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Abstract: Many worldwide scientists have concentrated on using waste heat recovery technology in
automotive applications because of increasingly strict fuel consumption. The thermoelectric
generator (TEG) has garnered significant interest in the automobile sector as a viable waste heat
recovery solution over the past several decades. A short survey of thermoelectric materials and heat
exchangers for TEG systems is initially presented in this paper. To overcome the heat exchanger's
current shortcomings, some previous studies designed a variety of the heat exchanger geometry of the
TEG system. They suggested concentric cylindrical TEG system utilizes an annular thermoelectric
module instead of the traditional square-shaped one. It uses the heat pipe's benefits to improve radial
heat transmission. A comparison of the water-inside and gas-inside arrangements indicated that the
water-inside concentric cylindrical TEG system provided a greater power output in our simulations to
test the performance of the proposed system.

Keywords: automotive waste heat recovery; thermoelectric generator; thermoelectric cooler; Seebeck
effect, Peltier effect

1. Introduction

For several decades, environmental degradation and global warming have resulted from fossil
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fuels like gasoline and diesel fuel in energy generation. Continued reliance on fossil fuels will soon hit
a tipping point regarding sustainability. As a result, using carbon-free renewable energy derived from
geothermal, solar, and other natural sources and converting it to valuable energy has garnered
significant interest. Thermal energy is plentiful and comes from various sources, including electrical
devices, buildings, air conditioners, and especially internal combustion engines (ICEs).

The use of a thermoelectric generator (TEG) is one of the best solutions to improve the overall
efficiency of ICEs [1-6]. A TEG is a device that converts heat into electricity. TEGs are promising for
attaining a low-carbon society since they can produce electrical energy from waste heat. However,
current TEG systems' relatively poor conversion efficiency has hindered the widespread use of TEGs
for power production. The conversion efficiency of TEGs must be enhanced to be more extensively
accepted.

TEGs will be the focus of this article, which aims to provide a complete overview of the field.
In contrast to prior work, this work presents the many kinds (planar, vertical, and mixed) and
technologies (silicon, ceramics, and polymers) of TEGs. Using a variety of thermoelectric material
arrangements, we want to research the most recent thermoelectric materials and keys to provide high
power factor efficiency (conventional, segmented, and cascaded).

2. Thermoelectric fundamentals

With thermoelectrics, waste heat and cooling applications may be harnessed in an
environmentally friendly manner. Navigating the interaction between electrical and heat transfer is
critical to designing high-performance thermoelectrics [7]. This requires an in-depth knowledge of
electron and phonon scattering physics, as well as the optimization of entropy and electronic transport
symmetry breaking. Thermoelectric effects are reversible processes that directly convert heat energy
to electrical energy. Direct energy conversion is based on the thermoelectric materials' physical
transport qualities (thermal conductivity, electric conductivity, and Seebeck coefficient) and their
energy conversion efficiency (figure-of-merit). The Seebeck effect is employed in thermoelectric
generators, often used to convert heat energy to electrical energy. Charge carriers travel from the hot
to the cold side of a conductive substance when a temperature gradient is introduced. Charge buildup
causes an electric potential difference in the case of an open circuit. TEGs have several benefits,
including design simplicity, the lack of moving parts, a long lifespan, minor maintenance, and
environmental friendliness (no chemical compounds). To boost the output power, TEGs are frequently
constructed up of numerous coupled thermopiles [8—10]. Each thermopile comprises a few
thermocouples (TCs) electrically linked in series and thermally associated in parallel. The
thermocouple consists of two materials with opposing Seebeck coefficients connected at their ends.
Due to the Seebeck effect, the appearance of a temperature gradient between the two TCs ends
generates an electric voltage defined by Eq (1):

Vour = Nalr (1)

where N is the number of connected thermocouples, a is the Seebeck coefficients of the two joined
materials forming the thermocouple, and A_T is the temperature gradient.

For the most part, the Seebeck effect or heat transfer may be accomplished using a single Peltier
element (via the Peltier effect). One Peltier element can only provide so much power before it becomes
ineffective. Many n- and p-type semiconductor Peltier components are used in commercial Peltier
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devices to maximize output power. The individual components are linked together in a sequence using
metallic connectors. Due to the absence of a barrier potential at the junctions between the
semiconductors, charge carriers may flow freely in both directions. The n-type and the p-type heat
flow in the same direction via the different Peltier device components. All the Peltier device's pieces
consist of two ceramic plates sandwiched between a series of p-n pairs linked with copper. This design
maximizes the available surface area for heat pump cooling and heating applications. Having a larger
surface area also helps to absorb and generate electricity from waste heat (through the Seebeck effect).

3. Designs of thermoelectric generators for automotive waste heat recovery
3.1. Energy balance of internal combustion engines

The thermal efficiency of vehicle internal combustion engines typically varies between 15% and 40%,
depending on operating circumstances and engine design. The remaining 60—-85% of fuel energy is
lost to the environment as waste heat, mainly via the radiator and exhaust system. Depending on the
operating circumstances of the engine, between 30% and 50% of total fuel energy may be emitted via
the radiator, with larger values happening at lower engine loads [11-15]. To comprehend the
fundamental causes of energy dissipation, an essential energy balance for an ICE may be established,
considering in-cylinder operations under steady-state operating circumstances. A simplified energy
balance may be expressed as follows regarding the simplified diagram depicted in Figure 1.

| Input /Output

mm) - Brake power: W,
| mm - Exhaust gases: m

 Fuel: m,, h,, s; b - Losses:
Wm- Mechanical looses (friction)

«Airr m,h s,
h.,,s

exh? ““exh? “exh

th - Wall heat looses (to coolant)

QCl - Combustion looses (to exhaust)

Figure 1. Control volume of IC engine showing energy flows.
(meLHV + th + ch) - (Wb + Wm) = Mexnhexn — (maha + mfhf) (2)

where Oy is the lower heating value of the fuel (kJ/kg), Q; is the heat transfer losses through the
wall, Q. is the incomplete combustion product losses, W, is the brake power, W, is the friction
losses, m is the mass flow rate, and h is the sensible enthalpy associated with the air, fuel, and exhaust
gases. The three key energy balancing terms are braking power, cooling heat loss, and exhaust heat
loss [16-20]. Unaccounted energy losses are often referred to as miscellaneous energy losses. The
significant contributions to this topic demonstrate that thermal energy rejected to the coolant and
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exhaust gases is the primary cause of energy and availability losses in internal combustion engines.
This lays the groundwork for the development of engine design and system integration solutions to
reduce engine energy dissipation. For the TEG application, lower temperatures reduce absorber
efficiency because of increased TEG viscosity, but higher temperatures cause greater TEG vaporization
losses. The ideal feed gas temperature range for the absorber is generally 299.8 K-310.9 K. Mid-range
flash drum pressure 430.8 kPa is used, and the lean TEG temperature is adjusted 15 F higher than the
gas temperature exiting the contactor, resulting in a 15-degree temperature difference. Thus, the heat
loss due to the exhaust gas and cooling water is suitable for the operation of the heat utilization system
using TEG.

3.2. Thermoelectric materials for TEG fabrication

The maximum efficiency of a thermoelectric material for thermoelectric power generation and
cooling is determined by the dimensionless figure of merit ZT, which is defined as:

Zr =27 3)

where S denotes the Seebeck coefficient, p denotes the electrical resistivity, k denotes the thermal
conductivity, and T is the material's absolute temperature. For the most part, the figure of merit (ZT)
is a temperature-dependent material parameter determined from the temperature-dependent material
properties. For these material qualities to vary from one end of the thermoelectric generator to another,
an effective thermoelectric generator must operate across a restricted temperature difference AT. In
most thermoelectric material research, the primary emphasis is the scientific ideas that underpin their
thermal characteristics.

Many thermoelectric materials are being explored for power generation applications, such as
GeTe [21], PbTe [22], half Heuslers [23], Bi2Tes [24] and silicides [25]. Nanostructuring these
materials into a layered superlattice structure with alternating Bi2Tes and Sb2Tes layers results in a
device with solid electrical conductivity but poor heat conductivity perpendicular to it. At room
temperature, bismuth telluride and its solid solutions are excellent thermoelectric materials, making
them useful for refrigeration applications below 300 K. Single crystalline bismuth telluride compounds
have been grown using the Czochralski process. Directional solidification from melt or powder
metallurgical methods is often used to make these compounds. Due to crystal grains' random
orientation, these materials are less efficient than single-crystalline materials. Still, their mechanical
characteristics are greater, and their susceptibility to structural faults and impurities is reduced due to
the high optimum carrier concentration.

As mentioned in many previous studies, Bismuth telluride alloys, lead telluride alloys, silicon-
germanium alloys, antimony telluride, and tin selenide are all examples of conventional TE materials.
This inorganic thermoelectrics was developed during the 50 s and 60 s of the last centuries. The greatest
ZT value of the developed inorganic TE materials remained nearly equal until the mid-1990s, which
was not cost-effective in most applications [21]. However, developments in science and technology,
as well as increased awareness of the dangers of fossil fuels, resulted in a strong desire to enhance the
performance (as measured by ZT) of TE materials. As a result, since the mid-1990s, TE research has
mainly concentrated on improving the TE characteristics of inorganic TE materials by increasing their
Seebeck coefficient and thermal conductivity. SbaTes, Bi2Tes, Bi2Ses, PbTe, SnTe, and SnS and related
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alloys have been the most promising inorganic TE materials for room temperature (300400 K)
operation since the 1950s [26,27]. The next generation of TE materials will be higher multinary bulk
materials, the majority of which will be discovered using sophisticated material screening techniques.
High-throughput computational material screening, a fundamental component of the Materials
Genome Initiative, is one possible way [30,31]. Gibbs et al. proposed a "Femi Surface Complexity
Factor" as an indication for high-performance TE materials, based on the number of pockets and
anisotropy of the Fermi surface [32]. The configurational entropy of material was suggested by Liu et
al. as a relevant indicator [33]. The TE study of PbSnTeSe, (BiSbTel.5Sel.5)1-xAgx, and
AlxCoCrFeNi are in line with high entropy thermoelectrics. A website by Gaultois et al., which uses
the Herfindahl-Hirschman index as a merit measure, gives relevant information on numerous potential
materials [34]. Even with a long stride, calculating the whole set of TE characteristics of a particular
material from fundamental principles remains difficult [35]. Some existing strategies to boost
thermoelectric material performance have also been mentioned in [36-38].

3.3. Application of TEG for heat recovery from the vehicle

The exhaust pipe and radiator of automobiles powered by internal combustion engines may be
repurposed using thermoelectric technology. Various TEGs are installed around the car to produce
power from the vehicle's waste heat. When waste energy from the car is appropriately used, diesel fuel
consumption is minimized since the generator used for battery charging and other low energy demands
in the vehicle are eliminated [39,40]. The exhaust pipe is the best place to harvest waste heat from a
vehicle since it is the most likely location to find high temperatures. Therefore, it should be mentioned
that if TE technology progresses, it will be feasible to reduce fuel consumption by 10% in the near
future.

Some studies have looked at how waste heat may be converted into useable electric power
utilizing TE. A prototype car was used to evaluate the TEG's performance characteristics, and an energy
harvesting system based on TEG was built to gather electricity from the vehicle's exhaust pipe [40]. The
system's features include cold and hot side temperatures, power output, open circuit voltage (OCV),
and maximum power. As a result of the TEG system, road, and rotating drum tests, the highest outputs
were 183.24 W, 600 W, and 944 W, with efficiency percentages of 0.9 percent, 1.28 percent, and 1.85%,
respectively. An independent cooling system isn't straightforward; thus, an experimental vehicle is kept
immobile while being cooled by an oscillating spinning drum test table with a fan system. A large
quantity of energy may be recovered from waste heat using the manufactured TEG gadget. However,
the fundamental difficulty is improving the exhaust pipe to reduce thermal contact and enhance hot
side temperature, which will lead to increased produced power from TE. Fourier's law and the Seebeck
effect are used to analyze the TEG implanted in the exhaust pipe of cars [41]. Adjusting the convection
heat transfer coefficient of the high-temperature side instead of the low-temperature-sid significantly
increases the TEG power output and efficiency. The power and efficiency of the TEG are maximized
during impedance matching when internal resistance is the same as external resistance. Moreover,
when ZT is raised, the maximum value shifts toward a rising ratio of external resistance to internal
resistance. Although the ratio of external resistance to internal resistance increases due to an increase
in ZT, the maximum TEG power is also increasing. A fresh suggestion is proposed to increase the
TEG's performance with the new experimental design in mind. TEG's power output and efficiency
may be increased by using the appropriate phase change material, which is made possible by using
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phase change materials to boost the heat transfer property of the high-temperature side. To evaluate
the TEG module's performance, test benches are also built for energy harvesting [42]. A maximum
power output of 183.24 W at 3200 r/mi engine rotation was determined by examining the engine's
maximum power output and testing results. Cold-side temperature, flow rate, and applied pressure
have a considerable impact on the maximum power output. Bi2Te3-based thermoelectric modules may
also be able to harvest low-grade exhaust thermal energy from automobile exhaust pipes, according to
recent studies. New physical mechanisms have been discovered as a result of advances in materials
production processes and processing technology, making high-performance thermoelectric materials
even more readily available. An increasing number of in-depth reviews on a wide range of
thermoelectric topics, with a special emphasis on solid-state thermoelectric processes, have been
published in recent years. Even though thermoelectric materials have been obtained through bottom-
up procedures, thorough studies detailing these technologies are still uncommon [43—46].

Six-stroke engines, turbocharging, turbo-compounding, exhaust gas recirculation (EGR), and
waste heat recovery (WHR) were mentioned in [47]. However, the average efficiency of internal
combustion engines may be as low as 15% as mentioned in many previous studies. Liming et al. claim
a maximum heat recovery efficiency of 20% from an ORC [48], whereas Wei et al. record a 16% ORC
efficiency in a Heavy-Duty Vehicle (HDV) [49]. The quantity of recovered power is affected by engine
load, pressure, temperature, and working fluid type. The output power of an ORC from a simulation
on a 2006 MY Cummins ISM 10.8 L diesel engine ranged between 1 and 9 kW [50]. The ORC, on the
other hand, is a sophisticated system that needs a significant amount of steam and works with high-
temperature and pressure steam, as well as moving components. Furthermore, since an ORC has a
considerable time constant, the system's power requirement may be low when the quantity of recovered
power is significant. This problem generates a mismatch between demand and electricity production,
which is challenging to manage. Another issue for the ORC is the vast number of components, which
results in a very significant mass. As a result, the ORC is a less appealing alternative for automotive
applications. Still, it may be more appropriate for maritime or stationary power generators where
power consumption is relatively steady over time and space and weight are not as crucial as in a car.

3.4. Heat exchanger profile designs

Heat exchangers (HEXSs) are devices that efficiently transfer heat from one medium to another.
The following is a brief overview of HEXs and related technologies for enhancing heat transfer. HEXs
may be categorized in a variety of ways. For example, HEXs may be classified as parallel flow,
counterflow, or crossflow according to how they flow. The contact mechanism between hot and cold
fluids is recuperative, regenerative, and direct contact. Heat exchangers may also be divided into
several types based on their mechanism, such as double pipe, shell and tube, spiral tube, gasket, spiral
plate, lamella, finned plate, and lastly, finned tube. Heat exchanger selection is a significant difficulty
since many different kinds of HEXs. The constraints of each heat exchanger type should be considered
before selecting the best design. It is essential to consider manufacturing costs and a variety of other
factors such as temperature ranges and pressure restrictions and the effects of these factors on thermal
performance and pressure drop, and the flow capacity of various fluids.
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3.4.1. Heat changer thermodynamics

Regardless of form or design, heat exchangers work under the Zeroth, First and Second Laws of
Thermodynamics, which govern the transfer or exchange of heat between two fluids [51-55]. And thus,
Understanding the three methods of heat transmission, including conduction, convection, and radiation,
supports a better comprehend heat exchanger thermodynamics [56-60].

The movement of a fluid, such as air or water, causes heat to be transferred from a heated surface
through convection [61-65]. When heated, most liquids expand, becoming less dense and rising in the
fluid's colder regions. Another way, when a room is heated, the hot air rises to the roof because it is
less dense and therefore more easily transferred heat energy, colliding with colder air and returning to
the ground as it cools. Free or natural convection currents are formed as a result of this procedure.
When sing a hydronic heating system, heated water is pushed through a pipe, resulting in convection
via a process known as forced or aided convection.

Meanwhile, the transfer of heat energy from one substance to another via direct physical contact
is called conduction [66,67]. Warmer objects (those with a more significant temperature) have more
molecular motion, measured by temperature as an average of the kinetic energy of molecules in
the material. There is a thermal energy transfer when a hot item comes into contact with a cold
object (lower in temperature). The cooler object becomes more energetic, while the hotter object
becomes less electrified. There is no end to this process until thermal equilibrium has been attained.
The emission of electromagnetic waves by a heated surface or item is known as thermal radiation, and
it is a method of transferring heat energy. There is no need for an intermediary medium to transport
the wave energy for thermal radiation. Thermal radiation is emitted by all things that are above absolute
zero in a typical wide spectral range. The Stefan-Boltzmann Law may represent the net rate of radiation
heat loss.

Some prior studies in the literature have been conducted under an isothermal heat source setting,
where the hot side is maintained at a constant temperature. A constant heat source (isoflux) such as
radiating furnace walls or convective exhaust gas is possible in practical applications. There is some
overlap between the isothermal and isoflux heat source scenarios. A TEG under isoflux conditions has
never before been studied in detail the influence of leg geometry and energy losses on its performance.
Recent investigations [68] show that a variety of factors, including leg lengths, spacing between legs
and external load resistances, as well as ambient temperature affect TEG performance. Optimizing all
of these aspects experimentally remains a difficulty since the number of trials required to optimize all
of the regulating parameters is relatively extensive. The Taguchi approach has been frequently utilized
to optimize operational variables because of its unique discipline and the minimal number of tests it
necessitates. To improve the surface roughness of a lathe-facing operation [69], diesel-engine system
design [70]. Chen et al. [71] and Kishore et al. [72] have utilized Taguchi and ANOVA approaches to
optimize the dimensions of heat sinks in the field of TEG. TEG device optimization work has been
done using an isothermal heat source condition, which means that the hot side is maintained at a
constant temperature, generally less than 500 K, throughout the process. Optimum TEG performance
under isoflux heat source conditions has yet to be documented in the literature, hence this is a new
finding.
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3.4.2. Heat exchanger design characteristics

There are several methods to classify these gadgets depending on their design qualities. Heat
exchangers may be classed based on the design of flow configuration, construction method, and heat
transfer mechanism. The flow configuration of a heat exchanger, also known as the flow arrangement,
refers to the flow direction of the fluids inside the heat exchanger. Heat exchangers utilize four primary
flow configurations: co-current flow, countercurrent flow, crossflow, and hybrid flow, as mentioned in
Figure 2. Corresponding to the concurrent flow, the fluids flow in the same direction and parallel to
one another. This design is less efficient than a counter flow layout; it also provides the best heat
exchanger wall thermal homogeneity. Otherwise, the countercurrent flow heat exchangers have their
fluids flowing in the opposite direction, creating an antiparallel flow pattern inside the heat exchanger
itself.

Meanwhile, fluids flow perpendicularly via crossflow heat exchangers. Equivalent inefficiency
to countercurrent and co-current heat exchangers, this flowing design provides a middle ground. In
another way, Hybrid flow heat exchangers are a mixture of the flow topologies previously discussed.
There are several ways to build a heat exchanger, such as using both counterflow and crossflow
arrangements in a single unit. This is the most common form of heat exchanger utilized in applications
where space, budget expenses, or temperature and pressure requirements are limiting factors.

Several references in the literature deal with the design of a crossflow heat exchanger, but only a
handful are mentioned here. The matrix technique was given by Silaipillayarputhur et al. to construct
a crossflow heat exchanger [73]. At each pass of the heat exchanger, the performance of the crossflow
heat exchanger was tested. The design engineers could optimize the heat exchanger's performance
using this method. Silaipillayarputhur also proposed matrix method validation as an extension. They
used matrix approaches to predict the heat exchanger's performance and compared it to the actual data.
The creation of performance tables for multi-pass parallel crossflow heat exchangers was studied by
Silaipillayarputhur et al. [74]. Incomprehensible tables represented the performance of the heat
exchanger at each pass. At each pass, dimensionless metrics such as effectiveness, capacity rate ratio,
and the number of transfer units that influence the heat exchanger's steady-state performance were
employed to define the heat exchanger's performance.

Much research has been conducted on the transient performance of crossflow heat exchangers.
The transient behavior of heat exchangers under dynamic fluid intake temperature fluctuations (hot,
cold, or both) has been studied extensively [75,76]. Gartner and Harrison established an experimental
setup and conducted a transient experimental analysis of a water-to-air crossflow heat exchanger under
periodic temperature fluctuations for experimental measurements [77]. Yuan investigated the impact
of several flow maldistribution models on the thermal performance of a three-fluid crossflow heat
exchanger [78]. Mishara et al. investigated the nonuniform influence of fluid inlet temperature
boundary conditions on the performance of a cross-flow heat exchanger in a transient study [79]. The
research specifies and applies two nonuniform temperature boundary conditions to the hot fluid across
the input. Their impact is shown and contrasted with a uniform temperature boundary condition. Heat
exchanger responses to the combined influence of intake temperature nonuniformity and transient
changes are predicted using outlet temperatures. The impact of these nonuniform instances on the
transient performance of cross-flow heat exchangers has yet to be thoroughly examined.
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Figure 2. Heat exchanger flow configurations.

While heat exchangers were previously classified according to the flow arrangement utilized, this
section categorizes them according to the type of building materials they are made of. To organize
these gadgets, we may look at their construction features [80]. As opposed to regenerative heat
exchangers, which circulate a single fluid through multiple channels, recuperative heat exchangers
circulate a single fluid through multiple channels simultaneously. Regenerative heat exchangers, also
known as capacitive heat exchangers or regenerators, enable warm and cold fluids to pass via the same
channel [81,82]. In the case of direct and indirect construction characteristics, heat is transferred directly
from one fluid to another in direct contact heat exchangers when the fluids are not separated [83]. In
contrast, the fluids in indirect heat exchangers stay isolated throughout the heat transfer process by
thermally conductive components, such as tubes or plates. Meanwhile, the heat exchanger material
and components remain stationary in static regenerators as fluids flow through the device. In contrast,
the material and components move throughout the heat transfer process in dynamic regenerators. Both
types are at risk of cross-contamination between fluid streams, necessitating careful design
considerations during manufacturing.

Heat exchangers use either a single-phase or a two-phase heat transfer mechanism to transport
heat. Because there is no phase shift in a single-phase heat exchanger, both the hot and cold fluids stay
in their original state of matter throughout heat transfer, resulting in a more efficient transmission of
heat [84—-86]. Heat is transmitted from one body of water to another by convection, and neither the
hotter nor the colder water becomes a gas or solid in the process. During the heat transfer process in
two-phase heat exchangers, fluids undergo a phase shift. Consequently, one or both of the fluids
involved may undergo a phase shift, which results in a transition from one fluid state to another. There
are more design concerns for two-phase heat transfer mechanisms than single-phase heat transfer
mechanisms.
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3.4.3. Surface profile design of heat exchangers

There are a variety of heat exchangers to choose from, based on the design parameters outlined
above. The following are examples of more often used versions in the industry, including heat
exchangers with a shell and tubes, heat exchangers with two piping systems, and heat exchangers that
use plates. A large number of published works incorporated various characteristics such as corrugation
form, plate size, plate distance S, plate number N, and corrugation arrangement as shown in the figures
of references [91-108].

Zhang et al. examined the influence of the corrugation profile on the thermal-hydraulic
performance of a cross-corrugated plate. Four alternative corrugation profiles were reviewed
numerically for the ideal design, including triangular isosceles trapezoidal, rectangular, and elliptic
curves [91]. Gulenoglu et al. conducted an experimental examination of three distinct plate geometries'
thermal and hydraulic properties [92]. Yang et al. compared a collection of brazed PHEs with various
geometrical characteristics. The findings of the experiment indicate that it is the most critical parameter.
In general, increasing this angle enhances the single-phase heat transfer. In addition, geometric
dimensions influence the heat transmission properties [93].

Durmus et al. provided an experimental study of three distinct plate heat exchanges (PHEs) of
flat PHE, corrugated PHE, and asterisk-type PHE [94]. Comparing the exergy losses of three PHEs
revealed that the corrugated PHE was the most effective. The bubble-type [95], horseshoe-type [96-98],
and circular spot-type [99] embossing can either improve the thermal-hydraulic performance or the
compactness of the heat exchanger, according to prior research. Doo et al. changed the cross-
corrugated primary surface by incorporating three unique secondary corrugations [100]. The peak and
trough of the sinusoidal plate surface were adjusted using anti-phase, in-phase, and full-wave rectified
trough corrugation, respectively, to enhance the performance of PHEs for aero-engine intercooler
applications. Lee et al. examined a variety of PHEs with various surface profiles and corrugation
furrow shapes [101]. Nilpueng and Wongwises experimented to determine the influence of surface
roughness on the heat transfer coefficient and pressure drop of water flow in PHEs [102]. According
to the experimental findings, the Nusselt number and friction factors rise as surface roughness
increases. Thermal-hydraulic performance is enhanced by surface roughness and decreased by the
Reynolds number.

Balaram compared the heat transmission capabilities of rectangular and trapezoidal fin designs.
At a specified operating state for unbaffled shell-and-tube heat exchangers (STHX), it can be observed
that the heat transfer rate of rectangular fins was superior to that of trapezoidal fins [103]. Parikshite
et al. simplified the pressure drop calculations in shell-and-tube heat exchangers [104]. They used the
finite element approach in their anticipated model. They demonstrated that the method was extremely
successful at forecasting the pressure drop since it needed less time for computation and produced
highly accurate predicted results. Chang and Yu suggested an inside spray approach for a shell-and-
tube spray evaporator with a triangular pitch. They demonstrated that the heat transfer coefficient on
the shell side utilizing the interior spray technique was superior to that of the typical flooded type [105].
Alimoradiand Veysi improved the shell-and-helically-coiled-tube heat exchanger's geometric
characteristics. In their investigation, a model that obtained the lowest heat transfer rate per entropy
production was deemed the best [106]. Raja et al. included total cost and pressure decrease as
additional ideal goals [107]. The objective of their research was to maximize efficiency while reducing
overall cost, pressure drop, and entropy production. The multi-objective optimization of Raja's group
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is more effective in the actual design of a new heat exchanger than that provided in Ref. [107], although
it involves more work. The impact of baffles on the heat transfer and fluid flow properties of the
STHXs was also described in [108—114].

3.4.4. Automotive waste heat recovery systems based on TEG

Large multinational automakers such as BMW [115], Ford [116], Renault [117], and Honda [118]
have shown an interest in exhaust heat recovery by developing TEG-based systems. The system is
rated to output 750 W from several 20 W rated TEGs and uses high temperature TEGs. Multiple tiny
parallel passages lined with thermoelectric material are used for the exhaust gases to travel through
the Ford system heat exchanger. In this situation, liquid cooling is applied. With 4.6 kg of
thermoelectric material, this system is rated to generate a maximum of 400 W. On a diesel truck engine,
the Renault system will be employed. It measures 10 x 50 x 31 centimetres. This system employs a
liquid-cooled counterflow heat exchanger. A mixture of high-temperature TEGs and low-temperature
TEGs was employed at the high-temperature end. At the low-temperature end, a combination of high-
temperature TEGs and low-temperature TEG. It is estimated that the simulated system will generate 1
kW. TEGs were positioned on the top and bottom surfaces of the Honda system, which had a basic
form of a thin flat rectangular box. The system included 32 x 30 x 30 mm centimeters TEGs and could
output up to 500 W.

Goncalves et al., Brito et al., and Martins et al. [119-121] developed a system that uses a heat
pipe to remove heat from exhaust gases and a water heat sink to cool the opposite side of the TEGs.
Instead of a regular heat pipe, a variable conductance heat pipe is employed in this circumstance. Jang
et al. designed a hybrid exhaust heat recovery system incorporating TEGs and heat pipes. Rather than
employing typical heat pipes, loop thermosiphons were used in this design [122]. The essential aspect
of a TEG's power is the vehicle's speed. The vehicle's speed should be increased to improve TEG
performance. More energy is available for conversion into electrical energy as the exhaust temperature
rises. When the exhaust temperature rises, dynamic optimization simulations show an increase in ideal
length and a decrease in optimal breadth [123]. The temperature has a significant impact on the
efficiency and power of a TEG. When the engine is turned between 2500 and 3400 rpm, the
temperature of the intake and outflow is shown. The temperature differential between TEG surfaces
grows fast as the engine speed increases, increasing output power [124]. It was discovered that if the
power generated by the engine is 150 kW, the heat recovery system in the exhaust of the automobile
may generate 1.4 kW of electricity and that a waste heat energy recovery system of 500 MW of gas
turbine power plant can generate 5.9 MW of electricity [125]. Another experiment was carried out to
test the TEG's power output by varying the vehicle's speed.

Based on a dynamic optimization simulation, He et al. discovered that increasing exhaust
temperature increased ideal length while decreasing optimal breadth [126]. Furthermore, the
thermoelectric characteristics are significant temperature-sensitive, emphasizing the need of a TEG
system dynamic operation. The temperature dependency of thermoelectric characteristics substantially
influences the power, efficiency, and optimum variables of TEG, according to the simulation findings
reported by Meng et al. [127]. Third, the temperature of the TEG's cold end, which is generally
connected to the engine coolant, is often affected by the cooling unit's flow rate and radiator
functioning. Using a theoretical dynamic model, Gou et al. investigated the dynamic properties of TEG.
They discovered that increasing heat dissipation on the cold side might improve TEG performance
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more than increasing heat transfer on the hot side [128]. Meng et al. [129] looked at how the TEG
modified its behavior when the cold end temperature varied. The output power exhibited response
hysteresis to the cold end temperature. In both decreasing and rising occurrences of cold end
temperature, TEG conversion efficiency was shown to overshoot and undershoot, respectively. More
accurate performance prediction and helpful optimization advice have evolved based on earlier
research [127-129] for the transient behavior of TEG. However, a critical feature for a dynamic TEG
model that allows for safe TEG system operation and successful after treatment system operation has
been overlooked. The most common bismuth tellurium module has a maximum temperature restriction
of 250 °C [130], although the exhaust temperatures of a diesel engine and a gasoline engine may
reach 400 °C and 800 °C, respectively.

4. Conclusions

TEGs have been demonstrated to have been used in automotive exhaust heat recovery systems,
industrial waste heat recovery systems, and perhaps primary power sources. TEGs may be employed
as the main power source, as seen in the suggested design. TEGs will become more cost-competitive
with conventional petrol generators if the power per unit cost of TEGs continues to rise. TEGs are an
excellent method for providing some energy when grid connection is not available, according to the
many research and instances mentioned in the paper. This capacity to generate some power also
marginally or regularly enhances the efficiency of heat-generating equipment. However, TEGs have
limitations, such as relatively low efficiency and maximum surface temperatures.

Furthermore, exhaust gas characteristics and heat exchanger construction are discovered to
impact system power production substantially. Because there are so many distinct types of HEXSs,
deciding on which one to use is quite challenging. Consider the limitations of each heat exchanger type
before making a final design choice. The impact of temperature ranges and pressure constraints on
thermal performance and pressure drop and the flow capacity of different fluids should be considered
in addition to production costs.
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