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ABSTRACT: A continuous underground pipeline monitoring
system is needed to avoid energy waste or pipeline explosions and
minimize the negative environmental impact. Thermoelectric-
powered Internet of things (IoT) sensors can be a promising
solution due to reliable power sources supplied by thermoelectric
generators to scavenge the wasted heat through the pipeline
surface. Conformal thermoelectric generators (cTEGs) are suitable
for pipeline applications; however, the current study is mainly
focused on harvesting body heat, which is not suitable for piping
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systems because of the different thermal path. Here we designed and fabricated a film-based ¢TEG on a roll-to-roll manufacturing
platform using an electrothermal model to achieve an optimized device structure and performance. The unique design of this cTEG
device provides the capability of scavenging mid- to low-grade waste heat, which is the most common wasted heat source for
underground pipeline systems. The proposed device fabrication method combines bulk TE elements with a flexible printed circuit
board to maximize the power output and minimize the cost. The resulting power output density of a cTEG integrated with four pairs
of p—n junctions is 1.26 mW/m® at a temperature difference of 50 °C, which is 2 times higher than the value reported in the current
literature. This study provides a potential pathway for using TEGs as energy sources for powering underground pipeline monitoring

systems in a cost-effective way for real applications.

KEYWORDS: conformal thermoelectric generator, internet of things, energy harvesting, environmental monitoring, smart infrastructure,

thermoelectricity

B INTRODUCTION

Underground pipelines are conventionally considered to be
low-risk infrastructure because the reported incidents are
relatively rare. however, they often have devastating con-
sequences when incidents occur. In 2018, a steam pipe
exploded in downtown New York City, which caused severe
human injuries and property damage. Also, the products
released from underground pipes can be harmful to the
environment." Thus, a continuous underground pipeline
monitoring system is needed to solve the problems. Internet
of Things (IoT) sensors with integrated wireless sensor
networks (WSNs) play a critical role in monitoring under-
ground pipelines. As the demand for IoT sensors increases, the
source of powering these sensors becomes a vital issue. A
battery is the most commonly used power source, which
requires extra labor and cost for replacement and maintenance.
In addition, it is extremely cumbersome for the battery-
powered IoT to be applied in remote areas or areas with
limited access. To overcome these limitations, researchers have
explored several novel methods using renewable energy as the
power sources such as solar energy,” piezoelectric energy
harvester, etc.® However, due to the limitations of working
conditions and cost, these renewable energy sources are not
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always suitable for WSNss and portable electronics. It is evident
that thermoelectric (TE) technology is an important advance-
ment in the renewable energy field, due to its ability to directly
convert heat into electricity for power generation via the
Seebeck effect.”™® It can play a crucial role in sustainable
electricity production, since nearly 60% of the primary energy
source worldwide is wasted in the form of heat. Additionally,
thermoelectric generators (TEGs) have the advantages of low
maintenance, no moving parts, and ease of installation.
Despite recent advances in TE technology, the potential
effects of TE devices for power generation are limited. The
main challenge lies in the rigid device geometry and
complicated fabrication process. Conventional TEG devices
are platelike and rigid, which are unable to be used for fully
exploiting thermal gradients (AT) from curved or nonplanar
surfaces, as most heat sources have nonplanar surfaces or
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spatial restrictions. In addition, the current production of TEG
devices involves a complicated fabrication process with many
discrete steps and rigid substrates. As such, the cost of
fabrication and packaging of TEG devices counts for more
than 70% of the total cost. Despite the numerous efforts and
advancement of TE technology at a materials level, the
inefficient device fabrication process has unfortunately not
been well addressed in the TE community.

Research has been conducted since 2001 on the fabrication
methods for conformal TEGs (cTEG).” There are several
different fabrication techniques, such as a lift-oft process,89 a
flash evaporation method,"”"" photolithography and etchln%
techniques,'”~'* thermal evaporation,'” nanomaterials,'
sputterlng techmques, 20722 screen }Z)rinting,23_27 dispenser
printing, and inkjet printing.”*”* Among all these
methods, printing technologies are the most commonly used
techniques for cTEG device fabrication. However, the current
existing printing technologies are limited by the ink viscosity,
printing thickness, binders, etc.

The previous studies on polymer-based TEG modules have
indicated a low performance due to the TE legs being shorter
than the optimum. To overcome the challenges for traditional
printing technologies, we propose a hybrid ¢TEG fabrication
method that combines bulk TE elements with a flexible printed
circuit board. The electrothermal modeling used in this work
provides the capability of maximum performance design for
any dimension constraints. Also, the proposed fabrication
process can be easily transferred to a roll-to-roll platform that
reduces the manufacturing costs, which is another major
limitation for the adoption of thermoelectric technology. The
testing system is built by a thermal path similar to that of the
real underground pipeline application, which provides reliable
results for the study.

B CO-OPTIMIZATION OF TEG DEVICE
ELECTROTHERMAL PROPERTIES

The TEG device performance (power output and efficiency)
relies on the material’s figure of merit (zT) enhancement and it
is also affected by the efliciency of heat transfer from the heat
source to the heat sink. It works as a whole energy conversion
system that needs to be electrically and thermally optimized.
Yazawa et al. has developed electrothermal co-optimized TEG
modeling that can be used as a guideline for this study.’® There
are two ways to look into the performance of TEG: either
maximum output power or highest efficiency. This depends on
the different applications. On the one hand, for power
generation where the heat source is continuous, unlimited,
and essentially free or has a negligibly low cost, the maximum
power output is more important than efficiency. On the other
hand, for a limited and expensive heat source, efficiency must
be weighted against sacrificing some portion of the power
output. For modeling optimization, the highest output
corresponds to the highest power delivered to a load. The
highest efficiency corresponds to the highest ratio of electrical
power delivered to load to the amount of heat flux from a hot
reservoir to a cold reservoir.

As the electrical and thermal properties are interdependent,
it is important to analyze the electrical current flow and heat
flow simultaneously. A system diagram that includes both
thermal resistance and the electrical circuit is shown in Figure
1.

The equations at the two nodes are based on energy
conservation; Ty, and T, are the temperatures at the hot and
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Figure 1. Electrothermal resistance network model. The green block
represents the thermoelectric material (leg), and the upper and lower
sides of the region represent the electrical and thermal contacts. 4,
and y_ are the thermal resistances for the heat transfer on the hot side
and cold sides, respectively. g, is the heat flux supplied by the hot
reservoir at temperature T, (fixed). q. is the heat flux that flows into
the cold reservoir being reduced from g, depending on the energy
conversion eﬂ'iciency.37

cold sides of the thermoelectric legs, respectively. Heat flux
applied to the thermoelectric leg (W/m?) and the rejected heat
flux on the cold side (W/m?) are found to be

g, = g(Th — T.) + SIT, — I’R/2 W

p 2
= 2(1, - T) + SIT, + ’R/2
where f is the thermal conductivity (W/(m K)), S is the
Seebeck coefficient (V/K), I is the electrical current per unit

(A/m?), and R = % is the internal electrical resistance with

unit cross-sectional area (€ m?). Both hot and cold junctions
dissipate half of the total power as the Joule heating happens in
the TE leg. The output power delivered to the load per unit
area of the heat source w (W/m?) is found to be*
2 moS” 2
w=PmR=—"%__(1 _ 1)

(1 4+ m)*d (3)
where w = g, — q. by energy conservation, ¢ is the electrical
conductivity of the leg, and m is the ratio of the internal
resistance to the external load resistance, i.e. R = mR.

The maximum power output as a function of T and T, can
be calculated as*®

mZ ﬂ(

—me P (r-1)
a*(1 + m)? - ¢ )

(4)

where «a is the asymmetric factor (dimensionless) defined as &
= (T, = T,)/(Ty — T.) and d, is the optimum leg length. Z is
the material’s figure of merit with dimensions of 1/K consisting
of the intrinsic material property Seebeck coefficient S (V/K),
the thermal conductivity # (W/(m K)), and electrical
conductivity ¢ (1/(Q m)) as Z = 68/ (1/K). If the TE
legs are thin and long, the system can hold a large temperature
difference. However, the electrical resistance increases for long
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Figure 2. Schematic of the proposed roll-to-roll production line of a conformal thermoelectric generator (cTEG).
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Figure 3. Fabrication process and cTEG prototype. Simplified fabrication process of cTEG: (1) inkjet printing of the silver pattern by inkjet
printing; (2) use of the commercially available bismuth telluride as TE legs; (3) use of silver paste to connect the bulk TE elements with Kapton
and with subsequent filling of the hole and sealing by PDMS; (4, 5) images of the cTEG prototype with 40 pairs of n-and p-legs on a 40 X 40 mm?
Kapton substrate. The cross section shows a whole device thickness of 5 mm.

legs and the power output will decrease. Thus, there is an
optimized leg length that yields a maximum power output,
where the ratio of internal and external resistance

m = /1 + zT.” This relation is found when the temperature
reservoirs T, and T, are given while T}, and T, are variables. In
realistic cases, the terminal temperatures of thermoelectric legs
are variables by the design of external thermal resistances and/
or thermoelectric legs. To clarify, impedance matching with m
= 1 for maximum power output only happens when T} and T,
are given and fixed. An assumption has been made that the zT
value is constant across the study cases due to the limited
temperature range in this application. The real deviation of the
temperature-dependent zT value consisting of three material
properties are process-dependent and not yet known. There-
fore, this modeling design took the liberty to make the analyses
simpler.

B CONFORMAL THERMOELECTRIC DEVICE
FABRICATION

Experiment. Figure 2 shows the schematic of a conceptual
production line and the process for ¢TEG using several
microdeposition processes on a roll-to-roll platform, which
include the following (1) The top metal contact layers (shown
as yellow color) are deposited onto a PDMS film substrate

199

(shown in green) using screen-printing techniques with silver
ink, and a curing process follows to ensure that the electrical
conductance is secured. (2) Vertical micropits are created on
the polymer substrates using a pulsed laser irradiation system,
(3, 4) Vertical microhollows are filled with p- or n-type TE
materials, respectively, in a staggered pattern. Pipet dispensing
systems or similar techniques are used, while the TE materials
are prepared as nanoparticles for deposition. (S) p- and n-type
TE materials deposited in the pits are sintered using a pulsed
laser or microwave for in situ crystallization with minimal
thermal damage to the polymers, followed by (6) screen-
printing the top layer metal contacts to allow the generated
electrical current flow through the entire cTEG module. The
printed electrode ink is then cured at 90 °C for 2 h. Finally, the
device is laminated by a top side substrate such as a polyimide
film. The roll-to-roll process allows infinitely continuous
electrical circuitry, and it can be cut at any desired length to
make the sheetlike device.

To avoid thermal losses, it is important to use highly
insulating polymers (i.e, PDMS) as the gap-filling materials
between p-type and n-type legs. This structure also allows large
strain and deformation. Hence, this device design is expected
to provide good energy conversion efficiency and mechanical
conformability. The numbers of p—n pairs are determined by
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the required power output specific to the application. The
lengths of p and n legs and the widths and thicknesses of
contacts are designed to maximize the power output on the
basis of both the material’s properties and the heat transfer
efficiency on the hot and cold boundaries.

Before all of the above technologies were fully implemented
into a large-scale ¢cTEG production, a simplified fabrication
process was utilized in this study and the performance tests
were conducted on the fabricated sample to test the feasibility
of the proposed method.

Figure 3 shows the tested sample of a cTEG prototype using
solid TE legs available commercially with a flexible polyimide
substrate and PDMS as filling materials. Both n- and p-type
Bi,Te; (Seebeck coeffcicent 201 uV/K, electrical conductivity
1 X 107 S/cm, thermal conductivity 1.5 X 107> W/(cm K))
cubic legs have a size of 1 X 1 X 3.5 mm. The prototype
fabrication process includes the following. (1) The contact
pattern was designed by Adobe Illustrator, as shown in Figure
3. Silver ink (NovaCentrix JS-A101A) was used as conducting
contacts for the prototype. The designed pattern with a size of
1.5 X 3 mm was printed on the Kapton substrate with a
thickness of 273 um by using an inkjet printer (FUJIFILM
Dimatix DMP-2850) with different fill factor designs. (2) The
printed silver ink was cured at 90 °C for 2 h to ensure high
electrical conductivity. To achieve electrical connections, the
entire printed pattern was designed to make a series
connection. (3) A high-performance silver paste (PELCO,
No. 16047) was used for soldering n- and p-type legs and
connection wires on the top and bottom as-patterned Kapton
substrates. (4) The electrical connections for the entire TE
module were checked by connecting a voltmeter to two wires.
(S) Finally, PDMS (Dow Corning SLYGARD 184 kit) was
used as the filling material for the TE module. The as-
fabricated TE module was placed on a hot plate, and then well-
mixed PDMS with a curing agent was poured into a mold and
cured for 2 h at 80 °C. Figure 3 shows the fabricated prototype
of a TE module that includes 40 pairs of n- and p-type legs on
a 40 mm X 40 mm area. The total thickness of the TE module
is S mm, as designed by simulation results.

Figure 3 shows the good mechanical flexibility of the
fabricated TE module. The TE module was attached on the
outside of a laboratory beaker, with a curve angle of
approximately 30°. As the ¢cTEG will be used as a power
source for an underground pipeline, the curvature with a 30°
angle is suitable for this specific application.

Testing Setup. The overall view of the testing setup is
shown in Figure 4a. The apparatus externally creates the
temperature difference across the as-fabricated cTEG module
by the counterdirection of two water flows. Water chillers
supply deionized water flows to the cold and hot sides, where
the temperatures are controlled within +0.1 °C accuracy
(Fisher Scientific ISOTEMP 250LCU).*” The cold side is fixed
at § °C during this experiment. The hot side increases from 5
°C up to 55 °C. The flow meters (FTB333D, Omega
Engineering) measure the water flows from the chiller to
testing bed with +6% accuracy for a 0.2—2 mL/min range. The
amount of heat loss during the measurement is considerably
smaller in comparison to the main heat flow.

Figure 4b shows a side view of the sample stage where the
TE module is placed between copper plates. Thermal interface
grease (OMEGA THERM 201) is used on the top and bottom
sides of the TE module to maintain reasonably good thermal
contacts. In order to compare the results with those of other
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Figure 4. (a) Overall view of the test setup with two water flows
controlled by chillers. The cold side is set at S °C, and the hot side is
changed from $ to 55 °C. The water flow rate is recorded by a flow
meter that is mounted on the tube. (b) Sample stage for the cTEG
device. The ¢TEG device is placed between two copper plates with
thermal interface grease on both sides.

studies, the measured TE modules contain four pairs of TE
legs in a 40 mm X 40 mm area.

B RESULTS AND DISCUSSION

The temperature boundary conditions on the outside of the
c¢TEG module are controlled by the water flow. Due to the
heat loss from the heat reservoirs to the ¢TEG module,
temperature gradients are involved on the bottom and top
sides of the cTEG module. In order to better understand the
realistic temperature gradient across the cTEG module, we use
the finite element method (FEM) for temperature simulations.
Figure S shows a thermal model of the as-produced ¢TEG with
copper heat on the top and bottom sides. The module contains
four pairs of TE legs with a size of 1 mm X 1 mm X 3.5 mm.
The uniform heat transfer coefficient is set at 276 W/(m? K)

(@)

(®)

Figure 5. FEM simulation of the temperature profile for the cTEG
with copper heat channels on the top and bottom sides, assuming that
the uniform heat flux is applied. (a) Full assembly thermal model with
four pairs of Bi,Te; legs (1 mm X 1 mm X 3.5 mm) in the module.
(b) Temperature results of the as-produced ¢cTEG module.
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and the mean water temperature is kept at T ., = 53.3 °C
and T, .q = 6.7 °C. The result shows a uniform distribution
of heat on the substrate, and the temperature drops from the
hot to the cold side.

As we discussed in a previous section on the electrothermal
co-optimization of TEG device, it is necessary to match the
electric load resistance with the internal resistance of the TEG
module. The initial measured internal resistance of the cTEG
at room temperature (25 °C) was 77 . This was mainly
attributed to the series resistance of the printed metal contact
and the silver paste. As was previously discussed, the optimum
power output can be achieved when the load resistance
matches the internal resistance with the electrothermal
interaction factor /1 + zT. In the experiment, the optimum
load resistance can be found by manually changing the load
resistance under a stable heat flow across the device.

The power output w at the load resistor is defined as®’

. A

(RL + Izint)2 * (5)
where V_ is the open circuit voltage from the TE module.
Figure 6 shows the measured power output of the ¢cTEG for
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Figure 6. Experimental results and fitting curve for the power output
as a function of load resistance at AT = 5 °C. The fitting curve uses a
polynomial fitting function with intercept, B1, and B2 as shown in the
inset table; the R? value is 99%.

AT = § °C against various load resistances. The power output
of the cTEG increases as the load resistance increases. As the
load resistance is near the internal resistance of the cTEG, the
power output reaches a maximum value and then decreases
when the load resistance is larger than the internal resistance.
Thus, a series of experiments was repeatedly conducted to
obtain the optimum power output by changes in the load
resistance, as shown in Table 1. At AT = § °C, the optimized

load resistance is found to be 56.6 €. The measured internal
resistance at same temperature difference for the TE module is
60.1 Q. The resistance will be affected by conditions such as
temperature.

Figure 7 shows the measured load voltage and power output
of the cTEG against the temperature difference between the
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Figure 7. (a) Experimental results and fitting curve of power output
as a function of temperature difference for the cTEG module with
four pairs of TE legs in a 40 X 40 mm” substrate. The cold side is
fixed at 5 °C. The fitting curve uses an exponential fitting function
with an R* value of 99%. (b) Comparison of this work with that of Jo
et al. on the power output density as a function of temperature
difference. Both works follow the exponential trends.

Table 1. Internal Resistance, Optimized Load Resistance, and Maximum Power Output at Different Values of AT

AT (°C)
) 10 15 20 25 30 35 40 45 S0
internal resistance (Q) 60.1 42.5 65.8 69 78.5 89.2 100 108 116.4 126.9
optimized load resistance () 56.6 394 68.1 68.1 82.8 82.8 100 100 120 120
max power output (W) 0.04 0.21 0.31 0.52 0.72 1.01 1.21 1.56 1.81 2.02
201 https://doi.org/10.1021/acsaelm.1c00922
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top and bottom sides of the ¢cTEG. The maximum power
outputs at the matched load resistance were measured at
various values of AT. The power output of the TE module
increases with an increase in AT, and the power output value
was 2.02 uyW at AT = 50 °C.

At a low temperature difference, the power output densities
are similar between this study and a previous study.” Jo et al.
reported the power output density of the cTEG is 0.5 mW/m?
at AT =25 °C.>" However, we obtained better performance at
a higher temperature range; the maximum power output
density of the prototype device in this study was 1.26 mW/m?*
at AT = 50 °C, as shown in Figure 7b. Theoretically, the more
TE legs that are packed in the module, the the higher power
output and voltage will be at a certain range of the fill factor.

The load voltage is also another essential parameter to
evaluate device performance. It is important to have the cTEG
generate sufficient voltage to satisfy the voltage requirement for
IoT sensors or small electronics. In order to compare the load
voltage with the expected load voltage, Vi gy, is calculated as

‘/load,exp = I’H/(l + m) X Nleg X (S X AT) (6)
where m = /1 + zT is the optimum ratio of load resistance

wtoith internal resistance, Ny, is the number of TE elements,
and AT is the temperature across the cTEG module. Figure 8
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Figure 8. Fitting curve for load voltage comparison between
experimental and simulation results. The fitting curve uses a linear
fitting function with the intercept and slope shown in the inset table.
A value of R* = 99% is obtained.

shows the relationship between the measured load voltage and
the expected voltage. The results of the simulation are well
matched with the experimental results. The fitting curve shows
a linear function with R?> = 99.88%, which indicates that the
maximum load voltage is obtained at the optimum load
resistance at each temperature range. The maximum load
voltage is reached at 32 mV at 50 °C. The maximum voltage
can be extrapolated as 44 mV if the temperature of the working
fluid can be sustained at 200 °C. This voltage output can
satisfy most low-power IoT sensor applications. For other
applications which require a large voltage, one can connect a
c¢TEG with a DC-DC booster to amplify the voltage output.
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B NUMERICAL ANALYSIS OF PERFORMANCE

Experimental Model. A numerical thermal analysis was
conducted on the basis of the dimensions of the actual test
sample described above. The simulation was used to
understand whether the heat flow was properly given at the
region of TE legs and went through the legs. The heat flux
based on the device structure and boundary conditions defines
the temperature gradients across the legs, and it is the direct
component of power generation. Characterizing the heat flow
through the relatively thin heterogeneous layers is a big
challenge. Hence, a numerical simulation was used to
understand the heat flow in this study.

The model consists of four pairs of p-type and n-type legs in
the exact same footprint as the physical test sample device. The
rest of the gap space in the TE module between two substrates
made of a Kapton film*® is filled with polydimethylsiloxane
(PDMS). All the material properties in calculations are taken
from the values at room temperature. The thermal boundary is
defined with heat transfer coefficients, which are given at the
midpoint temperature of the water flow (from chillers) on the
hot and cold sides. The midpoint temperature is determined
by the log mean temperature difference (LMTD) commonly
accepted for the performance calculations of counterflow heat
exchangers.

(Th,in -
ln(Th,in -

Té,out) - (Th,out - Té,in)

LMTD =
]-;,out) - ln(Th,out - ’I;,in)

(7)

where the subscripts in and out stand for the inlet and outlet of
the water flows, respectively.

The inlet temperature on the cold side is fixed at room
temperature (25 °C), and the inlet temperature of the hot side
is kept as a variable. The LMTD between the counterflow is
used as the temperature difference between the hot side and
cold side thermal baths. In this case, the module level heat
energy regeneration by Joule heating is negligibly small,
because the test sample has legs in only a fraction of the area.
Similarly, Seebeck and Peltier effects created at the legs are
small relative to the entire thermal conduction across the
tested module. In the tested temperature range, TE properties
are treated as temperature independent.

The heat transfer coefficient is calculated from the
minichannel cold plate design specification using the equation

(8)

where A, is the wetted area of a single channel interim wall
and Ay, is the corresponding substrate area to the channel.
This relation is correct as long as the thermal conductivity of
the channel structure is high enough and there is no heat loss
to the ambient air. The cross section of channels is square (0.5
mm X 0.5 mm) with 0.5 mm apart between channels. With an
assumption of uniform heat flux, at the channel wall, the
Nusselt number was given as 3.61 for a fully developed laminar
flow according to Kays and London.”” With the assumption
that the heat loss factor is 75% to the other side and edges, the
effective heat transfer coeflicient applied to the test sample was
calculated to be 276 W/(m?* K).

The power output from the numerical model is calculated as
the temperature at the hot contact T}, and the cold contact T
to compare with experimental results. The external resistance is
a design variable and is tested with various resistors in the
experiment. A comparison plot (between simulation and

h = (Awet/Abase) X kNu/Dh
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experiment) is shown in Figure 9, which reflects the maximum
power output with optimum external load resistances.

8 (g - m)sp

W=—-—
(R+Ry) 9)
where
d
R = lvlegAleg; (10)
Hot water
T T
g T P
\ &7
[TEG module]
" Power
~IL
T T
-k ! S

Cold water channel

Figure 9. Schematic diagram of the counterflow temperature gradient
in the hot and cold channels.

The series resistance of interconnects is also the design- and
process-dependent factor that requires a careful investigation.
Although this resistance will reduce the performance at the
device level, we kept those unknowns out of the analyses since
we wanted to make clear the theoretical maximum as the goal.

From the above, the TE properties at the maximum
temperature are back-calculated from the output. These
“effective” properties include all electrical and thermal losses
across the cTEG module, and the values of these properties are
clearly very different from those of the pure material
properties. If the parameters are converted to per one leg,
the conductivity can be found from experimental data using
the equation

d 1

o = A_
2
ez ( VLRL - RL)
v (11)
The Seebeck coefficient is simply found to be
oo Ve
LMTD (12)
and the thermal conductivity is found to be
_ Q—leg d
LMTD Aleg (1 3)

where Q, is determined by heat flow between hot and cold
water per given area.

The Seebeck coefficient, electrical conductivity, and thermal
conductivity are taken from the data for AT = 50 °C case as
85.8 V/K, 221 S/m, and 5.37 W/(m K), respectively. Hence,
the effective dimensionless zT is 4.03 X 107>. The large
discrepancy from the standard bismuth telluride legs is due to
the effective electrical conductivity, which is nearly 3 orders of
magnitude smaller. The major reason is the parasitic series
resistance, which may include contact resistance due to the
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inhomogeneous connection between the leg and the silver
paint and some potential void inside the silver ink while it was
cured.

The testing apparatus previously mentioned was designed to
control the heat flow across the module; the heat transfer
expected to a steam pipe in practical applications will differ
from the above analyses. We calculated the practical heat
transfer coefficients as 631 W/(m? K) on the steam convection
side and 13.9 W/(m? K) for the air convection and radiation
side. With the assumption that the fill factor is 20% for the leg
to maintain practical manufacturability, the power output
density for 200 °C steam and 27 °C air temperature with this
module structure is calculated to be 1.2 mW/m?. This value is
certainly lower than that reasonably expected by extrapolating
from the experimental result in Figure 7. The major difference
comes from a 1 order of magnitude smaller convection heat
transfer on the cold side, which limits the heat flux
significantly.

If the contact and the contact resistance can be improved by
1076 Q/cm? and the electrical conductivity is that of the typical
bismuth telluride, 1 X 10° S/m, this cTEG’s potential power
output density is predicted to 0.51 W/m?* without a change in
the Seebeck coefficient and thermal conductivity. From this
analysis, a practical power generation can be predicted over 1
W/m?” from a steam pipe by this cTEG.

B CONCLUSIONS

The feasibility of a roll-to-roll cTEG manufacturing method
was proved in a series of experiments and simulations that were
designed to harvest waste heat from an underground pipeline
system. A cTEG was integrated with four pairs of conventional
p—n junctions and the silver metal patterns on the polyimide
substrate laminated with PDMS as the filling gap was
fabricated. The key value of this novel approach is prototyping
a cTEG with bulk TE legs with flexible substrates in one step,
which enables a significant cost reduction for a large-scale
production. The device performance was tested by using a cold
plate thermal boundary control with chillers for the hot and
cold sides of the module. The results matched the predicted
performance well and was 1.26 mW/m? for the case of AT =
50 °C. We extrapolated this data to a virtual case if the same
legs were assembled in full arrays to implement on a steam
pipe. The predicted performance was found to be 1.2 mW/m?
if steam is 200 °C and the pipe is exposed to the ambient air of
27 °C. The limiting factors are poor air convection heat
transport and the electrical parasitic resistance in the module.
The results suggest that this novel manufacturing method can
produce a ¢TEG with an energy of more than 1 W/ m?,
enabling the cTEG to serve as a reliable and continuous power
source for underground pipeline monitoring systems.

A 3D conjugate analysis was also conducted to identify the
nonuniformity in temperature and heat flux. This helps to
adjust the design of modules: e.g., p—n pair leg density, some
variation of thickness, etc. The electrothermal optimization of
a cTEG with an optimal heat path can result in the
enhancement of device performance. In comparison to the
current cTEG devices with a thickness of the TE leg in the
micrometer range, the fabricated prototype in this study can
combine TE legs with a millimeter range. This will ensure that
all possible waste heat is harvested for power generation. Also,
the roll-to-roll manufacturing process can simplify the
fabrication method with low cost. This will enable the large-
scale production for ¢cTEGs to be used widely for powering
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IoT sensors for underground pipeline monitoring to solve
potential safety and environmental issues.
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