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Abstract: Authors report a systematic approach in research and development of alternative energy with a focus on
thermoelectric (TE) generation. This approach has improved the thermoelectric modules (TEM) and thermoelectric power
generator (TEPG) system in the key specification. In particular, they have investigated the details of the TE technology,
constructed TEM, and built TEPG in order to achieve large power output and high efficiency. Experimental studies of the in
situ characterization station for the thermoelectric module (ICSTEM) discover that the multi stack TEM has significantly
improved the efficiency of a system by employing suitable and commensurate TE materials. The ICSTEM is invented to
establish precisely a true TEM performance. Typical electrical response curves are studied in terms of IV curve and PV curve.
This article has also characterized the output power as a function of the force factor setting and of its demonstrated response
curve. Moreover, by connecting various TE prototypes, the total power output shows the scalability by simple superposition.
Finally, authors demonstrate the TE device manufacture by the different approaches of advanced manufacturing technologies

and explore ways of advanced manufacturing processes.
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1. Introduction

There are intense interests in the development of the
alternative energies [1-2]. Extensive studies are conducted
both theoretically and experimentally [3-5] on the promising
solid-state solar thermal electric generation. Moreover, there
are extensive researches recently dedicated to study the
thermoelectric power generation (TEPG) in producing power
ranges from small to large. In contrast to the solar technology
that has solar panels collect photon energy and convert it into
electricity, a very different type of renewable energy (RE)
technology is TEPG that converts heat into electricity. TEPG
with thermoelectric modules (TEM) generates energy from
renewable energy sources such as solar, geothermal, fire
source, and other heat sources like waste heat/energy
harvesting. The thermoelectric (TE) energy is advantageous
as RE in many ways, including in part being noiseless with

no moving parts, light weight, no needor little need for
maintenance. The current work endeavors to advance TEPG
technology.

To apply a foundationin TEPG, the governing laws of
physics is the Seebeck effect [6]. The TE device can be
understood by a simplified illustration of the Seebeck effect
as follows: it converts thermal energy directly into electrical
energy and typically employs a pair of dissimilar TE
materials to make a device. The output voltage AV of a TE
device generally increases with the temperature differential
AT linearly as follow. In acombination of N-type and P-type
materials, AV = S\p*AT; where the constant, called the
Seebeck coefficient (Syp), is related to the materials
properties (pairs).

In addition to the efficiency of TEM and/or TEPG, the
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output power level is another important factor. The power
level can be achieved through the integration of a large
number of TE devices, the efficiency is determined by
temperature differential and by a dimensionless figure of
merit ZT. ZT is characterized by several material parameters
such as the Seebeck coefficient (S), thermal conductivity, and
electrical resistivity [7-9]. The total power output equals the
total heat input multiplied by the efficiency. In the later
section(s), authors will show that the properties of most TE
semiconductors depend upon temperature, e.g., a single TE
material typically operates well in about a couple of hundred
degrees of temperature window [10].

There are numerous applications for TEPG ranging from
the bio-thermoelectric to the deep-space power supplies. For
example, TEPG delivers key power supply with radioisotope
enabled TE output, which delivers 350W for the Appolo
mission to the Mars. In view of the technological pain, the
author has studied the pain points in the industry and has
highlighted some challenges in this article. If TEM/TEPG
must be economical, one significant factor is that the
efficiency should achieve some system level, e.g., with a
figure of merit, ZT > 2. For example, an efficient TE product
will in general help keeps costs down and stay competitive.

Finally, based on the research project of a systematic study,
the article will cover the following reports: illustrate the
experimental setup, measure data, analyze and understand the
implication, discuss results, and draw conclusions.

2. Systematic Studies

Systematic studies of the TE system are reported as
follows.

a. Experimental Setup

To start an experimental discussion, a thermoelectric
module is a circuit module that contains a large number of
thermoelectric devices fitted together to generate a
significant amount of output power. The setup of an
operating TE generator includes multiple levels of a TE
system hierarchy as follows. A TE device is typically
composed of two dissimilar TE legs as illustrated in Fig. 1a).
The temperature differential causes a net current in the P- and
N- type TE legs. A typical TEM integrates a large number of
TE devices shown in Fig. 1b). The heat flows through the
temperature difference across the device. As devices are
connected either in serial, in parallel, or in combination
circuit per design, the thermal energy generatesa total
electromotive force across the two electrical leads Fig. 1b) as
shown. Fig. 1a) and Fig. 1b) illustrate the principles of the
TE device operations.

A variation of the TE system depends on technological
applications; e.g., some interesting illustration may refer to
reference [11]. When TEPG is built, researchers have applied
careful thermal management methods and built systems at
various power levels. The methods include the fine insulation
mentioned to be shown later in this section, and good
uniformity conducting heat [for both the cooling surface and
heating surface]. The hot side normally employs one of the

heating choices of the infrared heat, of fire-heat, of electric
heaters, of solar thermal, or of liquefied natural gas (LNG),
and other methods. The LNG is normally warmed to be used
in cooking as well as electricity generation and other uses.
The above choices are laid to establish the groundwork
prototypes for various (potential) applications.
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Figure 1. 1a) a schematic illustrates a basic TE device where after its p- and
n-type TE elements are under temperature differential; an electromotive
force is generated. 1b) TEM is an integration of TE devices connected to
provide an increased power output.

The in situ characterization station for the thermoelectric
module (ICSTEM) is an instrument to measure in situ the
conversion efficiency of TEM. It is comprised of the
following tests: measure the output power P, current I, inner
resistance R and the cold end heat flux Q. of the
thermoelectric module under power generation status. The
efficiency is defined as the ratio of the electric power output,
P, to the heat input, Qy, on the hot side of the thermal electric
device.

The ICSTEM is carefully designed so that the physics of
heat flow can be well-described by that of the heat flux
which flows through the z-direction and that the
thermoelectric conversion efficiency can be measured
conveniently in situ in real time. Theoretically, the cooling
capacity Q. is calculated as follows:

Qc=Snp TcI - PR -k (Ty,-To)

Where Syp is a TEM Seebeck coefficient; T}, and T, are its
temperature at hot side and cold side, respectively; I the
current, R the resistance, and k the thermal conductance. The
cooling capacity is maximal when a TEM has the same cold-
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side and hot-side temperatures.

When the ICSTEM is designed [7], TEM should be placed
flat and be parallel with the two relative edges of the heat
flux sensors near its cold side. Referring to Fig. 2, the flat
surface of the cold plate can be vertically adjusted by the four
setscrews independently; each set screw has a fine threaded
resolution of ten microns and below. The torque pressure can
be set on the flat surface via the torque wrench as shown
which could guarantee the peak level TE performance. Fig. 3
illustrates a typical four-point probe that measures the
efficiency of TE device/legs in an open-air condition. A
temperature differential is applied from both of the
designated top- and bottom-plates. The actual temperatures
on every side are measured in real time with two
thermocouples (TCs). The efficiency is measured as a
function of temperature. [-V and P-V features will be
investigated later.

torque wrench

thrust

bearing linear bearing

spring _cold plate

insulator TEG terminals
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Figure 2. ICSTEM schematic illustrates the TEG sandwiched by the cold
plate and hot plate where the efficiency is measured in situ.
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Figure 3. The schematic is a four-point probe to measure I-V curves of TE
pairs. The electrical current and the voltage across TE leg is measured by
the meters. Copper and/or AIN are employed for the best contact either
electrically and/ or thermally.

The system has relatively small size, is thermally insulated
at peripheral surfaces, and has good uniformity conducting
heat to the cold and hot surfaces. The hot side controls the
temperature T, with specific heat source; the cold side
controls temperature T, of the thermoelectric module
undercooling conditions. In this case, the cold side employs
one of cooling choices [e.g., water, or liquid nitrogen
cooled]. High infrared reflection and insulation materials, for
example, may be chosen as the alternating layers of thin
metal sheet and thin glass fiber sheet [or insulator layer].
This can significantly reduce the influence of the heat
leakage in heat conduction. The in situ characterization
station is carefully designed so that the physics of heat flow
can be well described by a 1D heat flow model [12] that the
heat flux flows through the z-direction.

b. Analysis and Data Collection

Many studies are conducted on TEM and TEPG system(s)
and characterized in this article. When T}, reaches 300°C, the
output power has reached 300W or more per unit; it exceeds
1000W with a group of four units. Researchers have
designed, first built, and tested in the laboratory as well as
tested in the field. The prototype has delivered the output
power that is predicted by simulation results. The simulation
model has been conducted utilizing SolidWorks® [13]
thermal physics software with a proprietary algorithm.

A number of heat sources and/or cooling mechanism are
employed to the various extent of success to demonstrate a
range of TEPG power output. Author have investigated many
options as follows. For example, the infrared heating is used
as a heat source, the direct-fired diesel burner employed, or
the LNG burner employed as well.

The output power is plotted in the figure as a function of
the hot side temperature. Moreover, a range of heat sources
from the automotive tailpipe energy harvesting to a solar
heater is employed for the investigation.

Fig. 4 illustrates the relationship of power output and
temperature built and tested with commercial TE modules
[14]. Based on the combined multiple unit studies, the total
power output is superimposed well in either serial or parallel
configuration and typically equals tothe sum of all units of
individual TEPG [11].
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Figure 4. Lab tests for thepower output of TEPG show that its maximum
output depends nearly linearly upon the temperature in the tested range.
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The TE efficiency is demonstrated in Fig. 5; it shows the
relationship of TE efficiency as a function of the hot side
temperature. It is expected that the efficiency increases with
the temperature. Moreover, many tests for different modules
covering various temperature ranges have been demonstrated
and overlaid in the same figure. In addition to the nearly
linear relationship of the efficiency vs temperature, TE
devices have exhibited TE efficiency from a few percent to
ten percent. The TE efficiency of the dual stack is
approximately ten percent and lies above this chart. The dual
stack efficiency lays above the chart at 450°C. Further
studies on details of the Efficiency vs temperature
relationship are in progress.
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Figure 5. The charts demonstrate the dependence of efficiency versus
temperature at their hot side of TE systems [14]. TE1 and TE2 studies the
efficiency of off-the-shelf sample-1 and sample-2, respectively.

c. Discussions of TE Stacks

The experiments & investigations are undertaken as
follows.

Fig. 6 illustrates the dependence of efficiency upon the
length ratio (x) for both P-type and N-type TE materials,
where x is the joint position in the ratio of the length
where segmented legs locate it. Fig. 6a) shows P-type
efficiency as a function of x at three temperature settings;
Fig. 6b) shows N-type as a function of x. The TE
efficiency is 11.8% at 550°C, Th, for P-type; and it is
9.7% at 550°C for N-type

In Fig. 7, each TEM device is characterized for its
fundamental electrical property traces in terms of current (I)
versus voltage (V) curves, i.e., -V curves, and in terms of
power output [at maximum value point] P versus V, i.e., P-V
curves. Figures have plotted typical data of a system at three
different temperature settings at the hot side as follows. Fig.
7a) shows I-V curves exhibiting typical electrical traces of a
low resistance power supply, and Fig. 7b) shows P-V curves
of typical resistance power traces. The power output
increases with the temperatureT},.

The empirical analysis based on the data at above,
generally concurs with results derived from the SolidWorks®
model [13]
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Figure 6. lllustrates efficiency for both P-type and N-type materials. 6a) P-
type efficiency is exhibited as a function of x at 3 different temperature
settings; 6b) N-type efficiency as a function of x at 3-settings.
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Figure 7. 7a) I-V curves exhibit typical features of a resistive power supply;
7b) P-V curves show typically resistive feature.
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d. Results and Discussion

The TEM is built in the laboratory. It can produce
electricity, which is demonstrated at various output specs up
to 1kW level with wide choices of heat sources.

Researchers have built multi stack with the available TE
materials. The computer simulation with the finite element
method of triple stack TEPG predicts that the efficiency can
achieve over 19% [15].

This article shows that the dual stack system is built and
has achieved 10% efficiency in the lab. Conversion of the
thermal energy into electricity employs solid-state devices
that has no moving parts, and expands the use of the energy
resources vastly. Similar to other distributed power or RE
power plants, TEPG is an environment that is also beneficial
and convenient for integration into the smart grid.

In order to achieve improved efficiency and/or power
level, the chosen TE materials are optimized suitably for
segmented-legs. The TE leg preparation has enabled the
superior efficiency of the TEM [16].

As shown in Table I, the dual stack materials consist of
PbTe based and BiTe based TE materials. The first types are
PbTe based TE materials (and its variation stoichiometry)
include both in P-type and in N-type being optimized for a
medium temperature range; the BiTe TE materials (and its
variation stoichiometry) include both in P-type and in N-type
optimized for a low-temperature range.

The dual stack P- and N-type PbTe/ BiTe based segmented
legs are joined together at a high temperature through hard
soldering that otherwise can not be welded together. The dual
stack TE system exhibits the enhancement figure of merit ZT
of the system as shown in Table I below. The ZT is tabulated
for several TE materials covering high temperature.

Careful studies measure the efficiency of 10% when a
temperature differential has reached 400°C. The table
employs temperature unit K, where m/K = n/C + 273.15.

Table 1. Figure of merit ZT of TE materials/ legs is tabulated at below:

(PﬁPbTe Pb(},g4Sr()‘()4Na(),()2T€, N7PbTe Pb()‘94Ag(),()[La()‘()5T€, PﬁBzTe
Bl‘(}}5Sb[,5T€3, NiBzTe Bi2T€3)

P- PbTe N- PbTe P- BiTe N- BiTe

T(K) ZT T(K) ZT T(K) ZT T(K) ZT

321 0.17 320 0.18 327 0.88 326 0.83
422 0.48 420 0.39 379 0.95 373 0.94
522 1.13 524 0.71 431 0.91 423 1.11
622 1.76 620 1.09 482 0.72 524 0.92
722 1.86 726 1.44
822 2.12 824 1.51
922 2.05 924 1.41

If the unit cost continues to drop from the current price tag
of the off-the-shelf TEM, and if ZT = 2.0, TEPG can
possibly competitively achieve an advantage in the
economies of scale. There are extensive studies to improve
ZT with new TE materials in the literature [e.g., 7, 16]. It is
the author’s belief that the current TEPG technology is still in
the early stage with a limit in TE efficiency attributes of the
available materials.

ZT is related to material properties including electrical
conductivity, thermal conductivity, and Seebeck coefficient.

With reference to Table I, the favorable working temperature
of PbTe based materials is from 573 degree-K to 873 degree-
K. The dimensionless figure of merit in the relevant
temperature range (ZT =S%/pK) is about 1.5~2.1 for P-type
and 0.9~1.4 for N-type. The BiTe based TE materials cover
the temperature range lower than PbTe. The dimensionless
figure of merit in the relevant temperature range is about
0.7~0.9 for P-type and 0.8~1.1 for N-type. The upshot of
experimental data is that the multi stack of TEM improves
the system TE efficiency.

The Author has achieved hundreds of watts in power
output for each TEPG system unit and has produced 1kW by
additively connecting a few units together. Moreover, by
utilizing the currently available thermoelectric materials and
employing dual stack TEMs, the above data demonstrate that
the dual stack TEM leads to a higher efficiency than a single
stack as expected.

The combined results of multi stack TE materials utilize
P PbTe, N PbTe, P BiTe, and N BiTe. The discovery
includes dual stack TE device of 10% efficiency; computer
modeling delivers 19% efficiency for triple stack TEM.

Finally, among rich applications, authors have investigated
many important parameters/ conditions as follows: operating
pressure setting, in situ efficiency study, and the materials
research and TEPG scalability [11]. More work to improve
both the efficiency and production cost is in progress.

e. Additivity

The additivity of TEG systems demonstrates the physical
scalability and its trends are investigated for TEG systems
that wor k out generally very well. For example, in one case
the temperature differential is set at 95°C for two of the TEG
prototypes. After taking standard measurements, data were
recorded as follows: prototype-A delivers 19.95 Watt;
prototype-B delivers 19.45 Watt. The data also show that the
total power satisfies the law of additivity. The total power in
serial connection of the two systems yields an output of
39.27W and the power in parallel connection of the two
systems yields an output of 39.11W. Likewise, the case at
62°C satisfies the additivity, too.

The errors are shown to be insignificant; multiple tests
made us conclude with a level of confidence over 99.5% that
the superposition meets the law of additivity. The error bar
for the power data is very small.

The table II below illustrates the experimental proof of the
additivity law. The additivity is reproduced for several tests
where each and every one works out precisely. In other
words, this is a typical behavior shown in table II.

Table 2. Demonstration of power scalability in order to superimpose TEG
prototype with typical test data shown at below.

AT(°C) P\ (W) P (W) Serial (W) Parallel (W)
62.0 8.98 8.22 17.00 17.07
95.0 19.95 19.45 39.27 39.11

f. Clamping Force

Over a wide range of the force applied, the output power
could be very significant. A typical TE module demonstrates
the force response curve, which is shown in Fig. 8, as follows.
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Figure 8. Maximum output power curve for a module under different
clamping forces, with a cold side of 25°C.

Referring to the chart, the experimental curve is taken,
where the hot side temperature is 300°C and the cold side
temperature is 25°C.

Researchers discover a typical relationship of TEM output
power and the applied clamping force. Near the low force
side, the power increases significantly with the force. The
curve exhibits a total variation of twenty percent that is also
observed in many times at various temperature settings.

As it is shown in the chart, the force chosen at 250kg
works well where the curve essentially flattens. Moreover,
the clamping force is set below 350kg in order to limit any
risks of failure caused by a crack or other defects at very high
clamping forces. At a wide temperature window, the 250kg
force is a good setting choice for the force which equals to
8.0kg/ cm® of the experimental pressure setting.

The causes of the chart trends has been believed to do with
the defects or factors of contact interface behavior such as
variation in electrical contact resistance, air gap, interfacial
structures, and changes caused by packaging materials.

The aforementioned defect or imperfection [of TEM]
could be optimized through proper setting of the clamping
force, and the optimization should reduce extra parasitic
losses with optimized setting with low parasitic losses: e.g.,
low contact resistance, small radiation effects, little inter-
diffusion at any junction.

g. Applications, Discussions, and Perspectives

There is tremendous commercial potential with the
interesting TEPG application. Talele et al. [18] have
discussed the solar thermoelectric generation. Their study
asserts that ZT, in the range of 2.0 to 3.0, would be extremely
appealing in the thermal electric efficiency by applying
focused solar technology. This efficiency is approximately on
par with the poly silicon solar cells.

In the stated ZT range, Kandantzis group [19] has
discovered several new materials, such as PbTeS,;, which
exhibits a large ZT. There are other technologies to achieve
high efficiency of thermal electric energy conversion. For
example, the thermoionic electricity [20] is worthy of
remarks. This method can have a significant efficiency that
typically operates in the lower temperature range. The multi
stacks thermoelectric conversion has attracted many
interesting research and development.

Researchers have conducted experiments and have
explored prototypes that cover the whole range from 1W to

1000W. Based on the data evidence, the technology can lead
to commercial reality with the desired power range,
efficiency, and low manufacturing cost.

One of the manufacturing methods is the mature VLSI
process in the semiconductor industry. The keys are the
pattern etching and TE materials filling for the device circuit
[22]. Subtractive processes are investigated as shown in Fig.
9 in details at below.Fig. 9a) shows the patterned oxide
insulator in cross-section view; Fig. 9b) shows/ illustrates the
filling after p- and n- BiTe; Fig. 9c) is the module after in-
house packaging.

Advanced manufacturing technology can advance the TEG
and help to reduce costs in applications. In the next section,
researchers will explore more of the advanced manufacturing
technology. The investigation of BiTe TE modules is carried
out by the subtractive VLSI process; where TE devices are
embedded in the oxide substrate by the removalof undesired
materials to achieve designed device; the size is clearly
labelled in the figures. Figs. 9a), 9b), 9c) illustrates the
micro-features of etching and filling structure that has TE
devices embedded in the oxide substrate. The subtractive
VLSI process technology has been reported elsewhere.

20um a)

Figure 9. Schematics of VLSI process are demonstrated as follows: 9a).
cross-section view of etched pattern in oxide film; 9b) filling after p- and n-
BiTematerials, 9c) schematic of in-house packaging of a TE module.

h. Advanced Manufacturing Technology

Researchers have explored a whole range of large-scale
integrated structure of TEM manufacturing processes; both
additive manufacturing processes and subtractive VLSI
process technology are studied for the TE device
manufacturing, respectively.
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The additive manufacturing technology grows layers
ofadditive metals/plastics and other materials to deposit all
materials according to the design. For example, the micro-
jetting process of 3D printing can employ various materials
and build up a component in layers.

The micro-jetting process of 3D printing is shown in Fig.
10a), it can be seen that the perfusion of conductive ink in the
cartridge instead of the traditional printing inks through ink
jet nozzle on a substrate, which controls droplet to directly
print out the preset pattern and stack (layer-by-layer) to
produce multilayer structures.

Themicro-jet technology is an important example of an
advanced material manufacturing technology, and it can
significantly increase the device and wire density [23]. The
micro-jet principle is to use the controllable manufacturing
process as shown in Fig. 10a). The technology uses the
controllable micro-nozzle to the electronic slurry droplets
and to spray desired materials on the substrate surface with
the printing nozzle or substrate movement. The material
paste droplets will be in the substrate to print the desired
circuit pattern and to be fully cured thereafter. The
technology can realize the variable resolution superfine
linewidth for the complex circuit of the three-dimensional
structure, for the production of flexible IC with VLSI [24]. In
addition, the technique can be carried out on a non-planar
process under a high-speed print with the advantage of less
pollution.

Fig. 10b) is the application field and application example
of micro jet 3D printing technology; this technology can
realize the direct manufacture of the electronic circuit board,
the micro-thermocouple, the super capacitor, the logistics
tracking mark, the safety wireless shielding antenna and the
biochemical sensor, it can also be used in the field of
photovoltaic power generation and thermoelectric power
generation and other fields to achieve thermoelectric power
generation embedded 3D printing.

a)

e indet

Figure 10. The figures show the following: 10a) micro-jet printing
illustration; 10b) flexible circuits.

Although the 3D printing technology of flexible electronic
devices is still in the stage of research and development at
present, it is expected that the technique can change the
traditional electronic circuit manufacturing mode, due to the
nano-slurry technology can be directly sprayed on the surface
of various substrates of nano-slurry without traditional acid
corrosion, which can greatly reduce the production cost in
small batch production [to meet various commercialization

purposes]. This can bring a
thermoelectric power industry.

i. Conclusions

The authors endeavor systematic approaches in the
research. They pursue the scientific and technological
methodology in building the thermoelectric generation
systems.

Many prototypes are built in a wide application range; the
output power specs cover over four orders of magnitude up to
1000W. System optimization enables the authors to
successfully build many prototypes. They have studied many
features of electrical performance of TEPG system.

An advanced platform of in situ measurements is
constructed to study the thermoelectric efficiency. Important
technologies based on the systematic research are
investigated.

Because the materials are often suitable for a limited T-
window [about 200°C], a combination of multi-stack TE
materials is studied to improve the window. TEM is made via
a multi-stack approach that gives superior efficiency of the
system. For example, studies show that dual stack PbTe class
and BiTe class can achieve 10% efficiency and that, in triple-
stacks, the TE device can achieve 19% efficiency. The
system scalability and the force factor are identified.

Based on all of the evidence existing in the niche market,
the TEPG technology is believed to be on the verge of
mainstream applications. The high-quality heat helps
tomaintain the large temperature differential in order to
deliver quality outputs. Various manufacturing processes are
studied in the above approaches.

profound change to
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