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Abstract

The increase of CO, emissions and the threat of global warming is leading to find
technological solutions to reduce the greenhouse gases. Since the usage of fossil fuels for
mobility produces a significant slice of CO; emissions, the electric-mobility represents an
alternative solution with lower CO, impact. However, electric vehicles must guarantee safety
requirements in order to make the public opinion feel confident towards this new technology.
Consequently, compulsory tests defined by international standards (GTR20) must be performed
on the EVs (Electrical Vehicles) components, before launching them on the market. Therefore,
since performing tests is time and money consuming, it is beneficial to develop simulation
models - based on the evaluation of some specified parameters - able to predict if a newly
proposed design can be either accepted or rejected. This is called simulation-design loop and
its target is the improvement of performances (ex. driving range) withstanding the safety
requirements. With simulation models, the number of needed tests can be sensibly reduced
having a beneficial impact on costs and time.

In this work an empirical multi-physics numerical model has been developed, with the
purpose to predict the voltage distribution, the electric current and the temperature of a Li-ion
battery in case of electrical short circuit or nail penetration. Simulations have been validated
with experimental tests. The battery under analysis - obtained by disassembling the battery pack
of a commercial vehicle - it is a laminate pouch-type cell, composed by Graphite as anode
material, a spinel of NMC and LMO as Cathode material. The cell showed a rated capacity of
41 Ah and a nominal voltage of 3.7 V. The correct evaluation of these parameters allows to tell
in advance if the tested cell will incur in a thermal runaway. The obtained model can be

employed for a preliminary study of the thermal propagation on the newly designed cells.






Introduction

In the last years, the concept of Electric-mobility is fast spreading all over the world.
Indeed, owing to the advent of clean and high-efficiency technologies able to convert nuclear,
wind and solar energy into electric energy, EVs represent the most viable solution able to face
environmental problems besides the energy crisis [1]. Researches in this field, mainly involving
the development of suitable storage and propulsion systems [2], interest also governments,
which are asked to meet increasingly stringent requirements about emissions [3]. Obviously,
the spread of the EVs on the market most depends on the public opinion, which may be
undermined if serious accidents occur. Thus, in order to guarantee safety, compulsory tests
standard must be successfully passed. Those tests are collected in the United Nations Global
Technical Regulation (UN GTR) No. 20 (Electric Vehicle Safety), which main purpose is to
address the safety of EVs, while in use and after a crash event [4]. In particular, it includes the
potential hazards associated with Rechargeable Electrical Energy Storage Systems (REESS)
containing flammable electrolyte, as lithium-ion batteries, widely used in this field due to their
high energy density and extended cycle life [1].

On the other hand, the searching for the fulfilment of safety requirements lowers the
performances of the EVs, such as the maximum allowed driving range, which is strictly
connected with the total volumetric energy stored by the system [5]. Such kind of limitation,
together with the lack of suitable infrastructures as the charging stations, make EVs still not
competitive enough with fossil fuels based vehicles. As consequence, continuous
improvements in the design of battery packs is required in order to achieve the best compromise
between safety and performance.

In this perspective, it is easy to understand the crucial importance, in terms of costs and
time saving, of developing suitable models able to capture the behavioural aspects of the
implemented batteries. Particularly, it has been seen that the main external features of a battery
during operation (with a focus on Lithium-ion batteries) can be easily described, from an
electric point of view, through an equivalent electric circuit model, essentially made up of a
voltage source and some passive components like resistances and capacitances [6]. Among
many purposes that this kind of modelling can serve, such electrical abstraction, joined with a
thermal characterization, can be exploited in order to set up a multi-physics electro-thermal

FEM model of the battery providing a prediction of the heat generated and of the temperature
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distribution over its volume under particular load conditions. This kind of model finds a
practical application in the thermal propagation test, aimed at analysing the hazards on the
occupants of the vehicle when a thermal runaway due to an internal short circuit (provoked, for
example, by a nail penetration) occurs [4].

From a design perspective, the electro-thermal model can be used in order to test the
newly designed battery packs firstly in simulation (simulation design-loop). Then in case of
positive results, the real test will be performed. Otherwise, adjustments in the design are needed.

This work takes part to the “SafeBattery” research project, funded by FFG and seven
industrial partners (Audi, AVL, Bosch, Daimler, Kreisler, Porsche, SFL), with the main
objective of understanding which are the hazards of Li-ion batteries under various mechanical
load conditions. In particular, the Thesis focuses on the development of an electro-thermal FEM
model for a Li-ion pouch cell used in a commercial EV, with the purpose of predicting the
voltage distribution, the electric current and the temperature of a Li-ion battery in case of
electrical short circuit or nail penetration. This evaluation is useful in order to predict if the cell
will incur into Thermal Runaway, according to the conditions prescribed by the Global
Technical Regulation (GTR20) on Electric Vehicle Safety [4].The modelling has been carried
into Siemens STAR-CCM+.

The presented work has been organized as follows: the first chapter resumes the working
principle of a Lithium-Ion battery cell and the main electrochemical processes that contribute
to the determination of its internal impedance. An overview of the internal layer arrangement
and the most employed battery-cell formats is also provided. In the first part of the second
chapter measurement procedures and results used to characterize the tested battery cell from an
electro-thermal point of view are briefly shown. In the second part, the main steps for the
derivation of a 1D-equivalent electric circuit model have been documented. The third chapter
deals with the development of the FEM multi-physics model into STAR-CCM+ environment,
with a complete description of the discretization strategy and of the main modelling steps. The
documentation of a first validating simulation has been also included. In the fourth chapter, a
resume of the performed nail penetration tests is provided, with particular focus on the
measurements set-up and the sensors positioning. In the last part, a description of the settings
for the FEM simulation with the nail is depicted. Finally, in the fifth chapter, the main results

are shown and a comparison with real measurements is performed.

II



CHAPTER 1

1. Literature review on Lithium-ion batteries

1.1 Working principle of a lithium-ion cell (chemical aspects)

Lithium ion batteries comprise a family of battery chemistries that employs various
combination of anode and cathode materials. Each combination shows different advantages and
disadvantages in terms of safety, performance and costs. In automotive applications, the most
used technologies are lithium-nickel-cobalt-aluminium (NCA), lithium-nickel-manganese-
cobalt (NMC), lithium-manganese spinel (LMO), lithium titanate (LTO), and lithium-iron
phosphate (LFP) [7].

No matter of the used materials, the main aspects that characterize the working principle
of Li-ion batteries are almost the same. Generally speaking, they are considered secondary
battery systems, since they can be charged and discharged many times. From a chemical point
of view, this means that the electrochemical reactions that take place at the electrodes are
reversible. In other words the original chemical compounds can be reconstituted by the injection
of energy into the cell, which causes electrons and positive ions (Li") to move from the cathode
(positive electrode) back to the anode (negative electrode), storing charges [8]. Due to the
reversibility of the process, lithium-ions cells are also defined rocking chair cells.

The main purpose of the electrochemical reactions is to sustain a steady state current
flow into the galvanic circuit and in particular at the electrodes/electrolyte interface. Indeed,
due to their different nature, two different carriers, which are electrons and ions, characterizes
the electrodes and the electrolyte. Thus, particles at the interfaces cannot be exchanged directly,

but an oxidation-reduction reaction is needed [9].

Cathode: Li, ,CoO,+ xLi* + xe© —=M% [iCo0,

. discharge . N,
Anode: Li,C,——% 5 xLi" + xe + C,
Full Cell Reaction:

LiC,+Co0, —%Mte ,  41iCo0, E=3.7Vat 25°C

Figure 1.1 - Example of REDOX reaction in a Li-ion battery cell
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Differently from a common redox chemical reaction, in Li-ion batteries an “insertion-
electrode reaction” happens: lithium does not react directly with the electrode materials. Instead
it is either absorbed from the electrolyte and inserted into the structure of the electrode material
(process known as intercalation) or expelled from the electrode material into the electrolyte
(process known as de-intercalation), depending on the direction of the current flow. During this
process, the crystal structure of the electrodes is not changed from a chemical point of view,

but can be subject to structural changes when the lithium is inserted or removed.

ra N r i Y
Current Discharging e Ch“’g"‘“g Current
f ANA \l i | !
-l
ectrolyte —ci':-"—p- (s 'j". Electrolyte
0 — - — &
— = - fr—
Cathods
L G Separator \_ = Separator + J

Figure 1.2 - Intercalation and de-intercalation process of Li+ in the electrodes (picture from the Web)

1.2 Main electrochemical processes

Inside a Li-ion battery cell, a number of electrochemical processes happens, which
contribute to the definition of its impedance. Their knowledge is useful to model properly the
passive electrical components that build up the equivalent electric circuit, as will be shown in
the following chapters. [8] [10].

At a very high level, the discharging process can be described as follows: at the
anode/electrolyte interface, lithium is oxidised to form Li" ions. Thus, the Li" ions migrate
through the electrolyte due to potential gradient. Then reduction takes place at the interface
between electrolyte and cathode. Finally, atoms diffuse into the positive electrode [11]. A
similar description can be provided for the charging process.

During charge/discharge, every phenomenon related to a mass transfer mechanism, can
be depicted as a diffusive process. Particularly, diffusion occur both in the electrolyte and in
the electrodes (the latter is known as solid state diffusion) [10].

On the other hand, phenomena related to chemical reactions at the interfaces between electrodes

and electrolyte are described as charge transfer processes [12].
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Other electrochemical aspects that it is worth taking into account for the description of the

overall impedance of the cell are the Solid Electrolyte Interface and the Electric Double Layer

[81[9].

x

.
Elactralyte Electrode
Thickness, s thickness, opo:

Lim2 =i ve” Liy, 000, + XLiT + Xe~ e 2=21iC00,
'} p-r - Sraalian

Figure 1.3 - Electrochemical processes during discharge [11]

1.2.1 Solid Electrolyte interface

The Solid Electrolyte Interface (also known as SEI Layer) is a passivating film that
typically develops on the surface of the anode. Its development is caused by the violent reaction
of the organic solvent making up the electrolyte with the graphitic negative electrode. Such a
reaction causes an irreversible lithium consumption and, consequently, a reduction of the
energy that the battery can deliver [8] [13].

The SEI layer is formed mainly during the first charging cycle (formation process). Then
it keeps growing much more slowly and prevents the anode material from further corrosion due
to uncontrolled reactions with the electrolyte solution [8].

Even if the real nature of the SEI layer is not still known completely, generally it is
constituted of both organic and inorganic compounds that are electronically non-conducting
and lithium-ion conducting [8]. The status of the SEI film contributes to the impedance of the

overall battery, since lithium-ions migrate through it [14] [15].

Li+ electrolyte Li+

SEI layer

intercalation

\

e anode e

Figure 1.4 - Solid Electrolyte Interface [16]
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1.2.2 Electrical Double Layer

The electrical double layer (EDL) is a structure that appears on the phase boundary, so
at the interface between the electrode (solid) and the electrolyte (liquid). The name “Double
Layer” refers to two parallel layers of charges that develops at the interface. Physically
speaking, the EDL forms due to the potential difference existing between electrode and
electrolyte, depending on the excess of charges accidentally accumulated on the boundary
surface. Due to chemical interactions, a unidirectional chemical force will result, that makes
the charges moving, forming the first layer. This excess of charges causes a development of
electrical forces (Coulomb forces) that attract charges of opposite sign, so that the second layer

appears [9].

Ee Stern plane
H\i
+H O
b B ©
carbon + : '
ik H 1\ diffuse layer
+
+
oy +
§r+
[T} +

Figure 1.5 - Electric Double Layer (picture from the Web)

From a modelling point of view, a very high capacitance can be associated to the electric
double layer. Indeed, it is made of two parallel layers of charges with opposite sign, each on

the surface of one of the contacting phases, separated by a very thin layer of solvent molecules

[9].

1.2.3 Charge Transfer

As already said, a battery cell is a galvanic cell, so the carriers belong to two different
species: ions and electrons. As consequence, a sink/source for arriving/departing particles is
needed in order to sustain a steady current flow through the cell. This movement of charges at
the electrode/electrolyte interface is known as charge transfer and it is sustained by the chemical

reactions [9]. In particular, referring to a lithium-ion battery, the Li" charge transfer process is
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defined as the process of turning a solvated Li* in the electrolyte into Li in the electrode, by
accepting an electron from the electrode [17].
An impedance can be associated to the charge transfer kinetics, which mainly depend

on the activation energy of the reaction and on the availability and mobility of the ions.

) (+)
Electrode SEI Liguid Electrolyte CEl  Electrode

(during discharge)

Figure 1.6 - Schematic view of the Li+ charge transfer process during discharge [17]

1.2.4 Diffusion

Diffusive processes take place both in the electrolyte and in the electrodes and concern
transfer of mass.

While the Li-ions migration in the electrolyte is very fast and driven by a potential
gradient [10] [11], the solid state diffusion, taking place in the electrodes, is caused by a gradient
in composition rather than an electric field. The associated solid-state diffusion impedance
originates from the concentration gradient of Li" through the porous electrode filled with
electrolyte and it is larger at lower frequencies (so its contribution become more evident in

longer times), where there is a deeper diffusion of Li" into the electrodes [14].

Figure 1.7 - Scheme of the diffusion of redox species M through the porous electrode [14]
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1.3 Internal layers arrangement and battery formats

Independently on the shape that the battery has, the basic elements that build up a cell are

always the same. These are:

Negative Electrode (anode): made of a carbonaceous material, usually Graphite.
Positive Electrode (cathode): made of more complex materials, as NMC. These
materials must be intercalation compounds, allowing the lithium movement through
their crystal structure.

Electrolyte: made of non-aqueous organic solvents plus a lithium salt. Water cannot be
used as solvent, since lithium reacts violently with it. Only the salt participates in the
chemical process of the cell. Thus, the solvent is typically ignored in the description of
the electrolyte.

Separator: permeable membrane with holes large enough to let the movement of lithium
ions through it, but small enough to prevent any contact between negative and positive
electrode particles. It is also an electronic insulator.

Current collectors: metallic foils that coat the active electrode materials and that are in
charge of conducting current into and out of the cell. Copper is used as anode current

collector, while aluminium is employed for the cathode current collector [8].

Cells contain more negative and positive electrodes, which are electrically connected inside the

cell, so that they form a single logical negative and positive electrode.

The elements that make up a battery cell can be arranged in different ways, depending on

the chosen form factor. Mainly, it is possible to distinguish three types of cells:

Cylindrical cells
Prismatic cells

Pouch cells

Prismatic cells Pouch cells

Cylindrical cells

Figure 1.8 - Different common form factors for lithium-ion cells [8]
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For high-capacity battery applications, like the ones in the automotive field, prismatic and
pouch cells are usually preferred, in order to optimize the use of the volume in the battery packs
[8]. Anyway, cylindrical cells are still used since they are cheaper than the other formats.

In this work, pouch cells are considered. They are assembled by stamping the electrode
plates out of the reels of electrode-coated foil. Negative and positive electrode plates are
alternately stacked, with separator material between them. Then, in order to obtain a single logic
negative (positive) electrode, all the negative (positive) electrode tabs are welded in parallel

and to the cell’s negative (positive) terminal [8].

Positive Negative

Current
Electrode Electrode >eParator T

Current

|

i

Current  Current

Collector Collector Pouch e
Positive
Electrode

Negative
Electrode

(a) Battery cell assembly — (b) 2D charge balance model c

Figure 1.9 - Internal layers structure of a pouch battery cell [18]
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2. One-dimensional electrical model development

2.1 Experimental measurements

The set-up of an empiric model able to fit faithfully the behaviour of the battery cell
under test, requires some input data. Firstly, a geometrical characterization of the pouch cell in
terms of dimensions and internal layers structure is needed in order to build a correct CAD
model to be used in simulation. Secondly, the understanding of the electrical properties is
required, so that a correct description of the overall battery voltage response to different current
stimuli can be provided through a suitable one-dimensional equivalent electric circuit model.
Finally, for the building of the complete three dimensional electro-thermal FEM model, also
the thermal characteristics of the constitutive layers, as the thermal conductivity and the specific

heat, must be evaluated.

2.1.1 Battery under test
The battery under analysis is a laminate pouch-type cell with a rated capacity of 41 Ah
and cut-off voltage limits of 2.5V and 4.2V. The cell is extracted from one of the 24 modules

making up the 2016 Nissan Leaf battery pack.

Figure 2.1 - Disassembling of a battery module in order to get a single cell [18]
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2.1.2 Microscopic analysis: materials characterization and internal layers thickness

In order to get information about the material composition, the thickness of the layers
and their arrangement in a single battery cell, a microscopic analysis of suitably prepared
samples is required.

The way in which electrode layers are stacked was investigated by cutting the pouch
cell in large areas (i.e. 50mm x 50mm). Then, the obtained samples were embedded in epoxy
resin, polished with grinding papers and finally analysed at the scanning electrode microscope
(SEM). Results show that the battery under test is made of 22 anode layers, 21 cathode layers

and 44 separator foils. On both terminal sides of the stack, anode layers are present [18].

Cell layers

vsi sy

Figure 2.2 - Sample generation and layers arrangement [18]

On the other hand, to explore the thickness of the layers and their material composition,
smaller samples (Smm x 5 mm) from the battery anode, cathode and separator were cut.
Thicknesses were evaluated with the SEM, while in order to investigate the chemical
composition of each compound an Edex Super Octane energy-dispersive X-ray spectroscopy
device was used. Such tool is able to provide information about the chemistry of the
investigated sample by evaluating the energies associated to the released X-ray radiations when
the material under exam is hit with high-energy electrons [18].

From this analysis it has been found that the anode active material is made of graphite,
while the cathode is a blend of NMC and LMO chemistries. Instead, the separator is made of
fibers of PP/PE materials, aligned in a direction perpendicular to the battery tabs.

Concerning the thicknesses of the involved layers, results are reported in Table 2.1.

The tolerance of these measures is about Sum and depends on the active material grain radius

[5].
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Component  Thickness  Component Thickness  Component  Thickness
(um) (nm) (nm)
Anode 140 Cathode 170 Separator 20
Anode CC 10 Cathode CC 20 Pouch 190
Anode AM 65 Cathode AM 75

Table 2.1 - Thicknesses of Single Layer Component Samples

Separator

Cathode CC
(Al)

Anode CC
(Cu)

| Cathode AM |

| Anode AM |

:

- 2 & m

Figure 2.3 - Thickness measurements of the anode, the cathode and the separator [18]

2.1.3 Charging and discharging curves

Constant-current charging and discharging curves are useful to get information about

the electrical behavior of the battery cell and on those features, which can be then exploited for

the development of an equivalent electric circuit model. In particular, in order to guarantee a

proper characterization, tests must be carried out in a wide range of electric currents, from

nearly zero values until some hundreds of amperes.

These measurements are carried out making use of a battery tester. Such tool is

assembled with a number of modules, which allow the charge and discharge of a cell and the
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monitor of the output quantities of interest, as the sensed voltage, the current and the
temperature.

Charging procedures are performed through the EA-PSI 9080-340 3U programmable
DC power supply, able to provide DC output voltages between 0...80V, output current between
0...340A and output power between 0...10000W. The module allows a remote sensing of the
load: in other words, the sensing input can be connected directly to the load. In this way, the
power supply can adjust the output voltage automatically, so that the voltage drops along the
power cables can be compensated and the accurate required voltage at the load is guaranteed.
Test procedures to be applied at the output voltage or the output current can be configured either

using the touch panel in front of the device or by remote control via a digital interface [19].

| Technical Data PSI 9080-340 3U

Rated voltage & range 0..80V

- Ripple <320 mVp
<25 mVius

- Sensing compensation ~2V

Insulation
- Negative DCpole <->PE  +400V DC
- Positive DC pole <-> PE +400V DC

Rated current & range 0..340A

- Ripple " <160 mAgys
Rated power & range 0...10000W
Efficiency ~93%
Programming resolution U <4mV
Programming resolution | <14mA
Weight © ~24kg

Ordering number EU model © 06230357
Ordering number US model © 06238357

Figure 2.4- EA-PSI 9080-340 3U technical data [19]

On the other hand, discharge processes are executed with the EA-EL 9080-340 B
electronic DC load. It supports the four common regulation modes, which are constant voltage
(CV), constant current (CC), constant power (CP) and constant resistance (CR). The available
voltage range is 0...80V DC, while input currents can reach values up to 340A. The range for
the load resistance is 0.023...7.5 Q. This module offers also a battery test mode, suitable for
testing constant current or constant resistance discharging on all kind of batteries [20].

Both the mentioned modules are provided with a graphic display, which allow reading the

actual values of voltage, current and power. Furthermore, it is possible to set overvoltage

11
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(OVP), overcurrent (OCP) and overpower (OPP) protection thresholds, above which the DC
output is immediately shut off. There is also an over-temperature protection, which shuts off

the DC output if the device overheats.

[N +
L T s | . I “smm 1

Figure 2.5 - Front (top) and rear (bottom) views of the Power supply unit (left) and the electronic load (right)
[19] [20]

During the tests, the temperature on six points of the stack and on the two tabs has been
monitored using K-type thermocouples. An additional thermocouple was employed to measure

the ambient temperature.

| @ Thermocouples positionl Crocodiles used to sense the terminal voltage

Figure 2.6 - Sensors positioning

12
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The voltage at the terminals has been sensed by putting two crocodiles directly in contact
with the anode and cathode tabs, so that the differential voltage between them can be evaluated.

Before applying a discharge procedure, the tested battery cell must be fully charged
through the CCCV (constant current-constant voltage) method. As first step, the battery is
charged at a fixed C-rate (usually 1C-rate, that, in case of the considered cell corresponds to
40A). The constant-current charge is enabled till the upper cut-off voltage limit is reached
(4.2V). At this point, the battery cell continues to be charged in constant-voltage mode: as the
name suggest, the voltage is kept constant to its maximum value of 4.2V, while the current
decays exponentially till a certain C-rate, usually C/40 [8]. After a relaxation time of 10-15 min,
the battery is ready to be discharged at the desired C-rate. The discharge is stopped when the
lower cut-off voltage (2.5V) is reached. A similar way to proceed must be repeated for a

charging tests.

—— CC ) —
|
| / :
| | I
| |
lL ell [ :
| | I
| | I
Vel | : '
| DC/ [ |
<t o PI 3
) PI | |
|
-

Charging Direction
Figure 2.7 - CCCV charging method [21]

The acquisition frequency of the monitored signals (voltages, currents and temperatures)
has been fixed at 2kHz. This value has been chosen to properly describe also the high frequency
phenomena taking place inside the battery. From the study of the literature, the fastest dynamics
have a characteristic frequency in the range of few kHz and are related to the ohmic resistance
of the electrolyte and the electronic contacts [22].

The first set of measurements has been carried out without any control on the
temperature. In other words, the temperature of the battery cell was free to evolve depending
on the combined effect of the heat generated during the charge/discharge cycles and of the

ambient temperature. Due to safety issues, measurements have been carried out in an open

13
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environment, with ambient temperature ranging between -5°C and 5°C. In order limit high

thermal excursions, the battery cell was put in a polystyrene box.

Discharge Curves without Peltier Plate

4.25 ~
—— Discharge at 0.2C-rate
—— Discharge at 0.33C-rate
—— Discharge at 0.5C-rate
4.00 —— Discharge at 1C-rate
—— Discharge at 2C-rate
Discharge at 3C-rate
; 3.75 Discharge at 4C-rate
=
&
© 3.50
=
o
>
= 325
[}
c
E \
o 3.00 ‘I‘
h
2.75 4
2.50

0 5 10 5 20 25 30 35 W
Capacity (Ah)

Figure 2.8 - Discharge curves at different C-rates

Under these settings, at high C-rates, corresponding to discharging currents in the range
of [80A, 160A], a deep loss in the total capacity [Ah] of the cell occurred, besides a strange
behaviour at the end of the discharge. Particularly, the latter seemed to be strictly related to the
trend of the temperature measured on top of the cell stack, which showed a change in the slope

around the same area.

Discharge at 2C - without Peltier Plate

4.25 4
— Terminal Voltage
E 4.00 4
@ 3754
& 375
% 3.50 4
2 3.25 4
[}
£ 3.00 4
£
@ 2.751
=
2.50 4
[i] 250 500 750 1goo 1260 1500 1750
Time (s)
20,04 — Temperature on the Top - Side: Anode Tab
. =—— Temperature in the Middle - Side: Anode Tab
§J 3 n— Temperature on the Bottom - Side: Anode Tab
= 15.0 4+ —— Temperature on the Top - Side: Cathode Tab
g 12,5 4 — Temperature in the Middle - Side: Cathode Tab
% —— Temperature on the Bottom - Side: Cathode Tab
= 10.0 4
a
151
$
2 501
2.5+
0.0 T T T T T
0 250 500 750 1.000\_,/ 1250 1500 1750
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Figure 2.9 - Terminal voltage and temperature profile at 2C-rate

14



CHAPTER 2

As consequence, to improve the quality of the measurements, discharge cycles were
repeated, trying to keep the battery cell at a fixed temperature, around 20°C. In order to reach
this purpose, a temperature-guarded plate, known as Peltier Plate, has been employed. This
consists of an Aluminium plate, employed as a thermal mass and of a number of Peltier
elements homogeneously distributed on it, used to regulate the Aluminium plate temperature
[5]. By putting the battery directly on the Aluminium plate, it is possible to set the temperature
of the contact surface to the wanted value. Obviously, since the cell has a thickness of 8mm, a
gradient over it is established and consequently the temperature on the opposite side, where
thermocouples are placed, is few degrees lower. In order to limit the effect of the ambient

temperature, the whole system has been covered with polystyrene.

Discharge Curves - Temperature Controlled (T = 20°C)

—— Discharge at 0.2C-rate
—— Discharge at 0.5C-rate
—— Discharge at 1C-rate
—— Discharge at 1 5C-rate
—— Discharge at 2C-rate
Discharge at 3C-rate
—— Discharge at 4C-rate

4.00
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350

Thermal insulation
Hoam 2 Smen
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0 s 10 15 20 5 L] a0
Capacity (Ah)
c) Temperature VS Time - Discharge at 0.5C-rate Temperature VS Time - Discharge at 2C-rate
—— Temperature on the Top - Side: Anode Tab 21.0 4 —— Temperature on the Top - Side: Anode Tab

—— Temperature in the Middle - Side: Ancde Tab
—— Temperature on the Bottom - Side: Anode Tab
Temperature on the Top - Side: Cathode Tab
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—— Temperature on the Bottom - Side: Cathode Tab
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Figure 2.10 - Temperature controlled measurements.: a) General assembly of a Peltier Plate [5]. b) Temperature
controlled discharge curves. c¢) Temperature evolution at 0.5C (left) and 2C (right) discharge rate using Peltier
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Figure 2.10-b shows that no strange behaviour in the terminal voltage profile occur if
the temperature is kept around 20°C. Higher total discharge capacities are reached even at high
C-rates. Figure 2.10-c provides two examples of the temperature evolution on top of the cell-
stack, when the Peltier Plate is used: at low discharge rates (20A), the temperature remains
almost constant during the entire procedure. At higher currents (80A), there is an increase of

only 4°C, against the 20°C obtained without Peltier plate at the same discharge current.

0.2C 39.82 Ah 0.18°C 12.45°C 12.27°C 0.2C 40.05Ah  17.61°C 18.18°C 0.57°C

0.5C 39.26 Ah 4.87°C 7.16°C 2.29°C 0.5C 39.86 Ah  17.78°C 18.36°C 0.58°C

1C 39 Ah 3.21°C 7.98°C 4.77°C 1C 39.45Ah  17.31°C 19.42°C 2.11°C

2C ~24.5 Ah 1.15°C 21.1°C 19.95°C 2C 37.54Ah  17.63°C 21.66°C 4.03°C

3C ~24 Ah 5.91°C 32.67°C 26.76°C 3C 25.6 Ah 18.49°C 24.78°C 6.29°C

ac ~8 Ah 1.33°C 33.5°C 32.17°C ac 17.5 Ah 18.06°C 25.57°C 7.51°C
|Without Peltier Plate — Ambient Temperature range [0,6]° C | |With Peltier Plate —Temperature ~20° C|

Figure 2.11 - Comparison between total discharge capacities and temperature increase without (left) and with
(right) Peltier Plate

2.1.4 Thermal characterization: thermal conductivities evaluation

For a proper simulation of the investigated battery cell from a thermal point of view, a
description in terms of thermal conductivity and specific heat of the composing layers is also
needed. Properties of the current collectors are supposed to be well known, since they are
simply made by copper and aluminum. Instead, the thermal characterization of the active
material (anode, cathode and separator) requires a deeper analysis. In this work, data coming
from previous studies [5] have been used and are here briefly illustrated.

As first, the thermal conductivity of the overall cell was measured in the three spatial
directions, by making use of Peltier cooling modules (Figure 2.10-a) and heater mats. In
particular, as described in [5], the used equipment has been designed to force the temperature
gradient along the direction of the thermal conductivity measurement, while the thermal
insulation has been guaranteed in the other two directions. During the tests, the heat flux and
the temperature at the two opposite sides of the battery cell (along the considered direction)
have been monitored through a set of heat flux sensors. Once the steady state condition were

reached, the thermal conductivity in the i-th direction has been computed as:
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Surface Heat Flux (%) *Thickness (m)
ATemperature (K)

(2.1)

Othermal —

[ Heat Fhux wensory with stegrated thermocouples type | ]

Heater mats

Aluminum plate

© Batterv
Peltier Plate

Guarded plate

Figure 2.12 - Description of the test settings: a) Longitudinal thermal conductivity measurements. b)
Transversal thermal conductivity measurement

Table 2.2 lists the computed thermal conductivities of the tested battery cell in the three
directions. In particular, the thermal conductivity along the parallel directions “u” and “v” is
almost the same, while the one in the “w” direction is about 35 times lower. This means that,

on a thermal point of view, the cell presents an orthotropic behaviour.

Direction Thermal Conductivity (W/mK)
Transversal (w) 0.77
Longitudinal (u) 25.74
Longitudinal (v) 25.55

Table 2.2 - Transversal and Longitudinal thermal conductivities of the cell (final values)

For 3D numerical modelling purposes, it can be useful to compute the thermal
conductivity of the active material, knowing the thermal conductivity of the overall cell and the
ones of the aluminum and copper foils (from literature). Such objective can be reached by
setting up an equivalent electric problem. For a sake of simplicity, the layers of the same type
were grouped into a single equivalent layer with a suitable thickness.

Considering the transversal direction, the overall thermal resistance of the cell (and

consequently its thermal conductivity) is supposed to be obtained from the series connection of
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the thermal resistances of each single layer. On the other way around, along the longitudinal

directions, the equivalent thermal resistance is given by the parallel of the single-type-layer

resistances.
a)
Thermal equation Electrical equation
Qs = kA(T; — T,) — y cA(V; — V)
flux — S5X — 5X
k: Thermal conductivity o Electrical conductivity
b) Series

Anode Current Collector

Rmuxed

Active Material

Cathode Current Collector

Figure 2.13 - Electrical analogy: a) Equations. b) Series configuration (transversal direction). c) Parallel
configuration (longitudinal directions)

Through such analogy, it has been possible to compute the thermal conductance of the
active material and finally its thermal conductivity, by exploiting the geometrical description
of the layers in terms of thickness. Results coming from the solution of the problem in the three
spatial directions were comparable, indicating that the active material thermal conductivity

shows an isotropic behavior.

Thermal Conductivity
Component Material
Transversal | Longitudinal
Anode CC Copper 400 (literature)
Active Material
Anode Graphite 1.2 1.2

Separator PP/PE (computed) | (computed)

Cathode NMC
Cathode CC Aluminum 240 (literature)

Table 2.3 — Thermal conductivity values of the internal battery materials
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2.2 Equivalent electric circuit modelling

Equivalent electric circuit models are aimed at describing the electrical aspects of a
battery cell in terms of voltage response and heat generated when different loads are applied.
This kind of empiric models provides a behavioural description of the battery, since the
employed circuit elements simply capture the dynamic of the internal electrochemical
processes, but they do not give any information about the construction of the cell [8].

The modelling through an equivalent circuit offers a trade-off between physical
interpretability and computational complexity in the determination of the lumped parameters
values (i.e. values of resistors, capacitors and voltage sources). Thus, they represent a valid
alternative to the physics-based models, which instead involve a huge number of parameters
[22].

As first step, a unique equivalent electric circuit model characterizing the behaviour of
whole battery cell will be derived. Then, for the implementation of the more complex electro-
thermal model, the lumped parameters values will be suitably scaled, so that each element
coming from the FEM discretization can be also described electrically by an equivalent electric

circuit.

2.2.1 Equivalent electric circuit models in literature: an overview

Researchers have developed different Li-ion battery equivalent-circuit models in order
to meet the demands for simulative technologies [6]. No matter of their arrangement, the electric
components that make up the circuit are almost the same. Particularly, as the most fundamental
observed behaviour of a battery cell is that it can deliver a voltage at its terminals, at least one
voltage source must be present in the network. Such component models the voltage provided
by the cell when it is in open circuit condition, so when it is unloaded and in a complete
equilibrium state. Depending on the level of charge of the battery, which can be quantified
through the State of Charge (SoC) state-variable, the delivered open circuit voltage is different.
Thus, most of the models consider a SoC-controlled voltage generator, denoted as
0CV(SoC) [8].

On the other hand, the main electrochemical processes happening inside the battery, as
the diffusion, are modelled through an impedance. This is generally called polarization
impedance and tries to explain the mismatch existing between the open circuit voltage and the

actual terminal voltage provided by the battery, when current flows inside the cell. Usually, the

19



CHAPTER 2

polarization impedance is modelled through resistive components, especially when constant
charging and discharging conditions should be depicted. On the other side, if a proper
description of the transients has to be guaranteed, elements like capacitors and inductors must
be also included in the network. Like in the case of the open circuit voltage, the values assumed

by the polarization impedance are not constant but they vary in function of the state of charge.

2.2.2 Weilin Luo’s equivalent electric circuit model

Constant-current charging and discharging curves, measured at different C-rate, can be
used in order to set-up the electric circuit model, behaviourally equivalent to the tested battery
cell and to find a dependency of its main lumped parameters (open circuit voltage and
impedances) on quantities like electric current and state of charge.

Considering a generic equivalent electric circuit model made of n resistors R and m RC
elements, at each time instant, the voltage at the terminals is provided by solving the Kirchhoff

Voltage and Current law equations.

R1

Figure 2.14 - Example of an equivalent electric circuit model with R-RC elements

n m
v(t) = 0CV(SoC(D)) — I(D) Z R{eTieS — » Ig, (DRJC element (2.2)
i=1 =1

)

IR, v+ Ig, () =I(t) Vnodel..m (2.3)

However, if the cell is discharged (or equivalently charged) with a constant current load,
as first approximation, the capacitances in the network can be considered in open circuit state

[23]. As consequence, the terminal voltage is simply given by:
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n+m

v(®) = 0CV(S0C(D) ~ 1) )" Ry (SoC(1) (2.4)

Which is the same voltage that would be obtained considering a pure resistive equivalent
electric circuit, as the one depicted in Figure 2.16-a.

In the Equation (2.4), v(t),0C V(SOC (t)) and I(t) are known terms. In particular, the
electric current I(t) is the input imposed on the system, so its value is set by the user. The
terminal voltage v(t), is the provided output and it can be directly measured at the tabs of the
cell. On the other hand, information about the dependency of the open circuit voltage on the
state of charge can be gained by considering charging and discharging curves at low C-rates.
Indeed, the open-circuit voltage is a static function of the state of charge, while all the other
aspects of a cell’s performance can be considered dynamic in some way. So, when charging
and discharging at a slow rate (C/40 for example), the excitation of the dynamic parts is

minimized and the cell can be considered in a quasi-equilibrium state [8].

Open-Circuit Voltage

4.25

3.75 A

3.50 A

Voltage (V)
L
3]
w

3.00 A

2.75 A

2.50 A

0 5 llo 1|5 2|0 2|5 3b 35 4|0
Discharged Capacity (Ah)

Figure 2.15 - Open Circuit Voltage in function of the Discharged Capacity (Ah)

In Figure 2.15 it is reported the relationship between open circuit voltage and discharged
capacity expressed in [Ah]. Such dependency can be easily expressed in terms of State of

Charge (SoC), which is defined in Equation (2.5):
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SoC = 1 Discharged Capacity(t)
o= Rated Capacity (2.5)

Where the rated capacity is equal to 41 Ah.
Thus, Equation (2.4) can be inverted and used to compute the total internal resistance of the
battery cell:

v(t) — OCV(SoC(t))

Rtot(soc(t)) = I(t) (26)

In order to be able to investigate properly its dependency on the state of charge, the total

resistance can be seen as the sum of different contributions, which can be associated to different

‘v(t) '

=

source of impedance in a battery.

b)

Figure 2.16 - Split of the internal total resistance

The first contribution, denoted as R, 1s associated to the ohmic resistance of the current
collectors. Its value can be considered independent on the state of charge, since it is mainly
related to the physical properties of the constituent materials, as the electrical conductivity, and
to the geometry. The presence of an ohmic resistance causes an immediate voltage decline when
a current pulse is applied [24]. On the other side, the polarization resistance R,, depicts the
impedance related to the electrochemical processes inside the cell, as the charge transfer and
the diffusion. This contribution is not constant, but it is State-of-Charge dependent. In particular
an exponential increase of Ry, is supposed as long as the state of charge goes to zero [14] [23].
This behaviour can be attributed to the high rate consumption of the reactants at the end of a

discharge cycle [23].
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2.2.3 Lumped parameters evaluation

The first step for the characterization of the adopted equivalent electric circuit model
consists in estimating the Ohmic resistance R,p, and studying the dependency of the
polarization resistance R, as function of the State of Charge SoC. In this first stage, the
dependency of the lumped parameters (R, and R,,) on the electric current has been neglected
and the analysis for a fixed discharge rate has been performed. In particular, data collected

during the discharge at 2C-rate have been employed.

Ohmic Resistance

As the presence of the ohmic resistance causes an immediate voltage drop when the
current pulse is applied, its value can be evaluated by considering the potential difference

between the equilibrium voltage OCV and the measured terminal voltage v(t) after the first

time instant.

OCV(t=0) —v(t=At)
Rohm = 0 ~ 0.7mQ (2.7)

Zoom Ohmic resistance evaluation

N

420 4

b —— Open Circuit Voltage 4.18 4

—— Terminal Voltage

4.16 1

Voltage (V)

4.14 1
3.00

275 \ \
250 4,12 1

0 5 10 15 20 23 o 5 —— Open Circuit Voltage
Capacity (Ah)

Voltage (V)

— Terminal Voltage

0.000 0.005 0.010 0.015 0020 0.025 0.030 0.035 0.040
Capacity (Ah)

Figure 2.17 - Ohmic resistance evaluation

With this approach, the estimated value for R, is 0.7mQ.
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Polarization Resistance
On the other hand, the polarization resistance R,(SoC(t)) can be studied considering the

equation (2.6), which computes the total internal resistance for each level of the state of charge and

subtracting the ohmic contribution, R, .

OCV(SoC(1) —v(SoC(®) _

R, (SoC(t)) = 1 ohm (2.8)
Q)
a) . b) . . .
OCV and Terminal Voltage (2C-rate) Polarization resistance evaluation
42 —— Open Circuit Voltage —— Real Resistance
—— Terminal Voltage — Fitting with an exponential curve
4.00 0.008
375
S R _ OCV = Vyerminal R 0006
== " fmm -
< as0 ! I £
¢ 5
] =
& 325 o 0004
o
- 3.00 *
0.002
275 //’,,———__,/—
2.50 0.000
6 f; lYU 1‘5 2‘0 2‘5 Zl') ZYS 0,‘0 D'? 0’4 076 0'8 1?0
Capacity (Ah) Depth of Discharge (Ah)

Figure 2.18 - Polarization Resistance evaluation
The trend of the evaluated polarization resistance as function of the state of charge

R, (SoC(t)), shows the expected exponential behaviour supposed in the literature [14] [23]. For a sake

of simplicity in the further 3D-modelling, the obtained curve (blue curve in 2.18 —b) has been fitted with

an exponential curve in the form [23]:

R, (SoC(t)) = a; + a,e?s(1=5°C(®) (2.9)

The regression of [a4, a,, as]| parameters has been performed using the scipy.optimize module

in Python, which makes use of the nonlinear least squares algorithm.

#Fitting with an exponential curve
#Function that computes residuals for the ls optimization
def fun(x,soc,v):
T d = 1l-s0oc
return (X[0]+x[1l]l*np.exp(x[2]*d))-v

#Initial estimate

x0 = np.array([0,0,01)

#Bunning of the algorithm

res lsgq = least sguares(fun, =0, loss = "soft 11°, £ scale = 0.001, args=(5cC, Ep))
#Vector of parameters [al, a2, a3]

a = res l=sq.x

Figure 2.19 - Regression of [al,a2,a3] parameters
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The regressed values are reported in Table 2.4:

a; a, as
2e-3 5.87e-10 16.2

Table 2.4 - Estimated parameters values

2.2.4 Dependency of the lumped parameters on the electric current

Besides the relationship with the state of charge, the influence of electric current on the
lumped parameters must be also investigated. Such analysis can be carried out by comparing
among each other measurements at different discharging currents.
Plotting together curves referring to different C-rates, it is well evident that as long as the entity
of the electric current load increases, the discharged capacity significantly reduces. This
behaviour should be related in some way to the trend of the internal resistance and used in order
to model its dependency on the current. In particular, for the same reasons explained in Section
2.2.2, the ohmic resistance can be considered invariant with respect to the electric current,
which may have only secondary effects on such parameter. Indeed, the physical quantities
characterizing the materials, as the electrical conductivities, may be influenced on the
temperature increase that occur especially at high C-rates. However, these side effects will be

not taken into account in the modelling.

Discharge Curves - Temperature Controlled (T = 20°C)

4.25 4 —— Discharge at 0.2C-rate

—— Discharge at 0.5C-rate
—— Discharge at 1C-rate
4.00 —— Discharge at 1.5C-rate
—— Discharge at 2C-rate
Discharge at 3C-rate

—— Discharge at 4C-rate
3.751

3.50 1

Terminal Voltage (V)

2.50

(I) ili l‘D 1‘5 2‘0 25 3‘0 35 4L)
Capacity (Ah)

Figure 2.20 - Discharging curves at different C-rates
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Consequently, in order to understand in which way the effect of the electric current on the
discharge curves can be related to the polarization resistance, for each C-rate, the values of
R,(SoC(t)) have been computed using the Equation (2.8). Results have been plotted in the
same plane as function of the discharged capacity (Figure 2.21).

The comparison among the R,, curves clearly show that their trend at different C-rates is always
the same. What is changing is that as long as the discharge current increases, the curves shrink
on the x-axis. In other words, the exponential branch occurs at smaller values of discharged

capacity.

Evaluated Polarization Resistance

—— Rp - 0.5C-rate
—— Rp - 1C-rate
0.008 A Rp - 1.5C-rate
—— Rp - 2C-rate
Rp - 3C-rate
Rp - 4C-rate

0.006 A

0.004 A

0.002 A

Polarization Resistance (Ohm)

0.000 A

0 5 10 15 2IO 2l5 30 35 40
Capacity (Ah)

Figure 2.21 - Polarization Resistance at different C-rates

The examined behaviour can be modelled by introducing a new quantity, which will be
identified as Relative State of Charge, SoC;. The adjective “relative” is employed to
distinguish this new variable from the concept of State of Charge used until this moment and
described by the equation (2.5), which, from now on, will be denoted as Absolute State of
Charge. The definition of the Relative State of Charge has been taken from the NTGPTable
model provided by Battery Design Studio Software [25]:

Q

Cany

SOCi =1- (1 - SOC) (210)
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In other words, in the Relative State of Charge definition, the actual discharged capacity at the

time instant t, defined as:

t
Cdischarged [Ah] = J- Idt (2.11)
0

is penalised of a factor proportional to the ratio between the rated capacity of the battery cell
(@) and the total discharged capacity at the electric-current I (C4p, ;). This ratio is indicated with
n:

Q

Can,

n= (2.12)

In that way, the relationship providing R, (SoC(t)) and depicted in the equation (2.9) is
always the same, in terms of shape and values of the parameters [a4, a, , as]. However, in order
to obtain the fitting of the curves at every C-rate, the equation must be entered with the Relative

State of Charge, instead of the Absolute one.

Resistance
S0y =1- (1500}~ -II
SoC Cany
(Absolute) > 80A 50% 37.54Ah 40 Ah 47%
120A 50%  25.6 Ah 40 Ah 22%
J.ZOA:
100% l 0% SoC;
Value of R

Figure 2.22 — Example of computation of the polarization resistance value at different C-rate

This modelling requires the knowledge of the 1 parameter at each C-rate. Nevertheless,
measurements have been carried out only for a certain number of load electric currents. So, a
possible mathematical formulation providing the value of 77 as function of the actual discharge

current has been searched, by plotting its known values coming from measurements in function

27



CHAPTER 2

of the electric current and then by interpolating them with a cubic function. Also in this case

the regression has been performed using the scipy.optimize Python module:

n(D) = B13E-7I +1 (2.13)

Eta coefficient VS e-current

® eta values from measurements
2.2 4 — fitting with a cubic curve

2.0

1.8

1.6

Parameter Eta

144

1.2+

1.0

0 20 40 60 80 100 120 140 160
Current, A

Figure 2.23 -1 parameter as function of electric current

Obviously, being it a cubic curve, the value of n would infinitely increase with the
current. Consequently, the corresponding value of maximum discharged capacity would
become smaller and smaller, reaching zero-value at infinity. However, from a physical point of
view, having a maximum discharged capacity equal to zero is meaningless. For this reason, the
cubic curve is saturated to a maximum value 7,,,,,, corresponding to a discharged capacity

Clim

equal to Cpp ;.
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2.2.5 First validation of the model
In order to test the goodness of the lumped parameters modelling (R, and R,,) in terms

of dependency on state of charge and electric current, a comparison between simulated and

measured discharged curves has been performed.

Measured VS Simulated discharging curves
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Figure 2.24 - Comparison between measured and simulated discharge curves at different C-rates

Generally speaking, the simulated curves follow quite well the measured ones at every
C-rate. However, in the first stages of the discharge, a mismatch can be noticed, which becomes

more evident with the increasing of the electric current load.

Simulated VS Measured terminal voltage (4C-rate)

4.25 .
----- Simulated discharge at 4C-rate
—— Measured discharge at 4C-rate
4.00 -
-
>
RIS e
L AT
g‘ ..............
L3504 T T
(]
>
= 3.25 Mismatch due to
£ unmodelled capacitive
E 3.00 effects
v
=
2.75 A
2.50
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

Capacity (Ah)

Figure 2.25 - Mismatch between simulated and measured terminal voltages at high C-rates
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Such discrepancy between measured and simulated terminal voltages in the initial part
of the curves can be attributed to the capacitive effects of the battery cell, mainly related to the
presence of the electrical double layer at the interfaces between electrodes and electrolyte [9].
When the load electric current is applied, there is a transient, which makes the assumption of
capacitances in open circuit state not true. Only when the transient extinguishes, the simplified
modelling described in section 2.2.2 can be adopted.

Information about the overall impedance of the battery cell and, in turns, a better
description of its capacitive effects, can be got from the Electrochemical Impedance

Spectroscopy.

2.2.6 EIS measurements and upgrade of the model

The Electrochemical Impedance Spectroscopy (EIS) is one of the approaches used to
characterize the energy storage devices as Lithium-ion batteries. It allows to collect data in a
wide-frequency range and consequently to describe the internal electrochemical processes,
identified by different characteristic frequencies (or equivalently, by different time constants)
[14].

The EIS test is performed by perturbing the battery cell with a sinusoidal voltage and
measuring the corresponding output current. Thus, knowing the amplitude of voltage and
current signals and the shift angle between them, the internal cell-impedance can be completely
determined in magnitude and phase [26]. The same procedure is repeated at different
frequencies and state of charge.

It is clear that a small perturbing signal (in the order of few tens of mV) must be applied in
input in order to keep the system near to the equilibrium. Indeed, in order to get in output the
same frequencies given as input, the condition of Linear Time Invariant system must be
guaranteed [22]. It derives that the Electrochemical Impedance Spectroscopy is not suitable to
study the depend