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Abstract: Authors have methodically investigated the alternative energy technologies based upon thermoelectricity
generation. Firstly, its power is systematically investigated under various work conditions in thermoelectric applications. In
addition, they have modelled, designed, and constructed the thermoelectric power system. Moreover, they have invented a
state-of-the-art table-top instrument that may evaluate several critical thermoelectric characters in situ. Several aspects of the
thermoelectric features are characterized in situ that include the efficiency, force response curve, current-voltage (i.e., I-V)
curve, power-voltage (P-V) curve, and the power versus temperature (P-T) responses. Furthermore, they have successfully
built a high-power heat harvester and have applied to the automotive case study in details. Finally, they have obtained the
multi-stack thermoelectric devices that have improved characters; e.g., both the power output and the thermoelectric efficiency
have improved in comparison to the devices commercially available. The investigation leads to 19+% efficiency in triple stack
devices and 10+% in dual-stack.
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develop the distributed power generation [2-5]; furthermore,
there has been extensive research recently dedicated to study
the thermoelectric power generation (TEPG) in producing
power ranges from small to large [6, 7]. In contrast to the
solar technology that has solar panels, it collects photon
energy and converts it into electricity. TEPG technology
directly makes energy conversion from heat into electricity.
The conversion follows the Seebeck effect of Physics [8].
According to the Seebeck effect [8], the thermoelectric

1. Introduction

In order to reduce the greenhouse gases emissions problem
and to address the climate change issue, a huge cooperative
effort has been achieved through the hallmark of the Paris
Agreement (Agreement) [1]. By April 2017, 195 nations
have signed on the Agreement; many nations have
championed in the renewable energies for the world. One of

the key hallmarks in the Agreement is to significantly .
commercialize the technology in renewable energy [TE] effect generates energy by converting the temperature

production and to reduce the carbon emission from difference to electric voltage and vice versa. The TE
traditional fossil-based fuels. [2] efficiency dependency includes the temperature differential
and the figure of merit, ZT, that is one of the most important
TE material properties.

Moreover, there are important situations where the TE
system has advantages in such items as light weight, no
noise, small size and excellent reliability that the above items
more important factors than the cost and efficiency. By
utilizing two dissimilar TE materials, a system with high ZT

The renewable energy [2] technology is imperative in
addressing the rising energy needs in our planet. It is
extremely interesting to advance the distributed power
generation which is a challenging frontier for the
advancement of the renewable energy technology to date.
There are tremendous interests among leading researchers to
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values can provide large power output.

Authors believe that the TE generation is a very useful
technology when the ZT reaches cross over points and that
this generator may be advantageous over other common
methods such as traditional combustion engine or
alternatively the solar photovoltaic cells. According to
literature [9 Weisse], an increase in ZT will advance a
number of applications where thermoelectrics are very
efficient [9] for useful applications. In the mode of various
power generation; a TE generator at ZT ~ 2 and ~3 for its
output efficiency is very efficient in comparison to solar thin
films and traditional coal at 100Watt output Ilevel,
respectively. E.g., its efficiency may be at about 30% being a
comparable efficiency to the internal combustion engine one.

TEPG with the thermoelectric modules (TEM) generates
energy from natural heat sources such as solar, geothermal,
and a fire source, and other heat sources like waste heat. The
thermoelectric energy is advantageous in many ways,
including that it has no carbon emission in part, noiseless due
to no moving parts, light weight, little need for maintenance.

TEM is made of TE materials and has usually integrated a
large number of solid-state devices. The thermoelectric
power devices are typically made of semiconductors that
convert heat directly into electricity. Each pair contributes
typically hundreds of microvolts per degree of temperature
difference. When located in either the hot or the cold
environment compared to the ambient, a TE device produces
a small voltage and thus generates electrical power when
connected a resistive load. A large number of devices can
enable TEM to provide a large power output [10]. The TE
energy conversion field is of tremendous interests and has
attracted huge amount of studies on topics such as the
conversion from various heat energy into electricity [11-14].

The TEPG technology has been extensively explored in
applications. Researchers investigate TEPG with natural heat
sources and waste heat recovery that achieves technology
breakthroughs in terms of both improved thermal electric
efficiency and increased power output. The TE law of
physics can be understood by a simplified illustration as
follows. One of the most important factors is ZT, the figure
of merit of a TE material. For a single TE material, its
capability related to TE conversion can be described by ZT.

s2T
ZT = rm 1)

Where S is the Seebeck coefficient of the material, T is the
temperature, is the electrical resistivity, and is the thermal
conductivity.

The TE material converts thermal energy directly into
electrical energy, and a device often has two kinds of TE
materials with dissimilar type of charge carriers.

The TE junction of a pair of TE materials has a combined
figure of merit. As mentioned before, a device typically
requires a pair of N-type and P-type dissimilar materials to
form TE junctions. The combined figure of merit ZypT is as
below.

7T = (Sp—SN)?T
[(onkn) /2~ (ppkp) /2]

2

where Sp and Sy is the Seebeck coefficient of P-type and N-
type, respectively. pp and py is the electrical resistivity of P-
type and N-type, respectively. pp and py is a thermal
conductivity of P-type and N-type, respectively.

The output voltage AV increases with and has basically a
linear dependence upon the temperature differential AT. For a
combination of N-type and P-type materials, AV is given at
below.

The constant Syp equals to Sp - Sy and is called a Seebeck
coefficient of the TE pair. The constant is related to pairs of
materials properties [6, 7]. It is clearly demonstrated that ZT
succinctly relates to the TE-efficiency, 1, in a mathematical
formula as Eq. (4). The efficiency is the ratio of power
generation W to the heat input of a system Q. Therefore, the
goal to increase TE efficiency is to improve the ZT.

£
I Qn
— 1
T= -1, |_aszrz-1 )

Th (1+ZTm)%+(;—;)

where Ty, T, and T,, are its temperatures at the hot side, cold
side and average of both hot and cold sides of the TE device.
ZT,, is its figure of merit at its average temperature.

It is imperative for the TEM to improve its efficiency, and
highly desirable to attain large TEM output power so that it is
significant and viable for successful commercial applications
[15, 10, 16]. If the TEM technology is to be commercially
successful in the field of large scale power generation, one
significant factor is that the efficiency should achieve some
system level, for example, that ZT >=2.0 in order to reach an
efficiency of about 20%. When the TEM be commercialized,
the applications are very significant which include part of the
power generation, usable electric energy to power small
electronic devices, and recycle and reuse the energy which
otherwise would be wasted.

ZT may characterize the performance of thermoelectric
materials which includes parameters such as the Seebeck
coefficient (S), thermal conductivity, and electrical resistivity
[15, 17-20]. The TE properties of most semiconductors
depend upon temperature. For example, a single TE material
typically operates in its high ZT range with a temperature
window about 200 K [21].

Finally, this article is presented as follows. Authors have
conducted extensive studies and a variety of experiments;
important findings are reported in the article. In this section,
they provide a brief introductory background of the
alternative energy technology with an emphasis on TE and its
applications. The next section describes the experimental
setup and presents the TE results from the studies. In
addition, it discusses the typical trends of these results.
Furthermore, it will provide further analysis and discussion
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of these experiments. Lastly, they present conclusion and
summarize their important findings.

2. Experimental

This section will deliver systematic studies and cover the
TE features and instrumental studies related to the TE
devices, modules, and systems.

2.1. General TE Instruments

A typical TE generator setup is shown in Figure 1 in order
to illustrate an experimental system. This setup includes
multiple system hierarchy of a TEPG. A typical TE device
consists of two dissimilar TE materials. As heat flows across
the temperatures of the Ty, and T, with a different T that is
illustrated in Figure la). The AT produces the electromotive
force and causes the charge to migrate as shown in the figure.

A typical thermoelectric module (TEM) is typically built
with a large number of TE devices and is illustrated with a
schematic shown in Figure 1b). Moreover, the prototype of
TEPG is schematically shown in Figure 1c). At a dial-setting
of liquified natural gas (LNG) level when the AT reaches
200°C; the total power output is at a hundred watts level.

Figure 1la) shows that the heat flows through the
temperature difference across a TE device that is composed
of two dissimilar TE legs and that an electric flow is built up
across the TE legs. Moreover, Figure 1b) shows a typical
TEM that integrates a large number of TE devices for a
power generation type; Figure lc) is an actual TE power
system where the TEPG is supplied by the LNG-burner heat
source and produce a typical electric power at a hundred
watts level.

hotside

[N 2

<)

cold side

hot side ‘

cold side

Figure 1. The schematics illustrates an operating principle of a TEPG as
follows: 1a) schematic of a TE device composed of P- and N-type TE legs;
1b) a typical TEM integrates a large number of TE devices; Ic) a TEPG on
both an LNG burner heating and tap water cooling [below 8°C] that
provides output power at a 100-Watt level.

A variation of a system depends on the technology
application. When TEPG is built, researchers should
carefully apply thermal management methods. The methods
include the fine insulation method, which will be described

later, and form conducting heat for both cooling surface and
heating surface. The heating source includes infrared heat
sources, LNG as for house heating and cooking fire, heaters,
solar thermal and other methods. Make a note that the LNG
is normally warmed to make natural gas for use in heating
and cooking as well as electricity generation and other
industrial uses. The above choices are laid to establish the
groundwork of prototypes for various applications.

A TEG system is illustrated in Figure 1. It has operated on
both an LNG burner and tap water [below 8°C for cooling in
the lab. The output has reached a hundred watt level.

2.2. In-situ Characterization

One of the examples in this article studies the novel
characterization of an individual TEM. The in-situ
characterization station for TEM (ICSTEM) is built on a
house as shown in Figure 2. It shows the instrument design to
measure the in-situ conversion efficiency of TEM at below
among other applications.

The ICSTEM instrument can measure the following
variables: output power P, current I, voltage V, inner
resistance R, and heat flux Q. at the cold-end of the TEM
under power generation state. As a result, researchers obtain
the following: 1) in-situ TEM efficiency; 2) I-V curve; 3) P-
V curve; 4) force factor response.

torque wrench

= feed bolt

thrust bearing

springs _cold plate

insulator TEG terminal

= hot plate

Figure 2. The ICSTEM instrument can set precise parallelism between the
upper surface (cold plate) and the lower surface (hot plate). The temperature
settings can be precisely controlled. In-situ characterization station can
study the following TEM properties: 1) in-situ TEM efficiency; 2) I-V curve;
3) P-V curve; 4) force factor response. Details see text.

The hardware configuration can direct the heat flow
essentially along the z-axis perpendicular to a module. The
efficiency is defined as the ratio of the output electric power
to the heat input in the hot side of the device.

The force is set by a torque wrench through a feed bolt.
Both the springs and set screws enable separation in z-
direction to achieve a fine resolution (about 5 microns)
between the hot plate and the cold plate. Each plate and the
baffle holding a module is 16cm * 16cm by area. By setting
the cold plate at -80°C ~ 25°C which is achieved through the
coolant (water or liquid nitrogen) control, the hot side can
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achieve above 450°C. This table top equipment has a wide
range of temperature operation window.

As mentioned at above, the ICSTEM instrument is
carefully designed so that the physics of heat flow can be
well-described by that the heat flux flows along z-axis [22]
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 = SpnITe — IR — k(T — T.) 5)

where Spy is the TEM Seebeck coefficient, T} is its
temperature at hot-side, T, its the temperature at cold-site, |
the current, R the resistance, and k the thermal resistance.
The maximum cooling capacity is reached when the TEM
has the same temperature at cold-side and at hot-side.

When the ICSTEM is carefully designed with excellent
thermal management. TEM should be placed flatly and be
parallel with the two relative edges of the heat flux sensors
near its cold-side. The heat insulation is carefully constructed
with alternating multilayers made of pairs of the thin
composite material of metal foils and fiberglass sheets. Its
alternating layers of the thermal insulation are estimated to
be far better than the air be. The insulation layers range from
a dozen pair to twenty pairs and work better than the asbestos
material; and the reasons are as follow. On one hand, the
metal foil has high infrared reflection, according to
calculations, multiple layers can reduce the influence of
infrared radiation heat leakage to negligible extent. On the
other hand, fiber-glass has low thermal conductivity with
some air in the interval, which can significantly reduce the
influence of the heat leakage and reduce the influence of the
infrared radiation heat leakage to a negligible level.

The system is a tabletop instrument with small size. The
system is thermally insulated at peripheral surfaces and has
good uniformity conducting heat at both cool surface and
heat surface. The hot-side controls temperature T, with a
specific heat source. The cold-side controls temperature T, of
the thermoelectric module under cooling conditions. In this
case, the cold side employs one of the cooling choices [tap
water, or liquid nitrogen cooled]. High infrared reflection and
insulation materials, for example, may be chosen as the
alternating layers of aluminum foil or thin metal sheet, and
thin glass fiber sheet or insulator layer. The error due to the
heat loss across z-direction is guesstimated to be under 1%.

2.3. Develop an Energy Harvest TEPG System

The other example in this article studies a design and a test
of an energy harvesting TEPG at below.

The computer simulation is employed to aid the TEPG unit
design and its methodology is shown by a flow chart shown
in Figure 3. Firstly, the exhaust air and cooling system of a
vehicle [23] is designed in order to setup the boundary
conditions for TEPG. Second, a simulation algorithm is set
up [in a SolidWorks® model, 24] by utilizing the heat
transfer model and by a finite element analysis for attaining
an optimized system. With the optimized parameters,

researchers construct the TEPG with commercial modules,
and develop the DC output system. The generator is initially
tested in lab using a diesel generator that generates exhaust
hot flow source, delivering required voltage and providing
output power to meet requirement. Successively the TEG is
mounted on a pickup car [23] for road test over 1000 km.

ITEPG system studies|

| Heat transfer model |

IDesign/ construction|

| Lab experiments |

| Test results |

Figure 3. The flow chart illustrates a methodology to design, develop, and
test the TEPG unit. A goal is to maximize the total power output; the design
employs a computer simulation about the related heat transfer model.

Based on the above methodology, researchers have
designed and constructed a prototype for the applications of
automotive tail-pipe energy harvest (ATEH) unit. The ATEH
has a sandwiched design with double layers of the TE
generation that each layer contains dozens of TE modules.
The ATEH includes an integrated assembly as shown in
Figure 4a) that has been installed to introduce both the hot
gas flow and the cooling media in the TEPG.

Referring to Figure 4b), TE modules are arranged in 3 x 9,
i.e., 27 modules, at each stack that has a designated circuitry
configuration in order to meet the required output
specification. Figure 4a) illustrates the sandwiched ATEH
unit components. As shown in Figure 4c), the heat flows
from the left side, and the cooling is supplied that is located
at its top, bottom, and sandwiched layers in the middle-
center. The heat flows into the ATEH from the left side hinge
and out from the right.

a) J—— s

Figure 4. The energy harvest device illustrates an integrated assembly as

follows: a) dual stack in sandwich structure; b) a batch of TEMs

configuration; c) energy harvest unit that hot gas heat flows in from the left
side hinge and out from the right.

3. Results and Discussion

The authors have explored a whole range of TE features
that are reported in successive sub-sections.
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3.1. Data and Analysis

Several methods of measurement are employed.
Researchers build several TEPG for applications. They have
investigated various approaches in order to improve both the
thermoelectric efficiency and the desired output of the TEPG
system.

The samples of TEM include off-the-shelf devices [10]
and home-built devices [16, 25]. As shown in Figure 5a) and
b), a TEM device is characterized for its fundamental
electrical property traces in such terms as follows: a) current
(I, in unit of Ampere) versus voltage (V, volt) curves, i.e., [-V
curves; and b) power output [at maximum value point] (P,
Watt) versus V, i.e., P-V curves.

The figures have plotted typical data of a system at three

I (amp)

b

LA

0 5 10 15 20
V (volt)
30 —258.5°C
b) —212.7°C

133.9°C
20
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104

1%

10 15 20
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different temperature settings. Figure 5a) shows I-V curves
exhibiting typical electrical traces of a low resistance power
supply; and Figure 5b) shows P-V relationship. The curves
trace a typical behavior of the resistive power output; the
power output increases with temperature Tj,

Researchers discover a relationship of TEM output power
and the applied clamping force shown in Figure 5c). At the
low force region, the power increases significantly with the
force. The curve exhibits a total variation of twenty percent
that is often observed in various temperature settings. The
performance curve is typically dependent upon its surface
force a.k.a. pressure. As it is shown, a force chosen at 4800
to 12000 (Kg/m®) works well where the curve essentially
flattens. This study chooses 6000 (Kg/m?) in the force
setting.

C)
15 -
S .'.
g
[«
10 ~
v T T T T T
0 4000 8000 12000
F (Kg/m~72)
—_ 6 d) [m]
N [m] W TE1
'
2% o
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=2
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= 1
0
0 100 200 300 400
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Figure 5. The data are illustrated as follows: a) I-V curve; b) P-V curve. Both I-V and P-V curve are shown in a module with T, at 25°C, T, shown in figure. c)
The TE power output depends on the surface clamping F as shown; d) the TE efficiency shows dependence upon the temperature differential.

A typical force response curve is shown in Figure 5c¢). The
variation in the pressure range is most likely due to reasons
of contact voids, electrical contact resistance, and any air gap
within the TE module and interfacial structures. The afore-
mentioned defects may be caused by packaging materials and
the related circuitry of TE devices. The afore-mentioned
defects of TEM can be optimized through proper setting of
the clamping force. The optimization may 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.

The TE energy conversion efficiency is measured that
depends upon the operating temperature as shown in Figure
5d).

3.2. Energy Harvest Studies

Authors have constructed a prototype for the applications
of automotive tail-pipe energy harvest (ATEH). Based on the
combined multiple-unit studies, the total power output is
superimposed well in either serial or parallel configuration
and typically equals to a sum of all units of individual TEPG
[10]. The ATEH is an integrated assembly that is installed to
introduce both a hot gas flows through and a cold media
flowing in TEPG.

Referring to Figure 4b), dozens of TE modules are
arranged with a desired circuitry and/or configuration in
order to meet the required output specification. Figure 4a)
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illustrates the sandwiched ATEH hardware components. As
shown in Figure 4c), the heat flows from the left side, and the

cooling is supplied that is located at its top, bottom, and two
sandwiched layers in the middles and at the center.

4.87e+01
4.65e+01
4.43e+01
4.21e+01
3.99e+01
3.77e+01
3.55e+01
3.33e+01
3.11e+01
2.89e+01

Contours of Static Temperature (c)

Lo

Figure 6. The temperature [T] distribution is derived from the computer simulation. A typical T-distribution is shown across the XY plane. Along X-axis, T
decreases corresponding to the down-stream of heat flow. Along the Y-axis, T has small variation showing a center-to-edge variation..

As an instance, the design model has delivered a typical
temperature variation across the XY plane which is shown in
Figure 6. The temperature variation is as expected due to the
conditions that the viscosity of the hot gas is higher near the
edge of the prototype than near the center and that the gas
near the edge is cooler. The temperature near the center
should be higher across the Y-direction.

The P-vs-T curve is measured in the laboratory tests as
shown in Figure 7. Various prototypes are built and tested.
Based on the tests of the TEPG system (ATEH system) in the
lab, the total output power reaches 1kW (1080W at 315°C).

1200

2
1000

o

L 2 eP(W)

P (Watt)
& 2
o

200
L 2

0

100 150 200 250 300 350
Temperature ( °C)

Figure 7. Lab tests for the power output of a TEPG shows that its maximum
output depends linearly on the temperature in the tested range.

In addition to the above lab tests, a prototype is successfully

applied and is installed on a pickup car for the road tests. A
local manufacturer [23] has provided a pickup car that has a
combustion engine type of Saab V-series, engine model
4Q20M. Researchers have installed 1- and/or 2- unit (s) in this
car as compared to the same 4-units of ATEH in this lab; the
road test has covered a thousand kilometers for each compared
configuration [23]. The tests exhibit significant improvement
of the gasoline mileage for a side to side comparison either
with ATEH or without ATEH configuration.

3.3. Multi-stack TEG Data

A desirable high performance system is imperative for a
wide application of its related high tech of TEPG; the
technology requires an advanced manufacturing method and
achieves a high energy efficiency than TE devices are
currently in the market. The reason is that the existing
materials have a relatively small operation window in
temperature, and the efficiency is relatively small. In the
current situation, it is common that ZT is not high enough,
and the optimum operational window for ZT is less than two
hundred degrees.

In this work, the length of each segment of the P- and N-
type legs was optimized independently with Matlab™
Software [26]. The P- or N-type TE leg was divided into
m+1 sections with equal temperature difference in the
direction of heat flow. If m is large enough (e.g., >1000), the
material properties (Seebeck coefficient, resistivity and
thermal conductivity) of each section can be treated as
constants with values assigned according to the temperature.
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Take the P-type leg as an example (the N-type leg can be
calculated in the same way), the leg consisted of two
segments: the 1% segment, from the 1* to xpth section, used
Pbg.osAgo1Lag s Te; the ond segment, from the (xp-lrl)th to the
(m-i-l)th section, used material Bi,Tes. Tpi and Lpi (=1, 2,
3...m) are the cold side temperature and the length of the ith
section, respectively. The heat transfer flux (Q) and the cross
section area (A) are assumed to be of unit values, and then
the length of each section (L,) can be derived from its
material properties. Each section is treated as a TE battery,
and hence the whole leg is comprised of these sections
connected in series. The output power of section i can be
obtained with the equations shown in our previous work [27].

The system can be improved as follows. As shown in
Figure 8, the multi-stack structures of the TE devices are
studied in order to enhance ZT and to achieve a large TE
efficiency. The x-coordinate represents the ratio of the length
of the high temperature segment over the total length (x). The
optimal length ratio of the high temperature segment
increased with the increase in heat source temperature. When
the x values are small (most parts of the TE leg is made of
low temperature materials), higher 7}, doesn’t mean higher
efficiency. That is because the thermoelectric performance of
the low temperature materials decreased quickly when the
temperature beyond their appropriate working range; the total
efficiency is pulled down just like adding an inferior cell to
the cell battery. There are advanced technologies going on for
the new production method.

012 p. 4
0.104
0.084
=
0.06 4 —— Th=450°C
—— Th=500°C
Th=550°C
0.044
0 20 40 60 80 100
x (%)
0.104 N- b)
0.08 4
&=
0.06 4
—— Th=450°C
0.044 ——Th=500°C
Th=550°C
0.02 . . r .
0 20 40 60 80 100

X (%)

Figure 8. The dual-stack TE devices are illustrated for both P-type and N-
type materials at below: 8a) the P-type efficiency shows dependence upon x;
8b) the N-type depends on x. The temperature is chosen at three different
settings as illustrated. Individual TE property refers to the Table 1.

A number of experiments and computer modeling works
are conducted on multi-stack structures. By choosing the TE
materials available in the market, the multi-stack TE
materials selected have commensurate temperature and the
TE device can increase the operating temperature window.
As a result, the selection of TE materials is shown in Table 1,
and the dual-stack achieved an efficiency of 10.07% for dual-
stack that is far greater than the single stack BiTe efficiency.

Figure 8 illustrates the dependence of efficiency upon the
length ratio (x) for both the P-type and N-type TE materials,
where x is the joint position in the ratio of the length where
segmented legs are located. Figure 8a) shows the P-type
efficiency as a function of x at three temperature settings;
Figure 8b) shows N-type as a function of x. The TE
efficiency is 11.8% at 550°C of Ty, for the P-type, and it is
9.7% at 550°C for N-type on the hot side. Note that the
variable x is the location ratio along the segment of each
dual-stack TE leg.

As it is shown in the Table 1, the dual-stack materials
consist of the Pb-Te based and Bi-Te based TE materials. The
Pb-Te based materials [and its variation stoichiometry]
include both in P-type and in N-type TE materials optimized
for a medium-temperature range. The Bi-Te TE materials
[and its variation stoichiometry] includes both in P-type and
in N-type TE materials optimized for a low-temperature
range. The dual-stack of both P- and N-type PbTe on BiTe
based segmented-legs are joined together through hard
soldering at high temperature that cannot otherwise be
welded together. A dual stack TE system exhibits the
enhancement of the figure of merit, ZT. The ZT values are
tabulated for several TE materials covering high-temperature
windows in Table 1 at below.

Table 1. The figure of merit ZT is illustrated as a function of temperature at
below. (P—PbTe Pb(]_g.{Sl"(}_()/;Na()vggTe‘, N—PbTe Pb(],94Ag()_()1 Lag_(;jTe, P-BiTe:
Bl‘(},ij[_;TEj, N-BiTle: Bl‘gTe‘;).

T (K) ZT T (K) ZT
P-PbTe N-PbTe

321 0.17 320 0.18
422 0.48 420 0.39
522 1.13 524 0.71
622 1.76 620 1.09
722 1.86 726 1.44
822 2.12 824 1.51
922 2.05 924 1.41
P-BiTe N-BiTe

327 0.88 326 0.83
379 0.95 337 0.94
431 0.91 423 1.11
482 0.72 524 0.92

The manufactured devices are composed of BiTe/ BiSbTe
based and PbTe-based [TE, Table 1] thermoelectric materials.
The measurement efficiency is measured. The measured data,
and simple computation based upon Eq. (5) derives the
efficiency.

Authors have explored various materials, investigated
many system setups, and surveyed through a wide range of
temperature difference. A research is conducted on related
manufacturing approaches so that one can attain a higher
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temperature difference, more energy density, and better
output performance in terms of the TE efficiency than what is
currently available [28].

The multi-stack TEG system is advantageous in the output
system efficiency. By comparing the curve-A [close-system],
and curve-B [open-air], it is apparent that the enhanced
system thermal management has significantly improved the
output efficiency. If the unit cost continues to drop from the
current price of the off-the-shelf TEM, and theoretically, if
7ZT=~2.0, the TEPG can possibly achieve a large scale
commercial application [28].

ZT 1is related to the material properties including the
electrical conductivity, thermal conductivity, and the Seebeck
coefficient. The ZT of the employed TE materials for
segmented legs is listed for the related TE materials in Table
1. The favorable working temperature of PbTe based
materials used for the high-temperature segment was from
573 K to 873 K, and the dimensionless figure of merit in this
temperature range (ZT=S?*/px) was about 1.5~2.1 for the P-
type and 0.9~1.4 for the N-type. The favorable working
temperature of BiTe based materials used for the lower
temperature segment was from room temperature to 573 K;
the dimensionless figure of merit in this temperature range
was about 0.7~0.9 for P-type and 0.8~1.1 for the N-type. The
improvement efforts of ZT in the thermoelectric materials
have attracted extensive studies [15, 17, 28, 30].

4. Conclusion

In summary, researchers have investigated many
prototypes of thermoelectric generation; they have succeeded
in improving both the output level and the efficiency. An
instrument of in situ characterization is built in house to
study methodically the efficiency, I-V curve, and P-V curve
over a wide temperature window. By utilizing commercially
available materials, the dual stack device has achieved over
10% thermoelectric efficiency in experiments; the triple stack
device has resulted in 19% efficiency in modelling.
Moreover, they have presented a series of design,
construction, and characterization of thermoelectric
distributed power generation. Finally, researchers have
demonstrated that a thermoelectric distributed power system
has achieved output power at 1kW or above and that many
prototypes/ systems have achieved approximately 100W
level and 1000W output level.
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