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Abstract: Thermoelectric technology is an effective strategy to convert low–grade waste heat to
electrical energy directly. Thermoelectric generators (TEGs) have been extensively studied in various
waste heat scenarios, such as vehicle exhaust, metal casting processes and more. However, industrial
pipelines also possess high levels of heat and wide distribution, yet there is limited research on TEGs
for use in these pipes. The challenge in designing a TEG lies in the heat collector, which is complicated
by the distinct structural differences between pipe and plate–shaped TEMs. Ultimately, we propose
an arch bridge–shaped heat collector for the pipe to recover wasted thermal energy. The effects of
some key factors, such as topology of TEMs, heat source temperature, cooling water temperature and
velocity, on the generating performance are studied. The TEG achieved a temperature difference of
65.98 ◦C across the two ends of the TEM, resulting in an output power of 17.89 W at an open–circuit
voltage of 133.35 V. This provides evidence that the designed heat collector is a feasible solution for
recovering waste heat from pipes using TEG technology. This work provides reliable experimental
data and efficient design for the application of TEGs in industrial pipes.

Keywords: waste heat recovery; industrial pipeline wall; thermoelectric generator; generating
performance; engineering application

1. Introduction

In recent years, energy conservation and industrial emission reduction have become
an important global issue owing to the increasing prominent problems of energy shortage
and environmental pollution [1–3]. Waste heat recovery is an important strategy for
reducing energy consumption. Industrial waste heat, characterized by its large quantity
and wide distribution, has attracted more attention in the area of energy utilization [4–6].
Thermoelectric technology can directly convert low grade waste heat to universal electrical
energy based on the Seebeck effect. The thermoelectric module (TEM) has the advantages
of simple construction, no moving parts, no noise, no pollution and long service life [7–10].
For these benefits, the thermoelectric generator (TEG) is considered to be a promising
potential power generation technology in waste heat recovery [11–14].

Many TEGs have been designed for waste heat recovery in various industrial sce-
narios, such as metal casting processes [15], glass melt processes [16], high–temperature
catalytic reactors [17], sugar mill boilers [18] and industrial flue gas [19]. Marit et al. [15]
employed a combination of field experiments and a steady–state mathematical model to
explore the potential for generating power from temperature differentials in waste heat
produced during silicon casting. A 0.25 m2 TEG was produced using 36 bismuth telluride
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thermoelectric components in the casting area of their silicon plant, achieving a maximum
temperature difference of 100 ◦C and a peak power output of 160 W/m2. Computational
simulation was utilized to optimize the TEG’s performance. Yazawa et al. [16] designed a
plate–type TEG structure that enables the recovery of thermal energy from glass melting
processes, without interfering with normal operations, and optimizes waste heat recovery
at each stage of the process. After optimization, the temperature difference power gener-
ation system can generate 55.6 kW of electricity with an efficiency of over 15% in a glass
production facility with a daily output of 500 tons, according to theoretical calculations.
Ma et al. [17] developed a TEG to recover waste heat from a biomass gasifier with an outlet
temperature ranging from 340 to 500 ◦C. The TEG was integrated onto the surface of a
catalytic reactor and consisted of a collector plate, cooling tubes and eight bismuth telluride
thermoelectric modules. Results indicated that the maximum output power and power
density achieved by the TEG were 6.1 W and 193.1 W/m2, respectively. Punin et al. [18]
fabricated a TEG to recover waste heat from the sugar industry at 200 ◦C. The TEG utilized
10 thermoelectric devices, which were split into two parallel systems, each consisting of
five thermoelectric modules connected in series. By using an electric heater, to simulate
the tube wall temperature heat source of a sugar boiler, and cooling water as the cold end,
this TEG can convert 11.5% of thermal energy into electrical energy at a matched load of
approximately 1.65 Ω. As a result, the power generated by the TEG is roughly 126.15 W.
Meng et al. [19] designed a TEG with a cylindrical structure for industrial waste gas heat
recovery. The effects of key variables, such as exhaust gas inlet temperature, heat transfer
coefficient of exhaust gas and cooling water, on the thermoelectric performance of the TEG
were analyzed. Enhancing the heat transfer from the gas heat source can effectively improve
the output performance of a TEG. At a hot end temperature of 350 ◦C, electricity generation
can reach up to 1.47 kW per square meter with a thermoelectric conversion efficiency
of 4.5%. The industrial waste heat is usually from high–temperature gas [20–22] or the
surfaces of high–temperature equipment [23]. The plate–type [15–18] and tubular–type [19]
are the most used TEG constructions for the foresaid heat sources. TEG is mainly composed
of three parts: TEMs, hot ends and cold ends [24–26]. Bismuth telluride, lead telluride and
skutterudite are the three main thermoelectric materials that have been practically applied
in TEMs [27–29]. The working temperature ranges of the three materials are 20–300 ◦C,
300–600 ◦C and 600–1000 ◦C [30,31], respectively. The Pi–type TEM with the plate structure
is the most used device [32,33]. At the hot end, a thermal collector needs to be designed
to connect the heat source with the TEM. One side of the thermal collector is usually built
using a planar construction to contact the TEM. The other side needs to be designed with
various structures to contact with heat source. Fin and heat pipe are the two major patterns
to collect heat from flue gas through convection heat transfer [34–36]. Plate–type hot end is
a simple and effective heat collection construction for a flat and large size heat source, such
as the surface of boilers [37]. The majority of cold ends usually use the cooling water board
because cooling water systems are often available in industrial factories [38–40].

Industrial pipeline walls, such as in the material transfer pipes of the petrochemical
industry, also produce vast waste heat. The temperature of the pipe wall is usually about
120–160 ◦C. In this waste heat condition, the challenge is how to design a TEG to recover the
waste heat, while leaving the normal operation of the industrial pipes largely unaffected.

In this work, a TEG is produced to recover the waste heat from industrial pipes. The
research includes three main aspects: (1) TEG structure design; (2) analysis of the influence
law of various operating conditions on TEG performance; (3) evaluation of TEG system
loss and its causes based on single TEM performance and operating temperature difference;
(4) the correctness of the design, which can be assessed by the system loss of the TEG. Once
we obtain results on TEG performance at various conditions, we can adjust the TEG to
meet specific load parameters. When the temperatures of heat source and cooling water
are 165 ◦C and 20 ◦C, a temperature difference of 65.98 ◦C on the TEMs is reached. The
open–circuit voltage and maximum output power are 133.35 V and 17.89 W. The conversion
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efficiency could reach 2.67%. Since the waste heat of the industrial pipelines is colossal, our
device could generate tremendous electrical energy.

2. Design and Development of the TEG

Figure 1 shows an image of material transfer pipelines and a cooling water system
in the petrochemical industry, photographed on a field trip. The temperature of the outer
wall is in the range 120–160 ◦C, which represents low temperature waste heat. The heat
accumulated on the surface of the pipe wall is directly diffused to the outside environment
without being used, which not only causes energy waste but also brings environmental
problems. In this paper, we design and develop a TEG for recovering waste heat from the
pipe wall based on the following principles: (1) installing the TEG on the pipe wall without
affecting its proper functioning; (2) ensuring that the installation and operation of the TEG
do not interfere with the material traveling through the pipe; (3) designing a suitable and
efficient heat collector structure that takes into account both the shape of the pipe and the
TEM; and (4) developing a fixation and pressure structure to secure both TEM to TEG, as
well as TEG to pipe.
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Figure 1. Image of a high–temperature industrial pipe and cooling water system in a chemical plant.

In addition, the II–type TEM with flat structure is currently the most technologi-
cally mature and high–performing thermoelectric device, and it is the only commercial
device. We have utilized bismuth telluride TEMs with a flat structure in this paper, as
these materials exhibit the best thermoelectric performance between room temperature
and 300 ◦C.

2.1. Generating Performance of TEM

The size of the TEM was 25 mm (length) × 25 mm (width) × 3.5 mm (height), and
has 126 pairs of bismuth telluride thermoelectric legs. The generating performance of the
TEM is the key factor for the TEG, and is measured to evaluate the generator output of
the fabricated TEG. A sketch–map of the test condition is shown in Figure 2a. A heating
platform was used as the hot end, and the test temperature was set to 40–180 ◦C, owing
to the temperature of industrial piping. A water–cooling plate, connected to a chiller, was
used as the cool end, and the test temperature was set to 20 ◦C based on the temperature
of the cooling water system in the factory. Gold silicone grease was coated on both sides
of the TEM to decrease the contact thermal resistance between TEM and hot and cold
ends. Open–circuit voltage (VOC) and maximum output power (Pmax) of the TEM are
core factors of generating properties. VOC can be tested by a voltmeter. Pmax refers to
the output power, and it reaches a maximum when the load resistance is equal to the
power source resistance [22]. In the test process, we adjusted the load resistance to obtain
Pmax using an electronic load tester (IT8512B+, ITECH, Nanjing, China). The results are
displayed in Figure 2b at different hot end temperatures. VOC and Pmax are both monotone,
increasing with hot end temperature increment as the temperature difference of the TEM
rises. When the hot end temperature increases from 40 ◦C to 180 ◦C, VOC ranges between
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1.027 and 7.201 V, and Pmax ranges between 0.068 and 2.378 W. The results of VOC and Pmax
for the TEM with different temperature differences can be used to assess the system loss of
generating performance in a TEG.
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2.2. TEG Design and Experiment Platform Build

Figure 3a depicts a structural diagram of the TEG that was fabricated in accordance
with the above design principles. It mainly consists of TEMs, a clamping fixed frame, a
cold–water plate and an arch bridge–type heat collection structure. Because the surface
of the pipe is curved and a TEM is a flat structure, TEMs cannot be directly attached to
the pipe surface. Therefore, the design of TEGs is hindered by the complexity of the heat
collector structures. As a solution, an arch bridge–shaped heat collector is proposed, based
on the geometric characteristics of pipes and TEMs. One side of the arch bridge is plane,
to connect with the plate TEMs, another side is arc–shaped, to fit the pipe. Considering
the flexibility of installation and disassembly as well as the convenience of maintenance,
the hot end is designed as a split type. The arch bridge hot ends can be closely assembled
with the pipe via bolt fastenings. The investigation revealed that the material–conveying
pipe is made of steel and has a diameter of Φ 250 mm. We have reduced the pipe size to
Φ 80 mm, which is approximately one–third of the actual industrial pipe, for convenient
experimentation purposes. We used a solid steel cylinder (Φ 80 mm × 500 mm) to simulate
the industrial pipelines. The hot ends are built using aluminum material for its efficient
heat transfer and light weight. The size of the plane side is 250 mm (L) × 84 mm (W).
The cylinder is heated by three heating rods at its center. The interspace between the hot
ends and the pipe is filled with thermally conductive silicone grease to reduce the contact
thermal resistance. The cold ends are aluminum cooling water plates connected with a
chiller, simulating the cooling water system in the industrial factory. The arrangement
mode of the TEMs is three rows on each hot end, each row includes nine TEMs with series
connection mode. In total, there are 54 TEMs in this TEG. The thermally conductive silicone
grease is also coated on both sides of the TEMs to reduce contact thermal resistance. In
addition, a fastening structure was designed to assemble the hot ends, TEMs and cold ends.
It includes fastening screws, a fastening frame and pressure equalizing plates. The pressure
equalizing plates can provide every TEM with uniform stress. The fastening structure can
exert further pressure to improve the contact between TEMs and hot and cold ends. The
fastening structure, made of steel material, plays the multiple roles of support, fixation and
pressurization. Figure 3b shows an image of the TEG. The TEG structure is convenient for



Processes 2023, 11, 1714 5 of 12

online installation and maintenance, and it can be extended according to the diameter and
length of the industrial pipe.
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To evaluate the generating performance of the TEG, an experimental platform was set
up, as shown in Figure 3c. The experimental platform was equipped with multi–channel
temperature acquisition tester, electronic load tester, flow meter, channel control valve,
chiller and other experimental instruments for testing the generating performance of the
TEG. The temperature recorder (EX3008, Toprie, Shenzhen, China) was used to record the
temperature of the pipe wall, hot and cold ends, inlet and outlet water. The electronic load
tester (IT8512B+, ITECH, Nanjing, China) was used to measure the voltage, electric current
and output power. The flow meter (HXLD–DN8) was used to test the flow velocity of the
cooling water. The drain valve (DUC–8) was used to control the cooling water flow.

3. Results and Discussion

Using the built TEG and experimental platform, the generating performance of TEG
was studied under the influence of different factors using a controlled variables analysis
method, such as thermoelectric module topology, cold end flow rate, hot end temperature
and cold end temperature. The heat resistance distribution of the TEG was analyzed by the
heat transfer model. In addition, the voltametric characteristics of the TEG were studied
in detail. The accuracy of TEG output performance measurement is mainly affected by
the high–power heating rod, water cooler and flowmeter. To minimize errors caused by
temperature and water flow rate fluctuations, measurements should only be taken when
the temperature is stable at 1 ◦C and the water flow rate remains within a range of 0.05 m/s.

3.1. Analysis of Hot End Uniformity

The uniformity of the hot end temperature is an important factor for TEG generating
performance. Even temperature distribution ensures consistent electrical output of each
TEM, thereby avoiding the electric energy loss caused by the dropout voltage [25]. Sixteen
points for the temperature measurement are arranged on the two hot end surfaces to assess
the temperature uniformity. Figure 4a shows the location of the eight points on the top hot
end. The position of the other eight points was arranged on the bottom hot end. Figure 4b
shows the results at different pipe wall temperatures (80 ◦C, 100 ◦C, 120 ◦C, 140 ◦C and
160 ◦C) without cooling water plates. The temperature of the hot end eventually converges,
and the sixteen values present good uniformity with a variation of about ±2 ◦C. This
indicates that the arch bridge–type design is reliable, and it has excellent heat transfer
performance. The temperature of the heat rods was about 5 ◦C higher than that of the pipe
wall, caused by heat emission to the environment. We took the temperature of the heat
rods as the standard source, rather than that of pipe wall, in the follow–up experiments.
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Most heat is taken away by the cooling water, leading to the further reduction of the pipe
wall temperature. Then, we assembled the TEG with good insulation measures.
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The open circuit voltage (Voc) and the maximum output power (Pmax) of the six rows of
TEMs were measured to estimate the generating performance uniformity of each row. Voc
was tested by the electrical load tester. Figure 4c shows Voc and Pmax when heat source (Th)
and cooling water temperature (Tc) are 85 ◦C and 30 ◦C, respectively, with a water velocity
(vw) of 1 m/s. The measured temperatures of the pipe wall and hot ends are 62.84 ◦C and
46.93 ◦C, respectively. The temperature difference is about 18.57 ◦C between the two ends
of TEMs. Voc varies from 5.96 to 6.42 V, and Pmax varies from 0.22 to 0.25 W. It is evident that
the generating performance of every row is similar, which further confirms the temperature
uniformity of the hot ends.

3.2. Topological Structure of TEMs

The topological structure of TEMs is a key influencing factor for TEG generation
properties. As mentioned above, 54 TEMs were arranged in 6 rows with 9 TEMs per row,
each row could be a module. In addition, the generating performance of each module
is approximate due to the uniformity of the hot ends. In order to confirm the series and
parallel mode, we designed four topological structures for the six modules, as shown
in Figure 5a. A is all six thermoelectric modules connected in series; B is every two
thermoelectric modules, first connected in parallel for three groups, and then connected in
series; C is every three thermoelectric modules, first connected in parallel for two groups,
and then connected in series. D is all six thermoelectric modules connected in parallel.
Figure 5b shows the electrical generation performance of the TEG with four different
topologies, with the experimental conditions of 85 ◦C for the heat source, 30 ◦C for the cold
end and 1 m/s for the flow rate. The Voc values of the four topological structures are 37.59 V,
18.63 V, 9.5 V and 4.7 V, respectively. The Pmax values of the four topological structures are
1.52 W, 1.42 W, 1.35 W and 1.29 W, respectively. The A topology (six modules connected in
series) has the maximum output power. It is evident that the output power declines with
an increasing number of the parallel circuits. The main reason for the power loss is the
voltage drop caused by the circumfluence loss in the parallel circuit. Although the Voc of
the six thermoelectric modules is similar in the TEG, the circumfluence phenomena still
occur due to the low difference in voltage between modules. Therefore, in order to obtain
better electrical generation performance, all six modules were connected in series systems
in subsequent experiments.



Processes 2023, 11, 1714 7 of 12

Processes 2023, 11, x FOR PEER REVIEW 7 of 13 
 

 

modules. Therefore, in order to obtain better electrical generation performance, all six 
modules were connected in series systems in subsequent experiments. 

 
(a) (b) 

Figure 5. The electricity generation performance of TEG with different TEM topological structures. 

3.3. Influence of Cooling Water Velocity on Generating Performance 
Different cooling water velocities have different heat−transfer processes and will 

differently affect the performance of the TEG. The cooling water flow rate is set at three 
levels, 0.5 m/s, 0.75 m/s and 1 m/s, according to the operating conditions of the chiller. 
Figure 6 shows the variations of Voc and Pmax with increasing vw (0.50 m/s, 0.75 m/s and 
1.00 m/s) at different Th. In this measurement, Tc is fixed at 20 °C and Th was increased 
from 85 °C to 165 °C with an interval of 20 °C. Voc and Pmax both slightly increased with 
rising vw. When vw rises from 0.50 m/s to 1.00 m/s, Voc increases from 128.7 V to 133.35 V, 
and Pmax increases from 16.5 W to 17.89 W. Under this condition, the temperature 
difference of the TEM is 65.98 °C. The reason for the generating performance 
improvement is that the higher water velocity can take away more heat per unit time, 
thus causing a larger temperature difference. The conversion efficiency (η) can be 
calculated using Equation (1) [34]:  𝜂 = 𝑄௨௧𝑄 = 𝑃௫ × 𝑡𝑃௫ × 𝑡 + 𝑃௪ × 𝑡 = 𝑃௫𝑃௫ + 𝑃௪ × 100% (1)

where Qout is the electrical energy generated by the TEG, Qin is the heat energy flow 
through the TEG, and Pw is the power of the water temperature increase. Under these 
working conditions, the heat absorbed by the TEG was 367.22 J at 80 °C, 361.24 J at 100 
°C, 398.84 J at 120 °C, 524.64 J at 140 °C and 669.56 J at 160 °C. Pw can be obtained from 
Equations (2) and (3): 𝑃௪ = 𝐶𝑚௪Δ𝑇௪𝑡  (2)

𝑚௪ = 𝜌௪ × 𝑄௪ × 𝑡 (3)

where C is the specific heat capacity of the water (4.2 × 103 J/kg·°C), ΔTw is the 
temperature difference of the inlet and outlet water, t is the unit time with value for 1s. 
mw, ρw and Qw are the mass, density and flow of the water, respectively. η reaches a 
maximum of 2.67% when Th is 165 °C, Tc is 20 °C (ΔTw = 0.77 °C) and vw is 1 m/s (Qw = 
0.743 m3/h). 

Figure 5. The electricity generation performance of TEG with different TEM topological structures.

3.3. Influence of Cooling Water Velocity on Generating Performance

Different cooling water velocities have different heat–transfer processes and will
differently affect the performance of the TEG. The cooling water flow rate is set at three
levels, 0.5 m/s, 0.75 m/s and 1 m/s, according to the operating conditions of the chiller.
Figure 6 shows the variations of Voc and Pmax with increasing vw (0.50 m/s, 0.75 m/s and
1.00 m/s) at different Th. In this measurement, Tc is fixed at 20 ◦C and Th was increased from
85 ◦C to 165 ◦C with an interval of 20 ◦C. Voc and Pmax both slightly increased with rising vw.
When vw rises from 0.50 m/s to 1.00 m/s, Voc increases from 128.7 V to 133.35 V, and Pmax
increases from 16.5 W to 17.89 W. Under this condition, the temperature difference of the
TEM is 65.98 ◦C. The reason for the generating performance improvement is that the higher
water velocity can take away more heat per unit time, thus causing a larger temperature
difference. The conversion efficiency (η) can be calculated using Equation (1) [34]:

η =
Qout

Qin
=

Pmax × t
Pmax × t + Pw × t

=
Pmax

Pmax + Pw
× 100% (1)

where Qout is the electrical energy generated by the TEG, Qin is the heat energy flow
through the TEG, and Pw is the power of the water temperature increase. Under these
working conditions, the heat absorbed by the TEG was 367.22 J at 80 ◦C, 361.24 J at 100 ◦C,
398.84 J at 120 ◦C, 524.64 J at 140 ◦C and 669.56 J at 160 ◦C. Pw can be obtained from
Equations (2) and (3):

Pw =
Cmw∆Tw

t
(2)

mw = ρw × Qw × t (3)

where C is the specific heat capacity of the water (4.2 × 103 J/kg·◦C), ∆Tw is the temperature
difference of the inlet and outlet water, t is the unit time with value for 1s. mw, ρw and Qw
are the mass, density and flow of the water, respectively. η reaches a maximum of 2.67%
when Th is 165 ◦C, Tc is 20 ◦C (∆Tw = 0.77 ◦C) and vw is 1 m/s (Qw = 0.743 m3/h).

3.4. Influence of Hot and Cold End Temperature on Generating Performance

We fixed the water velocity to 1 m/s, in order to study the influence of Th and Tc on the
generating performance of the prepared TEG. Figure 7 shows Voc and Pmax as functions of
Th and Tc, in the form of a 3D color map. Voc and Pmax are determined by the temperature
difference of TEMs. Therefore, they are obviously both increased by the rising Th and
reducing Tc. Voc and Pmax are increased up to 127.88 V and 16.37 W, when Th is 165 ◦C,
Tc is 20 ◦C. Under these conditions, the TEG absorbs 469.20 J of heat, the temperature
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difference of the TEM is 63.48 ◦C and η is 2.39%. The data fluctuate slightly relative to the
data mentioned above (133.35 V, 17.89 W, under the same conditions). This variation may
be caused by experimental error, such as the control precision of the heat and cold source.
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Based on the above electrical generating data, the average Pmax of a single TEM of the
TEG can be calculated as 0.33 W (17.89 W, 54 TEMs) at a temperature difference of 63.48 ◦C.
The TEMs average Pmax of the TEG is less than the Pmax (maximum output power of a single
TEM at a temperature difference of 63.48 ◦C) tested at a single TEM in Section 2.1. The main
reasons for this observation can be summarized in two aspects. First, multiple TEMs have
more heat absorption capacity than a single TEM, and the temperature at the hot end of
the TEG is decreased. Second, there will still exist electrical loss owing to the non–uniform
electrical generation properties of each TEM in the TEG, although the connection mode is
series. In addition, the conversion efficiency of the TEG achieves 2.67%, which is a TEG
average at a temperature difference of about 60 ◦C.

3.5. The Thermal Resistance Distribution of TEG

A thermal resistance model for the prepared TEG was drawn to analyze the distri-
bution of thermal resistance and temperature, as shown in Figure 8a. The temperature
gradient drives the heat flux from the pipe wall to the cooling water plates. There are
three contact layers between the pipe wall, thermal collectors, TEMs and cooling water
plates. We used thermally conductive silicone grease as the contact layer to reduce the
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thermal contact resistance. The thermal resistances along the direction of heat flow are RS1,
RH, RS2, RTEM, and RS3. RS1, RS2 and RS3 are the thermal resistances of the silicone grease
and contact interfacial. The temperature of the pipe wall and thermal collectors, and the
temperature difference, are shown in Figure 8b.
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When the temperature of the hot rods is 165 ◦C, the temperatures of the pipe wall and
thermal collectors are 122.98 ◦C and 85.99 ◦C, and the temperature difference of the TEMs is
about 63.48 ◦C. Most of the heat is taken away by the cooling water. When the heat balance
is reached, the pipe wall can only maintain 122.98 ◦C with a loss of 42.02 ◦C. If we use the
temperature to evaluate the thermal resistance, we may have T (RS1 + RH) = 36.99 ◦C and
T (RS2 + RTEM + RS3) = 63.48 ◦C. Every RS1, RS2 and RS3 results in a temperature loss of
2–3 ◦C according to the measurement.

An ideal TEG, with the thermal resistances focused on the TEMs as much as possible, is
desirable [41]. However, measurement results show that the thermal resistances of the heat
collectors are high, since its volume is large. Therefore, to improve TEG output, reducing
the wall thickness of the thermal collector is an effective approach.

3.6. Voltametric Characterization of TEG

The voltage–current and power–current curves are important bases for the power
management of TEGs. By studying the effects of certain key factors, such as topology of
the thermoelectric modules, temperature of the hot and cold source, and cooling water
flow rate, on the thermoelectric performance of TEG, the operating conditions with the
best generating performance of TEG can be confirmed. In this section, the voltametric
characteristics of the TEG under optimal operating conditions (all the six modules connected
in series, 20 ◦C at the cold end and 1 m/s cooling water flow rate) were studied. In order to
obtain more detailed TEG voltametric characterization data, the hot temperature was used
as a variable.

The relationship between current and voltage is nearly linear at different Th, since
the internal resistance changes little at a constant temperature, as shown in Figure 9a. The
voltage increases with increasing heat source temperature and reaches 123.14 V (open
circuit voltage) at Th = 165 ◦C, Tc = 20 ◦C and vw = 1 m/s. Figure 9b shows the trends in
output power for different load resistances with Th variation. The output power of the
TEG first increases and then decreases with the rising current when the temperature of
heat source is fixed. The parabolic rule of the output power expresses the definition of Pmax
clearly. That is to say, the TEG reaches the maximum output power at about 16.36 W at
Th = 165 ◦C, Tc = 20 ◦C and vw = 1 m/s, I = 0.26 A.
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4. Conclusions

We have developed a TEG specifically designed for recovering waste heat from indus-
trial pipelines. Our innovative arch bridge heat collector, which is tailored to the shape
of the pipes and incorporates TEM technology, can be installed and maintained, without
disrupting normal pipeline operations, for the recovery of waste heat from industrial pipe
walls. The study investigates the impact of thermoelectric module topology, heat source
and cooling water temperatures, and water velocity on the generating performance of
the TEG. The experimental results indicate that for achieving superior TEG output per-
formance, the preferred topology of the thermoelectric module is a series structure with a
high–temperature hot end, low–temperature cold end, and high flow rate conditions. When
the heat source and cooling water are at temperatures of 165 ◦C and 20 ◦C, respectively, with
a flow rate of 1 m/s, the TEG absorbs a total of 669.56 J of heat and achieves a temperature
difference of 65.98 ◦C. The open–circuit voltage, maximum output power and conversion
efficiency of the TEG are 133.35 V, 17.89 W, and 2.67%, respectively. The conversion effi-
ciency of 2.67% is at an average level for TEG performance at this temperature difference.
However, the thermal resistance of the heat collector could be decreased by reducing its
weight according to the distribution of thermal resistance in order to improve TEG genera-
tion. The fabricated TEG can be viewed as a modular system, allowing for the development
of a suitable TEG that meets specific application requirements based on experimental
parameters. This work would be helpful in industrial pipe waste heat recovery.
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Nomenclature

TEG Thermoelectric generator
TEM Thermoelectric device
Voc Open–circuit voltage
Pmax Maximum output power
Th Hot end temperature
Tc Cold end temperature
vw Water velocity
η Conversion efficiency
Qout Electrical energy generated by the TEG
Qin Heat energy flow through the TEG
PW Power of the water temperature increase
C Specific heat capacity of the water
∆TW Temperature difference of the inlet and outlet water
t Unit time with value for 1s
mW Mass of the water
ρW Density and flow of the water
QW Flow of the water
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