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Abstract: With the fast evolution in greenhouse gas (GHG) emissions (e.g., CO,, N,O) caused by
fossil fuel combustion and global warming, climate change has been identified as a critical threat
to the sustainable development of human society, public health, and the environment. To reduce
GHG emissions, besides minimizing waste heat production at the source, an integrated approach
should be adopted for waste heat management, namely, waste heat collection and recycling. One
solution to enable waste heat capture and conversion into useful energy forms (e.g., electricity) is
employing solid-state energy converters, such as thermoelectric generators (TEGs). The simplicity of
thermoelectric generators enables them to be applied in various industries, specifically those that gen-
erate heat as the primary waste product at a temperature of several hundred degrees. Nevertheless,
thermoelectric generators can be used over a broad range of temperatures for various applications; for
example, at low temperatures for human body heat harvesting, at mid-temperature for automobile
exhaust recovery systems, and at high temperatures for cement industries, concentrated solar heat
exchangers, or NASA exploration rovers. We present the trends in the development of thermoelectric
devices used for thermal management and waste heat recovery. In addition, a brief account is
presented on the scientific development of TE materials with the various approaches implemented to
improve the conversion efficiency of thermoelectric compounds through manipulation of Figure of
Merit, a unitless factor indicative of TE conversion efficiency. Finally, as a case study, work on waste
heat recovery from rotary cement kiln reactors is evaluated and discussed.

Keywords: energy conversion; waste heat recovery; thermoelectric generators; thermal management

1. Introduction

Global warming and the resulting climate change can be traced back to human activi-
ties, industrial processes, and the resultant greenhouse gases (GHGs) emissions [1,2]. The
primary source of GHGs emissions is the application of fossil fuels for energy production.
Therefore, one of the ways to reduce the emission of GHGs is to consume less fossil fuel.
However, this is only feasible if the energy is generated and used efficiently, i.e., having the
minimum energy loss and recycling the energy loss, which usually comes as waste heat.
According to a recent study conducted by the Lawrence Livermore National Laboratory [3],
more than 68% of the generated energy is lost as waste heat, Figure 1. However, amongst
the energy generation sectors, the majority of the rejected energy (waste heat) in the United
States belongs to electricity generation (24.2%), in comparison with the other sectors, in-
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Figure 2. Electricity generation from selected energy resources, (a) fuel energies and (b) clean energies [4].
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potential primary candidate to capture waste heat, for example, in automobile exhaust
recovery systems [5-7], or harvesting the heating energy dissipating from current renewable
energy sources (e.g., concentrated solar heat exchangers) [8]. Therefore, the central theme
of this paper is to discuss the advances in thermoelectricity and its applications in energy
recovery to highlight the benefits of thermoelectric generators in converting waste heat to
electricity without any taxing on the environment.

2. History of Thermoelectricity

The concept of thermoelectricity (TE) as the direct conversion of temperature gradient
(VT) into electricity was instigated by the German-Estonian physicist Thomas Johann
Seebeck in the years between 1821 and 1831 [9,10]. The Seebeck coefficient (S, V/K) was
estimated based on the generated voltage (AV) against an imposed temperature difference
(AT) [6]—Equation (1),

AV
AT )

Further contributions in this field are due to Gustav Magnus, who declared the Seebeck
voltage is not dependent on the temperature distribution along the intermediate metals
connecting the p-n junctions [11]. Later on, the Peltier effect was introduced to show that
the heating or cooling is generated by passing an electric current through two dissimilar
materials [9,10]. Furthermore, William Thomson defined the relationship between the
Seebeck and Peltier effects [10], and then Edmund Altenkirch calculated the maximum
efficiency of the thermoelectric generators [9]. The modern theory of thermoelectricity in
materials, however, is due to Abram Fedorovich Ioffe [9], who introduced a dimensionless
factor named “figure of merit (zT)”. It is a metric for evaluating the thermoelectric behavior
(performance) of thermoelectric compounds (materials);

S:

S%o

T= T,
2 T ket K

@

where S is the Seebeck coefficient (uWWK™!), o is the electrical conductivity (Q~'m~1), T
is the temperature (K), and k. and kj are electronic and lattice thermal conductivities
(Wm~K™1), respectively [12]. The following chart (Figure 5) summarizes the historical
trend in thermoelectric development.

Following the introduction of the fundamentals on thermoelectricity during the 19th
and 20th centuries, the 21st century is witnessing the application of the TE fundamentals
in developing advanced technology through the fabrication of thermoelectric generators
and their subsequent use in introducing intelligent devices with immense effects on the
well-being of our society.
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Flgure 6 provides'some examp}es of the recent applications of thermoelectric gener-
ators. According to this figure, the exploration of new TE materials has extended the ap-
plication of the TEGs from low-temperature range, such as room temperature for captur-
ing human body heat [18,20], to medium temperature for recovering car exhaust heat [21],
and then they have been functionalized at high temperatures for NASA emissions to em-

power discovery rovers [23,24].
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is about 140 GJ, attributing to radiation and convection with fractions of ~54% and ~46%,
respectively. The industrial cement sectors have been considering recycling waste heat
to achieve higher rates of energy conservation and, thus, financial and environmental
advantages [91,95-97]. Nevertheless, as mentioned above, any employed strategies for
heat recovery need to avoid /minimize changes in the temperature distribution within the
kiln shell. As discussed above, TEGs can be potentially used for waste heat recovery from
the rotary kilns and turn the heat directly into electrical energy [96,97], given that the TEGs
and their arrangement around the kiln shell can be purpose-designed to minimize the
change in the temperature distribution in the shell, while maximizing their output.

A recent study by Mirhosseini et al. [95] assessed the application of TEG for heat
recycling in an Aalborg Portland rotary cement kiln. This investigation proposed applying
a local thermal annular absorber integrated with a thermoelectric system to optimize
waste heat recovery from the kiln. The absorber collects the heat from the kiln surface,
transferred via convection and radiation. Figure 11a shows a view of a cement rotary
kiln in the Aalborg Portland cement factory. A numerical simulation was undertaken to
evaluate heat loss from the rotary cement kiln. For this purpose, the body temperature of
the absorber was determined to report the temperature distribution (Figure 11b). Through
the calculations, the surface temperature and free stream air temperature were set to 500 °C
and 5 °C, respectively, for the cement kiln shown schematically in Figure 11b (inset). The
cement kiln diameter was set at 3.6 m, and the inner diameter of the absorber, made of an
aluminum alloy sheet, was considered 4 m. Three heat transfer mechanisms, including
free convection, forced convection due to kiln rotation, and radiation, were applied to
calculate the heat loss from the external surface of the kiln, as shown in Figure 11c. The
simulation calculation domain was carried out with a two-dimensional (2D) unsteady
solution, as illustrated in Figure 11d. In this simulation, the one-dimensional thermal
equivalent electrical circuit shown in Figure 11e and the electrical resistance networks
presented in Figure 11f were considered to calculate the electrical power output for the
thermoelectric unit installed on the absorber, see Figure 11g.

The optimization of the simulated TEG was undertaken via a mathematical model
based on the finite element method (FEM). To design a thermoelectric recovery generator,
two different thermoelectric materials, including bismuth telluride (Bi,Te3) and p-phase
zinc antimonide (ZnySbs), were used to calculate the electrical power output and TEG
performance by considering the financial aspects (e.g., investment cost and production
benefits).

Table 1 presents the results of this work [95] according to various parameters, such
as the TEG fill factor, leg length of thermocouples, TEG matched power output, total
investment cost, cost per power ratio, and payback period. Based on the project outcome,
if the cement kiln operates continuously for a year (8760 h), considering the electricity
price for household consumption in Denmark ($0.35/kWh), the optimized TEG system
fabricated by Bi,Te3- based thermoelectric materials should take about 8.3 years to repay
the investment cost. However, the optimized TEG made by ZnySbs- based thermoelectric
compounds will pay back the investment cost in about 3.5 years. Subsequently, the recovery
systems are profitable after these periods.
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The optimization of the simulated TEG was undertaken via a mathematical model
based on the finite element method (FEM). To design a thermoelectric recovery generator,
two different thermoelectric materials, including bismuth telluride (Bi:Tes) and 3-phase
zinc antimonide (ZnsSbs), were used to calculate the electrical power output and TEG per-
formance by considering the financial aspects (e.g., investment cost and production ben-
efits).
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Table 1. Optimum design characteristics for the TEG systems fabricated by BiyTe; and Zn4Sbs-based thermoelectric

compounds [95].

. Optimum Optimum .
l?iﬁti:::igl Leg(rierz:)gth Powe(r ‘A(]))utput %’;g‘lin(lﬁzr;(;r Cost (3US) Cos(;%esrleo)wer Pefﬁ)};b?;:ar)
0.01 4 825.0 64.8 31,517 38.2 12.46
0.05 8.8 1511.9 118.8 38,465 25.44 8.30
0.1 12.4 1573.5 123.7 51,106 32.48 10.59
BiyTes 0.2 16.7 1430.4 112.4 83,007 58.03 18.93
0.5 26 1110.7 87.3 223,460 201.2 65.62
0.7 31 992.299 779 347,320 350.012 114.16
0.9 36.1 922.405 72.5 499,240 541.24 176.53
0.01 1.6 855.6 67.2 30,980 36.21 11.81
0.05 2.6 2558 201 32,677 12.77 4.17
0.1 4.2 3175.1 249.5 34,877 10.9845 3.58
ZnySbs 0.2 7.5 3564 280.1 39,530 11.09 3.62
0.5 16 3818.8 300.1 55,136 14.44 4.71
0.7 21 3861 303.5 66,743 17.29 5.64
0.9 25.2 3867.9 303.9 79,000 20.424 6.66

In another study [98], a thermoelectric waste heat recycling system was applied to
a rotary cement kiln. The surface temperature on the rotary cement kiln (length: 76 m,
outer diameter: 4.8 m) was set to 300 °C with emitting heat flux equal to 3500~4000 W /m?
(Figure 12a). The designed waste heat recycling system was constructed with a heat
collection plate, TEG modules, and a water-cooled plate (Figure 12b). The system was
installed 0.1 m away from the kiln surface. This system included 16 TEG units installed on
a2 x 1 m? steel frame to harvest the waste heat (Figure 12b). Figure 12c shows the output
voltage as a function of current based on the temperature difference (AT = T}, — T;) of
120 °C, in which Tj, = 160 °C is the temperature of the heat collector (the aluminum sheet)
and T, = 40 °C stands for the temperature of cooling water at the site. The impedance
matching for AT =120 °C in the system was measured against various external loads and a
power electrical resistor array (series-connected) from 0.3 to 12 (). At operational conditions
(i.e., kiln surface temperature: 280~320 °C), the emitted waste heat was absorbed by the
heat collector via the heat transfer mechanisms of radiation and convection. In this process,
the average temperature of the heat collector, installed 0.1 m away from the kiln surface,
reached 160 °C with a corresponding heat flux of 3500~3700 W/m?. The power output
generated by the system was used for indoor lighting.

According to the field-test results, this thermoelectric power generation system was
reported to generate a maximum matched load power of 214.3 W (Figure 12e) at the
site (close to the rotary kiln) and 169 W in the control room. Furthermore, as shown in
Figure 12f, the generated electrical power was directly utilized to light up the indoor LED
lamps (15 LED lamps x 10 W) to contribute to the energy-saving systems [98].

Luo et al. have also [93] developed a mathematical model for estimating the perfor-
mance of waste heat recycling by thermoelectric generators from a cement rotary kiln with
a diameter of 4.8 m and a length of 72 m (see Figure 13).
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maximum energy generated by the designed TEG was reported as 163 kWh and 11 kW
when the system was installed at a distance of 1 m from the rotary kiln surface. According
to the discussion, since the cement industry has high energy consumption, resulting in
waste heat and generated GHGs emissions and, thus, adverse environmental impacts, a
TEG recovery system can potentially reduce energy consumption and reduce the harmful
gases into the atmosphere. However, several essential strategies must be considered before
installing a TEG system on the rotary kiln surfaces, as follows:

1.  Itis necessary to assess the surface temperature balance along the rotary kiln length
to reduce side effects on the quality of the final products and the kiln service life (e.g.,
elimination of crack formation on the kiln shell due to hot spots)

2. Optimizing the distance of the TEG system to the rotary kiln

3.  TEGs should not be installed directly on the kiln surface because they can increase
the weight of the kiln and, thus, require more energy to rotate. Moreover, the direct
installation of TEGs on the kiln surface adds a thermal resistance layer to the outer
surface.

The achievements mentioned above in regard to waste heat recycling from a cement
rotary kiln are just some examples of the application of thermometric generators for indus-
trial waste heat recovery. However, many more industrial sectors, such as concentrated
solar plants, steel industries, and other industrial sectors, produce heat as a by-product
and can be the subject of experimental and field-test evaluations of the performance of
thermoelectric heat recovery systems.

6. Challenges and Opportunities

As previously mentioned, TEGs can convert waste heat into electrical energy. Such
capability should enable a reduction in fossil fuel consumption and decrease GHGs emis-
sions to some extent. Compared with conventional generators using fossil fuels, the main
challenge of TEGs is their low work efficiency, which is directly related to TE materials.
Therefore, there are challenges in developing new and more advanced TE materials with
larger zT factors. This is now the main drive in R&D activities in laboratories world-
wide [31,32,66,92]. In addition to the development of new materials, the architecture of
TEGs and their ability to adapt with the geometrical variations when TEGs come in contact
with surfaces, where there is a temperature gradient, is a further challenge faced by the
TE community. The selection of materials for the body of TEGs introduces some new
constraints. In addition to flexibility in adapting different shapes, they have to be good
thermal conductors to transfer waste heat to TE materials. Another challenge faced by the
TE community is the cost of TEGs, which is attributed to the cost of currently available TE
materials and the employed fabrication route, which is mainly based on powder metallurgy.
The introduction of additive manufacturing and processes such as powder bed fusion
using a laser (L-PBF) or electron beam (E-PBF) as the primary source of input energy or
direct energy deposition, DED, could provide some solutions for reducing cost. However,
despite such challenges, the advent and introduction of TEGs provide some opportunities
to further advance our societies with better access to health, information and monitoring
through the introduction of advanced sensors, vibration-free cooling, and heating systems,
to name just a few. As mentioned before, the most pronounced opportunity for using TEGs
is to reduce the consumption of fossil fuels. TEGs use waste heat to produce electrical
energy rather than burning extra fossil fuels for a specific energy output or the requirement
of a complex infrastructure (e.g., solar and wind power plants) for collecting the thermal
energy and converting it into electricity. Furthermore, TEGs are not weather or daytime-
dependent, as in photo voltaic-based energy generators where solar energy is the vital
ingredient. Furthermore, TEGs can be installed in various orientations with no impact on
their performances.

Moreover, in some particular applications, such as NASA missions [26,27] outside
the earth where there is no access to solar energy or in highly sensitive to vibration
instruments, such as the Hubble telescope (e.g., in solid dewar) [100], TE devices are
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the only options. Indeed, TE devices are the preferred options if reliability or accuracy
matters more than efficiency. These features have opened a wide range of applications
for TE devices, specifically for low-temperature applications, such as wearable TEGs
and thermoelectric cooling systems in medical practices [101]. Self-powered wearable
electronics are expected to become more extended and advanced from the wrist and into
textiles in people’s daily lives [102,103]. Given the immense research and vast commercial
prospects in self-powered wearable electronics, new near-term advancements are expected.
In parallel, the market for self-powered wearable electronics is likely to continue its fast
developments and retain its strategy to improve and modify people’s lives.

7. Conclusions

The current research presented an overview of the trends in energy management,
emphasizing waste heat recovery by TEGs. It is claimed the new TE-based technology will
produce clean energy and reduce fossil fuel consumption through recycling waste heat.

Direct advantages achieved by introducing heat recycling technology can lead to a
substantial advancement in energy consumption efficiency. In addition, heat recycling
technology can recover part of the waste heat and significantly reduce greenhouse gas
emissions and enhance public health with better sustainability. In this approach, ther-
moelectric generators enable the industries to capture waste heat and recycle it by direct
conversion into electrical energy. Furthermore, the simplicity of thermoelectric generators
with no mechanical parts has extended their applications to a range of situations where
vibration is a hurdle, such as precision positioning in medicine or photography, as in the
case of the Hubble telescope. In addition, the advent of new TE materials has enabled
various industries to benefit from energy recovery and recycling, where specifically heat is
produced with a temperature of several hundred degrees as a by-product. In order to better
highlight the requirements for the introduction of waste heat recovery and recycling, we
provided a brief account of the science of TE materials to emphasize further the need for
more development of advanced TE materials. Finally, as a case study, recent attempts in the
successful application and performance of TEGs to recover waste heat emitted from rotary
cement kilns have been discussed. However, due to the growing need of industrial sectors
to employ waste heat recycling systems and save energy and costs, more experimental and
field tests are still required to commercialize TEG recovery systems.
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