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Abstract: This study presents the findings of a comprehensive SWOT analysis on the integration
of hybrid electric turbochargers (HETs) in mass-produced road vehicles. Through a synthesis of
multiple research findings, this study compared the performance of HETs on thermal engines versus
traditional turbochargers and HETs on thermal engines versus HETs on hybrid engines. The analysis
highlights key strengths, weaknesses, opportunities, and threats associated with the adoption of HET
technology in the automotive industry. The results of the SWOT analysis provide valuable insights for
both manufacturers and consumers regarding the feasibility and benefits of adopting HET technology
in modern vehicles. By elucidating the fundamental mechanics of turbochargers and demonstrating
the potential of hybrid electric turbocharging, this study contributes to a deeper understanding of the
role of HETs in shaping the future of automotive engineering. In conclusion, this study underscores
the potential of HETs to substantially mitigate the environmental impact of the transportation sector
by reducing emissions and conserving energy. The novelty of this study is reflected in its compre-
hensive synthesis of multiple research findings, offering insights into the feasibility and benefits of
adopting HET technology in modern vehicles, thereby contributing to a deeper understanding of
the role of HETs in shaping the future of automotive engineering and highlighting their continued
significance, as evidenced by the systematic SWOT analysis presented. Their ability to optimize fuel
efficiency and power output, coupled with the feasibility of downsized engines, positions HETs as an
attractive option for sustainable mobility solutions. Further research is warranted to comprehensively
understand the environmental and economic implications of widespread HET adoption.

Keywords: hybrid electric turbocharger; renewable energy; power system; advanced technologies

1. Introduction

The turbocharger was patented in 1905 by Swiss Alfred Biichi [1]. Its first applications
in engines were connected to the aviation field through the contribution of French Auguste
Rateau, who created a turbocharged aircraft engine during the First World War. A tur-
bocharger is an aggregate consisting of a joint on a common shaft of a turbine; thus, it works
as a pneumatic machine, fed by exhaust gases from the engine, which produces mechanical
work. The compressor acts as a pneumatic machine driven by turbine energy, which draws
clean air, increasing the pressure. Figure 1 shows a schematic of how a turbocharger works
with an engine [1].

This paper suggests technical solutions to turn the classical turbocharger into a hybrid
electric turbocharged vehicle. This technical solution has not yet been adopted in the mass
production of road vehicles, and it could lead to a significant improvement in internal
combustion cogenerated electrical propulsion vehicles by aiming to have an operational
influence on the energetic efficiency for both power system delivery and pollutant emission
values [2,3]. It is well established that in urban areas the major air pollution factor is the
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operation of vehicles [2]. This solution can be used by further increasing the energetic
efficiency of a gas-cogenerated electrical generator.

The scope of this review encompasses hybrid electric turbochargers (HETs) in mass-
produced vehicles, conducting a SWOT analysis. It assessed their performance in thermal
and hybrid engines, offering insights for manufacturers and consumers. By exploring
turbocharger mechanics and hybrid electric potential, it advances automotive engineer-
ing understanding. This study highlights HETs” role in environmental sustainability
through emission reduction and energy conservation, promoting them as a solution for
sustainable mobility.

The novelty of this study lies in its comprehensive synthesis of multiple research
findings, offering fresh insights into the feasibility and benefits of adopting HET technology
in modern vehicles, thereby contributing to a deeper understanding of the role of HETs
in shaping the future of automotive engineering. The novelty highlights all remarks,
emphasizing that HETs remain a technology deserving close attention, as evidenced by the
systematic SWOT analysis presented.
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Figure 1. Connection between turbocharger and engine [4].

1.1. The Connection between a Turbocharger and a Spark-Ignition Engine

The transformation of thermal energy into mechanical energy in an internal com-
bustion engine is a very complex process, and its development, under real conditions, is
accompanied by large energy losses. In internal combustion engines, in order to achieve
the actual cycle, it is necessary to evacuate the gases from the cylinder and to introduce a
fresh charge of air or a mixture of air and fuel. During the evacuation of the burned gas,
due to the gas dynamic resistance, the burnt gas pressure continuously varies and remains
slightly higher than the atmospheric pressure [1,5].

During the intake period, the piston moves from the top dead center (TDC) to the
bottom dead center (BDC), the intake valve is opened, and the waste gas pressure begins to
decrease to the atmospheric value. Subsequently, at the cylinder inlet, the fresh mixture,
due to the gas dynamic resistance in the air supply system (air filter resistance, length
and section of pipes, the existence of elbows in the air supply system, the roughness of
the pipe walls, the suction resistance of the fresh mixture from the carburetor at MAS,
etc.), the pressure drops below atmospheric. The decrease in pressure during the intake
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is accentuated by the increase in engine speed, primarily due to an upsurge in the gas
dynamic resistance and to the increasing speed of the fresh mixing current.

The power of a spark-ignition engine is reliant on the amount of fuel burned in the
engine per cycle and the calorific value of the fuel. At constant dosing and engine speed,
doubling the power developed by the engine is possible by doubling the amount of fuel
burned in the engine per cycle. In order to maintain the dosage, combustion maintenance
requires doubling the amount of air introduced into the engine at higher atmospheric
pressure, so that in the same cylinder capacity, at the same speed, and at the same dosage,
double the amount of fuel can be burned. Thus, the power of the engine is proportional
to the air consumption. Increasing air consumption in a four-stroke engine is achieved at
the same speed and displacement, most realistically by increasing the density of air. This
is currently achieved with a compressor, which compresses the air from the initial inlet
pressure py to the pressure ps, where ps represents the newly requested pressure at certain
engine speeds. The air is compressed at pressures from 0.12 up to 0.32 MPa [6,7].

The amount of fresh charge retained in the cylinder also depends on the degree of
evacuation of the cylinder of the burnt gases from the previous cycle. As a result, the
intake process must be analyzed in close connection with the parameters that are specific
to the exhaust process. The set of phenomena that accompany the evacuation and intake
processes represents the exchange of gases, which must be carried out in such a way that
as much fresh gas as possible is introduced into the cylinder in relation to the available
volume. A small amount of fresh gas is lost when emptying the burnt gas.

A turbocharger is built with a turbo compressor group consisting of a centrifugal
compressor and a turbine that processes part of the energy of the exhaust gases. The
compressor and the turbine are fixed on a common shaft. Although there is no mechanical
connection between the compressor and the motor, the unit is self-adjustable. Thus, as
the engine speed and load change, the flow rate also changes the burned gas temperature,
hence the operating mode of the turbo compressor. There are two options for achieving a
high degree of overfeeding, namely:

1.  Increasing the pressure drop in the turbine, therefore increasing the pressure in front
of it by opening the exhaust valve earlier, or by a higher advance to the exhaust
if necessary.

2. Increasing the gas temperature in the turbine inlet (Tt), which is limited due to the
temperature of the vane materialup to a maximum of 850 K. When this limit is
exceeded, the exhaust gases are diluted with fresh air [8].

The supercharging achieved by using the exhaust gas energy is performed by turning
the kinetic energy of the exhaust gases into mechanical compression work as presented
in Figure 2. The transformation of the kinetic energy of the flue gases into mechanical
compression work is achieved by means of the turbocharger unit. Turbocharging does
not involve the consumption of additional energy as the exhaust gas energy is sufficient
to drive the turbine and the compressor. That is why this method of turbocharging has
become one of the most widely used methods. Most four-stroke turbocharged engines use
a turbocharger since it improves the engine efficiency. The turbocharger is automatically
adapted to the flow and temperature of the exhaust gas. Compared to a naturally aspirated
engine, turbocharged engines provide lower emissions in specific applications [9].

For many turbocharged engine manufacturers, power supply has not been a gain
but only a source of accelerating wear by increasing the mechanical and thermal load.
This aspect has been brilliantly overcome, currently registering a level of maintainability
comparable to that of the main components and aggregates of the engine. This guarantees
an operation without major deficiencies of 1 million km, without the need to replace
the unit.
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Figure 2. Turbocharger diagram [7].

For supercharged petrol engines, required remedial measures include:

reducing the compression ratio;

improving the roadholding by considering the quality of additional accessories (brakes,
chassis, suspension) in order to tune the car to the new performances of the engine;
calibration of the turbocharger system unit (TS unit) with the engine (perfect coopera-
tion of the TS with the other systems and engine units), which requires a significant
number of tests to be conducted on stands and on the road;

correction of ignition advance curves;

use of reinforced pistons;

use of a more mechanically and thermally resistant cylinder head gasket;

crankshaft consolidation;

modification of the intake route;

modification of the cooling system, in order to obtain a more intense cooling of the
upper part of the cylinders and of the cylinder head near the exhaust valve;
modification of the gas exhaust circuit;

increasing the capacity of the air filter;

the lubrication system is improved through the oil flow increase. If necessary, a
radiator is inserted into the oil circuit. Forcibly stressed engines require forced cooling
of the pistons;

in the case of a supercharged petrol engine, particular attention must be paid to the
study of thermal stresses due to the fact that the motor has a tendency to burn with
detonation when stresses upsurge.

Turbocharging also brings advantages, including:

increase in the power per liter (by increasing the dose of the fuel mixture per cycle);
reduction of noise and chemical pollution;

reduction of smoke;

slight reduction in fuel consumption;

increased silence when evacuating gases;

improving the operation in terms of altitude;

reduction of gas dynamic losses;

increasing the elasticity and adaptability of the engine.
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1.2. The Way Turbochargers Work

The most popular supercharging solution is based on a gas turbine, and the pro-
cess is commonly referred to as turbocharging. A gas turbine (centrifugal compressor)
is mostly common used in small-dimension car engines. Despite its small size, the tur-
bine is efficient due to the high speeds at which it works, ranging between 40,000 and
100,000 RPM (revolutions per minute) [1,5,6].

Figures 3 and 4 illustrate an exploded view of a turbocharger and the gas flow both
through the compressor and the turbine. The compressor assembly consists of a rotary
compressor with pallets, housing, air inlet duct, and air outlet duct. The compressors
used are equipped with an axial air inlet and a radial outlet; the peripheral speed of the
pallets can reach 520 m/s [1,5,6]. The composition of the turbine assembly comprises basic
elements. The rotor, on which the vanes are arranged; the housing having the typical shape;
the radial entrance; and the axial output. The vane rotor consists of nickel and chrome
alloys, as they must withstand temperatures that can reach 1050 °C [1,5,6]. The compressor
and the turbine are fixed on the central part. It contains the bearings of the central axis of
the turbine and the lubrication channels. As the turbine shaft reaches very high speeds
during operation, it constantly needs lubrication, and the oil also has the role of cooling.
As for high heat-required turbines, a liquid cooling circuit may also be needed in addition
to the lubrication circuit. The central crankcase includes part of the turbine crankcase and
part of the blower crankcase, which form the rigid stator assembly. This assembly must
ensure mechanical rigidity capable of blocking the heat flow from the turbine to the blower
as well as ensuring the bearings of the common shaft from excessive heating. The wheel
assembly can reach speeds of 100,000 to 150,000 RPM,; therefore, when reducing the length
of the wheel shaft, it is recommended to place the mounting points between the blower
wheel and the turbine wheel, with the disadvantage that the bearings cannot be reached
and must be protected against overheating (mounting “inboard”, applied to centripetal
turbines, where the entry of gases into the turbine is simple, and the installation of the
assembly on the exhaust manifold becomes rational) [5,6].

Turbine
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Compressor Tu}l‘lbintte
air discharge exhaus
Cohmpr_essor & : ) i
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wheel
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gas inlet
Compressor
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Figure 3. Turbocharger assembly [10].

A risk of vibration is posed by the overwhelming disproportion between the low
mass of the blower wheels (made of aluminum alloys) and the high mass of the turbine
wheels (made of refractory steel). Furthermore, very high speeds require very low bearing
loads. The heat radiated by the turbine tends to diffuse toward the inside of the crankcase,
crossing the turbine bearing; therefore, a thermal protective ‘bell” is inserted between the
turbine wheel and the bearing crankcase.
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1 2

Figure 4. Turbocharger components: 1—Compressor; 2—Turbine; 3—Central part [10].

If turbochargers had been designed to produce maximum power at maximum engine
speed, they would have increased dimensions and an appreciable weight of rotating
moving parts, which would affect the response time in the case of low operating speeds.
Reducing the size of the unit is desirable, but this is done so that it produces an acceptable
level of power at low speeds and responds promptly to acceleration.

The use of a small turbocharger involves a high operating speed and increases the
risk of overpressure. In this situation, the operating speed of the turbine must be reduced,
which can be achieved by means of a valve that limits the gas flow.

This valve, commonly known as a “wastegate” in English, is operated by means of
a rod that connects to a vacuum capsule, its operation being highlighted in the following
figure. Particular attention must be paid to the adjustment of the control rod with which
the vacuum capsule is equipped.

For a turbine, there are two areas of malfunction:

1.  In the case of low speed—the turbine speed is very low. In this case, the air will not
be compressed sufficiently by the blower and the engine will not reach the desired
parameters (turbo hole or “turbo lag”).

2. In the case of high speed—the turbine speed is very high. In this case, the air will
be compressed more than necessary; therefore, part of the exhaust gas flow will be
exhausted through the “by-pass” valve of the turbine, so that the optimum value of
compression is not exceeded.

When a turbocharger with bypass was introduced, an effective compromise solution
was chosen (considering that this system exerts no influence over low speeds).

Turbochargers offer significant benefits in terms of boosting engine performance and
fuel efficiency, but they are not without their shortcomings. One of the most notable
drawbacks is “turbo lag,” a delay in power system delivery when accelerating, as the
turbocharger takes a moment to spool up and provide a boost. Additionally, turbochargers
generate heat due to the high-speed rotation of the turbine, which can pose challenges
in managing the engine temperature. The complexity of turbocharger systems, with
components like intercoolers and wastegates, can lead to increased maintenance and repair
costs. Durability can be a concern as the extreme conditions within a turbocharger may
result in wear and tear over time. Furthermore, the increased exhaust backpressure created
by turbochargers may impact the engine efficiency and emissions. Turbochargers also
rely on a supply of oil for lubrication and cooling, which, if insufficient or inadequately
maintained, can lead to damage. The installation and maintenance of turbochargers can be
costly, and they may still contribute to emissions, albeit to a lesser extent compared to non-
turbocharged engines. Despite these challenges, ongoing advancements in turbocharger
technology aim to address these shortcomings and continue to make turbochargers a
popular choice for enhancing engine performance and efficiency [1,3,6,8].
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1.3. Hybrid Electric Turbocharger

Nowadays, a great deal of effort is being put into reducing the polluting emissions of
internal combustion engines and, at the same time, into increasing their power and torque.
Fulfilling this requirement entails the use of a turbocharger, as the power, the torque, and
also the fuel economy become higher.

A HET (hybrid electric turbocharger) offers a range of innovations that effectively
address the shortcomings associated with traditional turbochargers. One of the most signif-
icant advantages is the substantial reduction in turbo lag, thanks to the incorporation of an
electric motor. This motor provides instant power upon acceleration, greatly enhancing
engine responsiveness, particularly at low RPMs. HETs also excel in managing the heat
generated by the turbocharger, utilizing the electric motor’s regenerative capabilities to
convert excess heat into electrical renewable energy for more efficient use. Furthermore,
HETs simplify the turbocharger system by eliminating the need for a wastegate, as the
electric motor can precisely control the turbocharger’s speed. This innovation enhances the
turbocharger’s durability, as it reduces wear and tear and optimizes the flow of exhaust
gases, resulting in lower exhaust backpressure, increased engine efficiency, and reduced
emissions. Moreover, HETs are designed to rely less on oil for lubrication and cooling,
further contributing to their enhanced efficiency. By recovering energy during deceleration
and utilizing it to power various vehicle systems, HETs improve overall engine efficiency,
reduce emissions, and mark a significant advancement in turbocharger technology [10-13].

In the Formula 1 championship, the rules have changed, and the use of supercharged
engines has been restored, which is detrimental to the normally aspirated ones. The cylin-
der capacity of the current supercharged engine is 1.6 L in the V6 configuration, unlike
the old engine, which had 2.4 L in the V8 configuration. The major engine manufacturers
are prepared for this change and have developed various construction solutions. Unlike
the notorious supercharging systems, which are designed only to increase the pressure
and density of the air introduced into the engine, this supercharging system implemented
in Formula 1 has certain peculiarities that make it both innovative and revolutionary.
These features include the recovery of exhaust energy and the electric drive of the tur-
bocharger [10]. The operating principle is responsible for the recovery of the kinetic energy
of the exhaust gases. During the operation of a turbo engine, exhaust energy is used to drive
the supercharger, but much of this energy Is lost. The recovery of this energy is achieved
via a generator coupled to the turbine shaft that transforms the rotational movement of
the shaft driven by the exhaust gases into electricity that will be stored in batteries to be
used as needed. This system can be coupled with another system to recover the energy lost
during braking [12-14].

1.4. Electric Drive of the Turbocharger

Hybrid electric turbochargers (HETs) are a relatively new and innovative technology
in the field of engine turbocharging [15]. They have garnered significant attention in recent
years due to their ability to improve the fuel efficiency and power output of internal com-
bustion engines. In addition, they can also play a key role in reducing the environmental
impact of the transportation sector. This article delves into the environmental impact of
HETs, specifically focusing on their ability to reduce emissions and conserve energy.

The design, presented in Figure 5, of HETs involves the integration of an electric
motor with a traditional turbocharger. This integration allows for improved responsiveness
and control over the turbocharger. The electric motor, which is much smaller than that
of a full-fledged electric vehicle, is positioned between the turbocharger’s turbine and
compressor [15]. It is powered by a battery that can be charged through regenerative
braking or other means [15].
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Figure 5. Schematic of an electric turbo compound [16].

They are designed to provide improved engine performance, efficiency, and reduced
emissions by combining the advantages of both electric and mechanical turbocharging [17].
HETs consist of a traditional turbocharger and an electric motor generator that is integrated
into the turbocharger’s shaft [18]. The electric motor provides an additional boost at low
engine speeds, while the traditional turbocharger takes over at higher engine speeds [19].
The electric motor in HETs is typically coupled to the engine’s shaft, but the coupling may
not always be direct. It depends on the specific design and the intended purpose. In some
cases, the electric motor might be connected directly to the engine’s shaft, allowing it to
work in tandem with the engine. However, in other designs, the electric motor might
be connected to a generator that produces electricity to power the electric motor. The
motor can be engaged or disengaged as needed, depending on the power requirements and
efficiency goals. The specifications of the electric motor in HETs, including speed, power,
torque, and energy consumption, can vary widely depending on the specific application and
design. These specifications are determined based on the intended use and the performance
requirements of the system.

HETs are a promising technology that combines the benefits of turbocharging and
electrification. HETs use an electric motor to spin the turbocharger’s compressor wheel,
providing an instant boost to the engine, resulting in improved engine performance and
fuel efficiency. In addition to these benefits, HETs offer improved engine response and
reduced emissions, making them a compelling solution for the automotive industry [15].
This solution entails the connection of the generator to the turbine shaft. It fulfills the
function of a motor and uses the renewable energy stored in batteries to rotate the turbine
shaft. The electric drive of the turbine is used when the engine is not under load, such as
during braking or when the accelerator pedal is not pressed. Generally, the speed of the
turbocharger would decrease if it was not electrically driven. This function is particularly
important because, by keeping the turbine at a high speed, even when the exhaust gas speed
is low (throttle closed), the phenomenon of “turbo-lag” is prevented (delaying the turbine’s
response to acceleration pressure/throttle opening). Since the turbine is being maintained at
operating speed by the electric motor, the boost pressure is therefore preserved, eliminating
the “turbo- lag”, so when the acceleration is pressed again, the turbine no longer needs the
time necessary to increase the speed and therefore increases the pressure [11,14,20].

From the design point of view, the electric motor in HETs serves a crucial role in
controlling the speed of the turbocharger. It can be used to spin the turbocharger at low
engine speeds, improving the engine response and reducing turbo lag [15]. Additionally,
the electric motor can be used to spool up the turbocharger more quickly, providing a boost
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at low engine speeds where traditional turbochargers may struggle to provide enough
boost [17]. This results in improved engine performance, reduced fuel consumption, and
lower emissions [18]. It must be integrated seamlessly with the engine to ensure proper
functioning. The battery used to power the electric motor must also be properly sized and
positioned to ensure reliable performance [19]. Furthermore, the electronic control unit
(ECU) used to manage the HET system must be designed to ensure that it can properly
control the turbocharger, battery, and engine [21].

In the following, several effective solutions that have been adopted by major engine
manufacturers are presented. The technical solution implemented by one of the Formula 1
teams [22,23] consists of a turbo-compressor unit located between the two halves described
by the V6 configuration of the engine, the exhaust galleries on one side and the other
joined into the turbine. The motor generator is located between the turbine and the
compressor [10,24]. Using this exhaust gas recovery system, in conjunction with a braking
energy recovery system, brings additional power to the wheels of up to 120 kW [25]. Other
manufacturers have adopted similar solutions [17]. They are presented in Figures 6 and 7.

Energy store

Internal combustion
V6 engine

Turbocharger
MGU-K 5
Figure 6. HET construction solution—the location of the motor generator is not between the turbine
and the compressor but before the compressor [20].

Center housing and

Turbine housing electric motor

and turbine wheel

Compressor housing
and compressor wheel

N\ Wast egate
actuator

Control unit

Figure 7. Different manufacturer’s construction solution [23].

The electric drive of the turbine is particularly useful in the production of vehicles in
the case of overtaking. For example, on a one-way street, a vehicle traveling at a higher
speed catches up with a slower vehicle, such as a truck, and is forced to brake if it does not
have conditions to overtake. When the vehicle brakes, the turbine speed decreases, so that
when the acceleration is resumed in order to overtake, there is sufficient waiting time until
the turbine turns again.



Energies 2024, 17, 1484

10 of 22

The electric drive of the turbine eliminates the waiting time and inserts fresh air into
the engine at the appropriate boost pressure as if the turbine were driven by exhaust gases.
This is particularly helpful in order to overtake faster, the engine torque being available
when you press the accelerator without having to wait. Switching from drive motor mode
to generator mode is performed automatically and is controlled by the engine computer.
A sensor on the throttle or on the pedal determines whether or not the engine is running,
and thus the motor generator is operated accordingly. Another key environmental benefit
of HETs is their ability to conserve energy. The electric turbocharger, integrated into the
HET system, is powered by a motor, which can be powered by an external energy source
such as a battery or a fuel cell. This allows for energy to be stored and used to provide
an instant boost when needed, reducing the amount of energy required from the engine
and improving its overall efficiency. For example, a study by Dong et al. [13] found that
a HET system increased the fuel efficiency of a diesel engine by up to 7% compared to a
conventional turbocharger. This improvement in fuel efficiency translates into a reduction
in energy consumption and a corresponding reduction in greenhouse gas emissions. In
addition, HETs also offer the potential to conserve energy through the use of regenerative
braking. This is because the motor, integrated into the HET system, can act as a generator
during deceleration, converting the kinetic energy of the vehicle into electrical energy,
which can be stored in a battery or a fuel cell. This stored energy can then be used to
provide an instant boost when needed, reducing the amount of energy required from the
engine and improving its overall efficiency.

In terms of environmental impact, HETs have the potential to reduce emissions and
improve fuel efficiency compared to traditional turbochargers. By providing an instant
boost, HETs can reduce the engine’s reliance on the throttle, leading to reduced pumping
losses and improved fuel efficiency. Additionally, HETs can reduce engine emissions by
providing improved air/fuel mixing and more efficient combustion. Furthermore, HETs can
be designed to harvest energy from the engine’s exhaust stream, which would otherwise
be wasted, to generate electricity for the vehicle’s systems [18]. HETs can lead to improved
fuel efficiency by providing additional power to the engine when needed, reducing the
need for larger, less fuel-efficient engines. The fuel consumption benefits can vary based on
the vehicle type, driving conditions, and the degree of hybridization [18].

It should be noted that the environmental impact of HETs is highly dependent on the
system’s design and how it is integrated into the vehicle. For example, the energy source
used to spin the turbocharger can significantly impact the overall environmental impact
of the system. Using regenerative braking to power the turbocharger can result in a net
reduction in emissions while using the battery to power the turbocharger can result in a
net increase in emissions [19]. Overall, HETs offer a number of potential benefits for the
automotive industry, including improved engine performance and fuel efficiency, reduced
emissions, and improved engine response. However, the full potential of HETs can only
be realized through careful system design and integration into the vehicle. In addition,
HETs also offer the potential to reduce emissions by enabling the use of downsized engines.
This is because an electric turbocharger can compensate for the reduced airflow caused
by downsized engines, ensuring that the engine operates at optimal conditions. A few
studies [22,26] found that a HET system improved the fuel efficiency and reduced emissions
of a downsized engine by up to 15%.

Improving the performance and efficiency of HETs is crucial for the widespread
adoption of this technology in the automotive industry. Here are some ways to improve
HETs: concerning the improved battery technology, the battery used to power the electric
motor in HETs has a significant impact on the performance and efficiency of the system.
Improving the technology used in the battery, such as using more advanced materials, can
result in improved energy density and a more compact battery design [27]. This can result
in better performance, increased efficiency, and a reduction in overall weight. Increased
electric motor efficiency: the efficiency of the electric motor in HETs can also be improved.
This can be achieved by using more advanced materials and manufacturing processes,
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as well as optimizing the motor’s design [28]. Improving the efficiency of the electric
motor can result in improved performance and increased fuel efficiency. Advanced control
strategies: the ECU used to manage the HET system can also be improved. Advanced
control strategies, such as real-time monitoring of engine performance, can be used to
optimize the operation of the HET system [29]. This can result in improved performance
and increased fuel efficiency. Integration with engine management systems: HETs can be
integrated with the engine management system to provide improved performance and
efficiency [30]. This integration can result in a more seamless and efficient operation of the
engine, as well as improved performance and fuel efficiency.

Improved turbocharger design: the traditional turbocharger in HETs can also be im-
proved. This can be achieved by using more advanced materials, as well as optimizing
the design of the turbocharger [8]. Improving the turbocharger can result in improved
performance, increased efficiency, and reduced emissions. In the realm of HETs, several
notable challenges warrant attention during the design process. Firstly, the incorporation of
electric components and associated power electronics can introduce heightened complexity
and elevated manufacturing and maintenance costs. Moreover, the augmented weight and
size stemming from electric motor integration may affect the overall balance and weight
distribution of the system, calling for a meticulous design approach [31]. Challenges also
arise in the integration of HETs into pre-existing engine configurations, necessitating careful
engineering to ensure seamless compatibility and performance optimization. Addition-
ally, the reliance on electrical components within HETs necessitates a heightened focus
on system reliability to mitigate potential electrical faults [32,33]. When contemplating
the utility of HETs in marine diesel engines, several potential advantages come to the
fore [12]. HETs can contribute to heightened fuel efficiency by providing supplementary
power during acceleration and high thrust demand scenarios, thereby reducing fuel con-
sumption and operational expenses. Their aptitude for emissions reduction aligns with
stringent environmental regulations in the maritime sector, particularly in the context of
the International Maritime Organization’s emissions standards. The maritime industry
is witnessing a notable trend toward hybrid and electric propulsion systems, which ex-
tends the applicability of HETs in this domain. Furthermore, their efficacy is particularly
pronounced for vessels with diverse operational profiles that require a dynamic response
to varying power demands. In sum, HETs possess significant potential for enhancing the
efficiency and environmental sustainability of marine diesel engines [34-36].

Designing HETs is a multifaceted endeavor fraught with intricate challenges, with
particular attention dedicated to rotor dynamics within the shaft train layout. Key con-
siderations encompass achieving precise balance among rotating components to mitigate
vibrations and reduce bearing wear, selecting the appropriate bearing type and size to
accommodate load capacity and operating speed while maintaining reliability, adhering to
maximum bearing operating speeds to prevent premature failure, establishing an effective
lubrication system to minimize friction and heat generation, carefully selecting materials
for rotor components to withstand high temperatures and mechanical stress, adapting
to variable speed operation to ensure system stability and efficiency, addressing electro-
magnetic interference concerns arising from electrical integration, designing for durability
and reliability under diverse operational conditions, and prioritizing safety by mitigating
mechanical failure risks [37,38].

2. HET and Hybrid Vehicles

At the core of HET integration lies the objective of surmounting inherent challenges
in traditional turbocharging, most notably turbo lag. Turbo lag, the delay between driver
acceleration input and the delivery of increased power, is a characteristic hurdle in internal
combustion engines equipped with conventional turbochargers [39-42]. HETs strategi-
cally merge traditional turbocharging methods with electric motor augmentation to mit-
igate turbo lag effectively. The electric motor in HETs facilitates rapid spooling of the
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turbocharger, resulting in an instantaneous boost, particularly evident at lower engine
speeds [40-44].

The advantages stemming from the infusion of HET technology into hybrid vehicles
are multifaceted. Foremost among these is the marked improvement in engine responsive-
ness. By eliminating turbo lag [45], HETs contribute to seamless acceleration, providing
drivers with a more dynamic and satisfying driving experience. This enhancement in
responsiveness is not only a testament to technological innovation but also addresses a
longstanding concern in traditional turbocharged engines. Another salient advantage lies
in the realm of fuel efficiency [43-45]. The optimized combustion process facilitated by
HETs contributes to elevated fuel efficiency, a critical parameter in the context of evolving
environmental norms and consumer expectations. The ability to extract more energy from
each unit of fuel not only aligns with sustainability goals but also positions HET-equipped
hybrid vehicles as contenders in the pursuit of eco-friendly transportation solutions [46—48].

2.1. Fuel Efficiency and Emissions
2.1.1. Impact of HETs on Fuel Efficiency

The integration of HETs in hybrid vehicles significantly influences fuel efficiency. HETs
play a crucial role in optimizing the combustion process, addressing inefficiencies associated
with traditional turbocharged engines. The electric motor in HETS facilitates rapid spooling
of the turbocharger, ensuring a continuous and optimal supply of compressed air to the
engine [49]. Research studies [11,44-53] have demonstrated that HET-equipped hybrid
vehicles exhibit notable improvements in fuel efficiency, particularly in urban driving
conditions where frequent acceleration and deceleration occur. The reduction in turbo lag
contributes to smoother acceleration, allowing the engine to operate more efficiently across
a wider range of speeds.

2.1.2. Emissions Reduction

The optimized combustion process facilitated by HETs not only enhances fuel effi-
ciency but also contributes to a reduction in emissions. By ensuring a more complete
combustion of fuel, HETs help minimize the release of pollutants into the atmosphere. Stud-
ies [41,53-57] comparing emission levels between traditional turbocharged engines and
those with HET integration have shown a decrease in nitrogen oxide (NOx) and particulate
matter emissions. The ability of HETs to deliver an instant boost, even at lower engine
speeds, ensures that the combustion process is more controlled and efficient, resulting
in cleaner exhaust emissions. Expanding on emissions reduction, ongoing studies have
delved into the potential synergies between HETs and exhaust after-treatment technologies.
Integrating HET systems with advanced exhaust gas treatment systems, such as selective
catalytic reduction (SCR) and particulate filters, provides a comprehensive perspective in
reducing emissions [54,55]. Researchers aim to optimize the coordination between HET
operation and after-treatment system efficiency, ensuring effective pollutant removal across
various driving conditions. By combining HET technology with advanced emission control
strategies, hybrid vehicles can achieve significant reductions in harmful exhaust emissions,
contributing to cleaner air and environmental sustainability [41,57].

2.2. Integration Challenges and Solutions
2.2.1. Technical Challenges

The integration of HETs with hybrid systems introduces technical challenges that
require careful consideration. One notable challenge is the coordination of the electric
motor and turbocharging components to ensure seamless operation [58]. The complexity of
managing these diverse elements within the powertrain system necessitates advanced con-
trol algorithms and sophisticated electronic systems [59,60]. Ongoing research [41,61-64]
focuses on developing intelligent control strategies that optimize the collaboration between
the electric motor and the turbocharger. These strategies aim to address issues related
to transient response, torque delivery, and energy management, ensuring a harmonious
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integration that maximizes the benefits of both systems. Transient response optimization,
which refers to the behavior of a system during the initial period following a change or
disturbance, is a critical focus area within the realm of coordination. Rapid adjustments
in power delivery are essential to maintain vehicle responsiveness and efficiency during
dynamic driving situations such as sudden accelerations or changes in load. Research ef-
forts are exploring innovative control strategies to enhance the transient response, enabling
HET-equipped vehicles to deliver seamless power delivery across the entire operating
range [41,62].

Torque delivery is another aspect that demands careful consideration in the coordi-
nation process. Balancing the output torque from the electric motor and the turbocharger
is essential to achieve smooth and predictable acceleration without compromising fuel
efficiency. Advanced torque management algorithms are being developed to dynamically
adjust the torque distribution based on driving conditions and driver inputs, optimizing
both performance and efficiency [62,63].

Energy management represents a crucial challenge in coordinating the electric motor
and turbocharging components. Efficient utilization of electrical and mechanical energy
sources is essential to maximize overall system efficiency and minimize fuel consumption.
Research efforts focus on developing intelligent energy management strategies that priori-
tize energy recovery during deceleration and optimize power delivery during acceleration,
ensuring optimal operation of HET-equipped vehicles in various driving scenarios [64].
Ensuring the robustness of HET-equipped hybrid vehicles requires addressing factors such
as material compatibility, component durability, and system reliability under various oper-
ating conditions. Research efforts focus on developing advanced materials and engineering
solutions to enhance the longevity and reliability of HET components, thereby bolstering
the overall performance and lifespan of hybrid vehicles [41,61-64].

2.2.2. Increased Complexity

The inclusion of HETs adds a layer of complexity to the overall powertrain system of
hybrid vehicles. This complexity poses challenges not only in terms of engineering but also
in terms of maintenance and repair. Automotive technicians require specialized training to
diagnose and address issues related to a hybridized turbocharging system [61]. To mitigate
this challenge, manufacturers are investing in training programs for service technicians,
and diagnostic tools are being developed to streamline the troubleshooting process. Addi-
tionally, advancements in predictive maintenance technologies aim to proactively identify
potential issues before they escalate, reducing downtime and enhancing the reliability of
HET-equipped hybrid vehicles.

2.3. Battery and Energy Management
2.3.1. Synergy with Hybrid Vehicle Battery Systems

The synergy between HETs and hybrid vehicle battery systems is a critical aspect of
their integration. The electric motor in HETs interacts with the hybrid’s energy management
system, contributing to the overall efficiency and sustainability of the powertrain [41,58-61].
Studies have explored the potential for regenerative braking systems in HET-equipped
hybrids. During deceleration, the electric motor in HETs can act as a generator, converting
kinetic energy into electrical energy and storing it in the hybrid vehicle’s battery. This
regenerative braking capability enhances overall energy recovery and contributes to the
extended range of hybrid vehicles [62-64].

2.3.2. Energy Recovery and Efficiency

One of the key advantages of integrating HETs with hybrid systems lies in their ability
to contribute to energy recovery. The electric motor assists in capturing and storing excess
energy during braking or deceleration, which can then be utilized to power auxiliary sys-
tems or provide additional propulsion during acceleration. Research [59,65-67] indicates
that this regenerative capability not only enhances energy efficiency but also extends the
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lifespan of the hybrid vehicle’s battery. The seamless integration of HETs with energy man-
agement systems ensures that the recovered energy is judiciously distributed, optimizing
overall powertrain efficiency.

2.4. Cost-Benefit Analysis
2.4.1. Production Costs

The integration of HETs into hybrid vehicles introduces additional components and
advanced technologies, which can impact production costs. The manufacturing process
involves the incorporation of electric motors, control systems, and associated components,
adding complexity to the assembly line. However, economies of scale and advancements
in manufacturing techniques are gradually mitigating this challenge. As demand for hy-
brid vehicles with HETs increases, manufacturers are optimizing production processes,
leveraging technological advancements, and exploring cost-effective materials to manage
production costs effectively [67,68]. In addition to addressing production costs, further
analysis focuses on assessing the economic viability of HET integration across different
vehicle segments. Cost-benefit studies explore the scalability of HET technology adop-
tion in various vehicle classes, ranging from compact cars to commercial vehicles. By
evaluating production cost optimizations and market demand projections, manufacturers
can strategize the widespread implementation of HET-equipped vehicles, maximizing
cost-effectiveness and market competitiveness across the automotive industry [67,68].

2.4.2. Maintenance Expenses

While the increased complexity of HET-equipped hybrid vehicles poses challenges
in terms of maintenance, advancements in diagnostic tools and predictive maintenance
technologies aim to streamline service procedures. The specialized training of automotive
technicians ensures that maintenance tasks related to the hybridized turbocharging system
can be performed efficiently. Studies [41,59,62-69] suggest that the long-term maintenance
expenses of HET-equipped hybrid vehicles can be comparable to or even lower than those
of traditional vehicles when considering factors such as fuel savings and extended battery
life. The overall cost of ownership, including maintenance, becomes a critical parame-
ter in the cost-benefit analysis for consumers considering HET-equipped hybrid vehicles.
Ongoing efforts aim to develop predictive maintenance models tailored specifically for
HET-equipped hybrid vehicles. These models leverage machine learning algorithms and
vehicle telematics data to anticipate maintenance needs and proactively schedule service
interventions. By predicting component failures and performance degradation in advance,
predictive maintenance systems minimize unplanned downtime and optimize vehicle relia-
bility, thereby reducing overall maintenance costs and enhancing the ownership experience
for consumers.

2.5. Fuel Consumption Savings

A significant aspect of the cost-benefit analysis revolves around the savings in fuel
consumption achieved through the integration of HETs. Research [65-70] has demonstrated
that HET-equipped hybrid vehicles exhibit improved fuel efficiency, translating into tangi-
ble savings for the vehicle owner over the lifespan of the vehicle. Life cycle assessments
examine the cumulative fuel savings and emissions reductions achieved by the widespread
adoption of HET-equipped hybrid vehicles over their operational lifespan. By considering
factors such as manufacturing, fuel production, and vehicle disposal, life cycle analyses
provide a comprehensive understanding of the environmental impacts and sustainability
implications of HET technology adoption on a societal scale [67,69]. Government incentives,
tax credits, and fuel efficiency regulations further enhance the economic attractiveness of
HET-equipped hybrid vehicles. Consumers weighing the initial cost against long-term
savings in fuel consumption find a compelling economic case for choosing hybrid vehicles
with integrated HET technology.
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Table 1 provides a summary of key findings from studies evaluating the performance
of hybrid electric turbochargers. The studies reviewed focus on various aspects such as
fuel efficiency, emissions reduction, integration challenges, and energy management. Each
study is accompanied by a brief description of the methodology and main results, offering
insights into the performance characteristics of hybrid electric turbocharger systems.

Table 1. Summary of the studies on HETs.

Criteria Description References  Rating
Enhancement in responsiveness due to elimination of turbo lag. HETs
Responsiveness contribute to seamless acceleration, providing drivers with a more [45] o

dynamic and satisfying driving experience.

The optimized combustion process facilitated by HETs significantly
improves fuel efficiency. Research studies have demonstrated notable

Fuel effici . . - . . - - 434 o
el eticiency improvements in fuel efficiency, particularly in urban driving conditions [43-45]
where frequent acceleration and deceleration occur.
The coordination of electric motor and turbocharging components requires
. . advanced control algorithms and sophisticated electronic systems. o
Emission reduction [41,53-57]

Ongoing research focuses on developing intelligent control strategies to
optimize the collaboration between the electric motor and the turbocharger.

Integration challenges

The inclusion of HETs adds a layer of complexity to the overall powertrain
system of hybrid vehicles. This complexity poses challenges not only in
terms of engineering but also in terms of maintenance and repair. [58] **
Automotive technicians require specialized training to diagnose and
address issues related to the hybridized turbocharging system

Increased complexity

The inclusion of HETs adds a layer of complexity to the overall powertrain
system of hybrid vehicles. This complexity poses challenges not only in
terms of engineering but also in terms of maintenance and repair. [61] **
Automotive technicians require specialized training to diagnose and
address issues related to the hybridized turbocharging system

Battery and energy
management

The synergy between HETs and hybrid vehicle battery systems is critical
for enhancing overall efficiency and sustainability of the powertrain.
Studies have explored the potential for regenerative braking systemsin ~ [41,58-61]
HET-equipped hybrids, contributing to extended range and improved
energy recovery

%%

Cost-benefit analysis

The integration of HETs into hybrid vehicles impacts both production costs
and maintenance expenses. Manufacturers are optimizing production
processes and exploring cost-effective materials to manage production
costs effectively. Long-term maintenance expenses of HET-equipped [67-70] ok
hybrid vehicles can be comparable to or even lower than those of
traditional vehicles when considering factors such as fuel savings and
extended battery life

Fuel consumption savings

Integration of HETs leads to improved fuel efficiency, resulting in tangible
savings for vehicle owners over the lifespan of the vehicle. Government
incentives, tax credits, and fuel efficiency regulations further enhance the
economic attractiveness of HET-equipped hybrid vehicles

[65-70] e

The ratings assigned to each aspect in the table were determined through a compara-
tive evaluation, considering both quantitative and qualitative assessments derived from
multiple studies in the field. The allocation of stars reflects the perceived importance of
each aspect, as evidenced by the collective interest of researchers. For instance, aspects
deemed crucial due to their widespread recognition and impact received a higher rating
of three stars. On the other hand, aspects that are significant but perhaps less univer-
sally acknowledged received two stars, while those of less importance or impact received
one star, without diminishing their significance. This approach ensures a comprehensive
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and balanced assessment of the strengths and weaknesses associated with hybrid electric
turbocharger technology.

3. Materials and Methods

A comprehensive SWOT analysis is integral to discerning the nuanced dynamics that
underlie the integration of HETs in mass-produced road vehicles.

Strengths: The incorporation of electric motor augmentation in HETs addresses a
longstanding challenge in turbocharged engines: turbo lag. The result is swift and seam-
less acceleration, translating into superior overall vehicle performance. This strength
positions HET-equipped vehicles as contenders for drivers seeking an enhanced driving
experience [70,71].

Weaknesses: However, the infusion of HETs introduces a layer of complexity to the
powertrain system. This complexity may translate into maintenance challenges, requiring
a commensurate investment in specialized knowledge and resources. Furthermore, the
incorporation of electric components elevates the overall cost of the vehicle, potentially
impacting market competitiveness [72].

Opportunities: The contemporary landscape witnesses a growing market for eco-
friendly vehicles, providing a substantial opportunity for the adoption of hybrid models
featuring HETs. As advancements in electric motor and battery technologies continue,
there exists promising potential for further refinement and optimization of HET integration,
aligning with broader trends toward sustainable transportation [72,73].

Threats: Notwithstanding the opportunities, the ascent of fully electric vehicles poses
a formidable threat to the market share of hybrid models featuring HETs. The competition
from vehicles exclusively relying on electric propulsion, without the complexities associated
with hybrid systems, challenges the positioning of HET-equipped vehicles in the market.
Additionally, consumer perceptions concerning the intricacy and reliability of hybrid
systems pose a potential threat to widespread adoption [74,75].

In this dedicated section, a meticulous comparative SWOT analysis unfolds, metic-
ulously examining two distinctive scenarios involving HETs. The intricacies of the first
scenario, elucidated in Table 2, explore the seamless integration of an HET with a traditional
thermal engine. This integration strategically targets heightened performance and aug-
mented fuel efficiency, addressing longstanding challenges in conventional turbocharging.
In parallel, Table 3 navigates the intricate landscape of an HET incorporated into a hybrid
engine, synergizing electric and thermal propulsion systems. This thorough investigation
seeks not only to highlight the distinctive strengths, weaknesses, opportunities, and threats
intrinsic to each configuration but also to offer a nuanced understanding of their potential
implications. Through a comparative lens, the aim is to unravel profound insights into the
dynamic landscape of employing HETs across divergent engine architectures.

In determining the ratings, the importance and prominence of each aspect were
assessed based on the collective insights gathered from multiple research sources. As a
review manuscript, it synthesized findings from diverse studies in the field, encompassing
both quantitative and qualitative evaluations. Therefore, the rating system applied consists
of stars, from one to three. For aspects with three stars, many authors have consistently
emphasized their great importance in the field, showing how significant they are. Aspects
with two stars have been acknowledged by several authors, but not as widely as those with
three stars. Aspects with one star have received less attention in the reviewed literature,
but they are still important.
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Table 2. HET on a thermal engine versus classic turbocharger on a thermal engine.
SWOT HET on Thermal Engine Classic Turbocharger on Thermal Engine Rating
- Improved engine responsiveness - Established technology ot
- Enhanced fuel efficiency - Proven performance in traditional engines e
Strengths o - :
- Contribution to eco-friendly - Commonly used and understood in -
transportation solutions the industry
- Increased Cgmplex1ty m - Turbo lag may be present *
Weaknesses powertrain system
ca - Maintenance challenges and costs - Limited efficiency at lower engine speeds **
- Elevated overall vehicle cost - Less energy recovery potential *
- Growing market for - Continuous improvement and optimization of ok
eco-friendly vehicles traditional turbochargers
Opportunities - Opportu.mtles fc?r furthe.r refinement - Integration with advanced engine s
in HET integration management systems
- Govern;r}ent mcentlve.s and fuel - Adoption in emerging markets "
efficiency regulations
i Competl'tlon fr.om fully - Evolving emission standards **
Threat electric vehicles
reats - Consumer perceptions about hybrid - Potential market preference for .
system complexity electric propulsion
Table 3. HET on a thermal engine vs. HET on a hybrid engine.
SWOT HET on Thermal Engine HET on Hybrid Engine Rating
- Improved engine responsiveness - Enhanced synergy with hybrid systems e
- Enhanced fuel efficiency - Optimized collaboration with electric motor o
Strengths o .
- Contribution to eco-friendly - . . s
. . - Efficient energy recovery during deceleration
transportation solutions
o . - Technical challenges in coordination with -
- Increased complexity in powertrain system .
hybrid components
Weaknesses - Maintenance challenges and costs - Potential issues in tran.slent response and .
torque delivery
- Elevated overall vehicle cost - Specialized training required for technicians *
- Growing market for eco-friendly vehicles ) Integratlop with advanc.ed hybrid o
vehicle technologies
o . - Opportunities for further refinement in - Advancements in predictive -
pportunities . . . .
HET integration maintenance technologies
- Government incentives and fuel - Market demand for fuel-efficient -
efficiency regulations hybrid systems
- Competition from fully electric vehicles - Evolving hybrid technology standards **
Threats - Consumer perceptions about hybrid .

system complexity

- Potential challenges in market acceptance

4. Discussion

In the context of this study on hybrid electric turbochargers and the measurement of
spool time, a comprehensive discussion of the obtained results and their interpretation is
presented. The findings of the investigation, particularly focusing on spool time measure-
ments, are scrutinized within the framework of the working hypotheses that guided the
research. The analysis extends beyond the confines of this study, as the results are situated
within the broader landscape of the existing literature and the current state of hybrid
electric turbocharger technology. This contextualization enables meaningful conclusions
about the implications of the findings and their relevance in advancing the understanding
of turbocharger performance and responsiveness within thermal engines.
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Moreover, the profound impact of hybrid electric and electric vehicle (EV) technologies
in reshaping the automotive industry is acknowledged. The integration of hybrid electric
systems, such as the one examined in this study, offers a range of benefits, including en-
hanced fuel efficiency, reduced emissions, and improved power delivery. These advantages
align with the broader goals of sustainability and energy efficiency in the automotive sector.
Furthermore, the significance of this work in paving the way for future research endeavors
is recognized. Potential avenues for further exploration and improvements within the
realm of hybrid electric turbocharger systems are highlighted, drawing inspiration from the
valuable insights gleaned during the course of this study. In addition, potential solutions to
address these challenges are explored, with a focus on optimizing collaboration between
electric motors and turbochargers. These solutions include further research into advanced
control algorithms, enhanced system integration techniques, and innovative component
designs. This discussion aims to provide insights that could guide future research endeav-
ors and industrial developments in the field of hybrid turbocharger technology, ultimately
contributing to the advancement of automotive propulsion systems.

5. Conclusions

The scope of this review is to identify potential approaches for the integration of
HETs in mass-produced road vehicles. HETs offer a transformative solution to mitigate the
environmental impact of the transportation sector. Employing a rigorous SWOT analysis,
this study evaluated HETs on thermal-only and hybrid engines, emphasizing their strengths,
weaknesses, opportunities, and threats.

The novel analysis focused on the potential of HETs to reduce emissions and enhance
energy efficiency, making them an appealing choice for manufacturers and consumers.
This study explores the integration of HETs in both thermal-only and hybrid engines,
highlighting their adaptability and benefits such as high torque and increased liter power.

HET systems allow the charging of the main energy source of the electric engine and
subsequent energy utilization, extending their advantages to both engine types. HETs
remain a technology deserving close attention in the automotive industry, as proven by
the systematic SWOT analysis. In order to implement the most reasonable technical and
economic solution further studies are required. Based on the reviewed literature, HETs
remain a feasible solution for the automotive industry.
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Abbreviations

BDC Bottom dead center

ECU Engine control unit

EV Electric vehicle

HET Hybrid-electric turbocharger
MAS Maximum airflow state

MGU-H Motor generator unit—heat
MGU-K  Motor generator unit—Kkinetic
OBD On-board diagnostics

TDC Top dead center
SCR Selective catalytic reduction
RPM Revolutions per minute

TSunit  Turbocharger system unit
SWOT Strengths, weaknesses, opportunities, threats
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