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Introduction

The transformation of the global transportation sector is being driven by urgent environmental
concerns, rapid technological advances, and the increasing demand for sustainable energy
solutions. Against this backdrop, the development and integration of electric drive systems,
automotive electronics, and energy-saving technologies have become critical priorities for the
future of mobility.

This textbook, Electric Drive, Automotive Electronics, and Energy-Saving Technologies for
Modern Transport, provides a comprehensive overview of key concepts, technologies, and
methodologies shaping the next generation of transport systems. It is designed to equip students,
researchers, and practitioners with the foundational knowledge and practical insights needed to
understand, design, and optimize electric and hybrid vehicles.

The book is structured into six interrelated chapters:

Chapter 1 introduces the principles of electric drive systems, contrasting electric motors with
internal combustion engines and analyzing the mechanical characteristics of various motor
types, including induction, synchronous, and brushless DC motors.

Chapter 2 focuses on power supply systems and essential electronic devices used in modern
transport, such as accumulator batteries, supercapacitors, inverters, and converters.

Chapter 3 addresses electric vehicle (EV) charging technologies, exploring the infrastructure,
system types, power levels, economic factors, and emerging trends such as smart charging.

Chapter 4 examines the role of electric transport in climate change mitigation, highlighting
transport energy consumption patterns, emission sources, and the environmental benefits of EV
adoption.

Chapter 5 delves into advanced modeling and simulation techniques for electric and hybrid
vehicle powertrains, including detailed modeling of batteries, inverters, electric motors, vehicle
dynamics, auxiliary loads, and internal combustion engines.

Chapter 6 discusses the key characteristics of electric transport power sources, with emphasis
on lithium-ion battery technologies, battery management systems, fuel cells, and
supercapacitors.

Each chapter integrates theoretical background with applied perspectives, aiming to bridge the
gap between engineering fundamentals and real-world technological challenges. Through a
systematic exploration of modern transport innovations, this textbook seeks to foster a deeper
understanding of sustainable vehicle technologies and prepare readers to contribute effectively
to the evolving landscape of electric mobility.



Chapter 1: ELECTRIC DRIVE

1.1. Internal combustion engine vs Electric motor

The propulsion system is the heart of the electric vehicle, and the electric motor is located right
in the center of the system. The electric motor converts electrical energy from the battery into
mechanical energy, which allows the vehicle to move. It also works as a generator during
regenerative braking, which sends energy back to the source, Figure. 1.1 [1-36].

Figure 1.1. Electric motor for electric car

The electric motor converts electrical energy from the battery into mechanical energy, which
allows the vehicle to move. It also works as a generator during regenerative braking, which
sends energy back to the source.

But not everything is as simple as it seems. Electric motor is extremely efficient, only 5% of
the energy is lost. You should agree that this power must be curbed and you should be able to
handle it, and for this you need to know some peculiarities of the work and the types of electric
motors.

If we compare electric motors with internal combustion engines (ICE), we immediately need to
note a number of their significant advantages:

1) The electric motor consists of much fewer parts, unlike ICE. This directly indicates the
high reliability of electric motor in comparison with the internal combustion engine, Figure 1.2.

2) The engine torque reaches its maximum immediately when it is turned on, thus, electric
cars do not require the presence of starters and gearboxes typical for ICE, Figure 1.3.

3) The operation of the electric motor at different speeds (from 0 to 18000 rpm) with high
efficiency allows the electric car to do without a gearbox. To reverse the engine, i.e. to turn on
the reverse, it is enough to change the polarity (for DC motors) or phase rotation (for AC
motors), Figure 1.4.
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4) The specific energy parameters of the electric motor are much higher than that of the
internal combustion engine, Table 1.1.
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Table 1.1 ICE vs Electric motor

Parameters Typical ICE Tesla — Induction motor
Weight ~180 kg 31.8kg
Power ~140 kW 270 kW
Weight/Power ~0.8 kW/kg 8.5 kW/kg

However, it is necessary to understand that it is not safe to start an electric vehicle from the
entire potential of torque, which is much more powerful than many cars with internal
combustion engines, and this causes inefficient battery consumption.

Electric motors can be classified by the type of current, Figure 1.5:
— AC motors;
— DC motors;

— Combined engines.

Electric
Motor
‘ AC . DC
motor motor

Asynchronous Synchronous
motors motors

Motor-wheels

Figure 1.5. Classification of electric motors

1.2. Mechanical characteristic of an Induction motor

Induction motors (IM) have found widespread industrial applications due to several significant
advantages over other types of motors. The induction motor is simple and reliable in operation,
as it lacks a commutator. Induction motors are also cheaper and significantly lighter than DC
motors.

A three-phase IM includes a stator winding connected to a three-phase IM network with voltage
Ul and frequency fl, and a rotor winding, which can be implemented in two designs (Figure
1.6).

First Design: This involves a conventional three-phase winding made of conductors with
terminals on three slip rings. Such a construction corresponds to an IM with a wound rotor
(Figure 1.6,a) and allows for various electrical elements, such as resistors, to be included in the
rotor circuit to regulate speed, current, and torque. Special connection schemes can also be
implemented for the same purposes.
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Second Design: The rotor winding is created by casting aluminum into the rotor slots, resulting
in a structure known as a “squirrel cage”. The schematic of an IM with this winding, which has
no terminals and is referred to as a squirrel-cage rotor, is shown in Figure 1.6,b.

~ Uy fi ~ Ui fi

£ £ X

T Al ) O

R.
AN
M )
R, ol \< AN
o
]Zl Roaaa
a b

Figure 1.6. IM switching diagram with a phase rotor (a) and a short-circuited rotor (b)

To derive expressions for the electromechanical and mechanical characteristics of an IM, its
equivalent circuit is used, where the stator and rotor circuits are represented by their active and
inductive resistances. A unique feature of the IM equivalent circuit is that the current, EMF,
and rotor circuit parameters are converted (referred) to the stator circuit. This allows these two
circuits to be depicted as electrically connected in the schematic, even though their actual
connection is through the electromagnetic field.

Conversion is performed using the IM transformation coefficient for EMF

E 095U s nom

k= , (1.1)
£y Lo
where E| and E,— are the phase EMFs of the stator and rotor at standstill;
U ¢ nom— 18 the phase nominal network voltage.
The calculation formulas for reduction have the following form
I
E\=Ek=E; I} =72; R} = Ryk* X}y = X k2, (1.2)

Where the dash indicates the reduced values.

In the theory of electrical machines, two main equivalent circuits of an induction motor are
developed and applied: the more precise T-shaped and the simplified II-shaped. Figure 1.7
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presents the Il-shaped equivalent circuit, which is further used to derive formulas for the
characteristics of an induction motor.
I R, X1 I’ X"

:\rw\

R'Q/S
E]:E’2

Figure 1.7. IM replacement diagram
In the diagrams (Figure 1.6 and 1.7), the following notations are adopted:
Ui, Urare the effective values of the line and phase voltages of the network;
I, 1, I> are the phase currents of the stator, magnetizing current, and the referred rotor current;

X1, X% iare the inductive reactances due to leakage fluxes of the stator winding phase and the
referred rotor phase;

X, 1s the inductive resistance of the magnetizing circuit;
R, is the active resistance of the magnetizing circuit;

Re¢, Riadd, R1= R + Ri4da are the active phase resistances of the stator winding, additional resistor
and total stator resistance;

"y R%ad4, R"»= R'» + R"4a are the active phase resistances of the rotor winding, additional
resistor and total rotor resistance reduced to the stator winding;

s = 2079 s the slip of the IM motor;
@
2nf, . : .
0, = —— —is the angular velocity of the IM magnetic field (synchronous speed);
p

f1 — s the frequency of the supply voltage;

p — 1s the number of pairs of AC poles.

As can be seen from the diagram, the stator EMF is equal to the reduced rotor EMF, and the
magnetizing current /,, which determines the magnetic flux IM, flows under the action of Uy
along a certain circle consisting of the resistances of the magnetizing circuit X, and Ry, and is
the vector sum of the stator and reduced rotor currents, i.e. [, = 1+ 1".

According to the given equivalent circuit, we can obtain an expression for the secondary current
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U
1, = S . (1.3)

R 2 ) \2
\/(Rl+ ] +(X, +X3)
S

The torque of an induction motor can be determined from the loss expression, from which

2
3(75)" R;
M = m (1.4)
(DOS
Substituting the current value /5 into (1.4), we obtain
3U§f R,
M = , (1.5)

Ry Y

The torque curve M = f'(s) has two maxima: one in the generator mode, the other in the motor
mode (with significant rotor resistances, the maximum torque may be in the anti-lock braking
mode).

By equating, we determine the value of the critical slip scr at which the motor develops the
maximum (critical) torque

+ Ré .
JRZ+(X, + X3)

(1.6)

SC}"

Substituting the value of scr into (1.5), we find the expression for the maximum moment

3U7
M,, = . (1.7)

20, [Rl J_r\/Rf +(X,+ X5 )2}

The “+” sign in equations (1.6) and (1.7) refers to the engine mode (or braking by counter-

(1A

switching), the
o).

sign to the generator mode of operation in parallel with the network (at © >

If expression (1.5) is divided into (1.7) and the corresponding transformations are performed,
we can obtain

M= 2Mcr(1+ascr)

— : (1.8)

cr
—+-—"+2as,,

S S

where M., is the maximum engine torque;

Ser 1s the critical slip corresponding to the maximum moment;
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Ry
a=—-.
R,

Here it is necessary to emphasize a very important circumstance for practice — the influence of
changes in the mains voltage on the mechanical characteristics of the IM. As can be seen from
(1.5), at a given slip, the motor torque is proportional to the square of the voltage, therefore, a
motor of this type is sensitive to fluctuations in the mains voltage.

Mechanical characteristics of an Induction motor
The critical slip and angular velocity of ideal idling do not depend on voltage.

Figure 1.8 shows the mechanical characteristic of the IM.

M Motor mode | Plugging braking
Mcr.M o----
1
1
1
1
|
1
Mnom - : |
1 1 1
1 1 |
1 1 1
1 1 |
1 1 1
1 1 1
1 1 1
-Scr ! 1 1
* . - — ¢ *
s 20 -1.0 O] swom ser 1.0 20 s
1
Regenerative braking '
:
1
1
1
1
1
1
1
:
1
AR Mur,G
-M

Figure 1.8. Mechanical characteristics of an induction motor
Its characteristic points:
1) s = 0; M = 0, while the engine speed is equal to the synchronous speed;
2) § = Snom; M = Myom, corresponding to the rated speed and rated torque;

3) s = Ser; M = Mcr, i, maximum torque in motor mode;

2M . (1+as,,.)s
Hs=10, M =M, =—= (2 or)Ser — the initial starting moment;
1+s;, (1 + Za)
5) s = — Ser; M = M, — maximum torque in generator mode of operation in parallel with the
network.

When s > 1.0, the motor operates in the braking mode by counter-switching, when s < 0, the
generator mode of operation in parallel with the network (regenerative braking) takes place.
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It should be emphasized that the absolute values in the motor mode and the generator mode in
parallel with the network are the same.

However, it follows from (1.7) that the maximum torques in the motor mode and the generator
mode are different. In the generator mode of operation in parallel with the network, the
maximum torque in absolute value is greater, which follows from the relation:

2 2

Y, iy R R +X]
cr.G— MMM > > (1-9)

R -\ R T+ X}

where X, =X, +X).

If we neglect the active resistance of the stator in equation (1.8), we get a formula that is more
convenient for calculations:

M=—"Ter (1.10)

’
2 .
where s.. =+t—=: M =
cr > cr
Xk 2(00Xk

Substituting into expression (1.10) instead of the current values of M and s their nominal values

and denoting the multiplicity of the maximum moment M, by A — overload capacity, we

nom

obtain
Sﬂzzgmm(k4~dkz—l). (1.11)

Analysis of formula (1.10) shows that when s > s (non-working part of the characteristic), the
equation of a hyperbola will be obtained if in this case the second term of the denominator in
equation (1.10) is neglected, i.e.

M=2M,, (1.12)
S
or
M=Als, (1.13)

where A=2M s

cr-cr
This part of the characteristic practically corresponds only to the starting and braking modes.

For small values of slip (s < s¢) for M = £ (s) the equation of the straight line will be obtained
if the first term in the denominator (1.10) is neglected
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M=2M, — (1.14)

or
M=B-s, (1.15)

where B= M., .

S

cr

This linear segment of the characteristic represents its operational range, within which the motor
operates in a steady state. On this segment, points corresponding to the motor's nominal
parameters-nominal torque (Mnom), nominal current (/hom), nominal speed (#10m), and nominal
slip (snom) are located. The static speed drop (An) in relative units on the natural mechanical
characteristic of an induction motor at nominal torque is determined by its nominal slip.

The value of nominal slip depends on the rotor resistance. Induction motors with squirrel-cage
rotors of standard design typically exhibit the lowest nominal slip for a given power and number
of poles. Due to their design features, these motors have relatively low rotor resistance, leading
to reduced values of critical slip (s) and nominal slip (snom). For the same reasons, as the
motor's power increases, its nominal slip decreases, and the stiffness of its inherent mechanical
characteristic increases. This is illustrated by the curve in Figure 1.9, constructed based on
average data for motors of various power ratings.

% A Snom
6

Al

4 \
AN

AN

P
100 200 300 400 kW

Figure 1.9. Nominal slip curve for IM of different capacities

The magnitude of the critical moment, as can be seen from (1.7), does not depend on the active
resistance of the rotor, while the critical slip according to (1.6) increases as the rotor resistance
increases. As a result, in motors with a phase rotor, when resistors are introduced into the rotor
circuit, the maximum of the torque curve shifts towards large slips.

The value of the resistance required to construct the natural and rheostatic characteristics of a
motor with a phase rotor is determined from the expression:

s FE
R2= nom™—~2k (1.16)

v 3]2n0m ’



17

where E,;,15,,,, — 1 the linear voltage at a stationary rotor and the rated rotor current.

Figure 1.10 shows a family of rheostat characteristics in the engine mode in the coordinate axes
M and o for different values of the resistances of the rotor circuit. With a known approximation,
the rheostat characteristics in their working part can be assumed to be linear. This makes it
possible to use methods similar to those used to calculate the resistance of the armature circuit
of a IM with independent excitation when calculating the resistance of the armature circuit of a
DC motor. Some inaccuracy in determining the resistor resistance is introduced due to the fact
that the characteristic of the IM in the section of the graph from M = 0 to the maximum torque
at start-up is considered linear.

A

Natural characteristic
o

Figure 1.10. Intrinsic and rheostatic mechanical characteristics of an IM motor with a phase
rotor

More accurate is the method when the characteristics are rectified over a smaller area. The

maximum torque factor through A = Merar should be at least 1.8 for normal motors with a

nom
phase rotor, and at least 1.7 for motors with a squirrel-cage rotor. Crane motors are
distinguished by a higher maximum torque factor. For example, for motors with a squirrel-cage
rotor of the MTK series A = 2.3 + 3.4. Motors with a phase rotor of the mentioned series have
approximately the same values of A.

For motors with a squirrel-cage rotor, the factors of the initial starting torque and the initial
starting current are of significant importance from the point of view of the electric drive.

1.3. Mechanical characteristic of a Synchronous motor

Synchronous motors, if they operate at a constant frequency with unchanged angular velocity,
are used for drives that do not require speed regulation. Such drives include compressors,
refrigeration machines, stone crushers, and others. The main advantage of a synchronous motor
lies in its ability to operate with a high-power factor, leading to its increasingly wide
application.
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The angular velocity of a synchronous motor (Figure 1.11, b) during steady-state operation, as
the load on the shaft increases up to a certain value not exceeding the maximum torque Mmax,
remains constant and equal to the synchronous angular velocity

~U
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o
+ —

a b

Figure 1.11. Connection scheme (a) and mechanical characteristic (b) of a synchronous motor

_ 2,
.

®, (1.17)
Therefore, its mechanical characteristic is a straight line parallel to the horizontal axis. If the
load torque exceeds Mmax, the motor may lose synchronism, disrupting the dependency shown
in Figure 1.11, b.

Starting characteristics of a Synchronous motor

Modern synchronous motors have a special starting squirrel-cage winding in addition to the
normal working winding, which is powered by direct current. This starting winding enables the
motor to start as an induction motor, and thus, it possesses an induction characteristic during
starting. Figure 1.12 shows two starting characteristics of a synchronous motor. One of them
(curve 1) corresponds to a start with reduced initial starting torque Mst and a significant "entry
torque" Menl, defined as the torque developed at a speed of approximately 0.95 of synchronous
speed. At this speed, synchronization becomes possible after connecting direct current to the
excitation winding

If the starting cage has increased active resistance, the initial starting torque Mst2 will be higher
than in the previous case, while the entry torque M.,2 will be lower (curve 2 in Figure 1.12).
The choice between the two starting characteristics depends on the resistance torques of the
industrial mechanisms.
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Figure 1.12. Starting characteristics of a synchronous motor
Angular Characteristic of a Synchronous motor

Under pulsating load conditions on the motor shaft during steady-state operation, the
instantaneous speed fluctuates around its average value. These fluctuations occur due to
changes in the angle between the voltage and the EMF of the synchronous machine. Speed
fluctuations are significant when a synchronous motor is used with a pulsating load, such as a
reciprocating compressor. To ensure stable motor operation in such cases, it is necessary to
understand the relationship between torque M and the angle 6 (in degrees) between the voltage
and the EMF. This angle corresponds to the spatial displacement angle between the machine's
resultant field axis and the pole axis (spatial angle 0 is p times smaller than the electrical angle
0). The relationship between the torque of a synchronous machine and the angle 0 is known as
the angular characteristic

To find the angular characteristic, consider the simplified vector diagram of a non-salient pole
machine, shown in Figure 1.13. Neglecting losses in the active resistance of the stator R, =0

(Figure 1.4), the power supplied to the synchronous motor can be assumed to be equal to the
electromagnetic power, W

P=31U-cosp, W (1.18)

where 7 and U are the phase current and voltage of the stator.

IX.

®
=
0 9/

Figure 1.13. Simplified vector diagram of a synchronous motor

From the vector diagram (Figure 1.14), it follows that
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U-cos¢=Ecos(p—8). (1.19)

Figure 1.14. Simplified vector diagram of a synchronous motor, neglecting losses in the
stator's active resistance

From the consideration of the auxiliary triangle ABC it is clear (Figure 1.14) that

AB Usin6
cos(p—0)=—= :
AC IX,
Therefore
U-cosg=EU SO (1.20)

C

Now, substituting the obtained expression into equality (1.18) and replacing the angle ¢ with
the angle 0, we obtain the equation of electromagnetic power:

P=3E[ sin0O (1.21)
where I is the short circuit current
I, = Xic . (1.22)
Then the electromagnetic moment:
M :i:iElscsine. (1.23)
@ O

In the case of a salient-pole machine, an additional reactive moment appears. However, for
practical calculations, it can be neglected and formula (1.23) can be used.

When 0 =90° the moment has a maximum value

Moy == El.. (124)
0

Therefore, the angular characteristic equation takes the following form:

M=M,_,snb. (1.25)
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As the load increases, the angle 0 also increases. From equation (1.25), it is evident that,
initially, as 0 grows, the torque developed by the motor increases (Figure 1.15), which meets
the conditions for stable motor operation. On the right side of the graph, when 6>90°, the
condition for stable motor operation is violated because, with increasing load, 6 continues to
increase, while the developed torque decreases, causing the motor to lose synchronism. The left
portion of the characteristic is the working part, while the right portion, where 6 changes from
90° to 180°, is the unstable part of the characteristic.

The nominal torque Muom of the motor corresponds approximately to 6=30°. In this case, the
ratio of the maximum torque to the nominal torque is

p=Mmax _5.95
Mnom

However, in special cases, synchronous machines with a higher ratio of maximum to nominal
torque, reaching 3.5—4, are sometimes selected.
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Figure 1.15. Angular characteristic of a synchronous motor

A synchronous motor can also operate in generator mode, delivering energy back to the grid at
synchronous speed when the load torque on the shaft is negative. This corresponds to the left
branch of the characteristic in Figure 1.11, b.

For braking purposes, this mode has little practical significance since it does not allow speed
reduction. Dynamic braking of a synchronous motor is commonly used, during which the stator
winding is disconnected from the grid and short-circuited through a resistor (Figure 1.16). The
mechanical characteristics in this case resemble those of an induction motor during dynamic
braking (Figure 1.17). The braking intensity depends on the resistance of the stator circuit and
the magnetic flux created by the rotor winding current. The braking time, when the excitation
circuits are powered by a self-excited generator located on the shaft of the synchronous motor,
is longer than when powered by an independent DC source. This is because, as the rotation
speed of the exciter decreases, its EMF also decreases, reducing the excitation current and the
braking torque.
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Figure 1.16. Schematic diagram of a synchronous motor during dynamic braking
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Figure 1.17. Mechanical characteristics of a synchronous motor in dynamic braking
mode

Braking of a synchronous motor via counter-current is rarely used because it is accompanied
by large current surges and complicates control apparatus due to the necessity of disconnecting
the motor when approaching zero speed.

1.4. Brushless DC Motor

In order to improve the properties of DC motors, motors with a contactless commutator were
created, which are called contactless DC motors (CDMS), Figure 1.18. The difference between
CDMS and collector motors of traditional design is that in them the brush-collector assembly
is replaced by a semiconductor commutator (inverter), controlled by signals coming from a
contactless rotor position sensor. The working winding of the motor - the armature winding - is
located on the stator core, and the permanent magnet - on the rotor.
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Figure 1.18. Circuit diagrams of DC electric motors

The motor shaft M (Figure 1.19, a) is mechanically connected to the rotor position sensor RPS,
the signal from which is fed to the switch SB.

a b

Figure 1.19 - Block diagram (a) and magnetic system (b) of a four-phase brushless DC motor

The connection of the armature winding sections to the DC source occurs through the elements
of the switch block SB. The purpose of the RPS is to issue a control signal to the switch block
in accordance with the position of the permanent magnet poles relative to the armature winding
sections.

As rotor position sensors, various sensitive non-contact elements with minimal dimensions and
power consumption and a high multiplicity of minimum and maximum signals are used so as
not to cause disturbances in the operation of the switch unit. Sensitive elements of the RPS must
work reliably under external influences (temperature, humidity, vibrations, etc.) for which the
engine is designed. Such features are inherent in a number of sensitive elements (sensors):
inductive, transformer, magneto-diode, etc. It is most advisable to use Hall EMF sensors (Figure
1.20), which are a thin semiconductor plate with contact pads applied to it, to which pins 1-2
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are soldered, which are connected to the voltage source U and pins 3-4, from which the output
signal U: is taken. If a current I flows in the circuit 1-2, and the sensor is in a magnetic field,
the induction vector B of which is perpendicular to the plane of the sensor plate, then an EMF
is induced in the sensor and a voltage U> appears at the terminals 3-4. The value of the EMF
depends on the current I and the magnetic induction B, and the polarity depends on the direction
of the current I in the circuit 1-2 and the direction of the magnetic induction vector B.

4

Figure 1.20. Hall EMF sensor

The Hall effect is the occurrence of an electric field in a conductor or semiconductor with a
current when it is placed in a magnetic field.

The Hall effect is a consequence of the influence of the Lorentz force on the movement of
current carriers. In a magnetic field, when a current flows through a conductor with a density,
an electric field with a strength of

E:R[E,}], (1.26)

where R is the Hall constant.
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Chapter 2: POWER SUPPLY AND
ELECTRONIC DEVICES FOR MODERN
TRANSPORT

Power supply systems play a vital role in the functioning of automobiles by providing the
necessary energy to operate engines and other systems. There are a variety of power supply
system technologies used in automobiles with traditional internal combustion engines, hybrid
systems, and electric motors. In today’s world, there is a drive to develop more efficient and
environmentally friendly power supply systems, leading to the development of new
technologies such as electric vehicles and alternative energy sources. Despite significant
advances in vehicle power supply systems, challenges remain, such as: increasing energy
efficiency, reducing emissions, and developing an infrastructure for alternative energy sources.
However, with innovative developments and active technology development, there is ample
opportunity to improve vehicle power supply systems in the future. Vehicle power supply
systems have a significant impact on society and the environment. The transition to cleaner and
more efficient energy sources can lead to reduced pollution and reduced dependence on volatile
resources. Overall, vehicle power supply systems play a key role in today’s transportation
sector, and their development and improvement are essential to ensure a sustainable and
efficient future.

This chapter is dedicated to the description, construction and operation mode of functioning of
power supply electronic devices for modern transport [37-49].

2.1. Accumulator batteries

Accumulator batteries are devices designed to store electrical energy in chemical form and then
use it as an electric current. The principle of operation of accumulators is based on reversible
chemical reactions, which allow batteries to be charged and discharged repeatedly. A battery is
composed of several cells connected together in series. A cell is an independent and complete
unit that possesses all the electrochemical properties. The grouped cells are enclosed in a body
to form a battery module. A battery pack is made up of battery modules connected in series
and/or parallel to provide the voltage and energy required by the drive system.

The main components of a battery cell are [37]:

— Electrodes — anode (negative electrode) and cathode (positive electrode);

— Electrolyte — conducts ions between the anode and cathode;

— Separator — prevents contact between the electrodes but allows ions to pass.

The principle of operation of batteries is based on two main processes: charging and
discharging. When charging, a current source is connected to the battery. In this case, electrons
move to the anode, which causes oxidation reactions. lons, such as lithium, move through the
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electrolyte from the cathode to the anode and are built into the structure of the anode. The
energy supplied during the charging process is stored in chemical form.

When the battery is discharged, it is connected to a load (such as an electronic device), electrons
move from the anode to the cathode through an external circuit, creating an electric current.
Ions move back to the cathode through the electrolyte, releasing the chemically stored energy
as electrical energy.

Batteries are classified by the type of chemical element as [37-41]:

— Lithium-ion (Li-ion): the most popular type of battery with high energy density, long
durability and minimal memory effect (Figure 2.1).

, Separator ,
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Figure 2.1. Scheme of a lithium-ion battery

— The nickel-cadmium battery (Ni-Cd) is a type of rechargeable battery using nickel oxide
hydroxide and metallic cadmium as electrodes (Figure 2.2). Compared with other types of
rechargeable cells they offer good cycle life and performance at low temperatures with a fair
capacity but their significant advantage is the ability to deliver practically their full rated
capacity at high discharge rates (discharging in one hour or less). However, the materials are
costlier than that of the lead-acid battery, and the cells have high self-discharge rates.
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Figure 2.2. Scheme of a nickel-cadmium battery
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— Nickel-metal hydride (Ni-MH): has a lower energy density compared to lithium-ion, but is
more environmentally friendly (Figure 2.3).

Y il
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Figure 2.3. Scheme of a nickel-metal hydride battery

— Lead-acid (Pb-Acid): The oldest type of battery, used in car starters, uninterruptible power
supply systems and for storing energy in power plants. They are distinguished by high
reliability and low cost (Figure 2.4).

1 - Polyethylene body (monobloc); 2 - Internal positive and negative plates, made of lead; 3 - Plate
separators made of porous synthetic material; 4 - Electrolyte, a dilute solution of sulfuric acid and
water; 5 - Lead terminals, the connection between the battery and the device that needs energy

Figure 2.4. Construction of a lead-acid battery:

— Lithium Polymer (Li-Po): A variant of lithium-ion batteries with a polymer electrolyte that
allows the development of battery with complex shapes and improved safety (Figure 2.5).

Battery capacity is the maximum amount of energy that can be extracted from the battery under
certain conditions. This unit can be expressed in ampere hours (A-h) or watt hours (W-h),
although the latter is more commonly used in electric vehicles.
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Figure 2.5. Scheme of a lithium polymer battery

The main types of batteries used in electric vehicles are nickel-metal hydride (Ni-MH) and
lithium-ion (Li-ion) batteries. Nickel-metal hydride (Ni-MH) batteries are commonly used as
secondary power sources in hybrid electric vehicles (HEVs), which work in tandem with an
internal combustion engine (ICE). Li-ion batteries serve as the primary power source in battery
electric vehicles (BEVs) due to their higher energy density compared to Ni-MH batteries, which
means a greater capacity to store energy in a given mass and volume. In addition, they have
improved efficiency, longer battery life, and faster rechargeability. However, Ni-MH batteries
retain certain advantages over their Li-ion counterparts, such as being more cost-effective and
exhibiting better tolerance to overcharging and overdischarging.

Table 2.1 provides an overview of the different types of batteries, along with their respective
electrodes, electrolytes, and electrochemical reactions. These batteries encompass a range of
chemical compositions, each with its own unique characteristics.

Lead-acid batteries are the oldest energy storage devices due to their advantages of high safety,
high recycling rate and low cost. Lead-acid batteries have a specific energy of (30—-50) Wh/kg,
a specific power of (75-300) W/kg and a low self-discharge rate of (0.1-0.3)%, i.e., about 2%
of the nominal capacity per month (at 25°C).

Nickel-based batteries can be divided into Ni-MH, Ni-Zn, Ni-Cd and Ni-Fe batteries according
to the negative electrode material. Ni-MH batteries used in electric vehicles can have higher
discharge rates and higher energy densities, while also producing large amounts of heat through
the production of hydrogen. Compared with other nickel-based batteries, Ni-Zn batteries have
a shorter cycle life and are not generally used as a power source, and Ni-Zn batteries do not
cause environmental pollution problems.

The Ni-Cd battery can achieve fast charging, but it is gradually being phased out of the market
because it produces toxic substances that pollute the environment and even endanger human
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health. The Ni-Fe battery has a longer cycle life than other nickel-based batteries, but it has a

larger mass, a higher cost, and a higher self-discharge rate.

Table 2.1. Different types of batteries and their chemical reactions [37]

Bt;g:ry Electrodes | Electrolyte Electrochemical reactions
LeadoAcid ﬁ?ﬁﬂi&%‘i‘,‘é | Dilute Anode: PbO; + S02™ + 4 H 42 ¢ <> PbSOs+2 H,0
(Pb-Acid) (Cathode: Leac; sulfuric acid |Cathode: Pb + SO;~ <> PbSO4 +2 ¢

(Pb) (H2804) General: PbO; +Pb +2 H,SO4 <> 2 PbSO4 + 2 H,O
lAnode: nickel

Nickel- |oxide hydroxide [Potassium  |Anode: NiOOH + H,O + ¢ <> Ni(OH), + OH"
Cadmium |(NiOOH) hydroxide  |Cathode: Cd + 20H «» Cd(OH), + 2¢”

(Ni— Cd) [Cathode: (KOH) General: 2NiOOH + Cd +2H,0 «> 2Ni(OH), + Cd(OH),
Cadmium (Cd)

Nickel lAnode: nickel

Mot]  0xide(NiO)  [Potassium  |Anode: NiOOH + H:0 + & > Ni(OH), + OH'

hvdride Cathode: hydroxide  |(Cathode: MH + OH <> M + H,0O + ¢
(I\?i-MH) hydrogen (KOH) General: NiOOH + MH <> Ni(OH), + M

absorbing alloy
., [Lithium salt
lAnode: hit . e
Lithium-ion C:t(;loede%rleilglillnen in an organig/Anode: LiCs < C6.+ Litte .
(Li-ion) lcobalt oxide carbonate Cathode: CoO,+ Li" + ¢ <> LiCoO;
(LlCOOz) SOlVent General: L1C6 + COOZ Aand C6 + LICOOZ
Lithium- Anode: lithium . . .

olvmer carbide Anode: C¢HsLi + 6Li"+ 6e— 6C + TLi
POIYIET - athode: lithium [POIYMET  icathode: LiCoO, + Li* + & — LiCoOx(LijxCoO5)
(Li—Po) [cobalt oxide General: C¢HsLi + Li;xCoO, — 6C + 7Li + LiCoO»

(LiCo0»)

In the past, batteries for electric vehicles (EVs) were the traditional ones mentioned above, but
in recent years, most electric vehicles use lithium batteries as energy storage devices and power
sources. As a result, researchers have begun to experiment with different materials to improve
the performance of lithium batteries, such as: lithium-ion monomer batteries, lithium-ion
polymer batteries (Li-Po), lithium iron phosphate (LiFePOs) batteries, etc. The high energy
density of lithium iron phosphate batteries allows them to be manufactured in smaller capsules,
reducing the space required for placement. Lithium iron phosphate batteries efficiently
discharge energy into the moving vehicle, resulting in a long service life. Lithium-ion polymer
batteries have increased reliability and robustness compared to lithium iron phosphate batteries,
but their power density and conductivity are poorer. Lithium iron phosphate batteries can easily
cause environmental pollution during production. During use, they can overheat and cause
burns or even explosions. They are also characterized by high energy density, low self-
discharge rate and stable performance, but their usefulness decreases when subjected to extreme
temperature conditions, which limits their widespread application in BEVs.

The appearance of rechargeable all-solid-state batteries (ASSB) is another development of
electrochemical energy storage devices. They have an energy density of (250-400) Wh/L, a
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power density of (1500-6000) W/L, and a cycle life of (2000-3000). For them, the electrolyte
is very important in energy storage. When halides are used in ASSB, they have high ionic
conductivity, high energy density, high stability, and excellent mechanical deformability. This
can effectively alleviate concerns about autonomy and safety.

Li-ion batteries have higher energy densities, meaning they can store more energy in a smaller,
lighter cell, and they also have a reduced memory effect.

An important aspect when comparing different types of batteries is their operating temperature,
as this can limit their adoption. Lead-acid and lithium batteries are the best in this regard,
withstanding temperatures as low as -20°C, although in the case of Li-ion batteries, low
temperatures severely affect their capacity, causing them to self-discharge. In fact, this type of
battery has an optimal operating temperature of +40°C. Lithium-ion batteries must operate
within a safe and reliable operating range, which is restricted by temperature and voltage.
Exceeding the restrictions will lead to a rapid decrease in battery performance and even lead to
a safety hazard (it may catch fire or even explode), because above 150°C, the electrolytes begin
to self-destruct. In terms of life cycles, the batteries that offer worse results are Ni-MH and
lead-acid, while lithium batteries are capable of withstanding up to 3000 cycles, and Na-S
batteries are the ones that offer better results, withstanding up to 4500 cycles.

There are many battery production companies in the market. Some of them are world-famous
and have long been established as industry leaders. Here are a few such companies:

— Panasonic: A Japanese company known for its high-quality lithium-ion batteries used in a
wide range of devices, from portable electronics to electric vehicles.

— Samsung SDI: A division of Samsung Corporation that specializes in battery manufacturing.
They produce batteries for mobile devices, electric vehicles, power systems, and other
applications.

— LG Chem: Another large corporation from South Korea that produces lithium-ion batteries.
Their batteries are widely used in mobile devices, electric vehicles, and energy storage.

— BYD Company: A Chinese company that has become known for its innovative solutions in
the field of electric vehicles and batteries, including lithium iron phosphate batteries.

— Tesla: A company that produces electric vehicles, energy storage systems, and solar panels.
Their Powerwall and Powerpack lithium-ion batteries have received wide recognition.

— CATL (Contemporary Amperex Technology Co. Limited): A Chinese company, one of the
largest lithium-ion battery manufacturers in the world, supplying its products to various
industries including automotive, energy, and portable electronics.

— EnerSys: A world leader in the production of lead-acid batteries for various industrial and
commercial applications such as telecommunications, transportation, defense, etc.

Research into current challenges such as increasing capacity, reducing production costs,
improving safety and environmental friendliness helps to anticipate future directions of battery
technology development.
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2.2. Supercondencers

In today’s world, where the demands for energy storage and use are becoming increasingly
high, supercondencers are a promising technology that can solve many energy-related
problems. Unlike traditional chemical batteries, supercondencers offer high energy density, fast
charging and discharging, long service life, and are environmentally friendly. These devices are
becoming increasingly important in various fields such as the automotive industry, energy-
saving technologies, and medical devices.

Today, in the era of rapid technological development and increasing energy demand,
supercondencers appear before us as a promising research direction that promises to
revolutionize the way we store and use energy. Unlike traditional chemical batteries,
supercondencers have unique characteristics, including high energy density, fast charging and
discharging speed, long service life, and environmental safety. These features make them
attractive for a wide range of applications, including electric vehicles, portable devices,
renewable energy, medical devices, and more. Supercondencers, sometimes also called
ultracondencers or supercondencer batteries, are devices that can store and release energy
electrostatically, using an electric field instead of the chemical reactions that are typical of
conventional batteries. This difference allows them to provide higher energy density and faster
recharge, making them an ideal choice for applications that require high energy performance
and fast charging times, such as electric vehicles.

A supercondencer is an electrochemical device used to store energy, a capacitor with an organic
or inorganic electrolyte, in which the "plates" are an electric double layer at the interface
between the electrode and the electrolyte. In terms of characteristics, it occupies an intermediate
position between a capacitor and a chemical power source [42].

Unlike batteries, supercondencers store energy in the form of an electric field generated
between two electrodes separated by an electrolyte. This mechanism enables supercondencers
to provide high energy density, fast charging and discharging, long service life, and high
operational stability. As a result, they are widely used in various fields, including electronics,
automotive, and renewable energy.

A general view of supercondencers Maxwell 1200F, 2.7V is presented in Figure 2.6.
The main characteristics of a supercondencer include [42]:

1. Energy density. This is a parameter that determines the amount of energy that can be stored
in a supercondencer per unit volume or mass.

2. Power. This is the ability of a supercondencer to charge and discharge quickly. Due to this
characteristic, supercondencers can provide more power than traditional batteries, making them
ideal for applications that require a quick start or short-term power peaks.

3. Service life (durability). Supercondencers tend to have a long service life because they do
not involve chemical reactions that can lead to wear of the electrodes, as occurs in batteries.
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4. Cycle stability. Supercondencers can withstand a significant number of charge and discharge
cycles without degrading their performance. This makes them a good choice for applications
that require frequent recharging.

5. Working voltage. This is the maximum voltage that the supercondencer can withstand
without damage.

6. Internal resistance. Supercondencers typically have low internal resistance, which allows for
efficient energy transfer during charging and discharging.

7. Temperature range. The ability of the supercondencer to operate at different temperatures.
Some supercondencers are capable of operating in extreme conditions, making them suitable
for use in a wide range of climates.

Figure 2.6. General view of supercondencers Maxwell 1200F, 2.7V

Supercondencers can be classified based on various criteria, including electrode materials,
design, electrolyte type, and operating principle. Here are some of the main classifications:

— by electrolyte type:

¢ Organic electrolyte supercondencers: the electrolyte consists of organic compounds, such
as a salt in an organic solvent.

e Polymer electrolyte supercondencers: the electrolyte is a polymer material that provides
good conductivity and stability.

— by electrode type:

e Active carbon supercondencers: the electrodes are made of active carbon materials, such
as carbon nanotubes, graphene, or activated carbon.

e Pseudocapacitive supercondencers: the electrodes contain materials with high ion
adsorption and desorption capacity, such as metal oxides and polymer composites.

— by operating principle:

e Double layer supercondencers (EDLC): energy is stored by forming a double electrical
layer at the interface between the electrode and electrolyte (Figure 2.7).
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e Pseudocapacitive supercondencers: energy is stored by fast chemical reactions on the
surface of the electrodes, allowing for higher energy density than EDLC.

— by design:

e Flat supercondencers: have a flat design with electrodes separated by an electrolyte,
assembled into a flat stack.

e Cylindrical supercondencers: have a cylindrical shape and are used in applications where
compactness is important.

Separator

Cathode

Activated carbon

Figure 2.7. Double layer supercondencer

Supercondencers, sometimes called capactors or ultracondencers, are electrical devices that are
capable of storing and releasing energy in significant quantities in very short time intervals.
This is due to a special operating principle that distinguishes them from conventional capacitors
and batteries.

Principle of energy storage is the next: the basic idea behind supercondencers is to use two main
energy storage mechanisms: the electrical double layer (EDL) and pseudocapactivity. These
mechanisms allow supercondencers to achieve high energy density at a relatively low cost and
with a long service life.

The mechanism of the electrical double layer is based on the formation of a double layer of
charged ions on the surface of the electrode and electrolyte. When the supercondencer is
charged, positive ions are attracted to the negatively charged electrode, and negative ions are
attracted to the positively charged electrode. This creates an electrical double layer, which
provides high capacity and fast charging/discharging of the device.

Pseudocapactivity is based on fast and reversible oxidation-reduction reactions at the electrode
surface. This allows supercondencers to release large amounts of energy in short time intervals.
However, unlike the electrical double layer, pseudocapactivity typically has a lower capacitance
but a higher energy density [42].

Supercondencers differ from conventional electrolytic capacitors and batteries in the following
ways:
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— Fast charging and discharging: Supercondencers are able to accept and release energy much
faster than batteries, making them an ideal choice for applications that require high power.

— Long cycle life: Unlike batteries, supercondencers typically have a long cycle life because
they do not involve chemical processes that degrade the electrodes.

— Low Maintenance Costs: Since there is no chemical degradation process, supercondencers
require minimal maintenance and do not require component replacement for a long time.

A supercondencer stores energy due to electrostatic charges that are created on opposite
surfaces of electrodes that belong to a double electric layer. This layer is created between the
electrolyte and the electrodes. During the charging process, randomly distributed electrolyte
ions move towards the surface of the electrode that has the opposite polarity (Figure 2.8). This
process is of physical, not of chemical nature. In addition, it is completely reversible. This is
largely what determines the high power of supercondencers, their long service life, long storage
time and ease of maintenance.
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Figure 2.8. Operating principle of a supercondencer

The operating principle of supercondencers makes them a key element in many technologies
that require high power, fast charging/discharging and durability, such as automotive
electronics, renewable energy storage and industrial energy conservation systems.

Supercondencers are a key element in various applications due to their unique characteristics
such as high power, fast charging and discharging, and long life without loss of capacity. The
main areas where supercondencers are widely used are discussed below [42]:

1. Automotive industry. Supercondencers play an important role in automotive electronics,
especially in energy recovery and engine starting systems. They are able to quickly store and
release energy, making them an ideal choice for providing high power during engine starting
and improving the energy efficiency of cars.
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2. Energy sector. In the energy sector, supercondencers are used to store energy from renewable
sources such as solar and wind energy. They help smooth out fluctuations in energy production
and ensure stability in power grids.

3. Electronics and portable devices. In mobile devices, smartwatches, tablets, and other portable
devices, supercondencers can be used to quickly charge and maintain long operating times
without recharging. They can also serve as an auxiliary power source in the event of
interruptions in the main power source.

4. Processing industry and industrial applications. In industry, supercondencers can be used for
energy-saving systems, such as regenerative brakes in elevators and escalators, control of
electric drives and stabilization of power grids. They can also be used in energy saving and
voltage regulation systems.

5. Medical technology. In medical technology, supercondencers can be used to store energy in
implantable devices such as pacemakers and defibrillators. Their fast charging and reliability
make them the preferred choice for such medical applications.

The use of supercondencers in various fields continues to expand with the development of
manufacturing technologies and improvement of their characteristics. Their high performance,
reliability and environmental safety make them an important element of modern technology
and innovation.

Supercondencers are the subject of active research and development in the energy and
electronics industries, and their development prospects promise significant benefits for various
industries and technologies. The main directions and prospects for the development of
supercondencers are presented below:

1. Increasing the capacitance and energy density. One of the main directions of supercondencer
development is to increase their capacitance and energy density. This includes the development
of new materials for electrodes with a larger surface area and improving electrolytes to increase
the efficiency of energy storage.

2. Improving the electrochemical properties. Research in the field of electrochemical properties
of supercondencers is aimed at increasing their stability, reducing internal resistance and
increasing the operating temperature ranges. This will expand the scope of application of
supercondencers in various operating conditions.

3. Nanotechnology and new materials. The use of nanotechnology and the development of new
materials, such as carbon nanoparticles, metal oxides and polymers, have the potential to
improve the performance of supercondencers. This includes increasing the energy density,
reducing the size of the devices and increasing their efficiency.

4. Integration into energy storage systems. Supercondencers are increasingly being integrated
with other energy storage systems, such as lithium-ion batteries or solid-state batteries. This
allows for the creation of hybrid systems that combine the benefits of both types of devices,
such as high power and long life.
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5. Development of new manufacturing methods. With the development of new manufacturing
methods, such as nanotechnology, 3D printing and thin-film technologies, supercondencers are
becoming more accessible and cost-effective. This facilitates their widespread adoption in
various industries and applications.

6. Environmental and economic sustainability. The prospects for the development of
supercondencers are also related to their environmental and economic sustainability. They do
not contain toxic materials, can be recycled and have a long service life, making them an
attractive choice from a sustainability perspective.

Eaton Corporation PLC, Skeleton Technologies Inc., Cap-XX Limited, Maxwell Technologies
Inc. (Tesla Inc.), Kyocera Corporation are the main companies operating in the supercondencer
market.

Supercondencers are electronic devices with unique characteristics that make them an important
element of modern technology. Their main advantages include high power, which allows them
to store and release energy quickly and efficiently. Due to this feature, supercondencers are
widely used in the automotive industry for engine starting, in regenerative systems for
collecting energy during braking, and in other areas where high power and fast response are
required.

2.3. Invertor

An invertor (inverter, or power inverter) is a device for converting direct current into alternating
current with a possible change in voltage. It is usually a generator of periodic voltage, close to
a sinusoid in shape, or a discrete signal. The main switching elements are silicon controlled
rectifiers or power transistors. They are arranged in a bridge circuit and are switched on (and
off in the case of transistors) in such a way that an oscillatory signal is obtained. Some inverters
work together with other devices that set the system frequency. They are called linear
commutated. Other inverters have the ability to set the frequency independently. They are called
self-commutated. Larger uninterruptible power supply devices use more powerful inverters
with batteries of significant capacity, capable of autonomously powering consumers for hours,
regardless of the network, and when the network returns to normal, the UPS will automatically
switch consumers directly to the network, and the batteries will begin to charge. Requirements
for inverters, as well as for other power devices, include: high efficiency, reliability, as small
as possible dimensions and weight. It is also necessary for the inverter to withstand the
permissible level of higher harmonics in the input voltage, and not to create unacceptably strong
impulse interference for consumers.

Conventionally, the following inverter elements can be distinguished [43-49]:

— Input circuit, provides control and protection of input circuits, generates voltage for power
supply: inverter components, cooling system, LCD backlight and other devices;
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— PWM (pulse-width modulation) controller, generates signals of a given frequency and duty
cycle, creates a reference voltage, and also contains feedback signal processing circuits:
amplifier, comparator and protection unit;

— MOSFET unit, controlled by the PWM controller setting the initial shape of the output
signal;

— DC-AC converter, generating the final shape of the output signal;

— LC amplifier, increases the output signal voltage to the required value.
— Feedback unit, provides output voltage stabilization.

The main elements of a car inverter are:

— a body made of aluminum alloy with increased thermal conductivity, which prevents the
device from overheating;

— semiconductors that provide the conversion of direct current from a 12 V source to
alternating current;

— a fan for additional cooling (in power inverters);
— protective systems that prevent the device from failing.

Externally, a portable DC/AC inverter presents a compact device that can be connected directly
to the battery or to the cigarette lighter socket - in addition, high-quality models usually have a
USB port for charging gadgets and a socket for connecting 12 volt devices. An example of a
such inverter can be seen in Figure 2.9.

Figure 2.9. General view of a portable power inverter Radio Shack, 12 VDC to 115 VAC

An inverter for electrical and hybrid vehicles shows like a module with necessary connectors
(Figure 2.10).

The inverter is designed to convert electric current from direct (from the battery) to alternating
current, which the engine runs on. The inverter also allows you to control the acceleration or
deceleration of the electric vehicle, depending on the position of the accelerator pedal. The
principle of operation is that, using a certain circuit, the inverter converts the input signal, for
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example, 220 volts of single-phase voltage with a frequency of 50 Hz, into a signal with a high
frequency of 10 kHz and even higher.

Figure 2.10. General view of an internal inverter for electric and hybrid vehicles

Then, using its components or even under the control of an external control device, it re-forms
an output signal from this signal. For example, in the case of a frequency converter, an output
voltage for an electric motor is formed with a quasi-sinusoid of a certain frequency.

At the inverter output, the voltage is not alternating. The inverter, by partially opening its keys
in each unit of time, forms a voltage of a certain magnitude and polarity. But since the signal
has a high frequency, then for the devices powered, the signal will strongly resemble a normal
alternating voltage.

The higher the frequency of the signal, the smoother the output sine wave will be, although its
correct name would be quasi-sinusoid.

Thus, the inverter has the ability to produce a signal in a very wide range of frequencies and
voltages with the same power supply.

There are many variants of constructing inverter circuits. Historically, the first were mechanical
inverters, which in the era of development of semiconductor technologies were replaced by
more technologically advanced inverters based on semiconductor elements, and digital voltage
inverters. But still, as a rule, three main circuits of voltage inverters are distinguished [43-49]:

1) Bridge inverter without transformer (Figure 2.11). Application area: uninterruptible power
supply devices with a capacity of more than 500 VA, installations with a high voltage value
(220...360 V).

2) inverter with zero transformer pin (Figure 2.12). Application area: uninterruptible power
supply devices for computers with a power of (250...500 VA), at low voltage (12...24 V),
voltage converters for mobile radio communication systems.

3) Bridge circuit with transformer (Figure 2.13). Application area: uninterruptible power supply
devices for important consumers with a wide range of power: units + tens of kVA.
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Figure 2.13. Bridge circuit of invertor with transformer
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GTO and IGBT inverter circuits (Figure 2.14 and 2.15) allow the use of electrical energy either

directly from a battery or from a power supply to produce a three-phase power source that can
be connected to an electric motor.
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Figure 2.15. IGBT (Insulated Gate Bipolar Transistor) scheme of invertor

There are single-phase and three-phase inverters.

Single-phase voltage inverters are divided into two groups: with a pure sine wave at the
output and with a modified sine wave. Most modern devices allow a simplified form of the
network signal (modified sine wave). A pure sine wave is important for devices that have an
electric motor or transformer at the input, or if it is a special device that works only with a pure
sine wave at the input.
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Three-phase inverters are usually used to create three-phase current for electric motors, for
example, to power a three-phase asynchronous motor. In this case, the motor windings are
directly connected to the inverter output. The inverter power is selected based on the peak value
for the consumer.

There are three inverter operating modes: starting, continuous, and overload mode. In starting
mode (charging a tank, starting a refrigerator), the power can exceed the inverter's nominal
value twice for a split second, which is acceptable for most models. Continuous mode —
corresponding to the inverter's nominal value. Overload mode — when the consumer's power is
1.3 times higher than the nominal value — in this mode, an average inverter can operate for
about half an hour.

According to the operating principle, inverters are divided into:
— autonomous:
e voltage inverters (AVI);
e current inverters (ACI),
e resonant inverters (ARI);
— dependent inverters, driven by the power supply.
The main companies that produce inverters for vehicles are:

— TBS (Netherlands);

Victron (Netherlands);

Sibkontakt (Russia);

Acme Power (China-Taiwan);

EPSolar (EPEVER) (China).

Thus, based on the above, the inverter is designed to convert electric current from direct (from
the battery) to alternating current, on which the engine operates. The inverter also allows you
to control the acceleration or deceleration of the electric vehicle, depending on the position of
the accelerator pedal.

2.4. Converter

The converter is an electronic device that modifies the electrical parameters (amplitude, shape,
type, etc.) of the input signal for conjugation with the power supply system of the load electrical
circuit. DC/DC converters (supply transformers) and AC/DC converters (rectifiers) are used in
modern vehicles [43-49].

DC/DC converters (Figure 2.16) are electronic circuits or electromechanical equipment that
convert a direct current source from one voltage level to another voltage level. The need for a
voltage-current converter is given by the wide range of equipment with various supply voltages
- thus, these converters are necessary to provide the voltage required for each equipment.
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Characteristics for voltage-current converters are the input voltage, in fact, the voltage of the
power supply, and the output voltage, respectively the voltage required for the various
equipment that needs to be powered. Another important characteristic for these equipment is
the mode of regulation of the supply voltage and the output voltage.
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Figure 2.16. Block scheme of a DC/DC convertor
From a functional point of view, we have two types of DC - DC converters:

Step up DC/DC (Buck) converters (Figure 2.17) - voltage increase takes place, where the output
voltage is higher than the input (supply) voltage. Among the most current models in this range
are the DC/DC 12V/24V converter (Figure 2.18) or the DC/DC 5V/12V converter.
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Figure 2.17. Electrical scheme of a buck converter
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Figure 2.18. General view of a 12V/24V DC/DC converter for electric and hybrid vehicles
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Step down DC/DC (Boost) converters (Figure 2.19) — voltage reduction takes place, where the
output voltage is lower than the input (supply) voltage.
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Figure 2.19. Electrical scheme of a boost converter
The use of DC/DC converters has the following advantages:

DC/DC converters help regulate the voltage from a higher voltage to a lower one or vice versa,
providing the power needed to operate the working equipment and isolating the primary and
secondary circuits.

DC/DC converters offer high efficiency and adaptability in converting one voltage level to
another voltage level, compensating for voltage drops in the cable and providing protection
against overvoltage, undervoltage or short circuit, forming the direct current in voltages higher
or lower than the input.

An AC/DC converter (rectifier) is an electrical device that serves to convert alternating current
into direct current.

Three-phase rectifiers from the vehicle generator are used in modern automobiles to power
batteries or supercondencers. The three-phase half-wave rectifier (Figure 2.20) and the three-
phase full-wave rectifier (Figure 2.21) can be distinguished.

In the case of the use of three-phase half-wave rectifier the rectified voltage on the load is:
VDC: 1.17'Vphase = O.827'Vpeak (2.1)

where Vphase 15 the effective value of the phase voltage and Ve 1s the peak value of the phase
VOltage (Vphase = O.707'Vpeak).

While using the three-phase full-wave rectifier the rectified voltage on the load is:
VDC: 1.35'Vphase = O.954'Vpeak (2.2)

Thus, converters are essential components in electric vehicles, playing a crucial role in
transforming, managing and controlling the flow of electrical energy to various components of
the vehicle. They enable efficient energy conversion between the battery, electric motor and
other auxiliary devices, thus contributing to the optimal operation and performance of the
vehicle.
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Chapter 3: ELECTRIC VEHICLE CHARGING
TECHNOLOGIES

The current issues with electric vehicles are closely linked to the range provided by batteries,
the time required for charging, and their estimated lifespan. These aspects are deeply
interconnected, being influenced by the technical characteristics of the batteries and their usage
patterns. Specifically, the maximum charging power of a station is limited by the battery's
ability to handle current, which is defined by parameters such as the charge and discharge rates.

Lithium-ion (Li-Ion) batteries, the most commonly used in electric vehicles, operate optimally
at a charging rate between 1C and, in special cases, 3C, where “C” represents the battery's
capacity expressed in ampere-hours (Ah). For example, a battery with a capacity of 10 Ah
charged at 1C would require a current of 10 A, while at 3C, it would require 30 A.

However, fast charging (at high C values) can accelerate the battery degradation process. Slow
charging (below 1C) is preferable for extending battery life as it reduces thermal and chemical
stress on the active materials. This is an essential strategy for users who prioritize sustainability
and long-term cost efficiency.

In recent years, lithium iron phosphate (LiFePO4) batteries have become increasingly common
in electric vehicles due to their significant advantages. They offer a much longer lifespan than
Li-lon batteries, theoretically 5 to 10 times greater, thanks to their chemical stability and
superior resistance to charge-discharge cycles.

However, LiFePO4 batteries have notable disadvantages, such as:

— Lower energy density: Their energy storage capacity per unit of mass is lower, leading to
increased overall vehicle weight. This is a challenge, particularly in transportation, where
weight directly impacts performance and autonomy;

— Lower charge rate: Charging is recommended at 0.5C to 1C, making the process slower
compared to Li-lon batteries. Charging beyond these limits reduces the lifespan of the
batteries, even though they are more durable by design.

Another essential factor influencing battery lifespan is the Depth of Discharge (DoD). Deep
discharging, using a large proportion of the battery’s total capacity to extend vehicle range,
leads to faster cell degradation. This phenomenon affects all types of batteries, including Li-Ion
and LiFePO4. Frequent discharges beyond 80-90% of total capacity cause irreversible changes
to the internal chemical structure, reducing usable capacity and, consequently, lifespan. To
maximize longevity, it is recommended to maintain a charge level between 20% and 80%
whenever possible.

To address these limitations and optimize battery performance, the following strategies are
essential:

— Adaptive Charging: Implementation of intelligent charging systems that adjust the charging
rate based on the battery type and its current condition;
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— Use of [oT Technology: Integration of connected devices for real-time monitoring of battery
status to prevent overcharging or excessive discharging;

— User Education: Informing consumers about best practices, such as avoiding deep discharges
and opting for slow charging whenever possible.

As new solutions such as solid-state batteries are developed, significant improvements are
anticipated in terms of range, charging times, and battery lifespan.

3.1. Charging infrastructure

The electric vehicle charging infrastructure is undergoing continuous expansion and
transformation, significantly supported by funding from various European Union initiatives.
These funds aim to extend charging networks and integrate advanced technologies to support
the transition to sustainable mobility. Compared to conventional refueling stations, charging
stations for electric vehicles have both specific advantages and challenges. One of their
distinctive features is the high level of automation, which exclude the need for constant on-site
staff. This reduces operational costs and facilitates large-scale station management. However,
a major disadvantage is the longer time required to fully charge an electric vehicle compared to
refueling an internal combustion engine vehicle. To mitigate this limitation, it is essential to
have a greater number of charging stations distributed strategically. Fortunately, their
placement is flexible and space-efficient. Charging stations require minimal space and can be
easily integrated into public or residential parking areas, or even installed at users' homes, thus
enhancing charging accessibility.

From a technical perspective, these stations connect directly to the power grid and do not
impose special location requirements, apart from ensuring a stable power supply and complying
with electrical safety standards. In the long term, integrating these stations with smart grids and
renewable energy sources can optimize energy consumption and reduce the impact on the
national power grid. Charging stations for electric vehicles may lead to grid overloading,
necessitating the development and adaptation of existing infrastructure to accommodate the
new consumption patterns generated by electric vehicles. Establishing appropriate
interconnections and strengthening grid capacity are essential to ensure stability and energy
supply efficiency.

In residential areas, alternating current (AC) charging at Level 1 and Level 2 is generally
sufficient. These systems, delivering power up to 22 kW, are suitable for long-term charging,
such as overnight, when vehicles remain stationary for extended periods. Instead, in public
spaces, it is preferable to install Level 2 AC charging stations, which enable faster recharging
for users who require increased range within a shorter time frame.

On highways, at road junctions, or in other high-traffic areas, it is essential to deploy fast direct
current (DC) charging stations equipped with the CCS 2 standard. These stations are capable
of providing both three-phase alternating current (AC) charging and fast DC charging with
power outputs of up to 350 kW, significantly reducing waiting times for users.
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Optimizing residential area charging is crucial for the sustainable development of zero-emission
vehicle (ZEV) traffic. Promoting overnight charging, when overall energy demand is lower, is
vital. This approach can help prevent overloading the electrical infrastructure during peak hours
and make more efficient use of surplus energy generated by renewable sources. Nighttime
charging offers the advantage of smoothing out electricity consumption and reduces the need
for costly investments in expanding energy transmission and distribution infrastructure.

The integration of smart devices based on Internet of Things (IoT) technology into charging
stations can play a key role in achieving this goal. These devices enable real-time monitoring
of consumption and dynamic adjustment of energy flow based on grid conditions. For instance,
charging can be automatically delayed or accelerated to avoid peak consumption periods or to
utilize surplus energy from renewable sources such as solar or wind power.

An effective mechanism for managing consumption could involve implementing a
differentiated electricity tariff system. This system can be calibrated based on grid load levels
and the availability of renewable energy. During periods of low demand and surplus green
energy, lower tariffs could encourage consumers to charge electric vehicles, optimizing
resource use.

Such a tariff model could be supported by smart applications that inform users of real-time
charging costs and allow them to schedule charging during the most advantageous times. This
mechanism not only helps reduce costs for users but also contributes to balancing the power
grid and increasing sustainability.

Developing charging infrastructure requires careful planning that integrates modern
technologies, meets the diverse needs of users, and promotes optimal energy resource usage.
By adapting infrastructure, leveraging loT technology, and implementing differentiated tariffs,
an efficient transition to sustainable electric mobility can be ensured.

At the European Union (EU) level, the transition to sustainable mobility continues to accelerate.
By early 2024, the number of battery electric vehicles (BEVs) in circulation exceeded 4.5
million units. Of these, 1.5 million BEVs were registered in 2023 alone, highlighting a
significant year-over-year increase in the adoption of fully electric vehicles. This trend reflects
both the growing accessibility of BEVs and the EU’s policy focus on reducing greenhouse gas
emissions in the transportation sector [50].

In addition to BEVs, plug-in hybrid electric vehicles (PHEVs) play a complementary role in
the transition to greener transport solutions. Since 2021, PHEV registrations have stabilized at
approximately 900,000 units annually, emphasizing the demand for electric vehicles that offer
the range of conventional internal combustion engine vehicles [50].

To support and sustain this growth pace, the European Union has implemented financial
mechanisms and initiatives aimed at expanding the charging infrastructure for electric vehicles.
Significant emphasis has been placed on installing public charging stations to reduce range
anxiety among consumers and address the anticipated increase in demand for charging services.
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By early 2024, over 630,000 public charging stations had been installed across EU member
states.

However, the current infrastructure remains insufficient to meet the EU's ambitious objectives.
According to projections, the European Union aims to install 3.5 million public charging
stations by 2030 to align with the estimated growth in electric vehicle adoption. Achieving this
goal will require a consistent installation rate of approximately 34,100 new stations per month
over the next seven years. This level of infrastructure expansion will demand coordinated
efforts among member states, including simplified regulatory frameworks, incentives for
private investment, and integration of renewable energy sources into the grid. Moreover,
innovative technologies such as ultra-fast charging and smart grid systems will be essential for
enhancing the efficiency and accessibility of the charging network, ensuring it meets the needs
of both urban and rural areas.

According to data from the European Alternative Fuels Observatory (EAFO) [51], the
distribution of electric vehicle charging stations across the EU is heavily concentrated in just a
few member states. Approximately 61% of the total number of public charging stations in the
Union are located in three countries: the Netherlands, France, and Germany. This high
concentration underscores both the leadership role of these countries in the early adoption and
promotion of electric vehicles and the significant regional disparities in charging infrastructure.
Figure 3.1 provides a detailed illustration of this distribution, highlighting the discrepancies
among EU member states.

DISTRIBUTION OF ELECTRIC CAR CHARGING POINTS ACROSS THE EU
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Figure 3.1. Distribution of electric car charging point across the UE [52]

These regional imbalances can be attributed to a combination of factors, including varying
levels of public and private funding, the degree of electric vehicle adoption, national support
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policies, and existing technological infrastructure. The Netherlands, France, and Germany have
made substantial investments in developing dense charging networks to support the transition
to electric mobility, allowing them to emerge as leaders in this sector. This situation may
negatively impact the uniform adoption of electric vehicles across all member states,
emphasizing the importance of cohesion policies and support strategies for less developed
regions in terms of charging infrastructure.

Considering the strategy for locating charging stations for electric vehicles, there is a significant
deficit of high-power fast-charging stations, which are essential for supporting the widespread
use of electric vehicles, particularly for long-distance travel and in areas with high traffic
volumes. Of the total electric charging stations installed in the European Union, only 13.5% are
fast-charging stations. This modest proportion underscores a critical imbalance in infrastructure
development, potentially hindering the pace of electric vehicle adoption, especially among
users who depend on fast charging for efficient travel.

Fast-charging stations, operating at high power levels such as 50 kW and above, are vital for
reducing charging times and enhancing the appeal of electric vehicles compared to conventional
vehicles. The absence of a sufficiently dense network of such stations can create logistical and
psychological barriers for potential users, including range anxiety and the inconvenience of
long charging times. Although there are numerous European projects providing funding for the
development of fast-charging networks, progress is frequently impeded by factors such as
regulatory complexities, differing national and local priorities, and the high costs associated
with installing high-power stations.

In this context, it is imperative to establish closer collaboration between national governments
and European Union institutions to create a coordinated and effective approach. This
collaboration should focus on harmonizing technical standards for charging stations,
simplifying authorization processes for installations, ensuring consistent funding, and
establishing a regulatory framework to encourage private investments. Moreover, member
states must develop integrated national plans that prioritize the strategic placement of fast-
charging stations in critical transport hubs, including highways, urban centers, and cross-border
areas.

In the long term, addressing the shortage of fast-charging stations will be crucial for developing
a robust infrastructure capable of supporting the rapid growth of the electric vehicle fleet. This
will facilitate the transition to a sustainable and energy-efficient transportation system.

According to the data presented in the graph in Figure 3.2, the electric vehicle charging
infrastructure in Europe varies significantly between countries, depending on factors such as
the maturity of the charging network, the level of urban development, and national strategies
for implementing electric mobility. Among the analyzed countries, Norway stands out with the
most robust infrastructure, characterized by an average power of fast-charging stations of
approximately 60 kW. This performance reflects Norway’s commitment to promoting the use
of electric vehicles, supported by favorable fiscal policies and a modernized infrastructure.
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Eastern European countries have managed to integrate high-power charging stations, benefiting
from the delayed development of their networks, which coincided with recent urban
infrastructure upgrades. This timing allowed for the adoption of the latest charging
technologies. The relatively low number of electric vehicles in these regions enabled a focus
on quality, with networks including a higher proportion of high-power stations rather than
lower-power ones. This strategic approach was facilitated by local conditions, such as the low
density of electric vehicles and the need for synchronized modernization of urban infrastructure
[50].
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At the European level, 87% of electric vehicles were registered between 2020 and 2023. This
rapid growth can be attributed to ambitious political initiatives such as the European Green
Deal, the Fit for 55 plan promoting a 55% reduction in emissions by 2030, driving the transition
to electric mobility, and the Alternative Fuels Infrastructure Regulation (AFIR), which provides
funding and support for the development of alternative fuel infrastructure networks, including
fast-charging stations.

3.2. Types of charging systems

To ensure high compatibility between charging stations and electric vehicles, international
standards have been implemented for electric vehicle (EV) charging technology. The
technology for charging electric vehicles is regulated by several standards and rules that vary
depending on the regions where they are applied. These standards were developed to ensure
interoperability between different models and brands of electric vehicles, as well as to facilitate
the global transition to electric mobility.

The first fast charging standard for direct current (DC) was CHAdeMO. This DC fast-charging
system was developed by an association formed by Tokyo Electric Power Company (TEPCO)
and several top manufacturers from the automotive and electronics industries, including Toyota,
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Nissan, Mitsubishi, Subaru, Hitachi, Honda, and Panasonic. The name CHAdeMO comes from
the expression “CHArge de Move”, reflecting its goal of facilitating the rapid charging of
electric vehicles regardless of their brand or model. This standard has been widely adopted
globally due to its reliability and interoperability, and is used for fast DC charging [53].

In the European Union, the predominant standard for electric vehicle charging is the Combined
Charging System (CCS), officially introduced in 2014. CCS offers flexibility through its
compatibility with both alternating current (AC) and direct current (DC) charging, using
standardized connectors. The CCS Combo 2 variant was adopted as the official standard in
Europe, according to regulations set by the European Committee for Electrotechnical
Standardization (CENELEC). In 2019, the European Committee for Electrotechnical
Standardization officially adopted the CHAdeMO standard, stipulating that public charging
stations must also include CCS Combo 2 connectors. The integration of these standards was
carried out under the IEC-62196 framework, an international standard that regulates the plugs,
sockets, and connectors used in electric vehicles. This standard is complementary to IEC 61851,
which establishes the technical specifications for electric vehicle power supply equipment.

The adoption of common standards, such as IEC-62196 and CCS, ensures uniformity in the
charging infrastructure and facilitates the expansion of the electric vehicle market globally.
Moreover, interoperability between different charging systems helps reduce costs and increase
accessibility for users. These efforts highlight the importance of standardized regulations in
accelerating the transition to electric mobility and reducing global carbon emissions.

The establishment of a charging station with multiple charging nodes is of interest because EV
chargers are intended to serve a function similar to that of a traditional refueling station. In this
regard, EV charging stations can be classified as either AC or DC charging stations. Electric
vehicles can charge from both types of stations, as they are equipped with an AC/DC converter
that allows battery charging at home through the use of traditional outlets (e.g., Schuko in
Europe). However, when faster charging is required, EV charging stations must be used, as they
can directly supply DC to the batteries.

Charging stations can supply electricity through various connectors, depending on the desired
standard. However, electric charging stations must include several safety systems such as:

— Water and humidity resistance, to ensure vehicle charging regardless of weather conditions;
— A locking system for the charger during the charging process;

— Communication with the vehicle to limit the charging power in case of an overloaded
network;

— No electricity is supplied if the locking system is not activated or the cable is not properly
connected;

— Immobilization of the vehicle while the locking system is activated / the vehicle is charging,
so that the vehicle cannot leave and damage the charging station.
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The most common connectors for electric vehicle charging are shown in Figure 3.3. These
connectors are regulated by the standards mentioned earlier.
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Figure 3.3. Types of connectors used for EV charging [54]

Modern electrical connectors used in electric vehicle charging systems are equipped with
several pins that serve different essential functions, as illustrated in Figure 3.4. The widely used
Type 2 alternating current standard in Europe includes a total of 7 pins. Of these, three pins
(L1, L2, L3) are for three-phase alternating current power supply, one is for neutral (N), and
one represents the reserve neutral (which ensures grounding protection). Additionally, two extra
pins are dedicated to communication functions: CP (Control Pilot) regulates the energy flow
between the charging station and the vehicle, while PP (Proximity Pilot) detects the presence
and compatibility of the connected cable.

TYPE 2 CCS2
Figure 3.4. Pinout Type 2 and CCS2 connector
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In the case of low-power charging stations (Pmax < 7 kW), the charging process can be carried
out in single-phase mode, using only the L1 and N pins, while L2 and L3 are not used. This
flexibility allows the Type 2 standard to be adapted to various charging scenarios, from
residential infrastructure to public stations. Another advanced European standard is CCS2
(Combined Charging System), which combines the functionality of the Type 2 alternating
current connector with a specialized connector for high-power direct current. This hybrid design
allows users to use the same charging station for both slow charging and fast charging,
providing a practical and efficient solution for modern electric vehicles.

The same communication protocol is used for Type 1 connectors, CCS1, and the dedicated
Tesla connector, which rely on the two additional communication pins: CP (Control Pilot) and
PP (Proximity Pilot) to detect the presence and compatibility of the connected cable. On the
other hand, GB/T connectors, primarily used in China, and the Japanese CHAdeMO standard
implement distinct communication protocols, Figure 3.5. These standards require access to the
vehicle's CAN Bus (Controller Area Network) communication protocol. The connection via
CAN Bus allows for bidirectional exchange of detailed information between the charging
station and the vehicle, including real-time diagnostics of components, temperature monitoring,
and adjustment of the charging current to ensure the safety of the charging process.
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Figure 3.5. Charger Type 1, Tesla, CHAdeMO, GB/T
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If battery discharge is determined by the required power, its charging can be controlled using
optimal charging strategies. Monitoring and estimating the State of Charge (SOC) and State of
Health (SOH) play a significant role in battery charging methods. Optimal charging strategies
should be as fast as possible, while keeping the temperature and SOH of the battery within the
desired range. The component responsible for optimal battery charging is the Battery
Management System (BMS), which analyzes and monitors all information gathered from the
EV battery. It works in collaboration with the battery charging circuit by exchanging data to
control the intensity and voltage of the battery cells.

3.3. Charging power levels

The main difference between these three standards analyzed is that while the first two classify
the charging modes based on the type of power (DC or AC power), the latter classifies the
charging modes by the charging power involved. To describe the nominal power, the term
“Level” is used in SAE standards, and the term “Mode” is used in IEC standards.
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The SAE-J1772 standard, supported by SAE International (a global professional association
and standards organization), establishes the following charging modes (Table 3.1):

— AC Level 1: A standard electrical outlet providing a 120 V AC voltage with a maximum
current of 16 A, enabling charging at a maximum power of 1.9 kW.

— AC Level 2: A standard electrical outlet with a 240 V AC voltage and a maximum current
of 80 A, thus providing a maximum power of 19.2 kW.

— DC Level 1: An external charger providing a maximum voltage of 500 V DC with a
maximum current of 80 A, offering a maximum charging power of 40 kW.

— DC Level 2: An external charger providing a maximum voltage of 500 V DC with a
maximum current of 200 A, offering a maximum charging power of 100 kW.

Table 3.1. The SAE-J1772 Standard with EV Charging Modes [55]

Charge Method Volts Maximum Current Maximum Power
[V [A] [kW]

AC Level 1 120 16 1.9

AC Level 2 240 80 19.2

DC Level 1 200-500 80 40

DC Level 2 200-500 200 100

The international standard IEC-62196, created by the International Electrotechnical
Commission (IEC) in 2001, establishes the general characteristics of the charging process, as
well as how the energy is supplied. This standard is derived from IEC-61851 and provides an
initial classification of the type of charging based on its nominal power and, therefore, the
charging time (Table 3.2 and Figure 3.1). In Table 3.2, four charging modes for electric vehicles
can be identified.

Mode 1 represents the slowest form of charging an electric vehicle's battery. This solution is
often used in residential areas because the maximum current of 16A is supported by most
residential electrical connections. Despite its convenience, this mode is best suited for overnight
charging or situations where charging speed is not a priority, as it can take several hours to fully
charge a vehicle.

Mode 2 is a solution that can also be implemented in residential areas with the approval of the
electricity distributor. This mode supplies the vehicle with up to 32A, either on a single-phase
or three-phase connection. Compared to Mode 1, Mode 2 offers a moderate charging speed,
making it ideal for daily usage in environments with limited charging infrastructure but where
faster charging is desired.

Mode 3 refers to fast charging in alternating current (AC). This solution can deliver power
levels of up to 120 kW; however, the most common installations offer 22 kW. This is because
the majority of vehicles on the market can charge in AC with power outputs ranging between
11 kW and 18 kW. Mode 3 is typically found in public and commercial spaces, such as parking
lots, shopping centers, and office complexes, providing a balance between speed and
accessibility.
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Mode 4 charging represents the only ultra-fast charging solution. It is characterized by direct
current (DC) charging, which is significantly faster than AC methods. Most electric vehicles
can charge at rates of 1C to 3C in this mode, where "C" is the battery capacity. For instance, a
50 kWh battery charged at 2C would receive 100 kW of power. This mode is predominantly
used in dedicated fast-charging stations along highways or in urban hubs, enabling vehicles to
gain substantial range in just minutes, making it essential for long-distance travel and reducing

downtime.

Table 3.2. IEC-62196 Standard with EV Charging Modes [56]

Charge Mode Phase used Curre{r;:](max) Volta[g\e]](max) Maximum Power [KW]
Mode 1 AC single-phase 3.8
AC three-phase 16 230-240 7,6
Mode 2 AC single-phase 3 230-240 7,6
AC three-phase 480 15,3
Mode 3 AC single-phase 32250 230-240 60
AC three-phase 480 120
Mode 4 DC 250 - 400 600 — 1000 400

Guobiao Standards (GB) created the GB/T-20234 standard for EV charging infrastructures in
China. Although China initially adopted the European standard IEC-62196, it preferred to use
its own standard. This standard classifies charging modes between AC and DC, as shown in

Tabule 3.3.
Table 3.3. The GB/T-20234 standard with EV charging modes [57]

Max Power
(kW]

Current
[A]
10
16
32
16
32
63
80
125
200
250

Voltage

Standard V]

Mode

250

AC Charging GB/T-20234.2-2015 27,7

440

DC Charging GB/T-20234.3-2015 750 - 1000 250

The SAE-J1772 standard is the only one that includes a 120 V charging mode. The other
standards, even in their lowest charging modes, operate at higher voltages. In terms of the most
powerful modes, SAE-J1772 is also the standard that provides a lower voltage, 500 V,
compared to 1000 V offered by both IEC-62196 and GB/T-20234.

Regarding amperage, the standard that offers a lower current intensity is GB/T-20234, with 10
A, compared to the 16 A offered by the other two standards. However, in their strongest modes,
SAE-J1772 supports a maximum current intensity of 200 A, compared to 250 A in GB/T-20234
and 400 A in IEC-62196.
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When it comes to AC-based charging modes, the standard offering the lower power is SAE-
J1772, with 1.9 kW, compared to 2.5 kW in GB/T-20234 and 3.8 kW in IEC-62196. The
standard offering the higher power is [IEC-62196, with 120 kW, compared to 27.7 kW in GB/T-
20234 and 19.2 kW in SAE-J1772.

A similar trend is seen in DC-based charging modes, where IEC-62196 is the standard offering
higher power, 400 kW, compared to 250 kW in GB/T-20234 and 100 kW in SAE-J1772.

Tesla has its own fast-charging points, called Supercharger Stations. These work on DC and
use their own system. While they have a maximum charging power of 145 kW, it is currently
limited to 120 kW, allowing half-charging in just 20 minutes, or 80% in half an hour. Although
Tesla claims that its Superchargers are ultra-fast charging points, considering the IEC-62196
criteria, these charging points would be similar to Mode 3 (fast charging). In addition, Tesla
users have 400 kWh of free charging in the Tesla network, which is enough to drive
approximately 1600 km, a strategy designed to encourage users to purchase Tesla vehicles.

3.4. Charging economics

Electric vehicles (EVs) offer significant financial savings compared to fossil fuel-powered
vehicles. The cost of charging an electric vehicle is considerably lower than refueling with
gasoline or diesel, even in countries with higher electricity tariffs. For example, with an energy
consumption of 15 kWh/100 km, the cost of electricity can range from €2.25 (in Sweden) to
€9.90 (in Italy), depending on the local price of electricity. By comparison, fueling an internal
combustion engine vehicle with a fuel consumption of 7 liters/100 km typically costs between
€11 and €13, depending on fuel prices, making EVs significantly more economical in the long
run.

The sustainability of electric vehicles is strongly influenced by electricity costs relative to
fluctuations in gasoline and diesel prices, which are driven by global markets and additional
taxes. For instance, during energy or geopolitical crises, fossil fuel prices can rise dramatically,
whereas electricity prices are often mitigated by the increasing share of renewable energy
sources. This allows EV owners to rely on predictable transportation costs, facilitating more
stable financial planning.

In many countries, electric vehicles (EVs) benefit from tax exemptions, free parking,
preferential electricity rates, and government subsidies. At the same time, internal combustion
engine vehicles are subject to additional taxes related to CO2 emissions, which increase the cost
of fossil fuels. These policies encourage the transition to electric mobility and make the cost
advantage of EVs even more pronounced. Moreover, home charging, especially when energy
is sourced from private systems such as solar panels, can nearly eliminate operating costs. In
addition to direct savings and financial stability, EVs provide further benefits in the context of
the future of transportation. As renewable energy becomes increasingly accessible, electricity
prices are expected to decline further, whereas fossil fuels will remain subject to additional
taxes and resource shortages. Over the long term, the savings achieved by using electric vehicles
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are likely to increase, reinforcing their position as an economical and sustainable solution for
transportation.

Electric vehicles (EVs) have significantly lower maintenance costs due to their simplified
architecture compared to internal combustion engine (ICE) vehicles. One of the primary reasons
for this is the absence of complex components associated with combustion engines and their
transmissions. EVs are equipped with one or two electric motors, a reducer, and a differential
unit integrated directly into the drive axle.

Additionally, regenerative braking not only recovers and stores energy in the battery but also
reduces wear on the conventional braking system, resulting in a braking system that can be
optimally dimensioned for reduced stress and wear. Moreover, EVs do not require periodic oil
changes, or the replacement of essential fluids typically needed in combustion engines, thereby
eliminating the costs associated with these routine services.

Grid |

Figure 3.6. Charging the electric vehicle using photovoltaic panels

For individual households, an effective method of generating electricity for electric vehicle
charging is the implementation of a photovoltaic system. Solar panels convert solar energy into
electrical power at grid-compatible parameters. The generated energy can be used directly for
the electric vehicle’s charging or stored in a battery system for later use.

This approach reduces dependence on the electrical grid and helps lower charging costs,
particularly in regions with a high number of sunny days. Appropriately sized photovoltaic
systems can cover a substantial portion of an electric vehicle’s energy demand, and when
combined with an energy storage system, such as Lilon, LiFePo4 batteries, they can provide
complete energy autonomy.

Furthermore, the integration of photovoltaic systems with energy storage solutions enables
optimized energy management, ensuring that excess energy is stored for periods of low solar
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generation. This enhances both the sustainability and cost-efficiency of the charging process,
reducing overall energy expenses over time.

3.5. Smart charging

Electric vehicles (EVs) require high charging power, which involves significant electricity
consumption over a short period. If the charging of EVs were to occur unchecked during peak
consumption hours, the energy system would be subjected to an overload, potentially
destabilizing the grid. This issue would not only affect the grid's ability to supply power to other
consumers, but could also lead to increased costs, additional carbon emissions (due to the
activation of fossil-fuel-based energy sources to meet peak demand), and the risk of power
outages. To address this challenge, the concept of smart charging was introduced. This
technology integrates electric vehicles, charging stations, and grid operators within an advanced
communication network. Through this integration, charging stations can monitor, manage, and
regulate the EV charging process to optimize energy usage and reduce the impact on the grid.
Depending on how the charging process is managed, smart charging can be divided into two
main categories:

— User-Managed Charging (UMC)
— Supplier-Managed Charging (SMC)

The Vehicle-to-Grid (V2G) technology enables bidirectional energy transfer between the
electric vehicle and the electrical grid, providing the ability to supply energy during peak
consumption periods or when grid balancing is required. This technology transforms the electric
vehicle into a mobile energy storage unit, contributing to grid stabilization and enhancing the
quality of energy supply services by reducing voltage and frequency fluctuations. In this
context, the energy stored in the vehicle can be used to power the household, supporting energy
independence and reducing reliance on conventional energy sources.
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Figure 3.7. Vehicle-to-Grid diagram [58]

Control Unit

In contrast to V2@, the user-managed charging (UMC) system allows for direct control by the
user over the timing and duration of electric vehicle charging, based on dynamic electricity
rates. Users can schedule their charging outside of peak hours to benefit from lower prices, but
without directly interacting with the electrical grid to support its stability. UMC helps
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redistribute energy demand, avoiding grid overload during peak hours; however, it cannot
contribute to the active balancing of the grid, as V2G technology does.

Within the UMC system, users have direct control over the timing and duration of electric
vehicle charging, benefiting from dynamic Time-of-Use (TOU) rates. This method encourages
users to schedule their charging outside of peak hours, when energy prices are lower, thereby
helping to reduce pressure on the electrical grid. User behavior in this system is influenced by
fluctuating rates, which leads to an increased demand immediately after the reduction in energy
prices, as shown in Figure 3.8.
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Figure 3.8. Grid consumption with user managed charging (UMC)

The charging profile specific to the UMC system often leads to a delay in the formation of
consumption peaks, shifting them to less congested time intervals, typically between 9:00 PM
and 11:00 PM, depending on local regulations. However, while demand redistribution helps to
avoid overload during critical hours, it may generate new consumption peaks during periods
previously considered more stable. This dynamic highlights the importance of continuous
planning and optimization to efficiently manage electric vehicle charging within the context of
the grid.

Supplier-Managed Charging (SMC), also known as Vehicle-to-Grid (V2G), refers to a
technology where energy transfer occurs bidirectionally, from the grid to the battery and from
the battery to the grid. This concept represents an advanced technology in which electric
vehicles directly interact with the electrical grid to optimize energy consumption and storage.
In this scenario, the charging and discharging processes are managed automatically by the grid
operator, who makes decisions based on a range of factors, such as energy demand and supply,
real-time pricing, weather conditions, and the state of charge of the connected vehicle batteries.
This approach not only enables more efficient use of energy resources but also stabilizes the
electrical grid by supplying energy during peak demand periods and absorbing surplus energy
during low consumption periods. As such, SMC contributes to the transition towards a more
sustainable and flexible energy system, promoting the integration of electric vehicles as active
elements within the energy infrastructure.
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Given the variability of electricity production from renewable sources, particularly wind and
solar, it becomes necessary to optimize the electric vehicle charging process to avoid
overloading the grid during peak hours (between 06:30-09:30 and 15:30-19:30). Scheduling
charging outside of these intervals helps reduce imbalances in the energy system, facilitating
the integration of a higher proportion of renewable energy into the grid.
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Figure 3.9. Grid load management when using V2G [59]

Supplier-managed charging, integrated within the Vehicle-to-Grid (V2G) concept, facilitates a
new paradigm in the integration of electric vehicles into the modern energy ecosystem. This
technology transforms electric vehicles from passive energy consumers into active participants,
capable of supplying energy to the grid and contributing to its balancing.

Grid operators implement advanced algorithms and intelligent management systems to
coordinate energy transfers, optimizing the correlation between renewable energy production
and dynamic consumption requirements. Within supplier-managed charging (SMC), operators
can adjust the electric vehicle charging processes, for instance, by gradually distributing
charging or by regionally unlocking charging stations, thus helping to reduce consumption
peaks and stabilize the electrical grid. Otherwise, after work users arrive home, and connect
their vehicles to the grid to charge the battery and overload the grid as in Figure 3.10.
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Figure 3.10. Grid without load management [59]
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Smart charging of electric vehicles represents an advanced solution for optimizing the use of
renewable energy, particularly photovoltaic energy. Photovoltaic systems installed on
residential properties allow for the capture of solar energy and its conversion into a valuable
resource for the entire household, including for the charging of electric vehicles. Thus, smart
inverters can dynamically control the electric vehicle charging station based on the excess
electricity produced by the photovoltaic system. This adaptability is crucial for maximizing the
use of electricity generated by solar panels, as it ensures the exclusive use of green energy when
it is available in surplus.

An important aspect of smart charging is the management of energy flow between the
household, vehicle, and grid. Advanced algorithms allow for the adjustment of charging based
on solar production, and during surplus periods, the energy is stored in the vehicle's battery.
During peak consumption times or at night, this stored energy can be redirected to the household
to supplement the energy demand, thereby reducing dependence on the conventional electrical
grid. The Vehicle-to-Grid (V2G) technology plays a crucial role in this process, as it enables
bidirectional interaction between the vehicle and the grid, facilitating energy redistribution.

Another significant factor in the implementation of smart charging is the ability to set a
minimum battery charge level for the vehicle. This ensures the continuous availability of the
vehicle for use, even when the charging process cannot reach full capacity. Thus, users can
benefit from solar energy advantages without compromising the vehicle's range. This flexibility
is essential for the optimal integration of the charging system into users' daily routines.

The use of solar energy through photovoltaic systems significantly contributes to the energy
independence of the household. By storing energy in the vehicle's batteries and redistributing it
when necessary, households can reduce costs associated with grid energy. This practice
supports the development of an autonomous local energy system, one that does not rely on
external energy sources, providing both financial savings and a reduction in carbon footprint.

At the same time, the integration of smart charging with photovoltaic sources and V2G
contributes to the promotion of a sustainable economy, characterized by a reduction in
dependence on conventional energy resources and optimization of renewable energy use. Thus,
electric vehicles become not only an eco-friendly mode of transportation but also an efficient
energy management tool, supporting the transition to a cleaner and more sustainable energy
system.

For efficient distribution of electric energy to charging stations, the concept of Load Balancing
is employed. This system ensures the management of simultaneous energy demands across
multiple charging stations within a given area, utilizing either a centralized system or a
communication protocol between the charging stations and the grid. The primary objective of
this mechanism is to monitor and regulate the flow of energy, preventing the overloading of the
available network capacity or the individual charging stations. The load balancing system can
be either centralized, with control handled by a local server, or decentralized. This system
provides high availability for electric charging stations, even in the context of a congested
energy system.
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For instance, if the maximum available capacity in a specific area is 66 kW, a common solution
would involve the installation of three Type 2 charging stations, each with a nominal power of
22 kW. While this method offers a basic implementation, it limits the maximum number of
vehicles that can be charged simultaneously. By utilizing Load Management/Load Balancing
technology, it becomes possible to increase the number of installed stations while optimizing
the distribution of available energy. For example, six charging stations can be installed, and
energy management can be carried out according to well-defined operational scenarios.
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Figure 3.11. Power distribution at classic charging stations
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One frequently used scenario is the Fixed Power Allocation, where the available energy is
equally distributed among all charging stations. In the presented example, each of the six
stations receives a fixed allocation of 11 kW, thus adhering to the total 66 kW limit imposed by
the grid. However, this method has some limitations that may affect the service quality.
Considering the profile of vehicles on the market and the behavior of electric vehicle users, the
following observations can be made:

— Not all stations are used simultaneously;

— Electric vehicles have different charging requirements depending on the model and battery
state;

— After reaching 80% of the battery capacity, the charging regime switches from constant
current (CC) to constant voltage (CV), resulting in a reduction in absorbed power.

Given these premises, more flexible energy management methods are needed.

Static Load Management optimizes the distribution of electrical energy, allowing charging
stations to supply connected vehicles with the necessary power without exceeding the grid's
maximum limit. The system monitors each vehicle's requirements and allocates energy based
on instantaneous consumption, ensuring efficient resource use and grid stability.

For example, if two stations are used by plug-in hybrid vehicles, each requiring 5 kW, and
another two stations are used by city electric vehicles, consuming between 7 and 9 kW, the
remaining available power for the other two stations will be 19 kW. In this scenario, four
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vehicles can be charged simultaneously without exceeding the grid's maximum limit, while the
other two stations will remain available with 86% of their maximum capacity (19 kW out of 22

kW).
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Figure 3.12. Static Load Management

For electric vehicles capable of charging at higher power levels (e.g., 22 kW), energy
distribution is adjusted using algorithms such as:

— Prioritization based on order ("first-come, first-served");
— Equal distribution among connected vehicles;

— Weighted allocation, which optimizes charging based on the instantaneous consumption of
each vehicle.

A higher level of optimization is represented by Dynamic Load Management (DLM), which
involves dynamically adjusting the available power based on the conditions of the electric grid.
This system allows:

— Real-time adjustment of the charging power based on network availability and overall
consumption;

— Cost reduction by charging vehicles during periods with lower energy tariffs;
— Load balancing at the grid level, reducing the risk of overloading the system.

Implementing DLM requires integration with smart grids and the use of advanced algorithms
capable of analyzing and responding quickly to consumption fluctuations. This helps avoid
overloading the grid.
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In summary, energy management technologies such as Static Load Management and Dynamic
Load Management allow for more efficient use of electric vehicle charging infrastructure. They
contribute to increasing the operational capacity of the network, reducing associated costs, and
ensuring optimal access for users, without exceeding the technical limits of the system. By
adopting these solutions, the integration of electric vehicles into a sustainable ecosystem is
facilitated, capable of meeting the mobility demands of the future.
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Figure 3.13. Dynamic Load Management (DLM)



66

Chapter 4: CLIMATE MITIGATION AND
ELECTRIC VEHICLES

Against the backdrop of a steady rise in global temperatures and an increase in extreme weather
events, efforts to combat climate change have become a top priority worldwide. Although
climate change is influenced by a wide range of factors, a major sector of interest is transport,
which is responsible for a significant proportion of global greenhouse gas emissions. Road
transport, in particular, is a massive source of pollution, with high emissions of carbon dioxide
(CO2) and other polluting particles resulting from the burning of fossil fuels. In this context,
electric vehicles stand out as a promising alternative, offering great potential for reducing
carbon emissions. Electric vehicles work by converting electricity stored in batteries into kinetic
energy, which eliminates the need to burn fossil fuels and, implicitly, direct CO2 emissions. The
major advantage of this technology is the elimination of exhaust emissions, which are among
the main air pollutants in cities. In addition, electric vehicles generate a low level of noise
compared to vehicles with internal combustion engines, which contributes to the reduction of
noise pollution in the urban environment. The environmental benefits of electric vehicles are
even more pronounced when the energy used to charge them comes from renewable sources,
such as solar, wind or hydropower. This is important to understand the real impact of electric
vehicles on the environment, as the carbon emissions associated with electricity generation can
vary significantly depending on the energy mix used. Recent studies show that in countries
where renewables have a large share in the energy mix, electric vehicles can reduce greenhouse
gas emissions by up to 60% compared to conventional vehicles. However, in addition to the
multiple benefits, electric vehicles also come with significant technical and economic
challenges. One of these challenges is related to battery technology, the central element of
electric vehicle operation. Currently, lithium-ion batteries are the dominant technology due to
their high energy density and relatively long lifespan, but their production is associated with
environmental and supply issues. The extraction of lithium and other metals needed for
batteries, such as cobalt and nickel, can cause major environmental damage and require high
water consumption, especially in arid areas. Recycling batteries is another challenge, as the
process is complex and requires advanced technologies to recover critical materials into a form
that can be effectively reused. Despite these challenges, global research efforts are focused on
developing sustainable recycling solutions, as well as discovering greener energy storage
technologies that will gradually replace reliance on rare metals and other hard-to-reach
materials. The infrastructure required for the use of electric vehicles is another critical element.
Charging stations must be strategically located and accessible to support the transition to
electrified transport without negatively affecting the user experience. The lack of adequate
charging infrastructure can be a major impediment to the widespread adoption of electric
vehicles, which is why many governments and private sector companies are investing in
expanding and upgrading charging station networks. New fast charging methods and
technologies that allow direct charging from renewable sources are also analyzed, thus ensuring
a more efficient and sustainable use of energy. Public policies and economic incentives play a
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decisive role in the adoption of electric vehicles. Subsidies for the purchase of electric vehicles,
tax exemptions and infrastructure financing programs are some of the measures adopted
globally to accelerate the transition to green transport. These initiatives have begun to
demonstrate positive effects, generating notable increases in the number of electric vehicles
sold annually and contributing to public awareness of the benefits of this technology. By
analysing these aspects, this chapter examines the impact of electric vehicles on climate change,
providing insight into how their adoption can reshape the transport landscape and reduce
harmful emissions.

4.1. Transport energy consumption

The transport sector is one of the largest consumers of energy globally, having a significant
impact on the increase in demand for fossil fuels and, implicitly, on the generation of
greenhouse gases. Land transport, which includes personal vehicles, public transport and road
freight transport, is the dominant segment from the perspective of energy consumption. This
sub-chapter analyses the structure of energy consumption specific to this sector, highlighting
the role of different types of fuels, the energy efficiency levels of transport systems and the
challenges that accompany the transition to sustainable solutions. Currently, land transport
depends mostly on fossil fuels, mainly gasoline and diesel, used in internal combustion engines.
These fuels offer the advantage of high energy density, making them practical for large-scale
use. However, this dependence comes with significant environmental costs, given that the
burning of fossil fuels generates substantial emissions of carbon dioxide (CO:), nitrogen oxides
(NOx) and fine particulate matter, which contribute to both climate change and the degradation
of air quality. In this sense, land transport is considered one of the main polluting factors,
especially in urban agglomerations, where the density of vehicles is high. In addition to the
environmental impact, the energy efficiency of land transport raises additional issues. Personal
vehicles, for example, are often used to transport a small number of passengers, which makes
the ratio between the energy consumed and the utility obtained low. This inefficiency becomes
even more evident in the context of the constant increase in the number of vehicles on the road,
which accentuates both energy consumption and congestion of the road infrastructure. Unlike
personal vehicles, public transportation systems such as buses, trains, and subways are
significantly more energy-efficient. They can carry a large number of passengers
simultaneously, thus reducing energy consumption per individual. In particular, electric trains,
when powered by renewable energy, are an optimal example of energy efficiency and
sustainability. However, the adoption of public transport as the main means of mobility is
limited by the availability and quality of infrastructure, as well as socio-cultural factors
influencing user preferences. Apart from land transport, maritime and air transport also
contribute to overall energy consumption, albeit in a different manner. Shipping is relatively
energy efficient when it relates energy consumption to the volume and weight of the goods
being transported. However, the use of heavy fuels, such as fuel oil, has a negative
environmental impact, generating significant emissions of sulphur and other pollutants. Air
transport, on the other hand, although fast and indispensable for long distances, has one of the
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highest levels of energy consumption per kilometer and per passenger. The heavy use of
aviation gasoline, a petroleum-derived fuel, amplifies the carbon footprint of this mode of
transport, especially at high altitudes, where emissions have a disproportionate climate impact.
Transition to sustainable solutions In the context of climate change and the urgent need to
reduce greenhouse gas emissions, the transition to more efficient and less polluting technologies
and transport systems becomes imperative. In land transport, electric and hybrid vehicles
represent promising alternatives, with the potential to significantly reduce the consumption of
fossil fuels. They run on electricity, and their impact on the environment is directly influenced
by the energy source used to charge the batteries. In addition, the development of new energy
storage technologies and the improvement of charging infrastructure are key factors for
accelerating the widespread adoption of electric vehicles. Also, the expansion and
modernization of public transport networks is another essential pillar of the transition to
sustainable energy consumption. Promoting the use of electric trains and other energy-efficient
means contributes to reducing total energy consumption in the transport sector and reducing
associated emissions. In this regard, public policies and investments in infrastructure play a
fundamental role, providing the necessary framework for the adoption of sustainable solutions.
The analysis of energy consumption in transport reveals the complexity of this sector and the
importance of developing integrated strategies that meet both the mobility requirements of
society and the objectives of reducing environmental impact. An effective method of estimating
energy consumption in transport is simulation. In the paper [60], the authors perform
simulations for energy consumption in the field of public passenger transport. The simulation
model was implemented using the SUMO (Simulation of Urban Mobility [61]) platform, an
established software tool in the modeling and analysis of urban transport systems. The
simulation targets a typical public transport route, capturing the complexity of vehicle-
infrastructure-environment interactions. SUMO allows the integration of a wide range of
factors that significantly influence the energy consumption and pollutant emissions of vehicles,
such as the elevation profile of the route, driving style, traffic light cycles, unpredictable traffic
events and specific characteristics of the vehicle. The model also incorporates modules for
estimating energy consumption and emissions, based on the principles of physics of motion.
Energy consumption and emissions modelling equations take into account the multiple
contributions of different powertrain components and vehicle-environment interactions. Thus,
the model includes terms that represent the energy required to overcome rolling resistance
forces, aerodynamic forces and gravitational forces associated with altitude variations. Energy
losses in the transmission system and auxiliary components of the vehicle are also considered.
The analysis carried out showed an inversely proportional correlation between the average
distance between public transport vehicle stops and the specific energy consumption. Thus, in
the simulated scenario, longer stopping distances (250m, 350m, 500m and 1000m Figure 4.1)
led to a significant reduction in energy consumption compared to shorter distances (100m). This
trend can be attributed to the increased frequency of accelerations and decelerations over short
distances, processes involving significant energy losses associated with overcoming inertial
forces and rolling resistance. However, optimizing the distance between stops is not a problem
with a one-size-fits-all solution, as this parameter influences both the energy efficiency of the
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system and the quality of service offered to users. Thus, an excessive increase in the distance
between stops can lead to a decrease in the frequency of the service and an increase in waiting
times, negatively affecting the comfort and attractiveness of public transport. In conclusion,
the results obtained underline the need to adopt a multidisciplinary approach in the optimization
of public transport networks, which takes into account both energy aspects and those related to
transport demand and user comfort. Advanced simulation models, capable of integrating a wide
range of variables, such as the route elevation profile, traffic conditions, vehicle type and user
behavior, can be valuable tools in this endeavor [60].
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Figure 4.1 Energy consumption for urban passenger transport [60], [61]

Another type of passenger transport is the high-speed rail transport. Maglev reindeer (magnetic
levitation) is a leading innovation in rail transportation, using electromagnetic fields to levitate,
propel and guide vehicles over a dedicated rail without physical contact. This operating
principle completely eliminates mechanical friction between wheels and rails, which
significantly reduces energy losses, ensures a high level of comfort and allows outstanding
speeds of up to 600 km/h to be achieved, as seen in the case of the Shanghai Maglev train [62-
64]. The levitation system is ensured by the use of strong magnets. In the case of EMS
(Electromagnetic Suspension) technology, the train is attracted to the rail by means of active
electromagnets that provide stable levitation at a distance of 10-15 mm from the rail. On the
other hand, EDS (Electrodynamic Suspension) technology uses superconducting magnets,
which create a repulsive magnetic field, raising the train to a height of 100-200 mm and
providing a high degree of stability and energy efficiency. The propulsion of Maglev trains is
based on a Linear Synchronous Motor (LSM), which uses coils placed along the rail to generate
variable magnetic fields. They interact with the magnets mounted on the train, resulting in a
propulsive force capable of accelerating the vehicle to very high speeds, without vibrations or
disturbing noises. In addition, this technology allows precise control of speed and direction,
including fast and safe braking. The lateral stability of the train is also maintained through
magnetic interactions, eliminating the need for additional mechanical components, such as
wheels, which are characteristic of conventional trains. From a technical point of view, Maglev
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trains offer a number of impressive performances. They are capable of carrying between 200
and 1,200 passengers, depending on the vehicle configuration, and have an energy consumption
of only 0.08-0.10 kWh/passenger-km, making them considerably more efficient than airplanes.
Also, the maximum acceleration of a Maglev train can reach 4 m/s?, and the durability of the
infrastructure is extended to over 50 years, thanks to the elimination of mechanical wear.
However, the construction of the infrastructure necessary for their operation involves high
costs, estimated at more than 30-50 million USD/km, which limits their large-scale
implementation. Despite the costs, Maglev trains bring significant benefits, such as high speed,
reduced travel time, superior comfort due to the absence of vibrations, as well as quiet
operation. They also help reduce noise pollution and carbon emissions, making them an
environmentally friendly solution for medium and long-distance transport. Thus, Maglev
technology not only redefines modern transport, but also has the potential to transform urban
and interurban mobility in a sustainable and efficient way. This represents a promising direction
for the future of high-speed transport, combining cutting-edge technological performance with
a sustainable vision of global mobility. Energy consumption in high-speed trains has evolved
significantly over time as rail technologies and infrastructures have been improved. The first
high-speed trains, such as the Japanese Shinkansen launched in 1964, used conventional
technologies based on electric traction powered by dedicated rail networks. Although these
represented a significant leap in terms of rail transport efficiency, the energy consumption
compared to high speeds was relatively high, mainly due to the mechanical friction between the
wheels and the rails and the increased aerodynamic resistance at high speeds. As technology
advanced, engineers focused on reducing energy consumption by optimizing vehicle design and
improving infrastructure. The use of lightweight materials for the construction of trains, such
as aluminum and composite alloys, has contributed to reducing their weight, thus decreasing
the energy required for propulsion. In addition, advanced aecrodynamic designs were developed,
which minimized drag. For example, the TGV trains in France and the ICE in Germany have
adopted elongated and elegant shapes, considerably reducing energy consumption at speeds
above 300 km/h. Another key factor in reducing energy consumption was the shift to more
efficient electrical systems, such as synchronous motors and braking (regenerative) energy
recovery systems. These technologies allow trains to recover some of the energy lost during
braking and return it to the power grid, thus increasing overall efficiency. For example, modern
trains, such as the Eurostar and the N700 Shinkansen series, recover up to 20-30% of the energy
used, which helps to reduce operational costs and environmental impact. In recent years, the
introduction of Maglev trains (magnetic levitation) has radically changed the paradigm of
energy consumption in the field of high-speed transport. Although the infrastructure required
for their operation involves a high initial energy consumption during construction, Maglev
trains are extremely efficient in operation, due to the elimination of mechanical friction between
the train and the rail. With an average consumption of 0.08-0.10 kWh/passenger-km, Maglev
outperforms both conventional trains and other forms of high-speed transport, such as airplanes,
in efficiency. In the long term, the energy sustainability of high-speed trains is a priority, and
the integration of renewable energy sources into electrified rail networks is becoming
increasingly common. Many rail networks now use solar, wind, or hydroelectric power to power



71

trains, significantly reducing their carbon footprint [65]. For example, trains in the Netherlands
run 100% on wind power, a model that could be replicated in other countries. Thus, the
evolution of high-speed trains reflects a constant technological progress aimed at increasing
energy efficiency and reducing environmental impact. From its beginnings based on
conventional technology, to the implementation of Maglev trains and renewable energy, high-
speed rail transport is proving to be a modern, sustainable and efficient solution for the mobility
needs of the 21st century [66]. In the context of increasing greenhouse gas emissions from the
transport sector, which account for around 25% of global CO: emissions, high-speed trains offer
a sustainable alternative to air and road transport, which are responsible for the bulk of these
emissions. High-speed trains mainly use electricity for propulsion, eliminating dependence on
fossil fuels. In addition, modern rail systems have integrated energy-efficient technologies, such
as optimised electric motors, regenerative braking systems and aerodynamic designs, which
reduce energy consumption per passenger. For example, the average consumption of high-
speed trains, such as the French TGV or the Japanese Shinkansen, varies between 0.05 and 0.15
kWh/passenger-km, significantly lower compared to airplanes, which consume an average of
0.2-0.3 kWh/passenger-km, or passenger cars, with 0.4-0.6 kWh/passenger-km [67]. Another
important contribution to reducing the climate impact of rail transport is the integration of
renewable energy sources into the power supply of electricity grids. In many regions, high-
speed trains are already running on solar, wind or hydroelectric power. For example, the railway
network in the Netherlands is powered entirely by wind energy, and other countries, such as
Germany and Japan, are expanding their infrastructure to incorporate renewable sources. This
transition reduces indirect emissions associated with energy production, contributing to the
decarbonisation of transport. High-speed trains not only emit less CO:, but also contribute to
reducing noise pollution and other harmful emissions, such as nitrogen oxides and fine
particulate matter, which are commonly associated with road and air transport. They also have
the ability to reduce traffic congestion by replacing many short-haul flights and personal car
travel. In the European Union, the widespread adoption of high-speed rail transport could
reduce emissions from the transport sector by up to 10%, according to estimates by the
European Environment Agency [68]. A notable example of the success of high-speed trains in
combating climate change is the Madrid-Barcelona line in Spain [69] . After the opening of this
line, air traffic between the two cities decreased by more than 50%, which led to a significant
reduction in CO: emissions. Similarly, the Paris-Lyon line has demonstrated that high-speed
trains can take over 90% of the transport market share over distances of up to 500 km, providing
a sustainable and affordable solution. In the long term, the expansion of high-speed rail
networks and the modernisation of existing ones is a key strategy for reducing emissions from
the transport sector. Combining them with integrated urban mobility plans, such as green public
transport and the use of green energy, can amplify the positive impact on the environment.
Thus, high-speed rail transport becomes a central pillar in the transition to a cleaner, more
efficient and more sustainable mobility system, contributing significantly to the global goals of
limiting global warming to below 1.5°C, according to the Paris Agreement [65], [68], [70] .
The use of nuclear energy in high-speed rail transport is an innovative idea that could
fundamentally transform this sector, providing a stable, efficient and low-carbon source. In the
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context of accelerating the energy transition and the need to reduce global greenhouse gas
emissions, nuclear energy is emerging as a viable option for powering high-speed rail networks,
due to its ability to produce large amounts of electricity with a low environmental impact. The
main attraction of nuclear energy in this area lies in its potential to provide reliable, continuous
and fluctuation-free energy, regardless of weather conditions or the availability of other
renewable sources. Modern nuclear power plants, based on advanced reactors, can provide
electricity needed to operate high-speed rail networks, reducing dependence on fossil energy
sources. For example, a medium-sized nuclear reactor with a capacity of 1 GW could
simultaneously power several high-speed train lines, including extensive long-distance
networks. In the long term, Small Modular Reactors (SMRs) could become ideal solutions for
the integration of nuclear energy into rail transport. These compact reactors are designed to be
installed close to consumption areas, reducing energy losses associated with long-distance
transmission. For example, an SMR with a capacity of 300 MW could provide the necessary
energy for an entire regional high-speed rail network. In addition, these reactors are much safer
than traditional models, being equipped with passive protection systems that minimize the risk
of accidents. Another advantage of nuclear energy is its low environmental impact. Over the
entire life cycle, nuclear energy produces much less CO: emissions compared to fossil fuels and
even some renewable sources, such as solar energy, if the production of materials for
photovoltaic panels is taken into account. Thus, the integration of nuclear power plants or SMRs
into rail networks could significantly contribute to the decarbonisation of high-speed transport,
aligning with the objectives set by the Paris Agreement. However, the deployment of nuclear
energy in this area also involves challenges. The high upfront costs for the construction of
nuclear power plants and the necessary infrastructure are a significant obstacle, and public
acceptance of this technology is often influenced by fears about the safety and management of
radioactive waste. However, recent advances in advanced reactors, which produce less waste
and are more efficient, could help overcome these barriers. Nuclear energy could also play a
complementary role in the energy mix of high-speed rail transport. In combination with
renewables, such as wind and solar, nuclear could act as a backbone, ensuring a steady flow of
energy during periods of high demand or in the absence of optimal conditions for renewables.
Thus, the use of nuclear energy in high-speed rail transport could represent a revolutionary
solution to simultaneously meet the needs of rapid mobility and environmental protection
objectives. With strategic investments in research, infrastructure and appropriate regulations,
nuclear energy has the potential to contribute to creating a more sustainable, efficient and safe
transport system for the future. This approach could become a key element of global strategies
to combat climate change and develop a low-carbon economy [64].

Maritime transport is one of the essential pillars of the global economy, accounting for about
90% of international trade. However, this sector is also a major consumer of energy, having a
significant impact on the environment through greenhouse gas emissions. Analysing energy
consumption in maritime freight and passenger transport is essential to identify solutions that
reduce the carbon footprint and ensure sustainable transport. Maritime freight transport,
especially that carried out by means of high-capacity ships such as container ships, oil tankers
and bulk carriers, is one of the most energy-efficient in relation to the tonne of cargo transported
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[71]. Their specific energy consumption varies between 3 and 10 g CO2/tonne-km, considerably
lower than that of road or air transport [72]. However, the large volume of cargo transported
and the high number of ships in operation contribute to the annual emission of around 1 billion
tonnes of CO:, equivalent to 3% of global emissions. The main source of energy used in
shipping remains fuel oil, a fossil fuel with a high sulfur content, which contributes to air
pollution through SO: emissions and fine particulate matter [73]. In maritime passenger
transport, such as cruise ships and ferries, energy consumption is significantly higher per
passenger-km, due to the additional requirements for comfort, facilities and on-board services.
Cruise ships, for example, can consume between 150 and 250 kWh/passenger per day, including
the energy needed for propulsion, air conditioning, restaurants, entertainment and other
activities [72], [74]. Although it represents only a small part of the global maritime sector, this
type of transport has a disproportionately large ecological footprint, contributing to both CO-
emissions and local marine pollution. In recent years, efforts to reduce energy consumption
and emissions in the maritime sector have led to the adoption of more efficient technologies
and alternative fuels. Efficient diesel engines, the use of liquefied natural gas as an alternative
to fuel oil and the implementation of hybrid propulsion systems have helped to reduce fuel
consumption and associated emissions. For example, ships powered by liquefied natural gas
emit up to 20% less CO: and almost eliminate sulfur emissions [75] . Another important aspect
is the use of performance optimization technologies, such as improved hydrodynamic hull
designs, special coatings to reduce friction and the use of advanced thrusters [76], [77]. These
measures can reduce fuel consumption by up to 15-20%, without affecting operating speed.
Also, digitalization and the use of on-board energy management systems allow for continuous
monitoring and optimization of fuel consumption, thus reducing costs and environmental
impact. To increase the sustainability of maritime transport, renewable energy sources and
innovative technologies are becoming increasingly relevant. Ships equipped with modern sails,
kites or solar panels have demonstrated that renewable energy can be integrated into maritime
transport, reducing dependence on fossil fuels. For example, hybrid ships Figure 4.2 that
combine electric propulsion and solar energy can reduce emissions by up to 30% compared to
traditional ships [78], [79].

In the long term, the transition to alternative fuels, such as ammonia, green hydrogen or marine
biofuels, could completely transform the maritime sector, significantly reducing carbon emissions
and helping to achieve global decarbonisation goals. However, the adoption of these solutions
depends on the development of adequate infrastructure, high costs and regulatory requirements.
Thus, energy consumption in maritime freight and passenger transport is a key factor in the
transition to a more sustainable global transport system. Electric vehicles are powered exclusively
by batteries that store electricity, used to power electric motors, thus eliminating the need for fossil
fuels. These batteries, mainly lithium-ion batteries, are designed to offer high energy density,
durability and the ability to be recharged thousands of times over the life of the vehicle. The energy
efficiency of electric vehicles is significantly higher compared to vehicles with internal combustion
engines, due to the fact that electric motors convert about 85-90% of the stored energy into
movement, unlike internal combustion engines, which have an efficiency of only 20-30%, with the
rest of the energy being lost in the form of heat.
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Figure 4.2 Ship with hybrid propulsion [78]

On average, an electric vehicle (EV) consumes between 15 and 20 kWh/100 km, depending on
factors such as vehicle size, weight, powertrain efficiency, traffic conditions and driving style.
Smaller vehicles, designed for urban use, have a lower consumption, around 12-15 kWh/100
km, while larger models, such as electric SUVs, can consume between 20 and 25 kWh/100 km
[80, 81]. In addition to the intrinsic efficiency of electric motors, other technologies, such as
regenerative braking, help reduce energy consumption by recovering some of the vehicle's
kinetic energy during deceleration and storing it in the battery. For comparison, a car powered
by gasoline or diesel has an equivalent energy efficiency of about 50-70 kWh/100 km, 3-4 times
higher than the consumption of an electric vehicle [80, 82, 83]. This major difference reflects
the energy losses in internal combustion engines and demonstrates the clear advantage of
electric propulsion. For example, in the case of a gasoline-powered vehicle, much of the energy
is lost through the heat generated by the engine, friction, and exhaust emissions, resulting in
only a fraction of the fuel's energy being converted into useful motion. In addition to low
energy consumption, electric vehicles also offer other benefits. They do not produce direct
emissions of CO: or other polluting particles, helping to improve air quality, especially in urban
environments. Additionally, the energy needed to power them can come from renewable
sources such as solar or wind power, allowing them to be completely carbon neutral over their
entire lifetime. However, the efficiency and consumption of electric vehicles are influenced by
factors such as travel speed and the use of on-board accessories. At high speeds, energy
consumption increases significantly due to aerodynamic resistance, and the use of air
conditioning or heating systems can increase total consumption by 10-20%. In contrast, in urban
environments, where regenerative braking is frequently used, the energy efficiency of electric
vehicles is optimal. Thus, electric vehicles are not only a more energy-efficient solution, but
also offer opportunities for reducing environmental impact, especially when integrated into a
renewable energy system. This combination of efficiency and sustainability makes them a
viable and necessary alternative for the future of global mobility.
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Hybrid vehicles combine an internal combustion engine with one or more electric motors, with
the ability to reduce fuel consumption and CO: emissions. There are two main types: Classic
hybrids (HEV): Use electricity to support the heat engine and recover energy through
regenerative braking. The average consumption of an HEV is 20-30% lower than that of a
conventional vehicle, being between 4 and 6 liters/100 km [84]. Plug-in hybrids (PHEVs):
These have a larger battery that can be charged externally, allowing between 40 and 100 km to
be covered in pure electric mode. The energy consumption of a PHEV in electric mode is similar
to that of an EV, between 15 and 20 kWh/100 km, but when using the combustion engine,
consumption can reach 5-8 liters/100 km, depending on the conditions. PHEVs offer flexibility
in use, reducing dependence on charging infrastructure [85] , but their contribution to reducing
emissions depends on the frequency of electric mode use. Studies show that many users
predominantly use the combustion engine, which reduces the environmental benefits of these
vehicles. The development of charging infrastructure is essential for expanding the use of EVs
and PHEVs. Currently, global charging station networks include more than 3 million points,
but this figure needs to grow exponentially to support the growing demand. Charging time
ranges from 30 minutes to 12 hours, depending on battery capacity and station type (from 7 kW
AC to 350 kW DC) [86, 87].

4.2. Emissions from the transportation sector

The transport sector is a fundamental pillar in the functioning of modern economies, playing an
important role in facilitating trade, the mobility of people and the global integration of markets.
However, despite its economic importance, transport is responsible for a significant proportion
of global greenhouse gas emissions, contributing considerably to climate change and air
pollution. Transport emissions vary significantly depending on the type of vehicle, the energy
source used, powertrain technologies and existing infrastructure. Also, user behaviour and
operational practices have a significant impact on the emission levels generated by this sector.
As economic and social demands increase, and urbanization continues to accelerate, road, air,
sea and rail transport are becoming major sources of pollution, with direct effects on air quality,
public health and, implicitly, on global ecosystems. In this sub-chapter, a detailed analysis of
the sources of CO:, NOx, SOx and fine particulate emissions from the different transport
subsectors will be carried out, assessing the impact of these emissions on global warming and
human health. In addition, this sub-chapter will examine emerging trends in international and
national regulations aimed at reducing transport emissions, including measures to promote
sustainable transport, the transition to electric and hybrid vehicles, the development of efficient
charging infrastructure, and the promotion of alternative fuels such as hydrogen and biofuels.
In the context of an increasingly interconnected global system, it will also look at technological
developments and innovations that promise to make the transport sector more energy efficient
and less polluting. Finally, this paper will address the need for integrated global emission
reduction policies that support the transition to a sustainable transport system without
compromising the economic and social needs of different regions of the world. Thus,
understanding the complexity and interdependence of greenhouse gas emissions from the
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transport sector is fundamental for the development of effective strategies to mitigate climate
change and protect the environment.

Pollutant emissions from the transport sector The transport sector is an essential element of
modern economies, facilitating the mobility of people and goods globally. However, the sector
is also one of the biggest contributors to greenhouse gas emissions, air pollution and other forms
of environmental degradation [88]. Emissions from transport have a direct impact on climate
change, air quality and public health, thus being an area of interest for regulatory policies and
sustainable technological solutions [89]. Pollutant emissions from transport come mainly from
the use of fossil fuels (petrol, diesel and natural gas) in the various modes of transport: road,
rail, sea and air. Each mode of transport contributes differently to emissions of CO. and other
pollutants, such as nitrogen oxides (NOx), volatile organic compounds (VOCs), sulfur dioxide
(SO2) and fine particulate matter (PM) [90-93].

Currently, road transport is the main source of emissions in the transport sector, having a major
impact on the environment and human health. Petrol and diesel vehicles emit significant
amounts of CO2, NOx and fine particulate matter, especially in urban areas where traffic density
is high. According to estimates, road transport accounts for around 70-75% of CO. emissions
from the transport sector. NOx emissions from diesel vehicles are a major problem, being
associated with health problems such as respiratory and cardiovascular diseases. Internal
combustion engine vehicles also generate fine particulate matter (PM) emissions, which have
harmful effects on the respiratory system [91, 92]. Given its impact on climate change, public
health and air quality, it is imperative to adopt effective measures to reduce these emissions.
The proposed solutions include the transition to cleaner technologies, the optimization of
transport infrastructure and the promotion of effective public policies. A fundamental measure
for reducing emissions is the gradual replacement of internal combustion engine vehicles with
electric vehicles (EVs) and hybrids. Electric vehicles are powered exclusively by batteries and
do not emit pollutants during operation, making them an ideal solution for reducing CO. and
NOx emissions. In the long term, the energy efficiency of EVs, which consume an average of
between 15 and 20 kWh/100 km, gives them a considerable advantage over fossil fuel vehicles,
which have an equivalent efficiency of 50-70 kWh/100 km. Hydrogen is another promising
technology, used in fuel cell vehicles, which emit only water vapor. However, the success of
these technologies depends on the source of hydrogen production and the electricity used [92].
For example, an electricity grid powered predominantly by renewable sources, such as solar or
wind energy, contributes significantly to reducing emissions throughout the life cycle of
vehicles. In addition to electrification, the use of advanced biofuels, such as second- and third-
generation biofuels, can provide a transitional solution for conventional vehicles. These fuels
have a significantly lower carbon footprint and are produced from waste or non-food materials,
thus reducing their environmental impact [94]. Infrastructure plays a crucial role in optimising
road transport and reducing emissions. The development of an extensive network of EV
charging stations, including fast chargers, is essential to support EV adoption. In addition, the
implementation of intelligent transport systems, which monitor and manage traffic flows, can
reduce congestion and, implicitly, the emissions generated by the stationary or slow movement
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of vehicles. Building accessible bike lanes and sidewalks in urban areas can encourage active
mobility, thereby reducing the use of personal vehicles over short distances. Also, promoting
efficient and environmentally friendly public transport, such as electric or hybrid buses, can
lessen dependence on private cars, reducing the total number of vehicles on the road [95].
According to the International Energy Agency [97], the land transport sector is responsible for
about 20-25% of global greenhouse gas emissions. Of this proportion, more than 70% are
generated by road transport, while rail transport contributes to a much lesser extent, accounting
for only 1-2% of total emissions. Road vehicles, including cars, trucks and buses, emit more
than 7.3 gigatons of CO- annually, underlining their dominant role in air pollution. At regional
level, pollutant emissions from transport vary significantly. For example, countries in the
European Union have reported a steady increase in CO: emissions from transport, despite the
overall reduction in emissions from other sectors. In 2021, transport accounted for around 30%
of the EU's total CO: emissions, and 72% of this came from road transport. In the United States,
ground transportation is the largest contributor to CO- emissions, even surpassing the energy
sector, with a contribution of about 29% to total national emissions. A worrying aspect is the
distribution of vehicle types and their contribution to pollution. Passenger cars are responsible
for around 45-50% of global transport emissions, while heavy-duty vehicles such as trucks and
buses contribute around 35%. This is due not only to the large number of personal vehicles, but
also to the high fuel consumption and distances travelled by commercial vehicles. In terms of
air pollutant emissions, nitrogen oxides and fine particles have a significant impact on public
health, especially in densely populated urban areas [96]. According to the World Health
Organization, NOx emissions from transportation are responsible for about 40% of total
concentrations in the atmosphere, and diesel vehicles are the main source. Also, the fine
particles emitted by diesel engines contribute to the appearance of respiratory and
cardiovascular diseases, being classified as carcinogens. In terms of fuels used, petrol and
diesel vehicles generate the most CO2 and NOx emissions. The average fuel consumption for a
petrol-powered car is around 7-9 litres/100 km, which corresponds to an emission of 2.3-2.6 kg
of CO: per litre of fuel burned. Diesel vehicles, although more fuel-efficient, produce higher
concentrations of NOx and fine particulate matter. In contrast, electric vehicles have zero
emissions during operation, but the electricity production required to charge them can generate
indirect emissions, depending on the energy source used. An analysis of global trends suggests
that the adoption of electric and hybrid vehicles has started to positively influence emissions
reductions. In 2022, more than 10 million electric vehicles were sold globally, accounting for
about 14% of total light-duty vehicle sales. However, this progress is insufficient to counter the
continued growth in the total number of registered vehicles, which exceeded 1.4 billion in 2023.
In conclusion, land transport remains a major source of polluting emissions, with serious
implications for the environment and human health. The statistics highlight the urgency of
adopting stricter policies, innovative technologies and a more sustainable transport system to
reduce the impact of this sector on climate change and air quality [96-98]. Compared to road
transport, rail transport is much greener, generating only 1-2% of global CO: emissions. Due to
the extensive electrification of rail networks in many regions, rail transport has a low energy
consumption of around 0.6-1.0 MJ/passenger-km for passengers and 0.1-0.3 MJ/t-km for



78

freight. In countries that use renewables for electricity generation, the carbon footprint of rail
transport is even smaller [99, 100]. In the case of shipping, it plays a key role in international
trade, handling about 80% of the total volume of trade, but contributes only 2.5-3% to global
CO: emissions. The energy efficiency of shipping is remarkable, with a consumption of 0.02-
0.05 MJ/t-km, but the use of heavy marine fuels causes significant emissions of sulfur oxides
(SOx) and NOx, which contribute to acid rain and affect air quality in port areas [101, 102]. Air
transport, although it accounts for only 2-3% of global CO- emissions, has a disproportionate
climate impact, as emissions are released at high altitudes, amplifying the radiative effects by
2-4 times those of ground-level emissions. The average fuel consumption for passenger aircraft
is 3-4 liters/100 km per passenger, which corresponds to an emission of 9-12 kg CO. per
passenger/100 km, thus being less efficient than rail or road transport at full capacity [103-105].
The comparative analysis highlights that land transport is the largest polluter in terms of total
emissions and public health impact, followed by air transport, which, although it generates
lower emissions in absolute terms, has an intense climate impact. Shipping and rail transport,
on the other hand, are much more energy efficient and contribute significantly less to global
pollution. This data highlights the need for continued investment in cleaner technologies,
electrification and the transition to renewable energy sources for all modes of transport, thus
helping to reduce their impact on climate change and achieve global sustainability goals.

Factors influencing transport emissions

Emissions from the transport sector are influenced by a multitude of interrelated factors that
contribute to air pollution levels and the climate impact associated with this sector.
Understanding these factors is essential to develop effective solutions to reduce emissions and
support the transition to a more sustainable transport system. Among the most important factors
influencing transport emissions are the type of fuel used, the technological characteristics of
vehicles, transport infrastructure, user behaviour and public policy. A first influencing factor
is the type of fuel used. Fossil fuels such as petrol, diesel and kerosene are the main sources of
energy for transport globally, but their combustion generates significant emissions of carbon
dioxide (CO.), nitrogen oxides (NOx), sulphur oxides (SOx) and fine particulate matter (PM10
and PM2.5). Diesel, for example, is more energy efficient than gasoline, but produces higher
amounts of fine particulate matter and NOx, contributing to air pollution and public health
problems. On the other hand, alternative fuels such as compressed natural gas (CNG), liquetied
petroleum gas and biofuels have a lower environmental impact, but the infrastructure required
to use them is often underdeveloped. Electric vehicles (EVs) and hydrogen-powered vehicles
offer promising solutions for reducing direct emissions, but their impact depends on the energy
sources used to produce electricity or hydrogen. Another critical factor is vehicle technology.
Technological advances have led to improved energy efficiency of vehicles, thus helping to
reduce fuel consumption and associated emissions. Vehicles equipped with more efficient
engines, advanced fuel management systems, and exhaust aftertreatment technologies, such as
particulate filters and catalytic converters, emit fewer pollutants. Hybrid and plug-in hybrid
vehicles also combine internal combustion engines with electric motors, thus reducing
emissions in urban or short-distance environments. In the case of electric vehicles, the lack of
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direct emissions is a significant advantage, but indirect emissions related to battery production
and electricity generation must be taken into account. Transport infrastructure also plays a key
role. The quality and expansion of road, rail, port and airport networks influence both fuel
consumption and emissions. For example, poorly maintained or congested roads can lead to
increased fuel consumption due to frequent stops, accelerations, and decelerations. Instead,
well-designed infrastructure, such as modern motorways or electrified railways, can help reduce
energy consumption and emissions. In urban areas, the development of efficient public transport
networks, such as metros and trams, can significantly reduce the use of personal vehicles and,
implicitly, the associated emissions. User behaviour is another factor influencing transport
emissions. Driving style, transport preferences and mobility habits play an important role in
determining energy consumption and pollution levels. For example, aggressive driving, sudden
acceleration, and excessive speed increase fuel consumption and emissions. At the same time,
choosing less polluting means of transport, such as bicycles, public transport or car-sharing,
can significantly reduce users' carbon footprint. Public awareness of the environmental and
health impacts of transport can encourage behaviour change and the adoption of more
sustainable practices. In addition, public policies and regulations have a considerable impact
on transport emissions. The implementation of strict emission standards, such as Euro norms
for vehicles in the European Union, has led to reductions in air pollutant emissions over time.
Subsidies for the purchase of electric vehicles and investments in charging infrastructure also
help accelerate the transition to green mobility. At the same time, emission taxes, low emission
zones and bans on diesel-powered vehicles in city centres have been implemented to discourage
the use of polluting vehicles. Last but not least, economic and demographic factors influence
transport emissions. Population growth, urbanisation and economic expansion are leading to
increased demand for the transport of goods and people, which can increase emissions if
efficiency measures are not taken. At the same time, in higher-income regions, consumers are
more likely to adopt new technologies and use less polluting vehicles, while in developing
countries, limited infrastructure and older vehicles contribute to higher levels of pollution. In
conclusion, transport emissions are influenced by a combination of technological, economic,
behavioural and political factors. An integrated approach, including technological
improvements, effective public policies, changes in user behaviour and infrastructure
development, is essential to reduce emissions and minimise the impact of transport on the
environment and public health.

Indirect emissions from the production of fuels and vehicles

In assessing the environmental impact of the transport sector, it is essential to take into account
not only direct emissions from the use of fuels in vehicle engines, but also indirect emissions
from the production of fuels and vehicles. These emissions, although less visible, play a
significant role in the total carbon footprint of transport, influencing both climate change and
environmental degradation. The production of transport fuels is a major source of indirect
emissions. In the case of fossil fuels, such as gasoline, diesel and kerosene used in road, sea and
air transport, emissions are generated throughout the entire process of extraction, refining,
transport and distribution. Crude oil extraction is an energy-intensive process that involves
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using large amounts of energy to drill, pump, and transport crude oil to refineries. This leads to
the release of emissions of carbon dioxide (CO:), methane (CHa4) and other pollutants into the
atmosphere. Refining oil into final products, such as gasoline or diesel, is another energy-
consuming process. Refineries operate on complex technologies that involve heating oil to high
temperatures, which requires significant amounts of fossil fuels to generate thermal energy.
Depending on the technological efficiency of the refinery, the process can generate considerable
emissions of greenhouse gases, nitrogen oxides (NOx) and sulfur oxides (SOx). In addition, the
transport of fuels from refineries to refuelling stations or ports contributes to indirect emissions,
especially in the case of the use of diesel vehicles or maritime transport by fuel oil-fuelled ships.
For alternative fuels, such as biofuels, indirect emissions are influenced by the process of
growing the feedstock. Growing plants for biofuels requires the use of fertilizers, pesticides,
and other agricultural inputs that generate emissions of nitrogen dioxide (N20), a greenhouse
gas much more potent than CO:. Also, the conversion of land for the production of biofuels can
lead to the release of carbon stored in soil and vegetation, negating the ecological benefits of
their use.

Air transport has a particularity in terms of fuels, as kerosene used for aviation is produced
through more intensive processes than those required for gasoline or diesel used on the ground.
At the same time, supporting infrastructure, such as airports and distribution networks, adds to
indirect emissions. On the other hand, vehicle production contributes significantly to indirect
emissions associated with transport, in particular in the case of road and rail transport. The
manufacture of a vehicle involves a high consumption of natural resources, energy and
materials. The main materials used in vehicle construction — such as steel, aluminium, plastic,
copper and electronic components — involve highly polluting extraction and processing
processes. For example, the production of steel, an essential material for chassis and vehicle
structure, requires coal to be burned for energy, which generates large amounts of COs.. In the
case of electric vehicles, although they do not emit pollutants during use, the manufacture of
batteries is an important source of indirect emissions. Lithium-ion batteries used in electric
vehicles are produced through complex processes involving the extraction and refining of rare
metals, such as lithium, cobalt, and nickel. These processes are not only energy-intensive, but
also involve environmental risks related to soil and water contamination. Also, recycling or
disposing of used batteries can generate additional emissions and require careful management.
In rail transport, indirect emissions mainly come from the production of locomotives, wagons
and railway infrastructure, including rails, sleepers and stations. The production of steel rails,
for example, is a highly energy-intensive process, and the installation and maintenance of
infrastructure requires heavy machinery that runs on fossil fuels. However, compared to other
modes of transport, rail transport has a lower impact in terms of indirect emissions per unit of
transport, due to the longer lifespan of vehicles and infrastructure. In addition, maritime
transport involves indirect emissions from shipbuilding, in particular due to their size and the
materials used. A commercial vessel can weigh tens of thousands of tons and requires huge
amounts of steel and other materials. Ship maintenance, which includes painting, repair and
modernisation, also contributes to indirect emissions. Another important aspect is the life cycle
of vehicles and infrastructure. From the extraction of raw materials to recycling or disposal,
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each stage involves emissions of pollutants. For example, recycling end-of-life vehicles or
demolishing old infrastructure can release pollutants into the air and soil, and the management
of the resulting waste is often inadequate in many regions. In conclusion, indirect emissions
from fuel and vehicle production are an important component of the carbon footprint of the
transport sector. These emissions underline the need for a holistic approach in assessing the
environmental impact of different modes of transport. Investing in cleaner technologies, using
recyclable materials and optimising production processes are essential solutions to reduce these
emissions and transition to a more sustainable transport system.

Life cycle assessment of electric vehicles

Electric vehicles are an essential component of the transition to a sustainable transport system,
and are often promoted as a key solution for reducing greenhouse gas emissions and air
pollution. However, to fully understand the environmental impact of these vehicles, it is
necessary to look at their complete life cycle, from raw material extraction and production to
use and disposal. The life cycle of an electric vehicle comprises several distinct stages, each
with specific contributions to the total carbon footprint and resource consumption. The
production of batteries, for example, is one of the most critical stages, due to the intensive use
of rare metals such as lithium, cobalt and nickel, but also the energy required to process them.
During use, electric vehicles are significantly more efficient than those with internal
combustion engines, having no direct emissions of pollutants, but this benefit depends on the
source of electricity used to power them. In the final stage of the life cycle, recycling or
disposing of components, especially batteries, presents both technological challenges and
opportunities for reducing environmental impact. Thus, the life cycle analysis of electric
vehicles not only allows an objective assessment of their benefits and limitations, but also
provides a solid basis for the development of more sustainable strategies in the field of electric
mobility [106-109]. The production of lithium-ion batteries used in electric vehicles is one of
the most complex and critical stages of the life cycle of these vehicles, with a significant impact
on the environment. This stage involves extraction, refining and manufacturing processes that
require large amounts of natural resources, energy and advanced technologies, contributing to
the total ecological footprint of electric vehicles. First of all, the extraction of raw materials,
such as lithium, cobalt and nickel, is an environmentally and socially intensive process. Lithium
is mainly obtained from salt mattresses (e.g., Salar de Uyuni in Bolivia [110]) or by mining
minerals, both of which have environmental implications. In extraction regions, high water
consumption is a major problem; For example, to extract one ton of lithium, up to 500,000 liters
of water can be needed. This puts pressure on freshwater resources, affecting local communities
and ecosystems [111-114]. In addition, cobalt, used to stabilize the chemical structure of
batteries, is obtained in significant proportion from the Democratic Republic of Congo, where
mining brings ethical challenges, including the use of unskilled labor and exposure to hazardous
conditions. Another important factor is the energy required for refining and processing raw
materials [115]. These processes involve high temperatures and energy-consuming
technologies. For example, nickel, another essential component of batteries, requires complex
extraction processes from sulfidic or laterite ores, which generate significant amounts of carbon
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dioxide (CO:) emissions [116]. Estimates show that the production of batteries for an electric
vehicle can generate between 61 and 106 kilograms of CO: per kWh of battery capacity,
depending on the energy source used and the efficiency of industrial processes [117-118]. The
actual manufacture of batteries involves the use of advanced equipment and significant
electricity consumption, especially for the assembly of battery cells and modules. If the energy
used in these processes comes from fossil sources, such as coal or natural gas, the environmental
impact increases exponentially. Conversely, integrating renewable energy sources such as solar
or wind energy into production processes could significantly reduce associated emissions.
Moreover, the size of the batteries directly influences the environmental impact. Larger
batteries, used to extend the range of electric vehicles, require larger amounts of raw materials
and energy for production. For example, a 100 kWh battery for an electric SUV has a
considerably larger carbon footprint than a 40 kWh battery used for a compact vehicle. This
underlines the importance of optimising battery design to strike a balance between performance
and environmental impact. Another critical aspect of battery production is the management of
the resulting waste [118]. Production involves the use of toxic chemicals, which require proper
disposal to prevent soil and water contamination. In addition, the lack of efficient recycling
infrastructure for lithium-ion batteries poses a significant challenge. Although recycling could
reduce the need for raw material extraction and limit pollution, current recycling processes are
costly and technologically limited, which prevents the efficient reuse of valuable materials. In
conclusion, the production of batteries for electric vehicles is an essential and at the same time
challenging stage in their life cycle. The impact of this stage on the environment is influenced
by the source of raw materials, the efficiency of industrial processes and the energy sources
used. Reducing this impact requires investment in more sustainable technologies, the adoption
of renewable energy sources and improved recycling processes. Only through an integrated
approach, which takes all these aspects into account, can a real transition to sustainable electric
transport be ensured [114]. Unlike vehicles with internal combustion engines, electric vehicles
do not emit exhaust gases during use, making them an environmentally friendly alternative in
crowded urban areas and helping to improve air quality. However, in order to assess the full
environmental impact of these vehicles, it is essential to look at their energy efficiency and
consider the energy source used to charge the batteries. This increased efficiency reduces the
total energy demand for the same number of kilometers traveled and, implicitly, contributes to
the reduction of emissions associated with the energy chain. However, the benefits offered by
electric vehicles are closely related to the source of electricity used to charge them. In countries
or regions where the energy mix is dominated by fossil fuels such as coal and natural gas, the
carbon footprint of electric vehicles can be significantly higher than if the energy comes from
renewable sources. For example, in China, where coal makes up a large part of the energy mix,
an electric vehicle can generate indirect CO: emissions comparable to those of a combustion
engine vehicle [119-120]. On the other hand, in countries such as Norway, where electricity is
produced almost exclusively from hydropower sources, indirect emissions associated with
electric vehicles are almost non-existent. It highlights the importance of decarbonising the
energy sector as a complementary element to maximise the benefits of electric vehicles.
Another relevant factor is the efficiency of charging infrastructure and its integration into smart
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grids. Fast charging stations consume more energy compared to slow charging, which can
influence the total energy footprint of the vehicle. At the same time, the use of vehicle-to-grid
technologies can help stabilise electricity grids and reduce peak demand, increasing the
sustainability of electric vehicle use. During use, electric vehicles also contribute to the
reduction of noise pollution, thanks to the silent operation of electric motors, which is
particularly beneficial in the urban environment. However, it is important to note that the
transition to electric mobility must be accompanied by measures that include the efficient
recycling of batteries and the integration of renewable energy sources to reduce the overall
environmental impact [121-122]. Recycling and proper management of electric vehicle
components, especially lithium-ion batteries, is a key aspect of reducing their impact on the
environment. While electric vehicles offer numerous benefits in terms of reducing direct
emissions of pollutants, their components pose significant challenges at the end-of-life stage,
but also offer important opportunities for the development of sustainable practices. Lithium-
ion batteries used in electric vehicles are complex structures, made up of critical metals such as
lithium, cobalt, nickel, manganese, and aluminum, etc. The extraction of these materials is an
energy-intensive process, and their end-of-life management is crucial to avoid resource losses
and negative environmental impacts. Recycling these components provides an opportunity to
reduce demand for mining and primary extraction, thereby helping to reduce the environmental
footprint of electric vehicles. The technological challenges associated with battery recycling
are considerable. First of all, the process of dismantling batteries is complex and requires
advanced technologies. Each manufacturer uses a unique battery design, which makes it
difficult to standardize the recycling process. Also, the separation of component materials
(cathode, anode, electrolytes and other materials) requires high-precision technologies such as
hydrometallurgical [123] or pyrometallurgical recycling [124-125]. Although both methods
are used on an industrial scale, they are energy-intensive. For example, pyrometallurgical
recycling involves extremely high temperatures for metal extraction, resulting in significant
CO: emissions. Another critical aspect is the lack of a developed global infrastructure for the
collection and recycling of lithium-ion batteries. Currently, the worldwide recycling rate is
below 10%, which means that most used batteries are stored, disposed of inappropriately, or
sent to landfills, where they can release toxic substances into the soil and water. This underlines
the urgent need to develop a robust recycling infrastructure, alongside policies that promote
efficient battery collection. On the other hand, the opportunities associated with battery
recycling are significant. Efficient recycling of critical materials can help reduce reliance on
primary mining and ensure a sustainable supply for future generations of batteries. For example,
advanced recycling processes can enable the recovery of more than 90% of cobalt and nickel
from batteries, two of the most valuable metals used in these devices. In addition, recent
research in the field of recycling supports the development of more environmentally friendly
methods, such as direct recycling, which allows the reuse of active materials without the need
for intensive chemical processing. Another major opportunity lies in the use of end-of-life
batteries in secondary applications. Batteries that are no longer suitable for vehicles can be
refurbished and used in energy storage systems for buildings or power grids. This practice
extends the life of batteries and reduces the demand for the production of new batteries, thus
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contributing to the transition to a circular economy. As for other components of electric
vehicles, recycling materials such as aluminium, copper and plastics is essential for reducing
resource consumption and associated emissions. Aluminum, for example, can be recycled
entirely without significant loss of quality, and the recycling process consumes only 5% of the
energy required for primary production. In the case of copper, recycling contributes to reducing
the environmental impact associated with mining, including greenhouse gas emissions and the
destruction of natural habitats. In conclusion, recycling and disposing of electric vehicle
components, especially batteries, is both a technological challenge and an important
opportunity to reduce environmental impact. The development of advanced recycling
technologies, the creation of an efficient global infrastructure and the adoption of supportive
policies are essential to ensure the sustainability of this growing industry. In parallel, promoting
the circular economy and reusing batteries in secondary applications can significantly
contribute to reducing resource consumption and associated emissions.

4.3. Conclusions on climate mitigation and electric vehicles

Electric vehicles are a key element in global climate change mitigation strategies, due to their
potential to reduce greenhouse gas emissions and contribute to the transition to a sustainable
transport system. The lack of direct emissions of pollutants during use makes electric vehicles
a viable solution for combating urban pollution and improving air quality, which has a positive
impact on both the environment and public health. However, the benefits of electric vehicles
depend significantly on the energy source used to charge them. In a context where the global
energy mix is still dominated by fossil fuels, the carbon footprint of electric vehicles may be
larger than in scenarios where the energy comes from renewable sources. This highlights the
urgent need to accelerate the decarbonisation of the energy sector by expanding the use of wind,
solar, hydro and nuclear energy, in parallel with the promotion of sustainable charging
infrastructure. At the same time, more attention needs to be paid to the lifecycle stages of
electric vehicles that generate indirect emissions, such as battery production. The process of
extracting and processing critical metals such as lithium, cobalt and nickel is extremely energy-
intensive and has serious environmental implications. Therefore, the development of efficient
recycling technologies and the implementation of the circular economy are fundamental to
reducing the environmental impact of electric vehicles in the long term. At the same time, the
integration of electric vehicles into smart grids and the adoption of vehicle-to-grid technologies
can contribute to the stability of electricity grids and the optimal use of energy, which amplifies
their environmental advantages. From a climate change perspective, the adoption of electric
vehicles on a large scale is a significant step towards achieving the emission reduction targets
set by the Paris Agreement. However, the transition to electric mobility must be accompanied
by integrated policies that support research and development of advanced technologies,
encourage the use of renewable sources and promote public awareness of the benefits of electric
vehicles. In this way, electric vehicles can become not only a sustainable means of transport,
but also a central pillar of global efforts to mitigate climate change, contributing to the creation
of a cleaner and more environmentally resilient future.
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Chapter 5: Advanced modeling and simulation
techniques for electric and hybrid vehicle
powertrains

5.1. Introduction

The complexity of hybrid electric vehicle (HEV) powertrains, arising from the integration of
electric components such as energy storage systems, power electronics, and electric machines
into traditional mechanical systems, requires a multidisciplinary approach to analysis and
design.[126-128] Unlike conventional vehicles, HEVs present a vast design space with
numerous interdependent parameters, making prototyping costly and inefficient. Consequently,
computer modelling and simulation tools have become essential for exploring system behaviour
and optimizing configurations. While conventional vehicle development benefits from
extensive prior knowledge and validated models, HEV development often begins with limited
information, necessitating flexible, iterative design strategies. Multiple simulation models are
typically created for performance, control, and optimization tasks, which introduces challenges
in model management and maintenance. As HEV systems grow in complexity, traditional
modelling methods struggle to keep pace, highlighting the need for scalable and adaptable
modelling frameworks.

5.2. EV and HEV modeling

The complete powertrain model (Figure 5.1) integrates key subsystems such as the driver input,
control unit, battery, inverter, electric motor, transmission, and for HEVs/PHEVs, an ICE and
fuel tank. Accurate simulation requires a multidisciplinary approach that captures energy flow,
control logic, and mechanical interaction. Two main modeling strategies are used: equation-
based models for high accuracy, and map-based models for faster computation. An object-
oriented, causal modeling framework allows modular development by treating each subsystem
independently with equations or lookup tables. These modules exchange data via input-output
variables, enabling flexible configuration and scalable system modeling.

Two main system modeling approaches are commonly used: the quasi-static (reverse) approach
and the dynamic (forward) approach. As shown in Figure 5.2, the quasi-static method begins
with the desired vehicle behavior (e.g., speed and acceleration) and solves backward through
each subsystem to determine energy demand, culminating at the battery. It is algebraically
simpler, less computationally intensive, and unidirectional in information flow. However, it
lacks accuracy in capturing physical constraints and real-time interactions between
components.
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Figure 5.2. Example of HEV quasi-static modeling approach

Where: V-is the vehicle model, GB-the gear box, PC-the power converter, B-the battery pack,
FT-the fuel tank, AL-is the auxiliary loads block, v and a-are respectively the vehicle’s speed
and acceleration, f-is the vehicle traction force, W-is the EM angular speed, TICE and TEM are
respectively the ICE and the Tgm torques, Qice is the ICE angular speed, fc-is the fuel
consumption, / and Vs are the electrical motor current and voltage, ipar and Vipar are the battery
current and voltage, P 1s the power requested by the EM to the power converter, PB is the
total power requested to the battery that is obtained as a sum of the power requested by the
power converter P,y and the auxiliary loads Paux (PB = Plnlnv + Paux) and finally iaux is
the amount of current requested to the battery for auxiliary electrical loads.

Unlike the static approach, the dynamic method (Figure 5.3) models the system sequentially,
offering a more accurate view of energy flow and component behavior. Although more
computationally intensive, it better captures operational limits. The next sections expand on this
by combining equations and lookup tables to simulate HEV performance.
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5.2.1. Battery modeling

In order to correctly simulate the behavior of a EV, HEV or PHEV it is important to set up a
battery model that evaluate the output voltage considering the State Of Charge (SOC) of the
battery itself. Since a battery pack is obtained by a series connection of many cells (7cen ), it is
quite usual to construct a numerical model considering one single cell. The total battery voltage
Vbar 1s obtained using equation (5.1) assuming that all cells have an uniform behavior and where
ver 18 the voltage of a single cell.

Vbatt = 1llcell ’ Vel (51)

The battery model receives as input variables: the current isq, required from the electrical drive
model (inverter and electric motor) and the battery temperature U computed by battery thermal
model. The model gives as output variables: the battery pack voltage Vipur , the SOC and the
power losses Prossar. In order to simulate the battery behavior, instead of a complex
electrochemical model, an Equivalent Circuit Model (ECM) can be chosen as a good
compromise between accuracy and computational load. For example a first order Randles
circuit (represented in Figure 5.4) can be adopted as dynamic model; this model can be easily
downgraded imposing Ri1=0 in order to obtain a static model. The circuit parameters can be
deduced by experimental test or technical literature using the method described in [130].
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Figure 5.4. Randles electrodynamical model of a cell
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Furthermore it is fundamental to calculate the battery SOC using equation (5.2) (where Cn is
the rated capacity expressed in Ampere-Hours [Ah] and SOCj is the initial state of charge) to
evaluate the amount of energy stored into the battery pack.

¢ g, (¢
SOC(t) = SOC, - |, %aﬁ (5.2)

Static model of battery

Using the manufacturer charge and discharge charts and the data available for different
temperature, it is possible to reconstruct the map of vO(SOC, U) and of RO(SOC, U) and
consequently to calculate ve; (SOC, D) as reported in the static equation (5.3).

v,(SOC,9) = v,(SOC, 9) - R,(SOC, i, (5.3)

Dynamical model of battery

Due to the highly dynamic load conditions in traction applications, static battery models are
insufficient for scenarios requiring accurate transient behavior, such as control analysis.
Dynamic models based on Equivalent Circuit Models (ECMs) with RC elements and parasitic
branches enable simulation of voltage response and self-discharge. While complex ECMs may
involve multiple RC networks, a single RC model, as shown in Figure 5.4, is often sufficient
for vehicle-level analysis. Accurate simulation requires fine tuning of ECM parameters. A
robust identification procedure, accounting for thermal effects, is detailed in [130].

It possible to solve the circuit considering the cell voltage ve;, as reported in equation (5.4),
where the splitting of the total current ibatt into the capacitor C1 and into the resistor R/ is
considered ad reported in equation (5) and the no load voltage v0 is SOC dependant.

Vy =V — Rl =W, (5.4)
ibatt = ic + ir
dv
i =C — 5.5
c 1 dt ( )
=
R,

Finally, substituting ibatt obtained from equation (5.5) in equation (5.4), is possible to obtain
the final dynamic equation of the cell voltage, as reported in equation (5.6).
LU

RO
= RC (VO(SOC)—vel —vO(SOC)[HEB (5.6)
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5.3. Inverter modeling

Power converter losses can be estimated using various methods found in the literature [129,
130]. A simplified approach models the converter as an equivalent resistance, with losses
proportional to the square of the RMS current. For typical three-phase inverters, losses are
expressed as shown in equation (5.7), where R;, is the inverter equivalent resistance and / is
the Root Mean Square (RMS) inverter output phase current (that corresponds to the EM phase
input RMS current).

IDLOSSII’IV = 3 ’ Rlnv ’ 12 (57)

The inverter input power can be calculated adding the inverter losses Prossiv to the motor input
power Pruuo: that correspond to the inverter output power Pousnv (€quation (5.8).

P

Ininv

=P

LossInv

+P

1nMot

= B ossime ¥ Fouttm (5.8)
A more detailed approach can be described if the simulation model adopted includes the control
and inverter modulator details: an instant circuit losses model can be also implemented [130].
The losses are computed considering the basic inverter cell composed of an Insulated Gate
Bipolar Transistor (IGBT) and a diode. The inverter is formed by six basic cells divided into 3
arms as reported in Figure 5.5.

The instantaneous losses of a basic cell pcerr can be evaluated using equation (5.9) where: pg,r
are transistor switching losses, E,» and E,f are turn-on and turn off energy, fs is the inverter
switching frequency, Erecp and precp are the recovery diode energy and power losses, vee and vak
are respectively the transistor and diode forward voltage drop, i and ir are the transistor and
diode direct current ad ps.rand ps.p are transistor and diode conduction forward losses. The
total inverter instantaneous losses are reported in (5.10).

These curves can be simplified as shown in equation (5.11) where all the parameters (47, B,
Afwp, Bpwp, Bont, Cont, Bogt, Cofty Breen, Crecp) can be deduced from the semiconductor device
technical data sheet. Equation (5.12) can be obtained substituting equation (5.11) into the (5.10).
These equations express the instantaneous losses pin as a function of semiconductor devices
current [129].

p_/WT = vce (lc) ' ic
hWD = Vak(if)'if
psz = ':Eon (lc) + Eoﬁ" (lc)]f; (59)

precD = ErecD (ld) ’ f;
pcell = psz + precD + pfwT + pwa

pinv:6'pcell (510)
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(5.12)

Evaluating instantaneous inverter losses, as in equation (5.10), requires high-resolution current
data and short simulation time steps, resulting in significant computational effort. However, for
EV and HEV powertrain modeling, such precision is unnecessary. Instead, an average-loss
approach over one AC period is sufficient. By using RMS values of voltage and current,
accurate energy loss estimation can be achieved with longer time steps, reducing simulation
time. This method assumes sinusoidal current behavior, as described in equation (5.13), and is
suitable for energy and power flow analysis at the vehicle level.

where: [isis the maximum current value, w=27/T is the current angular frequency and ¢ is the
phase angle between motor voltage and current, substituting the (5.13) into equation (5.12) and
assuming that i=i.=ir, the instantaneous inverter losses with explicit time dependence can be
obtained. Averaging the losses on an Alternating Current (AC) variables period 7'is possible to
obtain the losses mean value [127,132]. The average relationships are obtained as reported in
equation (5.14) where: Ts is the IGBT switching period, Tueqa is the dead time between high
and low side IGBT switch on operation and cosg is the motor power factor. The total PWM
operation cell average losses Ppwus are the all terms sum, while the total averaged inverter losses
Pinwpwis are reported in equation (5.15).
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Since the inverter sub-model receives as input Vs, I, cosp and w, previously evaluated by the
electric motor model, and Vs (the available battery voltage) it can calculate the current
required to the battery i, and the total inverter losses Ppwuy. The sequence of equations to be
solved is reported as follows:

— total power supplied to the motor calculation: Pre = N3Vs Icos;

— inverter AC phase current max. value calculation: Iy = \2I;

— inverter PWM amplitude modulation index calculation: m=\Vs/Vpar;

— total inverter averaged losses Pinpwis calculation by means of equation (5.14) and (5.15);
— total inverter input power calculation: Pjuim="Piror+ Pinvewur;

— inverter input current calculation: iiw="Puuin/Vean.

5.4. Electrical motor modeling

The most adopted motors for FEV and HEV are AC induction motors and AC Permanent
Synchronous Magnets Motor (PMSM) regulated by means of a field oriented control or direct
torque control. In this section the models of both motors will be presented using a phase vector
approach [126-128] and considering the motor field oriented controlled. For both motor models
it is possible to define the input and output variables as follows:

— input: required torque 7., instantaneous rotating mechanical speed W, battery voltage Vpas;

— output: torque 7y, RMS phase current 7, line to line voltage Vs, power factor angle ¢, total
losses Prossmor, Motor input (Pruumor) and output power (Pm), electrical frequency fand angular
frequency w=2xf.
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For FEV and HEV power train modeling and simulation a complete motor model including the
detailed electromechanical dynamic is not required; it is better to use a steady state model that
consider the controlled motor including all the energetic phenomena (power losses calculation).

The proposed model include also limits and constrains due to the motor power supplier, which
is based on batteries and inverter, such as maximum deliverable voltage, power and current.

5.4.1. Induction motor

For the induction motor the steady state equations [126, 127] are reported in equation (5.16)
where Vs, Is and ¥ are respectively stator voltage, stator current and rotor flux phasors, Rs, Rr,
M, Lk are respectively stator resistance, rotor resistance, mutual inductance and total leakage
inductance, n-is the pole pairs number, Tz -is the torque, Im-is the magnetizing current phasor,
Ir-is rotor or torque current phasor, w-is the mechanical angular speed, x-is the relative rotor
slip speed, ®-is the AC variable angular frequency and j-the imaginary unit.

Equation (5.16) can be represented by means of the equivalent circuit reported in Figure 5.6.

Ry Lis -

O L

Figure 5.6. Induction motor steady-state equivalent circuit [126]

The three phase motor is modeled using a “rational” approach that correspond to have a “single
phase‘equivalent” model also for energetic relations and torque expression. In fact the
amplitude of current phasor s and the stator voltage phasor Vs are related to the RMS phase
current / and voltage V' by means of equation (5.17). The induction motor model includes also
equation (5.18) where ¥rn is the induction motor rated flux, w,-is the rated motor angular
frequency, Pc. and Pr. represent respectively the copper and iron losses and Quuor 1s the motor
reactive input power. Equation (5.18) allows to calculate all the power terms and stator
quantities to be used as inputs for inverter and battery model.
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(5.16)

(5.17)

(5.18)

Equations (5.16) and (5.18) have to be solved together with equation (5.19) that define the rotor
flux value as function of the rotating speed Q and of the rated speed ©2n. Equation (5.19)
represents the field weakening condition for the induction motor. Furthermore it is also
necessary to control that the torque request 7. does not exceed the maximum motor torque
Trepmax and the consequent power request (77.r€2) does not exceed the motor power limit Puosmax

(see equation (5.20)).
lr//r = V/rn lf Q < Qn

Q
= — if Q>Q
l//V l//rn Q n

T ifT >T

=T

o

ref ref

refMax ref refMax

T, =~z fT Q> P

(5.19)

(5.20)

Moreover the global electrical drive limits verification has to be taken into account in order to
avoid that the requested operating point do not correspond to an allowed condition. The three

conditions to consider are:

— maximum RMS input current /...x that is related to the inverter current limit (as reported in

equation (5.21));
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— maximum motor voltage limit Viyax that correspond to the maximum deliverable inverter
voltage for a given battery voltage (as reported in equation (5.22));

— the maximum motor input power limit Piac that is related to the maximum battery
deliverable power (as reported in equation (5.23)).

These conditions have to be verified and imposed after the calculation of equations (5.20),
(5.19), (5.16) and (5.18).

I
{I=\/‘§<Im (5.21)
V, <V, then ¥, =tu
s < sMax then sMax \/E (522)
lD]nMot < EnMax (523)

The proposed model can be used for off-line map calculation, that can be included in the
simulation model, or calculated directly on-line during the numerical simulation process. The
calculus procedure for induction motor can be summarized as follows:

verify if the torque request 7Tref is compliant with absolute motor torque and power limit
otherwise saturate Tref using the (5.20);

solve the field weakening conditions (5.19);

solve the (5.16), (5.18) using as input variables Try=T,.rand Q;

— verify the (5.21), (5.22) and (5.23), in order to impose the motor, inverter and battery
limitations;

if the condition (5.21) is not respected reduce Tref, go back to step 3 and iterate;

if the condition (5.22) is not respected reduce ¥r, go back to step 3 and iterate;

if the condition (5.23) is not respected reduce Tref’, go back to step 3 and iterate.

5.4.2. Permanent magnets synchronous brushless motor

For the Permanent Synchronous Magnets Motor the steady state equation [126, 127] are
reported in equation (5.24) where: Vd and Vg are the stator voltage phasor Vs components (Vs
= Vd + jVq), Id and Iq are the stator current phasor Is components (Is=Id + jlg), Rs-is the stator
resistance, Ls-is the stator synchronous inductance, ¥m-is the permanent magnet flux phasor.
The other symbols, Teym, W, w and n assume the same meaning that ones indicated in the
induction motor description.

Equation (5.24) has to be solved, also in this case, together with equations (5.25) and (5.26).
Similarly to the induction motor a pre-process operation on torque request Tre f has to be
implemented in order to impose the respect of torque and power motor limit. Furthermore the
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field weakening condition have to be imposed to the motor. It consists in setting the correct
value of Id current [126] by means of equation (5.27). In fact the current Id can be maintained
equal to zero in the constant torque/flux region and has to be imposed negative in the field
weakening zone. Finally also the limit input conditions have to be taken into account using the
same equations of the induction motor ((5.21), (5.22) and (5.23)).

V, =R, —a)LSIq
V,=RI +oLl,+y,o
Ty =ny, 1, (5.24)
o=2
n
P,=RI;+R]I’
PFe = PFen 2
b o (5.25)
m ~— TEM
})LossMut = PCu + PFe
PInMot = Pm + PL()SSMOt
I =I;+1
]'/; — 'I/dZ + qu
QInM()t = I/qld - leq (526)
@ = atan [%j
InMot
W? = WWI if Q < QH
Q
l//r = l//m Q lf Q > Qn (5'27)
I, = L

Also in this case the model can be used both for off-line map calculation and on-line numerical
simulation process. The calculus procedure for PMSM can be summarized as follows:

— verify if the torque request Tref is compliant with absolute motor torque and power limit
otherwise saturate 7ref using equation (5.20);
— solve the field weakening conditions (equation (5.27));

— solve equations (5.24), (5.25) and (5.26) using as input Ty =Trer and Q;
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— verify equations (5.21),(5.22) and (5.23), in order to impose the motor, inverter and battery
limitation;

— if the condition (5.21) is not respected reduce 7}.r, go back to step 3 and iterate;
— if the condition (5.22) is not respected reduce ¥s, go back to step 2 and iterate;
— if the condition (5.23) is not respected reduce 7.r, go back to step 3 and iterate.
The per unit efficiency #£v can be calculated using equation (5.28).

L, (5.28)
P

InMot

Ny =

5.5. Vehicle dynamic modeling

In order to reconstruct the energetic power flow between FEV and HEV components a simple
vehicle longitudinal dynamic model has to be considered. In this paragraph the model will be
described considering the most general case constituted by an HEV; the model of a FEV can be
simply deducted neglecting all the ICE contributions. This model receives as input the torque
given by the ICE Tice and by the EM Tey coming from the respective simulation models and
the gear ratio of the mechanical gearbox coming from the pilot model and calculate the vehicle
speed v(t) and distance covered s(?).

As first it is necessary to evaluate the total torque at the wheels 7w as sum of the EM torque
reported at the wheel TEMw with the ICE torque reported at the wheel Ticgw. For this all the
reduction ratios and the efficiencies of the transmission chain have to be considered, as reported
in equations (5.29) and (5.30), which are specialized for traction condition (5.29) and for
braking condition (5.30). In these equations 7zy and #.£y are respectively the reduction ratio of
the EM and its efficiency, tice and nuck are respectively the reduction ratio of the ICE and its
efficiency, zqir and nay are respectively the differential reduction ratio and its efficiency.

Terne = Tonr T Tai Meem  Nayy (5.29)
Tiepw =Ther Tice T Meace " May
T _ TEM “Ten Tayp
EMw —
Meeme  Mayy (5.30)
T T *Tice " Tayr
ICEw —
Neice  Nag

Usually for an HEV the ICE has a mechanical gearbox with 5 + 7 fixed reduction ratios and the
EM has an unique fixed reduction ration. For this reason the longitudinal dynamic model
receive as input from the driver model the correct gear that has to be considered. In order to
define the longitudinal equivalent dynamic equation it is also necessary to introduce all the
resistance forces acting on the vehicle, as reported in equation (5.31), where:
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m-is the total mass of the vehicle,

g-is the gravitational acceleration,

f-is the rolling resistancecoefficient,

p-is the air density,

Cx-is the aerodynamic penetration coefficient,

S-is the total frontal area of the vehicle ,

a-is the slope of the road.

Fm:m-g-fv+%prSv(t)2+m-g-sina (5.31)
Finally it is possible to evaluate the vehicle acceleration a, as reported in equation (5.32), where
rw-is the radius of the vehicle wheels, m*-represents the equivalent mass of the rotating part of
the vehicle (wheels, rotor, shaft)?.

r=ly
v,
Q—F (5.32)
— rW
B (m+m*)

Using vehicle longitudinal acceleration a from equation (5.32), it is possible to obtain vehicle
speed and position.

wg=ﬁagm

‘ (5.33)
qg:hwgm
Finally the EM and the ICE speed are obtained as described in equation (5.34).
0= V(T oy T gy
" (5.34)
VO Ty '

Q

ICE —
7

w

As example the equivalent mass representing the EM inertia referred to the vehicle can be
evaluated considering the following equation.

e T T T

r

w
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5.6. Auxiliary loads model

5.6.1. Auxiliary electrical loads

In order to correctly estimate the energy consumption on a FEV it is important to consider all
the auxiliary electrical loads that the traction battery has to fed.

Particularly the low voltage loads (12V or 24V dc), represented for example by light, circulating
pump, fan and control units, have to be estimated considering an adequate average value of
power consumption during the trip. The energy for these loads is usually delivered by the
traction battery through a DC/DC converter. The battery current i can be calculated with
equation (5.36) using the power consumption P of electrical auxiliary loads, the battery

voltage Vyar from the battery model and the efficiency of the DC/DC converter #pc/pc.

. P
lyy = (5.36)
VearToence
5.6.2. Pumps

On HEVs and FEVs are usually installed liquid cooled electrical traction devices, in particular
motor and inverter. For this reason auxiliary circulation pumps are needed in order to guarantee
an adequate heat exchange between the components and the cooling fluid.

It is possible to estimate the hydraulic power Py, required for the pump using equation (5.37),
where p-is the fluid density, O-the volumetric flow rate, g-the gravity constant, 4-is the total
head of the hydraulic circuit and /;-is an equivalent of hydraulic losses expressed in meter of
water column. Usually the term /4, , that is responsible of a pressure drop A, , is preponderant
with respect to / and strictly depends from the design of the cooling circuit into the component.

B, =pQ, (h+h)=pQO, [h+ﬂJ (5.37)
prg

At last, using a pump efficiency (#,ump) given by the manufacturer, it is possible to evaluate the
electrical power requirement on the auxiliary load using equation (5.38).

P
P, =—" (5.38)

77 pump

5.7. Internal combustion engine modeling

Due to the complexity of accurately modeling the thermal combustion process, a map-based
ICE model is used to estimate fuel consumption and efficiency over typical drive cycles. The
model takes as input the torque request from the energy management system and the ICE speed
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from the longitudinal dynamics. Outputs include the effective torque 7ice, fuel consumption
(fe), and CO: emissions. This simplified yet effective structure is well-suited for system-level
simulations. The overall model layout is shown in Figure 5.7.

Torque map
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Figure 5.7. ICE model [128]

The maps inserted into the ICE block can be obtained directly from the engine manufacturer;
otherwise they can be obtained through experimentally tests using an engine test bench or
directly on the vehicle using the Controller Area Network (CAN) information.

For the volume L of fuel present in the tank equation (5.39) can be used, where L0 represents

the initial volume condition.

L=L,-[ f.at (5.39)

Other approach for ICE modeling can be settled up using theoretical approaches as reported in
[130-132].

Finally a rough estimation of the CO> emission can be established using equation (5.40), in
which pc is the average content of carbon in gasoline, Muco: is the molar mass of CO2, Muc is
the carbon molar mass and ¢ is a coefficient for incomplete combustion.

COz=f-pc-M-¢ (5.40)
‘ MmC
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Chapter 6: ELECTRIC TRANSPORT POWER
SOURCES

6.1. Introduction

Modern off-grid electric transport predominantly uses batteries as the energy storage.
Alternatively, fuel cells can be used but nevertheless batteries will be used as energy buffer. In
engineering, one time use batteries are in primary battery group while secondary batteries are
rechargeable ones. Electric vehicles (EV) use secondary batteries hence in this chapter the term
battery means secondary battery unless noted otherwise. From economic perspective, batteries
are a serious business approaching 100-billion-euro market size. About a third of all batteries
are used as automotive traction batteries (EV, HEV), other third is used in industrial
applications and portable applications (consumer electronics) while the last third is used in other
applications like power tools and conventional car batteries [133-140].

In electrical engineering a battery is recognized as a voltage source. A major difference is that
the voltage of this source will gradually decrease when a load is applied (discharge) while
connecting a battery to a higher voltage source will cause its voltage to gradually increase
(charge up). A more precise definition claims that a battery is in fact an electrochemical device
which can provide voltage and release electrical energy stored inside of it in the form of
chemical bonds.

This electrochemical device has four main parts: two electrodes, electrolyte and separator. Both
electrodes typically are solid materials made to store charge and conduct current. One of the
electrodes is cathode while other is anode. From the basics of electronics, current flows out of
the cathode and into the anode. This holds true for the battery as well — however only if the
battery is being discharged. When the battery is being charged, the current flows in other
direction, hence cathode and anode switches places. This can cause some confusion. To avoid
it, in electronics battery electrodes are typically denoted by their polarity: electrode with higher
polarity is the positive electrode (positive terminal, positive pole or just +) and electrode with
lower polarity is the negative electrode (negative terminal, negative pole or just -). The
switching of anode and cathode can cause confusion even in the field of battery chemistry.
Probably due to the fact that batteries are most useful when they are being discharged (and on
stand-by) battery chemists have fixed anode and cathode to this position: anode is negative and
cathode is positive. The next essential part of the battery is the electrolyte which typically is a
liquid although a major research is performed to develop and introduce solid-state materials.
Electrolyte connects both electrodes to provide ion transfer between them during charging and
discharging while inhibiting internal flow of electrical current. The electrical current, in the
form of electrons, flows through an external circuit. If both electrodes inside the battery would
come into direct contact, a short circuit would form which would lead to a failure of the battery.
A separator layer is introduced to provide electrical and mechanical isolation between the
electrodes. The separator typically is a solid-state material with micro pores to allow ion
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transfer. Some of modern batteries are made of three distinct layers: anode, electrolyte-soaked
separator and cathode. Other parts of the battery include the case with markings, external
isolation materials like plastic coating, current collectors and external terminals or connectors.

6.2. Technical parameters

Batteries have a wide array of different technical parameters: electrical, physical, chemical and
sustainability. The most critical parameter is the battery chemistry. It defines all other
parameters of the battery. Chemistry in regard to batteries describes composition of both
electrodes and the electrolyte. Some examples are lead-acid battery, nickel-metal hydride
(NiMH) battery and many types of lithium-ion (Li-ion) batteries which can be further classified
by cathode and anode materials.

6.2.1 Voltage

The chemical composition of electrodes defines the voltage of a single cell. All types of battery
cells have a certain nominal voltage Unom. As previously noted, the nominal voltage of
different chemistries is in the range of 1.2 V to 3.9V. The nominal voltage is somewhere
between maximal voltage Umax (charging voltage) and minimal voltage Umin (discharge cut-
off voltage, end-of-discharge) and it is defined by the manufacturer of the cell. The nominal
voltage is used for calculations to determine the voltage of the battery pack if cells are series
connected. It is also used to calculate the watt-hour (Wh) capacity of cell or whole battery pack.
Nominal voltage of a single lead-acid cell is 2.1V, of NiMH cell it is 1.2V and for majority of
Li-ion cells it is 3.6V. Charging voltage is the maximal voltage which can used to charge the
cell. Higher voltage leads to overcharging and often to harmful effects which degrade the
battery. Discharge cut-off voltage is the voltage beyond which discharge should be terminated
to prevent damage to the cell. At this point it should be clear that battery voltage is not a fixed
value — it changes depending on the depth-of-discharge (DoD). The fuller the cell/battery the
higher the voltage and vice versa. A battery discharge voltage curve is given in Figure 6.1. It
can be seen that for most part the voltage is changing little as the cell is being discharged. This
is regarded as the flatness of the voltage curve. For primary batteries it is desirable to have a
flat curve which translates to stable supply voltage.
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Figure 6.1. Discharge voltage curve of a single Li-ion cell: voltage decreases as the DoD
increases
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6.2.2 Capacity and energy

The second most important quantitative battery parameter is capacity Qbat. Capacity
determines how much charge a battery can store. It is measured in amp hours (Ah). Higher Ah
rating means the battery will be able to run longer before requiring a recharge. If the load
current Iload is known then the runtime t can be calculated as follows:

— Qbat

I load

t (6.1)
For example, a battery rated at 3Ah will be able to deliver 1A for three hours or run for one
hour while delivering current of 3A. It can be seen that change in current results in inversely
proportional change in discharge time. If one wants to compare two batteries with identical
nominal voltages then Ah capacity rating can be used to determine which battery can store more
charge. For example, when selecting a lead-acid battery for car, the voltage of the battery is
determined by the car: it has to be 12V battery. A higher capacity battery can be used to improve
performance. However, if an engineer has to select a battery for an application which can use
different nominal voltages then energy rating Ebat (measured in watt hours Wh) should be used
instead of capacity. While nominal voltage and capacity is typically printed on the battery label,
the energy rating is only occasionally given on some Li-ion cells. The energy rating can be
obtained by multiplying capacity and nominal voltage:

Ebat = Qbat 'Unom' (62)

For example, a 10Ah lithium-ion cell with 3.6V nominal voltage will be able to store 36 Wh of
energy. A 3Ah lead-acid battery with 12V nominal voltage will also store 36 Wh which means
that both batteries have the same energy rating albeit at different nominal voltages. Both
capacity Qbat and energy Ebat ratings have time (expressed in hours h) in their definitions. This
can be used to calculate battery runtime if the load power Pload is known:

(6.3)

For example, if a battery has 200Wh of energy and it is connected to a constant SOW load then
the battery will be fully discharged after 4h. If an engineer needs to select a battery to supply
100W load for at least a full day (24h) then she should select at least 2400Wh (2.4kWh) battery.
However, for these equations one has to remember that rarely the load is constant power or
constant current. Moreover, as the battery discharges, its voltage will decrease which will lead
to changes in load current and power in most cases.

6.2.3 Current and C-rate

The next electrical parameter is current. A good battery datasheet will provide at least a few
current values at different conditions. Common parameters are standard charge current, rapid
charge current, max. continuous discharge current and standard discharge current. Often the
charging current ratings are significantly lower than discharge ratings. Battery lifetime will be
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improved if it is used at standard ratings. Standard ratings are often used to determine nominal
capacity — at increased currents the battery will not be able to deliver its nominal capacity. The
rapid charge current and max. continuous current typically depends on the thermal performance
of the battery cells, especially in the case of Li-ion. A high rate discharge/charging will lead to
heating of the cell — once temperature gets too high the current has to be stopped to prevent
damage to the cell.

In engineering and battery datasheets there is another battery-specific parameter which is
directly related to Ah rating: the C-rate. The value of 1C is a number same as the nominal
capacity of the battery. The C-rate itself has no unit of measurement but when it is converted
to current it is expressed in amps A. C-rate is used to determine current for both charge and
discharge. It comes handy when comparing current capabilities of different batteries and simply
estimating how large the current is in respect to capacity of the battery. For example 2C
discharge rate of a 10Ah battery is 20A while 0.5C charge rate of the same battery is SA. From
previous paragraphs one should notice that capacity and current of a battery is closely related
to time: if a battery is discharged at 2C it will be empty after 0.5h. A 0.1C discharge rate will
empty the battery in 10h. And of course 1C discharge results in 1h operation. As one can see
the C-rate can be used to determine battery runtime without revealing the actual current or
capacity of the battery. Table 8.1. shows some examples of C-rate and related current and
charge/discharge time. Additionally C-rate shows how intense the current is in respect to battery
capacity. For lead-acid batteries high C-rate discharge will lead to decreased available capacity
while very low C-rate discharge will be able to deliver even more charge than the nominal
capacity. Often 1C rate does not even correspond to 1h operation.

Table 6.1. C-rate table for a 100Ah battery

Capacity C-rate Equation Current Time
100Ah 10C 10-100A 1000A 6 minutes
100Ah 5C 5-100A 500A 12 minutes
100Ah 3C 3-100A 300A 20 minutes
100Ah 2C 2-100A 200A 30 minutes
100Ah 1C 1-100A 100A 1 hour
100Ah 0.5C 0.5-100A 50A 2 hours
100Ah 0.33C 0.33-100A 33A 3 hours
100Ah 0.2C 0.2-100A 20A 5 hours
100Ah 0.1C 0.1-100A 10A 10 hours

6.2.4. Cycle life and ageing

Battery lifetime is a critical parameter of secondary batteries. Depending on the chemistry
battery lifetime is affected by to ageing mechanisms: cyclic ageing and calendar ageing. As the
name suggests calendar ageing is related to the absolute age of the battery: as battery ages, its
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performance will deteriorate — capacity will decrease and internal impedance will increase
leading to decreased current capability. The rate of calendar ageing is related to the temperature
of the battery. As Arrhenius' equation suggests, the rate of chemical reactions is proportional to
the temperature: if battery is operated/stored at elevated temperature, it will deteriorate faster.
Additionally the rate of calendar ageing for some battery chemistries is related to the depth-of-
discharge. Being fully charged or discharged can increase or decrease battery ageing rate,
however it depends on battery chemistry. For example in stand-by applications lead-acid
batteries should be fully charged to extend lifetime, while most Li-ion batteries (LIBs) will
degrade faster if left fully charged.

The other ageing mechanism — cyclic ageing, is related to the intensity of battery usage. A full
battery cycle is a full charge followed by a full discharge. Battery manufacturers in battery
datasheets give an estimated cycle life — typically few to several hundreds of cycles. For this
cycle number to be true it is of importance to follow a specific charge and discharge test pattern:
the manufacturer will specify exact charging and discharging current, exact charging and
discharging cut-off criterions and exact rest periods between each charge and discharge as well
as the ambient temperature (typically 25°C) at which the battery should be cycled. These cycle
life testing parameters are different for each battery model. The estimated cycle life has been
reached when the battery capacity has decreased by a certain amount. Unfortunately for
different manufacturers and different battery models this end-of-cycle life criterion is different
and can be in the range of 85% to 60% from initial nominal capacity — this complicates
comparison of different battery models. A key fact is that batteries degrade with each cycle
even if the cycle is not full. However this degradation rate and linearity is not the same for all
models. For battery with perfect linear degradation each next cycle would be a bit smaller until
the capacity eventually decrease from initial 100% to 0%. However, in real life batteries the
degradation is nonlinear, especially in the end-of-life (EoL) region. While initial capacity drop
per cycle might be linear after reaching the rated cycle life there might be a knee in the cycle
life graph after which the degradation happens much faster. This knee point is after the
datasheet’s 85% to 60% end-of-cycle life point. Typical battery datasheets does not provide full
cycle life graphs from 100% to 0% capacity but only from 100% to the rated end-of-life point
which is those 85% to 60%. A key point to note is that the datasheet cycle life number can be
easily exceeded if certain actions are taken to decrease degradation. The degradation rate is
strongly affected by the temperature, discharge depth (Depth-of-Discharge DoD) and charging
level. Deep discharge and overcharging can quickly decrease cycle life. In worst case situations
a single full over discharge (well below absolute minimum battery voltage) can lead to
immediate battery failure. The same is true for overcharging, especially in the case of LIBs,
which can catch fire or explode if overcharged. Even small deep discharges and overcharging
will lead to decreased cycle life. High rate discharging and charging can also decrease cycle
life if battery temperature is not limited to optimal range. For Li-ion and lead-acid batteries the
key action to increase battery lifetime is to limit DoD. For lead-acid batteries it should be as
small as possible while fully charged (0% DoD) and fully discharged (100% DoD) regions
should be avoided for LIBs.
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6.2.5. State-of-Charge/Depth-of-Discharge

During battery operation there are two similar but opposite variables which indicate how much
charge is left in the battery: depth-of-discharge (DoD) and state-of-charge (SoC). Both of
variables are relative indicators and are expresses in percent. As the name suggests DoD
indicates how much charge is left in battery in respect to a fully charged battery. A 0% DoD
level means that the battery is fully charged while 100% DoD level means that a battery has
been fully discharged. DoD can be calculated using (8.4) where Cdis is discharged capacity
and Cnom is the nominal capacity. The SoC is an inverse of DoD: it indicates how much charge
is remaining in the battery. A fully charged battery is at 100% SoC while 0% SoC means that
the battery is completely discharged. DoD indicator has the benefit to go over 100% - it can
happen in situations when a low discharge rate is used and thus battery can deliver more charge
than nominal. The SoC indicator in this case would go negative which can cause confusion. In
practical use, the SoC is mostly used as indicator to describe the remaining charge of a battery
in operation, in essence, it is a fuel gauge indicator. Rarely DoD is expressed not in percentage
points but in discharged amp hours (Ah) as shown in expression (6.5). In this case the user must
know the nominal capacity to make sense of the DoD reading.

DoD = %.100%. (6.4)

nom

DoD =Cy,. (6.5)

6.2.6. Performance parameters

When selecting a battery for a particular application certain comparison of available models has
to be done to make an optimal choice from price and performance perspective. For portable
applications gravimetric energy density (also specific energy, gravimetric density) and
volumetric energy density (occasionally energy density) are common indicators of battery
performance. The gravimetric energy density DEm can be calculated using (6.6) where Ebat is
the nominal energy and mbat is the mass of the battery. It is traditionally expressed in Wh/kg
units. It shows how much energy can be stored in one kilogram of battery mass. For example,
a 300Wh battery weighting 2kg has 150Wh/kg gravimetric energy density. A high-performance
LIB has approximately 200Wh/kg specific energy density.

_Lbar (6.6)

m

DE

m

While specific energy describes the relative weight of the battery, volumetric energy density is
used to describe the relative volume or size of the battery. A battery with higher volumetric
energy density will be smaller at the same rated energy. The volumetric energy density DEv can
be calculated using (6.7) where Ebat is the nominal energy and Vol. is the volume measured in
liters 1. The result is expressed in Wh/l units. A battery datasheet most likely will provide the
mass however the volume will have to be calculated using provided dimensions. High-
performance LIBs can have volumetric energy density of 400Wh/1 or even more.
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Epas

DE, = ol (6.7)
When using both volumetric and gravimetric energy densities one must remember that in most
cases these values are for cell-level parts. A fully designed battery pack has more components
(interconnections, electronics, thermal management, structural case) which will add to both
mass and volume and as a result both energy density performance indicators will be decreased.
In most applications the costs of the solution are of great importance. The same is true for
battery powered devices. It is occasionally estimated that an EV battery can cost as much as
one third of the whole vehicle. The costs of battery can be divided into two parts: cost of cells
and cost of auxiliary components. The cost of cells is straightforward — one can use the price
set by manufacturer or dealer to compare different cell models. It is more complicated with
auxiliary components which are required to make the battery pack/battery energy storage
system. These components include battery management electronics, safety devices, contactors,
connectors, interconnections, thermal management and the case. In case of EV LIB packs, cell
costs make approximately 70% and remaining 30% are the costs of auxiliary components.

One more interesting battery comparison indicator is the lifetime energy throughput. In its
simplest version it can be obtained by multiplying nominal capacity with cycle life. The result
is an amount of energy which will be delivered by the battery during its lifetime. It must be
noted that this calculation does not take into consideration the capacity fading and it assumes
that battery will be used only with full cycles. As previously described, the cycle life can be
significantly increased if certain operational modes are employed — it would result in much
larger total lifetime energy throughput.

Elifetime =FE, ., cyclelife. (6.8)

For economical perspective, Elifetime can be divided by the price of the battery to estimate how
much energy will be delivered per unit of currency as shown in equation:
Elifetime

Eipur = (6.9)

COStbattery .
For example, a small 300Wh battery costs 150€. Its nominal cycle life is 500 cycles which
results in 150000Wh or 150kWh of total discharged energy throughout its lifetime. If this
number is divided by the price, then a 1kWh/1€ figure is obtained. It shows that each single
euro was converted to 1kWh of discharged energy throughout batteries lifetime. This
performance indicator can be used to compare different battery technologies and individual
cells which have different cycle life parameters.

6.3. Battery pack

As previously described, a battery pack consists of cells and a set of auxiliary components. Both
in literature and practice the word “pack” is often omitted as is here as well. For stationary
applications there is a term “battery energy storage system” which basically is a battery pack
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with additional interface converter which takes care of voltage conversion, charging and SoC
control. If the interface converter is not integrated in the battery energy storage system, then
one could say that it basically is the equivalent of a typical battery pack. Cells of small battery
packs (electric scooters, bicycles, drones) are arranged in one group and equipped with basic
auxiliary components — bus bars, electromechanical contractors, safety disconnect devices and
thermal management. The main reason for less complexity is low cell count relatively small
voltage. The voltage of larger battery packs (light- and heavy-duty electric vehicles) are in the
range of 300V to 800V. While some sources claim that DC voltage below 120V are low risk, it
is safer to assume 48V limit. Such large battery packs are typically composed of several low
voltage battery modules which are series connected to produce higher voltage.

Each battery module or a small battery pack consists individual cells. All cells are of the same
model and are preferably parameter-matched to provide maximum performance utilization.
There are two types of connections which can be used to combine individual cells: series
connection and parallel connection. In a series connection cells are connected in a string so that
positive pole of one cell is connected to the negative pole of the next cell. The correct polarity
is critical. Series connection is used to increase voltage of the pack. A single cell has nominal
voltage of 1.2V to 3.8V. Higher voltages can be obtained by series connecting cells. Voltage of
a string is the sum of individual cells. n is the number of series connected cells.

V. :n'I/Cell. (610)

string

=Veenn +Veera +-- 1V,

c elln

In series connection the capacity rating (Ah rating) stays the same as for a single cell — all cells
will experience the same current during charging/discharging. However, the total energy of the
string will be the sum of individual cells energies. The total energy can be calculated if total
voltage and capacity of individual cells is known.

Estring = Ecelll + Ecell2 Tt Ecelln =n- Ecell' (61 1)
Estring = Vstring : Ccell' (6 12)

In a parallel connection all positive poles of all cells are connected together, and all negative
poles are connected together as well. The correct polarity is of utmost importance as incorrect
polarity of a single cell will cause immediate short circuit which in worst case can result in fire
and/or explosion. The total voltage of a parallel connection is equal to that of a single cell.
Parallel connection affects the total capacity which can be calculated as the sum of combined
cells.

V

parallel =~ V'ell‘ (613)

C

C

parallel = C

C

ot T Cootin +---+C, (6.14)

elln-

Cparallel =n-Ceel- (615)
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As the capacity rating is increased, the C-rate is increased proportionally as well, resulting in
higher permissible charge/discharge current levels. Similarly, as in series connection, the total
energy of a parallel connection is equal to the sum of individual cells.

Eparallel = Ecelll +EcellZ + "'+Ecelln' (616)
Eparallel =n: Ecell' (6 17)
Eparallel = Cparallel + Vparallel = Cparallel “Veell (618)

One of a battery pack’s description parameters is the cell configuration: how much cells are
connected in series and how much in parallel. A thirty-cell series connection is described as
30S while ten cell parallel combination is described as 10P. Both parts are typically combined:
30S10P — the battery pack consists of 30 series connected cells and each “cell” is made of 10
actual cells in parallel. This pack contains 300 cells in total. Given cell configuration tells that
cells are connected in parallel first (making a larger cell or cell group) and then connected is
series to form a single string. An alternative would be 10P30S. In this configuration there would
be 10 series strings composed of 30 cells in the first step (series first configuration). In the
second step these strings would be connected in parallel to achieve required capacity and C-
rate performance.
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a - series first 3P12S battery; b - parallel first 9S4P battery, c - a mixed connection battery pack where
each dashed box could be an 6S1P (12V) lead-acid battery hence total configuration could be labeled
as 2S2P

Figure 6.2. Battery pack

There exists a mixed cell configuration where in first step smaller series strings are connected
in parallel to make a sort of battery module. In second step modules are connected in series to
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produce finished battery pack. Common 12V lead acid battery has 6 series connected cells
(6S1P). One could connect 2 batteries in parallel to double capacity and 2 in series to double
voltage: a total of 4 batteries would be used to make a 2S2P configuration — in this case the
configuration regards batteries not cells. See Figure 8.2.c for clarification.

When designing LIB packs it is a rule of thumb to connect individual cells in parallel first,
series second. Such configuration assures that the cells connected in parallel have identical
voltage. It is beneficial to parameter-match cells before connecting them in parallel to achieve
optimal resulting capacity. During second step, paralleled cell groups are connected in series to
build the whole battery pack. A battery management system (mandatory in case of Li-ion) can
then be connected to each parallel cell group. If cells were first series connected, then each
series string would require individual battery management system due to monitor cell voltages
and perform balancing. In parallel-first configuration all parallel cells share the same voltage
hence it is simpler to perform monitoring and balancing.

Typical EV LIBs have voltage in the range of 300V to 800V and energy in the range of dozen
kWh to 100kWh. It is obvious that such battery packs require a multitude of cells which need
to be series and parallel connected to achieve desired performance. Due to reliability, safety
and handling issues, such battery packs are composed of smaller parts — battery modules.
Modules are connected in series to make a battery pack. The size of the module can depend on
several aspects: mechanical integrity — modules are made to be mechanically robust; safety —
modules often have voltage (much less than the total battery pack voltage) which can be
considered safe, handling — the relatively small size and weight of a module allows easier
handling during manufacturing, assembly and repair. While a battery pack consists of series
connected modules, the modules themselves can consist of individual cells or cell groups. If
individual cells are sufficiently large (tens of Ah) then a module can be made of series
connected cells. If cells are smaller (few tens of Ah) then they can be separately connected in
parallel to make a cell group or cell pack — several such groups can be connected in series to
make a module. However, in some EVs (example: Tesla) the battery pack is composed of
modules which are directly made of a large number of small cells (few Ah).

6.4. Lithium-ion battery

The lithium-based rechargeable batteries were last to enter the market, yet they have evolved
quickly, overtaken significant part of the market and the total worth of related technologies is
expected to grow in the future. As the name implies, the chemical element lithium (Li) is a key
component of every lithium-based battery: primary or secondary, metal or ion variety. Lithium
is the lightest metal (lighter than water) with one of the lowest electrode potentials hence it
fulfills requirements for a performance battery. However, lithium is highly reactive: it
aggressively reacts with water and oxygen from air — both lead-acid and NiMH chemistries
uses electrolyte with water hence lithium-based batteries needs a new type of electrolyte.
Studies in lithium electrochemistry was already done as early as in the second decade of 20th
century. However, the research and development of lithium batteries took off only in 1970s -
the first rechargeable lithium battery prototype was demonstrated in 1976. The first
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commercially available non-rechargeable (primary) lithium battery was already sold in the
same decade. It took a couple of decades for the rechargeable battery — it was commercialized
in 1991. Initial models used metallic lithium anode (negative electrode) with titanium disulfide
cathode (positive electrode) but it was noticed that this construction under certain circumstances
and cycling can grow so called dendrites — treelike structures which extend from anode, pierce
separator layer and cause an internal short circuit which causes venting with flame, fire or
explosion. It was found to be difficult to prevent dendrite growth in lithium metal batteries
hence research was shifted to another lithium battery type: lithium-ion battery (LIB) in which
there is no metallic lithium and only lithium ions are used transfer and store charge.

Rechargeable LIBs became available in year 1991 with key advantage: higher specific energy
density than other available battery chemistries. Gradual development of new cathode materials
adjusted LIB technology for most requirements of portable applications from highest energy
density smartwatches and cell phones to high current hand tools and long life EV batteries.
Additionally, less expensive LIB chemistries were developed for stationary applications. It is
estimated that total LIB market is in the 30-billion-euro range and it is expected to increase
fourfold in this decade. LIBs constitute approximately 60% of all automotive batteries. Over
the 30-year period of commercialization, LIBs have become a dominant battery technology
with room for improvement. This technology has changed our lives by enabling personal
portable devices and now it is a key-enabler for EVs. In 2019 three researchers were awarded
Nobel prize in chemistry for the development of lithium-ion batteries.

6.4.1. Construction

Li-ion cell construction is fairly complex if compared to simplistic lead-acid cell. The basic
essential components are the same: two electrodes, electrolyte and separator. For basic
functionality, electrolyte has to be able to transfer lithium ions at the same time it should not
react with those highly reactive ions. While the electrolyte of lead-acid and NiMH cells is rather
simplistic inorganic water-based liquid, the electrolyte of li-ion cells is a non-aqueous organic
carbonate-based liquid which contains some sort of lithium salt or mixture of salts to provide
some free lithium ions for energy transfer. The electrolyte is flammable which adds to the
overall safety issues of the LIB technology.

The separator layer has the same basic function — prevent contact of electrodes (internal short
circuit) while providing free path for the ion flow. In general, it is made of porous polymer
material which can be internally composed of different layers of plastic (polypropylene,
polyethylene and others) with additives to provide additional safety by blocking short circuit
currents and decreasing flammability. From the cell performance perspective, separator layer
is an unwanted element of the cell as it does not contribute to the actual electrochemical
reaction. It adds dead weight and volume which in turn decreases volumetric and gravimetric
energy density. For this reason, it is desirable to make this layer as thin as possible — some cells
can have separator thickness of around a dozen micrometers and constitute just a few percent
of the total mass of the cell.
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A li-ion cell is made as an ion transfer cell in which both electrodes can accept and store Li
ions. During charging/discharging these ions are transferred from one electrode to the other.
This operational principle is known as the rocking chair. At this point it must be emphasized
that a Li-ion cell can be made using a variety of different electrode materials. There are six most
prevalent material combinations which result in six types of Li-ion cells. For description of cell
construction, the most popular construction will be used: the negative electrode (anode) is made
of graphite (an allotrope of carbon); the positive electrode (cathode) is made of lithium and
some other metal/s oxide. Both anode and cathode active materials are selected to provide the
required capacity, current and life. Electrodes can have some additives to improve current
carrying capability. Additionally, both electrodes are bonded to current collectors (passive
material) — high conductivity metal conductors used collect electrons from active material and
provide path to the external connection of the cell. In some cell constructions the current
collector metal is actually a part of the external connector. Aluminum for positive electrode and
copper for negative electrode is a common current collector material choice as both metals have
high conductivity, adequate electrochemical stability and are easily available.

The case of a cell is another contributor of passive material. Li-ion cells are being manufactured
in all shapes according to the application requirements. In most situations, the internal structure
of a cell is made as a jelly roll. First each electrode-current collector combination is made as a
sheet roll then both electrodes and separator layer are combined by rolling all layers into one
roll. Finally, the electrolyte is filled. Naturally, the resulting roll is of cylindrical shape hence
the most effective (from manufacturing perspective) cell shape is cylindrical. In case of
pouch/flat and prismatic cell shapes, the jelly roll is pressed and processed into required shape
and then encapsulated in casing. Alternatively, a cell can be made of individual material sheets
which are stacked together to produce flat cells — this process is more expensive and time
consuming than jelly roll process.

6.4.2. Operation

The basic operation of li-ion cell is simple: positively charged lithium ions flow from negative
electrode to positive during discharge and vice versa during charging. At the same time, during
discharge electrons travel through the external circuit from negative electrode to positive and
from positive to negative during charging. At fully discharged state the porous structure of
negative graphite electrode is empty (without Li ions) and oxidized (without electrons) while
the positive electrode is fully reduced to metal (lithium and others) oxide. The situation is
reversed when cell is fully charged: negative electrode structure is filled with lithium ions taken
from the positive electrode. Corresponding chemical reactions are given below in Figure 8.3.

6.4.3. Types of Li-ion chemistries

As previously noted, there are six common Li-ion chemistries. They differ according to the
materials used in both electrodes. The widest variety is for the positive electrode (cathode)
which can have five compositions: LCO, LMO, NMC, NCA and LFP. These three letters are
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abbreviations of the main chemical components of the active material. LCO and LMO are
among the first commercially available Li-ion chemistries. Their composition is
straightforward: L stands for lithium, C stands for cobalt, M stands for manganese and O stands
for oxide/oxigen. Therefore, LCO Li ion cell has lithium cobalt oxide (LiCoO2) cathode
(positive electrode) and LMO cell has lithium manganese oxide (LiMn204 or Li2MnO3).
cathode. It gets a little bit complicated with NMC and NCA where N is nickel, C is cobalt, M
is manganese and A is aluminum. In the names of these two materials lithium (L) and oxide
(O) parts are omitted to maintain three-letter format. Therefore, NMC is lithium nickel
manganese cobalt oxide (LiNiMnCo2) and NCA is lithium nickel cobalt aluminum oxide
(LiNiCoAlO2).
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Figure 6.3. Generic chemical reactions of a Li-ion cell

Finally, in LFP L stands for lithium, F for iron (from Latin: ferrum) and P for phosphate.
Therefore, the cathode of LFP chemistry is made of lithium iron phosphate (LiFePO4). In all
these five chemistries only the cathode (positive electrode) was the variable. The anode material
in all five types remained the same: graphite. The remaining type is LTO where L is for lithium,
T 1s for titanium and O is for oxide/oxygen. Due to some chemical nomenclature rules this
material is called lithium titanate (Li2TiO3). LTO is used to replace the graphite anode. For
some confusion, the cathode of an LTO cell can be made of LMO or NMC material.
Additionally, the performance of these types is changing as battery technology is advancing.
For example, NMC is a popular type for EVs. It used to have 1:1:1 ratio between nickel,
manganese and cobalt hence an extended name was NMC111. Then chemistry was improved
to reduce cobalt content (an expensive conflict mineral) and new NMC622 type modification
was introduced. It is expected that NMC811 material will be available and become mainstream
in near future. The key difference between these variations is the increase in gravimetric energy
density.

To summarize, each of six basic types have their specific characteristics: cost, energy density,
specific power, safety, life span, temperature range even the voltage. A graphical representation
of some different features is given in figure 6.4. From this, one significant conclusion can be
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drawn: the name “Li-ion battery” is quite generic — the true performance is revealed when the
exact type of chemistry is known. To continue the confusion, a term lithium polymer (Li-poly,
LiPo) battery exists. Despite the rumors that Li-poly is some special battery type, it is a type of
Li-ion battery which has a sort-of solid electrolyte. In a Li-poly battery, the common liquid
electrolyte of a traditional Li-ion battery is replaced with a gel-like electrolyte. In practice,
majority of Li-ion cells have some additives and improved separator structure to confine liquid
electrolyte thus essentially making Li-poly cells. These cells are mainly made in pouch format.
A different variation is the solid-state Li-ion — as the name implies, the electrolyte is made fully
solid thus making it possible to produce cells thinner than 1mm. Fully solid-state Li-ion
technology 1is still in research and development stage, however it promises higher
charge/discharge rates, longer lifecycles, higher energy density while being safer and less
expensive. Most likely all promises will not be carried out but announcements from developer
companies indicate that solid-state batteries will become commercially available during this
decade. Progress in solid-state technology is intertwined with development of lithium-sulfur
(Li-S) battery. Li-S battery could be the next breakthrough in energy density however it heavily
relies on functional solid-state technology. A closer future is improved anode materials for
existing chemistries. The common graphite anode can be replaced by silicon material which
can store significantly more Li ions resulting higher energy density. However, silicon anode
cannot provide required cycle life. Both materials are being combined to achieve both features.
Advances in carbon materials promise improvements in battery chemistry. One novel carbon
allotrope is graphene which excels in high electrical and thermal conductivity — both features
can be used to improve performance of traditional graphite-based anodes.
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Figure 6.4. Characteristics of common Li-ion types
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6.4.4. Discharging

All LIBs are characterized by relatively low self-discharge and no memory effect as opposed
to the NiMH chemistry which requires occasional full discharge. In case of LIBs, full discharge
is to be avoided to maximize battery lifespan. As for most batteries, the discharge rate affects
the voltage of the cell — at high rates the voltage will drop more, in some cases it is beneficial
to decrease the cut-off voltage to achieve desired end DoD. In most LIBs the discharge curve
(vertical axis represents battery voltage while horizontal axis represents SoC or DoD) is linear
with a drop at the final stage of discharge (90-100% DoD) when discharged at low rate.
However, as the rate is increased, the drop at high DoD becomes flatter while the voltage drops
faster at the opposite end of the curve, at low DoD (Fig. 10). The discharge performance is
heavily affected by the temperature of the cell - in figure 8.5., the 6.6C rate curve does not reach
2.0V cut-off voltage because temperature of the cell has risen to the max limit. The nominal
curve is given at 20, 23 or 25°C. At 45°C ambient temperature, the voltage curve of the cell is
increased by less than 100mV, hence increased temperature minimally affect voltage under
discharge. The situation is different if ambient temperature is decreased. At 0°C the voltage of
a cell can a couple hundred mV lower (fig. 11). At negative temperatures the voltage decreases
further limiting the discharge rate — if rate is too high the voltage drops below cut-off voltage
and discharge should be terminated. This effect is somewhat mitigated if cell is operated at
moderate discharge rate — due to internal losses the cell can self-heat and thus improve its
performance. For most Li-ion types the available capacity rapidly decreases at low temperature
(below -15°C). However, there exists a wide variety of different types and special purpose
battery models which are designed to operate at high rates or low temperatures.

It can be said that the type of chemistry plays a critical role in the discharge performance. The
most obvious initial difference is the nominal voltage (figure 12). It is commonly assumed that
a single Li-ion cell has 3.6V nominal voltage although 3.7V are prevalent as well — these values
are for the dominant group of LCO, LMO, NMC and NCA. On top of these two numbers, values
around them can exist as well, for example, LG Chem produces 18650-size INR18650M1J1 cell
(NMC type) whose datasheet’s nominal voltage is 3.635V. However, 3.6 and 3.7 values are
close together and difference is not critically important in most cases.
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Figure 6.5. Voltage curves of a single NMC Li-ion cell at different discharge rates.
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Figure 6.6. Voltage curves of a single NMC Li-ion cell at different ambient temperatures

LCO is rated at 3.6V with 3.0V optimal discharge cut-off. This type is known for its high
gravimetric energy density and hence used in space/weight critical applications like mobile
phones and laptops. The specific power is poor: discharge rate should not exceed 1C. LCO can
be considered as an energy cell — used in applications where high energy is more important than
high power. High rates and overcharging can lead to thermal runaway. LCO was one of the
initially successful chemistries, but now the high price of cobalt and low safety has made this
older type obsolete, putting more focus on NCA and NMC chemistries.

LMO is rated at 3.7V with the same 3.0V optimal discharge cut-off although the minimal
voltage can go as low as 2.5V. The energy density is considerably lower than LCO however
this type is capable of much larger discharge rates. The recommended discharge rate remains
the same — 1C (for max life) but max rate can go as high as 10C or even 30C for brief periods.
This high specific power density makes LMO a good choice for power tools and other high rate
devices. High current can be achieved due to more stable manganese-based cathode structure —
this type is safer than LCO. Thermal runaway would occur at much higher temperature
Unfortunately, lower energy density is not the only drawback — cycle rate is lower than that of
LCO. Drawbacks have been minimized in NMC chemistry which combines features of both
cobalt and manganese, making LMO less relevant.

NMC can be rated at 3.6 to 3.7V depending on the exact materials and proportions of the
cathode. The discharge cut-off varies from 2.7 to 3V with 2.5V as the absolute minimum. NMC
is considered to be the leading LIB chemistry with ability to produce cells with both high energy
and power at good cycle life. Gravimetric energy density is more than 200Wh/kg and discharge
rates up to 2C are achievable. For example, the US18650VTC6 cell made by Sony has 3.6V
nominal voltage and 3Ah rated capacity at weighting 46.6g. This translates to 10.8Wh energy
storage and 231Wh/kg gravimetric energy density. At the same time this cell has 5C (15A)
continuous discharge rate. Depending on various additives and construction, NMC is used in
power tools, hobby electronics, EVs and industrial applications. More than 60% of all LIBs are
NMC and adoption in EVs is more than 50%. The use of manganese improves safety at higher
discharge rates however NMC is not considered to be the safest and highest power chemistry.
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NCA has 3.6V nominal voltage and cut-off at 2.5V if max discharged capacity is required
(100% DoD). It was introduced at the end of 20th century as a replacement for unsafe LCO
chemistry. This type is regarded as high energy with good power capability and long life,
additionally EV manufacturer Tesla together with battery manufacturer Panasonic has proven
that battery packs with price less than 200€ per kWh can be manufactured using cylindrical
NCA cells. NCA chemistry does not provide as discharge rate as NMC, the limit is in 2C to 3C
range. Additional drawback is the inherently lower safety and easier thermal runaway. These
negative effects can be controlled if proper battery and thermal management system is used.

LTO and LFP chemistries significantly differ from the previous two cobalt and manganese
chemistries. The nominal voltage of an LFP cell is 3.2V while the cut-off varies from 2.0 to
2.5V depending on the model and mode of operation. If longer life is desired, then cut-off
voltage should be increased to 2.8V. The discharge curve is very flat at rapid voltage curves at
both ends, hence making it harder to estimate SoC. Despite the low cost of materials, LFP cells
are rather expensive because of low gravimetric energy density. The advantages are high power,
high safety and long life under specific discharge conditions. Safety includes chemical and
thermal stability as well as some tolerance to overcharge and short circuit. For example, A123
Systems manufactures AMP20M1HD-A flat pouch cell which has 19.6Ah at 3.3V nominal
voltage (higher than usual 3.2V) at gravimetric energy density of 131Wh/kg which is low if
compared to NMC or NCA types. However, this cell can be discharged 363A current which
translates to 18C rate. Additionally, the manufacturer claims that this cell model will retain 90%
capacity after 3000 cycles at 100% DoD. LFP chemistry is popular in China for EVs, industrial
applications and utility level energy storage.

LTO is characterized by even lower nominal voltage ranging from 2.2 to 2.4V. The minimum
discharge cut-off is at 1.5V while in some models it is recommended to stop discharging when
voltage decreases to 1.85V. The relatively low nominal voltage is the greatest disadvantage of
this chemistry. As previously described, energy of a cell can be calculated by multiplying
capacity (Ah) with nominal voltage (V). At same capacity and significantly lower voltage the
resulting energy and volumetric/gravimetric energy density will be low. This further translates
to high initial cost per kWh of the battery pack — the highest among all LIBs. Otherwise, LTO
has some significant advantages. Both charging and discharging rates are high: typically quoted
discharge rates are up to 10C with 30C pulses. Pulse (10 seconds) current capability of actual
high-power optimized models can be as high as 75C. The cycle life is measured in several
thousands and if reduced DoD range is used then cycle life can extend to tens of thousands of
cycles. Additionally, the operational temperature range is wide and thermal stability is high
making LTO the safest Li-ion chemistry. For a practical example, Leclanche manufactures
LT34 LTO cell with 34Ah capacity at 2.2V weighting 1080g. Simple calculation yields that
gravimetric energy density is just 70Wh/kg — less than high performance NiMH chemistry can
provide. However, this cell can be discharged at 6C and 10C in pulses at temperature range
from -20 to +55°C. Additionally, at 100% DoD cycling it is rated for 15000 cycles while 80%
DoD cycling will extend cycle life to 20000 cycles. Given parameters make LTO suitable for
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large EVs (bus, tram, train) and stationary energy storage which requires high charge and
discharge rates.
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Figure 6.7. Generalized voltage curves of single Li-ion cells of various chemistries

6.4.5. Charging

In general, the CCCV charging method is used to charge LIBs similarly to lead-acid chemistry.
Hence, there are two main charging phases: the faster constant-current phase and the slower
constant-voltage phase as shown in figure 8.8. If a battery is deeply discharged (below
minimum voltage) then a pre-charge phase should be introduced before full current CC phase.
The pre-charge current should be 10% or less than the nominal charging current (given in the
datasheet) of the battery. Once the voltage of the battery is higher than minimal discharge
voltage, charger can switch to full current charging in CC phase. In normal operation, pre-
charge phase should be omitted as BMS (battery management system) has to prevent deep
discharge and associated damage to the LIB. However, if the battery voltage is indicating deep
discharge then pre-charge should be carried out to pre-condition both electrodes for effective
lithium ion transport. Immediately applying full current (or even worse fast-charge current) to
adeeply discharged LIB can result in additional heating (risk of thermal runaway and associated
danger) and permanent damage to the electrodes.

Most of the charge to the battery is delivered during the CC charging phase. The controllable
parameter is current. The standard charging rate commonly is 0.5C which results in
approximately 2-hour 0-100% battery charging (including CV phase). Older Li-ion chemistries
were quite sensitive to charging current — higher rates would result in metallic lithium plating
on electrodes, electrode expansion (package deformation) and overall performance
deterioration. In worst case it would result in thermal runaway and venting with flame. Progress
of technology and development of new types (NMC, NCA) have resulted in more robust cells
with higher allowable charging rates. Now, faster charging can be achieved by using 1C or even
2C rates. However, fast charging has its limits. In standard charging, most time of charging is
spent in CC phase, when battery is charged to 80-90% SoC. CC phase is terminated when
charging voltage level is reached and charging transitions to CV phase during which the
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remaining charge is delivered to the battery. Charging during CV phase happens much slower
due to ever decreasing current. When high rate is used in CC phase, the charging voltage limit
is reached much faster due to cell heating and resistive drop (seen as voltage increase) similar
to that of discharge curve (at high discharge current battery voltage drops, at high charge current
voltage steps up). As a result, less charge is transferred to the cell, for example just 60 — 80%
or even less. The remaining charge must be delivered in the slower CV phase. The other issue
with fast charging is temperature rise. Both resistive losses and ionic conductivity losses
produce heat which increase temperature of the battery. When max temperature threshold has
been reached, charging current must be decreased hence fast charging transitions to standard
charging. This problem can be alleviated if proper thermal management is used for the battery
pack. A quality cooling system can keep temperature low (well below max limit, preferably not
more that around 30°C) to allow fast charging while avoiding performance degradation. For
some battery models, active cooling can allow to increase charging current even higher to
achieve faster charging time. In general, it is commonly assumed that EV fast charging (CC
phase) can charge battery only to 80% SoC level.

Both LFP and LTO chemistries have some charging advantages. As LFP is thermally more
stable it can be charged with 3C rate if proper temperature monitoring is used. The charging
performance of some LTO cell models is dramatically different. While typical charging rates
can be as high as 6C, cells with 10C and 60C pulse charging capability are available on the
market. Some of such cells can be charged to 80% SoC in just 6 minutes.

The CC phase ends and transition to CV phase happens once the voltage of the cell reaches
charging voltage limit. For LCO, LMO, NMC and NCA chemistries, the charging voltage is
4.2V. Charging to a higher voltage will result in small addition to the capacity however the cell
will degrade faster and the safety risks increase dramatically. Some high-energy optimized cells
can be charged to 4.3V however in automotive applications the charging voltage is lowered to
improve battery lifespan. Lower charging voltage naturally results in lower max SoC hence it
is an easy method to decrease used capacity range. As previously noted, decreased used capacity
(never fully charged, never fully discharged) increases cycle life. Additionally, keeping a Li-
ion cell at its maximum voltage (same as charging voltage) stresses the internal structure which
leads to overall degradation. Lowering max voltage reduces this internal chemical stress and
promotes longer calendar life. Again, LFP and LTO max charging voltage is significantly
different, same as nominal voltage. Depending on the exact chemistry LFP max charging
voltage can be in 3.65 - 4V range. 3.65V is the dominating voltage level while 4V in some
datasheets will be given as the absolute maximum level after which damage is imminent. LTO
cells can be charged to 2.8 — 3V level — significantly less than other graphite anode-based LIBs.

The charging (SoC increase) speed gradually decreases during CV phase as the current rate
declines. In standard charging, CC phase lasts less than 1 hour while CV phase can be in the
range of 1 to 2 hours. As previously noted, majority of charge is delivered to the battery during
the short CC phase while the long CV phase delivers remaining fraction. If it is required to fully
charge a battery the additional step of cell balancing can increase charging time. The charging
is terminated when charging current decreases below cut-off limit. This limit traditionally is
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10-3% of the 1C rate. Charging cut-off conditions are not always provided by the battery
manufacturer, hence there is some engineering freedom. Additionally, charging timeout can be
introduced as well. For example, the datasheet of US18650VTC6 cell (manufactured by Sony)
states CCCV charging to 4.2V at 2.5A (0.5C) with 2.5h cut-off - a current cut-off limit is not
specified. The timeout criterion can be helpful when the battery reaches its end of life. In some
cases, the self-discharge/leakage current increases as the battery ages. If the leakage current is
higher than current cut-off level, then battery charging current will never decrease below set
cut-off and charger will indefinitely continue charging the battery. A timeout can prevent this
situation.
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Figure 6.8. Charging curves of an NMC Li-ion cell. Current is expressed in percent where
100% represents 1C rate

Charging is affected by temperature. Cell/battery datasheets provide information about ambient
temperature for three situations: discharge, charge and storage. Traditionally one would expect
that storage temperature range is the broadest. It is not so in case of LIBs. For short term storage
(less than a month) it is the same as discharge operating temperature whose range can be -20°C
to +60°C. As the storage time increases, ambient temperature should be kept within -20°C to
25°C range to maintain calendar life. Temperature during charging must be in 0 to 45°C range,
preferably below 30°C. Already under 10°C standard charging rate should be decreased to
0.25C. It is generally assumed that LIBs should not be charged if temperature is below 0°C — if
temperature is lower, ion mobility is restricted and charging will cause deformation of
electrodes, which in turn will degrade performance and safety due to plating of metallic lithium.
Both the LIB and the charger should be equipped with temperature monitoring to perform
charging only if temperature is within safe operation range. If a battery will be required to be
charged at freezing temperatures (an EV in northern countries where the winter temperatures
are well below 0°C), then battery pack has to be equipped with thermal management which can
provide heating. Of course, the temperature of the LIB will rise on its own during charging due
to internal losses — BMS has to prevent temperature rise above operating point. Temperature
can be controlled by controlling current or by using active thermal management. It can be noted
that charging temperature can vary from model to model and from chemistry to chemistry.
Again, LTO excels in operation at low temperatures. An LTO LT34 pouch cell made
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by Leclanche can be both discharged and charged at temperatures ranging from -20°C to
+55°C. Research laboratories are working on improvements for all Li-ion chemistries to allow
charging at temperatures below freezing point. There are reports that some LIBs (non-LTO)
can be charged at freezing temperatures albeit at very low rates.

6.4.6. Battery management system

LIBs and even single cells require an obligatory BMS which can have a variety of functions.
The main task of a BMS is to maintain a safe operation of the battery — the safety of LIBs has
always been an issue which requires special care. The functions can be divided in four groups:
protection, monitoring, estimation and balancing. Safety essentially is protection. Some cells
have some inherent safety features, such as overpressure, short circuit and thermal protection.
Overpressure is implemented as a valve which will open when the internal pressure of a cell
reaches critical level. Short circuit protection can be made as an internal fuse or a PTC resistive
element whose resistance increases if its temperature gets too high — this acts as thermal
protection as well. As these three mechanisms are parts of a cell, they do not constitute a BMS
which is made using a set of external elements.

In simplest single cell batteries, the BMS (sometimes called cell/battery protection circuit) can
be realized as a single printed circuit board which is equipped with a control logic
(microcontroller, ASIC or analog), some measurement circuitry and switch elements. The
control element uses measurement circuit to measure cell voltage, current and temperature. The
measured voltage is processed to provide undervoltage (UV) and overvoltage (OV) protection.
UV condition happens when the cell is being deep discharged. OV condition happens when the
cell is overcharged. To prevent both of these damaging conditions, the control logic opens
switch elements to stop further discharge or charging. Switches can be implemented as
integrated elements of an ASIC, as discrete semiconductors (MOSFETs for example) or as
electromechanical switches like relays or contactors. The same switches can be used to stop
short circuit current (SC) and over current (OC). The SC condition happens when cell current
is higher than absolute maximum rating. The OC condition happens when cell current is higher
than rated nominal level for prolonged period. For example, some cell can have a pulse/peak
current rating of 20A at 10 seconds. If the current is 20A for longer period than 10 seconds,
then OC protection should be activated. In some cases, cell manufacturer limits pulse current
depending on the cell temperature hence OC protection is often implemented together with
thermal protection — high current naturally causes cell’s temperature to rise. When temperature
hits some set threshold (over temperature condition (OT)), current must be terminated. Both
charging and discharging can be prohibited if temperature is out of safe operation area. This
adds under temperature (UT) condition which is particularly important to prevent charging if
temperature is below 0°C. When implemented on cell level, these basic protection functions
can be realized using small printed circuit boards. For example, the abundant 18650 size cell
can be purchased in two variants: unprotected and protected. The unprotected variant is the
basic cell with built-in PTC and vent features. The protected variant is equipped with an
additional cell protection PCB (18mm in diameter) which is attached to one side of the cell and
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the whole package is covered with plastic insulation. The resultant cell is a few millimeters
longer as opposed to the unprotected one which is 65mm long. A small protection board is
incorporated in even the smallest pouch cells to provide at least minimal protection. In simplest
form, the protection board can lack logic circuits and switches. A resettable fuse (for example
PPTC) could be used instead.

The same protection features are implemented on battery pack level as well. Naturally, the
complexity of the BMS increases with number of cells. In a multi-cell pack, parameter
monitoring can be separated as a distinctive function. Designated front-end integrated circuits
are being manufactured to fit most battery pack requirements. These ICs perform individual
cell voltage measurements, pack voltage measurements, pack current measurements and
temperature measurements. Some safety actions can be implemented in the monitoring ICs
while others are performed by central controller. Front-end monitoring ICs are equipped with
some sort of communication protocols to transfer obtained values to higher level controllers. In
large battery packs (such as EVs) the battery is split in modules and each module can have its
own module management board which transfers individual cell data to the central BMS board
where it is processed, and appropriate actions are taken. Some new variables are generated at
the pack level: max and min cell voltage, pack voltage, max and min temperature. These values
can be further used not only for basic protection functions but for estimation of various
performance indicators and cell balancing. Current monitoring can have its own board or at
least IC. Shunt or Hall-effect sensors are used to measure instant values which can be used
locally for fast short circuit protection or sent to central controller for advanced processing. For
large high-performance packs, thermal management becomes and important issue as proper
temperature conditions can greatly expand life span of LIBs. Thermal management system can
be a part of overall BMS. Battery packs can be actively cooled (or heated) — temperature of
coolant medium and its flow must be monitored as well. BMS monitoring functions might
include data logging of all mentioned measured parameters and additional ones like total cycles,
max and min discharge levels, total delivered energy and other time and charge related
variables.

The central BMS controller uses data from monitoring circuits to implement safety and
protection functions. Additionally, data is used to calculate and estimate various performance
indicators which can be further used to govern the pack or sent to higher level controllers and
user interface. From overall vehicle system perspective, SoC estimation is one of the most
important functions as it provides information about the remaining available proportion of
charge. There are various SoC estimation algorithms depending on battery chemistry and
application. Traditional input parameters are current which is being integrated over time
(known as coulomb counting) and voltage of the pack which in turn depends on the
instantaneous current value and temperature. As the battery ages, the inner parameter values
change and SoC estimator must adapt to those changes. Additional information can be obtained
from battery electrochemical impedance spectroscopy (EIS), which in some cases can provide
direct information about SoC and in others it can aid to determine other parameters. It must be
noted that SoC provides estimate in percent of nominal capacity and not the actual available
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energy. When the battery is new, 100% SoC indicates that full rated energy is available,
however as the battery ages, the capacity decreases thus after some years of operation the SoC
of a fully charged battery will be 100% but the actual energy might be just 80% of what it was
when the battery was new. This brings to another battery performance indicator: the state-of-
health (SoH). In simplest form, SoH indicates how much the capacity of the battery has
degraded. It can be estimated by dividing actual capacity by nominal rated capacity. The result
is expressed in percent. A 100% SoH indicates that battery is new — this number will gradually
decrease as the battery ages. SoH can be defined differently: it can represent the remaining
useful life (RUL) of the battery. In this case the estimation becomes a lot more complex as it
takes into consideration the impedance change (using EIS), the cycle life (in form of cycle
counter) and other parameters like self-discharge. The result can be expressed in percent,
remaining total storable energy or even remaining days before failure. Another parameter to
estimate is the state-of-power (SoP) or simply available power. The available power depends
on the ambient temperature, temperature of pack and SoC. It indicates how much power for
how long time can be discharged. This parameter is important is systems where future activity
(high discharge rates) can be and has to planned.

These previously described BMS function groups (protection, monitoring, estimation) to some
extent are common for all high-performance/high-cost/high-reliability applications and battery
chemistries. The last function — balancing, is not obligatory for most chemistries (although it
can be used in all), however it is essential for LIBs. Lead-acid and NiMH chemistry cells can
be balanced by trickle charging; however, it is not allowed for Li-ion chemistries, hence
external circuits must be introduced to provide balancing. The balancing function is used to
keep all cells of a battery at the same charge level although typically, balancing keeps cells at
the same voltage level. There are two reasons for cell mismatch. The first one is that all cells
are not created equal — manufacturing differences affect capacities, leakage and other
parameters of individual cells. The other cause of misbalance stems from usage and ageing —
temperature gradient, interconnection structure and just plain ageing can cause cells to develop
different capacities, OCV curves and leakage over time. When all cells of a battery pack are
perfectly balanced, the available capacity is maximal. However, if one cell is at lower SoC, it
decreases the SoC of the whole pack — it will be the first cell to reach discharge cut-off threshold
and hence the battery is rendered empty although other cells still have usable charge. This is
the case where the weakest link determines the strength of the chain. Additionally, when a
misbalanced pack is charged and a single cell is misbalanced at higher SoC, it will reach full
voltage faster. If charging is continued, this cell will be overcharged with all damaging
consequences. Hence charging must be stopped when any of the cells of a battery pack reach
full voltage.

A variety of balancing topologies can be used to equalize cell voltages/SoC levels to maintain
optimal battery performance. The simplest and most widespread is the passive balancing. The
topology consists of a switch (for example MOSFET) which connects a resistor across a cell
whose voltage is too high (more than other cells). The resistor is referenced to as shunt or
bleeder resistor as its removes excessive charge. The operation of the switch is controlled by
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BMS balancing controller. Commonly, this passive balancing (also know as resistor balancing,
shunting balancing) is done only during the end phase of the charging. When first cell reaches
full voltage, the charging current is decreased to prevent overcharging the full voltage cell while
still charging remaining cells. The balancing process can take a long time as shunting resistor
usually provide just a few mA of discharging current. Hence it can be continued after the
charger is disconnected from the pack. Balancing at the full SoC is known as top balancing.
Alternatively, balancing can be done at discharge: all cells are fully discharged using balancing
resistors to achieve equal SoC. Passive balancing while being simple, easy to implement and
cost effective, has its drawbacks: the balancing rate is low and can take hours to achieve good
balance (depending on the level of misbalance); it wastes energy — all excessive charge is
dissipated as heat in the shunting resistors. An alternative is to use active balancing. A variety
of topologies have been developed which can transfer charge from full cells to ones with less
charge thus preserving valuable energy. Active balancing can be used at all times as opposed
to passive which usually is used only during charging. It can be designed to provide high
balancing current to deal with high mismatch. However, the main drawback is complexity
which adds to cost and reliability issues. Passive balancing is sufficient in most situations,
especially if cells of a battery pack are sorted and matched prior to pack assembly — only
miniscule balancing is required during charging for most of battery life. Furthermore, battery
chemistries and manufacturing process is being continuously improved to minimize cell
parameter dispersion (both of fresh and aged cells) and increase overcharge tolerance thus
reducing requirements of balancing circuits.

BMS and its functions can extend further. As mentioned, thermal management can be a part of
BMS, especially if active temperature control is used: forced air or liquid cooling/heating. In
EVs charging is controlled by the BMS as it has information about charging voltage, current
and can provide temperature and safety control. BMS has communication interface to the main
vehicle control system. Some sort of charger is usually implemented in an EV and in some
cases the charger is a part of the battery pack. EV batteries are equipped with fuses and set of
contactors: for work current and precharge. Smaller batteries can have some human machine
interface (HMI), for example a set of LEDs, to indicate remaining charge. All of these features
are controlled by the BMS.

6.5. Fuel cell technology

Fuel cells (FC) are devices somewhat like batteries. Their purpose is to provide electrical energy
by converting chemical energy. Same as batteries they are electrochemical devices. The main
difference is that fuel cells uses some sort of chemical compound (fuel) which is supplied to
the cell to produce electricity by controlled electrochemical redox reaction. The fuel and
oxidizing material (oxygen from air) is consumed during the process. On the other hand, battery
already had all components embedded in a closed package and no material was consumed
during charging/discharging. Fuel cell technology has a long history as it was invented in 19th
century. Since then various configurations have been developed and implemented in stationary
or portable applications ranging from few Watts of power to mega-watt systems. The most
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notable fuel cell technology is the proton exchange membrane fuel cell (PEM FC). The basic
elements of a fuel cell are anode, cathode and electrolyte. A PEM layer contains electrolyte and
separates anode from cathode. Fuel is delivered to the anode side while oxygen is delivered to
the cathode side. Popular fuels are hydrogen and methanol. As an electrochemical reaction takes
place, protons from fuel are transferred through the PEM to the cathode side where waste is
produced: water in case of hydrogen fuel and CO; if methanol FC is used. As usual, electrical
load is connected to anode and cathode to deliver electrical energy. The reaction is
unidirectional — PEM FC delivers energy and it cannot be charged.

Several FC cells are stacked together to increase current and/or voltage thus making a FC stack
similarly as in the case of battery packs. The nominal voltage of a single PEM FC cell is
approximately 1V and it is load dependent. A hydrogen PEM FC is considered compact power
source (high specific energy and energy density) and it can be refueled quickly — one just needs to
fill the hydrogen container — a process which takes just a couple minutes. These features make
hydrogen FCs a good candidate for powering EVs and other mobile applications. However,
widespread adaptation has not been successful so far due to some disadvantages. PEM FCs have
high initial costs, in part due to expensive catalyst materials, additionally as FCs age, their voltage
and power output decreases hence they have a limited life span (operating hours). FCs are not as
efficient as LIBs. Common efficiencies are in 50 to 60% range which means that significant amount
of heat will be generated during power production — a cooling system like the one of common ICE
vehicles is required as the temperature operational range of FCs is limited. The high cost and limited
power density results in requirement of additional energy storage element — a battery or
supercapacitor. FCs have an optimal power output level which usually is lower than the power
required to accelerate a vehicle. During constant speed driving there is supplementary power which
can be used to charge a battery which in turn can be used to provide the required power boost during
acceleration. A battery is beneficial for regenerative braking — FC cannot be used to store braking
energy. A key issue for hydrogen FC adoption is the lack of refueling infrastructure. Hydrogen gas
is extremely flammable, it can diffuse in and through metals and it can cause metal embrittlement
hence manufacturing, handling and storing hydrogen requires additional care. The final problem is
the source of hydrogen. The amount of hydrogen in atmosphere is negligible hence it must be
manufactured. It can be produced by electrolysis of water however this process is inefficient even
further decreasing the total FC technology full-cycle efficiency. Currently, majority of hydrogen is
produced by reforming fossil fuel — not a sustainable solution. Despite these drawbacks, hydrogen
FC technology has been and is used in some commercial EV products. There are a few available
automobile models and several public transport buses. The later has shown good performance as
buses have stable cyclic usage and plenty of space for FC and hydrogen storage tank installation.

6.6. Supercapacitors

In simplistic terms, supercapacitors (SC) are capacitors with extremely high capacity. In fact, they
use special physical effects (electrochemical pseudocapacitance and/or electrostatic double-layer
capacitance) to provide capacity. Depending on brand-names and physical effects, supercapacitors
are also called boost capacitors, ultracapacitors, pseudocapacitors and electrostatic double-layer
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capacitors (EDLC). One must not confuse SCs with common high-capacity aluminum electrolytic
capacitors which are made with rated voltages from few to hundreds of volts. The rated voltage of
a single SC cell is in the range of 2.1 to 3V. While majority of SCs are available as single cells,
commercial SC batteries (series/parallel) with voltages higher than 100V are available on the
market. The capacity of single SCs ranges from hundreds of millifarads to a few kilofarads — they
extend capacitor capacity range as the largest electrolytic capacitors are just around 1F in capacity.
If compared to LIBs, SC main advantage is the high specific power density (up to 14kW/kg) and
vast cycle life (1000000 cycles). However, they have not replaced LIBs or other batteries due to
relatively minuscule specific energy (7.4Wh/kg for 3400F capacitor) which makes them
inappropriate for bulk energy storage. SCs can be used to improve the power capability of battery
systems, especially in applications where the bulk energy storage is a relatively low capacity battery
(with low power) as in hybrid vehicles and fuel cell vehicles. SCs can be successfully implemented
in applications requiring regenerative braking: the power handling capability of SCs is perfect for
absorbing high power pulses of braking while the stored energy can be used for the following
acceleration also requiring high power.

SC technology is evolving to improve the overall performance. Hybrid capacitors have been
developed — they use both SC and Li-ion technology. The result is so called lithium ion
capacitor — as name suggests, it is more like a capacitor with some features of the Li-ion battery.
The main advantage is elevated voltage: 3.8V rated voltage increases the specific energy
narrowing the gap between SCs and LIBs. Future improvements using graphene materials could
increase performance of SC, the same is true for LIBs.

To conclude this chapter see Figure 6.9. - a Ragone plot which is an effective tool to graphically
compare gravimetric energy density (specific energy) and gravimetric power density (specific
power) of various energy storage elements. The lowest performance is at the bottom left corner
while the highest performance is at the top right corner - a spot to be taken by future
technologies. Given figure represents generalized performance - higher performing application
specific technologies exist and are under continuous development. As can be seen fuel cell
technology can provide the highest specific energy while capacitors can provide the highest
specific power. However, Li-ion technology with its high specific energy and good specific
power is the right choice for most mobile/portable applications.
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Figure 6.9. General Ragone plot of energy storage elements
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