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Abstract

For several years now, electric cars (E-cars) have increasingly come into the public spotlight. This
technology aims to provide alternatives to conventional vehicles with internal combustion engines while
creating independence from politically unstable oil-producing countries. Another significant reason for
this trend is the reduction of CO, emissions to counteract the associated climate change. When powered
by renewable energy sources such as wind or solar energy, E-cars theoretically avoid most of the CO,
emissions. However, from a consumer perspective, E-cars currently have two main disadvantages, such as
high acquisition costs and limited range. Due to these two factors, it became imperative to be able to get
accurate information about the batteries’ state, age, and range. Therefore, this article presents the main
influential factors on vehicle range and a comprehensive study of different types of state of art modeling
methods. The methodologies with their challenges and the necessity of using the relevant modeling
methodology are described. Furthermore, experimental findings after 365 days are presented, using 60 Ah
battery cells, to investigate different kinds of aging influence with various parameters like ambient
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temperature, charging current and depth of discharge.
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1. Introduction

The rise of electric vehicles (EVSs) represents a pivotal shift
towards sustainable transportation. Central to the performance
and longevity of EVs are their batteries, which are highly sus-
ceptible to temperature fluctuations. Understanding the intricate
relationship between temperature and EV batteries is crucial for
optimizing their performance and ensuring their long-term via-
bility. This essay explores the influence of temperature on EV
batteries, drawing insights from state-of-the-art research find-
ings to reveal the underlying mechanisms and implications. A
battery system’s selection and size depend on the vehicle’s re-
quirements. A hybrid vehicle can refer to a wide variety of ve-

hicle concepts. Here are a few classifications of vehicle concepts.

The classifications of different car manufacturers are remarka-
bly similar. Overviews have been given by [1-4]. Figure 1 com-
pares all types of electrified vehicles with respect to the energy
and power demand. Fuel-cell electric vehicles are not mentioned
here explicitly. However, the battery sizing and requirements are
typically quite similar to those of full hybrid electric vehicles
mentioned in Figure 1.

According to [5] the term "lithium-ion batteries" encom-
passes a wide range of material combinations used to construct
these batteries. The characteristics of lithium-ion batteries, in-
cluding power, lifespan, performance at low and high tempera-
tures, and safety, are highly dependent on the specific materials
used. The electrode design allows optimization towards high-
power or high- energy cells. According to Ragone (A perfor-
mance comparison plot that evaluates different energy storage
devices. The x-axis represents the specific power, measured in
W/kg, while the y-axis represents the specific energy, measured
in Wh/kg.) plot of various (specification at cell level) battery
technologies, lithium-ion battery cells achieve the highest grav-
imetric energy and power densities of all commercially available
rechargeable batteries, [5]. Using titanate instead of carbon for
the negative active material can achieve very long lifetimes and
high safety levels. However, this choice significantly reduces
energy density, [6]. A lithium-ion battery (often called Li-ion
battery or LIB) is a type of rechargeable battery that uses the
reversible intercalation of Li+ ions into electronically conduct-
ing solids to store energy. Compared to other commercial re-
chargeable batteries, Li-ion batteries are characterized by [7]:
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Figure 1. Battery energy and power demands for various types of
electrified vehicles (based on market observations, [5]).
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Significant advancements in lithium-ion battery properties
have occurred since the mass production of Sony camcorders in
1991. Within the next 30 years, their volumetric energy density
increased threefold while their cost dropped tenfold, [8]. These
batteries have enabled portable consumer electronics, laptops,
cellular phones, and electric cars, contributing to what is known
as the e-mobility revolution. They are also widely used for grid-
scale energy storage, military applications, and aerospace. Dif-
ferent chemistries of lithium-ion batteries exist, including lith-
ium cobalt oxide (LiCo02), lithium iron phosphate (LiFePO4),
lithium manganese oxide (LiMn204 spinel or LMR-NMC), and
lithium nickel manganese cobalt oxide (LINiMnCoO2 or NMC).
Each chemistry offers specific advantages and trade-offs, [9].
The invention and commercialization of lithium-ion batteries
have had a profound impact on technology and society, recog-
nized by the 2019 Nobel Prize in Chemistry, [9]. These batteries
continue to play a crucial role in our daily lives and the transition
toward cleaner energy sources, [10]. Despite some advantages
of NMC (Nickel Manganese Cobalt) batteries, LFP (Lithium
Iron Phosphate) batteries still excel in much longer cycle life
than NMC batteries, wider temperature range tolerance and in
power capability, delivering higher charging speed performance,
[11] and [12].

2. Battery-design, Electrochemistry and the Impact of Tem-
perature and Aging on Batteries

Let’s explore the working principle of a lithium-ion battery.
These batteries are widely used in various devices, including
mobile phones, laptops, and electric vehicles. The following
sections describe how they work.

2.1. Battery components

A lithium-ion battery consists of several individual cells con-
nected to each other. Each cell contains three main parts, [13]
and [14]: Positive Electrode (Cathode): This electrode is typi-
cally made of lithium-metal oxide, such as lithium-cobalt oxide
(LiCoQ2). It supplies lithium ions (Li+).

Negative Electrode (Anode): The anode usually contains a
lithium- carbon compound, allowing for easy movement of lith-
ium ions in and out of its structure.

Liquid Electrolyte: The electrolyte facilitates the movement
of lithium ions between the electrodes.

Moreover, there are components like so-called “current col-
lectors”, which are conductive foils at each electrode of the bat-
tery that are connected to the terminals of the cell. The cell ter-
minals transmit the electric current between the battery, the de-
vice, and the energy source that powers the battery. Lastly the
“separator”, a porous polymeric film that separates the elec-
trodes while enabling the exchange of lithium ions from one side
to the other, [9], [15]. For an illustration of the components men-
tioned, one can refer to [15].

2.2. Electrochemistry

Inside the battery, oxidation-reduction (Redox) reactions oc-
cur. Reduction takes place at the cathode (positive electrode).
Cobalt oxide (CoO2) combines with lithium ions (Li+) to form
lithium-cobalt oxide (LiCo02):

(Co0? + Li* + e~ > LiCo0?) (D)

Oxidation occurs at the anode (negative electrode).
The graphite intercalation compound (LiC,) forms graphite
(C,) and releases lithium ions:

(LiC® > C + Li* +e) @)

The overall reaction during discharging (left to right) and
charging (right to left) is:

(LiCS + Co0?% 2 C6 + LiCo0?) ®3)

During the recharging process positively charged lithium ions
(Li+) move from the negative anode to the positive cathode
through the electrolyte. The electrical current flows from the
current collector through the device being powered (e.g., cell
phone, computer) to the negative current collector. The separa-
tor prevents the flow of electrons inside the battery.

13



Serarslan B. / International Journal of Automotive Science and Technology 9 (1): 12-25, 2025

PARAPY .o o000 ™
v. "" ALTOMONVE ENGINEERS

In summary, lithium-ion batteries store and release energy
through the movement of lithium ions between the cathode and
anode, enabling the devices we rely on daily, [14-15].

2.3. Temperature effects on EV battery performance and
case studies

Temperature exerts a significant influence on the electro-
chemical processes occurring within EV batteries, thereby im-
pacting their performance, efficiency, and lifespan. Extreme
temperatures, both hot and cold, can have detrimental effects on
battery health.

Recent researches by [13], [16] and [17] highlight the accel-
erated degradation of lithium-ion batteries, the main battery
technology in EVs, at elevated temperatures. These studies
demonstrate that prolonged exposure to temperatures above
40°C leads to increased capacity fade and impedance rise, com-
promising the battery's performance and longevity. Furthermore,
high temperatures promote the formation of damaging side re-
actions, such as lithium plating and electrolyte decomposition,
intensifying degradation mechanisms.

Conversely, cold temperatures slow down the electrochemi-
cal reactions within EV batteries, resulting in decreased capacity
and power output. [18] explains the effects of sub-zero temper-
atures on lithium-ion batteries, revealing reduced ionic conduc-
tivity and slowed-down kinetics, which translate to reduced per-
formance and range in EVs operating in cold climates. Sections
2.3.1and 2.3.2 give examples of how low and high temperatures
affect the aging of the batteries and the charging efficiency of
EVs.

2.3.1. Battery aging and degradation

Accelerated Aging

High operating temperatures accelerate battery aging. Charg-
ing under elevated temperatures leads to degradation. EV batter-
ies must operate therefore within optimal temperature ranges to
maximize lifespan, [19].

Lithium Plating
Low temperatures cause ions to flow more slowly through

battery cells. Consequently “lithium plating” occurs, disrupting
energy flow and reducing power and range, [20].

2.3.2. Range and charging efficiency

Range Reduction

Cold weather negatively impacts EV range. Chemical reac-
tions within the battery slow down at lower temperatures, affect-
ing capacity. AAA tested EVs in -6.66°C (20°F) weather and
found that temperature alone could reduce range by 10-12%.
When climate control is used, range loss can amplify to 40%.
EV drivers need to be aware of weather conditions, especially
during trips, [21].

Charging Time
Cold temperatures increase impedance, leading to longer
charging times. Battery conductivity and diffusivity decrease,

affecting charging efficiency. Hence, EVs should be above
freezing point temperature before charging to optimize perfor-
mance, [1], [14], [21].

3. Modeling a Lithium-lon Battery Cell

Lithium-ion batteries are the workhorses behind our portable
electronics, electric vehicles, and renewable energy systems.
Understanding their behavior and accurately modelling their
performance is crucial for optimizing battery-powered systems.
In this section, the principles of modelling lithium-ion battery
cells, the significance of accurate models, and common ap-
proaches used in the field are explored. Battery models have be-
come an indispensable tool for the design of battery-powered
systems. Their uses include, [22]:

Battery Characterization

The initial stage in developing a precise battery model in-
volves constructing and parameterizing an equivalent circuit
that accurately represents the battery's nonlinear characteristics.
Engineers use measurements performed on battery cells of the
same type to determine dependencies on temperature, state of
charge (SoC), state of health (SoH), and current 1.

State-of-Charge (SoC) Estimation

Battery models help develop algorithms for estimating SoC.
Modern battery chemistries require sophisticated approaches
like Kalman filtering due to flat OCV-SoC discharge signatures.

Degradation Considerations

Batteries experience degradation over time as a result of cal-
endar life and the process of charge-discharge cycles. Models
assist in developing battery management strategies that account
for degradation.

Real-Time Simulation

Hardware-in-the-loop testing of battery management systems
(BMS) relies on accurate battery models. A model designed for
system-level development can be reused for real-time simula-
tion.

3.1. Equivalent circuit models

For the modelling of the equivalent circuit part of the batteries
the following basics of the circuit should be considered.

Ohmic Resistance in a Lithium-lon Battery Cell

The ohmic resistance in a lithium-ion battery cell arises from
the sum of various resistances. These include the resistances of
the metallic conductors, the resistance of the active material, and
the electrolyte resistance. Notably, the electrolyte resistance
(also known as the ionic resistance) constitutes the largest por-
tion of the ohmic resistance and increases as the temperature de-
creases. Additionally, the conductivity of the active material de-
pends on the state of charge of the lithium-ion battery cell. To
determine the ohmic resistance of a lithium-ion battery cell, a
current step is applied at the input, and the incoming voltage step
is measured at the output. The quotient of voltage (U) and cur-
rent (I) yields the ohmic resistance, denoted as R;, [23]:
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R, = U/I 4)

Charge Carrier _Transit Resistance and Double-Layer

Capacitance

When a charge passes between the electrode and the electro-
lyte, there is a transition from electrical to ionic conduction. The
resulting overpotential during this charge transfer is influenced
by the charge carrier transit resistance, [23]. At the interface be-
tween the electrode and the electrolyte, charge carriers with dif-
ferent polarizations face each other. Physically, this region be-
haves like a capacitor. The capacity of this capacitor is also
known as the double-layer capacitance, [23]. Although the dou-
ble-layer capacitance does not directly cause the overpotential,
it does influence it. Consequently, the entire charge transfer re-
action can be represented as a first-order time constant (RC cir-
cuit), [23].

Both the charge carrier transit resistance and the double-layer
capacitance occur at both electrodes of a lithium-ion battery cell.
Therefore, these effects can be modelled using two series-con-
nected parallel RC circuits. The time constants of the two RC
circuits may differ according to [23].

Solid-State Diffusion

Solid-state diffusion refers to the movement of ions within a
solid material. In the context of batteries, it occurs at the inter-
face between the electrode and the electrolyte. The working
principle can be described as following, [13], [24]:

» lon Consumption or Generation: As ions flow between the
electrode and the electrolyte during charge and discharge, they
are either consumed or generated. This process creates a con-
centration gradient within the electrolyte, directed toward the
separator, [13].

+ Driving Force: Diffusion: Diffusion is the driving force be-
hind ion transport. It ensures that ions move from regions of
higher concentration to lower concentration. The Fick’s laws de-
scribe this diffusion process mathematically.

» Temperature and Geometry: Besides temperature, the geom-
etry of the solid body also plays a crucial role in determining the
rate of diffusion. Researchers consider both factors when mod-
elling and optimizing battery performance.

In summary, solid-state diffusion is fundamental to ion
transport in batteries, influencing their overall behavior and ef-
ficiency. For further details, refer to [23].

3.1.1. Rint-model

There are a number of thermo-electric models in the literature
that can be used to describe the behavior of a lithium-ion battery
cell. In [25], a total of five electrical models of a lithium-ion
battery cell are described, which explain the electrical behavior
in a lithium-ion battery cell in different ways:
¢ Rint-Model,
¢ RC-Model,

e Thévenin-Model,

o PNGV-Model,
e DP-Model (Double-Polarization-Modell)

The Rint model was developed and tested by the National Re-
newable Energy Laboratory (NREL) in the mid-1990s [26]. In
the Rine model, the lithium-ion battery cell is represented by an
ideal DC voltage source Uqc and a charge or discharge resistance
(Ren and Rgen respectively), Figure 2.

R./R 1.5 (T, SoC, SoH)

|
|

(T, SoC, SoH)
I
!

U,

Figure 2. Rint model of a lithium-ion battery cell

The ideal DC voltage source is a function of the temperature
T, state of charge SoC and state of health SoH. The internal re-
sistance is also a function of T, SoC, SoH and the charge or dis-
charge current 1. If a charging resistor Ren is used, the lithium-
ion battery cell is charged by the current 1. When discharging,
the discharge resistor Rqch is used [26].

Therefore, the terminal voltage U, is described by:

U, =Uy — Rch/dch -, Q)

Accordingly, SoC is described by the Eqg. (6).

_Cy—yiat

Cn

SoC (6)

where, Cy represents the nominal capacity and i, represents
the current drawn from or supplied to the lithium-ion battery cell
over time. During the discharge process, the current is positive
and during the charging process, it is negative.

The SoH of the lithium-ion battery cell describes the decrease
in cell capacity due to calendar and cyclic aging. The SoH also
describes the health of the lithium-ion battery cell in terms of
charging and discharging resistance.

3.1.2. RC-model

The RC model was developed by the company Saft. This
model consists of two capacitors (Cc, Cp) and three resistors (R,
Re, Rc), Figure 3. The capacitor Cy, has a very large capacity (in
farads) and represents the ability of a lithium-ion battery cell to
store electrical charge in chemical form. The capacitor C has a
significantly lower capacity (in farads) compared to Cy. The ca-
pacitor C. represents the surface effects such as the chemical re-
actions and solid-state diffusion effects and associated time con-
stants of the system. The state of charge (SoC) of the lithium-
ion battery cell can be determined via the voltage at the capacitor
Cy, [25] and [26]. The resistors R, Re and R are called terminat-
ing-, end- and capacitor-resistors, [25].
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The following equations can describe the electrical behavior
of the circuit, [27]:

. -1 1 —R¢
Up| _ |cr®RetRe)  Chp(Re+R) | [Ub Cp(RetRe)
g - 1 -1 U + —R

UC c e

Cc(Re+Rc)

(1] (7)

Cc(RetRc)  Cc(RetR()

“ReRc

]l ®

[U.] = [R::CRC R;_:Rc] [gﬂ + [_Rf

U,

Figure 3: RC model of a lithium-ion battery cell
3.1.3. Thévenin-model

The Thévenin model is an extension of the Rin-model. The
Thévenin model uses the Rin-model as a basis and extends it by
a parallel Rc element that is connected in series, Figure 4. “The
equivalent-capacitance Cun is used to describe the transient re-
sponse during charging and discharging. Uwmn is the voltages
across Cen. Lastly, lnn is the outflow current of Cug", [27].

With RC element (Rtnn, Crin) the dynamic processes in the
lithium-ion battery cell can be described better, [27]. The lith-
ium-ion battery cell parameters are determined by examining the
lithium-ion battery cell under different loads. A well-known ap-
proach to obtain the corresponding lithium-ion battery cell pa-
rameters is electrochemical impedance spectroscopy (EIS), [28].

The electrical behavior of Thévenin models can be described
by the following equations:

—_ U0
UT}]” - R 7nC Thn + CThn (9)
U I
Uy = — (10)

R 7€ Thn Crin

3.1.4. PNGV-model

The PNGV model (Partnership for a New Generation of Ve-
hicles) is based on the Thévenin model. As an extension to the
Thévenin model, another capacitor with the voltage Uq is con-
nected between the ohmic resistor and the RC element, Figure 4.
This capacitor represents the temporal change in the open circuit
voltage when the load current changes, [25]. The following
equations can describe the electrical behavior of PNGV-Models:

/
U,

U, (T, SoC, SoH)

u;

U, (T, SoC, SoH)

U,. (T, SoC, SoH)

Figure 4: Thévenin, PNGV and DP models (from Top to Bottom) of
a lithium-ion battery cell

Ug = Uge -1, (11)
j o _ U

Upn = RpNCPN + CpN (12)
U, =Upc — Ud - UPN — IRy (13)

3.1.5. Double-polarization-model

The double polarization model (DP model) consists of an
ideal voltage source Uqc, an ohmic internal resistance Ro and two
RC parallel elements Rpa and Cpa as well as Rpe and Cye con-
nected in series, Figure 4.

The ohmic internal resistance Ry represents the resistances of
the electrodes, the electrolyte, and the active material.

Both RC parallel elements represent the charge transfer re-
sistance and the double layer capacitance at the anode and the
cathode. The time constants of the two RC elements may be dif-
ferent, [36].

The electrical behavior of the DP model is described by the
following equations:

_ “Ypa | I (14)

P& RpaCpa  Cpa
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o _ _Up(: I_L
Upc = RocCo + G (15)
U, =Use — Upa - Upc — IR, (16)

The individual values of the resistors and capacitors for the
DP model can be determined using electrochemical impedance
spectroscopy (EIS). In EIS on battery cells, a sinusoidal alter-
nating current [ is fed to the test object as an input variable and
the voltage response U is measured as an output variable. In ad-
dition, a direct current can be superimposed to set the operating
point of the test object.

The complex impedance of the test object can be calculated
using the discrete Fourier transformation, see Eq. (17), [41].

U-elC@rft+ou)

= = . ef(‘ﬂu“ﬂi)
j-ei@rft+eo;) i

7=

~ |

17)

Using EIS, dynamic models of battery cells can be developed,
and the condition of different battery cells can be determined,
and aging effects identified, [38], [42].

According to [38], all models show a very small deviation
compared to the voltage measurement on the test bench. The DP
and Thévenin models describe the behavior of the cell voltage
most accurately, with a maximum error of 0.4 to 0.5%. The RC
and PNGV models have a voltage deviation of 1 to 2%. The Rin-
model has the largest deviation at 2.8%.

In conclusion, by modelling RC elements in the RC, Thévenin,
PNGV and DP models, the dynamic processes such as charge
transfer, double layer capacity and solid-state diffusion pro-
cesses in the battery cell are described, [36]. The Rin-model does
not have any RC elements and therefore cannot depict the dy-
namic processes mentioned above. However, the calculation
time of the Rin-model is shorter compared to other cell models,
which is also reflected in shorter cycle times in real-time capa-
bility.

3.2. Thermal modelling

Thermal effects significantly impact battery performance and
safety. A thermal model considers heat absorption or dissipation
through, [43]:

o Conduction: Heat transfer within the battery.

o Convection: Heat exchange with the surrounding environment.
o Radiation: Thermal radiation.

o Internal Heat Source: Heat generated during operation.

o Parameters like thermal conductivity (), thermal capacity C;,
and emissivity coefficient (¢) are essential for accurate ther-
mal modelling.

Furthermore, the following aspects explain the importance of
thermal modelling and its challenges:

Temperature Impact on Battery Performance

Battery performance is highly temperature-dependent regard-
ing the following aspects:

o Capacity: Battery capacity decreases at low temperatures due
to sluggish chemical reactions.

o Lifetime: Elevated temperatures accelerate degradation, re-
ducing battery lifespan.

o Safety: Excessive heat can lead to thermal runaway and safety
hazards.

Key Aspects of Thermal Modelling

o Heat Generation: During charge and discharge, batteries gen-
erate heat due to internal resistance and irreversible reactions.
Heat is also produced during fast charging or high current
draw. Accurate modelling requires understanding of these
heat sources.

e Heat Dissipation Mechanisms: Batteries dissipate heat
through various mechanisms like conduction, convection, etc.
like described above. Modelling these mechanisms helps pre-
dict temperature distribution.

e Thermal Resistance and Capacitance: Equivalent thermal cir-
cuits represent batteries. Thermal resistance R, describes how
easily heat flows through the battery and thermal capacitance.
C; represents the battery’s ability to store heat. The boundary
conditions for those thermal modelling assumptions are i.e.
external factors (ambient temperature, cooling systems) affect
battery temperature. Modelling boundary conditions ensures
accurate predictions.

Challenges in Thermal Modelling

o Nonuniform Temperature Distribution: Batteries have varying
temperature profiles due to spatial and temporal variations.
Modelling must account for this nonuniformity.

o Transient Effects: Rapid charge/discharge cycles cause transi-
ent temperature changes. Transient modelling captures dy-
namic behavior.

e Coupling with Electrochemical Models: Combining thermal
and electrochemical models is complex. Accurate predictions
require solving coupled equations.

In summary, thermal modelling ensures efficient battery de-
sign, optimal operation, and safety. Researchers and engineers
continue to refine models to address real-world challenges in
battery technology.

3.3. Aging types and modelling

A cell model for electrical behavior was discussed in the pre-
vious section. The chemical behavior of a lithium-ion battery
cell with respect to aging is discussed in this section, [31]. “The
reasons for battery aging, such as lithium deposition and the for-
mation of Solid Electrolyte Interphase (SEI), are widely studied
in the literature”, [32].
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There are two forms of degradation associated with aging,
loss of capacity and increased resistance. A classical empirical
model was developed to model these two consequences. These
models focus on simulating the aging effects with constant con-
ditions (SoC, temperature, current) in the long run, [33], [34].
These models are usually accurate over a long period of time at
steady conditions. The objective of this aging model is to simu-
late instantaneous degradation of a lithium-ion battery, unlike
most existing models that cannot simulate degradation over a
short period of time (a few seconds), nor under evolving condi-
tions. This is because the current and the temperature of the bat-
tery pack supply energy to the powertrain at varying rates, [35].

A cycle aging model and a calendar aging model are repre-
sented by two different equation packages. The aging model
switches from one aging mode to another depending on if the
vehicle is being driven or parked. Additionally, the aging factors
depend on temperature, whereas temperatures around 20°C are
optimum for storage and operation of the batteries.

3.3.1. Calendar ageing

Basically, a distinction is made between calendar and cyclic
aging to describe the aging of lithium-ion battery cells. Both
mechanisms lead to a decrease in the capacity and performance
of the lithium-ion battery cell, [49]. The decrease in perfor-
mance is due to the increase in charging and discharging re-
sistance. According to [50] the main reasons for the aging of
lithium-ion battery cells are:

e Change in the morphology of the anode/cathode,
Reduction in the active surface of the anode/cathode,
Binder degradation at the anode/cathode,

Irreversible intercalation of lithium at the anode (graphite),
Corrosion of the metallic conductor (copper) of the anode,
Electrolyte contamination,

e Separator abrasion,

o Reduction in the porosity of the separator.

According to [49], [51] and [44], calendar ageing is a temper-
ature-sensitive chemistry process that can be described by the
Arrhenius law. The usual equations Eq. (18) and Eq. (19) were
put into their integral form to determine the instantaneous age-
ing, [51]. To switch from a time scale in days to a time scale in
seconds, in order to calculate the degradation effects in periods
of time in the order of seconds, the equations Eg. (18) and Eq.
(18) were modified into Eq. (20) and Eq. (21) respectively as
follows:

Eac

s =Ac e Kt - tf (18)
_Eay

R = A, -e Kr - t? (19)

D 1 ~2fac
foss = \jfo 86400 A’ e Frdt (20)
R = [P L. a2. R 21
rise — fo 86400 r "€ T at ( )

cal s the capacity loss and REY, is the resistance increase
due to calendar ageing. A, and A, are the pre-exponential fac-
tors of the capacity loss and of the resistance increase due to
calendar ageing respectively. E,. and E,,. are the activation en-
ergies of the capacity loss and of the resistance increase due to
calendar ageing respectively. K is the Boltzmann-constant and T
is the temperature. D is the test duration in seconds, t the time
and z the power factor varying between 0.5 and 1. In the model,
zissetto 0.5, [32].

With the tests performed by [39], calendar ageing data of
three different types of Li-ion battery cells (18650 LFP, NMC
and NCA cells) were obtained for a duration of 300 days. For
each type of battery, the tests were performed on identical cells
coming from the same production batch under different condi-
tions, at 3 different temperatures (25°C, 40°C and 50°C) and 16
different SoC levels, leading to 48 different calendar ageing con-
ditions tested for each technology, [32].

The capacity loss and resistance increase were obtained for
every SoC level for the 3 different temperatures. A three linear
equations system was then obtained and solved using the least
squares method to determine values for A and Ej,.

The results are presented in Figure 5. The evolution of the
activation energies for capacity loss and the resistance increase,
E,. and E,,., are shown in Figure 5b and Figure 5e respectively,
[39].
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Figure 5. Battery degradation after ca. 9-10 months of storage at vari-
ous SoCs and different temperatures: (b-c) capacity fade;
(e-f) rise of internal resistances, [39].
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3.3.2. Cycle ageing

The SoH of a lithium-ion battery cell is determined not only
by the calendar aging, but also by the cyclic aging. Cycling ag-
ing happens when the battery undergoes charging and discharg-
ing cycles. This aging process is affected by various mecha-
nisms, including parasitic physicochemical transformations,
which degrade the battery's energy capacity and power (imped-
ance) capabilities, [38]. The stress factors for cyclic aging are
temperature, depth of discharge DOD and current. Suppose the
cyclic aging or the cyclic aging factor per cycle is known at the
beginning of the battery cell tests. In that case, the aging of the
lithium-ion battery cell for additional cycles can be estimated
using a straight-line equation.

In the literature, cycle ageing is often described as a function
of the number of cycles, [35], [34] and [32]. In this case, the
simulation time also needs to be expressed in function of time,
[32].

It was assumed that a cycle of cyclic ageing contains a com-
plete discharge and a complete charge and that the difference
between the charge and the discharge was neglectable. So, it was
considered that the same amount of positive and negative cur-
rent (stress) has the same influence on the chemical degradation
of the battery.

Therefore, the ageing behavior of one cycle can be distributed
over each instant. It is considered that for each cycle, the real-
time is equal to 2 times the real capacity Crea divided by the
current I (once during charge, once during discharge), as shown
in the Eq. (22):

ds = 2221 3600dt (22)

Then, to change from a number of cycles to a time in seconds,
the following variable change must be carried out:

t = foim‘ I s
0 7200Cpea1

(23)

For the cycle ageing, the rate of capacity loss and resistance
increase is influenced not only by the temperature but also by
the current level. Therefore, the rate of charge and discharge C-
rate has been added into the calculation. The loss of capacity and
the increase of resistance are calculated through the Eq. (24) and
Eq. (25) as follows, [44]:

cye (—Eac“'Bc'Crate) s
loss — 24;-e RT ot (24)
eye (‘Ear+3r'crate> 2

R:.=A4A, e RT -t (25)

cyc cyc

loss 1S the capacity loss and R, is the resistance increase
due to cycle ageing. A, and A, are the pre-exponential factors of
the capacity loss and of the resistance increase for the cycle age-
ing respectively. E,. and E,, are the activation energies of the

capacity loss and of the resistance increase due to cycle ageing
respectively. C-rate is the cycling rate. B, and B, are the current
accelerating factors, that adjust the impact of the C-rate, of the
capacity loss and the resistance increase respectively. R is the
perfect gas constant; t is the number of cycles and z is a power
factor varying between 0.5 and 1. From the data given in the
reference [35], it was observed that cycle ageing behaviors
evolved linearly with the number of cycles, so z was set to 1.
After applying the variable change described in Eqg. (23), the ca-
pacity loss and the resistance increase are then expressed under
their integral form as followed in Eq. (26) and Eq. (27), [32]:

o —Eqc+BcCrate
cyec _ folnlACe RT
0

loss 3600Creal ds (26)

—Eq,+BrCrate
Rcyc — fsfiniA e — RT
0 T

rise

3600Cyea] ds (@7)
where, Sini IS the cycle duration.

The parameters identification was carried out based on the
data published by [40]. They found the activation energy E,.
and the acceleration factor A, for a simpler cycle ageing model
which doesn’t consider the regime impact. They discovered that
A, =A, = 11443 and E,.= E,, = 42570 J-mol. Those values
were reused as predefined parameters in this model. Regarding
the values of B, and B,, they were calibrated from the data pub-
lished by [47] using the least squares method. They investigated
the cycle ageing behavior of a LCO cell at different cycling rates
(0.5C, 0.8C, 1C, 1.2C 1.5C) at a given temperature of 25°C.
From the Eq. (24) and Eq. (25), it is observed that when the re-
gime and the temperatures are fixed, the capacity loss and the
resistance increase are linear as a function of time (or number of
cycles). The data from [35] allow us to determine the values of
K, and K,., which are the slopes of the evolution of capacity and
resistance respectively. They are defined as follows, [32]:

—EaC+Bc'Crate)

K. =24, o[ (28)

(—Ear+3r'crate>
K.=A4, e RT (29)

According to [30], the proposed calendar and cycle aging
models imply that the degradation rate remains constant as long
as the cycles are consistent. However, lithium-ion battery deg-
radation experiments reveal a different reality. The degradation
rate of lithium-ion batteries is non-linear with respect to the
number of cycles. In battery aging tests, as depicted in Figure 6,
we observe the following trends:

e Early Cycles: During the initial cycles, the degradation rate is
significantly high. See region A.

o Later Cycles: As the cycles progress, the degradation rate sta-
bilizes. See region B and C.
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e End of Life (EoL): Approaching the end of life, the degrada-
tion rate increases rapidly. See region D.

This observation underscores that the degradation rate of lith-
ium-ion batteries is intrinsically tied to their current life state.
[54] shows the same picture like in Figure 6, but with a much
higher degradation rate in region D and suggests that battery
manufacturers do not publicize data reports for region D. More-
over, unfortunately, there are also not many tests or simulations
publicly available in the literature for this region D, but mostly
in region A and B only.

/
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Figure 6. General capacity degradation behavior of lithium-ion
batteries.

To achieve a more accurate aging modelling one can refer to
[30]. They did not use the least squares method but added the
factor of active lithium ions left. Hence, they managed to add
some non-linearity of the degradation rate as can be seen from
the Figure 7 and [30]. Note that the non-linearity strongly de-
pends on the chemistry of the battery. For the modelling details
and constraints please refer to [30].

Figure 7. Evolution of the capacity during cycling of the different
chemistries; LFP and LMO, [30].

Lastly, according to [38], accelerated ageing tests were per-
formed on lithium-ion cells at 60°C to assess the impact of dif-
ferent SoC levels on calendar ageing and to examine the inter-
actions between cycling and calendar ageing in electric vehicle
applications. The results indicate that cycling and calendar age-
ing interact in complex ways, making it challenging to model
both processes simultaneously. In the same research article, it is

stated that the cycling ageing results are more challenging to an-
alyze due to numerous factors and their interactions. Because
during these tests, calendar ageing overlaps with cycling ageing.
To isolate the calendar ageing component within the cycling
ageing data, they employed a cumulative damage approach.

3.3.3. Temperature ageing

The ideal temperature for any battery is around 25°C (77°F),
which is considered as room temperature. Manufacturer
datasheets usually specify the cycle life based on this tempera-
ture. However, operating a battery at higher temperatures, espe-
cially near its maximum limit, accelerates its ageing process.
The ageing factor value measures the time spent at temperatures
above room temperature, with the rate of ageing increasing as
the temperature rises. The formula to calculate this factor is F;, =
h x (0.002t2 + 0.03t), where "t" is the temperature rise above
25°C and "h" is the battery's calendar life in hours, [42], [16].

The stress model for temperature is based on the Arrhenius
equation, which describes how the rate of a chemical reaction
depends on temperature [16].

(30)
where:

Sr(T) is the temperature-dependent stress factor, k; is a con-
stant that represents the temperature sensitivity, T is the abso-
lute temperature, T,..f is the reference temperature.

While the Arrhenius equation suggests that the degradation
rate decreases as the temperature lowers, this relationship does
not apply at low temperatures.

The authors of [17] show that the temperature of 20°C serves
as a critical threshold between high and low temperature effects
on battery behavior. When the temperature remains above 20°C,
the battery’s impedance decreases. However, if the temperature
drops below 20°C, the impedance increases. Notably, calendar
aging test data from this research suggests that the degradation
rate at 15°C is smaller than at 25°C.

Experimental results also show that the battery is aging expo-
nentially faster when it spends its life at higher temperatures,
Fig8.
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Figure 8. Calendar aging with varying temperature at 50% SoC [42].
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4, Research and Tools

Researchers continuously refine battery models to improve
accuracy. The first step in the development of an accurate bat-
tery model is to build and parameterize an equivalent circuit that
reflects the battery’s nonlinear behavior and dependencies on
temperature, SoC, SoH, and current. These dependencies are
specific to each battery's chemistry (see i.e. Section 3.3) and
must be determined through measurements conducted on battery
cells that are identical to those intended for use with the control-
ler being designed, [43]. Tools like MATLAB&Simulink offer
powerful capabilities for battery modelling and simulation, [43].
Academic studies explore nonlinear modelling of lithium-ion
battery cells for electric vehicles, [44]. Books like Mathematical
Modelling of Lithium Batteries provide in-depth insights, [45].

Briefly, modelling lithium-ion battery cells is a dynamic field
with practical implications for energy storage, electric mobility,
and sustainability. With advancing technology, accurate models
will continue to play a fundamental role in shaping the future of
battery-powered systems.

For thermal modelling tools and approaches like following
can be considered, [46]:

¢ Finite Element Analysis (FEA) simulates heat transfer within
battery cells and packs. Accounts for geometry, material prop-
erties, and boundary conditions.

e Computational Fluid Dynamics (CFD) help to make models
fluid flow and heat transfer in battery cooling systems. Useful
for electric vehicle battery packs, [47].

e Multiphysics ~ Simulation Tools like ANSYS and
MATLAB&SiImulink offer multiphysics capabilities for ther-
mal modelling. Furthermore, coupling with electrochemical
models is feasible, [46].

In summary, thermal modelling ensures efficient battery de-
sign, optimal operation, and safety. Researchers and engineers
continue to refine models to address real-world challenges in
battery technology.

5. Experimental Setup

The calendar aging assessment of the LFP battery cell in-
volves considering three ambient temperatures (0°C, 25°C,
40°C) and three state of charge ranges (1-0.75/ 0.75-0.5 / 0.5-
0.25). Altogether, this leads to a total of nine distinct test series,
as illustrated in Table 1. These factors play a crucial role in un-
derstanding the behavior and durability of the battery cell over
time.

These controlled conditions allow researchers to study the im-
pact of temperature and state of charge on the aging process of
the LFP battery cell. Moreover, the cyclic aging of the LFP bat-
tery cell is conducted with the following stress factors: temper-
ature (0°C, 25°C, 40°C), discharge current (25 A, 50 A, 100 A),
and discharge depth (0.25 / 0.5/ 0.75). This results in a total of
27 test series, as summarized in Table 2.

Table 1: Test series for calendar aging

Test Series Ambient Temperature State of
B el Charge Range
(SoC)
1 0 1.0 - 0.75
2 0 0.8-05
3 0 05-02
4 25 1.0 - 0.75
5 25 0.8-05
6 25 05-0.2
7 40 1.0 - 0.75
8 40 0.8-05
9 40 05-0.2
Table 2: Test series for cycle aging
. Ambient Depth of
Test Series | Current .
4 A Temperature Discharge
[°C] (DoD)
1 0.5 0 0.2
2 0 0.2
3 0 0.2
4 0.5 0 0.5
5 0 0.5
6 0 0.5
7 0.5 0 0.75
8 0 0.75
9 0 0.75
10 0.5 25 0.2
11 25 0.2
12 25 0.2
13 0.5 25 0.5
14 25 0.5
15 25 0.5
16 0.5 25 0.75
17 25 0.75
18 25 0.75
19 0.5 40 0.2
20 40 0.2
21 40 0.2
22 0.5 40 0.5
23 40 0.5
24 40 0.5
25 0.5 40 0.75
26 40 0.75
27 40 0.75

A battery test bench is established to study the calendar and
cyclic aging of a 60 Ah LFP battery cell. This setup incorporates
water tempering, which is employed to control and regulate the
ambient temperature of the battery cell during testing. This ar-
rangement enables the examination of temperature variations on
the battery’s performance and longevity.
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For this purpose, the ratio of irreversible capacity 10Ss C.q; i
and Cy,iry 10 the total capacity C is calculated as follows:

eling and numerical simulation of rechargeable lithium-ion bat-
teries present several challenges due to their complex behavior
and critical role in various applications.

Acar = Ccal,irv /C (31) . .
Table 4: A, with various temperatures after ca. 2000 cycles
ACYC = CCJ’CJTV/C (32) Charging Current DoD DoD DoD
" Sample No:
6. Results —how to minimize aging of EV LFP Batteries— [A] at 0°C 0.25 05 | 075
. - . . 25 0.011 | 0.028 — 04 05
6.1. Experimental findings for calendar aging with I
various temperatures 50 0.035 | 0.085 — 54 55
In Table 3, the values of A, for all test subjects after 365 100 0.055 — — 101
days Charging Current | DoD DoD DoD Samble No:
All measurements to determine A,,; were approximated at an [A] at 25°C 025 05 075 ampie No:
. o . .
amble?nt temperature of 25' C using the exten'ded Arrhenius 25 0007 | 0003 | 0019 251( 26 || 27
equation, see Eg. 30. By maintaining all test subjects at 25°C, a
direct comparison between the A.,; values can be made. 50 0.011 | 0.030 | 0.042 75|76 || 77
Table 3: A, after 365 days 100 0.032 0.036 | 0.070 | 125|126 127
Battery Temp. SoC SoC SoC Sample N Charging Current DoD DoD DoD Sample No:
O,
el 1-0.75 0.75-05 | 05-0.25 o: [A] at 40°C 0.25 05 | 075
01| 02| 25 0.045 | 0.007 | 0.002 45| 46 || 47
0 0.036 0.041 0.015 03
50 0.001 | 0.010 | 0.030 95| 96| 97
21 22|
25 0.043 0.0418 0.032 23 100 0020 | 0.045 | 0.060 | 145| 146 || 147
40 0.066 0.056 0.034 izl
) ' ) 43 Let’s explore some of these challenges according to [48-50]:

It is noticeable that the A_,; of the test subjects increases with
rising temperature and increasing state of charge range. Thus,
please note that sample no 41 has the highest and no 01 the low-
est A, after 365 days.

6.2. Experimental findings for cycle aging with various
temperatures and charging currents

Table 4 shows all the test subjects for 1000 charge and dis-
charge cycles each. All test samples approximated by a linear
equation at 25°C ambient temperature. Further details can be
found in Section 3.3.2. and in [30].

In summary, it can be noted (for most test subjects) the A,
increases with decreasing temperature, increasing depth of dis-
charge, and increasing load current. It is interesting to see here
that calendar and cycle aging behave differently with varying
temperatures. Considering both findings for LFP batteries, it can
be recommended to keep the batteries at an average ambient
temperature of 25°C, recharge after at least reaching 40-50%
SoC or below and charge it at a higher charging current wher-
ever/whenever possible.

7. Conclusions and Outlook

In this paper, an overall analysis of different battery modeling
methods is described. Furthermore, long-term experimental
findings about different kinds of aging are shown with various
parameters like temperature, charging current. Multiscale mod-

Energy Density

o The energy density is constrained by battery’s chemistry,
which inherently determines the theoretical maximum energy
density.

e Components like thermal management and current collectors
contribute to the total weight of the battery system, affecting
energy density.

Power Density and Fast Recharge

o High power density is crucial for electric vehicles during re-
generative braking or fast recharge.

e Balancing high current densities during recharge and lower
densities during discharge is challenging.

e Fundamental battery components (electrodes, separator, and
electrolyte) impact power density.

Life, Reliability, and Safety

o Battery lifespan should imply gradual, controlled discharge to
mitigate wear and minimize the risk of failure.

e Uneven current density distribution, poor discharge/recharge
control, and inadequate thermal management can accelerate
wear and elevate failure risks.

o Monitoring the state of health (SoH) and safety risks is essen-
tial.

Costs

o Battery manufacturing processes are not as optimized as those
for mechanical powertrains.
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o Scaling up production can lower costs, but balancing perfor-
mance and affordability remains a formidable challenge.

Sustainability
o Developing new batteries must consider mining, recycling,
pro- duction, and disposal strategies.

o Sustainability is a legal and commercial consideration for
manufacturers and automotive companies.

It is shown that different temperatures influence battery per-
formance and life differently. Temperatures below 25°C are
good for battery storage (thus mitigating calendar and tempera-
ture aging). Whereas temperatures above 25°C are good for ve-
hicle/battery ranges (thus mitigating cycle aging). To simulate
these aging factors is challenging because they occur at the same
time and hence, they are difficult to separate from each other.
Additionally, discharge rates, depth of discharge, and battery
chemistry strongly influence the battery’s lifespan and perfor-
mance. For further research, it is recommended to integrate
those different models and evaluate the accuracy of the new
modeling experimentally with varying discharge rates and
depths. Also, an overall simulation analysis and an evaluation of
the latest and the most accurate lithium-ion battery models are
provided in this paper.

The "ideal" or optimal state of charge (SoC) for a lithium-ion
battery is 50%, where the electrochemical processes inside the
battery are most stable. Deviation from this midpoint accelerates
battery aging, assuming all other parameters are equal. However,
this process is highly non-linear, with significant effects becom-
ing noticeable only at the extreme ends of the SoC range over
extended periods. Practically, maintaining a battery within a
5%-90% SoC range is almost as beneficial as keeping it at 50%.
The most significant impact on SoC aging comes from holding
a fully charged battery voltage above its natural resting voltage
after charging is complete. Therefore, proper charge termination
is crucial for lithium batteries. During charging, the voltage is
held higher to facilitate current flow into the battery and over-
come internal resistance. However, once charging is finished,
the charger must lower the voltage to what is commonly called
the Float level, where a fully charged battery can be safely main-
tained. If the battery is not used for long periods, for optimum
storage guidelines, one can refer to [42] and [13].

In summary, it can be stated that there are numerous research
studies in scientific literature regarding the thermoelectric mod-
eling of lithium-ion batteries. Many of these studies focus on
battery cells with capacities in the single-digit range, covering
only a portion of the spectrum of different temperatures to which
lithium-ion batteries are exposed. No studies are known up to
date that describe a thermoelectric model of a 60 Ah LFP battery
cell, including both calendar and cyclic aging, at different tem-
peratures of 0°C, 25°C, and 40°C, as well as for different cur-
rents of 25A, 50A, and 100A, while investigating real-time ca-
pability.

As part of this work, both a model and a battery test bench
were created, which are very advantageous for further investi-
gations in terms of their flexibility. On the one hand, this model
can be used to determine the service life of an LFP battery down
to the cell level if the performance profile is known. This means
that the model created, and the battery test bench can be used
not only for vehicles, but also for all other applications in which
these LFP battery cells are installed.
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Nomenclature

EV Electric vehicle

HEV Hybrid electric vehicle

Li+ Lithium ion

LiClo4 Lithium perchlorate

LiPF6 Lithium hexafluorophosphate

LFP Lithium iron phosphate LiFePO4

NMC Lithium nickel manganese cobalt oxides
LiNiMnCoO;

PNGV Partnership for a New Generation
of Vehicles

RC Resistor capacitor

Rint The internal resistance

SoC State of charge

SoH State of health
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