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This thesis examines the architecture, operation, and fuel-saving potential of 48-V mild hy-
brid technology in passenger vehicles. The objective of the study is to analyse how low-
voltage electrification enhances the efficiency of internal combustion engine powertrains
and to quantify the resulting reduction in fuel consumption compared with conventional
internal combustion engine vehicles and plug-in hybrid electric vehicles. The work com-
bines a theoretical review of hybrid vehicle architectures with analytical modelling of vehicle
tractive-force requirement, energy consumption, and powertrain efficiency. The dual-voltage
48-V system, including the electric machine, inverter, lithium-ion battery, and bidirectional
DC–DC converter, is analysed from a system perspective. The main operating modes—
regenerative braking, torque assist, start–stop operation, load point shifting, and engine-off
coasting—are examined in terms of energy flow and efficiency improvement. A simplified
fuel-consumption model is developed to compare three vehicle configurations under repre-
sentative driving assumptions. The results indicate that 48-V mild hybrid systems can reduce
fuel consumption by approximately 5–15% compared with conventional internal combustion
engine vehicles, primarily due to regenerative energy recovery and improved engine load
management during transient operation. Plug-in hybrid systems achieve larger reductions
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when operating in electric mode, but require higher system complexity and battery capacity.
The findings demonstrate that 48-V mild hybrid technology provides a technically effective
and economically balanced solution for improving vehicle efficiency while remaining within
low-voltage safety limits. The technology, therefore, represents a practical transitional step
toward higher levels of vehicle electrification.
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SYMBOLS AND ABBREVIATIONS

SYMBOLS

a Vehicle acceleration
g Gravitational acceleration
A Frontal area of vehicle
Cd Aerodynamic drag coefficient
Crr Rolling resistance coefficient
E Energy
F Force
I Electrical current

ABBREVIATIONS

BEV Battery Electric Vehicle
BSG Belt Starter Generator
DC Direct Current
DC–DC Direct Current to Direct Current converter
HEV Hybrid Electric Vehicle
HCU Hybrid Control Unit
ICE Internal Combustion Engine
ISG Integrated Starter Generator
MHEV Mild Hybrid Electric Vehicle
PHEV Plug-in Hybrid Electric Vehicle
SOC State of Charge
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Declarations

AI usage

1. AI tool name Grammarly

a. Purpose of use: Proofreading and grammar checking

b. Explanation of the use of the tool: Grammarly was used for proofreading to im-
prove language quality and readability. Also, it was used to improve language,
including grammar, spelling, and clarity.

2. AI tool name ChatGPT

a. Purpose of use: Brainstorming, clarifying difficult concepts, and language re-
finement

b. Explanation of the use of the tool: ChatGPT was used in initial brainstorming for
topic exploration. It was also used to understand the difficult, unknown topics,
possible themes, and to improve the sentence structure for increasing readability.
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1 INTRODUCTION

This chapter introduces the topic of the thesis and also explains its importance. It contains
background information on vehicle energy efficiency and the role of hybrid technology. Then
it outlines the objective of the thesis, research questions, and scope of the study.

1.1 Background and motivation

Improving passenger vehicle energy efficiency has become a critical engineering priority, as
global transportation continues to contribute significantly to fuel consumption and greenhouse-
gas emissions (Liu et al. 2021). This thesis examines 48-V mild hybrid (light hybrid) tech-
nology in passenger vehicles, focusing on how low-voltage electrification can reduce fuel
consumption without requiring external charging or full electrification. The topic is particu-
larly important at present because increasingly strict emission regulations and decarbonisa-
tion targets are pushing manufacturers toward cost-effective electrification solutions that can
be rapidly deployed across existing vehicle platforms. More generally, hybridization tech-
nologies are important because even moderate improvements in drivetrain efficiency across
large vehicle fleets can produce substantial reductions in energy use and emissions. Recent
research shows that electrified powertrains improve efficiency by enabling energy recupera-
tion and better power-management strategies compared with conventional internal combus-
tion engine vehicles (Stajilov and Bujoreanu 2021).

Previous studies have shown that electric and hybrid powertrains are more efficient. With
that, they can also manage how power moves between electrical and mechanical parts more
effectively. One important feature is regenerative braking, which allows the vehicle to cap-
ture some energy that would be lost normally when slowing down. Instead of wasting this
energy as heat, the system converts the kinetic energy of the vehicle during braking into elec-
trical energy. Then this energy is stored in a battery and used again later. As a result, the
drivetrain becomes more efficient and less energy is wasted, especially during city driving
where vehicles frequently stop and start (Kropiwnicki and Gawłas 2023).

Research on hybrid electric vehicles further indicates that optimized regenerative braking
control strategies—combined with transmission and torque coordination—can significantly
enhance fuel economy by reducing reliance on friction braking and improving energy recov-
ery (Xu et al. 2023). Comprehensive reviews of regenerative braking system design also
highlight the importance of battery characteristics, control algorithms and driving conditions
in determining achievable recovery efficiency Szumska 2025. In the context of hybrid ar-
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chitectures, simulation studies demonstrate that improved braking-force distribution and co-
ordinated control between electric and mechanical braking can noticeably increase energy-
recovery efficiency across common driving cycles (Kropiwnicki, Gawłas, et al. 2025). Fur-
thermore, investigations into 48-V mild hybrid systems show that combining low-voltage
electrification with optimized engine technologies can reduce fuel consumption by more than
15 % compared with conventional configurations (Techalimsakul and Sawetmethikul 2024).
Additional research on electrified powertrains reports that integrating electric auxiliaries and
mild hybrid components can achieve fuel-consumption improvements ranging from approx-
imately 2 % to 17 % depending on operating conditions (Xu et al. 2023). All these studies
confirm that partial electrification can produce measurable efficiency gains even when the
internal combustion engine remains the primary propulsion source.

Even though a lot of studies have been done on hybrid and electric cars, there are still certain
gaps in the present literature. There are a lot of studies that look at single subsystems, like
regenerative braking algorithms or energy-management optimization. These studies don’t
always make it clear how the electric machine, battery, inverter, and power-electronics inter-
faces all work together as a whole electrical architecture in mild hybrid passenger vehicles
(Yin et al. 2023). Additionally, studies on advanced regeneration techniques frequently fo-
cus on entirely electric or high-voltage hybrid platforms, resulting in low-voltage 48-V sys-
tems being relatively underexplored from a thorough component-level energy-flow stand-
point (Techalimsakul and Sawetmethikul 2024). Control-oriented research shows that im-
proving regenerative braking and deceleration approaches can enhance the amount of energy
that can be recovered. However, these studies rarely link these improvements directly to a
decrease in overall vehicle fuel consumption in traditional ICE-based systems (Kim et al.
2021). In addition, although hybrid vehicles are widely recognized as an intermediate so-
lution between conventional and fully electric powertrains, integrated analyses comparing
energy use between ICE, mild hybrid, and plug-in hybrid configurations within a unified
analytical framework are still relatively limited. In addition, conventional hybrid electric
vehicles (HEVs), which combine an internal combustion engine with a high voltage battery
and electric motor capable of limited electric propulsion, represent an important intermediate
technology between mild hybrids and fully electric vehicles. Including HEVs in comparative
analysis provides a clear understanding of how increasing levels of electrification influence
fuel consumption and drivetrain efficiency. These gaps indicate the need for a structured
investigation that links component behavior, electrical power flow and system-level fuel-
consumption impact specifically for 48-V mild hybrid passenger vehicles.
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1.2 Objective of the thesis

The main objective of this thesis is to analyze the technology and operation of 48-V mild hy-
brid systems in passenger vehicles and to evaluate how low-voltage hybridization contributes
to reducing fuel consumption and improving overall drivetrain efficiency. The study aims to
provide a structured description of the electrical architecture of mild hybrid systems and to
explain how the integration of an electric machine, hybrid battery and bidirectional DC–DC
converter supports the internal combustion engine during different operating conditions. Par-
ticular attention is given to the energy-saving mechanisms enabled by the system, including
regenerative braking, torque assistance during acceleration, start–stop operation and load-
point shifting, which have been identified as key contributors to efficiency improvements in
low-voltage hybrid powertrain (Lively and Realff 2021). In addition, the thesis examines
important technical characteristics such as electric motor power levels, battery pack capac-
ity, battery chemistry and the high C-rate operation required for short, high-power energy
exchange, which are recognized as critical design factors in 48-V electrified powertrain (Deo
et al. 2022). Particular attention is also given to the power capability of the hybrid battery,
including the C-rate required during regenerative braking and torque assist, since mild hybrid
systems typically rely on short, high-power energy exchange rather than large energy storage
capacity. To contextualize the practical benefits of mild hybridization, the work also includes
a simplified comparative analysis of fuel and energy consumption among representative pas-
senger vehicle powertrain configurations, including a conventional internal combustion en-
gine vehicle (ICE), a 48-V mild hybrid electric vehicle (MHEV), a hybrid electric vehicle
(HEV), and a battery electric vehicle (BEV). The comparison is used to assess how different
levels of electrification influence vehicle fuel and energy consumption.

The main original contribution of this thesis is the development of a simplified Python-based
vehicle calculation model for evaluating fuel and energy consumption under a WLTP-like
driving cycle. The model is developed to compare four representative powertrain configura-
tions: a conventional internal combustion engine vehicle, a 48-Vmild hybrid electric vehicle,
a conventional hybrid electric vehicle, and a battery electric vehicle. The simulation calcu-
lates vehicle tractive force, wheel power demand, energy consumption, and fuel or electrical
energy use under consistent driving assumptions.

In addition to the literature-based technical review, the simulation model provides an analyt-
ical framework for comparing how different levels of electrification influence vehicle energy
demand. Vehicle mass is varied in the model to examine its effect on fuel and energy con-
sumption. Therefore, the thesis not only describes 48-Vmild hybrid technology from existing
literature, but also applies a simplified numerical model to evaluate its potential benefits in
comparison with other powertrain types.
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1.3 Research questions

1. RQ1: What are the main architectural components and operating principles of a 48-V
mild hybrid powertrain in passenger vehicles?

2. RQ2: How is the 48-V hybrid battery utilized during different operating modes, and
what discharge and charge C-rates occur during torque assist and regenerative braking?

3. RQ3: How do energy management mechanisms in mild hybrid systems improve ve-
hicle efficiency and reduce fuel consumption?

4. RQ4: How does the fuel and energy consumption of ICE, mild hybrid (MHEV), con-
ventional hybrid (HEV), and battery electric vehicles (BEV) compare under similar
driving assumptions?

1.4 Scope and limitations

This thesis focuses on 48-V mild hybrid technology applied to passenger vehicles and exam-
ines the system primarily from an electrical engineering and energy-flow perspective. The
analysis concentrates on the architecture, operating principles and interaction of the main
electrical components, including the electric machine, hybrid battery, inverter and bidirec-
tional DC–DC converter, while detailedmechanical design of the internal combustion engine,
transmission and vehicle dynamics is outside the scope of the study. Such component-level
analytical approaches are commonly used in early-stage hybrid powertrain investigations to
evaluate system behavior without full vehicle simulation or prototype development (Guzzella
and Sciarretta 2013; Ehsani et al. 2018). The work does not include experimental testing or
real-vehicle measurements; instead, the evaluation is based on literature review, representa-
tive technical data and simplified analytical calculations, which is a widely accepted method-
ology in conceptual studies of electrified powertrain. Furthermore, the fuel-consumption
comparison between internal combustion engine (ICE), mild hybrid (MHEV), conventional
hybrid (HEV) and battery electric vehicle (BEV) configurations is performed using general-
ized assumptions rather than a specific commercial vehicle model, allowing the study to focus
on developing a clear conceptual understanding of how low-voltage hybridization influences
energy use and fuel efficiency in passenger vehicles.
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2 BACKGROUND and THEORETICAL FRAMEWORK

This chapter presents the theoretical background and prior research necessary for understand-
ing the challenges and opportunities associated with 48-V mild hybrid technology in passen-
ger vehicles. It introduces the fundamental limitations of conventional internal combustion
engine powertrains and explains how hybridization can improve overall drivetrain efficiency.
The chapter reviews the classification of hybrid vehicle technologies and discusses the ratio-
nale for low-voltage electrification, particularly the advantages of 48-V electrical architec-
tures in terms of efficiency, safety and system cost. In addition, the chapter describes typical
mild hybrid configurations, and outlines the key electrical engineering concepts—such as
power flow, energy conversion efficiency and battery C-rate - that are essential for analyzing
system performance. These theoretical foundations provide the basis for the component-level
and energy-flow analyses presented in the subsequent chapters.

2.1 Internal combustion engine efficiency

The internal combustion engine (ICE) has been the dominant propulsion technology in pas-
senger vehicles for more than a century. However, its efficiency is fundamentally limited by
thermodynamic constraints and practical operating conditions. Modern engines achieve their
highest thermal efficiency only within a narrow operating region, while real-world driving
involves frequent load changes and transient operation.

2.1.1 Typical efficiency range

The thermal efficiency of internal combustion engines is fundamentally constrained by ther-
modynamic cycle limitations and real-world operating conditions (Dahham et al. 2022). Mod-
ern gasoline engines typically achieve peak brake thermal efficiencies of approximately 35-
40 %, while advanced diesel engines may exceed 42 % under optimal steady-state conditions
(Wang et al. 2021). However, these peak efficiencies occur only within a narrow region of the
engine operating map. In real driving conditions, engines frequently operate at partial load
and under transient conditions, resulting in significantly lower average efficiencies. The effi-
ciency of internal combustion engines varies significantly depending on engine load. Figure
1 illustrates a simplified relationship between engine load and brake thermal efficiency.
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Figure 1. ICE brake thermal efficiency as a function of engine load (authors’ illustration).

According to L. He et al. 2022, brake thermal efficiency:

ηICE =
Pbrake

ṁf · LHV
(2.1)

where Pbrake is the brake power output, ṁf is the fuel mass flow rate, and LHV is the lower
heating value of the fuel.

Brake thermal efficiency (BTE) represents how effectively the internal combustion engine
converts the chemical energy of fuel into useful mechanical power (Babayev et al. 2022). A
higher efficiency indicates that a larger portion of the fuel energy is converted into useful
work, while the remaining energy is lost as heat and other losses (Wang et al. 2021). This
explains why improving engine operating conditions and reducing losses are important for
increasing overall vehicle efficiency. Under urban driving conditions, effective efficiency
often drops to 20-25 % due to frequent acceleration, deceleration, and idling (Khedr et al.
2025). Hybridization strategies improve real-world performance by reducing inefficient op-
erating regions (Zhang et al. 2020).

2.1.2 Loss mechanisms in internal combustion engines

A substantial portion of the fuel’s chemical energy is lost through various mechanisms within
the engine and drivetrain. Heat losses through exhaust gases and cooling systems represent
one of the largest energy sinks, as a significant fraction of combustion energy cannot be con-
verted into mechanical work due to thermodynamic limitations (Heywood 2018). Mechan-
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ical friction between moving components such as pistons, bearings and valve trains further
reduces net output power. Pumping losses occur particularly during part-load operation when
throttling restricts airflow, forcing the engine to expend energy drawing air into the cylinders
(Kamil et al. 2014). Additional inefficiencies arise during idling, where fuel is consumed
without producing useful traction power, and during transient operation when the engine op-
erates outside its optimal efficiency region. These losses highlight the potential benefits of
hybridization, which allows energy recovery during braking and improved load management
to maintain engine operation closer to efficient regions (Jost 2015).

2.2 Hybrid vehicle classification

Hybrid vehicles combine conventional internal combustion propulsion with electrical energy
storage and conversion systems. The degree of hybridization determines system voltage,
component size and achievable efficiency improvements.

2.2.1 Micro hybrid system

Micro-hybrid systems represent the lowest level of electrification and typically operate using
conventional 12-V electrical architectures. Their primary function is automatic start–stop,
which shuts down the engine during idling and restarts it when propulsion is required. While
these systems can reduce fuel consumption in urban driving, they do not provide electric
propulsion or significant regenerative braking capability and therefore offer limited efficiency
gains (Chan 2002).

2.2.2 Mild hybrid systems

Mild hybrid electric vehicles (MHEVs) incorporate a low-voltage electric machine and bat-
tery that can assist the engine during acceleration and recover energy during braking. These
systems cannot drive the vehicle using electric power alone but can provide torque assist,
load-point shifting and improved start–stop functionality. Mild hybridization is widely rec-
ognized as a cost-effective method for achieving measurable fuel-consumption reductions
without the complexity of high-voltage systems (Onori et al. 2016). Mild hybrid vehicles
can be implemented using different drivetrain architectures depending on the position of the
electric machine within the powertrain. These architectures are discussed in more detail in
section 2.4.

2.2.3 Full hybrid electric vehicles

Full hybrid electric vehicles (HEVs) employ higher-voltage batteries and electric machines
capable of propelling the vehicle independently at low speeds. Power-split and series-parallel
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architectures allow the engine and motor to operate in coordinated modes to maximize effi-
ciency. Advanced energy-management strategies optimize power distribution between elec-
trical and mechanical sources, resulting in significantly lower fuel consumption compared
with conventional vehicles (Ehsani et al. 2018).

2.2.4 Plug-in hybrid electric vehicles

Plug-in hybrid electric vehicles (PHEVs) include larger battery packs than conventional hy-
brid electric vehicles(HEVs) that can be charged from the electrical grid and enable extended
electric-only driving. Their effectiveness depends strongly on charging behavior and driving
patterns, but when operated with regular charging they can substantially reduce fuel con-
sumption and emissions (Zhao et al. 2018).

2.2.5 Battery electric vehicles

Battery electric vehicles (BEVs) rely entirely on electric propulsion and eliminate tailpipe
emissions. Electric motors typically achieve efficiencies above 90%, significantly higher
than internal combustion engines. However, BEVs require large battery capacities and ex-
tensive charging infrastructure, which affects cost and adoption rates (Ehsani et al. 2018). The
different electrification levels described above provide the basis for the comparative analysis
performed later in this thesis. In particular, the study focuses on four representative con-
figurations: conventional internal combustion engine vehicles, 48-V mild hybrid vehicles,
conventional hybrid electric vehicles (HEVs), and battery electric vehicles (BEVs).

2.3 Why 48-V systems?

This section represents the explanation of the key reason for adopting 48-V electrical systems
in modern vehicles. It highlights the main advantages compared to traditional 12-V systems,
including improved power capability, efficiency, and system integration.

2.3.1 Low-voltage advantage

According to IEC standards, extra-low voltage systems are defined as operating below 50 V
AC or 120 VDC (Dornoff et al. 2022). The transition from 12 V to 48 V enables significantly
higher electrical power transfer without entering the regulatory category of high-voltage sys-
tems, thereby avoiding additional insulation and protection requirements (Dahodwala et al.
2021).

For a given power demand P , electrical current I is defined as:

I =
P

U
(2.2)
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where U is the supply voltage. If 3 kW is required, at 12 V the current is:

I12V =
3000

12
= 250 A

At 48 V, the current reduces to:

I48V =
3000

48
= 62.5 A

The effect of system voltage on current demand can be visualized for a constant power re-
quirement. Figure 2 illustrates the nonlinear relationship between voltage and current for a
constant 3 kWpower demand. As the system voltage increases, the required current decreases
according to Equation(2.2)

Figure 2. Current as a function of voltage for a constant 3 kW power demand.

Battery C-rate during torque assist and regenerative braking in a 48-V mild hybrid system.

In automotive electrical systems, resistive losses occur primarily in conductors such as copper
cables. These losses are proportional to I2R.

Ploss = I2R, (2.3)

whereR represents the resistance of the wiring. For example, assuming a typical cable resis-
tance ofR = 0.01 Ω, the resistive losses at 12 V are significantly higher than at 48 V because
of the higher current levels. Since current is reduced by a factor of four when increasing the
voltage from 12 V to 48 V, the resistive losses decrease by a factor of sixteen. Therefore, in-
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creasing system voltage substantially reduces copper losses and allows for smaller conductor
cross-sections, thereby improving overall system efficiency.

2.3.2 Cost and safety considerations

Compared with high-voltage hybrid systems, 48-V architectures require less complex insula-
tion, reduced protective hardware and simpler servicing procedures. As a result, they offer a
favorable cost-to-benefit ratio for large-scale deployment in conventional vehicle platforms.
Automotive manufacturers have adopted 48-V systems as an intermediate electrification step
that balances efficiency improvements with acceptable cost and integration complexity (Bu-
berger et al. 2025).

2.3.3 Growth of electrical loads in modern vehicles

Modern passenger vehicles include numerous electrically driven subsystems such as electric
power steering, electric compressors, advanced driver-assistance systems and infotainment
electronics. Supplying these loads through a 12 V network requires high currents, increas-
ing resistive losses and conductor size. Increasing system voltage to 48 V allows the same
power to be delivered with lower current, thereby reducing copper losses and improving
overall electrical efficiency (Emadi 2014). Since resistive losses are proportional to I2R and
current is inversely proportional to voltage (I = P/U ), the losses decrease quadratically with
increasing system voltage.

2.4 Comparison of mild hybrid powertrain architectures

Hybrid system configurations are commonly classified based on the position of the electric
machine relative to the engine and drivetrain. The designations P0, P1, and P2 describe the
position(”P”) of the electric machine within the powertrain relative to the internal combus-
tion engine and transmission. As the position number increases, the electric machine be-
comes more integrated into the drivetrain, enabling greater flexibility for torque assistance,
regenerative braking, and electric propulsion.

2.4.1 P0 architecture

The designation P0 refers to a configuration in which the electric machine is connected to
the engine through the accessory belt drive rather than being directly integrated into the
crankshaft or transmission. In the P0 configuration, the electric machine is connected to the
engine via the accessory belt as a belt-starter generator. This layout is relatively simple and
cost-effective because it requires minimal changes to the existing drivetrain. However, the
torque capability is limited by belt slip and mechanical constraints, which restrict the level of
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electric assistance and regenerative braking achievable. Recent studies on 48-V mild hybrid
architectures report that belt-driven starter-generator systems provide modest fuel-saving po-
tential while maintaining low integration complexity compared with more advanced hybrid
layouts (Buberger et al. 2025; Estima and Cardoso 2012). An example of the P0 architec-
ture is illustrated in Figure 2.4.2. The grey line in Figure 2.4.2 represents the conventional
mechanical drivetrain connecting the engine, transmission, and wheels.

Figure 3. Schematic of P0mild hybrid architecture showing a belt starter generator connected
to the internal combustion engine.

2.4.2 P1 architecture

The designation P1 refers to a configuration in which the electric machine is mounted di-
rectly on the engine crankshaft, providing a direct mechanical connection between the ma-
chine and the engine. In the P1 configuration, the electric machine is mounted directly on
the crankshaft. This arrangement improves mechanical coupling, allowing higher torque
transfer and more effective energy recovery during braking. Although integration complex-
ity increases compared with P0 systems, the improved efficiency and performance make P1
architectures attractive for more advanced mild hybrid applications. Recent modeling and
simulation research indicates that crankshaft-mounted machines can improve regenerative
braking efficiency and transient engine load reduction compared with belt-driven systems
(Sabri et al. 2016; Dhieb et al. 2025). In the P0 architecture, the electric machine is con-
nected to the engine via a belt, whereas in the P1 architecture, it is directly mounted on the
crankshaft, allowing improved torque transfer and efficiency. An example of P1 architecture
is illustrated in .
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Figure 4. Schematic of P1 mild hybrid architecture showing an electric machine directly
mounted on the engine crankshaft.

2.4.3 Brief overview of P2 architecture

The designation P2 refers to a configuration in which the electric machine is located between
the internal combustion engine and the transmission, allowing greater flexibility in torque
delivery and energy recovery. The P2 architecture positions the electric machine between the
engine and the transmission, enabling engine decoupling and limited electric-only driving in
some configurations. While P2 systems can provide greater efficiency improvements due to
improved energy management flexibility, they typically require higher system voltage and
more complex integration, and are therefore more common in full hybrid and plug-in hybrid
vehicles rather than low-voltage mild hybrids (Pala 2025; Khan et al. 2025; Amati et al.
2025). The P2 architecture is illustrated in Figure 5.
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Figure 5. Schematic of P2 mild hybrid architecture showing an electric machine located
between the engine and the transmission, enabling higher torque support and regenerative
braking capability.

2.5 Electrical fundamentals

This section introduces the basic electrical concepts relevant to automotive power systems.
It provides a brief overview of power, voltage, current, and energy, which are essential for
understanding the operation of 48 V architectures. These fundamentals support the analysis
of system efficiency, energy storage, and power flow in hybrid vehicles discussed in the
following subsections.

2.5.1 Power, voltage, and current

Electrical power is defined as the product of voltage and current. In 48-V systems, the higher
operating voltage reduces current demand for a given power level, thereby reducing resistive
losses and improving electrical efficiency.

2.5.2 Energy storage and utilization

Energy represents the capacity to perform work and is typically expressed in kilowatt-hours
in vehicle applications. Hybrid systems store recovered braking energy in the battery and
later reuse it to support propulsion, reducing the amount of fuel required to generate the
same vehicle motion. Recent analyses of electrified powertrains show that effective energy
recuperation strategies significantly influence overall vehicle efficiency, especially in urban
driving cycles (Feng et al. 2025; Cao et al. 2023).
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2.5.3 Efficiency in energy conversion chains

Efficiency is defined as the ratio of useful output energy to input energy. In hybrid systems,
overall efficiency depends on the combined performance of the electric machine, inverter,
battery and power electronics. Studies on electrified drivetrains indicate that cumulative
conversion losses across power electronics and storage components significantly affect the
amount of recoverable braking energy (Alatise et al. 2023; Lacock et al. 2023).

2.5.4 Battery c-Rate and power capability

The C-rate describes the rate at which a battery is charged or discharged relative to its capac-
ity. Mild hybrid batteries are designed for high C-rate operation because they must deliver
short bursts of high power during torque assist and absorb energy rapidly during regenera-
tive braking. Recent research on lithium-ion battery behavior in hybrid vehicles highlights
that high power-density cells and advanced battery management strategies are essential for
sustaining repeated high C-rate charge and discharge cycles (Z. Gao et al. 2022; Mohammed
et al. 2023). To illustrate the high-power nature of mild hybrid batteries, a simplified C-rate
estimation can be performed.

Consider a typical 48-V mild hybrid battery with:

• Capacity = 0.8 kWh

• Voltage = 48 V

The equivalent ampere-hour capacity is:

CapacityAh =
800Wh
48V

≈ 16.7Ah

If the electric machine delivers 12 kW during torque assist, the battery current is:

I =
P

V
=

12000

48
= 250A

The discharge C-rate is therefore:

C-rate =
250

16.7
≈ 15C

This value confirms that mild hybrid batteries are optimized for high-power operations, typi-
cally experiencing charge and discharge C-rates between 10C and 20C during short-duration
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events. Such high C-rates are necessary because mild hybrid systems rely on short-duration,
high-power energy exchange during torque assist and regenerative braking rather than large
energy storage capacity. Figure 6 shows the estimated battery C-rates during torque assist
and regenerative braking.

Figure 6. Required battery C-rate during torque assist and regenerative braking in a 48-V
mild hybrid system
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3 SYSTEM ARCHITECTURE AND COMPONENTS

This chapter explains how a 48 V mild hybrid system is built and how its main components
work together. Different hybrid layouts were described in Section 2.4 ; this chapter focuses
on the actual system structure used in vehicles. It introduces the dual-voltage system and the
main components, such as the electric machine, battery, inverter, DC–DC converter, 12 V
system, and control unit.

3.1 Overall 48-V mild hybrid architecture

The 48-V mild hybrid architecture represents an intermediate stage of vehicle electrification
in which a low-voltage electrical subsystem is integrated into a conventional internal combus-
tion engine (ICE) powertrain (Deo et al. 2022; Inoue et al. 2022). Unlike full hybrid or plug-in
hybrid vehicles, a mild hybrid configuration does not permit pure electric propulsion; instead,
it enhances the efficiency of the combustion engine through energy recuperation, torque as-
sistance and improved load management (Jui et al. 2024). The combustion engine remains
the dominant energy conversion device, while the electrical subsystem acts as a supportive
energy buffer and auxiliary power source.

The architecture is based on a dual-voltage electrical structure that combines a traditional
12-V vehicle network with an additional 48-V subsystem. The introduction of the 48-V bus
allows higher electrical power transfer while remaining below the 60-V DC safety thresh-
old commonly defined for low-voltage automotive systems (Sun et al. 2024). The higher
voltage significantly reduces copper losses and conductor size, thereby improving electrical
efficiency and reducing wiring mass.

Within this dual-voltage framework, the 48-V network supplies higher-power components
such as the electric machine, inverter and lithium-ion battery. The conventional 12-V system
continues to support legacy loads including lighting, infotainment, control units and auxil-
iary electronics (Fnu et al. 2023). A bidirectional DC–DC converter interconnects the two
voltage domains and regulates energy transfer between them, ensuring stable operation of
both electrical subsystems.

From amechanical perspective, the internal combustion engine remains the primary source of
propulsion. The electric machine—typically implemented as a belt-starter generator (BSG)
in P0 architectures or an integrated starter generator (ISG) in P1 configurations—is mechani-
cally coupled to the crankshaft (Apostolidou and Papanikolaou 2022). The machine operates
in two distinct modes. One is the generator mode, where kinetic energy from the drivetrain is
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converted into electrical energy and stored in the 48-V battery during deceleration. Another
one is the motor mode, where electrical energy is converted into mechanical torque during
acceleration to assist the engine. This bidirectional energy conversion enables partial recov-
ery of braking energy and reduces inefficient engine operation during transient conditions.
The overall architecture is coordinated by a supervisory hybrid control unit (HCU), which
manages power flow between the mechanical and electrical subsystems. The control strategy
determines operating modes such as regenerative braking, torque assist, load point shifting
and engine start–stop operation. By optimizing energy distribution in real time, the control
system ensures that the mild hybrid configuration achieves measurable fuel-consumption re-
duction without compromising drivability or system reliability.

Figure 7 illustrates the high-level structure of the 48-V mild hybrid system, highlighting the
interaction between the internal combustion engine, electric machine, inverter, 48-V battery,
bidirectional DC–DC converter and conventional 12-V subsystem.

Figure 7. Dual voltage 48-V mild hybrid system architecture showing energy flow between
ICE, electric machine, inverter, battery, DC-DC converter and 12-V subsystem

3.1.1 Dual-voltage concept

Modern mild hybrid vehicles typically employ a dual-voltage electrical architecture consist-
ing of a traditional 12-V network and an additional 48-V power bus. The two networks share
a common chassis ground but are connected through a power electronic interface that en-
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ables controlled energy transfer between them. This configuration allows legacy low-power
loads to remain on the 12-V system while higher-power functions are supplied from the 48-V
battery, thereby improving overall electrical efficiency and reducing conductor losses (Deo
et al. 2022).

The addition of the 48-V subsystem introduces new components compared with conventional
vehicles, including a belt-starter generator or integrated starter generator, a 48-V battery, an
inverter and dedicated control electronics, which together form the core of the mild hybrid
powertrain (El Amrani 2023).

3.1.2 Block diagram description

In a typical architecture, the internal combustion engine is mechanically coupled to the elec-
tric machine, while the 48-V battery supplies electrical energy through an inverter. A bidirec-
tional DC–DC converter links the 48-V bus to the 12-V system to maintain the conventional
electrical loads. This layered architecture enables energy recuperation during braking, torque
assist during acceleration, and engine-off operation in specific driving conditions.

3.2 Electric machine (BSG / ISG)

BSG (Belt Starter Generator) and ISG (Integrated Starter Generator) are the twomain types of
electric machines used in 48 V mild hybrid systems. A BSG is connected to the engine via a
belt drive, while an ISG is directly mounted on the engine crankshaft. In both configurations,
the electric machine is typically a three-phase AC synchronous machine, most commonly a
permanent magnet synchronous machine, selected for its high efficiency and power density.
The inverter supplies three-phase AC currents to the machine, enabling operation in both
monitoring and generating modes.

3.2.1 Role in the mild hybrid system

The electric machine in a 48-V mild hybrid system performs multiple functions. It operates
as a starter during engine restart, as a generator during regenerative braking to recover en-
ergy, and as a motor during torque assist to support the internal combustion engine during
acceleration. During deceleration, it converts mechanical energy into electrical energy, while
during acceleration, it operates as a motor to support the engine and reduce fuel consumption.

3.2.2 Typical power levels

Electric machines used in 48-V mild hybrid systems are commonly rated in the range of
approximately 10-16 kW peak power, with peak torque levels typically between 50 and 70
Nm (Ananthakrishnan et al. 2025; Lins et al. 2024). Such torque level are generally available
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over the low-to-medium speed range of the machine, while maximum power is achieved at
the higher rotational speeds. These power levels provide meaningful torque assistance during
transient acceleration without enabling full electric propulsion.

Mechanical power contribution can be expressed as:

Pem = Tem · ω (3.1)

where Tem is torque and ω is angular speed.

At 2000 rpm (approximately 209 rad/s), a 60 Nm electric machine delivers:

Pem = 60× 209 ≈ 12.5 kW

This power is sufficient to reduce engine load during acceleration but remains lower than that
of full hybrid systems.

3.2.3 Motor and generator modes

When operating in the motor mode, the inverter converts DC power from the 48-V battery
into three-phase AC currents for the electric machine, enabling torque assistance to support
the internal combustion engine. In generator mode, the machine converts mechanical energy
from the drivetrain into electrical energy, which is rectified and stored in the battery. Inte-
grated inverter designs are commonly used to reduce wiring losses and packaging complexity
(Veerendra et al. 2024).

3.3 Inverter

The inverter is responsible for converting the DC voltage from the 48-V battery into the three-
phase AC required by the electric machine. It works like regenerative braking; it performs the
reverse conversion by rectifying the generated AC back into DC for battery charging. Mod-
ern automotive inverters are designed to achieve high efficiency through optimized switch-
ing strategies, low-loss semiconductor devices and minimized parasitic inductance. Design
approaches similar to industrial servo drives are increasingly adopted in 48-V systems to im-
prove switching performance and reduce noise (Huang 2022). The inverter also works as
a motor control unit. It controls current, torque, and speed based on signals from the main
controller. This helps the system run smoothly and improves overall efficiency (Podrackỳ
et al. 2025).
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3.4 48-V battery

3.4.1 Capacity

Typical mild hybrid battery packs have capacities on the order of approximately 0.5–1 kWh,
often around 48 V and about 20–25 Ah. These relatively small capacities are optimized for
power delivery rather than long-duration energy storage (Fnu et al. 2023).

3.4.2 Battery chemistry

Lithium-ion chemistry is widely used due to its high power density, cycle life, and ability to
withstand frequent charge-discharge cycles required in hybrid operation. The battery must
operate safely across a wide voltage range while tolerating dynamic load conditions.

Lithium-ion chemistry is widely used in 48-V mild hybrid systems because of its higher
power density, long cycle life, and ability to withstand frequent charge-discharge events.
Although mild hybrid batteries experiences a very large number of charge and discharge
cycle during vehicle operations, the depth of discharge in each cycle is typically small. The
Battery management system maintains the state of charge within a limited operating window,
reducing cell degradation and extending battery lifetime. In addition, lithium-ion cells used
in mild hybrid applications are optimized for high=power operations and repeated cycling
rated than large energy storage capacity. The battery must also operate safely across a wide
voltage range while tolerating dynamic load conditions.

3.4.3 High C-rate operation

Mild hybrid batteries are designed for rapid energy exchange, meaning theymust support high
C-rate charging during regenerative braking and high discharge rates during torque assist.
This capability enables effective short-duration power deliverywithout requiring large energy
capacity (ibid.). The high power characteristics of mild hybrid batteries can be illustrated
through simple C-rate calculations for the main operating modes of the system.

Case 1: torque assist

Motor power:
P = 12 kW

Battery voltage:
V = 48 V
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Current:
I =

P

V
=

12000

48
= 250 A

Battery capacity:
CAh ≈ 20 Ah

C-rate:
C =

I

CAh

=
250

20
= 12.5C

The calculated discharge rate of 12.5C is consistent with the performance requirements of
commercial 48-V mild hybrid batteries. Unlike battery electric vehicle batteries, which are
optimized primarily for energy storage, mild hybrid batteries are designed for high power
density and rapid charge-discharge cycling. Commercial lithium-ion battery packs used in
48-v mild hybrid systems are capable of delivering several hundred amperes for short dura-
tions, corresponding to C-rates in the range calculated above.

Case 2: regenerative braking

A regenerative braking power of 8kW is assumed as a representative value for a 48-v mild
hybrid system. Typical belt starter generators and integrated starter generators used in 48-v
architectures provide regenerative braking power in the order of several kilowatts, depending
on vehicle speed, battery state of charge, and system design. The selected value represents
a modern operating condition suitable for illustrating the battery C-rate during energy recu-
peration.

Assume regeneration power:
P = 8 kW

Current:
I =

P

U
=

8000

48
≈ 167 A

C-rate:
C =

I

CAh

=
167

20
≈ 8.3C

These calculations show that mild hybrid batteries typically operate between 8C and 15C,
confirming that they are optimized for high power density rather than high energy capacity.
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3.5 DC–DC (48-12 V) converter

The DC-DC converter is a key component of the 48-V ild hybrid electrical architecture. It
provides the electrical interface between the 48-V and 12-V subsystems, enabling energy
transfer between the two voltage levels while maintaining stable operation of both electrical
networks. In addition to supplying power to conventional 12-V loads, the converter supports
battery charging and contributes to overall system efficiency.

3.5.1 Bidirectional operation

The main DC-DC converter in a 48 V mild hybrid system connects the 48 V and 12 V elec-
trical networks. It allows power to flow between the two voltage levels and ensures that both
systems can work together. In addition to this main converter, smaller DC–DC conversion
stages may also be used inside the inverter to control the voltage for the electric machine.
The converter can operate in both step-down and step-up modes depending on the system
requirements. In step-down mode, power is transferred from the 48 V battery to the 12 V
system. In step-up mode, power can flow from the 12 V side to support the 48 V system
when needed. This bidirectional operation allows flexible energy sharing between the two
voltage domains (Lou 2024).

3.5.2 48 V↔ 12 V energy transfer

In normal operation, the converter steps down 48 V power to maintain the 12 V battery and
supply common vehicle loads such as lighting, infotainment, and control units. This makes
it possible to keep existing 12 V components while using the higher power capability of
the 48 V system. Typical automotive DC–DC converters operate in the range of about 1–
3 kW depending on vehicle requirements (Ouadad et al. 2024). During conditions such as
regenerative braking or high electrical demand, energy can be transferred between the two
voltage levels to improve overall system efficiency.

3.6 12-V electrical system

Despite the introduction of 48-V technology, conventional 12-V subsystems remain neces-
sary for compatibility with existing components and legacy electronics. Accessories such
as lighting, infotainment, body electronics and control units continue to operate on the 12-V
network, which is supplied either by the 12-V battery or via the DC–DC converter from the
48-V system (Tettamanti et al. 2025).
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3.7 Supervisory control

Mild hybrid systems employ supervisory control units that coordinate engine operation, elec-
tric machine torque, battery state-of-charge and power-flow management. Additional con-
trollers such as battery management systems, motor control units and DC–DC converter con-
trollers monitor voltage, current, temperature and operating states to ensure safe and efficient
operation across all driving modes (El Amrani 2023).

Table 1: Typical component characteristics of a 48 V mild hybrid system.

Component Typical Range Function

Electric machine (BSG/ISG) 10–16 kW peak Torque assist, regeneration,
start–stop

48-V battery 0.5–1 kWh Short-term energy storage

DC–DC converter 1–3 kW Links 48 V and 12 V networks

System voltage 36–60 V operating range Low-voltage classification

Table 1 summarizes the typical characteristics of key components in a 48 V mild hybrid
system.
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4 ENERGY FLOW and OPERATING MODES

This chapter explains how a 48-V mild hybrid system operates under real driving conditions.
The energy flow between the internal combustion engine, electric machine and battery is
analyzed for key operating modes such as regenerative braking, torque assist, start–stop, load
point shifting and engine-off coasting. Understanding these modes is essential for explaining
how mild hybrid systems reduce fuel consumption and improve overall drivetrain efficiency.

4.1 Energy-flow and operating modes

The operation of a 48-V mild hybrid system is based on different energy-flow modes that
enable fuel savings and improved efficiency. Depending on driving conditions, the electric
machine can recover energy during braking, assist the internal combustion engine during
acceleration, or support engine-off operation. The following sections describe the main op-
eration nodes considered in this study.

4.1.1 Regenerative braking

Regenerative braking is the process of converting vehicle kinetic energy into electrical en-
ergy during deceleration instead of dissipating it as heat in friction brakes. In an electri-
fied powertrain, the electric machine operates as a generator and stores recovered energy
in the battery for later use. This mechanism significantly improves overall vehicle energy
efficiency (Prasad and Srinivaas 2024; Szumska 2025). The efficiency of regenerative brak-
ing depends strongly on control strategies that balance regenerative and mechanical braking
torque to maximize energy recovery while maintaining vehicle stability and safety (Szum-
ska 2025). Recent studies show that optimized regenerative braking control strategies can
achieve energy recovery rates of about 60% or more under suitable deceleration conditions.
The theoretical maximum recoverable kinetic energy during braking can be estimated from
the vehicle’s kinetic energy (Wan et al. 2026):

Erec = ηregen ·
1

2
mv2 (4.1)

where, ηregen = overall regenerative efficiency, m = vehicle mass, and v = vehicle velocity
before deceleration.

This equation shows that the amount of recoverable energy increases with the square of the
vehicle speed, making regenerative braking particularly effective in urban driving with fre-
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quent deceleration events. Figure 8 is based on Equation (4.1), assuming a vehicle mass of
1500 kg and an overall regenerative braking efficiency of 60%. The vehicle speed is varied
from 0 to 108 km/h to illustrate the theoretical amount of kinetic energy that can be recovered
during braking.

Figure 8. Theoretical recoverable braking energy as a function of vehicle speed for a 1500 kg
vehicle assuming a regenerative braking efficiency of 60%.

The main aspects of regenerative braking, including efficiency limitations and key benefits,
are summarized in Table 2.

Table 2: Summary of regenerative braking in a 48 V mild hybrid system.

Category Description
Efficiency chain Energy recovery is limited by several losses, including

mechanical transmission losses, electric machine ef-
ficiency, inverter switching losses, and battery charge
acceptance. As a result, only a portion of the origi-
nal kinetic energy can be reused for propulsion (Val-
ladolid et al. 2023).

Key benefits Reduced fuel consumption; reduced brake wear; im-
proved efficiency in urban driving; increased overall
drivetrain efficiency (Szumska 2025).

4.2 Torque assist

During acceleration, the electric machine provides additional torque to support the internal
combustion engine. This reduces engine load transients and improves fuel economy, partic-
ularly during vehicle launch and low-speed driving (P. He et al. 2025). In 48-V mild hybrid
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systems, torque assist is one of the primary fuel-saving functions integrated into the control
strategy (Shang et al. 2024).

4.3 StartsStop operation

Start–stop systems automatically shut down the engine during idle conditions and restart it
when torque is required. In mild hybrid vehicles, the electric machine enables faster and
smoother restarts compared with conventional starter motors, improving user comfort and
reducing fuel use in traffic. Hybrid powertrains commonly combine start–stop with regener-
ative braking and electric assistance to reduce idle fuel consumption.

4.4 Load point shifting

Load point shifting is a strategy where the electric machine adjusts engine operating condi-
tions so that the engine operates closer to its optimal efficiency region. Instead of operating at
inefficient low-load points, excess engine power can be used to charge the battery, and stored
energy can later be used to assist propulsion. In addition, the electric machine can support
the engine during periods of high power demand, thereby reducing peak engine power re-
quirements and allowing the engine to operate more efficiently. Hybrid control strategies
commonly use this approach to improve average engine efficiency over the driving cycle
(Gómez-Barroso et al. 2024). Load point shifting can also reduce the peak power demand
placed on the internal combustion engine. During periods of high power demand, the elec-
tric machine can provide supplementary torque, allowing the engine to operate close to its
efficient operating region and reducing the need for rapid loss increases. This contributes to
improved fuel economy and can support engine downsizing strategies in electrified power-
trains.

4.5 Engine-off coasting

Engine-off coasting (also called sailing) occurs when the engine is temporarily switched off
while the vehicle is moving under low load conditions. The vehicle continues to move us-
ing stored kinetic energy while fuel injection is stopped, thereby reducing fuel consumption.
Coasting strategies are commonly integrated into hybrid control systems to minimize unnec-
essary engine operation during deceleration or steady cruising (Pardhi 2020).
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Table 3: Operating modes and energy flow paths in a 48-V mild hybrid electric vehicle.

Mode Energy Source Energy Destination Main Fuel-Saving Mech-
anism

Regenerative braking Vehicle kinetic energy Battery Energy recovery

Torque assist Battery Drivetrain Reduced engine load

Start–stop Battery Engine restart Eliminates idle fuel use

Load point shifting Engine surplus power Battery Higher engine efficiency

Engine-off coasting Vehicle kinetic energy Vehicle motion Zero fuel during glide
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5 FUEL and ENERGY CONSUMPTION COMPARISON

This chapter presents a simplified analytical comparison of fuel and energy consumption for
three powertrain configurations: a conventional internal combustion engine (ICE) vehicle,
a 48-V mild hybrid vehicle, and a plug-in hybrid electric vehicle (PHEV). The objective is
to quantify the efficiency benefits achieved through mild hybridisation and higher levels of
electrification under representative driving assumptions.

5.1 Method and assumptions

The analysis compares four representative powertrain configurations: conventional internal
combustion engine (ICE), 48-V mild hybrid (MHEV), conventional hybrid electric vehicle
(HEV), and battery electric vehicle (BEV).

5.1.1 Driving scenario

A representative mixed driving cycle consisting of urban and highway operation is consid-
ered. Such combined cycles are commonly used in powertrain evaluation because energy
recovery and electric assistance are most effective during frequent acceleration and deceler-
ation events typical of real driving conditions (Abidin et al. 2021).

5.1.2 Vehicle mass and parameters

For comparison purposes, a typical passenger-vehicle mass of approximately 1500 kg is as-
sumed ( including the driver), which is representative of mid-size vehicles used in simulation
studies of hybrid powertrain (ibid.).

5.1.3 Efficiency assumptions

The analytical comparison is based on simplified longitudinal vehicle dynamics (Sandrini
et al. 2021). Traction force is determined by (Cao et al. 2023):

Ftraction = Frolling + Faero + Facc (5.1)

Rolling resistance is given by:

Frolling = mgCrr (5.2)
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Aerodynamic drag is expressed as:

Faero =
1

2
ρCdAv

2 (5.3)

The acceleration force is:

Facc = ma (5.4)

The wheel power demand is calculated as:

Pwheel = Ftraction · v (5.5)

The fuel energy demand is:

Efuel =
Ewheel

ηICE
(5.6)

These equations form the analytical basis for comparing ICE, mild hybrid, and plug-in hybrid
configurations (Oh et al. 2021; Vidyanandan 2018). The relative contributions of rolling
resistance and aerodynamic drag vary with vehicle speed. Figure X illustrates how these
forces combine to determine the total traction force required during vehicle motion.

5.2 Author’s contribution

This thesis includes an original contribution in the form of a simplified calculation model
developed by the author to evaluate and compare fuel and energy consumption of different
vehicle powertrain configurations. The model was implemented using Python and is based
on fundamental vehicle longitudinal dynamics and energy balance principles.

The simulation generates a WLTP-like driving cycle representing typical urban and highway
driving conditions. Based on this driving profile, the model calculates tractive force, wheel
power demand, and total energy consumption by considering rolling resistance, aerodynamic
drag, and acceleration forces. The calculated mechanical energy at the wheels is then used to
estimate fuel consumption for internal combustion engine vehicles and energy consumption
for electrified powertrains.

The model compares four vehicle configurations: conventional internal combustion engine
(ICE), 48-Vmild hybrid electric vehicle (MHEV), hybrid electric vehicle (HEV), and battery
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electric vehicle (BEV). The comparison is performed using consistent assumptions to ensure
that differences in consumption are due to powertrain characteristics rather than external
factors.

In addition, the effect of vehicle mass on energy consumption is analyzed by varying vehicle
weight between 1400 kg and 1600 kg, while the baseline vehicle was 1500 kg. This allows
the model to evaluate how changes in vehicle parameters influence overall energy demand
and fuel consumption.

The purpose of the simulation is not to provide exact real-world consumption values, but to
enable a structured and consistent comparison between different levels of vehicle electrifica-
tion. The model therefore serves as a simplified analytical tool that supports the theoretical
analysis presented in this thesis and provides additional insight into the efficiency benefits of
48-V mild hybrid systems.

5.3 Simulation methodology

A simplified time-domain simulation model was developed to estimate vehicle energy con-
sumption under a WLTP-like driving cycle. The model is based on fundamental longitudinal
vehicle dynamics and is implemented using Python.

The simulation uses a time-based approach in which vehicle speed is defined as a function
of time. A WLTP-like driving cycle is generated to represent typical real-world driving con-
ditions, including acceleration, constant-speed cruising, deceleration, and standstill phases.
The cycle duration is 600 seconds, with a time step of 1 second.

At each step, the model calculates the forces acting on the vehicle. These include rolling
resistance, aerodynamic drag, and inertial force due to acceleration. The rolling resistance
force is calculated using the vehicle mass, gravitational acceleration, and rolling resistance
coefficient. The aerodynamic drag force is determined using air density, drag coefficient,
frontal area, and vehicle speed. The inertial force is calculated based on vehicle acceleration.

The total tractive force required at the wheels is obtained by summing these components.
The instantaneous wheel power is then calculated as the product of tractive force and vehicle
speed. Only positive power values are considered, as negative power corresponds to braking
phases.

The total energy demand is calculated by integrating the wheel power over the entire driving
cycle using numerical integration. A correction factor is applied to account for real-world
losses not captured in the simplified model, such as drivetrain inefficiencies and auxiliary
loads.
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To estimate fuel consumption for internal combustion engine vehicles, the total mechanical
energy demand is divided by an assumed average engine efficiency. For electrified power-
trains, simplified assumptions are used to represent efficiency improvements. Mild hybrid
and hybrid configurations are assumed to reduce fuel consumption by a fixed percentage
relative to the conventional vehicle, while battery electric vehicle energy consumption is cal-
culated using a constant motor efficiency.

The model also includes a parametric analysis in which vehicle mass is varied between 1400
kg and 1600 kg. This allows the evaluation of how vehicle mass influences energy demand
and fuel consumption across different powertrain configurations.

It should be noted that the model is intentionally simplified and is not intended to replicate
certified WLTP results. Instead, it provides a consistent framework for comparing relative
performance between different levels of vehicle electrification. The complete implementa-
tion of the simulation model is provided in the Appendix.

5.4 Mild hybrid calculation

Mild hybrid systems reduce fuel consumption through several energymanagement strategies.
Regenerative braking recovers a portion of the vehicle’s kinetic energy during deceleration
and stores it in the battery for later use. Torque assist provides additional propulsion power
from the electric machine, thereby reducing the load on the internal combustion engine. In
addition, load point shifting allows the engine to operate closer to its optimal efficiency re-
gion by using excess engine power to charge the battery. Studies report fuel-consumption
improvements typically in the range of 5–15% depending on configuration and driving cycle
(Abidin et al. 2021; Oh et al. 2021).

Assuming a 10 % fuel reduction and taking a representative baseline fuel consumption of
a conventional ICE vehicle as FC,ICE = 8.2 l/100 km (based on typical mid-size passenger
vehicle performance), the fuel consumption of the mild hybrid vehicle can be expressed as:

FC,MHEV = 8.2× (1− 0.10) (5.7)

FC,MHEV = 7.38 L/100 km (5.8)

More advanced mild-hybrid architectures can achieve up to 16 % CO2 reduction under favor-
able operating conditions (Dornoff et al. 2022). A baseline fuel consumption of 8.2l/100km
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is assumed for the conventional ICE vehicle. The value is derived in Section 5.5 and is used
here as the reference case for estimating the fuel consumption of the mild hybrid vehicle.

5.5 ICE vehicle calculation

For a conventional vehicle, the fuel energy required to propel the vehicle can be estimated
using (Rojas-Reinoso et al. 2024):

Ef =
Ew

ηICE
(5.9)

Where:

• Ew = mechanical energy at the wheels

• ηICE = engine efficiency

Assuming:

• Required wheel energy = 0.20 kWh/km

• Engine efficiency = 0.25

Efuel =
0.20

0.25
= 0.80 kWh/km (5.10)

Fuel consumption in L/100 km:

FC =
Efuel × 100

9.7
(5.11)

(9.7 kWh/L ≈ gasoline energy content)

FC ≈ 8.2 L/100 km (5.12)

Conventional vehicles have higher fuel consumption because all braking energy is dissipated
as heat, and the engine often operates away from optimal efficiency (Oh et al. 2021).

5.6 Conventional hybrid (HEV) calculation

Conventional hybrid vehicles use larger batteries and more powerful electric motors that
allow partial electric propulsion and improved regenerative braking. Assuming a fuel con-
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sumption reduction of approximately 25%, the fuel consumption of the hybrid electric vehicle
(HEV) becomes

FCHEV = 8.2× (1− 0.25) = 6.15 L/100 km.

5.7 Battery Electric Vehicle (BEV) Energy Consumption

Battery electric vehicles (BEVs) operate using electrical energy stored in a high-capacity
traction battery and therefore do not consume liquid fuel during vehicle operation. Propulsion
is provided entirely by an electric motor, which typically achieves efficiencies above 90%,
significantly higher than internal combustion engines.

Instead of fuel consumption expressed in liters per 100 km, BEV energy use is commonly
reported as electrical energy consumption in kilowatt-hours per 100 km (kWh/100 km). The
required electrical energy depends on vehicle mass, aerodynamic drag, rolling resistance, and
driving conditions.

The electrical energy consumption can be estimated from the mechanical energy required at
the wheels:

Eelec =
Ewheel

ηmotor

where

• Eelec = electrical energy drawn from the battery

• Ewheel = mechanical energy required at the wheels

• ηmotor = electric drivetrain efficiency

Assuming the same wheel energy requirement used in the previous calculations:

Ewheel = 0.20 kWh/km

and a typical electric drivetrain efficiency of

ηmotor = 0.90

The electrical energy consumption becomes
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Eelec =
0.20

0.90
= 0.22 kWh/km

Therefore, the energy consumption per 100 km is

EBEV = 0.22× 100 = 22 kWh/100 km

For the purposes of this comparative analysis, a representative BEV energy consumption of
18 kWh/100 km is assumed. This value is broadly representative of modern passenger battery
electric vehicles and enables comparison with the fuel-consumption estimates developed for
the other powertrain configurations. For the purpose of this comparative analysis, an average
value of approximately 18 kWh/100 km is assumed. This value allows comparison between
BEV energy consumption and the fuel consumption of internal combustion engine (ICE) and
hybrid vehicles presented in the previous sections.

5.8 Results and discussion

Table 4 compares the energy or fuel consumption of four different vehicle powertrain types:
conventional internal combustion engine vehicles (ICE), mild hybrid vehicles (MHEV), con-
ventional hybrid electric vehicles (HEV), and battery electric vehicles (BEV).

Table 4: Comparison of energy and fuel consumption for different vehicle types

Vehicle Type Energy/Fuel Consumption Reduction vs ICE
ICE 8.2 L/100 km –
Mild Hybrid 7.38 L/100 km 10%
Hybrid (HEV) 6.15 L/100 km 25%
BEV 18 kWh/100 km ∼75% energy reduction

The differences in fuel and energy consumption between the vehicle powertrain configura-
tions can be visualized more clearly using a graphical comparison, as shown in Figure 9.
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Figure 9. Comparison of fuel or energy consumption for ICE, MHEV, HEV, and BEV vehi-
cles.

The results demonstrate that the ICE vehicle is used as the reference case, with a fuel con-
sumption of 8.2 L/100 km. This means that the vehicle uses 8.2 liters of fuel to travel 100
kilometers. The mild hybrid vehicle shows a small improvement in efficiency. Its fuel con-
sumption is 7.38 L/100 km, which represents about a 10 % reduction compared with the
conventional ICE vehicle. This improvement occurs because mild hybrids can recover some
energy during braking and use an electric motor to assist the engine during acceleration.(Oh
et al. 2021). The conventional hybrid vehicle (HEV) provides a larger improvement. Its fuel
consumption is 6.15 L/100 km, which corresponds to approximately a 25 % reduction com-
pared with the ICE vehicle. This is because HEVs use a larger battery and electric motor,
allowing more regenerative braking and better management of engine operation. (Su et al.
2025). The battery electric vehicle (BEV) does not use fuel at all. Instead, it consumes 18
kWh of electrical energy per 100 km. When energy use is compared with the ICE vehicle,
this corresponds to roughly a 75 % reduction in total energy consumption. This large im-
provement occurs because electric motors are much more efficient than internal combustion
engines, and there are fewer energy losses in the drivetrain (Podrackỳ et al. 2025). Overall,
the table shows that higher levels of electrification lead to lower energy consumption, with
BEVs being the most efficient and conventional ICE vehicles being the least efficient.
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5.8.1 Simulation results and discussion

This section presents the results obtained from the simplified simulationmodel. The objective
of the analysis is to evaluate the effect of vehicle weight on fuel and energy consumption for
different powertrain configurations under a WLTP-like driving cycle.

Figure 10. WLTP-like driving cycle used in the simulation model (vehicle speed in km/h).

Figure 10 illustrates a simplified WLTP-like driving cycle used in the simulation model. The
cycle includes urban, suburban, and highway driving segments with periods of acceleration,
cruising, deceleration, and vehicle stops.
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Figure 11. Fuel consumption of ICE, MHEV, and HEV vehicles as a function of vehicle
weight under WLTP-like conditions.

Figure 11 shows the variation of fuel consumption with vehicle weight for ICE, MHEV, and
HEV vehicles. It can be observed that fuel consumption increases as vehicle weight increases
for all configurations. This is due to the higher energy required to overcome rolling resistance
and acceleration forces in heavier vehicles. Among the three vehicle types, the ICE vehicle
shows the highest fuel consumption at all weight levels. The MHEV configuration reduces
fuel consumption by approximately 10 %, while the HEV configuration achieves a reduction
of about 25 %. These results highlight the benefits of hybridisation, where electric assistance
and energy recovery improve overall efficiency. In addition, hybrid vehicles show reduced
sensitivity to increases in vehicle weight compared to conventional ICE vehicles.

41



Figure 12. Electrical energy consumption of BEV as a function of vehicle weight under
WLTP-like conditions.

Figure 12 presents the electrical energy consumption of a BEV as a function of vehicle weight.
Similar to fuel-based vehicles, the energy consumption of the BEV increases with increasing
vehicle mass. Although BEVs do not consume liquid fuel, they still require more electrical
energy as vehicle weight increases. However, BEVs remain more efficient overall due to the
higher efficiency of electric drivetrains compared to internal combustion engines.
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Figure 13. Engine efficiency as a function of vehicle load based on a simplified model.

Figure 13 shows the variation of engine efficiency with vehicle load based on the simplified
model used in this study. The results indicate a slight increase in efficiency with increas-
ing load. However, it should be noted that this trend is based on simplified assumptions. In
real-world engines, efficiency follows a non-linear behaviour and is typically represented us-
ing detailed efficiency maps. Overall, the results confirm that vehicle weight is a key factor
affecting both fuel and energy consumption. Hybridisation reduces fuel consumption and
improves efficiency, while battery electric vehicles provide the highest overall efficiency.
Nevertheless, reducing vehicle mass remains an effective approach to improving energy per-
formance for all vehicle types.
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6 DISCUSSION

This chapter explains what the comparative consumption analysis found and discusses how
48-V mild hybrid technology could be useful in passenger cars. The conversation centers on
the factors that lead to fuel savings, the ways that efficiency gains are spread throughout the
powertrain, the problems with low-voltage hybrid systems, and the trade-offs between cost
and benefit that affect how people utilize them in real life. Lastly, it is examined how mild
hybridization can help us get toward full electrification.

6.1 Why mild hybrids save fuel

The primary reason mild hybrid vehicles achieve lower fuel consumption than conventional
internal combustion engine vehicles is the ability to recover and reuse energy that would oth-
erwise be lost. In conventional vehicles, kinetic energy during braking is dissipated as heat
through friction brakes, whereas mild hybrid systems convert part of this energy into electri-
cal energy and store it in the battery for later use. Recent analyses of electrified powertrains
show that even limited energy recuperation combined with optimized engine operation can
producemeasurable reductions in fuel consumption across typical driving cycles (J. Gao et al.
2025). Compared with conventional hybrid systems, mild hybrids provide smaller efficiency
improvements because their electric machine and battery capacity are significantly smaller.
However, they offer a lower cost and simpler integration into existing internal combustion
engine platforms. Another important mechanism is the reduction of inefficient engine op-
eration during transient conditions such as vehicle launch and low-speed acceleration. The
electric machine provides supplementary torque, allowing the engine to operate at more ef-
ficient load points. Studies of low-voltage hybrid systems indicate that torque assistance
reduces fuel demand, particularly in urban driving, where frequent accelerations dominate
energy consumption (Lei et al. 2020). Additionally, start–stop functionality eliminates fuel
consumption during idle periods, which can represent a significant portion of total driving
time in congested traffic environments (Shancita et al. 2014).

6.2 Where the fuel savings come from

The overall fuel-saving effect of mild hybrid technology is distributed across several subsys-
tems and operating modes. Regenerative braking typically provides a direct reduction in fuel
consumption by recovering a portion of kinetic energy during deceleration. Experimental
evaluations show that energy recuperation contributes significantly to efficiency improve-

44



ments in urban driving cycles where braking events are frequent (Şen et al. 2024). Torque
assist contributes indirectly by reducing peak engine load and allowing improved calibration
of the combustion engine, leading to lower specific fuel consumption during acceleration
(Azim Mohseni et al. 2024). Load point shifting further improves efficiency by enabling the
engine to operate closer to its optimal brake-specific fuel consumption region while excess
power is converted into electrical energy and stored in the battery (Jui et al. 2024). Collec-
tively, these mechanisms demonstrate that the fuel savings achieved by mild hybrid systems
are the combined effect of multiple energy-management strategies acting throughout the driv-
ing cycle.

6.3 Limitations of 48-V systems

Despite their advantages, 48-V mild hybrid systems have inherent limitations due to their
low-voltage architecture and relatively small battery capacity. The electric machine typi-
cally provides limited power, which prevents pure electric propulsion and restricts the level
of regenerative braking that can be achieved. Comparative analyses of hybrid architectures
show that higher-voltage systems can recover more energy and provide greater torque assis-
tance, leading to larger efficiency improvements (Hussein et al. 2024). Another limitation is
the restricted energy storage capacity of mild hybrid batteries, which are designed primarily
for power rather than energy. This reduces the duration of electric support and limits benefits
during long driving periods without frequent braking events (Mounica and Obulesu 2022).
In addition, the achievable fuel-saving potential is strongly dependent on driving conditions,
with the largest benefits observed in urban cycles and smaller improvements on steady high-
way routes.

6.4 Cost–benefit trade-off

One of the main advantages of 48-V mild hybrid technology is its favorable cost-to-benefit
ratio compared with full hybrid or plug-in hybrid systems. Because the system operates be-
low high-voltage thresholds, component costs, insulation requirements, and safety measures
are reduced. Economic assessments indicate that mild hybridization can provide noticeable
reductions in fuel consumption and emissions with a comparatively small increase in vehicle
cost Etukudoh et al. 2024. However, the absolute fuel-saving potential is lower than that of
higher-voltage hybrid or fully electric vehicles. Life cycle analyses suggest that 48-V sys-
tems can offer a balanced compromise between investment cost and efficiency improvement
for high-volume passenger vehicles (Verma et al. 2022).
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6.5 Role as a transitional technology

Mild hybrid technology is widely regarded as an intermediate step between conventional
internal combustion engine vehicles and a fully electrified powertrain. By introducing elec-
trified components such as electric machines, power electronics, and battery management
systems, manufacturers can gradually transition vehicle platforms toward higher levels of
electrification. Policy and technology assessments emphasize that low-voltage hybridization
can contribute to near-term emission reductions while supporting the long-term transition
toward fully electric mobility (Keramidas et al. 2023). From a system-engineering perspec-
tive, 48-V architectures provide a scalable foundation that can be extended to higher-voltage
hybrid or electric configurations in future vehicle generations.
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7 CONCLUSIONS

7.1 Summary of findings

This thesis investigated the technology, operation and efficiency benefits of 48-Vmild hybrid
systems in passenger vehicles. The study analysed the system architecture, main components
and operatingmodes, and compared the fuel and energy consumption of conventional internal
combustion engine (ICE), mild hybrid and plug-in hybrid powertrains using a simplified
analytical approach.

The results demonstrate that mild hybrid technology improves overall drivetrain efficiency
primarily through regenerative braking, torque assistance, start-stop functionality and im-
proved engine load management. These mechanisms enable the recovery of energy that
would otherwise be lost and reduce inefficient engine operation during transient conditions.
The comparative analysis presented in Chapter 5 indicates a fuel consumption reduction of
approximately 10 % for mild hybridisation, which is within the 5–15 % range reported in the
literature when compared with conventional ICE vehicles. Higher levels of electrification,
such as plug-in hybrid systems, can achieve larger reductions depending on driving condi-
tions and electric driving range.

The study also showed that 48-V architectures provide a practical compromise between effi-
ciency improvement and system complexity. By operating within the low-voltage range,
these systems enable the integration of electrified components without the high cost and
safety requirements associated with high-voltage hybrid or fully electric vehicles.

7.2 Answers to the research questions

The research questions presented in Chapter 1 are addressed through the analytical and the-
oretical investigations carried out in this thesis. Table 5 summarizes each research question
and the corresponding findings obtained from the system architecture analysis, operating
mode evaluation, and energy consumption comparison.
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Table 5: Summary of research questions and findings

Research
Question

Focus of the Question Answer / Findings

RQ1 What are the main architec-
tural components and operat-
ing principles of a 48-V mild
hybrid powertrain?

The analysis showed that a 48-V mild hybrid sys-
tem consists of a dual-voltage architecture integrating
an internal combustion engine, electric machine (BS-
G/ISG), inverter, lithium-ion battery, bidirectional
DC–DC converter and a supervisory control unit.
These components work together to enable regener-
ative braking, torque assist, start–stop operation and
improved load management.

RQ2 How is the 48-V hybrid bat-
tery utilized during different
operating modes, and what C-
rates occur during operation?

The hybrid battery is primarily used as a high-power
energy buffer. It supplies electrical energy during
torque assist and start–stop operation and absorbs en-
ergy during regenerative braking. Analytical calcula-
tions show that the battery operates at high discharge
and charge rates, typically between approximately 8C
and 15C, confirming that mild hybrid batteries are de-
signed for high power density rather than large energy
storage.

RQ3 How domild hybrid operating
modes improve drivetrain ef-
ficiency and reduce fuel con-
sumption?

Efficiency improvements arise from several energy-
management mechanisms, including regenerative
braking, torque assist, load point shifting, and engine
start–stop operation. These strategies reduce energy
losses, recover kinetic energy during braking, and al-
low the internal combustion engine to operate closer
to its optimal efficiency region.

RQ4 How does the energy and fuel
consumption of ICE, MHEV,
HEV and BEV powertrains
compare?

The comparative analysis showed clear differences
in fuel and energy consumption among the investi-
gated powertrain configurations. Under the assumed
WLTP-like driving conditions, the 48-V mild hybrid
vehicle achieved approximately 5–15% lower fuel
consumption than the conventional ICE vehicle due to
regenerative braking and torque assistance. The con-
ventional hybrid vehicle achieved larger reductions
because a greater proportion of propulsion energy
could be supplied electrically. The battery electric
vehicle exhibited the lowest operational energy con-
sumption and was unaffected by fuel-use constraints.
The analysis also showed that vehicle mass increased
energy demand for all powertrain types, although the
relative efficiency benefits of electrification remained
evident across the investigated weight range.

48



7.3 Engineering implications

From an engineering perspective, the results indicate that 48-V mild hybrid technology is an
effective method for improving vehicle efficiency without requiring major changes to exist-
ing internal combustion engine platforms. The dual-voltage architecture enables increased
electrical power capability while maintaining manageable safety requirements and integra-
tion complexity. The study also highlights the importance of component selection and system
design. The performance of the electric machine, inverter efficiency, and battery power ca-
pability influence the overall effectiveness and fuel saving potential of a 48-V mild hybrid
system. Optimizing these elements can significantly improve the effectiveness of mild hy-
brid systems, particularly in urban driving conditions where energy recovery opportunities
are frequent. Furthermore, the findings suggest that mild hybridisation provides a practical
pathway for improving vehicle efficiency through incremental electrification while avoid-
ing the complexity associated with higher levels of electrification. This approach reduces
development risk and supports scalable platform evolution.

7.4 Future work

Although this thesis provided a conceptual and analytical evaluation of 48-V mild hybrid
technology, several areas remain for further investigation. Future work could include detailed
simulation of the powertrain using vehicle modelling tools such as MATLAB/Simulink to
obtain more accurate fuel-consumption predictions under standardized driving cycles.

Experimental validation using real vehicle data would also improve the accuracy of efficiency
estimates and enable evaluation of control strategies under realistic operating conditions. In
addition, further research could examine advanced battery technologies, higher power 48-V
architectures, and improved energy-management algorithms to enhance regenerative braking
performance and torque assistance capability.

Another important direction is the comparison of mild hybrid technology with emerging elec-
trification solutions, including high-voltage hybrid systems and battery electric vehicles, con-
sidering lifecycle emissions, total cost of ownership, and infrastructure development. Such
analyses would provide deeper insight into the long-term role of low-voltage hybridisation
in the transition toward fully electrified transportation.
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A Vehicle Simulation Code

The Python-based simulation model developed in this thesis is presented in this appendix.
The code implements a simplified WLTP-like driving cycle and calculates vehicle energy
and fuel consumption for different powertrain configurations based on longitudinal vehicle
dynamics

A.1 Python Script

# ============================================
# VEHICLE SIMULATION WITH WLTP + EFFICIENCY MAP
# ============================================
# This script simulates vehicle energy consumption for different powertrains
# using a simplified WLTP (Worldwide harmonized Light vehicles Test Procedure) driving cycle.

import numpy as np
import matplotlib
matplotlib.use('Agg')
import matplotlib.pyplot as plt
import pandas as pd

# ============================================
# 1. INPUT PARAMETERS
# ============================================

vehicle_weights = [1400, 1500, 1600] # Vehicle masses in kg
gravity = 9.81 # Gravitational acceleration in m/s^2
rolling_resistance_coefficient = 0.01 # Rolling resistance coefficient
drag_coefficient = 0.3 # Aerodynamic drag coefficient
frontal_area = 2.2 # Frontal area in m^2
air_density = 1.2 # Air density in kg/m^3

fuel_energy_density = 9.7 # Energy density of fuel in kWh/L
motor_efficiency = 0.90 # Electric motor efficiency
correction_factor = 2.0 # Correction factor for energy calculation
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# ============================================
# 2. WLTP-LIKE DRIVING CYCLE
# ============================================

def create_wltp_cycle():
# Function to generate a simplified WLTP driving cycle
time = np.arange(0, 600, 1) # Time array in seconds
speed = [] # Speed list in m/s
for t in time:
if t < 100:
v = t * 0.15 # Acceleration phase to 15 m/s
elif t < 200:
v = 15 # Constant speed phase
elif t < 300:
v = max(0, 15 - (t - 200) * 0.15) # Deceleration phase
elif t < 400:
v = 0 # Stop phase
elif t < 500:
v = (t - 400) * 0.2 # Acceleration to 20 m/s
else:
v = 20 # Constant speed phase
speed.append(v)
return time, np.array(speed)

# ============================================
# 3. ENGINE EFFICIENCY MAP
# ============================================

def engine_efficiency(total_force):
# Calculate engine efficiency based on normalized load
load = total_force / 4000 # Normalize load
efficiency = 0.22 + 0.08 * np.exp(-((load - 0.6) ** 2) / 0.02)
return efficiency

# ============================================
# 4. WLTP ENERGY CALCULATION
# ============================================
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def calculate_energy_wltp(vehicle_mass, time_array, speed_array):
# Calculate total energy required at wheels for the WLTP cycle
total_energy = 0
for i in range(1, len(time_array)):
current_speed = speed_array[i]
previous_speed = speed_array[i - 1]
time_step = time_array[i] - time_array[i - 1]
acceleration = (current_speed - previous_speed) / time_step
rolling_force = vehicle_mass * gravity * rolling_resistance_coefficient
aerodynamic_force = 0.5 * air_density * drag_coefficient * frontal_area * current_speed ** 2
inertial_force = vehicle_mass * acceleration
total_force = rolling_force + aerodynamic_force + inertial_force
power = max(total_force * current_speed, 0) # Power in Watts, ensure non-negative
total_energy += power * time_step # Accumulate energy in Joules
return total_energy / (3600 * 1000) # Convert to kWh

# ============================================
# 5. MAIN SIMULATION
# ============================================

time_array, speed_array = create_wltp_cycle()
simulation_results = [] # List to store simulation results

for vehicle_mass in vehicle_weights:
energy_at_wheels = calculate_energy_wltp(vehicle_mass, time_array, speed_array)
energy_at_wheels *= correction_factor # Apply correction factor

average_rolling_force = vehicle_mass * gravity * rolling_resistance_coefficient
average_aerodynamic_force = 0.5 * air_density * drag_coefficient * frontal_area * np.mean(speed_array) ** 2
average_total_force = average_rolling_force + average_aerodynamic_force
ice_efficiency = engine_efficiency(average_total_force)

fuel_energy_required = energy_at_wheels / ice_efficiency
ice_fuel_consumption = fuel_energy_required / fuel_energy_density

mhev_fuel_consumption = ice_fuel_consumption * 0.90 # Mild hybrid efficiency factor
hev_fuel_consumption = ice_fuel_consumption * 0.75 # Hybrid efficiency factor
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simulation_results.append({
'vehicle_mass': vehicle_mass,
'ice_fuel_consumption': ice_fuel_consumption,
'mhev_fuel_consumption': mhev_fuel_consumption,
'hev_fuel_consumption': hev_fuel_consumption
})

bev_energy_consumption = energy_at_wheels / motor_efficiency

simulation_results.append([
vehicle_mass,
ice_efficiency,
ice_fuel_consumption,
mhev_fuel_consumption,
hev_fuel_consumption,
bev_energy_consumption
])

# ============================================
# 6. SAVE RESULTS TABLE
# ============================================

results_dataframe = pd.DataFrame(simulation_results, columns=[
"Weight (kg)",
"ICE Efficiency",
"ICE (L/100km)",
"MHEV (L/100km)",
"HEV (L/100km)",
"BEV (kWh/100km)"
])

results_dataframe.to_csv("vehicle_simulation_results_wltp.csv", index=False)

print("\n=== SIMULATION RESULTS TABLE ===")
print(results_dataframe.round(3))

# ============================================
# 7. PLOTS
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# ============================================

vehicle_weights_array = results_dataframe["Weight (kg)"]

plt.figure()
plt.plot(time_array, speed_array)
plt.xlabel("Time (s)")
plt.ylabel("Speed (m/s)")
plt.title("WLTP-like Driving Cycle")
plt.grid()
plt.savefig("wltp_driving_cycle.png", dpi=300)
plt.close()

plt.figure()
plt.plot(vehicle_weights_array, results_dataframe["ICE (L/100km)"], marker='o', label="ICE")
plt.plot(vehicle_weights_array, results_dataframe["MHEV (L/100km)"], marker='o', label="MHEV")
plt.plot(vehicle_weights_array, results_dataframe["HEV (L/100km)"], marker='o', label="HEV")
plt.xlabel("Vehicle Weight (kg)")
plt.ylabel("Fuel Consumption (L/100km)")
plt.title("Fuel Consumption vs Vehicle Weight (WLTP)")
plt.legend()
plt.grid()
plt.savefig("fuel_consumption_comparison_wltp.png", dpi=300)
plt.close()

plt.figure()
plt.plot(vehicle_weights_array, results_dataframe["BEV (kWh/100km)"], marker='o')
plt.xlabel("Vehicle Weight (kg)")
plt.ylabel("Energy Consumption (kWh/100km)")
plt.title("BEV Energy Consumption vs Vehicle Weight (WLTP)")
plt.grid()
plt.savefig("bev_energy_consumption_wltp.png", dpi=300)
plt.close()

plt.figure()
plt.plot(vehicle_weights_array, results_dataframe["ICE Efficiency"], marker='o')
plt.xlabel("Vehicle Weight (kg)")
plt.ylabel("Engine Efficiency")
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plt.title("Engine Efficiency vs Vehicle Load")
plt.grid()
plt.ticklabel_format(style='plain', axis='y')
plt.savefig("engine_efficiency_wltp.png", dpi=300)
plt.close()

print("\nFiles saved:")
print(" - vehicle_simulation_results_wltp.csv")
print(" - wltp_driving_cycle.png")
print(" - fuel_consumption_comparison_wltp.png")
print(" - bev_energy_consumption_wltp.png")
print(" - engine_efficiency_wltp.png")
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