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HIGHLIGHTS

« Design and fabrication of TEGs for low temperature waste heat application.
« Scalable manufacturing demonstrated using dispenser printing.

« Achieved power output 33 x 107® W and power density of 2.8 W m~2.
« Practical situation of pipes carrying hot fluid simulated in the lab.

« The power output evaluated in forced convection and natural convection.
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This work focuses on the design, fabrication and testing of thermoelectric generator (TEG) devices using
dispenser printer. A series-parallel prototype of 50 couples, with 3.5 mm x 600 um x 100 um printed
element dimensions, is fabricated on a custom designed polyimide substrate. Se doped mechanically
alloyed (MA) Bi;Te; was used as the n-type material whereas Te doped MA BigsSb;sTes was used as
p-type material. The prototype TEG device produces a power output of 33 x 10°°W at 0.75 x 103 A
and 43 x 1073V for a temperature difference of 20K resulting in a device areal power density of

Iéfyms/grds_lie 2.8 Wm™2. To achieve a similar power output in a practical situation, such as from pipes carrying hot
Biz;@ 150 fluid an experimental study in forced and natural convection is performed. In forced convection,
Composites 33 x 107° W power output is achieved when the pipe surface temperature is about 373 K. While, in nat-

ural convection, maximum power up to 8 x 10~% W power is obtained at 373 K pipe surface temperature.
Forced convection is desired for the system to generate sufficiently high power. In the case of natural con-
vection, we achieved much lower power compared to forced convection. The prototype presented in this
work demonstrates the feasibility of deploying a printable and “perpetual” power solution for practical
wireless sensor network (WSN) applications.
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Flexible thermoelectric generators
Waste heat recovery
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inefficient for large-scale deployments of WSN’s. The widespread
implementation of WSNs requires self-sufficient power sources

1. Introduction

WSNs are a promising technology for ubiquitous, active moni-
toring in residential, industrial and medical applications. The main
energy sources for WSNs are primary batteries. Primary batteries
can have excessive weight and size, which limits the lifespan and
autonomy of electronic devices because of the need of replace-
ment. Battery replacement is thus undesirable, costly, and
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that are capable of providing power to the nodes for its entire lifes-
pan. A long lifespan and small dimensions of the power source are
particularly important and advantageous in applications with lim-
ited accessibility such as condition monitoring sensors, intelligent
transportation sensors, residential energy management sensors,
and in-home healthcare sensors. This requirement represents a
special challenge for power sources device design. Energy devices
that scavenge energy from their surroundings are being developed
as power sources for nodes in wireless sensor networks.
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Nomenclature

Prax maximum power output (W)

Vop open circuit voltage (V)

Rin internal resistance of the device (Q)
m number of couples

o Seebeck coefficient (V/K)

AT, temperature difference across TEG (K)
o resistivity (Q-m)

L thermo element leg-length (m)

A area of thermo element (m?)

Thermal energy is an attractive option to power WSNs due to
the availability of low-grade ambient waste heat sources in resi-
dential, industrial, and indeed almost all places. Thermoelectric
generators can potentially be used to generate electricity from
low-grade waste heat and play an important role in powering
the WSNs [1]. These solid-state TEGs have great appeal due to their
silent nature, lack of moving parts, provision of “perpetual” power
and they are CO, emission free [2]. While the focus of this work is
on the small scale applications such as powering WSNs, thermo-
electric generators have potential to be used in small, distributed
power generation [3]. Various applications have received research
attention lately. Efforts are underway to improve the efficiency of
an automobile internal combustion engine using a TEG to convert
part of the energy, which is lost as waste heat, into electricity [4].
Integration of TEGs with photo-voltaic systems is also being
explored [5].

However, TEG devices have low efficiency, which depends on
the figure of merit (ZT) of the thermoelectric materials and on
the device design [6,7]. Efficient thermoelectric materials should
have high Seebeck coefficients to provide sufficient voltages, high
electrical conductivities to allow for electric current, and low ther-
mal conductivities to maintain good temperature difference across
the device [6]. The power output of a TEG depends then on device
design, material properties and number of couples [7,8].

Emerging studies on printing TEG devices have gained attention
due to low cost, flexibility of the TEGs, high power density and high
aspect ratios [9-11]. Printing of high-aspect-ratio TEG devices
requires thermoelectric materials that are readily synthesized, air
stable, and amenable to solution processing to create patterns on
large areas. In this regard, polymer thermoelectric composites are
very attractive, as they require relatively simple manufacturing
processes [11-15]. Research related to new composite thermoelec-
tric materials, new device design suitable for polymer - thermo-
electric materials, improvement in ZT for composite
thermoelectric materials and novel fabrication process for polymer
slurries has been reported [9-12]. The printing methods are also
scalable toward mass manufacturing, including traditional screen
and flexographic printing techniques.

In this work, mechanically alloyed (MA) Bi,Tes (with
1%Se)-epoxy and BigsSbysTe; (with 8 wt.% additional Te)-epoxy
have been chosen as starting n-type and p-type thermoelectric
composite slurries because of their high ZT values at room temper-
ature [16,17]. This work focuses on design of TEGs based on the
properties of these composites for practical low waste heat appli-
cations. As a second step, we expand the study to print a
low-cost, planar TEG prototype with a simple configuration using
the composite slurries. Device power output measurements have
been done on a custom measurement device. The experimental
setup commonly used in studies of TEG involves maintaining both
the hot and the cold side temperatures using heat sink [18], ther-
mal mass [19], axial fan, and fluid flow [20]. However in real world
applications it is often not possible to maintain the cold side ambi-
ence temperature. Therefore, the practical situation of waste heat
around a pipe was simulated in the laboratory and power output
measurements were done in forced and natural convection. In this

work we present design optimization of TEGs for application in
WSNs, their fabrication using low-cost printing technique, and
characterization in practical situations. Existing literature has
mostly focused on design and/or fabrication, and has largely
ignored characterization in practical situations [10,21].

2. Thermoelectric device design

The planar thermoelectric device was fabricated from dispenser
printed MA n-type Bi,Tes with 1 wt.% Se and p-type BigsSb; sTes
with 8 wt.% extra Te — polymer composites. Details of the synthesis
of the composite materials and their thermoelectric properties can
be found in [16,17]. For thermoelectric devices to be suitable for
low power electronics, they must be able to provide a minimum
potential voltage. Power output of a thermoelectric generator can
be approximated as,

2
Prax = 4‘1/%
mn

where V,, = mot,,, AT, and Ry, = pL.

where V,, is the open circuit voltage, m number of couples, o,
Seebeck coefficient of n and p couple and AT, temperature differ-
ence across the device. R;, is the internal resistance of the device,
p is the electrical resistivity of the material, L is the
thermo-element length in the direction of heat flow and A
(600 pm x 100 pm) is the cross-sectional area of the element.

The power output of a thermoelectric generator is thus primar-
ily a function of the thermoelectric material properties and the
temperature difference applied across the generator. The funda-
mental voltage and power equations described in this section will
serve as a platform for the design of generators for powering wire-
less sensor network for low waste heat application. As previous
design studies and the modeling showed that power output
depends on thermo-element leg length, so for modeling purpose
we choose thermo element leg length to be variable; other param-
eters are fixed and values are shown in Fig. 2 [7,8,22]. We assumed
heat transfer coefficient to be constant. We also assumed that heat
conduction is one dimensional. The Seebeck coefficient of n- and
p-type composite films is 180 x 107 VK~! and 280 x 107 VK™!
[16,17]. Electrical conductivity of n- and p-type composites films
is 3000Sm~' and 1300Scm™' [16,17]. Thermal conductivity of
n- and p-type composites films is 0.25 W m~!' K~! [16,17]. Based
on the composite thermoelectric film properties and fixed design
parameters we have plotted power output vs. thermo-element
leg length for a temperature difference 20 K as shown in Fig. 1. A
maximum power output of 38 x 107 W can be achieved for
50-couples TEG with thermo-element leg dimensions of
3.47 mm x 0.6 mm x 0.5 mm for AT of 20 K.

Based on this optimized leg length (3.5mm), a
custom-designed, double-layer, flexible printed circuit board
(Flex-PCB) was fabricated by Rigiflex, Inc [23]. The planar thermo-
electric device was fabricated from the n- and p-type composite
slurries. The printed TEG was cured in argon/vacuum oven at
250 °C. Electrical connections were made using silver epoxy and
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Fig. 1. Effect of thermo-element leg length on power at AT of 20 K.

electrical wires. The illustration and an image of the actual device
are shown in Fig. 2.

The printed prototype device was tested using a custom exper-
imental testing apparatus as shown in Figs. 3 and 4 [23]. The prac-
tical situation of waste heat around a hot pipe was simulated in the
laboratory by using 0.3048 m hollow ‘schedule 40’ pipe. Heavy
duty silicone rubber heat sheets were placed inside the pipe for
heating. The outer surface area of the pipe was wrapped in an insu-
lating silica sheet to maintain the hot side temperature of pipe. One
thermocouple was placed underneath the insulating sheet in con-
tact with the hot surface of the pipe to measure the hot surface
temperature. The heat sheets could increase the temperature of
the hot pipe up to 180 °C. To precisely control the hot pipe temper-
ature a PID controller was used. A fan with air velocity 25 m/s was
used to create forced convection. A small slit (approximately
0.5 mm) in the insulating silica sheet was created to fit the TEG
so that bottom side of the TEG device was in contact with the
hot pipe and the upper side of the TEG was in the ambient environ-
ment. Thermal joint compound (TIM-417, Wakefield Solutions)
was applied at the contact interfaces to reduce contact thermal
resistance. Various temperature differences were then applied
across the printed TEG using the PID controller. The open circuit
voltage and power output were measured as mentioned in the last
paragraph.
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Fig. 2. Illustration and image of dispenser printed MA Bi,Tes (1 wt.% Se) n-type and
MA Big5SbysTes (8% Te) p-type planar thermoelectric device on flex PCB substrate.

3. Results and discussion
3.1. Materials property characterizations

To demonstrate the planar device prototype we choose
previously developed MA Bi,Te; with 1 wt.% Se as n-type material
and MA BigsSb; sTes with 8 wt.% extra Te as p-type [16,17]. These
composite films have poor temperature resistance and are there-
fore unsuitable for use at high temperatures. To realistically apply
these thermoelectric materials, applications which operate in the
low temperature range (<100 °C) need to be targeted. For low
waste heat application, thermoelectric device perform from room
temperature to a moderate temperature range. Therefore, it is nec-
essary to measure thermoelectric properties of these dispenser
printed composite materials from room to moderate temperature
range.

Thermoelectric properties of printed composite films like elec-
trical conductivities and Seebeck coefficients were measured using
a custom testing device set up. The system utilizes van der Pauw’s
method to measure the electrical conductivity. The accuracy of the
electrical conductivity measurement was improved by taking
reversed polarity measurements. The electrical conductivity mea-
surements were matched to the physical property measurement
system (Ecopia HMS-3000). The measurements of the temperature
difference across the sample and the open circuit voltage devel-
oped due to the temperature difference were used to calculate
the Seebeck coefficient. The Seebeck coefficient measurements
were calibrated using a sample of known Seebeck coefficient pur-
chased from NIST. The measurements using custom-built measure-
ment system matched the standard within 10% error. C-Therm TCi
thermal conductivity analyzer (Transient plane source method)
was used to measure the thermal conductivity of n- and p-type
films. The system can measure thermal conductivity in the range
of 0-220 W/m-k.

Fig. 5 shows the measured thermoelectric properties of MA
n-type and p-type film cured at 250 °C in temperature range from
20°C to 90°C. Fig. 5(a)-(c) shows that electrical conductivity,
Seebeck coefficient and power factor do not change with the
change in temperature in the range of 20-90 °C. Error bars show
the variation of the measured thermoelectric properties for various

ocouple

*

Cold side

Fig. 3. Image of custom built experimental set-up for TEG power output
measurement.
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Fig. 4. Image of insulated hot pipe set up in lab.

samples prepared using exactly same specifications. The thermo-
electric properties of composite films are not adversely affected
in the temperature range of 20-90 °C. Therefore, the TEG device
made using dispenser printed composite films can be used in that
temperature range.

3.2. Printed device performance

Using the n- and p-type composites slurries, thermo-elements
were printed on a flexible PCB substrate described in Section 2.1.
The device resistance of the prototype was 55 Q when cured at
250 °C. Avariable resistance was attached in series to the TEG device
and voltage measurements were taken at multiple load resistances.
The power was calculated based on the measured voltage and load
resistance at various temperature differences. Fig. 6 shows the
power output graph for the 50-element series parallel combination
prototype device measured at AT of 10 and 20 K. At AT of 20K,
printed TEG device produced maximum power of 33 x 107 W at
0.77 x 103 A current and 44 x 1073V closed circuit voltage. The
device schematic that we have used (Fig. 2) has 50 couples. They
are 5 sets of 10 couples. Within each set couples are connected in
series. However each set is connected to another in parallel. The idea
is to reduce the resistance of the device. Since each set is connected
in parallel the voltage is effectively being measured across 10 cou-
ples. Therefore, open circuit voltage at AT of 20K was
88 x 1073V. At AT of 10K the maximum power output was
8 x 1075 W and closed circuit voltage obtained was 21 x 10> V.

Fig. 7 shows the variation of power density (power output per
unit area) of the TEG with the temperature difference for ideal
model, fitted model and actual prototype. Using thermoelectric
material properties of MA Bi,Tes (1wt.% Se) with epoxy as
n-type and MA BigsSb; sTes (8% Te) with epoxy as p-type compos-
ites films cured at 250 °C, the theoretical power density (power per
unit area) of TEG devices has been predicted for ideal model [7,8].
A maximum power density for ideal model at temperature differ-
ence of 20 K was 3.50 Wm 2.

For fitted model, power density is calculated based on internal
resistance of the device (800 Q) and Seebeck coefficient of compos-
ite films. It is clear from Fig. 7 that the fitted model and ideal model
have same power density value at temperature difference of 10 K

and 20 K, implying contact resistance is almost negligible for TEG
device. The actual power density values are calculated by dividing
the maximum power output of TEG device, produced at AT of 10 K
and 20 K, by the area of the device. The actual device is capable of
achieving a power density of 0.87 W m~2 at AT of 10 K. However,
at temperature difference of 20 K actual measured power density
(2.80 W m~2) varies from the ideal model (3.50 W m~2). The slight
variation may be due to fluctuations in temperature across the TEG
during measurement and it is very difficult to maintain high
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Fig. 6. Characteristics curve of the 50 element TEG device at AT=10K and 20 K.

temperature difference across the device in practice. This might be
the reason of getting lower power density in actual prototype than
ideal model.

An important thing to note in power output measurements was
that we were maintaining the hot and cold side temperatures. But
in a real situation such as exhaust pipes or engine manifolds of
automobiles, and steam pipes, it is not possible to maintain the
ambient side temperature. In these scenarios the use of TEGs to
generate useful energy requires examination. As described in
Section 2.2 we have simulated the test set up of a waste heat situ-
ation from a heated pipe in the laboratory. Using the same device
with 55 Q resistance and maintaining the temperature difference
of hot pipe at 60 °C, 80 °C and 100 °C, power output measurement
was done. A fan was used for creating the forced convection. Air
was flowing at 25 m/s through pipe of diameter 0.15 m and of
length 0.3 m.

In forced convection, at 100 °C hot surface pipe temperature,
when the external load resistance matches the device internal
resistance, a maximum power of 33 x 10~ W was obtained. Heat
flow per unit length at 20 K temperature difference for 0.15 m
diameter cylinder was 622 W/m in forced convection scenario. It
was approximately the same power as in the experimental

=2 e e e e e e e e e e e g e
|| == Ideal Model
== Fitted Model
7f e Measured Prototype

Power density (W/m2)
N
I

ol ol b b by
0 5 10 15 20 25 30

Temperature Difference (K)

Fig. 7. Power density at matched load resistance as a function of temperature
difference across the TEG for ideal TEG model (solid line), fitted model (dotted line),
measured device (circular shape).

situation with hot and cold side temperatures controlled to give a
20 K temperature difference across the TEG. At 80 °C and 60 °C pipe
surface temperature, maximum power outputs obtained at
matched load resistance were 21 x 107 W and 9 x 10~% W respec-
tively which was equivalent to 15 K and 10 K temperature differ-
ence. To obtain high temperature difference we have also tried
printing a device using 5 mm leg-length but did not obtain signifi-
cantly higher temperature difference across the device compared to
that for 3.5 mm leg-length device. Therefore we decided to use
3.5 mm leg-length. The increase in resistance would likely be much
higher than gain due to slightly higher temperature difference.
Fig. 8 shows the device characteristic curve for the 50-element
device measured at hot surface pipe temperature T =100 °C, 80 °C
and 60 °C at various load resistances.

In natural convection, at 100 °C pipe surface temperature, max-
imum power up to 8 x 10~% W was obtained which is equivalent to
10 K temperature difference in experimental situation where the
hot and cold side temperatures were controlled. In natural convec-
tion, cold side temperature at first steadily increased to about 10°
below the hot side temperature and then fluctuated in the range of
8-10° below the hot side temperature. These fluctuations in the
cold side temperature were possibly due to variations in the ambi-
ence temperature near hot side. Maximum power of 4.6 x 107 ¢ W
and 2 x 10 W was obtained at 80 °C and 60 °C pipe temperature
respectively. In natural convection experiment, it was difficult to
maintain high temperature difference between hot and cold side
and lot of temperature fluctuation was observed. In forced convec-
tion scenario stable and sufficient power was generated as com-
pare to natural convection. A quick calculation showed that the
fan can be replaced by a stainless steel heat sink with 30 or more
annular fins of 5mm x 20 mm dimension. Future work will
include device design optimization with inbuilt heat sinks to main-
tain a large temperature difference in natural convection.

Five or more of these devices (250 couples) can be stacked
together to generate high power output. Power generated by these
stacked TEG devices is sufficient to charge batteries used in wire-
less sensors/transmitters used in the monitoring of equipment
with hot surfaces such as motors, pumps and steam pipes that
are used in aerospace, power plants, processing industries, resi-
dences and geothermal industries [23]. The successful demonstra-
tion of planar thermoelectric generators opens opportunities for a
wide variety of energy harvesting applications. The developing
medical and healthcare needs of the world will place demands
on more complex diagnostic and treatment technologies that
require autonomous power sources. Given the limitations of
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Fig. 8. Characteristics curve of the 50 element TEG device at hot pipe temperature
T=100 °C, 80 °C, 60 °C respectively.
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primary battery systems, thermoelectric generators provide a
solid-state solution to alleviate the power demands of current
and future technologies.

4. Conclusions

The design of TEGs fabricated from composite materials has car-
ried out for low temperature waste heat application. A 50-couple
planar TEG with thermo-element leg length of 3.5 x 10~ m was
printed on a custom designed flexible polyimide substrate. The
printed TEG produced a power of 33 x 10°®W at 0.75 x 103 A
current and 43 x 1072 V closed circuit voltage at a temperature dif-
ference of 20 K on custom test apparatus. These results indicate an
areal power density of 2.80 W m~2. 33 x 10~® W power output was
achieved when the TEG was applied to a pipe surface with temper-
ature of 100 °C in forced convection. While, in natural convection,
8 x 10® W power was obtained at 100 °C pipe surface tempera-
ture. The results shown are encouraging for the use of cost effective
and scalable TEGs for various thermal energy harvesting applica-
tions. Future work will include device optimization with inbuilt
heat sinks to maintain large temperature differences across the
TEG in the case of natural convection.
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