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The rapid growth of the global automotive industry has led to increased fuel
consumption and significant environmental challenges, particularly in the form of CO:
emissions. Energy recovery systems (ERSs) offer a promising solution to improve vehicle
efficiency and reduce environmental impact. This paper evaluates five prominent energy
recovery methods: regenerative braking, mechanical flywheel, thermoelectric recovery,
Rankine cycle, and electric turbocharger, to determine their effectiveness in reducing fuel
consumption and enhancing energy efficiency. Through a comprehensive review of
experimental and simulation-based studies, each method is analyzed under various driving
conditions, including urban, highway, and other cycles. Results indicate that the Rankine
cycle achieves the highest theoretical efficiency (peak 23.7%, average 5.50%) under stable
high-speed conditions, while regenerative braking excels in urban settings with frequent
deceleration (38.8-54.2% recovery efficiency). Mechanical flywheels show strong
performance in high-power transients (up to 39% fuel savings), whereas thermoelectric and
electric turbocharger systems provide more modest gains. The study concludes that the
optimal energy recovery strategy is highly dependent on specific driving conditions, and
selection of the most appropriate technology should be based on the predominant
operational profile of the vehicle.

Energy Recovery Systems, Automotive Overall Efficiency, Kinetic Energy
Recovery, Waste Heat Recovery, Fuel Consumption Reduction

The world is undergoing rapid population growth which corresponds to increased demands for
automobiles. The rapid growth of the automobiles has been associated with numerous benefits;
however, it has also brought about significant environmental deterioration of our planet [1]. Within
the European Union (EU), emissions from road transport are estimated 23% of the total CO: levels
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[2]. In recent years, manufacturers have realized that the application of Energy recovery systems
(ERSs) is an effective method to improve automobiles’ efficiency and reduce CO: emissions. ERSs
for automotive applications are defined as the techniques to recover the energy of the vehicle that
otherwise would have been wasted. The recovered energy can be stored and then used when
necessary, reducing the need for fuel, and therefore improving the overall efficiency of the vehicle
[3]. In the present review article, ERSs are firstly classified according to the source of energy to be
recovered: (i) energy from exhaust gases, (ii) energy from vehicle inertia and so on [3]. To recover
the energy from exhaust gases, we have methods like thermoelectric, Rankine cycle and electric
turbochargers. For recovering the kinetic energy from vehicle inertia, we have methods like
regenerative braking and mechanical flywheel. Given these diverse energy recovery methods, this
review aims to perform a comparative analysis to assess their effectiveness in significantly reducing
fuel consumption in automotive vehicles and to identify the most efficient among them based on
performance under various driving conditions.

The growing popularity of hybrid electric vehicles (HEVs) is fueled by rising fuel costs and
environmental concerns. HEVs combine an internal combustion engine with an electric motor, and
offer improved fuel economy and lower emissions. This paper describes a kinetic energy recovery
system suitable for internal combustion engine vehicles. The supercapacitor is the unique energy
storage device of this system. The core of the system design lies in storing kinetic energy through
the supercapacitor during the braking stage, and then delivering the stored energy to the MGU for
acceleration, thereby reducing the power demand of the thermal engine. This study also focuses on
regenerative braking, a method that captures kinetic energy during deceleration to boost efficiency.
This study, through the Autonomie simulation software, focused on analyzing the efficiency
performance of the transmission system during the regenerative braking process for two hybrid
power system architectures [4]. We also find that it significantly enhances energy recovery,
especially in city driving. The results support the potential of regenerative braking to improve
sustainability in vehicle design.

Mechanical flywheel energy storage systems (FESS) have historically been explored for
automotive applications due to their potential for high power density and long cycle life. Early
implementations, such as the Oerlikon gyrobuses of the 1940s, utilized heavy steel rotors [5]. While
demonstrating the concept's viability, these systems were hampered by high energy consumption,
significant maintenance needs, and overall weight issues, leading to their eventual retirement [6].
The core challenge lay in the trade-off between inertial mass for energy storage and rotational speed
for power, with traditional materials limiting performance. Subsequent research focused on
overcoming these limitations through advanced materials like carbon composites and improved
bearing technologies, such as magnetic levitation, to enable higher rotational speeds and reduce
losses [7,8]. These developments aimed to create FESS that were more suitable for the frequent
charge-discharge cycles and packaging constraints of modern vehicles, paving the way for
contemporary assessments of their fuel-saving potential and integration feasibility.

Against global carbon neutrality goals (EU: 55% greenhouse gas (GHG) cut by 2030; China:
carbon neutrality by 2060), the transportation sector—accounting for ~20% of global CO: emissions
—faces urgent pressure to enhance energy efficiency, driven by stricter rules like China's 6 Real
Driving Emission (RDE). Internal combustion engines (ICEs) remain dominant in passenger and
heavy-duty vehicles but waste 35-50% of fuel energy as exhaust heat, making waste heat recovery
(WHR) critical—yet existing WHR technologies have unresolved flaws. Exhaust Heat Recovery
Systems (EHRS) cut fuel use by 3%—7% by speeding engine warm-up [9], ideal for cold starts (a
high-emission scenario), but lack full-vehicle data under real driving [10]. Thermoelectric
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Generators (TEG) generate electricity via the Seebeck effect but suffer performance drops in
dynamic driving (e.g., acceleration-induced temperature fluctuations [11]) and high costs [12]; while
module layout optimization boosts heavy-duty efficiency [13], passenger car use is unaddressed.
Organic Rankine Cycles (ORC) excel at low-grade heat recovery (stable in diesel tests [14,15]) but
struggle in passenger cars due to space limits and unsteady exhaust heat [16,17]. Cold starts worsen
emissions: -7°C NOy is 2.3—-6x higher than 23°C [18], HC surges during deceleration [19], and
energy loss distribution is unclear [20], failing RDE standards. Two gaps persist: insufficient EHRS
cold-start full-vehicle data, and unoptimized Inverted Brayton Cycle (IBC)-steam injection
integration. This study solves these with two tests: (1) EHRS full-vehicle experiments under cold-
start NEDC (25°C/-7°C), monitoring coolant temperature, fuel use, and emissions (THC, NOy); (2)
optimizing steam-injected IBC (e.g., turbine size, steam flow) to boost fuel economy. It aims to
validate EHRS and improve IBC, supporting China's 6 RDE and carbon neutrality.

Internal combustion engines exhibit relatively low thermal efficiency, with 35-45% of the fuel
energy typically lost through exhaust gases [21]. Recovering this waste heat has therefore become
an important research focus for improving vehicle fuel economy and reducing emissions. Among
different recovery methods, the Organic Rankine Cycle (ORC) has received considerable attention
because of its adaptability, stable operation, and suitability for low- and medium-grade heat sources
[21]. Early investigations mainly addressed heat source characteristics, working fluid selection, and
component performance, showing measurable efficiency gains under steady operating conditions
[21]. However, these studies often neglected the transient behavior of engines in real driving cycles,
where frequent fluctuations in load and exhaust temperature significantly influence system
performance [22]. More recent work highlights that ORC systems perform better in stable high-
speed conditions, while their benefits diminish in urban stop-and-go driving [21,22]. To better
capture these effects, integrated vehicle-ORC models and multi-objective optimization frameworks
have been proposed, enabling the evaluation of thermodynamic, economic, and environmental trade-
offs under realistic driving conditions [22].

Internal combustion engines dissipate approximately 30% of fuel energy as exhaust heat,
representing a significant opportunity for efficiency gains through waste heat recovery (WHR).
Turbocharging systems, particularly exhaust gas turbochargers (EGT), have long been a primary
method to harness this energy, improving power density and enabling engine downsizing. However,
conventional EGTs face inherent limitations, including transient response lag ("turbo lag") during
acceleration and restricted low-speed torque due to insufficient exhaust flow. These limitations
constrain overall engine efficiency and drivability. Electrically assisted turbocharger (ETC)
technology emerged as a promising solution to overcome these constraints by integrating an electric
motor/generator directly onto the turbocharger shaft. Early research by Hopmann and Algrain [23]
pioneered the concept, demonstrating its potential for fuel savings. subsequent work explored
diverse ETC architectures, including integrated shaft-mounted motor-compressor-turbine units [24]
and configurations with a separate electric compressor [25]. Control strategies became a critical
focus, with Divekar et al. [26] developing air-to-fuel ratio (-based controllers for coordinated
operation. Research expanded into passenger car applications, with Arsie et al. [27] investigating
ETC's role in assisting electrical loads without energy storage. Despite these developments,
significant challenges remained, particularly regarding maximizing exhaust energy utilization
efficiency under real-world driving conditions and ensuring robust charge sustainability without
compromising drivability. Therefore, systematic evaluation of ETC's energy-saving potential across
diverse operational scenarios - including transient response highway driving, and varying loads - is
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essential to bridge the gap between theoretical promise and practical implementation. This review
synthesizes recent advancements to address these critical aspects.

This article aims to explore five significant methods for enhancing energy recovery in
automobiles. By analyzing each method, we will assess its impact on improving the energy recovery
efficiency of automobiles and identify the factors that influence this efficiency. The primary
objective is to determine whether enhancing the efficiency of energy recovery systems can lead to a
reduction in fuel consumption. Furthermore, the paper will evaluate which of these methods is the
most efficient. Based on a comprehensive efficiency evaluation, the energy recovery method
utilizing the Rankine cycle is presumed to be more efficient than regenerative braking, electric
turbochargers, mechanical flywheels, and thermoelectric methods.

2. Regenerative braking

Regenerative braking systems are kinetic energy recovery systems designed to recuperate a portion
of the kinetic energy that would otherwise be dissipated as heat during vehicle braking, typically
through friction-based brake pads [1]. These systems work by converting the vehicle's kinetic energy
into a storable form via components like motor/generator units and energy storage systems Fig.1,
which can then be reused for vehicle propulsion or to charge onboard energy storage [28]. RBSs are
integrated into various vehicles, including electric vehicles (EVs), hybrid electric vehicles (HEVs),
and even some internal combustion engine vehicles (ICEVs), aiming to improve energy efficiency,
reduce fuel consumption, and lower emissions. Their operation is governed by control strategies that
manage the distribution of braking force between regenerative and friction brakes, ensuring safety,
stability, and optimal energy recovery. The effectiveness of RBSs depends on factors like vehicle
dynamics, road conditions, and the performance of associated control systems, which must balance
energy recovery with braking safety and comfort [29].

otor

Transmission
drive

Driving direction
-

Figure 1. Schematic diagram representing energy flow of a hybrid electric vehicle employing an
RBS [1]

In a 2020 study, Emiliano Pipitone and Gianpaolo Vitale introduced an electric kinetic energy
recovery system (e-KERS) for internal combustion engine vehicles (ICEVs), which utilizes
supercapacitors as the sole energy storage element. The authors propose and describe an electric
kinetic energy recovery system for internal combustion engine vehicles [30]. The structure is as
shown in Fig. 2. To evaluate the system's performance, the study employs a Volkswagen Golf 1.4
TSI sedan as the test subject Table 1, conducting numerical simulations based on MATLAB
Simulink. Two urban driving cycles, ECE-15 and Artemis urban, are adopted, taking into account
the actual efficiency, power, and energy constraints of each system component. By calculating
metrics such as energy recovery efficiency, energy saving rate, loss of load probability (LOLP), and
loss of energy probability (LOEP), the study analyzes the performance of KERS with different
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power specifications under the two driving cycles. Additionally, the economic benefits and payback
period are assessed based on the average gasoline price in Europe.
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Figure 2. Drivetrain layout of the vehicle with KERS [30]

Table 1. Vehicle characteristic parameters [30]

Item Value
Brand and model Volkswagen Golf 1.4 TSI
Segment C — Medium cars
Reference mass [kg] 1315
Engine displacement [L] 1.39
Maximum output power [kW] 90
Homologation Euro 5
Drag coefficient Cx 0.280
Frontal surface area [ m? ] 2.63
Fuel Gasoline
Fuel LHV [MJ kg™ '] 43.4
Fuel density [kg m ™3] 730
Tyres 205/55R16
Wheel radius [m] 0.316
Differential gear ratio 7p 3.65

Supercapacitors are chosen as energy storage components because of their high power density
and rapid charging and discharging capabilities, making them suitable for quickly absorbing and
releasing energy during braking and acceleration. A detailed mathematical model was developed to
simulate the performance of e-KERS. The model takes into account the actual efficiency of each
component as well as the power and energy limitations. Specifically, it includes the charge and
discharge characteristics of supercapacitors, the power output and input limits of motor-generator
units (MGUs), and the efficiency of power converters, etc.

The implementation of the electric Kinetic Energy Recovery System (e-KERS) in internal
combustion engine vehicles (ICEVs) has been shown to significantly enhance vehicle efficiency and
fuel economy. Simulations across two urban driving cycles, ECE-15 and Artemis urban,
demonstrated energy recovery efficiencies ranging from 38.8% to 54.2% and energy savings
between 16.0% and 24.1%. These improvements directly translate to reduced fuel consumption and
lower CO: emissions. For instance, the most effective configuration (KERS4) in the Artemis urban
cycle achieved a 24.1% reduction in energy demand, corresponding to fuel savings of approximately
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2.48 L per 100 km and a cost saving of 3.66 € per 100 km. Over 100,000 km, this results in a total
fuel cost saving of around 3,660 € and a CO: emission reduction of 18.2 tons.

Table 2. Data on the four types of KERS [30]

Power converter specifications for each of the four KERS considered

KERS1 KERS2 KERS3 KERS4
Peak motor power [kW] 11.0 14.0 24.0 30.0
Max output power Ppc mez [KW] 16.56 21.60 43.20 57.60
Max current Ipcmaz [A] 371 484 968 1290
Max efficiency 0.930 0.930 0.930 0.930
Max input power Ppc inmaez [KW] 17.8 232 46.5 61.9
Weight [kg] 2.30 3.00 6.00 8.00
Commercial cost [€] 360 469 938 1251

Overall cost and weight of the four KERS considered

Specification KERSI1 KERS2 KERS3 KERS4
Peak motor power [kW] 11.0 14.0 24.0 30.0
Commercial cost [€] 1488 1615 2146 2459
Weight [kg] 26.8 27.5 36.4 38.4
Weight increment [%] 2.0% 2.1% 2.8% 2.9%

In 2016, Andrew J. Stratton aims to explore the impact of regenerative braking on the fuel
economy of HEVs, especially the potential benefits of regenerative braking technology for future
vehicles after reducing mass, lowering rolling resistance and air resistance [4]. The study employed
the Autonomie automotive simulation software package to simulate the fuel economy of two hybrid
architectures (series and power-split), Fig. 3, under three different operating conditions: urban
(FTP75), highway (HWFET), and aggressive driving (US06). The FTP75 schedule simulates urban
driving, consisting of speed cycles that were actually recorded in commuter traffic in Los Angeles,
and the HWFET simulates highway driving. The US06 cycle is part of the supplemental federal test
procedure (SFTP), which was designed to address the shortcomings of the FTP75. The EPA
determined that the urban schedule did not prescribe rapid enough accelerations, whilst the highway
schedule did not prescribe sufficiently high speeds to be representative of common driving habits.
Hence, the US06 schedule was designed to simulate a more aggressive driving style Table 2. It is
assumed that these three driving scenarios span the popular actual driving approaches, and therefore
a general conclusion from this study can be drawn as to whether the impact of regenerative braking
overall is going to increase. By comparing the fuel economy of HEV architectures with regenerative
braking enabled and disabled, the benefits of regenerative braking in different driving scenarios
were studied and analyzed.
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(b)

Figure 3. Series and power-split hybrid architectures: (a) series hybrid architecture and(b) power-
split hybrid architecture [4]

Table 3. Driving cycle comparison [4]

Cycle FTP75 HWFET USo06

Average speed (overall) [m/s] 9.45 21.60 21.46

Average speed (Non-idle) [m/s] 11.45 21.69 23.00

Maximum speed [m/s] 25.32 26.77 35.86
Average acceleration [m/s?] 0.44 0.16 0.60
Maximum acceleration [m/s?] 1.48 1.43 4.17
Average deceleration [m/s?] -0.36 -0.18 -0.59
Maximum deceleration [m/s?] -3.46 -2.85 -3.20
Duration of cycle [s] 1877 765 600
Length of cycle [km] 17.76 16.50 12.88
Time at idle [s] 328 3.1 40.2

% of Cycle at Idle 17.5% 0.41% 6.7%

This study employed simulation techniques to analyze the impact of regenerative braking on the
fuel economy of hybrid electric vehicles (HEVs). The results revealed that regenerative braking

significantly enhances fuel economy, particularly in urban driving scenarios (FTP75), where the
impact factor (IRB) was the highest Fig. 4.
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Figure 4. Efficiency plots against velocity: (a) FTP75 (Urban); (b) HWFET (Highway) and (¢) US06
[4]

In contrast, the benefits in highway (HWFET) and aggressive driving (US06) scenarios were
relatively modest. However, the study projects that reductions in vehicle rolling resistance and air
resistance will markedly amplify these benefits in the future. Interestingly, while decreasing vehicle
mass generally improves efficiency, it was found to have a detrimental effect on regenerative
braking efficiency when the reduction exceeded 25%. This is because the recoverable kinetic energy,
which is directly proportional to mass, diminishes. Nonetheless, the study demonstrated that
reducing rolling resistance and air resistance can enhance the energy recovery efficiency of
regenerative braking. In highway driving, where speeds are higher, air resistance has a more
pronounced impact, making its reduction crucial for boosting regenerative braking efficiency.
Conversely, in urban settings, frequent braking and lower average speeds optimize energy recovery,
thereby substantially improving fuel economy. In summary, regenerative braking technology holds

substantial energy-saving potential for both current and future HEVs. Despite the negative impact of
mass reduction, the efficiency of regenerative braking can be significantly enhanced by reducing
rolling and air resistance. Thus, regenerative braking will continue to be a pivotal technology in the
evolution of HEVs, especially in urban environments, where its fuel economy benefits are most
pronounced. The study concluded that the impact factor (IRB) for urban driving scenarios was found
to be 1.25, indicating a 25% improvement in fuel economy compared to non-regenerative braking
scenarios. This substantial increase underscores the significant potential of regenerative braking to
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enhance energy efficiency and reduce emissions in HEVs, positioning it as a key strategy for
sustainable transportation.

3. Mechanical flywheel

A mechanical flywheel is a mechanical device specifically designed to store rotational energy
efficiently, and its storage capacity is proportional to the square of its rotational speed. The energy
stored in the flywheel can be changed by increasing or decreasing its rotational speed, and the higher
the speed, the more energy stored. By applying a torque aligned with its axis of symmetry, the
flywheel can be charged, and when the flywheel releases energy, it is also output in the form of
torque [31]. Flywheel Energy Storage System (FESS), as shown in Figure 5, is an electromechanical
energy storage system that can exchange electrical power with the electric network. Unlike other
storage systems such as the Battery Energy Storage System (BESS), FESS is an environmentally-
friendly short- or medium-term energy storage system, which has the capability of numerous charge
and discharge cycles [32]. These characteristics above make the FESS an ideal secondary storage
technology for a conventional internal combustion engine vehicle (ICEV) since it is able to store the
energy purely in mechanical form, avoiding the two-stage conversion losses of electro-chemical-
electric paths in BESS [33]. A mechanical flywheel, as the name suggest, is a mechanical device
specifically designed to store rotational energy efficiently, and its storage capacity is proportional to
the square of its rotational speed. The energy stored in the flywheel can be changed by increasing or
decreasing its rotational speed by applying a torque aligned with its axis of symmetry. Based on
mechanical flywheels, the Flywheel Energy Storage System (FESS) is an electromechanical energy
storage system that can exchange electrical power with the electric network. Unlike other storage
systems such as the Battery Energy Storage System (BESS), FESS is an environmentally-friendly
short- or medium-term energy storage system, which has the capability of numerous charge and
discharge cycles. These characteristics above make the FESS an ideal secondary storage technology
for a conventional internal combustion engine vehicle (ICEV) since it is able to store the energy
purely in mechanical form, avoiding the two-stage conversion losses of electro-chemical-electric
paths in BESS. Furthermore, future materials (e.g., carbon nanotubes) development could raise rotor
energy density and make FESS even more efficient.
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Figure 5. FESS structure diagram [32]

Hedlund et al. [34] present a comprehensive review of FESS in automotive applications, focusing
on their power density, cycle life, cost competitiveness and fuel savings. Their review covers rotor
design trade-offs, bearing technologies (comparing mechanical and magnetic), and power transfer
mechanisms (comparing mechanical CVT and electrical PMSM coupling). Their methodological
approach involves a systematic analysis and comparison of existing flywheel systems from both
industry and academia. The study also examines various applications, from urban buses to Formula
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1 Kinetic Energy Recovery Systems (KERS) as shown in Figure 6, with data gathered from
technical specifications, performance tests, and case studies of deployed systems.

Figure 6. Flybrid systems Formula 1 flywheel for the 2009 season

The results of the review indicate that flywheels excel in high-power applications. For example,
flywheel systems were found to achieve specific power up to 2.2 kW/kg and specific energy up to
8.3 Wh/kg, as shown in Table 4, outperforming supercapacitors in comparable vehicular
applications. This high power density makes them particularly suitable for frequent charge/discharge
cycles like urban driving scenarios. The study also reports that in the New European Driving Cycle
(NEDC) test cycle, a 1.7-ton saloon car can save 18% of fuel consumption, and in the Federal Test
Program (FTP) driving cycle in the United States, a 2.6-ton SUV can save 35% of fuel consumption
[35]. Similar successful deployments confirm flywheels’ fuel-saving potential across diverse
vehicles: 45% for London buses, and 10% for excavators. Flywheels can reduce battery strain,
enabling downsizing of energy-dense packs. However, energy density remains lower than that of Li-
ion, and self-discharge is higher. Future materials (e.g., carbon nanotubes) could raise rotor energy
density to more than 500 Wh/kg. The conclusion points out that flywheels are mature for mass-
market deployment, particularly as power buffers in hybrid drivetrains, offering cost-effective,
durable solutions for fuel and emissions reduction. It achieves a fuel saving potential of
approximately 20% in NEDC test cycle, highlighting its effectiveness.

Table 4. GKN hybrid power reported the listed comparison between three specific system
implementations of a power buffer application in a vehicle [36]. Five-hundred-Watt hours
corresponds to the kinetic energy of a city bus moving at 50 km/h. EDLC, electric double-layer

capacitor
Type Flywheel system EDLC system Li-ion battery system

Manufacturer GKN Maxwell Boostcap A123Systems

Rated power 120 kW 120 kW 120 kW
Energy capacity 456 Wh 647 Wh 26,400 Wh
Cycle life time >10° ~10° ~10°
Specific energy 8.3 Wh/kg 1.75 Wh/kg 110 Wh/kg
Specific power 2200 W/kg 320 W/kg 500 W/kg
System weight 55 kg 370 kg 240 kg

Research from Van Berkel et al. [37] supported the results of mechanical flywheel in reducing
vehicle fuel consumption. They investigate a low-cost mechanical hybrid powertrain utilizing a steel
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flywheel and a push-belt Continuously Variable Transmission (CVT), devoid of electrical
components for hybridization. The aim of their study is to minimize fuel consumption while
maintaining driving comfort, leveraging operations like brake energy recovery and engine shut-off.
Their method involves developing a dynamic model of the hybrid drivetrain components, including
the Internal Combustion Engine (ICE), flywheel, CVT, clutches, and vehicle dynamics. The core of
their approach is to formulate an Energy Management Strategy (EMS) problem as a discrete-time
optimal control problem. This problem is designed to find the optimal sequence of driving modes
(e.g., flywheel drive, flywheel charging, engine drive) and engine torque commands. They apply
Dynamic Programming (DP) to solve this optimization problem over predefined driving cycles (e.g.,
NEDC, FTP75), incorporating comfort constraints to avoid frequent gear shifts and undesirable
engine noise (e.g., limiting frequent mode shifts, avoiding engine noise mismatch). The simulation
setup models the drivetrain components (ICE, flywheel, CVT, vehicle dynamics) and executes the
DP algorithm over driving cycle inputs (e.g., velocity profile) to compute optimal control sequences
and resulting fuel consumption. As shown in Fig. 7, the study models the entire system topology and
signal flow for this purpose. They then simulate their system over five standard driving cycles
(JP1015, JCO8, NEDC, FTP75, and a custom aggressive cycle called Hurk).

Hybrid module

Figure 7. Hybrid drive train topology and signal flow, including the flywheel module, clutches and
Continuously Variable Transmission (CVT)

The simulation results demonstrate that the proposed flywheel-based hybrid system achieves fuel
savings, as shown in Table 5, ranging from 20% to 39% across five different driving cycles
compared to a conventional baseline vehicle. The highest fuel savings, approximately 39%, were
observed on the aggressive Hurk driving cycle. This is attributed to the frequent acceleration and
deceleration events in this cycle, which maximize the benefits of flywheel energy reuse. The lowest
savings, approximately 20%, were achieved on the New European Driving Cycle (NEDC). The
NEDC contains longer periods of highway-style cruising where the flywheel is utilized less
frequently, therefore, causing the efficiency of energy recovery. The optimal EMS uses the flywheel
to launch the vehicle, charges it during low-speed acceleration, and discharges it during cruising or
braking. The DP-based controller successfully avoids uncomfortable mode shifts, such as engine
noise mismatches or rapid transitions, by constraining shift frequency and synchronization time.
This proves that the practicability of the strategy goes beyond simple fuel minimization and also
ensures the comfort of the vehicle. The study not only provides a benchmark for potential real-time
controller development and highlights the viability of cost-effective hybridization, but also
concludes that a significant fuel saving of 20-39% is achievable with a purely mechanical flywheel
hybrid system. In particular, the 20% fuel saving under NEDC is also consistent with the results
from Hedlund et al. [7], which well supports this conclusion.
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Table 5. Fuel consumption for five driving cycles

Fuel consumption (1/100km)

Driving cycle

BL DP1 DP2

JP1015 6.06 3.82 (-37.0%) 3.88 (-36.0%)
JCO8 5.76 3.87 (-32.8%) 3.89 (-32.5%)
NEDC 5.75 4.60 (-20.0%) 4.63 (-19.5%)
FTP75 5.48 3.99 (-27.2%) 4.02 (-26.6%)
Hurk 7.91 4.78 (-39.6%) 4.82 (-39.1%)

4. Thermoelectric

Vehicle exhaust heat recovery (EHR) technologies target reclaiming waste thermal energy from
exhaust gases, thereby reducing fuel consumption and enhancing overall energy utilization. As
shown in Fig. 8, EHR physically works by leveraging a gas-liquid heat exchanger to transfer exhaust
heat directly to engine coolant, accelerating warm-up and reducing the duration of low-temperature,
inefficient combustion.
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Figure 8. EHRS working modes and position

Another version is the steam-injected inverted Brayton cycle (IBC), which physically works by
integrating pressure energy recovery via IBC turbines downstream of turbochargers with steam
injection using waste heat from IBC coolers, as shown in Fig. 9, to create a cascaded energy cycle
that converts residual exhaust enthalpy into mechanical work. The benefits of these systems include
reducing fuel consumption and enhancing overall energy utilization. A core metric for evaluating
EHR systems is the overall efficiency gain—the ratio of recovered energy (e.g., converted to
mechanical work or used for thermal management) to the total waste heat available in exhaust
streams. These systems directly address the challenge of low ICE efficiency (typically 30—40% of
fuel energy converted to work, with ~30% lost as exhaust heat). However, challenges such as system
complexity, cost-effectiveness, and integration with transient engine operations still need to be
overcome to fully bridge this gap via thermal energy reuse.
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Figure 9. Diagrammatic representation of the steam injected inverted Brayton cycle designed to
recover waste heat from a turbocharged diesel engine. The bottoming steam injected IBC system
integrates with the top turbocharged diesel engine through the pre-turbine steam injection process

In 2019, Shen et al. investigated the effects of an EHRS designed to accelerate coolant heating
under cold-start NEDC conditions, reducing inefficiencies from prolonged low-temperature
combustion, incomplete fuel vaporization, and extended engine warm-up [14]. The general topic of
the paper is the impact of EHRS on vehicle fuel consumption and emissions across cold-start
ambient temperatures, specifically addressing how it can mitigate urban driving cycle penalties. To
explore this, a turbocharged 1.5L gasoline direct injection (GDI) vehicle was tested on a chassis
dynamometer (CD) in a climatic chamber, as shown in Fig. 10, with key parameters—fuel flow,
exhaust emissions (THC, CO, NOy), and coolant temperatures—measured under NEDC at 25°C and
-7°C, comparing EHRS “heat recovery mode” vs. “bypass mode” (no heat recovery). The hypothesis

was that EHRS shortens warm-up time, improving combustion efficiency and reducing
fuel/emissions penalties under cold starts.
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Figure 10. Schematic layout of the experimental setup for vehicle driving cycle. The closed test
system consists of various subsystems, mainly including exhaust gas analyzer, fuel consumption
meter, air-conditioning, fan, and CD control system
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EHRS reduced fuel consumption across cold-start NEDC tests, with improvements of 2.8% in
urban driving cycles (UDC) at 25°C, indicating effective mitigation of cold-start penalties through
faster coolant heating and better combustion; at -7°C, UDC gains reached 4.8%, showing amplified
benefits in colder conditions where extended cold soak intensifies warm-up needs. Overall NEDC
improvements were 1.9% at 25°C and 2.8% at -7°C, highlighting EHRS’ transient advantages in
urban cycles with frequent stops/starts versus extra-urban cycles (EUDC) with higher speeds and
less warm-up sensitivity. Coolant warm-up time shortened by ~100s at 25°C and ~200s at -7°C, as
shown in Fig. 11, which reduces the duration of low-efficiency combustion and directly contributes
to fuel savings. Emissions also improved: THC dropped by 13.9-25.9%, attributed to alleviated
combustion deterioration and wall flame quenching; CO by 1.9-13.9%, due to enhanced combustion
environment despite unchanged excess air coefficient; and NO by 14.3-18.2%, explained by the
Fenimore mechanism where lower THC indirectly reduces NOx formation. EHRS effectively
mitigates cold-start inefficiencies, providing a low-cost solution to meet Real Driving Emissions
(RDE) regulations, with performance scaling with ambient temperature severity. The study found an
overall efficiency gain of 2.8% in fuel economy under the coldest NEDC conditions.

16 20
14

s 816
= Without EHRS =14 = Without EHRS
10 = With EHRS -élz = With EHRS
8 2 10
6 8
6
4
4
2 2
2 ubc c

Vehicle fuel consumption (L/100km)

Vehicle fuel cons

EUDC NEDC uD EUDC NEDC
(a) Vehicle fuel consumption at 25°C (b) Vehicle fuel consumption at -7°C<

025 3
E E s
3 02 =
2 4
] s 2
2015 -
£ €
o M Without EHRS @ 15 M Without EHRS
% 2
3 01 . With EHRS a mWith EHRS
2 £ 1
3 3
o @
o k]
2005 205
’ - ’

o —— o ——
THC co NOx THC co NOx
(c) Coolant temperature at 25°C (d) Coolant temperature at -7°C. ¢

Figure 11. Vehicle fuel consumption and coolant temperature under cold start NEDC at different
temperatures. Graphs show lines for with EHRS, without EHRS, and vehicle speed

In 2025, Jin et al. proposed a steam-injected inverted Brayton cycle (IBC) to recover both
pressure energy via turbines and thermal energy via steam injection, addressing mismatches between
WHR systems and engine transients [38]. The general topic of the paper is how key parameters like
turbine sizing, bypass valve opening (ranging from 0% to 100%), steam injection location/ratio (0 to
0.2 mass flow ratio), and IBC power split ratio affect energy distribution and fuel economy. A 1D
GT-POWER model of a D6114 turbocharged diesel engine was coupled with a steam-injected IBC
simulation, as shown in Fig. 9, outputting data on exhaust energy splits, power outputs, and fuel
economy improvements. The hypothesis was that optimizing turbine-steam interactions maximizes
energy recuperation, improving fuel economy across engine speeds.

IBC turbine size dominates energy split between turbines (30%+ contribution to variance),
followed by bypass valve opening, as shown in Fig. 12, indicating that larger turbines shift more
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energy recovery to the IBC while risking backpressure losses at low speeds. Steam injection
upstream of turbochargers outperformed downstream, boosting power output by 18.7% (0.1 steam
mass flow ratio increased subsystem power by 30.1%), demonstrating better thermodynamic
integration and utilization of injected steam energy. At rated conditions, fuel economy improved by
7.4%, with gains scaling with speed (3.5% at rated speed, 2.8% at peak torque), highlighting high-
speed favorability for WHR due to more waste heat availability. Tradeoffs include overly small IBC
turbines reducing excess air ratios and worsening combustion, plus steam injection increasing
exhaust backpressure that requires pump power balancing, which can lead to efficiency losses at low
speeds. The steam-injected IBC system achieves cascaded waste heat reuse via parameter
optimization, with turbine sizing and steam injection location being critical. The study found an
overall efficiency gain of 7.4% in fuel economy at rated conditions.
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Figure 12. Effects of IBC turbine size on expansion ratios across the two turbines and excess air
coefficient and effects of IBC turbine size on fuel economy and IBC cooler pressure. Graphs show
trends with turbine flow diameter, illustrating parameter impacts on energy split and fuel economy

5. Rankine cycle

The Organic Rankine Cycle (ORC) is a closed-loop thermodynamic process designed to convert
low-grade thermal energy into mechanical power. As shown in Fig. 13, it typically comprises four
main components: a pump, boiler (evaporator), turbine (expander), and condenser [22]. In simple
terms, the working fluid absorbs heat from the exhaust gas in the boiler, expands through the turbine
to generate power, and is then cooled in the condenser before being pressurized again by the pump
to complete the cycle. In automotive applications, ORC systems utilize the substantial waste heat
produced by internal combustion engines during driving, thereby improving thermal efficiency and
reducing fuel consumption without contravening thermodynamic principles [21]. However,
challenges remain in adapting ORC to transient driving conditions, where exhaust flow and
temperature fluctuate significantly, leading to reduced stability and recovery potential.
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Figure 13. Schematic diagram of the basic Rankine cycle, showing the flow of the working fluid
through the pump, boiler, turbine, and condenser [39]

In 2023, Ping et al. systematically examined the integration of ORC systems with internal
combustion engines under transient driving conditions [22]. A coupled IC engine-ORC—vehicle
model was constructed in GT-Suite to represent the combined effects of the powertrain, exhaust heat
recovery loop, and vehicle chassis dynamics. As shown in Fig. 14, this integrated model illustrates
the heat flow from the engine exhaust to the ORC evaporator, turbine, condenser, and pump,
providing a system-level view of energy transfer and recovery. Vehicle speed profiles from
standardized cycles were used as inputs, while outputs included thermal efficiency, CO: equivalent
emissions, and economic indicators such as electricity production cost. Four representative cycles
were analyzed: NEDC, representing moderate-speed European driving; WLTC, characterized by
longer duration and greater variability; UDDS, simulating stop-and-go low-speed urban conditions;
and USO06, reflecting supplemental high-speed and aggressive driving. To capture the nonlinear and
strongly coupled behavior of the ORC system, a neural network—based surrogate model was trained
on the simulation data to predict performance indicators under transient fluctuations. As shown in
Fig. 15, this surrogate model was combined with an NSGA-III optimization framework, which
systematically explored trade-offs between efficiency, economic cost, and environmental impact.
Together, these methods established a comprehensive framework for evaluating ORC system
adaptability and performance under realistic operating conditions.
¢ Cylinder ;:n(l injector
I .,:“I,?},tzlkc svstﬂt:m = ‘ Exhaust system

Figure 14. IC engine module in integrated system model [22]
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Figure 15. Topological structure of multi-objective optimization framework [22]

The results revealed that ORC system performance varied significantly across driving cycles,
with efficiency outcomes closely tied to the stability of the exhaust heat source. Under the NEDC
conditions, which combines steady acceleration and cruising phases, the system achieved a thermal
efficiency limit 6.48% higher than under WLTC, demonstrating that smoother speed transitions are
more favorable for stable energy recovery. In contrast, the UDDS cycle, characterized by frequent
stop-and-go events, resulted in delayed thermal response and lower overall recovery efficiency
compared to the high-speed US06, which outperformed UDDS by 8.31%. These differences were
primarily driven by hysteresis effects in exhaust temperature and mass flow rate, which caused the
ORC system to deviate from its optimal operating point during rapid transients. As shown in Fig. 16,
the Electricity Production Cost (EPC) exhibited clear time delays relative to vehicle speed peaks,
particularly under US06 where the hysteresis reached over 90 seconds, emphasizing the strong
inertia of the system. Fig. 17 illustrates the Pareto fronts obtained from multi-objective optimization,
highlighting the trade-off between improving thermal efficiency and increasing CO: equivalent
emissions. This analysis indicates that high-speed cycles such as NEDC and US06 enable the ORC
to operate closer to its efficiency limit, while urban cycles with frequent fluctuations constrain
recovery potential. Overall, the study concluded that adaptive optimization strategies can achieve up
to 6.48% improvement in efficiency under favorable conditions, but stability of the exhaust source
remains a decisive factor in maximizing system benefits.
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Figure 16. Dynamic response of EPC in different driving cycles [22]
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Figure 17. Trade-off between thermal efficiency and ECE in Pareto front [22]

In 2020, Wang et al. systematically investigated the energy recovery efficiency of an ORC system
integrated with a vehicle engine under varying driving conditions [21]. A simulation framework was
developed in GT-Suite, where the internal combustion engine, ORC loop, and vehicle dynamics
were coupled into a single model. As shown in Fig. 18, this integrated system captured the heat
exchange path from exhaust gases to the working fluid and the subsequent power flow from the
expander back to the drivetrain. The simulation used speed-time curves from representative driving
cycles as inputs, while outputs included exhaust thermal availability, expander power generation,
and overall recovery efficiency. Two distinct cycles were selected for comparison: the New York
City Cycle (NYCC), characterized by low speeds and frequent stops typical of urban driving, and
the Common Artemis Driving Cycle-motorway (CADC—motorway), representing steady high-speed
highway conditions. This design allowed evaluation of ORC performance under contrasting heat
source qualities, with NYCC providing a low-grade, unstable exhaust flow and CADC—motorway
offering a stable, high-grade heat source. By analyzing both scenarios, the study aimed to determine
how traffic patterns influence ORC adaptability and energy recovery potential.

Figure 18. Simulation model of organic Rankine cycle system [21]

The results revealed substantial differences in ORC performance between urban and highway
driving conditions. Under NYCC, frequent stops and low average speed led to unstable exhaust
temperature and mass flow, producing a peak recovery efficiency of only 2.89% and a cycle average
of 1.43%, as shown in Fig. 19, where the fluctuating curve indicates severe transients and limited
recovery potential. In contrast, the CADC—motorway cycle provided a stable, high-grade heat source
at nearly 100 km/h, allowing the ORC system to operate closer to optimal inlet conditions. This
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resulted in a smoother efficiency profile with a peak value of 23.7% and a cycle average of 5.50%,
as shown in Fig. 20, where the curve rises steadily and maintains higher values, demonstrating
effective waste heat conversion at sustained high speed. These findings indicate that the ORC
system contributes more significantly to overall energy recovery and fuel efficiency improvement
under steady high-speed conditions, while in urban cycles the unstable exhaust severely constrains
potential gains. The study therefore highlights that the most favorable condition for improving
overall vehicle efficiency is motorway operation, where the ORC system achieved an average

recovery efficiency of 5.50%.
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Figure 19. Variation of energy recovery efficiency of ORC system with time under NYCC road
conditions [21]
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Figure 20. Variation of energy recovery efficiency of ORC system with time under motorway road
conditions [21]

6. Electric turbochargers

As shown in Fig. 21, ETC -electric turbocharger- is an exhaust gas energy recovery system
integrating an electric motor/generator directly onto the turbocharger shaft alongside the turbine and
compressor. This configuration enables dual functionality. During high exhaust flow conditions (e.g.
high engine load/speed), the generator converts surplus turbine rotational energy into electrical
energy for storage [40]. During transient acceleration or low exhaust flow, the electric motor acts as
a prime mover, providing immediate torque to eliminate "turbo lag" (which refers to the delayed
response of a conventional turbocharger under low engine speed conditions, where insufficient
exhaust energy causes slow turbine acceleration and delayed boost pressure buildup) and improve
air delivery, significantly enhancing acceleration performance [41]. This bidirectional operation
enhances engine responsiveness and recovers wasted exhaust energy.
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Figure 21. Schematic diagram of the electronically controlled turbo system

According to the first paper, in 2016, Qijun Tang et al. [40] systematically evaluated the energy-
saving potential of ETC for IC engine exhaust recovery. First, they conducted some bench tests on a
turbocharged gasoline engine and high-speed motor. Fig. 22 shows the schematic diagram for engine
bench testing, which was first conducted on a 1.39L turbocharged gasoline engine (specifications
detailed in Table 6) using an AVL dynamometer system. As shown in Table 7, the experimental
setups are included. Engine parameters were measured at 200 rpm speed intervals and 1 bar BMEP
(brake mean effective pressure) load intervals across the operating range to build and calibrate the
simulation model. The speed, torque and power were measured using the CompactRIO real-time
data acquisition system. The turbocharger is then rematched with a larger turbocharger so that all the
engine working points can fall into the turbocharger map, and the pumping losses can be reduced
and the engine thermal efficiency can be improved. The team then restimulated the ETC engine's
working processes across the entire operating range (e.g. speeds from 1000 to 5200 r/min and loads
up to full BMEP) to determine the maximum utilization efficiency of exhaust gas energy.

1. Dyno-test controlled 4- Emission analyzer

- 12. Dynamometer 5. Lambda analyzer
I 3. Engine 6. Cooling system controller

7. Combustion analyzer

8. Temperature sensor} 10, Fuel consumption instrument
9. Pressure sensor 11. Air conditioning system

Figure 22. The schematic diagram for engine bench testing
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Table 6. The major specifications of the tested engine

Item Content
Engine type Inline four cylinder, SI engine
Bore (mm) 76.5
Stoke (mm) 75.6
Displacement (L) 1.39
Compression ratio 10
Compress system Exhaust turbocharging
Rated power 96 kW at 5000 r/min
Max torque 210 N'm at 1750 - 3500 r/min
Combustion Premixed combustion

Table 7. The main test instruments and equipments

Equipment name Type
INDY S22 - 2/0525 - 1BV - 1
PUMA OPEN1.4.1

Electric dynamometer

Dynamometer control system

Fuel consumption meter 7351 CST
Data - acquisition system PUMA
Fuel temperature control system 753 C
Coolant temperature control system 553 CONSYSCOOL 553 - 200
Oil temperature control system 554 CONSYSLOUBE 554
Mass air flow meter TP16A.00
A analysis meter ETAS
Burning analyzer INDISET ADVANCED PLUS
Intake pressure sensor 6052CS1U20
Exhaust pressure sensor 4049A3S
Intake temperature sensor PT100
Exhaust temperature sensor K Type Thermocouple

The main result is: As shown in Fig. 23, under the BMEP (brake mean effective pressure) of
15.9bar, although the turbocharger is rematched with a bigger turbine, the utilization efficiency of
exhaust gas energy is still very low -the maximum value is only 18.4% which means that a large part
of exhaust gas energy is still wasted and 8.4% of engine exhaust gas energy can be recovered as the
ETC eftective work at the speed of 5000 r/min. As for exactly how much the fuel consumption of
the car can be improved, the article does not mention it. I believe this is a direction for further
research in the future.
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Figure 23. The distribution of exhaust gas energy at 5000 r/min part load: BMEP=15.9Bar

According to paper 2, in 2017, K. Ekberg et al. [41] systematically evaluated highway fuel
economy, a specific driving scenario replicating a real-world 120-km Swedish highway segment
(between Sodertdlje and Norrkoping) was implemented. This route included significant elevation
changes to exploit potential energy recuperation opportunities. The truck mass was set to 40,000 kg
for both test configurations (conventional and electric turbocharger). The engine model is extended
with an electrical turbocharger and an electrical energy storage and you can see them in the picture,
to keep track of the amount of consumed energy. A fixed-geometry turbine setting and zero exhaust
gas recirculation were maintained during testing. Vehicle speed was regulated via a proportional
controller adjusting fuel injection, calibrated to achieve a target mean speed of 80 km/h. A
hierarchical control strategy was developed to manage power flow (u,,,) between the energy storage
and electric turbocharger. The primary control loop modulated power flow (u,,) proportionally to
the error between measured cylinder air-to-fuel ratio (k) and a reference value of 1.91 (A= 1.91),
tuned to match steady-state highway operation of the conventional truck. The strategy exploited road
topography by commanding maximal exhaust energy recuperation during downhill segments.
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Figure 24. System schematic diagram

Fig. 25 shows the drive cycle data for the vehicle configuration with the electric turbocharger. It
can be seen that the energy level in the battery E_, . (the physical quantity represented by the
vertical coordinate) is higher at the end of the cycle than in the beginning (the red dotted line
represents the initial energy level in the battery), the implemented control strategy is therefore
charge sustainable for the simulated case. The fuel saving potential with electric turbocharger when
comparing the two different vehicle configurations is 0.9% (when comparing the relative fuel
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savings when 37.82 /100 km is decreased to 37.48 L/100km), highlighting their role more in
enhancing engine responsiveness than in major energy recuperation.
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Figure 25. Highway driving with truck using electric turbocharger
7. Conclusion

Based on the comprehensive evaluation of five energy recovery methods, their effectiveness largely
depends on driving conditions, system integration, and the recovered energy source.

» The Rankine cycle demonstrates superior theoretical efficiency, achieving a peak of 23.7% and
an average of 5.50% under stable, high-load highway driving (CADC-motorway), directly
converting high-quality exhaust heat into useful work.

» Regenerative braking shows high efficiency (38.8%—-54.2%) in urban cycles with frequent
deceleration but is markedly less effective during highway or aggressive driving where kinetic
energy recovery opportunities diminish.

* Mechanical flywheels thrive in high-power, transient conditions, yielding up to 39% fuel
savings in aggressive cycles, but their efficiency drops to around 20% in steady-speed scenarios like
the NEDC where opportunities for energy exchange are reduced.

* Thermoelectric methods improve cold-start efficiency by up to 4.8% or provides steady-state
recuperation (7.4% fuel economy improvement).

* Electric turbochargers offer ancillary benefits too, recovering only 8.4% of exhaust energy
(0.9% fuel savings) while primarily enhancing engine responsiveness.

In summary, while the Rankine cycle has the highest theoretical efficiency under optimal
conditions, it falters in transient low-grade heat scenarios; regenerative braking and flywheels work
in urban/dynamic conditions but face constraints; thermoelectric methods and electric turbochargers
offer limited energy recovery effects, and each method should be tailored to specific operational
conditions.
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