, and P. Kopecek

Abstract This chapter deals with a simulation modelling of the complex energy-
harvesting unit based on MEMS thermoelectric generator. This chapter is mainly
focused into the first steps in a development process—analysis of demands given on
the aircraft-specific thermoelectric harvesting unit, choice of energy storage ele-
ments, conceptual architecture of power electronics and simulation of various
operating states based on the typical operating envelope. The whole simulation
modelling process is implemented in MATLAB/Simulink Simscape. Commercially
available thermoelectric modules produced by Nextreme Thermal Solutions, Inc.
are used as the sources of energy. The raw power output coming out of each of these
modules is in the range of tens of milliwatts. Special attention is paid to the choice
of energy storage unit. Designs using supercapacitors and batteries as the electric
energy storage elements are considered and evaluated. Several architectures of
electronics are examined through the simulation modelling. The presented model
represents an important step in the process of a mechatronic design of the complex
aircraft-specific thermoelectric energy-harvesting unit.

Keywords Thermoelectricity ¢ Thermoelectric generators * MEMS ¢ Power
management ® Simscape * Simulink * MATLAB
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Introduction

Power management electronics plays a very important role in any energy-harvesting
system. Harvested electric energy on the output terminals of an energy-harvesting
module must be tailored for the use with a supplied device, and the use of an energy
storage element is commonly required due to discontinuities in the flow of har-
vested energy. The power management electronics of energy-harvesting systems
has to operate around the maximal harvesting point, known as the maximum power
point tracking (MPPT). This feature is necessary due to the varying conditions in
the used energy-harvesting system. In the case of thermoelectric generators (TEGs),
the varying conditions are represented by the changes in an internal resistance of
thermoelectric module [1].

The main aim of our work is the development of a thermoelectric energy-
harvesting system for critical applications (e.g. aeronautics).

Application of TEGs as the energy-harvesting systems in aerospace applications
is quite a new theme which has not yet been discussed too often apart from few
examples [2-6]. Only a functional sample of aircraft-specific TEG was made by
EADS [2]. The possible application of TEGs in aircraft-specific field is their use for
powering the autonomous sensor nodes (ASN) for structural health monitoring
(SHM) and powering the wireless sensors in general [4, 5]. In comparison with other
energy-harvesting technologies, the main advantages for the use of TEGs in aviation
are no movable parts which represent low demands on maintenance. The important
point is also the presence of ideal conditions for thermal energy harvesting onboard—
natural heat gradient on the surface of an aircraft. Other sources of heat gradient—
engine, engine exhaust and heat from passengers—could also be taken into account.

The main obstacles in the aircraft-specific field are, of course, airworthiness and
certification processes. But also in this field some progress is made. It is notable that
the above-described TEG system built by EADS was successfully tested according
to EUROCAE DO-160E avionic test regulations. Random vibration test and ther-
mal cycling test in the temperature range of —65 °C to 125 °C were carried out. The
functioning of this energy harvester was also verified during test flight [3].

Our work aims at two main fields which are suitable for the application of ther-
moelectric energy harvesters. The first prospective application is a power supply for
monitoring and diagnostic wireless sensor units. The further opportunity for using
an autonomous energy source consists of a backup source for several applications.
Our ideas are described in detail in the next chapter—Application Analyses.

Application Analyses

Our simulation modelling analyses are focused on two cases: the fully autonomous
wireless sensor system powered by TEG and the TEG implemented as a backup
power source. The first case study shown in Fig. 22.1 represents the fully autono-
mous sensor system with wireless data transfer. This system may be physically inter-
preted as SHM solution or sensor of any various physical units (temperature, etc.).
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Fig. 22.1 Thermoelectric generator as a power source for the wireless sensor system
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Fig. 22.2 Thermoelectric generator as a backup power source for sensor unit

The whole system consists of: TEG, power management electronics, energy storage
unit, sensor with physical input and circuitry for wireless data transfer.

The power management is usually implemented as the integrated circuit (IC)
based on boost, buck/boost or SEPIC DC/DC converter architecture. The power man-
agement usually includes a small capacitor to avoid output current ripples. This Cyoom
capacitor is commonly chosen in the microfarads range. The energy storage unit
(labelled as Cy,.) is practically being realized with supercapacitors and thin-film or
multiple-chemistry batteries. Architectures incorporating multiple types of the energy
storage elements are also the subject of recent studies [6]. Data acquired by the sensor
from its physical input are transmitted using wireless data transfer (e.g. ZigBee).

The second case is an implementation of backup power source into the onboard
power distribution system of an aircraft. Topology of this application is similar to
the abovementioned case. The main difference could be observed in the selector and
state monitor. This block is continuously monitors the operation state of main
onboard power distribution line. The sensor is powered using the TEG only in the
case of failure state in the power delivery. This approach is depicted in Fig. 22.2.
The powered sensor system is connected via wired connection which conveniently
enables to connect the data output in the same manner.
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Model Description

The model under consideration is implemented in MATLAB/Simulink Simscape.
The power management electronics and energy storage unit parts are built of the
objects from Electrical folder of Foundation Library and SimElectronics folder. The
MEMS thermoelectric generator model is taken over the dynamic Simscape model
previously published in [7, §8].

Input parameters to the previously built TEG model include thermal parame-
ters (thermal masses and specific heats of module elements), electric parameters
(internal resistance), geometry and thermoelectric parameters (Seebeck coefficient,
number of thermocouples) of a TEG module. The boundary conditions for the
simulation initialization are the temperatures of the hot and cold sides (T_H, T_C).

Novel parts of the model—power management electronics and energy storage
unit—are implemented using a grey-box modelling approach. The power manage-
ment electronics equivalent circuit is based on an ideal boost converter. This con-
verter is represented by voltage-controlled voltage source (DC/DC converter) with
additional series of internal resistance R_out DC/DC. The converter is operated on
the maximum power point mode (with matched impedance) which is ensured by the
input voltage sensing on the matched load R_in DC/DC. The power electronics
model is further formed of smoothing capacitor (C_smooth) and Voltage-Controlled
Switch representing the output undervoltage protection. Energy is accumulated in
the C_store block designated to supercapacitor and thin-film or chemical battery.
The powered sensor application is substituted by the Variable Load (variable resis-
tor). The model topology in MATLAB Simulink Simscape is shown in Fig. 22.3.

The abovementioned approach represents a very rough idea of the nowadays
commercially achievable energy-harvesting ICs. DC/DC converter is recently being
physically realized as a buck, boost, buck/boost or SEPIC (single-ended primary-
inductor converter) converter with MPPT. The selection of converter architecture is
strictly dependant on the raw power output from a TEG module. The serial/serial-
parallel/parallel combination of the fundamental MEMS TEG modules has to be
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Fig. 22.3 Implementation of the power electronics and energy storage unit model in Simscape
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taken into account concurrently with the power electronics architecture. This
approach enables the formation of a synergistic effect in the thermoelectric energy-
harvesting system.

Simulation Results

Simulations of the abovementioned model were firstly performed with the single
MEMS TEG Nextreme HV56 [9]. The set temperature difference was 50 °C while
the temperatures of hot and cold sides were 75 (T_H) and 25 °C (T_C) respectively.
The voltage gain of the boost converter was set to obtain the output voltage of 3.3 V
which is currently mostly used in microprocessor systems. The C_store was consid-
ered as the supercapacitor with capacity of 1 F. Voltages and currents on the input
terminals of DC/DC converter and on the powered application (load) resulting from
the simulations are depicted in Figs. 22.4 and 22.5.
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Fig. 22.4 Results—in Time=60 s was applied an electric load of 300 Q, which represents the
current consumption of 10 mA. Plotted values include the o U, (voltage on load), Urgg (voltage on
the output terminals of TEG), /,,,q (current through the load) and /1 (current intake to the DC/DC
converter)
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Fig. 22.5 Results—in Time=60 s was applied an electric load of 150 Q, which represents the
current consumption of 20 mA. Plotted values include the o Uy, (voltage on load), Urgg (voltage
on the output terminals of TEG), I;,,4 (current through the load) and /1y (current intake to the DC/
DC converter)

Figure 22.4 shows the situation when the load is turned on using step function
after 60 s of operation. The applied electric load of 300 Q represents the current
consumption of 10 mA at the voltage of 3.3 V.

Figure 22.5 shows the situation when the load is turned on using step function
after 60 s of operation. The applied electric load of 150 Q represents the current con-
sumption of 20 mA at the voltage of 3.3 V. The power delivery in this state is discon-
tinuous. The storage capacitor has the satisfactory voltage over the 25 % duty cycle.

Conclusion

Typical operating states of TEG with power conditioning electronics and energy
storage unit were examined through the simulation modelling. Despite the fact that
presented simulation model contains only a very rough description of the final cir-
cuitry, useful data were obtained.



22 Simulation of Power Management Electronics and Energy Storage... 195

Based on the achieved results, it was decided to continue with the development
of an energy storage unit based on supercapacitors. The unit made of supercapaci-
tors is mainly considered for the use with TEG backup solution (Fig. 22.2). By the
simulation results (Figs. 22.4 and 22.5) it was proven that the power delivery of tens
of milliamps on the voltage of 3.3 V is achievable for time periods of seconds to tens
of seconds. Several parallel/serial/serial-parallel combinations of MEMS TEG
modules will be considered for the prototype of backup TEG unit.

Thin-film batteries and other miniaturized batteries with modern chemistries are
of interest for the highly integrated autonomous wireless sensors with ultralow
power (ULP) electronics.

The power electronics stage for the single MEMS TEG module will be designed
using boost architecture accordingly to our step-up converter simulation model. The
SEPIC architecture may be considered for the application with multiple-parallel/
serial/serial-parallel combinations of MEMS TEGs. These configurations provide
higher output voltages. ICs integrating the needed boost or SEPIC functions are
nowadays commercially achievable through the worldwide electronic component
retailers.

Bottlenecks of the Simscape simulation include the limited electrical element
library. It is connected with the necessity of many assumptions and simplifications
during the modelling process. The solution for the more precise simulations may be
the wider implementation and support for the SPICE blocks in Simscape. From
today’s perspective, the only possibility to simulate the complex energy harvesting
is by the use of SPICE circuit simulators.
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Chapter 23

Experimental Validation of a Multiphysics
Model for the Optimization of Thermoelectric
Generators

C. Favarel, J.P. Bedecarrats, T. Kousksou, and D. Champier

Abstract Energy harvesting from waste heat is an important goal. Exhaust gases
and combustion gases are typical sources of waste heat that can be converted into
electricity by the proper use of thermoelectric generators (TEG). A multiphysics
computer model which simulates performances of the whole thermoelectric (TE)
systems has been developed with Matlab®. By using a combined genetic/Newton-
Raphson algorithm applied to this model, the produced electrical power is maxi-
mized optimizing both the occupancy rate and the currents for different operating
points of TEG (hot gas temperature and airflow rate).

To validate both the code and the optimization, an experimental loop was
designed including a hot gas source, a cold fluid sink and a TEG composed of a hot
fin exchanger, tubular cold exchangers and a flexible number of thermoelectric
modules have been designed. Two designs have been tested: one with the hot
exchanger partially covered by TE modules and the other with the hot exchanger
completely covered. Open-circuit voltage measurements on the TEG have been carried
out first. Specific MPPT (maximum power point tracker) DC/DC converters devel-
oped by the laboratory have also allowed us to complete the study of the TEG with
a generator loading a battery. The comparison between experimental results and the
model will be presented. The influence of the occupancy rate is studied by varying
both the airflow rate and the hot inlet gas temperature. This experiment shows the
interest in optimizing the occupancy rate to maximize the produced electrical power.
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Introduction

Thermal losses are everywhere [1-3], so there is a major interest in TEG modelling
in order to determine whether it is appropriate or not to install a TEG. Moreover, the
optimization of TEGs is facilitated by estimating the electrical production of a TEG.

On a previous paper [4], a numerical model was described highlighting the inter-
est of optimizing a new parameter called the occupancy rate . The aim of the pro-
posed experiment is to compare the first experimental results with the model and to
show the principal trends. The influence of the occupancy rate is studied using two
different designs with the same exchanger but with different quantities of TE
modules.

Description of the Experimental System

Elements of the TEG

The TEG is composed of thermoelectric modules sandwiched between a hot fin
exchanger and a cold heat exchanger. The hot side heat exchanger (Fig. 23.1) col-
lects and transfers the thermal power from the hot gas stream through the thermo-
electric modules. It is built with an assembly of fins (thickness e;) separated by a
space e, The thickness of the base of the exchanger is e,. The global dimensions
of the exchanger are given in Table 23.1. It is made of aluminium 6063. Hot gas (air)

Fig. 23.1 Geometry of the heat exchanger
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Table 23.1 Dimensions of Dimension Symbol ~ Value

the heat exchanger Height H 0118 m
Length L 0.294 m
Width W 0.125m
Fin thickness ep 1.56 mm
Thickness of the exchanger walls ey 0.0l m
Distance between adjacent fins Cinter 0.004 m

5]

Fig. 23.2 Photograph of the experimental TEG

circulates inside this tube. The cold heat exchanger is tubular with an inner diameter
of D, and a thickness of e.. Thermoelectric modules available on the market [5] are
used and their thermoelectric properties have been previously characterized. The
whole system is divided into four slices in the direction of the hot heat flux as shown
in Fig. 23.1. Each slice has one or two modules on each side connected electrically
in series. A picture of the experimental TEG is shown in Fig. 23.2.

TEG Designs

Two designs of the TEG, represented in Fig. 23.3, have been tested, one with the hot
exchanger partially covered and the other with the hot exchanger almost completely
covered. The occupancy rate 7 is defined for each slice as the ratio of the area
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Cold exchanger

Thermoelectric
module

Hot exchanger

Fig. 23.3 Illustrations of two TEG designs with covered areas of 68 and 34 %

occupied by the TE modules (Si) on the area of a slice of the heat exchanger
(SH=W, x L/4). For the partially covered design, =34 % and for the almost com-
pletely covered, 7=68 %.

For each design a series of experiments at different operating points have been
performed. A series at low hot inlet temperature and another at high hot inlet tem-
perature of the gas have been done. In each series, three airflows have been tested:
low (from 40 to 55 m*/h), intermediate (from 75 to 90 m*/h) and high (over 120 m*h).

The open voltages generated by the modules were measured in a first experi-
ment, and the output power produced by the TEG was measured in a second experi-
ment. For the last experiment, specific DC/DC converters with MPPT (maximum
power point tracking) have been developed in order to maximize in real time the
electrical power extractable from the modules. These converters adapt the electrical
power of the TEG for a lead-acid battery of 12V 12 Ah.

Results and Discussion

First of all, the temperature profile along the exchanger for an airflow rate of about
124 m3/h and a hot inlet temperature of 200 °C is represented. The chosen design is
the partially covered one (=34 %).

The curves plotted in Fig. 23.4 represent the different temperature profile of the
model, where Ty and T¢ are, respectively, the hot gas and cold fluid temperatures,
Thwan and ¢, are, respectively, the hot and cold temperatures of the exchangers
just before the module’s ceramic, and 7Ty ,0q and T moq are, respectively, the hot and
cold temperatures of the TE material inside the module. The first red dotted line
represents the hot air temperature profile in the divergent at the inlet of the TEG. The
second red dotted line represents the hot air temperature profile in the convergent at
the outlet. For these two dotted lines the distance on the z-axis is not respected.
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Fig. 23.5 Open-circuit voltages for different sections of the TEGs

The experimental points are represented by crosses with its error bars of 1.5 °C. For
wall temperature each experimental point is the average of the wall temperatures
measured at the module level. The temperature of the hot gas was also measured at
the inlet and at the outlet of the hot heat exchanger. The temperature of the cold fluid
was set to 20 °C for the inlet and was measured for the outlet. The hot inlet gas
temperature is an input parameter of the model. Firstly, we can notice that the hot
outlet temperature prediction is very accurate. All the other predicted temperatures
are in agreement with the experimental ones.

Figure 23.5 shows the open voltage for this experiment. The red value is the code
prediction whereas the stacked values represent the open-circuit voltage measured
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Table 23.2 Measured and predicted open-circuit voltages for different airflow rates

41 m*h 78 m*h 140 m’h

Measured Predicted Measured Predicted Measured Predicted
Airflow rate V) V) V) V) V) V)
Eo3, 4 17 20 23 24 27 26
Eogs 4 21 28 32 37 41 42
Tal:ll.e 2?1'3 Meas;lredhand Measured (W)  Predicted (W)
predicted powers for the two
TEG designs Pewq 17 b

Pegs 4 17 16

for each single module located by the slice number, top or bottom. Again the
predicted data by the model match quite well with the experimental ones for this
operating point.

Table 23.2 presents both the experimental and numerical results at the different
operating points. The bold underlined values are related to the experiment whereas
the others are given by the code. The open voltages of the experiment and the code
are both presented. It must be underlined that it is not relevant to compare directly
the open voltages for making conclusions on the electrical power. Trying to
calculate the power output from these open voltage measurements would be a mis-
take because the effects of the current in the temperature distribution are neglected.

At high airflow rate, the predictions of the open voltage match very well with the
measurement. At intermediate airflow rate only the open voltage of the 34 % design
is well predicted whereas for the 68 % design the model is a little optimistic. At low
airflow rate the prediction are too high, so the correlation used to calculate the heat
transfer coefficient needs to be refined particularly at low airflow rate where the heat
exchanges are low.

The first results with load are presented in Table 23.3. The airflow rate was
59 m?h and the hot inlet temperature was 197 °C.

We can notice that the two values of power are the same. Nevertheless, one is
obtained with half the modules. This shows the economical interest of the optimiza-
tion. Regarding the code prediction, we can say that it is quite accurate with a
slightly better prediction for the =34 % design.

Conclusion

The purpose of these first experiments is to investigate the influence of operating
parameters on the electrical generation with TE modules and to make a first com-
parison with a multiphysics model.

Two designs have been tested for different operating points. We show that the
numerical model is accurate enough to predict the trends, but it needs to be
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improved to determine the real value of the electrical power produced and the real
temperature profile.

It is necessary to improve the occupation of the modules because covering
completely the heat exchanger surface with TE modules is not always the best
solution.
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Chapter 24

Electrical and Configuration
Characterization of Thermoelectric
Generator Modules

M.A. Ashari, A.A. Abd. Rahman, and S. Sulaiman

Abstract Many electrical appliances and machinery emit wasted heat during their
nominal functions. From heavy machinery to laptops and personal desktop comput-
ers, a significant amount of heat is dissipated during operation and even more during
processing times. Thermoelectric generators (TEGs) can convert this waste heat
into electricity. In order to be able to harvest energy efficiently, the need to under-
stand the behavior of current existing thermoelectric modules is essential as it is for
the implementation or application of a TEG in various scenarios. This paper
describes the electrical characteristics of a typical TEG module that has undergone
a series of parameter settings using an in-house and cheap solution jig. The jig
evaluation was done to understand the configuration and parameters needed for the
TEG module to perform at its best during applications. To obtain optimum perfor-
mance from the TEG module, it is important to address several key points and iden-
tify the cause that will affect the module performance. Once the characteristic of the
TEG module is analyzed and understood, it allows the design of the integration
circuit to be more appropriate. Therefore this will allow a more sustainable and
feasible platform of the Wireless Sensor Network when a TEG module is integrated
inside the systems. The TEG module that was used in the experiments is from Hi-Z
Technology Inc., model HZ-2. Among all of the Hi-Z Technology modules, this
model produces the highest possible output with the lowest AT.

Keywords Energy harvester ¢ Thermal equilibrium ¢ Thermoelectric generator
module ¢ Wireless sensor networks
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Introduction

Green energy harvesting (power harvesting or energy scavenging) is a process in
which energy is derived from external energy sources (such as solar power, thermal
energy, wind energy, salinity gradients, and kinetic energy), captured, and stored into
usable electrical energy. Nevertheless, the scope of green technology consists of
using renewable energy without negative impacts on human involvements. By using
green technology, the energy will be harvested and stored without the usage of haz-
ardous materials that are either poisonous or pollute the environment. The existing
green technology can provide enough power for small power consumption devices
for WSN (Wireless Sensor Network) applications. For example, when using this
technology the sensor node is targeted to be able to survive with very minimal main-
tenance with no requirement to change battery or energy storing part when integrated
with any of the green technology devices such as thermoelectric or solar panels.

A thermoelectric based micro-power generator becomes an available energy sup-
ply to electronic devices that consume electrical power in the ranges of micro-watt
(pW). On the other hand, it was reported that waste heat available in ambient is one
of the main sources of energy harvesting and that this can be converted to electrical
energy to power up the electronic circuitry [1].

Newer technology is arising whereby a thermoelectric semiconductor-based
module is able to generate electricity by experiencing a significant amount of tem-
perature difference on the opposite surface of a P-N junction semiconductor. Recent
advancements of semiconductor material technology have made highly efficient
thermoelectric energy harvesting a practical reality [2]. The TEG module generates
relatively small power density output in comparison to other technology modules of
similar size like, for example, solar panels. This paper studies the behavior of TEG
modules analysing both single and multiple units connected in series or parallel to
help understanding the characteristic behavior of these modules during application.

The HZ-2 module investigated here consists of 97 thermocouples arranged elec-
trically in series and thermally in parallel. The thermocouples consist of “Hot
Pressed,” bismuth telluride-based semiconductors to give the highest efficiency at
generally applicable waste heat temperatures as well as high strength capable of
enduring rugged applications [3]. In order to obtain satisfactory performance, it is
observed that certain details must be taken care of during testing and measurements
of the modules. Understanding both the setup of the jig and the best method to test
the module will ultimately assist in designing a more efficient apparatus.

Apparatus for Characterization

The interface between the module and the heat source and the interface between the
module and the heat sink are very critical components of any thermoelectric system
[2]. The TEG module needs to be compressively loaded between the heat source and
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Fig. 24.1 Apparatus used to characterize TEG module using PID controller with water bath and
heating element

the heat sink. This is to ensure uniform load over the surface of the module
for optimum power performance and to maximize the heat transfer across the inter-
face [4]. Figure 24.1 illustrates a low-cost thermoelectric module characterization
apparatus. It consists of a PID (Proportional-Integral-Derivative) controller con-
nected to a heating element. The DUT (device under test) is compressively loaded
in between the two aluminum blocks, with a layer of thermal paste for evenly dis-
tributed thermal conductivity between the aluminum block and the DUT. The upper
block is connected to a heating element, which is controlled by the PID controller.
The user can monitor and control the temperature of the upper block in order to
generate the intended “hot side” temperature.

The “cold side” is generated by dipping the aluminum block of the apparatus’
lower part into a water bath as shown in Fig. 24.2 with the temperature setting being
controlled by the water bath’s PID controller. Two PID controllers are used in this
test set up: one for the “hot side” and one for the “cold side” (i.e., water bath). The
“thermal interface” blocks are the two smaller aluminum blocks that are in contact
with the DUT. These blocks are interchangeable by the user who wishes to evaluate
a single/smaller module or many/larger modules simultaneously, whichever fits the
desired configuration.
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Fig. 24.2 Diagram of the Heating element
TEG module characterization ¢
apparatus
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Precautions and Suggested Method

The handling of this apparatus would require certain precautions in its setting up
steps in order to maintain its accuracy within the desired limits. The apparatus is
acknowledged for lack of vacuum in its area of experimentation. The humidity in
the air also affects temperature consistency. Therefore, a vacuum chamber is planned
to be installed for temperature stabilization at the cold-side area in order to avoid
temperature interference and fluctuations during measurement. Precaution steps
needed to be taken care of when using this apparatus are the following:

1. Use thermal insulator paste. This ensures proper contact between the aluminum
block and DUT for even thermal conductivity by filling the voids in the interface
that are caused by irregular surfaces. At microscopic level the surface of both
materials is not totally flat.

2. Apply strong compressive load between the DUT, with the upper “hot-side” alu-
minum block and lower “cold-side” aluminum block. Strong contact will ensure
uniform load and better thermal conductance.

3. It takes approximately 10—15 min to stabilize the temperature once the intended
temperatures are reached.

Test, Results, and Measurements

Thermoelectric elements generate power when temperature gradient is available.
The thermoelectric module contains thermoelectric material that makes use of the
Seebeck effect to produce electricity:

VOpen Circuit Voltage = (apn ) x (TH - TC ) (24 1)
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Fig. 24.3 Three TE.G . TEG 1 TEG 2 TEG 3
modules connected in series
configuration
Fig. 24.4 Three TEQ TEG 1
modules connected in parallel
configuration

TEG 2

TEG 3

a ,n=Seebeck coefficient of thermoelectric element.
Ty=Temperature at hot junction of thermoelectric element.
Tc=Temperature at cold junction of thermoelectric element.

Maximum power is at half of the open-circuit voltage. A larger temperature
difference will produce higher voltage. High voltage will result in higher maximum
power and higher current at match load. When different temperature is applied
between the top and bottom surfaces of the thermoelectric module, the module will
generate a certain amount of electrical voltage output. The characterization of this
output will enable users to design integration circuits which ultimately enable the
energy harvesting at its most optimum rate.

The recorded parameters were based on the intended application of the TEG
module, i.e., integrate to a WSN mote and harvest energy from ambient versus
water surface. The temperature gradient was measured up to 50°, with 5° increment.
After reaching the intended temperature, its stabilization must be reached first
before taking any measurement. The output of the module can be measured using a
voltmeter or a data logger. There are a few configurations that are taken into account
to understand more of the nature of the Bi,Te; based thermoelectric generator mod-
ules. Data tabulation Voc, Isc and total power output for temperature gradient of 5
until 50 °C for single TEG module, three TEG modules in series configuration
(Fig. 24.3), and three TEG modules in parallel configuration (Fig. 24.4) are shown
in Table 24.1.



210 M.A. Ashari et al.

Table 24.1 Voltage and current produced by the three thermoelectric modules connected in series
and parallel configuration

Single Series Parallel
Hot side (°C) Cold side (°C) AT Voc Isc (mA) Voc Isc (mA) Voc Isc (mA)
30 25 5 0.056 13.3 0.1499 16.7 0.0738  24.50
30 20 10 0.1197 28.8 0.3217 37.1 0.1303  44.80
30 15 15 0.1773 422 0.4766 55.8 0.2004  69.80
30 10 20 0.243 71.23 0.7287 86.26  0.2724  93.70
35 10 25 03261 783 0.8818 101.3 0.3530 120.60
40 10 30 0.3913 9322 1.1153 126.7 0.4430 150.06
45 10 35 04793 1125 1.3154 148.74  0.5260 179.40
50 10 40 0.5579 132.1 1.553 17242  0.6130 208.44
55 10 45 0.6376 149.2 1.7603 1994 0.6995 234.00
60 10 50 0.712 165.8 1.9802 220.94  0.7869 266.20
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Fig. 24.5 Open-circuit voltage versus delta T of 5 until 50 °C for single TEG module, three TEG
modules in series configuration, and three TEG modules in parallel configuration

First part of the experiment was to measure the output of a single TEG module.
The TEG was inserted into the apparatus with the precautions taken and the reading
was recorded with the lowest degree of voltage reading output fluctuation.

The results observed from testing show that output voltage is generated linearly
with temperature differences between hot and cold surfaces. Based on the data taken
in Table 24.1 and plotted in Figs. 24.5 and 24.6, connecting the modules in series
will produce the highest open circuit voltage output compared to parallel configura-
tion. The data also show that, as the temperature gradient increases, the open circuit
voltage and the short-circuit current increase proportionally.
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Fig. 24.6 Short-circuit current versus delta T of 5 until 50 °C for single TEG module, three TEG
modules in series configuration, and three TEG modules in parallel configuration

Conclusion

This paper shows the electrical behavior of TEG modules when used singularly, in
series configuration, and in parallel configuration. This paper also describes the best
methods, apparatus, and precaution steps taken during data acquisition of the results.
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Chapter 25
Modelica® Library for Dynamic Simulation
of Thermoelectric Generators

M. Nesarajah, L. Exel, and G. Frey

Abstract The contribution presents a new modeling library for the dynamic
simulation of thermoelectric generators (TEG) in 1D spatial resolution. The core of
the library is a model of the thermoelectric legs (TEL), which has already been
published by the authors. In the submitted work, this model is expanded to an over-
all Modelica® library for complete TEGs. The library is open source and can be
extended. It is also usable by end users without deeper knowledge through a graphi-
cal user interface (GUI). The use of the library is illustrated by the example of an
electronic thermostat valve powered by a TEG.

Keywords Thermoelectric generators * Modelica library * Simulation « Modeling

Introduction

The presented TEG library is implemented in the open modeling language Modelica
[1], which is a component-oriented modeling language. It allows a structure-
preserving way of modeling complex physical systems by direct use of ordinary
differential equations (ODE) and differential algebraic equations (DAE). A further
advantage is the reusability of components, supported by graphical model diagrams
on distinct hierarchical levels.

The library assumes that each side of the TEG has a uniform temperature result-
ing in a one-dimensional modeling. The dynamics of the TEG is modeled thermally
transient, electrically static (no electrical capacities are considered), and electroni-
cally static (charge displacement without delay). The following section gives an
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outline of the library, the section “Implementation and Modeling Details” discusses
some implementation details, and finally the section “Simulation Example” illus-
trates the use of the library via a small example.

Library Overview

The structure of the library is given in Fig.25.1 (right). The top-level model of a
complete TEG (TEG Module, Fig.25.1) uses further models from four sub-
packages. It reflects the concept of component-oriented modeling, whereas the
model of connected TELs (CTEL) is in the center, surrounded by ceramic plates.
The library contains several more or less detailed models of CTELs in the sub-
package INNER_TEG. All CTEL models are derived from one base class (CTEL
base). This base class defines the connectors of the components (see Fig.25.1).
By means of this modeling concept, the user of the library can select the appropriate
CTEL model used by the TEG Module easily. The simple model CTEL 1D
static neglects the dynamic thermal behavior of the TELs and uses an average
leg temperature for the calculation of the thermoelectric voltage. More complex
models (e.g., the CTEL 1D dyn seq) consider the dynamic thermal behavior
and use a spatial discretization to model the electrical and thermal behavior more
accurately. A model which includes the electrical and thermal effects of the bonds
connecting the TELs is also available. The parameters of the CTEL models (e.g., the
length of the TELs) the number of thermocouples or the TE material, are adjustable
via a GUIL The corresponding material data is loaded from data records provided in
the sub-package THERMOELECTRIC MATERIAL DATA. Data for p- and n-doped
Bi,Te, and PbTe are available. These data records contain temperature-dependent

TEG_Module i

iModel of :Model of connected
!ceramic plates ‘thermoelectric legs
i(Packaging) _ _i(imner TEG) _

L e et T

Material B

EFBCTEL_1D_dyn_seq_intaipha ;
Eﬁﬁmﬂ_m_dvn_seq_htabha_cmtact_res 1
:

.......................................... ' + : @Padagng_ﬂ-‘»aheﬁa!_t)ata
] M Electrical connectors (potential, current) *BE"M
(] I Thermal connectors (temp., heat flow) i-DSvstem Components

Fig. 25.1 Top-level diagram of TEG_Module (left) and library structure (right)
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material parameters like the specific heat capacity and Seebeck coefficient, which
are considered by the CTEL models. If required and if material data is available,
new materials can be added easily to the library. The package PACKAGING con-
tains several models of the surrounding ceramic plates. Some of these models use
the material data given in PACKAGING MATERIAL DATA. The package
EXAMPLE contains some simulation examples, e.g. the one given in sec-
tion “Simulation Example”. SYSTEM COMPONENTS comprises components like
heat sinks, which are not required for the TEG but useful for system modeling.

Implementation and Modeling Details

TE legs: All TEL models are based on the partial differential equations (PDE) for
their thermal (25.1) and electrical (25.2) behaviors'

or 0 oT or r
cp—Adx=——| -1 — |Adx —la—dx +I’ —dx (25.1)
ot ox ox X A
derivative of =dQ), =dQr =dQ,;
internal energy heat abso;ption heat absorption Joule heat
due to conduction due to Thomson effect ~ production
oT r
dU =a| - 2= |ax -1 dx (25.2)
X A
with:
a:  Seebeck coefficient, A thermal conductivity, r:  electrical resistivity,
p:  mass density, Xx:  position, t: time,
c:  specific heat capacity, 7: temperature, A:  cross section area,
U: voltage drop, I:  electrical current.

Since Modelica® only supports ODE and no PDE, the derivatives with respect to x
are approximated by finite differences. To achieve dx — 0, the model of the TE mate-
rial is discretized in a one-dimensional manner like proposed among others in [3].

Leg connectors: The thermal and electrical behaviors of the bonds connecting the
TELs are considered in the model CTEL 1D dyn seq intalpha con-
tact_res. The electrical behavior is described by the line resistance—determined
by material and geometrical parameters—and the contact resistance. The value for
the contact resistance is based on [4] and is a changeable parameter in the model.

' The different TEL models result from neglecting, e.g., the derivative of the internal energy and
further implementation details. For a detailed model description, see [2].
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Packaging: The model for the heat transfer of the surrounding ceramic plates is
changeable. There is the option to use a model for an ideal heat transfer, without any
storage and thermal resistance, as well as a model following the one-dimensional
heat equation involving thermal conduction and a heat capacity. For the calculation,
material and geometric parameters of the TEG are used.

Simulation Example

As a simulation example, an energy harvesting solution for the energy supply of an
electronic thermostat on a radiator is chosen (Fig.25.2). Whereas the heating sys-
tem is modeled out of components given by the Modelica® Standard Library, the
presented library is used to model the TEG system. In the simulation setup, the hot
side of the TEG is connected to a heating flange and the cold side to a simple heat
sink. The parameters of the TEG with 199 thermocouples come from a manufac-
turer’s data sheet. Due to the temperature-dependent, fluctuating internal resistance
of the TEG, it is connected to a maximum power point tracker (MPPT) to reach the
maximally possible output power. There is no limitation in the simulation time, so
short-term and long-term simulations are possible. The simulation results are also
shown in Fig.25.2. The TEG temperatures, the electrical output power, the gener-
ated electrical energy, and the temperature-dependent Seebeck coefficient are plot-
ted under the assumption of active heating in the morning and in the evening. In the
given simulation scenario, the generated electrical energy would be enough to cover
the energy consumption by an electronic thermostat valve.
Furthermore, the application of the library for a real test bench was done in [5].
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Fig. 25.2 Left: Modelica®/Dymola® diagram of a heating unit (taken from the Modelica Fluid
library) with integration of a TEG model to simulate energy harvesting for an electronic thermostat
valve. Right: simulation results for whole day simulation
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Conclusions

In this paper, a modeling library for the dynamic simulation of TEGs was presented.
The characteristics were described and the effectiveness of the library was shown
with the help of a simulation example.

The Modelica® library is available on request at the Chair of Automation of the
Saarland University.
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Chapter 26

Modeling and Design of Tubular
Thermoelectric Generator Used
for Waste Heat Recovery

H. Tjoa, B. Plochmann, and G. Fischerauer

Abstract In many energy conversion processes, thermal energy is released to the
environment; that is, it remains unused. With the aid of thermoelectric generators
(TEGs), a part of this energy can be converted into electrical energy. The efficiency
of the process can be increased and the CO, emissions are therefore reduced. In this
contribution, the simulation and the design of a new concept of thermoelectric
generator are discussed. The TEG is built ribbonlike and is wrapped around an elec-
trically insulated tube, which is heated by waste heat from the inside and cooled by
water from the outside. A numerical model is developed to theoretically study this
concept. The goal is to understand the characteristics of the TEG and with it achieve
a performance-optimized TEG design. In order to achieve the optimal design,
parameter studies were carried out with the numerical model, which should help to
determine the performance of the TEG. Geometrical dimensions, thermal resis-
tance, and electrical resistance in the components are taken into account to accu-
rately model the modules. The convective heat transport was taken into consideration
in the study of the heat transfer as it plays a major role in the later application.
Furthermore, the temperatures and the heat flows are also studied as small changes
of these can often have a direct impact on the system.
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Introduction

Thermal energy is produced as a by-product in many energy-conversion processes.
This energy is often unused and released directly to the environment. With a ther-
moelectric generator (TEG), a portion of this energy can be converted into electrical
energy.

There are different ways to integrate a TEG in a system. As a promising concept
for a TEG system we propose a design in which a ribbonlike flexible TEG is
wrapped around an electrically insulated tube (the TEG materials can, for example,
be an n-type and a p-type semiconductor). The tube will be heated by waste heat and
cooled by water. To analyze this concept, a combination of computational fluid
dynamics (CFD) analysis and finite element method (FEM) was used. With this
method, both the gas flow and the temperature distribution can be studied, and thus
the electrical performance of the TEG can be predicted.

In the design of the planned TEG, different challenges need to be addressed. To
ensure a high temperature difference over the TEG and a high usable output voltage,
the heat transfer from the environment to the TEG surfaces must be as good as pos-
sible. Furthermore, the TEG should have a small internal resistance to reduce the
electrical losses. These two parameters are directly influenced by the TEG geome-
try. In the following, we describe our attempt to find optimal design parameters by
simulation. The goal of the simulation is a performance-optimized TEG system.

Model Setup

We have based our analysis on CFD and FEM simulations. The program platform
used was Ansys as the suitability of this code to model conventional TEGs has
already been demonstrated in various works [1—4]. The analysis process is depicted
in Fig. 26.1. The solution of the CFD analysis yields the temperature distribution in
the tube which will be used as boundary conditions in the thermoelectric analysis by
FEM simulation. This two-step process takes the fluid flow and heat transfer into
account, therefore providing realistic results for the TEG output.

Material properties and boundary conditions

iyt iyt

CFD FEM

(Fluid flow and .
heat transfer) (Thermoelectric)

Iy 4 U

Temperature Performance Geometry
gradient and voltage tweak

Fig. 26.1 Modeling
approach
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Fig. 26.2 Geometry of the proposed TEG

Fig. 26.3 Sectional view of
model geometry with the
TEG wrapped around a tube

The components and arrangement of the planned TEG are depicted in Fig. 26.2.
It consists of flexible thermoelectric materials that are wrapped around an electri-
cally insulated tube. The thermoelectric legs are contacted electrically by a flexible
metal band. To isolate the thermocouple from one another a longitudinal cut along
the surface is needed.

Figure 26.3 shows the sectional view of the model for the TEG in operating con-
dition. It consists of two fluid flows that are separated by the TEG-wrapped tube
wall. To determine the temperature difference between the two sides of the TEG, the
heat transfer needs to be investigated. The convective heat transport was taken into
account in the investigation since, in most cases, heat transfer in the fluid flows is
influenced by convection, which is affected by properties of the flow (flow velocity,
Reynolds number, Prandtl number, etc.). A 3-D model was created using Ansys
Fluent to simulate the behavior of the TEG.

The equations used in the thermal-electric analysis in Ansys include all governing
equations and also consider relevant effects such as Seebeck, Peltier, Joule heating,
and Thompson. The model of the thermoelectric legs and the electrical contacts uses
a free mesh with tetrahedral elements (Solid227), which are typically used for
thermal-electric analysis [4]. To reduce the number of finite-element nodes and the
calculation time, only one thermocouple is modeled as unit cell of the geometry under
consideration (in other words, the geometry was considered to be infinitely periodic
along the tube axis; Fig. 26.4). The result of the simulation of a single thermocouple
can then be extrapolated analytically to the number of thermocouples in a module.
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Fig. 26.4 Modeling of one thermocouple in Ansys

The geometry was modeled with Ansys Designmodeler and then exported to
Ansys apdl as an Ansys neutral file. The geometry was meshed and the boundary
conditions were defined in Ansys apdl. Since only one thermocouple is modeled,
the mean temperature in the tube wall was used as the boundary condition instead
of the temperature distribution. Surface effects such as thermal radiation were
neglected as the tube is surrounded by water. The temperature dependence of the
material is also neglected because the simulation is intended for low temperatures
(80 °C at most).

Parameter Studies

To discuss a first design test, we assume that the flexible TEG is made of materials
with Seebeck coefficients of, respectively, 200 pV/K (p-type leg) and =200 pV/K
(n-type leg), with a thermal conductivity of 2 W/m K, and an electrical conductivity
of 10° S/m. The flexible thermoelectric legs are connected electrically by copper
band, and the TEG module is assumed to be load matched. With these material
parameters, we can determine the optimal design parameters. Of particular impor-
tance are the tube diameter and the TEG foil thickness, as they directly affect the
temperature drop over the TEG and the internal resistance. Results of variations in
these parameters are presented in the following. The simulation is carried out with
a hot-side temperature of 80 °C and a cold-side temperature of 10 °C. We assume
that both fluids have a good heat transfer coefficient.

The simulated relation between the temperature drop over the TEG and the TEG
thickness on the one hand and that between the internal resistance and the TEG
thickness on the other hand is plotted in Fig. 26.5. By increasing the thickness of the
TEG foil, both the internal resistance and the temperature drop increase. The former
is equivalent to the electric resistance of the foil material, and can be calculated ana-
lytically from the material resistivity, the foil thickness, and the cross-sectional area
of the foil. The temperature difference was obtained through the CFD analysis.
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Figure 26.6 presents the theoretically achievable performance of the TEG in
load-matching condition as a function of the foil thickness. The maximum power
occurs at around 1 mm. A close look at the curve indicates that the maximum
power reduces significantly with increasing foil thickness. At 10 mm thickness, the
power reduces to around one-third of the maximum power as the internal resistance
increases. The high output power of the single thermocouple is due to the small
internal resistance and the large values of the electrical conductivity and the Seebeck
coefficient assumed for the TEG material, which results in a high electric current.

In addition to the TEG thickness, the tube diameter is also studied. The size of
the tube diameter determines the length of the TEG foil wrapped around the tube as
well as the flow characteristics in the tube (laminar or turbulent). In our parameter
study, we only considered standard DIN size tubes. It is assumed that the flow rate
is constant. The results are plotted in Figs. 26.7 and 26.8. It is evident that both the
internal resistance and the temperature difference decrease as a result of the reduc-
tion in flow velocity as the tube gets bigger. The looked-for optimum occurs at
around 25 mm tube diameter.
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Fig. 26.8 Investigation of optimal tube diameter. TEG foil dimensions: Thickness 1 mm, width 5 mm

Comparison with Analytical Model

To corroborate the numerical results, they were compared with the results of an
analytical model based on known basic equations. For this calculation, the geometry
parameters of the proposed TEG will be converted to those of an equivalent stan-
dard TEG as the known equations are intended for standard TEGs.

The model for the TEG circuit is depicted in Fig. 26.9. The TEG is represented as a
simple voltage source with an inner resistance (equivalent Helmholtz/Thévénin source)
and is connected to a load resistance to get output power. Hence, the inner resistance
and the output power of the circuit at load-matching conditions are determined by

gt

. (26.1)

p, == 0 J (26.2)
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Fig. 26.9 Equivalent electric
circuit of the TEG module

Fig. 26.10 Comparison 3,
numerical vs. analytical
calculation 2.54
z 2]
5 1.5
z
)
&~ 14
0.5+
0 . . : : ‘
0 1 2 3 4 5

Length of TEG legs / mm

Here, p, ¢, and A are the electric resistivity, the length, and the cross-sectional
area of the thermocouple legs, respectively. k, and k, denote the Seebeck coeffi-
cients of the p-type and the n-type thermoelectric, and AT is the temperature drop
over the TEG.

The results of the numerical simulation are compared with those from the ana-
lytical calculation in Fig. 26.10. The two curves are in good agreement as far as the
functional dependence is concerned. As to the absolute power level, a constant off-
set is observed. This may be an indication of the fact that the model assumptions
and the approximations involved in both the simple analytical model and the numer-
ical model are consistent with each other. The constant difference between the two
curves visible in Fig. 26.10 is thought to be mainly due to the Thomson effect and
the Peltier effect which are taken into account in the numerical model, but not in the
simplified analytical model.

Conclusion

The proposed concept of TEG with a novel geometry was analyzed and modeled.
We developed a CFD model for the fluid flow system and a steady-state FEM model
for the TEG. The models solved the temperature and electric potential equations
and accounted for all thermoelectric effects. The models were used to investigate
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the characteristics of the novel TEG and to determine the optimal design parameters
through parameter studies.

The design optimum can be determined by the aid of the numerical models. The
output power is quite sensitive to the foil thickness and the inner tube diameter, as
these change both the inner resistance and the temperature difference between the
two TEG surfaces. The output power of the example TEG presented reaches a maxi-
mum at I mm foil thickness and 25 mm inner tube diameter.
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