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Abstract

Lithium-ion batteries proposed themselves as the reference technology for the support of
decarbonization in the EU, especially in the transportation and energy generation sectors.
Their market is expected to continuously grow in the upcoming years, creating the need
for an innovative framework for their life cycle, with a view to circular economy and second
life assessment. In this context, the characterization of the main degradation phenomena
of these devices is crucial for the definition of new strategies to prolong their service life,
minimizing their waste and environmental impact. One of the main stressors for degra-
dation is represented by temperature, which influences greatly the aging effects during
operation. Consequently, an experimental methodology was defined and implemented for
the characterization of the thermal behavior of cylindrical lithium-ion batteries. This
was accomplished through the estimation of the specific heat capacity and thermal con-
ductivity parameters, by means of four analytical models for physical interpretation. In
parallel, a new methodology was established for the insertion of FBG optical sensors in-
side cylindrical batteries, allowing for the dynamic measurement of internal temperature
during operation. Finally, the obtained experimental results were interpreted through the

derivation of a physics-based thermo-electrochemical model, with successful results.

Keywords: lithium-ion battery, thermal parameters, aging, physical model, sensors
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Abstract in lingua italiana

Le batterie agli ioni di litio si sono proposte come la tecnologia di riferimento per il
supporto della decarbonizzazione nell’lUE, specialmente nei settori dei trasporti e della
produzione di energia. Si prevede che il loro mercato continui a crescere nei prossimi
anni, creando la necessita di un quadro innovativo per la gestione del loro ciclo di vita,
in un’ottica di economia circolare e seconda vita. In questo contesto, la caratterizzazione
dei principali fenomeni di degrado di questi dispositivi € cruciale per la definizione di
nuove strategie per prolungare la loro vita utile, minimizzando il loro spreco e impatto
ambientale. Uno dei principali fattori che influenzano il degrado é rappresentato dalla
temperatura operativa, che influisce notevolmente sugli effetti di invecchiamento durante
il funzionamento. Conseguentemente, & stata definita e implementata una metodologia
sperimentale per la caratterizzazione del comportamento termico delle batterie cilindriche
agli ioni di litio. Questo obiettivo € stato raggiunto attraverso la stima del calore specifico
e della conduttivita termica, utilizzando quattro modelli analitici per l'interpretazione
fisica. In parallelo, é stata stabilita una nuova metodologia per l'inserimento di sensori
FBG ottici all’interno di batterie cilindriche, consentendo la misura dinamica della tem-
peratura interna durante il loro funzionamento. Infine, i risultati sperimentali ottenuti
sono stati interpretati attraverso la derivazione di un modello termo-elettrochimico basato

su equazioni fisiche, con risultati positivi.

Parole chiave: batteria agli ioni di litio, parametri termici, invecchiamento, modello

fisico, sensori
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Introduction

Energy has always been of fundamental importance to the social and economic devel-
opment of nations, throughout the entire history of mankind [1|. For this reason, un-
derstanding the key dynamics of the energy sector is essential to comprehend the world
we live in. The "Energy Trilemma" [2| - Energy security, equity and environmental sus-
tainability - describes the defining dimensions of a country’s energy framework, so that
a healthy system has to find a balance between the three, guaranteeing secure, reliable
and universal access to energy at an affordable price, but also avoiding potential negative
impacts on the environment. If in the previous centuries, starting from the industrial
revolution, the main driver for the development was secure and cheap access to energy
supplies, nowadays the attention of policy makers and citizens has shifted more and more
towards less harmful and more sustainable energy systems. It’s in this dynamic and com-
plex context that the European energy transition, one of the most demanding challenges

of our time [3], takes place.

The heavy use of fossil fuels for energy generation and conversion has contributed strongly
to climate change, causing the emission of massive amounts of greenhouse gases at the
global level and leading many countries to introduce new policies to counteract this trend.
Starting from the Kyoto Protocol (2005-2012) [4], the European Union has always main-
tained a leading position in the fight against climate change, creating the Emission Trad-
ing System [5] and pushing for "green technologies" and process efficiency [3]. After the
Paris agreement [6] (2015), in December 2019, the EU adopted the European Green Deal
[7], a strategic package of initiatives and propositions with the goal of reaching net zero

emissions by 2050 and thus becoming the first continent to do so.

The chosen strategy envisions the construction of a resilient society with the aid of re-
newable, sustainable and ecologically friendly alternatives to traditional technologies: re-
newable energy sources are the ideal option to substitute fossil fuels in the near future,
particularly in the power generation sector [8]. Moreover, electrification of key sectors,
such as residential and transportation, has shifted the attention on new methods to pro-

duce energy in a clean way.
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For these reasons, renewable energy sources (and in particular new technologies like solar
PV and wind turbines) have obtained great interest from governments and companies as
generation technologies characterized by a very low cost and a completely decarbonized
production [9]. However, they are intermittent and non-programmable, generating energy
only when the natural source is present and not when consumption is done, causing issues

and imbalances into the electrical grid [9].

An interesting solution for this continuously changing scenario can be found in energy stor-
age, which can accumulate excess renewable energy (by converting it from/to electricity to
a different kind), decoupling in this way production and consumption and employing use-
ful energy that would be otherwise lost. In this regard, multiple technologies are present

on the market, characterized by different conversion processes, efficiency and lifetime [10].

Another field which is transforming very rapidly, traditionally very difficult to decarbonize
[11], is the transportation sector, with the growing introduction of electric vehicles (EV)
on the market. Adoption of light-duty EV has increased swiftly for more than ten years
[11] and is expected to keep going in the following decades [12], driven by the continuous
reduction of the prices of battery packs employed in this technology [13].

At the present time, the predominant technology for this ever changing context is repre-
sented by electro-chemical battery storage, and in particular lithium-ion batteries, char-
acterized by high energy and power density, low self-discharge, high cell voltage and an
excellent round-trip efficiency [14, 15]. Moreover, lithium-ion batteries are very versa-
tile, with the ability of extremely fast responses and easy coupling with renewable energy
sources generators and other systems. However, they are characterized by a short lifetime
compared to other storage technologies and often employ critical raw materials for the EU
[16] that, coupled with their growing demand, call for the necessity of a new management
paradigm for these resources. In this regard, a new circular economy for lithium-ion bat-
teries must be developed, providing an adequate framework for their reuse and recycling

after they reach the end of life, minimizing waste and environmental impacts.

The definition of this new approach must necessarily pass through the understanding of
the degradation phenomena that occur during operation and their effects on the overall
performance of batteries. In this regard, it was demonstrated that the operating temper-
ature is one of the main stressors for degradation, leading to the necessity of a thorough

study of the thermal behavior of batteries.

During this thesis, the thermal characterization of cylindrical lithium-ion batteries was
carried, through the definition of innovative experimental methodologies for the estimation

of the most important thermal parameters and a physics-based thermo-electrochemical
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model. Batteries at both beginning and end of life were analyzed, allowing for the com-

parison between different aging conditions.
The thesis is structured in the following way:

Chapter 1: it presents the current state of the art of the lithium-ion battery technol-
ogy, including operating principles, main components, thermal behavior and degradation

mechanisms. Afterwards, the main goals of the thesis are presented.

Chapter 2: it describes the battery samples and the experimental stations employed
during the work of the thesis. Additionally, the main instrumentation and diagnostic

techniques used for the experimental campaigns are presented.

Chapter 3: in this chapter, the thermal characterization experimental campaign is de-
scribed. In this regard, the methods, models and consequent results are presented and
explained, focusing on the most important methodological and logical steps. In particular,

a new methodology for the insertion of temperature sensors inside lithium-ion batteries
is defined.

Chapter 4: in the first part, it describes the experimental campaign for the characteri-
zation of the internal temperature, for which a thorough description is provided focusing
on the most important aspects of batteries operation; subsequently, it presents the exper-

imental campaign for the entropic coefficient estimation.

Chapter 5: in this chapter, the conceptualization and definition of a physics-based
thermo-electrochemical model is presented, useful for the physical interpretation of the

obtained experimental data.

Chapter 6: in the final chapter, the conclusive remarks of this work are presented,
emphasizing the key results of the experimental campaign and the models and suggesting

possible future developments.
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]_ ‘ State of the art

1.1. Introduction to Lithium-ion batteries

A Lithium-ion battery (LIB) is a rechargeable electrochemical device capable of storing
energy in chemical form and converting, by accumulating or releasing it, to electrical
energy, through the exploitation of reduction-oxidation (redox) reactions involving lithium
ions. It is also a closed system, so that reactants, products and other components are
completely confined within the device: for this reason, energy and power capabilities of
lithium-ion batteries are strictly correlated with each others and are influenced by the

size of the battery itself.

Decreasing storage weight

Comparison of specific power and specific energy

10,000 4
, Supercnpnciln;l O
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Figure 1.1: Ragone plot of the main electrochemical technologies [17]

100 |

Specific power (W/kg)

Most of the advantages of lithium-ion batteries come from the favorable features of
Lithium and its compounds. Lithium (Li) was discovered by Berzelius and Arfwedson
in 1817 and later isolated by Brande and Davy in 1821 from the electrolysis of a lithium
oxide [18]. It is characterized by excellent physical and electrochemical properties, such
as the lowest mass density among metals (534 kg/m?), low atomic number (3), very low

standard electrode potential, corresponding to -3.04 [V] vs Standard Hydrogen Electrode
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(SHE), and high specific capacity (3860 [mAh g~']). These attributes allowed lithium
based batteries to be more compact and lighter than other similar electrochemical devices
to parity of costs, reaching higher specific energy and power densities (figure 1.1).

For these reasons, in the past they established themselves as the main technology in dif-
ferent applications, including portable electronic devices, aerospace and medical systems
[17]. Nowadays, the market of lithium-ion batteries is expected to grow considerably,
particularly as power generation systems of EVs in the automotive sector and for station-
ary applications, such as services to the electrical grid, behind the meter operations or

coupled with non-programmable renewable energy sources [19, 20].

Y
g

Cathode

Cu .
current C current

collector §:’ Q = W collector

Graphene Li*  Solvent LiMO, layer
structure molecule structure

Figure 1.2: Schematic model of a lithium-ion battery [21]

Moreover, another important advantage of batteries (and electrochemical devices in gen-
eral) lies in the strong modularity (and thus scalability) of the system, so that an elemen-
tary unit can be electrically connected in parallel or in series to obtain tailored power and

energy ratings. In general, the cell is composed by [17] (figure 1.2):

e Two electrodes, characterized by different electric potentials, so that the elec-
trode with the higher potential is defined as the positive electrode while the one
with lower potential is the negative electrode. They are the components where the

electrochemical reactions take place.

e A separator, situated between the two electrodes; it is a thin membrane with a

porous structure which allows ion transport but hinders electron transport, to avoid
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short circuits between the positive and negative electrodes.

e An electrolyte, generally fluid, which wets the internal surfaces of the cell, allowing

for lithium ions transport between the electrodes

e Two current collectors, one for each electrode, which are made of electrically
conductive materials and serve as preferred path for electrons transport between

the electrodes.

1.1.1. Main Parameters

The fundamental parameters regarding the operation of the electrochemical cell are the
voltage V (measured in volts, [V]) and the current I (measured in amperes, [A]). The
voltage, defined as the potential difference between the positive and the negative elec-
trodes, depends in general on many parameters, such as the materials of the electrodes,
thermodynamic conditions (temperature, pressure, concentrations of chemical species),
degradation, so that it is rarely constant during operation. The current, defined as the
flow of charged particles (electrons in this case) over time (equation 1.1), can be either
positive or negative depending on the operation, meaning that the cell can store or release
energy, respectively: in particular, if the cell is releasing energy to an electrical load (so
it is discharging), the electrons travel through the current collectors from the negative
electrode to the positive one and by convention the current is defined as negative, while
if the cell is storing energy (charging), the opposite situation occurs and the current is

defined as positive.

_ 4

I =
dt

(Al (11)
In general, to avoid issues regarding safety or damage to the cell, battery manufacturers
define upper and lower voltage limits, mainly depending on the electrodes’ materials, as

well as a maximum current limit during charge and discharge.

Another very important quantity for the operation of the cell is the exchanged capacity
Q (measured in coulomb, C, in the international System, but more commonly expressed
as milliampere-hour, mAh), which can be obtained by reverting equation 1.1, through the

integration of the operating current over the time of operation.

Q= /tt2 I(T)dr [mAh] (1.2)
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If the current I is assumed to be constant during operation the exchanged capacity can

be computed as:

Q = IAt [mAh]  (1.3)

Generally, a nominal capacity Q. is made available by the battery manufacturers, but
in reality the available capacity really depends on the operating and thermodynamic
conditions at which the cell is working. The given value is commonly determined through
a 10 hours long (close to quasi-static conditions) discharge from maximum to minimum
voltage, occurring at a temperature of around 20 [°C].

It is not immediate to assess the exchanged capacity of a given electrochemical battery
cell so it is often related to the nominal capacity Q,om, through the definition of the
dimensionless Depth of Discharge (DoD) parameter, defined as the ratio between the
exchanged capacity Q, as defined in equation 1.2, and Q,om:

Q
Qnom

DoD = -] (1.4)
A DoD of 1 represents to a full discharge of the battery, from maximum to minimum
voltage limits. Equally, the parameter describing the residual available capacity of a
battery is the State of Charge (SoC), defined as:

SoCr = Ynom = Q -] (1.5)

Qnom

Due to their definition, these two parameters range from 0 to 1 and are complementary,
as it can be seen in equation 1.5. Moreover, given that they are dimensionless, they can
be used to compare batteries with different capacities.

Additionally, the C-rate ("Current Rate") can be defined as for equation 1.6. This is
an important parameter which relates the operating current of a cell with its nominal
capacity, producing a relative indication of the current which can be compared also with
cells of different capacity. Practically, it corresponds to the inverse of the number of hours
needed to fully charge or discharge the nominal capacity of a cell at a certain operating

current [22].

C —rate = ™' (1.6)

I
Qnom
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Furthermore, also the exchanged energy J (measured in joule, J) can be defined on the

basis of the exchanged charge QQ, by introducing the voltage V:

J:/f VIdr g

The electrical power W (measured in watts, W), can be thus defined as the instantaneous

energy exchanged by the system, so its derivative over time:

W_E_

VI W] (1.8)

1.1.2. Operating principles

A lithium-ion battery converts the chemical energy stored within its components to elec-
trical energy, through reversible reduction-oxidation reactions. A reduction is a chemical
reaction during which electrons are consumed, decreasing the oxidation state of a chem-
ical species; an oxidation, instead, is a reaction during which electrons are produced,
increasing the oxidation state of a chemical species. The amount of energy associated
with these reactions strictly depends on the materials of the electrodes of the cell, but in
general two main half-reactions (one reduction and one oxidation) take place, one for each
electrode. The electrode where the oxidation occurs is defined as the anode, while the
electrode where the reduction occurs is called the cathode but, given that the reactions
are reversible, a certain electrode (positive or negative) can behave either like a cathode
or an anode, depending on the reaction occurring. In literature, negative and positive
electrodes are sometimes referred to as anode and cathode, respectively, using the dis-
charge process designation. Keeping in mind their definition, these terms will be used in

an equivalent way for simplicity. The typical half-reactions for lithium-ion batteries are:

Negative : Li,Cs = xLi" + Cg + we~ (1.9)
Positive : xLit + Liy MO +ze” = LiMO (1.10)

The most common material for the negative electrode is graphite (Cs), while the positive
electrode is generally made by a transition metal oxide (MO), but many possible com-
binations and configurations are available on the market, depending on the application.

The most widely used chemistries are:

e LCO: Lithium-Cobalt Oxide;
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e LMO: Lithium-Manganese Oxide;

e NCA: Lithium-Nickel-Cobalt-Aluminum;
e NMC: Lithium-Nickel-Manganese-Cobalt;
e LFP: Lithium-Iron Phosphate.

If the cell is completely charged, a condition represented by SoC = 1, the bulk of the
lithium present in the cell is stored in the negative electrode, hosted in the layers of
graphite. During a discharge, the reaction in equations 1.9 and 1.10 develop from left
to right: an oxidation reaction occurs in the negative electrode, with the production
of electrons (e~) and lithium ions (Li"), while a reduction takes place at the positive
electrode. These reactions are spontaneous, meaning that they occur without an external
generator. In this way, the negative electrode gets gradually delithiated throughout the
process, while the positive electrode acquires lithium ions. The transport of ions occurs
through the electrolyte and across the separator, while electrons travel through the current
collectors and the external circuit connected to the battery, recombining afterwards in the
positive electrode. The opposite process occurs during a charge process, during which the
positive electrode gets progressively delithiated while the negative electrode gets lithiated.
This process, however, is not spontaneous and a charging device is needed to reverse the
reaction.

Both electrodes are characterized by a certain electric potential, higher for the positive
one, which depends on their materials. Given its very low standard potential, a variation
of the lithium content in the electrodes’ structure induces a change in their potential,
increasing or decreasing the overall voltage of the cell. The equilibrium potential (also
called Open Circuit Potential, OCP) of each electrode can be expressed through Nernst’s
Law, which derives directly from the law of conservation of energy of the system. For the

reaction in equations 1.9 and 1.10, the OCP can be computed as:

T .
Negative : Eocpn = By + R—ln (aCaLﬁ) V] (1.11)
’ ’ F aric
. RT apoar+
Posit : Eoepy = E° —In | ———— Vv 1.12
ositive PP ocp,p + F n ( ALiMO ) [ ] ( )
Where:

o E,pn and E,,, are the equilibrium potentials of the negative and positive elec-

trodes, respectively;

e Ej.,, and Ep.  are the standard reduction potentials of negative and positive
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electrodes, respectively;

R is the universal gas constant, corresponding to 8.314 [J mol 'K ~1;

F is the Faraday constant, corresponding to 96485 [C' mol™1];

T is the temperature, [K];
e qa; is the chemical activity of the species ¢ [—].

A reference condition is always necessary to define the electrodes’ electric potentials: in
general, the adopted convention is to express them in V vs. Li/Li", thus using the
lithium standard electrode potential (corresponding to -3.04 [V] vs. SHE) as a reference.
The overall equilibrium voltage (also called Open Circuit Voltage, OCV) is defined as
the difference between the positive and the negative electrodes open circuit potentials,
respectively (equation 1.13) and represents the global thermodynamic behavior of the cell

when no current is flowing, so when the battery is not attached to any load.

EOCV = Eocp,p - Eocp,n [V] (113)

This condition corresponds to the electrochemical equilibrium state for the system, but
only represents an ideal description of the behavior of the cell because, in general, any
operating current applied to the battery is met with a certain irreversible loss. In a prac-
tical manner, the OCV is typically determined by measuring the voltage of the cell during
a very slow discharge (usually done with C-rates equal to or lower than 0.1 A™!), to mini-
mize the magnitude of such losses and represent as closely as possible the thermodynamic
equilibrium condition.

As it can be seen in figure 1.3, the OCV and the SoC are strictly correlated with each
other, meaning that each value of OCV is associated with a value of SoC: indeed, the SoC
is an indirect representation of the lithium concentration in the electrodes and thus of
the chemical activity of the species involved in the reduction-oxidation reactions, which
are present in equations 1.11 and 1.12. During a discharge process, the negative electrode
progressively loses lithium ions, increasing its electric potential, while the positive elec-
trode gets lithiated, decreasing its potential: as a result, the equilibrium potential (OCV)
decreases as well.

It can be also noted that the operating ranges of the full cell and of the two electrodes
don’t correspond: theoretically, it could be possible to operate at SoC higher than 100%,
but this is not done to respect the maximum and minimum cut-off voltage limits, and

thus avoid safety or damage issues and preserve the lifetime and performance of the cell.
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Figure 1.3: Open Circuit Voltage curve for a graphite anode and LFP cathode lithium-ion
battery [23|

1.1.3. Non-ideal behaviour

The thermodynamic equilibrium condition described in the previous section doesn’t rep-
resent the real operation of a lithium-ion battery. The approximated OCV curve in figure
1.3 was obtained during a very slow, quasi-static discharge, performed at a low current
rate, but at the higher operating currents demanded by real applications, the battery
voltage doesn’t correspond to the OCV, due to the fact that irreversible voltage losses

appear. These are called overpotentials and are defined as for equation 1.14

n=AV — Eocy V] (1.14)

The overpotentials arise due to the fact that, to have a change of state in the battery,
and thus a flux (charge or mass transport it is), a disequilibrium needs to be introduced
in the system, so that the reduction-oxidation reactions are unbalanced towards one di-
rection and can take place: this disequilibrium leads to irreversibilities in the system,
which inevitably downgrade its performance. The comprehension of this aspect, which
is fundamentally rooted in the second law of thermodynamics, is key to understand the

different nature of the voltage losses, which are described below [24]:

e Ohmic losses are related to the ohmic resistance of the cell, which refers to ionic

resistance in the electrolyte and electronic resistance in the electrodes, as well as in
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other components of the cell (Contact losses). The ohmic overpotential produces
a fully resistive effect, which translates in an almost instantaneous voltage drop
(gain) at the very beginning of a discharge (charge) process. Moreover, because

they respect ohm’s law, ohmic losses are linearly proportional to current.

e Charge Transfer losses are associated with the charge transfer process happening
between different phases inside the cell: when chemical reaction occurs, a certain
energy barrier, called activation energy, needs to be overcome to allow the transfer
of charges from one phase to another. In general, the activation energy depends on
many factors, including the type of reaction, temperature and reaction rate (and
thus on the operating current, meaning that a higher C-rate will translate in a higher

voltage loss).

e Diffusion losses arise from the diffusion phenomena of lithium ions in the com-
ponents of the cell. Both in the solid active material particles in the electrodes
and in the liquid electrolyte, a concentration gradient of lithium ions is established:
only the lithium concentration at the particles surface is available for the reactions,
limiting the transport and thus decreasing the overall voltage. Given that diffu-
sion phenomena are generally slower than the others described above, the diffusion
overpotential is usually low at the beginning of a process, but grows considerably
towards the end, when the gradient is fully formed; moreover, also in this case, a

higher current will result in a higher voltage drop.

The overpotentials are always present during discharge/charge processes and represent the
energy dissipated as heat following transport phenomena. Their effect on the equilibrium
voltage of the battery is equivalent to a vertical shift in the OCV curve in figure 1.3.
In particular, during a discharge process, overpotentials lead to a decrease in the overall
voltage, so that less potential energy is available; during charge, instead, losses lead to an
increase of the voltage, meaning that a higher amount of energy is needed to increase the
energy state of the battery. For a fast representation of the losses in the system, efficiency
indicators can be specified. In particular, for lithium-ion batteries the following indexes
can be defined:

e Coulombic Efficiency: represents the capability of a battery to release its capacity
during a discharge-charge cycle. It is defined as the ratio between the discharged

capacity after a full charge and the charge capacity necessary for that discharge.

e — ?f—jg (L)
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Where Q is the exchanged battery capacity. The value of the coulombic efficiency
depends on the conditions at which the cycle is performed, but in general lies be-
tween 99.5% and 99%, so that the capacity discharged is always lower that the
charged one. The loss is caused by side reactions of lithium with other chemical

species present in the cell and by internal resistance of the battery.

e Energy Efficiency: it is analogous to the coulombic efficiency and represents the
amount of useful energy that the battery is able to provide with respect to the one
needed to fully charge it. It is defined as the ratio between the energy released
during a discharge process and the energy needed to charge the battery during the

same cycle, with a coulombic efficiency equal to 1.

— fdis AVdQ

Nen = fA—VdC? [—] (116)

The energy efficiency typically ranges between 60% and 90%, but really depends
on the C-rate of the cycle, due to the fact that higher currents translate to higher

overpotentials and thus lower efficiencies.

1.2. Components

The components of a system are at the core of its performance, so materials and structures
are carefully selected and engineered to obtain the best properties for a given application.
As briefly described before (section 1.1), the elementary unit of a battery, is composed by
two electrodes, two current collectors, a separator and an electrolyte. In this section, the

essential components and their most utilized materials will be detailed thoroughly.

1.2.1. Electrodes

The positive and negative electrodes are the components where the reduction and oxida-
tion reactions occur during operation. To increase the operating voltage of the cell, the
difference between the electric potentials of the electrodes should be maximized, so a high
potential for the positive electrode and a low potential for the negative one are wanted

characteristics. The main properties required for an electrode are, in general:

e High gravimetric and volumetric capacity, measured in [mAh ¢! and [mAh cm™

respectively, to increase the maximum charge storable in the particles, per unit of

mass and volume, respectively;

°]

b
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e High electronic conductivity, to decrease the electronic resistance and so the

associated ohmic losses;

e High lithium solid diffusion coefficient, to increase the lithium transport by
solid state diffusion inside the electrodes’ particles, thus lowering the diffusion over-

potential;

¢ High mechanical, thermal and chemical stability, to minimize excessive decay
by pressure and volume changes, thermal degradation and side reactions with other

chemical species, respectively.

e Highly reversible behavior, meaning that the electrode material must be able
to store and release lithium ions easily, ie. the energy barrier for the reaction must

be low.

Moreover, a suitable electrode material should be non-toxic, non-flammable and environ-
mentally friendly, as well as cheap and abundant in nature.

Their structure is porous, consisting of an active material, which stores the lithium and
defines the chemistry of the redox reactions, a conductive agent, to improve the electronic
conductivity and a binder, which is needed to strengthen the porous structure and merge

the active material with its current collector.

Negative electrode

In the early stages of the lithium-ion batteries development, lithium metal and its alloys
were used as negative electrodes, thanks to its favorable properties. However, lithium
was soon abandoned due to safety concerns regarding dendrites formation, which formed
during repeated cycles and caused the short-circuiting of the battery, leading to thermal
runaway. From the 1970s-80s the attention shifted towards more stable carbon based
materials, such as graphite, which can easily store and release lithium through the in-
tercalation reaction [18, 25|. In fact, graphite is characterized by low electric potential,
high gravimetric capacity, a regular and stable layered structure and high reversibility of
reaction [26-29].

The intercalation process in graphite consists in the subsequent insertion of lithium ions in
the structure, following the so-called "staging mechanism" (figure 1.4): during lithiation
and delithiation, graphite undergoes several phase transitions between Li-C solid state
phases, which are called "stages" due to the ordering of lithium ions inside the graphene
layers. The graphite structure allows the intercalation mechanism due to its layered shape,

characterized by one atom thin carbon sheets, which are linked together by weak Van der
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Figure 1.4: OCP curve of graphite anodes highlighting phase transitions [30]

Waals atomic bonds: thanks to this configuration, the lithium ions can be stored in the
inter-layer spaces between sheets without the need to break strong atomic bonds [26].

Starting from graphite solid solution (1L), where the letter "L" indicates a disordered,
liquid-like distribution, the structure begins to host lithium ions during a charge process.
A phase transition occurs between stages 1L and 4L, in which lithium ions are intercalated
in every fourth slab. As the lithium content in the layer increases, the structure undergoes
several other transitions, decreasing the distance between occupied inter-layers (4L-3L-
2L), up until the stage 2 is reached, which presents a more ordered and stable structure
due to its symmetry. After that, a longer phase transition between stages 2 and 1 begins,

ultimately reaching the stage 1 configuration, in which the layered structure is completely
filled [30] (figure 1.5).

Thermodynamically, the staging mechanism is related to the balance between the energy
required by the intercalants to expand the inter-layer space and the repulsive interaction
between layers [26]. The succession of phase changes of graphite can be clearly seen in
figure 1.4, in the OCP curve of the electrode: during a phase change, two phases are
simultaneously present and coexist in the structure and a plateau can be identified on
the potential curve; on the other hand, when only one phase is present, the potential

decreases monotonously.
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Figure 1.5: Staging of graphite during lithium intercalation [30]

17

Even though graphite is characterized by many advantages, it presents some drawbacks,

which have to be taken into account [26]:

e Volume variation during cycling: is in the order of 10% [26] during cycling and

causes an increase in the operating pressure and mechanical stresses, which leads to

structural damage and integrity issues;

e Limited rate capability: more important during charge (lithiation process), a

too high reaction rate could lead to a risk of lithium metal plating on the electrode

surface, with consequent shot-circuit of the cell;

e Aging: due to its layered structure characterized by low energy atomic bonds,

graphite tends to continuously exfoliate; this process is not stable at the low poten-

tials of the negative electrode, so that an intermediate layer, the Solid Electrolyte

Interphase (SEI) is formed. The SEI is a passivation film that forms at the anode-

electrolyte interface because of the high reactivity between them; it is one of the

most important degradation mechanisms of lithium-ion batteries, as it will be ex-
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plained in section 1.5.1.

Despite many research efforts on substitutes, graphite is still the dominant material for
negative electrodes in modern LIBs. Alternative configurations of carbon-based materi-
als are present on the market [31], such as graphite-silicon mixtures, characterized by a
higher gravimetric capacity (but also higher volume variations), amorphous carbon, with
a disordered structure which allows for higher specific capacity.

Research focuses nowadays on the improvement of carbon-based materials and the devel-

opment of new materials, including [28]:

e Transition Metal Oxides: they have a high gravimetric capacity (up to 1000
[mAh ¢g7']) and good cycling performance. Moreover, they completely avoid the
formation of the SEI and lithium dendrites; on the other hand, they are characterized
by poor conductivity and cause the decomposition of the electrolyte. The main
representative of this category is the lithium-titanate oxide (LTO), characterized
by excellent thermal stability, negligible volume variations and very good reaction
reversibility; however, this material has a high electric potential (1-2 [V]), which

limits the specific capacity to 175 [mAh g~!].

e Alloy based materials: including Si, Ge, Sn, these materials are characterized by
excellent gravimetric capacity, but also high volumetric changes, that cause struc-

tural damages [27].

Positive electrode

The development of positive electrode materials progressed in parallel with anode materi-
als, leading to the commercialization of the first LIB as it is known today, the rocking chair
battery [25]. Unlike graphite for the negative electrode, numerous cathode chemistries es-
tablished themselves on the market over the years, focusing on transition metal oxides
and polyanions compounds, due to their very high operating voltage (3-5 [V]) and specific
capacity (100-200 [mAh g~']) [32]. The main positive electrode materials available are
[13, 27, 29, 32]:

e Lithium-Cobalt Oxide (LCO): LiC00,
it was the first commercially successful cathode material, characterized by a two-
dimensional layered structure, high energy density and specific and volumetric ca-
pacity (274 [mAh ¢g'] and 1363 [mAh cm ™3], respectively). Moreover, it is char-
acterized by stable electrochemical performance, cycle efficiency and steady charge
and discharge voltage. Its major weaknesses lie in the poor thermal stability, fast ca-

pacity fade, high pollution, toxicity and cost, which limits the use of this chemistry
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to applications where energy density is of paramount importance, such as consumer
electronics. Additionally, the use of Cobalt must come to terms with the ethical

problems related to the raw material and its extraction.

e Lithium-Manganese Oxide (LMO): LiMnO,
these cells rely on manganese oxides, with the same two-dimensional structure of
LCO. Moreover, due to the high discharge voltage (4.1 [V]), intrinsic safety and eco-
friendliness, low toxicity and low cost (manganese is five times less expensive than
cobalt [13]), this chemistry is one of the main alternatives to replace LCO. Unfor-
tunately, the layered structure tends to change into the spinel structure LiMnyOy,
which is more stable but characterized by lower specific capacity (148 [mAh g~'])
and suffers from important capacity losses (low cycling efficiency and stability). For
these reasons LMO cells have lower energy performance and lower lifetime compared

to other cells.

e Lithium-Nickel-Cobalt-Aluminum (NCA): LiNiysCog15Alp.0502
this chemistry was proposed as an evolution of early LCO structures, substituting Co
with Ni for higher energy density and lower costs. Adding Al in small quantities is
useful to improve electrochemical and thermal stability, with negligible downgrades
in the available capacity [33]. As a result, the NCA cells reach high theoretical
specific (279 [mAh g~']) and usable discharge capacity (200 [mAh ¢g']) and long
storage calendar life compared to conventional LCO. However, NCA batteries suf-
fer from high capacity fade at elevated temperatures (40-70 [°C]) and micro-crack

growth at grain boundaries during operation.

e Lithium-Nickel-Manganese-Cobalt (NMC): LiNi,Co,Mn,O,
the acronym NMC indicates a family of materials, characterized by different relative
dosage of Ni, Mn and Co inside the layered structure. These cells are character-
ized by improved structural stability compared to LCO, but comparable or higher
achievable specific capacity and average voltage, while having lower costs and toxi-
city and higher safety (due to the lower amount of Co). The main representative of
this class and the most widely used on the market is LiNig 33C 0033 Mng 3302 (also
known as NMC111), which showed a reversible specific capacity of 234 [mAh ¢!
and good cycle stability even at high operating temperatures. Another example
is the NMC811 (LiNigsCo1Mngy103), characterized by a lower amount of cobalt
and thus more ethically sustainable. Novel NMC cathode materials employ a double
layer particle structure (with average formula LiNigg3C0g18Mng1802), formed by
a bulk of nickel-rich layered oxide (LiNiggC091Mng102) and an outer layer of a

Mn and Co substituted structure (LiNig.46C09.23Mng3102), for a good combination
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of high energy /power density and improved cycle life and safety.

e Lithium-Iron Phosphate (LFP): LiFePO,
this cathode chemistry is part of the polyanions compound family, a new class of
materials based on (X0,)3” (X = S, P, Si, As, Mo, W) ions, which increase the
equilibrium potential and stabilize the structure. The LFP is the only commer-
cialized cathode with olivine structure, favorable due to its excellent thermal and
electrochemical stability and high power capability. Moreover, it presents a very
high cycle life, very useful in long lifetime applications, low cost and low toxic-
ity. The main drawbacks consist of its lower average potential compared to layered
structure materials, which results into lower energy density and specific capacity
(170 [mAh g~']), other than the low electrical and ionic conductivity. In last few
years, extensive research on this chemistry lead to considerable improvements in its
performance: the main breakthrough came with reduction of the particles size, in
combination with carbon coating, that allowed to increase the rate performance and

prevented the metal dissolution in the electrolyte [29, 32].
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Figure 1.6: OCP Curves for the most important cathode materials

1.2.2. Electrolyte

The electrolyte is the component that allows the lithium ions transport between electrodes
and thus is crucial for the correct functioning of the cell. In early iterations of the first
LIBs, a solid polymer-based electrolyte (PEO:Li) was developed [18]: solid-state batteries
have the advantage of using metallic lithium as negative electrode, so a higher energy

density can be achieved; however, they exhibit a poorer ionic conductivity compared to
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liquid electrolytes and the risks associated with Li metal hindered their commercial devel-
opment [25]. The electrolyte must be a good ionic conductor but also electric insulator,
should be stable, non-toxic and sustainable. Modern lithium-ion batteries employ a non-
aqueous organic solution [34]|, composed by a solvent, which accounts for about 80% of
the mass, a lithium salt and a series of additives, to improve or enhance the properties of

the electrolyte.

Solvents

The main properties that a solvent should have are, in general: high dielectric constant, to
dissolve lithium salts, low viscosity, high stability and compatibility with electrodes and
other components, low melting point, high evaporation point, high safety, low toxicity
and cost. The principal solvents employed in batteries are cyclic (EC, PC) and chain
carbonate compounds (DMC, DEC, EMC), which are generally mixed in a 1:1 ratio to

obtain multiple advantageous properties.

Salts

The choice of lithium salts must respect the following conditions: high solubility, stability
and conductivity in organic solvents, easy dissociation of Li ions, environmentally friendly
and easy to produce. LIBs mostly employ LiPFg, a salt characterized by high ionic
conductivity and solubility, but poor thermal stability.

Additives

Additives can greatly improve battery performance, in an economic and efficient way. In

general they can be classified into [34, 35]:

e film-forming (SEI) additives: when added in traces, they promote the formation of
a stable protective layer at the electrodes interfaces, which can improve the cycle

performance and reduce the irreversible capacity loss;

e clectrolyte salt stabilizers: they can greatly improve the salt performance (up to

20%), providing higher stability, efficiency and capacity retention;
e high ion conductivity additives;

e safety protection additives: can be further divided into flame retardant additives,
which increase the boiling point of the solvents and make them less flammable,
and overcharge protection additives, which are able to protect the electrodes from

overcharge issues at too high voltage.
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1.2.3. Separator

The separator functions as a physical barrier between the electrodes, separating the two
sides of the electrochemical cell, but also serves as an electrolyte reservoir, enabling lithium
ions transport across its structure [36]. It must be chemically, thermally and mechani-
cally stable, very thin but able to withstand the pressure variations inside the cell [37].
Moreover, the separator should be able to act as a blocking interface when an internal
short-circuit occurs. The most common separators materials [18, 37] are porous poly-olefin
(polypropylene - PP, polyethylene - PE) based structures, characterized by a relatively
low melting point (135 [°C] for PE and 165 [°C] for PP, respectively), which make them

able to shut the battery down when overheating occurs, and good mechanical properties.

1.2.4. Current Collectors

Current collectors [38, 39| serve a fundamental role inside the battery cell, as conductive
materials for electrons transport to the external electrical circuit, but also in supporting
active materials structures (electrodes) and binders. The main property that CCs must
have is high electrical conductivity, but it should also be resistant to corrosion (which is
enhanced in the high voltage environments of LIBs), electrochemically stable and charac-
terized by high mechanical strength, adhesive to electrodes, thin, light and cost effective.
To this day, the most common materials employed as current collectors are copper on the

negative electrode and aluminum on the positive one:

e copper (Cu) is characterized by a standard redox potential of 3.38 [V] (vs Li/Li"),
higher than the average electric potentials of the graphite anodes (0-2 [V]) and thus
electrochemically stable. it is one of the highest conductivity materials available, at

a competitive price;

e aluminum (Al), although characterized by a lower redox potential (1.37 [V] vs
Li/Lit), is used as cathode CC due to the passivation AlyO3 layer that it forms
when in contact with the organic solvents of the electrolyte; the resistance to cor-
rosion can be enhanced by introducing specific electrolyte additives, which protect

the passivation layer.

Current collectors are generally fabricated in the form of 10-20 [pm] thick foils (most
common, easier to produce but at the price of lower performance), meshes and foams,
which increase the surface area and the mass loading. Moreover, treatments such as
chemical etching and carbon coatings are often employed to improve the adhesion with

electrodes, reduce contact resistances and enhance electrochemical stability and charge-
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transfer properties.

1.3. Cell Geometries

The components described in the previous section are always present in the structure
of the elementary electrochemical cell and can be stacked and arranged following the
specific needs of a real application. In fact, as stated before, one of the main advantages
of battery systems is their modularity and scalability, allowing for the design of batteries
with tailored size or capacity. However, no standardization of cell geometries exist as of
today, due to the presence of a large number of manufacturers on the market, each one with
proprietary designs. As a result, many different geometries and shapes are commercially

available, with distinct properties (figure 1.7), that can be classified as follows.

1.3.1. Coin (or Button) cells

Coin cells are typically characterized by small size and are thus generally employed in
small portable devices or applications which require little space footprints. Moreover,
small coin cells are mainly used for testing purposes in universities’ laboratories, because
they don’t necessitate high amounts of materials to build and expensive or sophisticated
infrastructure [40]. They are usually characterized by a single stack of components, so
that the majority of the cell weight contribution is given by the non active materials
layers, such as the outer case (figure 1.7) The most common designation is given by a
four digit number indicating the cell diameter and thickness, respectively (for instance, a
2032 coin cell has a 20 [mm] diameter and is 3.2 [mm] thick).

1.3.2. Pouch cells

Also known as flat-cells |41, 42|, they are characterized by a soft and flexible heat-sealed
pouch. The components are stacked on top of each others and inserted inside the pouch
during manufacturing. No universal format exists for this type of cell, so its size and
thickness can be tailored to the specific application. The absence of a metal enclosure and
the flexible structure allow for a strong weight decrease and packaging efficiency, as well
as cost-effectiveness, due to its simpler manufacturing process. However, this solution
is characterized by a very low resistance to impacts and requires additional support.
Furthermore, pouch cells suffer from swelling, caused by excessive gas formation during

overcharge operation.
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1.3.3. Prismatic cells

Prismatic cells employ a hard and stiff aluminum housing, in which the cell’s components
are enclosed. To increase the energy density and optimize the available space, several
layers of the main components assembly are wrapped on each others, creating a flattened
spiral-shaped roll, called "jelly-roll", or simply stacked like in pouch cells. The jelly-roll
is connected with the external circuit by the means of aluminum and copper foils, for
positive and negative electrodes, respectively. Prismatic cells are characterized by higher
structural stability compared to pouch and thanks to their regular shape the capacity of
the single cell can be increased considerably, up to 30-40 [Ah]. Like pouch cells (but not
as much), they tend to swell during operation, slightly increasing their volume. This kind
of cell is often employed in portable electronic devices, such as mobile phones, but it is

gaining increasing interest and importance in the automotive sector.

1.3.4. Cylindrical cells

As the name suggests, cylindrical cells are characterized by a cylinder build aluminum
casing, that houses the internal components. Due to its shape, this geometry is well suited
for jelly-roll packing of the assembly, which is wound on a hollow smaller cylinder, the
mandrel, and inserted in the aluminum canister. Moreover, thanks to the higher mechan-
ical stability given by their symmetric shape, these cells employ thinner casings compared
to other geometries. Cylindrical cells have built-in safety features, which mitigate catas-

trophic failure and inherent risks. The main ones are [43-45|:

e Current Interrupt device (CID), which is designed to disconnect the battery’s inter-
nal current flow in case of excessive internal pressure, by breaking the weak welded
connection between the top and bottom disks situated at the positive pole, thus

preventing thermal runaway;

e Positive temperature coefficient (PTC) thermistor, which protects the battery from
external short circuits and electrical abuse conditions by limiting current flow when

the cell reaches a particular temperature;

e Safety vents, whose function is to release internal pressure caused by gas formation:
when the cell pressure reaches a certain limit a notch opens, allowing for the gases

to escape

Because of these reasons, cylindrical cells are considered as inherently safer than other
geometries. Similarly to coin cells, some common, more or less unified size designation

exists in the cylindrical cells market: five digits numbers are used, indicating the diameter
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and length in the axial direction; for instance, a 18650 designation indicates a cylindrical
cell with a diameter of 18 [mm] and a length of 65 [mm], but many configurations exist,
from 10440 (also known as "AAA" batteries) to the much bigger 46950, employed in

Tesla’s EVs’ powertrain.
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Figure 1.7: Most diffused cell geometries for lithium-ion batteries

1.4. Thermal behavior of lithium-ion batteries

As described in the previous sections, lithium-ion batteries are characterized by a very
complex structure, where components are fine-tuned to obtain specific properties and fea-
tures; at the same time, they are required to function in a rather aggressive environment,
marked by high electric potential which can promote unwanted reactions. As a result,
the normal operation of the cells is very sensitive to working conditions, which greatly
influence their performance and degradation phenomena.

In general, the thermal behavior of LIBs mainly depends on the combination of extrin-
sic stress factors such as temperature, state of charge (SoC) and current load: extreme
temperatures, weather conditions and other stressors have strong negative effects on bat-
teries’ activity and can lead to failure in some cases, so the control system must be able to
maintain the cells within a suitable intermediate range at all times. Furthermore, during

operation, a battery inevitably generates heat, increasing its operating temperature as a
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result and thus requiring an appropriate cooling system and thermal management strat-

egy. This aspect is generally handled through a Battery Thermal Management System.

1.4.1. Thermal stability

From literature, it was assessed that the optimal range for lithium-ion battery opera-
tion should be between 15-25 [°C| and 40 [°C] [46]. Outside of the optimal operating
temperature range, at either low or high temperatures, lithium-ion batteries suffer from
high performance and capacity losses, which reduce their cycle life (through degradation
phenomena) and have an impact on safety concerns, such as thermal runaway. In general,
this aspect is exacerbated by the cell (and module) design, its shape and the components
stability (especially of the electrolyte) [47].

At sub-zero temperatures the chemical viability of LIBs can be significantly altered: an
important efficiency drop is experienced due to the increase of the overpotentials of the
cell which leads to a reduction of its power and energy potential.

The main phenomena occurring at the particles level are linked with the temperature
dependency of the components parameters; in general they are: the reduction of lithium
ions diffusivity in the electrodes particles and the decrease of the electrical conductivity
of the electrolyte and the SEI at the negative electrode. Moreover, the reaction rate is
inversely proportional to the temperature, so at lower operating temperatures electro-
chemical reactions are strongly hindered, resulting in increased charge transfer resistance
at the electrodes-electrolyte interfaces.

Sub-zero temperature operation is crucial for automotive applications, where range and
cycle life are key parameters: on top of the increased losses associated with cold environ-
ments, a significant portion of the available capacity of the battery pack must be employed
to provide heating to itself and to the cabin, further reducing the usable charge. Other
important issues are related to the limited battery propulsion and regenerative power and
high battery internal resistance [46].

In contrast, operation in hot climates doesn’t necessarily coincide with performance losses
[47], but it strongly affects the maximum discharge capacity and degradation of batteries,
as it will be described in the following sections.

However, the greatest threat to the battery integrity is related to operation at too high
temperatures, which can be easily achieved if working under abusive conditions, at high
current rates and with sub-optimal thermal management and safety systems [48]. After
a critical threshold temperature is reached, the thermal degradation of some components
lead to a series of exothermic chain-reactions involving the available chemical species,

which are able to sustain themselves until complete failure of the entire system [49]|. This
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mechanism is known as thermal runaway, that can be defined as a process initiated by
production of more internal heat than what a battery can dissipate, often leading to a
destructive result. In general, thermal runaway can happen as a consequence of a bat-
tery’s mechanical, electrical (internal short-circuit), electrochemical (overcharge abuse),

or thermal failure and thus can be triggered in different ways (figure 1.8) [47, 48].
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Figure 1.8: Main abuse conditions which could trigger thermal runaway [49]

At around 80 - 100 [°C] the SEI dissolution in the electrolyte starts to occur, leaving the
negative electrode graphite particles without a protective layer and so free to react with
the electrolyte; this reaction is highly exothermic [49], increasing the temperature even
more; moreover at this stage, some of the solvents of the electrolyte reach their boiling
point, producing gases which increase the pressure as well [48]. After 120 [°C] the sep-
arator melts, short-circuiting the cell and liberating the energy stored within, until the
decomposition of the cathode materials and of the electrolyte (figure 1.9). As described in
the previous sections, different battery chemistries are characterized by different thermal
stability and thus have different responses to failure [46]. The chain reaction ends with
the combustion of the internal components (caused by the release of oxygen from the
cathode) and the emission of a high amount of heat and gases [49].

For this reason, the failure of a single cell can trigger a thermal runaway of adjacent cells,

causing the disruption of the entire battery pack [50].
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Figure 1.9: Interpretation of thermal runaway chain reactions and their energy release

In order to improve lithium-ion battery safety, various mitigation strategies can be em-
ployed, both at the cell and at the system level [48]:

e better protection against any kind of mechanical,electrical or thermal abuse;

e more thermally stable components, SEI and safer electrolyte, achieved through the

use of additives, such as stabilizers and flame retardants;
e a stronger separator, generally attained with ceramic coatings;

e thermal insulation and thermal barriers with high heat capacity and working tem-
perature, other than heat transfer pathways at the system level, to absorb high
amounts of heat and control the speed of thermal runaway propagation; in this

regard the battery shape was found to be influential [51].

Of course the design of the safety strategy of battery storage system is crucial in reducing
or ruling out abusive conditions and should primarily take into account the mechanisms

of thermal runaway and its spreading.

1.4.2. Battery thermal management system

One of the fundamental components of a lithium-ion battery storage system is the battery
thermal management system (BTMS) [46, 47, 51, 52|, required to keep the operating tem-
perature of the cells in an optimal range at all times, other than a uniform temperature
distribution within the single cells. This can be achieved by definition of a sophisticated
control strategy and the employment of materials with suitable properties, such as ex-

ternal thermal insulation to avoid sudden temperature changes. In general, BTMS must
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meet many requirements: it should be compact and light and have low upfront and oper-
ational costs, high reliability and easy maintenance characteristics [53]. BTMS have been
extensively characterized in the literature and can be classified by different metrics, such
as cooling medium [46], power consumption (active or passive) and thermal cycle [52]; the

main configurations for high energy density battery packs are:

e Air-based, generally with active cooling; the air can be taken either from the air-

conditioned vehicle cabin or treated in a dedicated secondary loop cooling system:;

e Liquid-based, exploiting the higher heat transfer properties of liquid coolants or re-
frigerants; this layout generally achieves better performance in terms of temperature

uniformity [46];

e PCM-based, a passive solution which exploits the large latent heat of specific ma-

terials to maintain the temperature almost constant.

Other configurations being investigated in literature are heat pipe cooling and thermo-
electric element cooling. In general, hybrid solutions might provide the best performance,
thanks to the combination of advantages of the individual configuration and mitigation

of their drawbacks.

1.4.3. Heat generation

Through the course of charge and discharge processes, several sources generate heat within
the jelly-roll of the battery at the elementary cell level, mainly corresponding to the
overpotential of the cell [50]:

e Joule heating, or ohmic heating, is associated with the electrons transport inside

the battery, because of which a part of their energy is lost as heat;

e Reaction heating, is linked to the charge transfer occurring between electrodes and

electrolyte following the reduction-oxidation reactions at their interface;

e Entropic heating, is related to the re-arrangement of atoms within the electrodes
crystalline structures as a consequence of lithium ions intercalation and de-intercalation
mechanisms; as opposed to the first two, this is the only reversible contribution to

heat generation.

Bernardi et al. [54] proposed a comprehensive battery thermodynamic energy balance
which accounted for reactions, polarization, entropic heat, mixing effects and phase changes.
From the assumptions of: (1) average heat capacity, (2) only two relevant reactions, (3)

negligible enthalpy of mixing and (4) phase change contributions, a simple yet effective
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expression was derived for the computation of heat generation within the cell:
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Where:

@ is the generated heat;

I is the current [A];

AV is the voltage [V];

FEocv is the equilibrium potential [V];

T is the temperature [K];

m is the mass of the battery [kg];

¢, 1s the specific heat capacity [J kg~ 'K~ 1];

The first term is defined as polarization heat and represents the heat generation associated
with joule heating and the electrodes overpotentials; the second term is the (reversible)
entropic heat while the third one is the accumulation term. Heat generation is affected
by several stressors, such as [50]: C-rates, ambient temperature and SoC, particularly at
the limits. Moreover, also the electrodes microstructure and porosity have an impact on
the distribution of generated heat and temperature.

Heat production must be accounted for accordingly by the thermal management system,
reducing the uneven temperature distribution both in the cell and at the battery pack
level. In fact, uneven cooling of the cells in battery modules can lead to a high level of

degradation heterogeneity within the same pack [55].

1.4.4. Heat transfer

Heat transfer can be defined as the transport of thermal energy originated by a temper-
ature difference between a system and its surroundings [56, 57]. When a temperature
gradient exists between two points, thermal energy will always flow irreversibly from the
point with the highest temperature to the colder one. Three different modes of heat

transfer can be identified and defined:

e Heat conduction

It is the transfer of energy between adjacent molecules of a body due to a temper-
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ature gradient [57]. Given that the temperature difference is the cause of the heat

flux, a proportionality law exists between them, the Fourier’s law:

Gz, t) = —ki—: (1.18)
Where:
— ¢ is the heat flux [W m™2];
— % is the temperature gradient along the direction x of the flux;

— k is the thermal conductivity of the body [W m™tK~1].

The Fourier’s law states that, in heat conduction, thermal energy always flows in the
opposite direction of the thermal gradient, and it is related to it through the pro-
portionality parameter k. Thermal conductivity is a material property and strongly
depends on the molecular/atomic structure of the medium. If k£ is the same in
every direction, the medium is said to be "isotropic", while if not the material is
called "anisotropic". If the Fourier’s law is introduced in the conservation of energy

equation, the general heat conduction equation can be obtained:

oT 0 oT

Where:
— p is the material mass density [kg m™3];
— ¢ is the volumetric heat generation term in the domain [W m™3];

In three dimensional heat flow, the heat equation becomes [57:

pcp(T)aa—f =V . [k(T,z)VT|+ q(T,x,t) (1.20)

Where V is the Nabla operator, corresponding to the vector of the derivatives in

the three directions of the Cartesian space:

g 9 0
= |=—,=—,=— 1.21
v {8x’8y’8z] (1.21)

Many assumptions can be applied to the equation to obtain simpler forms; for

example, if k doesn’t depend on temperature or direction (which is, in general,



32

1| State of the art

a reasonable assumption for many materials in many applications) and no heat

generation occurs within the body, the equation can be simplified as:

oT o*T  O*T O°T
— =k 1.22
P ot (aﬁ Tar T az2> (1.22)
Or in contracted form:
oT 5
— = T 1.2
%—f = aV*’T (1.24)

Where V? is the Laplace operator and « is the thermal diffusivity, defined as:

a m*s  (1.25)

Thermal diffusivity is a parameter which involves both the thermal conductivity and
the volumetric heat capacity (pc,) and thus is a measure of how quickly a material

or a medium can transport heat from a hot source to its surroundings.

Heat convection

Heat convection represents the superposition of energy transfer by heat conduction
(at the microscopic level) and from a flowing fluid (at the macroscopic level). At the
interface between a solid and a fluid, the total heat flux depends both on temperature
and velocity field in the fluid [57]. To simplify things, convective heat transfer is
often described by the relation:

q.con'u = h(T - Too) (126)

Where T, is the temperature far enough from the solid surface and h [W m 2K 1]
is the heat transfer coefficient. In general h is determined by the temperature
field in the fluid at the surface, but strongly depends on the geometry of the solid,
velocity fields and fluid properties; for its computation several empirical (and some

analytical) correlations exist.

Thermal radiation
Thermal radiation indicates the heat transfer through electromagnetic radiation,

caused by a temperature difference between two bodies. In fact, all bodies continu-
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ally emit energy across their surfaces and, in general, the intensity of the flux (the
"emissive power", e [IW m™2]) depends on temperature and surfaces’ properties [56],

through the Stefan-Boltzmann law:

e(T) = eaT* (1.27)

Where:

— € [—] is the body emissivity, a property representing the amount of emitted

radiation with respect to the perfect emitter, the black body;
— o is the Stefan-Boltzmann constant [W m=2K ~4].

Because of the issues described above and the high amount of generated heat within cells,
thermal characterization is becoming more and more important for lithium-ion batteries.
Temperature is one of the main stressors during operation and thus a correct modeling is
required for the BTMS to efficiently control it.

The main heat transfer mode inside the cell is conduction [58], even if the electrolyte is
fluid: due to its high viscosity the velocity field is often negligible with respect to diffusion
phenomena. The thermal characterization of lithium batteries is typically carried through
the determination of thermal conductivity and specific heat capacity of cells, which depend

in general on the temperature, internal structure, materials and SoC.

Thermal conductivity

The thermal conductivity of lithium-ion batteries greatly influences the temperature gra-
dient within the internal components and may cause severe differences in how quickly the
heat is dispersed. Due to their multilayer rolled structure, cells are characterized by a
highly anisotropic behavior, which is reflected into two main values of thermal conductiv-

ity, namely the in-plane and the through-plane (or cross-plane) thermal conductivities.

The through-plane value refers to the thermal conductivity in the direction perpendicular
to the layers of the cell, while the in-plane one describe its behavior in the direction
parallel to the layers [58] (figure 1.10). In general, the thermal conductivity depends on
several factors, such as the geometry of the cell, internal components (cathode chemistry,
electrolyte, etc.), temperature and pressure, but at least one order of magnitude can be
expected between the two values, so that the in-plane conductivity is significantly larger
than the through-plane one. However, the estimations in the literature are very diversified,

even for the same geometry or chemistry [58|. Tendera et al. [60], Murashko et al. [61]
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Figure 1.10: Effect of the nature of thermal conductivity on expected temperature profile.
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and Caillez et al. [62] reported a linear trend with negative slope between the through-
plane thermal conductivity and temperature. Moreover, both Tendera and Kovachev [63|
reported a parabolic dependency between the through-plane component and the SoC.
On the other hand, Tendera et al. [64] reported no clear correlation between the in-
plane thermal conductivity component and SoC or temperature. Various methodologies
are available in literature for the estimation of this parameter, generally employing the
solution of the heat equation in Cartesian or cylindrical coordinates for different boundary
conditions [59, 61, 62, 65].

Specific heat capacity

The specific heat capacity is defined as the amount of energy required to increase the
temperature of a body or system by one unit. It is a crucial parameter in the ther-
mal characterization of lithium batteries because it dictates their tendency to raise their
temperature. Like the thermal conductivity, its value depends on many other parame-
ters, mainly temperature but also SoC and cathode chemistry, even if the value range is
less extensive than thermal conductivity. Several methodologies are present in the liter-
ature, generally employing a calorimeter, but due to its high cost numerous innovative
approaches are being presented [66-68]|, also coupled with thermal conductivity estima-
tion [59, 61, 62, 69]. Several papers report a clear positive linear trend between specific

heat capacity and temperature [61, 67, 69].
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1.5. Degradation of lithium-ion batteries

In the early applications of lithium-ion batteries, the main focus was on compactness and
lightness, other than high energy density. Nowadays, with the advent of the EV market,
much emphasis is given to the range and cycle life of battery systems and the research is
focused on enhancing and improving their lifetime and operation. Moreover, degradation
and aging favor dangerous phenomena such as internal short-circuits and overheating is-
sues and thus pose a non negligible threat related to safety issues. For these reasons, a
thorough understanding of the main mechanisms that cause aging and their underlying
phenomena and stressors is key for modeling and predicting the behavior and performance
of LIBs.
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Figure 1.11: Main degradation phenomena in lithium-ion batteries [70]

In this regard, the comprehension of degradation modes can be also indirectly useful for
recycling purposes and second life assessments of high performance EV’s lithium batteries,
which generally employ critical raw materials for the European Union. Depending on the
level of degradation withstood by a cell, an appropriate second life can be defined in less

demanding applications (such as stationary), decreasing costs and waste of rare materials.

1.5.1. Degradation mechanisms and diagnosis

Because of the complex structure of cells, several degradation mechanisms can arise dur-
ing both operation and storage (idle) periods, that can lead to the same performance
reduction. The origin of aging mechanisms can be either chemical or mechanical [71] and

they can be grouped as capacity fade and power fade, referring to the effects they have
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on overall operation.

Capacity fade represents the loss of available capacity in the cell, which corresponds
to a decrease in the lithium ions that can cycle between the electrodes (often denoted as

Loss of Lithium Inventory, LLI) or to the depletion of active materials and their structure

1]

in the electrodes (called Loss of Active Materials, LAM).

Power fade corresponds to the drop in power capabilities of batteries, often related to

resistive layers formation on the electrodes surfaces and resistance increase, due to lower

available surfaces for reactions.
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More specifically, LLI can be influenced by several aging mechanisms:

e SEI growth and decomposition

As briefly mentioned in section 1.2.1, the Solid Electrolyte Interphase (SEI) is an
intermediate layer that generates on the carbon based negative electrodes surface
as a result of the instability of graphite at low potentials [73, 74]. In general, the
electrolyte reacts with the carbon atoms and lithium ions to form a protective layer
at the electrode-electrolyte interface, which hinders further reactions and thus self-

limits its growth: the exact composition depends on various factors (such as the
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electrolyte formulation and the thermodynamic conditions at which is formed ) and
typically includes Li, C and electrolyte solvent/salt/additives specific components
(P, F, Br) [73], such as lithium carbonates, LioC'Os, and inorganic products [75].
Even if the SEI is the result of an undesired reaction, great importance is given to
its generation during the first formation cycles, because some advantageous features
can be achieved: the structure can be optimized to be able to completely separate
the anode and the electrolyte, protecting the charged electrode from corrosion, and
to deliver uniformly the lithium ions to the negative electrode’s layers, other than
decrease the unavoidable self discharge |71, 75, 76]. For these reasons the elec-
trolyte composition and its additives must be carefully selected to induce a stable
and durable thin film |77, 78|.

The SEI is permeable to lithium ions, but it introduces an additional layer which
has to be overcome, increasing the internal resistance of the cell. Moreover, the SEI
continuously grows during the whole lifetime of a battery, promoted by high temper-
atures, high C-rates and low potentials (in charged state) [71, 77, 79]. As described
in section 1.4.1, this layer is not thermally stable after a temperature threshold is
reached, which leads to the dissolution of its components in the electrolyte and its
subsequent regeneration, further increasing the irreversible loss of available lithium
[77, 80]. Additionally, due to its often unknown exact composition, no indication

on the thermal parameters of the SEI is available in literature.

e CEI growth
CEI (Cathode Electrolyte Interphase) is analogous to SEI, but develops on at the
positive electrode-electrolyte interface. Its composition includes organic polycar-
bonates and Li, P, F based products, which are more or less common to all cathode
chemistries. The formation and expansion of CEI is favored at high voltage and
temperature, outside of the electrolyte chemical stability window. This surface film
doesn’t represent a limit to performance as much as the SEI on the anode |75, 81|,
but is has nonetheless detrimental effects on the availability of lithium and cell
impedance. For this reason, similarly to the SEI layer, the formation of a stable

CEI is key to hinder further electrolyte decomposition [82].

e Electrolyte decomposition
The electrolyte is only thermodynamically stable in a range of operating voltage
[76], outside of which it starts to degrade and participate in unwanted side reactions,
such as the formation of SEI and CEI, as explained before; in particular, at high
potential, the oxidation of electrolyte with the positive electrodes materials can

occur, leading to an increase in temperature (the reaction is exothermic). These
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interactions with other components drive a modification of its composition and
properties, often leading to a decrease in ionic conductivity and stability.

As described in section 1.4.1, at too high temperatures the electrolyte decompose
and promotes gas formation within the cell [79]: these gases are highly flammable
and could assist the risk of thermal runaway. Moreover, they cause an increase in

pressure and produce mechanical stress on the other components.

Lithium deposition

As described in section 1.2.1, during charging processes Li ions are de-intercalated
from the positive electrode and migrate towards the anode through the electrolyte.
At the electrode-electrolyte interface, solvated Li ions are stripped of the solvent
and travel to the graphite layers [83, 84]. However, intercalation into the graphite
layers is not the only reaction allowed, as also Li deposition could occur [85]. In
general, if the transport rate of Li ions from electrolyte exceeds the Li-intercalation
rate, Lit are accumulated on the electrode surface, driving the potential below 0 V
vs Li/Li* [83]. In this conditions, a metallic lithium film is deposited on the anode
surface, leading to an irreversible LLI. This degradation phenomenon is favored by
charging processes at low temperature or high C-rates or SoC, all circumstances
which decrease the electrode potential through polarization losses (overpotentials)
or slow down the Li-intercalation kinetics |72, 84|. Lithium deposition often leads
to capacity and power fade, other than a lower Columbic efficiency. The reaction
is highly exothermic, locally leading to increased temperature. Moreover, if the
metallic lithium plating is sustained, it develops in dendritic form, needle-shaped
protuberances which can pierce through the separator and cause internal short-

circuits and the failure of the cell through thermal runaway [84].

The mechanisms producing LAM are, instead:

e Electrodes particle cracking

Phase transitions and structural changes in the lattices of electrodes can cause severe
shape and volume variations, which generate mechanical stresses or defects and
thus might result in cracking of particles [86]. Particle cracking is common to both
electrodes and can lead to fracture or delamination, resulting in non homogeneous
intercalation/de-intercalation reactions [77]. Moreover, fragmentation can lead to
exposure of electrodes particles to the electrolyte, increasing their degradation due
to formation of new SEI [82].

Graphite exfoliation

If the SEI layer is not fully formed, solvents (an in particular Propylene Carbonate,
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PC) might co-intercalate in graphite layers and generate mechanical stresses due to
the expansion of the inter-layer space, finally leading to the exfoliation of graphene
layers [82|. In general, graphite exfoliation is favored by particles with low specific
surface, which increase the surface defects, and high current rates during the for-
mation cycles, which can lead to poor SEI performance [75]. Graphite exfoliation
doesn’t completely destroy the bulk electrode, but gives rise to significant changes in
surface structure [87|. Similarly to particle cracking, graphite exfoliation can drive
the disruption of the anode morphology, exposing the particles to the electrolyte and
further causing loss of lithium inventory, other than LAM [77]. Moreover,the co-
intercalated solvents can cause propylene gas formation, aggravating the situation

even more [75].

e Transition metal dissolution, migration and deposition
As described in section 1.2.1, transition metal (TM) oxides are the main materials
for positive electrodes. During electrochemical reactions, small amounts of TM can
dissolve in the electrolyte because of too high or too low potential; this process
is also favored at elevated temperature [88] and for Mn based electrodes. The
dissolution of TM results in the loss of active material at the cathode, directly
leading to capacity and power fade. Moreover, the dissolved transition metal ions
can relocate on the anode surface, following the dissolution, migration, deposition
process (DMD), impacting the electrolyte properties and the composition of both
CEI and SEI [82], driving further the loss of performance. The application of special
cathode coatings or the addition of metal-capturing additives in the electrolyte can

mitigate this phenomenon.

e Irreversible phase transitions and Structural disordering
Transition metal migration might induce an irreversible phase change in LMO cath-
odes, shifting to a spinel structure with lower oxygen stoichiometry [82]. This delete-
rious effect is enhanced during charging at high C-rates and temperature and could
promote other degradation phenomena in the cell.
Moreover, also graphitic layers can suffer structural disordering after many cycles,

particularly from over-discharge at high currents.

e Current Collectors corrosion
Current collectors’ main aging mechanism is corrosion. Given that the cell operates
at very high or low potential depending on the region, copper and aluminum based
CC could be subjected loss of material and surface disruption. In general, this type
of degradation is strongly dependent on the materials, electrochemical potential,

other than electrolyte composition and current collectors’ microstructure [89]. Cu
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corrosion is favored at high potentials and expected at values higher than 3.5 [V] vs.
Li/Li*, but the presence of impurities, such as water traces, can greatly decrease
the threshold. On the other hand, aluminum has a much lower standard equilibrium
potential than copper, but it exhibits a more stable behavior due to the formation of
an alumina based passivation film on its surface. Current collector corrosion causes
an increase of the cell impedance and inhomogeneous distribution of current within
their surface [77]. Moreover, ions dissolved in the electrolyte can redeposit on other
components, particularly on the SEI, degrading the protective layer and impeding
lithium mobility [89].

Binder decomposition

Mechanical stresses caused by volumetric variations and high temperature can pro-
mote polymeric binder decomposition. This can cause the detachment from the
active materials and fracturing, leading to loss of electric contact and electrodes in-
stability. This aspect is particularly detrimental for anode materials characterized

by high volumetric expansion, such as carbon-silicon based electrodes [90].

Even if these degradation mechanisms might be different from each others, they often

lead to similar macroscopic performance losses and aging of LIBs. A further classification

can be established, depending on the operational state of cells:

e Calendar aging refers to all aging phenomena which are not related to the uti-

lization of batteries but only to their storage conditions [71]. Due to the fact that
calendar aging doesn’t depend on the usage of cells, it always occurs, even during
cycling processes. The main degradation phenomena associated with calendar aging
are related to the growth of SEI and CEI, thus the capacity fade in these conditions
is primarily caused by variations in the electrode balancing instead of degradation
of active materials, so this type of aging is mostly linked to LLI [91, 92]. The most
important parameters enhancing calendar aging are high temperature and SoC, be-

cause they favor phases development at the electrodes-electrolyte interfaces [93].

Cycle aging, instead, indicates all mechanisms associated with charge and dis-
charge processes during operation. The principal factors involved in cycle aging are
current rates and DoD, other than the already cited temperature and SoC [71]. In
fact, high DoD and C-rates lead to increased capacity losses due to extreme voltage
and current conditions, causing undesired side reactions and mechanical stresses
[94]. However, also in this case, operating temperature has the strongest effect on
lifetime [93].
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Degradation diagnosis

The identification and characterization of degradation mechanisms and their extent is
crucial for the prediction of batteries’ behavior. However, their differentiation is gener-
ally intricate because they are often caused by the same stressors and lead to the same
macroscopic effects. The most widely used way to determine the condition of cells is by

the State of Health parameter, which can be defined as:

Qres
Qnom

SoH = -] (1.28)
This value directly relates the available residual capacity to the nominal one, but doesn’t
carry any information on the type of degradation nor on the state of the internal compo-

nents. For this reason, more sophisticated methods were defined:

e OCV curve manipulation can be employed, primarily to enhance some of its features,
such as accentuating the slope variations; these aspects can help to identify changes

related to electrodes degradation.

e Electrochemical Impedance Spectroscopy (EIS) is a powerful non destructive tech-
nique, that can be even used during operation. By applying a small sinusoidal
current signal, it is possible to compute the impedance of the cell in a spectrum
of frequencies through the measurement of the voltage response. The identification
of degradation mechanisms can then be done by comparing the spectra of cells in

different aging conditions.

e Post-mortem analysis is a destructive method, because it makes use of the disassem-
bling of batteries. However, it is the most important approach to completely char-
acterize the internal components of the cell and their degradation state. Physico-
chemical analysis can be then performed, such as Scanning Electron Microscopy
(SEM) or Energy Dispersive X-ray Spectroscopy (EDX), which are useful to de-

scribe surfaces morphology and composition.

1.5.2. Effects of degradation on thermal parameters

As described in section 1.4, the understanding of thermal behavior of lithium-ion batter-
ies is crucial during operation, because temperatures outside the optimal range can lead
to enhanced degradation or safety issues. Generally, BTMS’s models employ thermal
parameters which are estimated at the beginning of life and thus neglect every possible

effects of degradation on heat transfer. This approach is certainly simpler but can lead to
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errors in the estimation of the internal temperature and thus of the modeling of the real
operation of the cell. For this reason, a thermal characterization which also takes into
account aging phenomena and their effect on parameters should be performed.

Kovachev et al. [63]| reported a reduction of thermal conductivity of NMC pouch cells
with respect to the level of compression force during calendar aging. The cause was be-
lieved to be linked to the consumption of electrolyte, which greatly affects the thermal

conductivity value [69].
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Figure 1.13: Effect of the SOH on the mean thermal conductivity [95]

Tendera et al. [95] performed a thorough experimental campaign, analyzing pouch cells
at different SoH and cycling conditions. Also in this case, a clear negative linear correla-
tion was found between thermal conductivity and state of health (figure 1.13). Moreover,
they analyzed degradation mechanisms singularly, by artificially isolating them with tai-
lored procedures. It was found that excessive electrolyte consumption and gas formation
have the greatest negative effects on thermal conductivity, because they can generate a

thermally insulating layer between components.
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1.6. Aim of the thesis

This thesis work was carried out at the MRT Fuel Cell & Battery Lab of Politecnico di
Milano as the continuation of the research started from a previous thesis |55, aimed at
the definition of innovative and easy-to-implement approaches for the characterization of
LIBs.

The main aim of this work lies in the definition of innovative methodologies for the thermal
characterization of lithium-ion batteries and in the physical comprehension of the effects
of degradation on their thermal behavior. In fact, as demonstrated by the literature
review on the current state of the art of lithium-ion batteries, very limited investigation

was done on the effects of aging on their thermal behavior.
For these purposes, the following steps are performed:

e Development and implementation of novel methodologies and modeling approaches
for accurately estimating the thermal parameters of the analyzed batteries. This in-
cludes determining key properties such as specific heat capacity and thermal conduc-
tivity, which are crucial for understanding heat generation, dissipation, and overall

thermal behavior.

e Carrying of a calendar aging campaign conducted at 60 [°C] on four batteries at
various storage conditions, with the aim of characterizing their thermal behavior at

different aging states.

e Validation and application of the defined methodologies and models on real lithium-
ion batteries, both at the beginning of life and under aged conditions, through tar-
geted experimental campaigns. This process aims to assess how thermal properties,
such as specific heat capacity and thermal conductivity, evolve with aging and how
these variations influence the overall thermal behavior of the battery. By analyzing
these changes, the study would provide insights into the impact of aging on heat
generation, dissipation, and thermal management, contributing to the development

of more accurate models and improved battery lifespan predictions.

e Conceptualization, derivation, and validation of a physics-based thermo-electrochemical
model for the interpretation of the experimental results obtained from the previous
campaigns. The aim of this model would be to provide a detailed and physically
grounded representation of the battery’s thermal behavior, incorporating key mech-
anisms such as heat generation, transport, and dissipation. By integrating elec-
trochemical and thermal processes, it would enable a deeper understanding of how

operating conditions and aging affect the thermal response of the battery, ensuring a
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more accurate and predictive framework for thermal management and performance

evaluation.
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2 Experimental methodology

In this chapter, the experimental setup for the thesis is presented, with the description of

the battery samples, the experimental station, the measurement systems and the method-

ology.

2.1. Battery samples

The experimental campaign focused on the electrochemical and thermal characterization
of singular cells. Two similar cylindrical LFP batteries from the same manufacturers
were employed, namely the A123’s "ANR26650 M1A" [96] and its subsequent version
"ANR26650 M1B" [97]| (figure 2.1); these cells were employed in real-life automotive
battery pack modules, from which they were attained; in the following sections they will
be referred to as "M1A" and M1B" for brevity. The main characteristics of these samples

are reported in table 2.1
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Figure 2.1: Images of the two samples

As it can be seen, the two samples share many specifications, such as the geometry and
voltage thresholds. The main difference lies in the higher capacity of the M1B cell, where
it was possible to insert a greater amount of active materials. This aspect is particularly
important, because the higher amount of active material is reflected into a higher mass,

and thus a higher density at parity of volume (the dimensions are the same). Moreover,
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Battery cell characteristics
Manufacturer A123
Model ANR26650 M1A ‘ ANR26650 M1B
Design Cylindrical
Anode Chemistry Graphite
Cathode Chemistry LFP
Cell dimensions [mm] Z26x65
Weight [g] 72 76
Capacity (nom/min) [Ah] 23 /22 25 /24
Voltage (nom/min/max) [V] 3.3/20/36
Internal impedance [m(}] 8 6
Maximum continuous discharge [A] 70 50
Maximum pulse discharge (10s) [A] 120
Operating temperature [min;max] [°C]| [—30; +55]
Storage temperature [min;max] [°C] [—40; +-60]

Table 2.1: Main characteristics of battery samples

a greater power density ([W kg~']) is achieved in the M1B sample.
As described in Section 1.3, the cylindrical geometry is inherently safer than other shapes,
due to the presence of built-in safety devices, such as the CID and the PTC; in the two

samples, they were placed on the negative pole.

2.2. Experimental stations

During this work, all of the activities were performed at the MRT Fuel Cell & Battery
Laboratory of the Politecnico di Milano. In particular, two stations were employed: a
testing station, for the thermal and electrochemical characterization of batteries, and a

glove-box, which was utilized for the drilling of cylindrical cells.

2.2.1. Testing Station

The testing station was developed during the work of previous theses at the same labo-
ratory [98-100]. During the period of this thesis no modifications were performed. The
main components of the testing station are: two climatic chambers, electronic loads, power

supplies and acquisition boards (figure 2.2).



2| Experimental methodology 47

Power supply Arduino Uno 1
NI RMX-4124 ==
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Electronic loads b
UM 63640-80-80 ;
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Computer NI CDAQ 9211 NI DAQ USB 6218

Figure 2.2: Instrumentation of the testing station

In this particular setup, up to eight individual cells can be tested independently. This
is achieved by the means of a modular structure of the electronic loads: two separate
parallel circuits are present, comprising each of four independent channels equipped with
a Chroma UM 63640-80-80 electronic load [101]; a fifth load identical to the others is
used to modulate the current in each circuit by changing its internal resistance. Thanks
to this arrangement, only a single power supply connected to both parallels is adopted,
namely the NI RMX-4124 [102], able to fulfill both charging and discharging processes
requirements of the tested cells. Each battery is connected to two pairs of electrical wires,
where one couple is employed for the supply of power while the second is connected to
sensors and thus used for voltage measurement purposes. In this regard, the voltage
of cells is determined through a NI DAQ USB 6218 [103] acquisition board. Moreover,
also superficial temperature of cells can be measured through the exploitation of type K
thermocouples, connected to two additional NI CDAQ 9211 [104] acquisition boards.

The battery holders (figure 2.3) are situated in the biggest of the two climatic chambers,
a Binder MKF 720 Eucar 6 [105]: this environmental simulation chamber can control
temperature and relative humidity in a very broad range, from -40 [°C] to +180 [°C] and
from 10% to 98%, respectively. Moreover, this chamber employs a built-in safety system

against fire hazards.

An electrical circuit scheme of the testing station is available in figure 2.4. As it can
be seen, the power supply is connected in parallel with both independent circuits. The

current in the two circuits is imposed through the "Load 9" and "Load 10" variable
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Figure 2.3: Cylindrical cells holder
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Figure 2.4: Scheme of the electric circuit of the testing station

resistances, while each one of the other eight Chroma loads is able to control voltage
and current for the singular cell. Finally, a relay switch is connected to every electronic
load, to possibly disconnect each cell from the main circuit. In particular, if the switch is
closed, the channel is connected to the primary circuit and the tested cell can be charged
by modulating the current and the voltage at its poles; on the other hand, if the switch
is open, the cell is separated from the main circuit and it can be discharged through the

electronic load.
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The smaller climatic chamber, a Binder KT 53 [106], instead, was used for the thermal
characterization of cells. This chamber is able to work in a narrower temperature range (4
=+ 100 [°C]) compared to the other and employs a fan with adjustable speed. Thermal tests
also utilized an additional DC power supply, the Chroma 62006P-300-80 [107|, mainly for
heat generation through resistive heaters, as it will be described in the following sections.

In table 2.2, the main characteristics and uncertainties of the instrumentation utilized in

this work are reported.

Instrument Equipment Quantity Uncertainty
NI RMX-4124 Power supply Current +0.5% =+ 0.1%rtg
Voltage 0.025% + 0.01%F.S.
Chroma UM Electronic load Current 0.1% + 0.1%F.S.
63640-80-80 Impedance variable
NI DAQ Acquisition board Voltage +0.0085% =+ 0.002%F.S.
USB 6218
NI CDAQ Acquisition board | Temperature +3 [K]
9211 w/K-TC
Chroma Power supply Voltage 0.01% + 3 [mV]
62006P-30-80 Current 0.01% + 10 [mA]
BINDER KT53 Climate chamber | Temperature +0.3 [K]
BINDER MKF 720 | Climate chamber | Temperature +1[K]

Table 2.2: Characteristics and uncertainty of the testing station equipment

All devices described above are digitally connected to a computer, which is able to manage
them through tailored GUIs developed in the NI Labview® programming environment
software [108]. These interfaces are able to collect measurement data - related to current,
voltage and temperature - from the acquisition boards, and store them. Moreover, they
allow for the control of the operating conditions during tests.

Additionally, an Arduino Uno micro-controller [109] is connected to both the loads and the
computer; it behaves as a safety system, verifying that voltage limits and other parameters

are respected during tests and disconnecting electronic loads if the conditions are not met.

2.2.2. Glove-box

A glove-box is defined as a closed transparent vessel in which dangerous substances can
be touched safely using gloves attached to holes on one of its sides [110]. The one present
in the laboratory is a JACOMEX Puresmart glove-box [111] (figure 2.5), which employs
an hermetically sealed chamber, completely filled with inert argon gas. The internal
atmosphere is constantly controlled through very sensitive pressure and concentration

sensors and filters, which guarantee a minimal amount of contaminants, corresponding
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to 0.1 [ppm] of Oy and 0.8 [ppm| of H2O. External objects can be inserted inside the
glove-box through two smaller intermediate chambers, which are mounted on one side
of the main structure and connected to both internal and external environments with
a double access point. Both chambers are connected to a PFEIFFER Pascal vacuum
pump [112], which is used to completely remove air, and to an Ar tank, to flush the
system and obtain similar conditions to the ones of the main chamber. Thanks to the
inert environment, it is possible to safely and directly analyze the internal structure of
batteries, by opening the cells and/or extracting the components. In fact, in the presence
of oxygen and water, the hydrocarbon-based electrolyte would react dangerously, leading

to gas formation, temperature increase and possibly the failure of the cell.

Figure 2.5: JACOMEX Glove-box

2.3. Diagnostic methods

As briefly described in section 1.5.1, several diagnostic methodologies exist for lithium-ion
batteries, not only for degradation assessment but also for the electrochemical character-
ization of cells. The main tools employed during this thesis consisted of charge and
discharge tests, Differential Voltage (DV) and Incremental Capacity (IC) curves and EIS

analyses.
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2.3.1. Capacity test

Capacity tests are used to obtain the voltage-capacity curve of a battery and consequently
the residual charge capacity of a battery. In general, to perform a capacity test, the cell
is either charged or discharged at a certain C-rate (which is defined as the ratio between
the operating current and the nominal capacity of the cell, as described in section 1.1.1)
while its voltage is recorded, until the voltage limits are reached: the curve can be then
constructed through the combined information of current and time. In this regard, the
selection of the C-rate really depends on the kind of test to perform and its desired
features: if the objective is to obtain a behavior as close as possible to equilibrium, a very
low C-rate should be chosen (typically lower than 0.1C, as described in section 1.1.1); to
obtain the residual capacity in nominal conditions a certain C-rate between 0.5C and 2C
is defined by battery manufacturers (figure 2.6). As shown in section 2.1, a maximum
operating current is defined for each battery, depending on their power capabilities, so an
upper limit of C-rate always exists. Capacity tests at high or extreme C-rates are often
performed for cycling purposes or internal heat generation, as they seldom represent real

life operation, especially in EV applications.
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Figure 2.6: Discharge processes at different C-rates

The procedure to perform a capacity test can be schematized as follows (figure 2.7),

assuming that the battery has a SoC lower than 1:

1. A Constant Current (CC) is applied during a charge process, until the upper voltage
limit is reached. As described in section 1.5.1, the charging process is a delicate step
for lithium-ion batteries and should be performed at low C-rates to avoid unwanted
mechanical stresses and lithium plating; for this reason the charging protocol and

its current rate is often defined by the manufacturer.
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2. A Constant Voltage (CV) phase follows, during which the battery’s voltage is kept
constant and equal to the upper limit, while the current progressively decreases
until a lower current boundary is met: this is called the termination current and
is generally defined as the one corresponding to a quasi-static process; during the

work of this thesis, this value was set as the current corresponding to a C-rate equal
to 0.02 [h71].
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Figure 2.7: Charge process at C-rate = 1 [h™!], separating CC and CV phases

3. At the end of the charging process, the condition of SoC = 100% is reached. How-
ever, a lithium ions concentration disequilibrium exists inside electrodes’ particles,
mainly introduced by the CC phase. Because of this, a relaxation period is observed,
during which the concentration gradients are slowly smoothed out by diffusion phe-

nomena inside particles [113].

4. Once the cell is completely relaxed, a discharge process can be performed, at a

constant current until the lower voltage limit is reached.

Other than from current, the voltage-capacity curve is strongly affected by the tempera-
ture at which the test is conducted: as described in the first chapter (section 1.4.1), this
parameter has an impact on physical and electrochemical phenomena occurring inside a
cell and could shift its available residual capacity due to a change of voltage. For this
reason, the same parameters and protocol should always be applied to compare different

batteries.
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2.3.2. Incremental Capacity (IC) and Differential voltage (DV)

Capacity tests performed in quasi-static conditions, ie. with adequately low current rates,
allow for a further manipulation of the voltage curve, as briefly mentioned in section
1.5.1. Two additional curves can be produced by computing the derivatives of voltage
with respect to charge and vice-versa; these are called Differential voltage (DV) and

Incremental Capacity (IC) and are defined as follows:

oV _0Q

DV = —— IC =
v oQ ¢ ov

(2.1)

By definition, these two curves highlight the slope variations of the voltage-capacity curve,

allowing to characterize features and aspects related to electrodes behavior (figure 2.8).
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Figure 2.8: DV and IC curves for a 0.02C Discharge process on a M1B sample, compared

to the afferent discharge curve

A plateau in the OCV curve coincides with a phase transition occurring within either
electrodes and is represented by a notch and a peak in the DV and IC, respectively.

Vice-versa, if the OCV is characterized by a certain slope the electrodes behave like solid
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solutions and a maximum is present in the DV and a valley in the IC. Moreover, as
demonstrated during previous thesis works [22|, the shift in position and height of peaks
and valleys is an indicator of degradation phenomena occurring inside the cell, namely
LLI and LAM. In particular, the first peak visible in the DV curve is very significant for
the assessment of aging for the samples, as it corresponds to a phase change present in

the equilibrium curve of graphite.

2.3.3. Electrochemical Impedance Spectroscopy (EIS)

As described in section 1.5.1, EIS is a very powerful and widely used diagnostic tool for
electrochemical devices [114]. It is non-destructive, in-situ and in-operando technique,
meaning that it can be used during the normal operation of cells [115]. In general, every
phenomenon shows a specific characteristic time, depending on the speed at which it
occurs and its underlying mechanisms. By applying a known sinusoidal current signal of
little amplitude and subsequently recording the voltage response, it is possible to compute

the impedance for the cell, as the ratio between the two values:

V(w) o ‘/Oeigol(w)
_[(w) o ]Oei‘PQ(w)

Z(w) = = Zye'lrrW=e2(w)] = Zo{cos [p(w)] + isin [p(w)]} (2.2)

Where:
e Z(w) is the impedance, [()];
e w is the signal angular frequency, [Hz];
e 7 is the module of the impedance;
e ¢ is the phase shift between voltage and current;

The signal’s frequency range must be chosen reasonably, to detect all the timescales of the
phenomena occurring inside the battery: in this way an impedance spectrum is obtained,
which can be used to characterize the electrochemical behavior of cells. The EIS method
is based on three underlying assumptions that have to be respected to obtain reliable
values [114]:

1. Stability: the obtained value of impedance must be consistent if current perturbation

is the same, meaning that for a repeated input, the same output must be obtained;

2. Causality: the voltage response mus be only caused by the input current perturba-

tion and thus no external influence should be present;
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3. Linearity: in a linear system, the superposition principle holds true, meaning that
for every linear combination of inputs, the system responds in turn with a linear
combination of the responses to the single perturbation inputs. Lithium-ion bat-
teries are, in general, not linear, but if the output voltage response has a small

amplitude the system can be approximated as such.
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Figure 2.9: Example of a Nyquist plot for the EIS of a battery

The features of the obtained spectrum, which are highlighted in figure 2.9, can be classified

depending on the characteristic frequency of phenomena:

e w > 2000H z, Inductive Behavior [116]: at the extremely high frequency the imag-
inary part of the impedance is positive, suggesting an inductive behavior. This

aspect is related to the battery wire inductance.

e w € [500;2000] Hz, Ohmic behavior [116, 117]: in this frequency range the imaginary
part of the impedance becomes negative, thus showing a capacitive behavior. The
ohmic region contains all of the very fast phenomena occurring in the cell, including
the contributions of electronic and ionic conductivity, ohmic losses and contact
losses. At the point for which the imaginary part switches sign, it is possible to define
the high frequency resistance (HFR), which represents the purely ohmic behavior

of the cell, without considering diffusion or mass transport phenomena.
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e w € [0.5;500] Hz, Kinetic behavior [117]: in this region, up to three dome shaped
features can be seen on the impedance spectrum, which are generally attributed
to the charge transfer resistance of the cell and other phenomena related to the

reactions kinetics.

e w < 1Hz, Diffusive behavior [118]: at such low frequencies, the dominant occurring
phenomena are related to diffusion of lithium ions in the electrodes particles and
the electrolyte. On the spectrum, this region shows a monotonous increase of the

impedance.

The results of EIS measurements are affected by the operating parameters of the cell:
temperature, in fact, has an impact on the shape of the impedance spectrum, shifting the
frequency at which some phenomena start to appear and lowering the absolute value of
the impedance [115, 119]. The SoC has an impact as well, but only circumscribed to its
extreme values, thus when the electrodes are completely lithiated/delithiated [115].

2.4. Measurement systems

Together with the experimental station described above, other measurement systems were
used. In particular, temperature and volume measurement set-ups were defined, primarily

for the thermal characterization of cell.

2.4.1. Temperature measurements

Two types of temperature sensors were used during the work of this thesis, namely ther-

mocouples and Fiber Bragg Gratings (FBG).

Thermocouples

Thermocouples are one of the most widely used temperature sensors in literature. They
are based on the thermo-electric effect (or Seebeck effect), which states that a measurable
electromotive force (emf) is generated in a conductive circuit if a temperature gradient
is present in the materials. Thermocouples consist in general of two different metallic
conductors welded together at one side, constituting two junctions (called hot and cold
junctions); when a temperature difference is present at the cold junction, an electric po-
tential difference is generated between the two conductors, which can then be measured
with an acquisition board through a known function. The response of a thermocouple
material to a temperature gradient is referred to as Seebeck coefficient ([uV K~!']) and de-

pends on the material itself, its microstructure and its stability. In this regard, any defect
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in the structure of a material can cause measurement errors, so very homogeneous and
stable metallic conductor materials are needed for this application. Thermocouples des-
ignation depends on the combination of the employed materials and usually corresponds
to a capital letter: type K thermocouples, for instance, are based on Chromel (90% N7,
10% Cr) and Alumel (95% Ni, 2% Al, 2% Mn, 1% Si) and are the most commonly used
nowadays [120].

Fiber Bragg Gratings (FBG)

Fiber Bragg gratings are optical-based passive sensors capable of measuring strain, tem-
perature and relative humidity. In general, an optical fiber consists of a circular dielectric
waveguide which allows the propagation of light with very low loss of signal. The struc-
ture of an optical fiber is constituted by a cylindrical core surrounded by a cladding,
with a slightly lower refractive index. Both core and cladding are fabricated with fused
silica-based materials and are covered by a protective layer that surrounds the cladding,
called coating. The variation in the refractive index of the silica core is obtained through
doping of the microstructure with Ge or P based-compounds [121].

More in particular, Fiber Bragg Gratings are multi-point sensors which are fabricated
through etching by a precise laser beam: a pulsed infrared laser at high intensity is di-
rected towards the fiber core to produce a controlled series of defects onto the surface,
characterized by a certain period. This periodic pattern is called grating and it produces
locally a permanent increase of the refractive index of the core. In this way, when light
is transmitted through the fiber, a portion of it is reflected by the grating at a specific
wavelength, called "Bragg wavelength", while other wavelengths are transmitted and lost.
The Bragg wavelength satisfies the Bragg law, which describes constructive interference

condition of the interacting radiation with a periodic structure:

Ap = 2n;A [nm]  (2.3)

Where:
e n; is the refractive index, [—];
e A is the grating period [nm];

The index of refraction n is not just a material property, but depends also on the design of
the waveguide and on the propagating modes considered. Moreover, since Ag is dependent
on A, multiple sensors with unique grating periods can be etched on the same fiber, thus

obtaining a series of reflected wavelength as output. The FBG is extremely sensitive to
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temperature gradients and external deformations: the thermal response arises due to the
inherent thermal expansion of the fiber and the temperature dependence of the refractive
index, known as thermo-optic effect; the strain response, instead, arises due to both the
physical elongation of the FBG and n variations due to the photo-elastic effect. The

relations between the Bragg wavelength Ag and temperature and strain € can be written

as follows:
Alp 10N 10n
And
A)\B 1 87’L
/\B ) =€ |:1 + ﬁa} = 6(1 +p5) (25)
Where:

e (3 is the relative thermal expansion coefficient, [°C~1]; this contribution generally

accounts for less than 5 % of the total variation and is sometimes neglected;
e 7 is the relative thermal index refraction dependency coefficient [°C~!];
e p. is the strain-optic coefficient, given by axial deformation, [—]

FBGs are characterized by many advantages related to their structure and material choice:
primarily, small scale, light weight and long term reliability. Moreover, unlike thermo-
couples, optical fiber have very high electro-magnetic interference tolerance and chemical
stability and inertness, particularly helpful in harsh chemical environment [121, 122]. In
this regard, their implementation as temperature sensors for lithium-ion batteries has
been extensively analyzed in literature [123-127].

During the work of this thesis several fibers were available, characterized by the use of
draw tower gratings sensors (DTG®s), written on low bend loss fibers, allowing a mini-
mum radius bend of 6 [mm]; this was done in order to keep the surface strain level below
1%. All the fibers were coated by a 70 [um] layer of a material called ORMOCER-T®,
guaranteeing operational thermal stability in the range of [—20;200] [°C]. The tempera-

ture and strain sensitivities were, respectively:

A/\ _ —6 [o,v—17 .
a7~ 0510 [cC; (2.6)

AN oo
17810 T[] (2.7)
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Where pe is a unit of microstrain, representing a relative elongation of 1076 [um m™!].
All the used fibers employed up to 5 DTGs of 8 [mm], nominal wavelength in the range
of [1535; 1555] [nm] and an accuracy of +0.03 [nm)].

Optics 11 FAZT IX 14W
Interrogator

Power supply
Chroma 62006P-30-80

Climatic chamber
Binder KT 53

FBG optical fiber

Figure 2.10: Instrumentation for thermal experimental tests

To acquire and store data related to temperature and strain measurements, an interroga-
tor must be used. During this work a Optics 11 FAZT IX I4W interrogation device was
used, employing four measurement channels, a sweep range on 35 [nm] (between 1529
[nm] and 1564 [nm]) and a channel scan frequency of 1 [kHz]. The absolute wavelength
accuracy of this device is of £3 [pm)].

The interrogator and fibers were controlled on the testing station computer through

the software Femtosense®, allowing to extract and store data in combination with NI
Labview®.

In a previous thesis work [55] it was demonstrated that FBG lead to more dynamically
accurate measurements compared to thermocouples. In fact, due to some delay in data
acquisition and a much higher thermal inertia, thermocouples could be regarded as unre-
liable sensors for transient measurements (figure 2.11). This was highlighted also in [124].

For these reasons, only FBGs were used for dynamic temperature measurements.
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Figure 2.11: Comparison between FBG and thermocouple temperature measurement on

the lateral surface of the same cell during a discharge of its module at 200 [A][55]

2.4.2. Volume measurements

The determination of the volume of batteries is very useful to compute their density, which
is an important property for the thermal characterization of cells. The dimensions and
mass of the samples are already available from their datasheet; Moreover, the analyzed
cells have both the same cylindrical geometry, which facilitates the volume computation

through the equation:

Vo = TRL m’] (2.8

Where: R and L are the radius and the length of the cylinder, respectively.

However, their shape is not a perfect cylinder and the measured dimensions are character-
ized by some uncertainty. For this reason, the Archimedean principle was used to compute
the volume of cells and to confirm the assumption of perfect cylinder. The Archimedean
principle relates the buoyant force of an object to its volume, stating that a body im-
mersed in a fluid receives a buoyant force equal to the weight of the fluid displaced by the
object. In this regard it represents a direct measurement method for the volume [128].
In practice, to measure the volume of a body, this is left to hang from a hook with a cord
of negligible volume; it is then immersed in a container full of fluid, following the scheme

in figure 2.12.
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Figure 2.12: Scheme of the Archimedean principle for the cell

The balance of forces acting on the body are the following:

Y F=F,+F,+Fr (2.9)

Where F,, is the weight force, F;, is the buoyancy force and Fr is the tension applied
by the hook [NN]. These forces all act in the vertical direction and the balance can be

translated into:

F,=F,+ Fr (2.10)

and then, following the definition of the weight force and the Archimedean principle stated

above:

myg = prgVy + Fr (2.11)

Where p; is the density of the fluid (which has to be known), my, and Vj are the mass
and volume of the immersed body. Solving for the volume, the following expression is

obtained:

myg — Fr
P9

V, = (2.12)

Where the only two unknowns are V, and Fr. The tension force can be easily measured
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through a dynamometer attached to the hook. The density can be then be computed
through its definition.

The Archimedean principle is a very easy and cheap method to directly measure the
volume of an object of whatever shape, but some considerations must be observed when
working with batteries and electrochemical devices in general. In particular, the fluid
must be a strong insulator, to avoid any short-circuit of the cell: in literature, deionized
water and silicon mechanical pump oil were reported, for their insulating properties and
excellent thermal stability [128-131].

In this thesis work, deionized water with a minimum electrical resistance of 0.2 [M$ em™!]

was used [132], due to availability.

2.4.3. Uncertainty analysis

Every measurement system is characterized by a certain error on the measured value,

which has to be taken into account when the results are presented.

Uncertainty on experimental discharge

The uncertainty analysis on the measured voltage was carried out in a previous thesis
at the same laboratory [99]. Given that many parameters affect the measured voltage,
all possible sources of errors must be taken into account. In this regard, the voltage

uncertainty can be computed through the expression:

AV \? [(AV O\
Uy = \/(O’Vv)2 + (A_QUQ) + (EUT> + UQOCV (213)

Where the four terms represent uncertainties on the power supply, the exchanged charge,

the temperature and the OCV value, respectively. The global average uncertainty uy was

estimated to be around 6.5 [mV] for a typical discharge process.

Uncertainty on impedance measurement

The uncertainty on EIS measurements is given by the contributions of the electronic
load and the power supply, described in section 2.2.1. in [99], a type A uncertainty was
computed for the measurement system, performed through a series of ten repeated EIS
measurements performed on the same sample. The uncertainty was determined for three

frequency ranges and real and imaginary part and the results are reported in table
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High Frequency | Mid Frequency | Low Frequency
Hz [100; 4000] [1;100] [0.02; 1]
Uz, (M) 1.3775 3.7430 0.7166
uz,, [mQ] 1.6820 6.5779 0.7126

Table 2.3: Results of the uncertainty analysis on the battery impedance

Uncertainty on temperature measurements

As described in section 2.4.1, the most reliable temperature sensors were found to be the
FBGs. These are characterized by an accuracy equal to uppg(\) = 30 [pm] for the fibers
and to u;:(A) = 3 [pm] for the interrogator. In a previous thesis [55], the uncertainty of

the FBG measurement system on the temperature was found to be £0.055 [K].

Uncertainty on volume measurements and density

The uncertainty of the volume measurements only depends on the uncertainty on the
dynamometer. For this instrument no datasheet was available, so a type A uncertainty
was calculated. Ten repeated measurements were done using the set-up described in
section 2.4.2, using a cylindrical aluminum body with known dimensions and mass. The
uncertainty was estimated to be equal to uy, = +0.161 [cm3] on the volume and u, =
+13.83 [kg m~>] on the density.

2.5. Experimental campaign description

In this section, the experimental campaign will be briefly described, following the main
logical and methodological steps. The thorough description of the methods, models and
results will be provided in the following chapters.

As stated before, the primary goal of this thesis stands in the thermal characterization of
the samples described in section 2.1. For this reason, a thorough literature analysis was
carried to define a robust and innovative experimental methodology for the determination
of the specific heat capacity and the thermal conductivity.

Following a similar approach as Cailliez et al. [62] and Drake et al. [59], an analytical
model was defined for the cylindrical cells, considering several external heat generation
cases as boundary conditions. Moreover, a comparison was carried between the model
and the results of a COMSOL Multiphysics® simulation constructed with the same as-
sumptions. After the methodology for the estimation of parameters was defined, it was
validated by the means of a simulacrum, which is a body of the same shape of the samples

and known thermal properties. In this regard, an aluminum alloy cylinder was used for
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this validation step. Following the validation of the methodology, the latter was applied
to the battery samples described in section 2.1, allowing for the estimation of thermal pa-
rameters in beginning of life (BoLi) and aged cells, also at different temperatures. Taking
into account only external measurements it was possible to assess the thermal conductiv-
ity only in the axial direction.

For this reason, during the experimental campaign, a methodology for the drilling of
cylindrical cells was defined: this novel technique was aimed at obtaining temperature
measurements internal to the batteries, allowing for the thermal characterization also in
the radial direction. This was achieved through the use of the optical fibers described
in section 2.4.1, which were inserted inside the mandrel of the cylindrical cells. An elec-
trochemical diagnosis characterization was done before and after this operation on the
drilled cells, to verify their integrity before subsequent tests.

The second part of the thesis was dedicated to the assessment of the impact of thermal
parameters on the internal thermal behavior of batteries. Thanks to the methodology de-
fined for the drilling and insertion of temperature sensors inside the cells, it was possible
to obtain precise and reliable internal temperature measurements.

An interpretation of these results was made through the construction of a physics-based
model, known as Single Particle Model (SPM), able to describe the internal state of the
samples. The model was calibrated through previously available data obtained at the

same laboratory and additional measurements done during the work of this thesis.
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3 Thermal Characterization

In this chapter, a thorough description of the thermal parameters experimental campaign
will be carried. In particular, the methodologies, models and results obtained during the

work of this thesis will be presented and explained.

3.1. Methodology for thermal characterization

As explained in section 1.4.4, lithium-ion batteries are characterized by a strong anisotropic
behavior, because of the geometric features of the jelly-roll. In fact, this component greatly
affects the thermal behavior of cells, due to its wound structure and the heat generation
within it. Moreover, due to the slow mobility of the electrolyte, the main heat transfer
mode inside cells is conduction, while other modes are typically neglected. In this regard,
a methodology for thermal characterization should be conceived following these ideas as
starting points.

As described in sections 1.4.4, several scientific papers addressed in recent years the need

for innovative methodologies for the estimation of thermal parameters in LIBs:

e Sheng et al. [66] defined a new calorimetric method for the estimation of specific heat
capacity. In this approach, cells are wrapped in a thermal insulation material and
left in a thermostatic environment until thermal equilibrium is achieved. The cell is
then heated through a surface heater to obtain a temperature ramp until an arbitrary
maximum value is reached. Once the heater is turned off, the temperature of the
cell slowly decreases with time. By calibrating the heat losses during both periods,
the specific heat capacity is obtained through the conservation of energy equation
for the system. As demonstrated by the authors, this method is characterized by
a great accuracy and reliability of measurement in a short time, other than being
easy to implement. On the other hand, only the specific heat capacity is obtained
through this experimental test and a very long time is needed for the calibration of

losses. Similar techniques were used by [67] and [68].

e Cailliez et al [62], instead, defined a methodology to simultaneously estimate ther-
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mal conductivity and specific heat capacity for prismatic cells. In this method,
a three-dimensional analytical model is applied to obtain the thermal parameters
of batteries, by fitting the measured temperature during a heating period trough
the use of T-type thermocouples. Drake et al [59] applied a similar approach to
cylindrical cells in adiabatic conditions, predicting the in-plane and through-plane
thermal conductivity as well as the specific heat capacity with ad-hoc experimental

campaigns.

All of the mentioned scientific papers presented novel and effective methodologies for the
thermal characterization of cells of various geometries, relying on cost-effective materials.
However, they all make use of thermocouples for temperature measurements which, as ex-
plained in section 2.4.1, are characterized by a certain thermal inertia and could produce a
distortion in the estimation of parameters during dynamic testings. This aspect becomes
more important in smaller samples, such as cylindrical cells, where these secondary effects
could become non-negligible.

For these reasons, a fast and reliable methodology was developed during the work of this
thesis for the estimation of thermal parameters of the samples of section 2.1. This method
follows a similar approach as the mentioned [59] and [62], employing the analytical so-
lution of the heat equation for both adiabatic and convective boundary conditions of an
homogeneous cylindrical body, but introducing optical fiber sensors as reliable temper-
ature measurement devices in dynamic thermal tests. In this regard, the Fiber Bragg
Gratings (FBGs) described in section 2.4.1 were employed for this methodology. The
sensors are placed on several points of the external surface of the tested samples and fixed

using 10 [mm] wide kapton tape.

(a) Radial heater (b) Axial heater

Figure 3.1: Images of the silicon electrical heater employed in the experimental campaign

A silicon electrical surface heater is subsequently installed on the cells to provide thermal
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power either in the axial or radial direction. In this thesis, two different types of custom
tailor-made heater were used: in particular, the first one was a hollow cylindrical heater
with the same height of the samples (both 26650 and 18650), which encapsulates the
battery and heats the bulk radially; the second one used was a circular heater with the
same diameter of the cells’ tab, which was sticked together with one of the axial surfaces
of the cell (figure 3.1). In the following paragraphs the two devices will be called radial
heater and tab heater, respectively.

The specimens are then covered by a 1 [¢m] thick insulation material layer (silica aerogel)
on all surfaces and left in the Binder KT 53 climatic chamber (described in section 2.2.1)
at a certain temperature, until thermal equilibrium is reached.

The cells are then heated through the surface heater by providing a certain electrical
power through the Chroma 62012P-100-50 DC power supply (section 2.2.1) and the evo-
lution of temperature is measured through the FBGs. The heater is stopped once the
temperature difference reaches a certain level, which for this experimental campaign was
set to 2.5 [°C; then the samples are left to relax.

The aerogel insulation material is characterized by a very low thermal conductivity and
thus provides a very high thermal resistance towards the external environment; however,
a certain thermal power, proportional to the supplied one, is always lost to convection
during the experiment due to temperature differences, leading to non-adiabatic boundary
conditions. On the other hand, a lower power necessarily leads to longer tests to obtain
the same temperature difference. Moreover, as described in section 1.4.4, another aspect
that must be taken into account is the temperature dependency of thermal parameters:
in this regard a little temperature difference should be attained at the end of the test.
For these reasons, a trade-off must be found between the provided electrical power, the
length of the tests and the final temperature difference, so to neglect the heat loss along
the whole duration of the experiment (and thus verify the assumption of adiabatic con-
ditions) and to correctly estimate values of said parameters at the given temperature.
After the definition of the experimental tests, a method for parameters estimation must
be established. As a general idea, the thermal parameters of a system can be determined
through the solution of the heat equation: after the direct solution is found, ie. the tem-
perature distribution inside the body given its properties and specific boundary and initial
conditions, it can be reversed by coupling temperature profiles and experimental data in
certain geometrical positions and fitting said parameters to minimize the error between
them. The goodness of the fitting depends strongly on the goodness of the experimental
methodology, but also the complexity of the system itself and the fitting algorithm influ-
ence greatly the outcome. For this reason a robust and reliable experimental setup and

the correct algorithm are required to obtain acceptable results.
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After the determination of the solving equations, the models were realized in MATLAB®),
considering a discretization through time and space. The data fitting was done through
a least square optimization by using the function lsqcurvefit: after noting the position of
the sensors, their temperature profiles are fitted through time with the modeled profiles
in the same points. In this way the thermal parameters can be determined. In general,
the error can be decreased by increasing the number of sensors and positions within the
domain.

In conclusion, this methodology is able to provide a reliable estimation of thermal param-
eters in a very short time, thanks to its core aspects of utilizing FBGs as temperature

sensors and employing an analytical model to predict the thermal behavior of cells.

3.2. Thermal models for external heat generation

A model is an approximation of a system that can be applied to reproduce some of its
aspects in specific and circumscribed applications. A good model is of fundamental im-
portance to describe the behavior of said system and characterize its evolution in time and
space. This can be achieved by finding a compromise between accuracy and complexity,
through the definition of the main assumptions.

During this thesis, four analytical thermal models with external heat generation were
derived, whose main goal is to correctly describe the thermal behavior of cells through
the determination of the most important thermal parameters, in particular the thermal
conductivity and the specific heat capacity.

External heat production models are characterized by a lower complexity compared to
internal generation ones, due to the fact that, in this context, the cylindrical cells can
be assumed as homogeneous bodies. For this reason it was possible to solve the heat
equation in closed form, computing the analytical solution for the problem. An analytical
model involves no solving error, but errors only come from the made assumptions [62].
In this regard, this model works very well with simple homogeneous bodies (which of
course lithium-ion batteries are not), but it can also give a very good estimation for the
parameters of more complex and elaborate systems. Following this idea, the main goal
of these models is not necessarily to describe the exact thermal behavior of LIBs, but
to estimate the global thermal parameters of cells which represent the closest description

with respect to the real performance.
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3.2.1. Problem description and assumptions

The samples were modeled as homogeneous solid cylinders with anisotropic thermal con-
ductivity, representing the in-plane and through plane contributions, as described in sec-
tion 1.4.4. As a result of this assumption the only considered heat transfer mode was
conduction, neglecting convection and radiation inside the cylinder. Moreover, no inter-
nal generation was considered in the model.

Given that the heat generation is external, the internal layers were neglected and a unique
thermal conductivity value was considered for radial and axial directions. In this way,
every differentiation given by the internal components is not taken into account, greatly
reducing the complexity of the model.

Furthermore, the temperature is assumed to not depend on the angular coordinate, but
only on the radial and axial ones, assuming also in this case the radial symmetry. Fi-
nally, constant specific heat capacity and thermal conductivities were assumed, as well
as density. These assumptions are justified by the very low temperature differences ob-
tained from the experimental methodology. From the hypothesis described above, the

heat equation to be solved, considering cylindrical coordinates, is the following:

oT (18T 82_T> T

e =k o T ar ) TR (3-1)

Where:

o T'="T(r,z,t) is the temperature [°C];

t,r, z are the time, radial and axial coordinates, respectively;

p is the density [kg m™3];

¢, is the specific heat capacity [J kg ' K~1)];

k. and k, are the radial and axial thermal conductivities, respectively [W m~'K~!].

Boundary and initial conditions

As described in section 3.1, the experimental setup was covered by a layer of thermal
insulating materials, to minimize the thermal losses, thus maximizing the efficiency of the
heater. The external heat generation was translated as a constant thermal flux boundary
condition on the outer surfaces of the cylinder, in the radial direction for the radial heater
and on one of the axial facets for the tab heater. The other surfaces of the cylinder were

modeled both with adiabatic and convective boundary conditions and compared, to also
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take into account inevitable thermal losses (even if potentially negligible). In the case of
convective boundary conditions the heat transfer coefficient is fictitious and only useful
to model real convective and radiation heat losses outside of the insulating material.

As a convention for heat exchange with the external environment, the thermal flux was

taken as positive when exiting the system.

Radial heater - Adiabatic boundary condition For the ideal case of adiabatic
condition on the surfaces of the cylinder, the boundary and initial conditions for the heat

equation were defined as:

( oT _
—krﬁ T —qy (3.2a)
oT
il — .2b
ol 0 (3.2b)
or _a =0 (3.2¢)
0z 2=—L)2 0z 2=L/2
\ (3.2d)

Where:
e R is the radius of the cylinder;

e [ is the length of the cylinder in the axial direction; given that this problem is
symmetric both in the radial and axial directions, the origin of the domain is placed
at the core of the body, at half length.

e (. is the heat flux through the lateral surface of the cylinder

Due to the adiabatic condition, the temperature doesn’t depend on the axial coordinate,
but only on the radial one and the problem is analogous to the flow of heat in radial
direction in an infinitely long cylinder [133]. As a result, only conditions 3.2a and 3.2b

remain relevant.

Radial heater - Convective boundary condition For convective conditions, a ther-
mal flux directed towards the environment is introduced. The boundary conditions are
thus:
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oT
_kr_ = _QT (33&)
or|,._g
aa_’f ~0 (3.3b)
r=0
9 _ W(T —Tp) (3.3¢)
9z z=—L/2
19T — W(T —Ty) (3.3d)
0z
L z=L/2

Where h is the heat transfer coeflicient.

Tab heater - Adiabatic boundary condition Similarly to the radial heater, the
boundary conditions for the tab heater in the adiabatic case can be defined. In this
instance, heat is supplied through one of the cylinder lateral facets, perpendicularly to

the symmetry axis, so the conditions can be written as:

(

oT
z& - = —(q (34&)
oT
il — .4b
) 0z |,_; 0 (34b)
T T
8_ — 8_ =0 (3.4c)
or r=R or r=0

Where:

e L is the length of the cylinder (in this case the problem is not symmetric anymore

along the axial direction, so the origin is placed at one end of the cylinder);
e (. is the heat flux through the heated side.

Also in this instance only conditions 3.4a and 3.4b can be taken into account and the

problem is analogous to heat exchange in a slab of length L and infinite surface.

Tab heater - Convective boundary condition In this case, the body exchanges

heat with the environment through both the radial surface and the side not warmed by
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oT .
a_ = —q:
z=0

z=L
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oT
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(3.5a)
(3.5b)
(3.5¢)

(3.5d)

Note that, in general, the heat transfer coefficient could be different in the axial and radial

directions due to geometry.

The initial condition was the same for all four problems and was defined as:

T(r,z,0) =T

Analytical solutions of the heat equation

(3.6)

The analytical solutions of these Cauchy problems can be obtained through some ma-

nipulation and re-formulation of the equations, which greatly decrease their complexity

without losing information or accuracy.

1. In general, the solution of a problem with certain boundary and initial conditions

can be seen as superposition of solutions with complementary conditions, as de-
scribed in [133]. In this regard, the boundary and initial conditions described for
the above problems can be decoupled into two complementary problems each, for
which the first one only "inherits" the initial condition and has null boundary con-
ditions and vice-versa for the second one. For instance, for the case of radial heater

with adiabatic condition the two complementary problems become:

or = or =0 (3.7a)
or|,_p Or|._,

T(r,z,0)=T.(r,0) =Ty (3.7b)

r=

and
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(
orT .
— TE . = —q, (38&)
oT
o) =° (3.8b)
T(r,z,0)=1T.(r,0)=0 (3.8¢)

\

Naturally, the solution of the first problem is trivial and coincides with the initial
condition itself, while the second one has to be solved. If the problem is well posed,
this concept is valid for any initial condition 7'(t = 0) = T and boundary conditions,

so it will also be used for other analogous instances.

2. The solution of the heat equation for special multi-dimensional domains (such as
prismatic solids or finite cylinders) and some types of boundary and initial condi-
tions, can be found by intersection - ie product - between the solutions of mono-
dimensional problems, each one with adequate boundary and initial conditions, as
described in [133], §1.15.

For example, following the same idea, the radial heater problem with convective
boundary conditions (equation 3.3) can be split into an infinitely long cylinder
problem with constant radial heat flux and one of a solid slab of finite thickness
bounded by two parallel planes with convective heat transfer; the solution of the
initial problem is then found by multiplying both solutions. In particular, after the
application of step 1., the new boundary and initial conditions for the investigated

problem would be:

oT

—k’TE T —qyr (3.9a)
oT
- = .9b
ol (3.9b)
or _a =0 (3.9¢)
9z 2=—LJ2 9z 2=L/2

T(r,z,0)=T.(r,0)=0 (3.9d)

and
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(oT
kL = T (3.10a)
0z 2=—L/2
19T — KT (3.10b)
0z z=L/2
T T
8— = 8_ =0 (3.10c¢)
87" r=0 87" r=R
\ T(r,z,0)=T,20) =1 (3.10d)

Where T;(i,t) is the solution of the heat equation in the i coordinate, with i = r, 2
The initial condition of the complete problem is given by the product of the initial

conditions of the separate problems, so in this case: T'(r, z,0) = T,.(r,0)-T,(2,0) = 0

Note that the first problem now only depends on the radial coordinate (and coincides
with the adiabatic case for the radial heater with null initial condition), while the
second set of conditions depends only on the axial one. Finally, the complete solution
is given by:

T(r,z,t) =T.(r,t) T.(z,1) (3.11)

Thanks to this procedure, all four problems can be reduced to much simpler and man-

ageable mono-dimensional problems with null or unitary initial conditions.

Radial heater - Adiabatic boundary condition Summarizing the previous steps,

the complete problem can be stated as:

or (1 or 82T) (3.12)

A PR (el
pe ot r Or or?

with boundary and initial conditions as for equations 3.2 and 3.6. The solution of the
problem with null initial condition is then ([133], §7.8):

24,0, @GR ([ 1 = Jo(rA./R) a2t
= D P _drdn 1
T, (r,t) W AR {21?,2 1 2y ) P = (3.13)

n=1 """

where \,, n = 1,2, .. are the positive roots of J;(A) = 0 and «, is the thermal diffusivity
in the radial direction, as defined in section 1.4.4.

Jn(§) represents the Bessel function of the first kind of order n, which is defined as:
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00 _1ym ¢ 2m+n
103 ity 3)
It can be noted that the temperature evolution inside the body is given by three general
terms [59]: a steady-state contribution that depends on the model parameters, a linear
asymptotic trend, which corresponds to the average temperature of the sample, and an
exponentially decaying term, which cancels out after a certain amount of time.

This time transient contribution strongly depends on the thermal diffusivity (and thus
thermal conductivity) of the body and is responsible for its internal temperature gradient

between different positions.

Finally, the solution of the global problem is given by:

T(r,t) = Ty + To(r,t) (3.14)

Radial heater - Convective boundary condition In this case, the problem to be
solved is given by equation 3.1, with boundary and initial conditions as for equations 3.3
and 3.6.

As explained in the previous section, this Cauchy problem can be seen as the superposition
of the problems with boundary conditions in equations 3.9 and 3.10. The solution of the

first problem is, of course, equation 3.13, while the second one is given by ([133], §3.11):

M8

T.(z,t) =

2H - cos(2\,2/L) - sec(Ay) o ( 4042/\72175) (3.15)
o [ — :

HH+1)+ X2 L?

n=1

Where A,, n=1,2,... are the roots of A -tan(\) = H and H = Lh/2k,. The complete

solution is obtained as:

T(r,z,t) =To+ T, (r,t) - T.(2,1) (3.16)

Tab heater - Adiabatic boundary condition Similarly to the adiabatic problem for
the radial heater, also in this case heat transfer in the body develops only along the axial
direction. For this reason, the domain can be expressed as solid of infinite surface and
bounded by two parallel planes, referred as a slab. By applying the two simplifying steps

described in the previous paragraphs, the problem becomes:
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orT 0*T
— =k — 1
P 5.2 (3.17)
with boundary and initial conditions:
( k oT = —q (3.18a)
o :
T
or =0 (3.18Db)
82 z=L
T T
ory _ory _, (3.18¢)
or|,_p 0Ori._,
(| T(r,2,0) =T,(2,0) =0 (3.18d)

As it can be guessed, the solution of this problem has the same structure as the adiabatic
radial heater case, with the three contributions of steady-state, linear asymptotic behavior

with time and a sum of terms which disappear after a certain transient.

q: L (322—1% 2 (=" <n7rz> a,n’m’t
T(2,t) = t - = — — 3.19
(2,1) ool + . { 612 - ; 5 cos (7~ | exp 2 (3.19)
withn =1,2,3, ...
The global solution is then given by:
T(r,z,t) =Ty + T.(2,1) (3.20)

Tab heater - Convective boundary condition Finally, in this case, the same ap-
proach can be applied. Starting from the problem described by equation 3.1 and boundary

and initial conditions 3.5 and 3.6, the following problems can be obtained:

( oT
k,— = —( 21
Bz |, G- (3.21a)
PNCEN (3.21b)
0z |,_;
or) _or =0 (3.21c)
or|,_, Or|._g
. T(r,2,0)=0 (3.21d)
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in the axial direction and

)
orl _ 9Ty _ (3.22a)
0z |,_q 0z|,_;
oT
— =0 3.22b
or|,_, ( )
oT

—krms . = h(T —Tp) (3.22¢)

L T(r,z,0)=1 (3.22d)

in the radial one.
The solution of the problem in the axial direction is ([133], §3.11):

T.(z1) = %{1 vH(1-2) - s 2 2 + A7) cos(nz/L) (_ ozzk,ft)}

L) = NP[H+H>+ )7 L?
(3.23)
where \,, n = 1,2,.. are the positive roots of Atan(\) = H and H = hL/k,.
The solution in the radial direction is, instead ([133], §8.4):
2h & Jo(rAn
T.(r,t) = Z o(rAn) exp (—ay A\, ’t) (3.24)

kR = [(h/E)? + NP Jo(AeR)

where \,, n = 1,2,.. are the positive roots of Ak, J1(AR) = hJy(AR).

The global solution can then be computed in the same way of equation 3.16.

Given that the analytical solutions consist on a superposition of an infinite number of
terms, they must be necessarily approximated by finite sums to be implemented in a
digital model. For this reason, the equations were truncated at 25 eigenvalues, as a
trade-off between accuracy and computational speed. Moreover, a discretization on the
temporal and dimensional coordinates was applied, considering 100 points along the radial

and axial domains and 600 points in time.

3.2.2. COMSOL Multiphysics simulation and comparison

A transient finite-element simulation was carried in COMSOL Multiphysics®, version 6.2
as comparison with the described models.

COMSOL Multiphysics® is a powerful simulation software environment capable of cou-
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Figure 3.2: Surface representation of the evolution of temperature in the cylindrical vol-

ume from the analytical model, as a function of space and time

pling together numerous phenomena characterized by different underlying physical laws.

This aspect enables the possibility to combine different physics in any three-dimensional

geometry, avoiding simplifying assumptions which could lead to a loss of information or

decrease the accuracy of the model.

For the comparison, the simulation was built only considering time-dependent heat trans-
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fer phenomena and the same assumptions of the analytical models were imposed. In the
same way, two geometries were defined, accounting for the radial and tab heaters, which

were applied on the appropriate surfaces.
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0.04 —|

0.02 -

0 - \K -
i 0.01

0

0.01 -0.01
m m

(a) Radial model (b) Axial model

Figure 3.3: 3D Geometries of the COMSOL Multiphysics simulation for the radial (a)
and axial (b) heaters

An homogeneous heat generation rate per unit of volume was applied to the bulk of the
heaters, while either adiabatic or convective boundary conditions were considered for the

remaining surfaces. The materials and their properties for the simulation are listed in
table 3.1.

Following the definition of the necessary parameters, a fine mesh of the geometry was
created, after which the time-transient simulation was performed. As it can be seen from
the final results (figure 3.4), a gradient is present in the temperature distribution along
the longitudinal and radial coordinates for the tab and radial heaters respectively. This
differentiation directly depends on the thermal conductivity of the body, as described in

section 3.2.1, and decreases as the thermal conductivity increases.

Finally, a comparison between the results of the COMSOL simulation and the analytical
models was carried and is available in figure 3.5. As it can be seen, the temperature curves
are almost completely overlapping and there is excellent agreement between the models,

both in the radial and axial heater cases. In fact, the maximum error between the curves
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Material Property Radial heater ‘ Axial heater
Koo W m 1K 1] 0.019
Aerogel (Si02 based) cp [J kg 'K 1100
p [kg m™3] 100
Kiso [W m™ K] "k solid bulk 1(T)"
Silicon [solid;bulk] cp [J kg P K1 "C_solid 1(T)"
p [kg m™3] "rho solid 1(T)"
Kiso W m~ 1K™ 5 | 172
Custom material cp [J kg P K1 897
p [kg m™3] 2710

Table 3.1: Materials’ parameters definition for the COMSOL Multiphysics simulations.
[kiso represents the isotropic thermal conductivity; ¢, represents the specific heat
capacity; p represents the volumetric density|

296

(a) Radial model (b) Axial model

Figure 3.4: Temperature results of the COMSOL Multiphysics simulations for the radial
(a) and axial (b) heaters

was computed as 0.17% and 0.24%, for the radial and axial models, respectively.

However, the analytical models results were obtained in a much smaller time compared
to the finite-element numerical simulation, due to the greater amount of domains to be
solved. Moreover, the analytical models are much more useful for providing a fundamen-
tal understanding of the involved physical phenomena, directly correlating the thermal
parameters to the temperature evolution inside the sample’s volume; this is not possible

for the numerical simulation [59].
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(b) Axial model at equi-spaced positions along the sample

Figure 3.5: Comparison between COMSOL Multiphysics simulations and analytical mod-
els for the radial (a) and axial (b) heaters. Different colored curves correspond to different

positions

3.2.3. Simulacrum validation

The experimental methodology was validated on a real case through the utilization of

a "simulacrum". In this context, this is an object of the same size and shape of the
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samples and known properties, used to assess the method’s feasibility and its limits.
In the following sections, this denomination will be used. For this validation step, an
aluminum alloy (Al 6082 T6) cylinder with the same dimensions of a 26650 cylindrical
cell was employed, due to the fact that Al is one of the main components of LIBs, as
described in section 1.2.

The properties of this alloy useful for the thermal tests are stated in table 3.2.

Property Symbol | Value

Density [kg m™] p 2710
Specific heat capacity [J kg ' K™!] Cp 897
Thermal conductivity (isotropic) [W m™'K ™! k 172

Table 3.2: Thermal properties of the simulacrum

(a) Radial heater (b) Axial heater

Figure 3.6: Images of the cylindrical simulacrum with applied heaters for the radial (a)

and axial (b) cases

As described in section 3.1 a trade-off must be found between the length of tests and the
amount of provided thermal power. For this reason, several tests at different power levels
were performed, measuring the duration of tests and the temperature reached at the end
of the experiment. A power of 0.5 [W] was chosen for the tests.

After obtaining the experimental data regarding temperature measurement and provided
electrical power, these were used an inputs for the model, as well as the density of the
simulacrum (which was not a fitting parameter and was estimated using the Archimedean

principle model described in section 2.4.2) and the initial conditions of the test.

An example of the temperature measurements acquired during a test with axial heater is

presented in figure 3.7. It is important to note some of the main features of this data:
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Figure 3.7: Example of axial thermal test FBGs temperature measurements on the sim-

ulacrum. Provided power: 0.5 [W]

e Beginning of test, point 1: after complete thermal equilibrium is reached, the heater
is turned on and the time ¢ = 0 is set; in this first period, the temperature curves
associated with different sensors diverge from each others, reaching a differentiation
after a certain time transient; the extent of the transient and the final difference

directly depend on the value of thermal conductivity of the body.

e Asymptotic behavior, point 2: After the first time transient has ended, the temper-
ature inside the body reaches an asymptotic trend, whose slope is directly depen-
dent on the heat capacity of the material; in this period the temperature difference
between sensors is kept constant and all trends are somewhat linear; if the temper-
ature becomes too high, heat transfer towards the external environment becomes

more important and a descending trend appears.

e End of test, point 3: after a pre-set time duration, the heater is set off and the
temperature curves tend to get closer with time, finally reaching a complete ho-
mogenization; at this point the test is stopped. Also in this case, the duration of
this time transient depends on the thermal properties of the body, but it is not

considered in the fitting range.

Following the fitting process, the model curves are superimposed onto the experimental
data and compared with the latter (figure 3.8). In the first seconds of the heating period,
the temperature ramp is subjected to a certain delay with respect to the beginning of

the model curves: this is related to the thermal inertia of the heater itself, leading to an
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imperfect fitting for the initial data.

Other than this fact, it can be observed that the fitted curves are in very good agreement
with the experimental data during the differentiation period and in the first part of the
asymptotic section. If the duration of the test is extended too much, a divergence between
the two sets of curves appears, related to heat losses towards the external environment;
if losses are too high, the convective models can be considered, but an estimation of the

heat transfer coefficient must be done.
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- == Model fitting
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Figure 3.8: Data fitting between experimental and model curves on the simulacrum

The estimated parameters of figure 3.8 are stated in table 3.3.

Property Fitted value | Real value | Error [%)]
¢y [J kg K] 915.24 897 2.03
kio [W m~ K1) 159.00 172 7.56

Table 3.3: Fitting results for the simulacrum experimental data

The fitted values are very close to the known thermal parameters of the aluminum alloy,
particularly for the specific heat capacity, for which a 2.03% error is attained. On the
other hand, an error of 7.56% is reached for the thermal conductivity. This could be
considered too high for a robust parameters estimation method; however, it must be
taken into account that the value of k;,, for the 6082 T6 is very high, leading to small
temperature differences between sensors during the test and thus to a measured value
more affected by uncertainty. To confirm this aspect, the curves corresponding to the real
thermal parameters of the simulacrum were obtained from the model and overlaid to the

same experimental data (figure 3.9).
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Figure 3.9: Analytical model curves using the correct thermal parameters of the simu-

lacrum in table 3.2, compared to the previous experimental data

As it can be seen, the difference between curves is very small also in this case. In this
regard, it can be stated that the analytical models are very sensitive to the thermal con-
ductivity (as opposed to the specific heat capacity), leading to big variations from small
temperature divergences.

However, as it can be understood from section 1.4.4, the actual values of thermal conduc-
tivity for real lithium-ion batteries are much lower than the one of the aluminum alloy
of the simulacrum. For this reason, a higher accuracy of the models can be expected at

such low values.

Afterwards, the characterization of the radial tests was done, employing the same alu-
minum simulacrum. A validation for this kind of tests was necessary for the subsequent
experimental investigation on radial thermal parameters, described in section 3.3.4. Sev-
eral experiments were done at the same power level of the axial tests, one of which is

presented in figure 3.10.

The fitted estimation of the specific heat capacity obtained from this test was equal to
1055 [J kg~ 'K '], much higher than the actual value for the analyzed aluminum alloy.
Consequently, the error was found to be equal to 17.6 [%]. A similar error was attained
at all power inputs, but considered to be extremely high, especially compared to the one
obtained from the axial test, where a value around 2 [%] was estimated. Consequently, it
was regarded as a systematic error for the radial test methodology. As such, a calibration

could be done.

The temperature curves visible in figure 3.11 were obtained from a radial and an axial
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Figure 3.11: Comparison between radial and axial tests on the simulacrum, at different

power levels

test at different average electrical power inputs (respectively of 0.4885 and 0.445 [IW],

as measured by the power supply). It must be stressed that very similar slopes can be

observed in the curves within the asymptotic behavior range: as explained previously, this

region of the graph is strongly dependent on the specific heat capacity of the tested body,

which in turn is directly proportional to the input thermal power. Given that the utilized

simulacrum is the same for both tests, it is impossible to find the same temperature

slopes for different power inputs, as the specific heat capacity must be consistent between
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the two models. Moreover, the only differences between the two tests are related to the
heater properties, due to the fact that this is the only component that changes. For
these reasons, it could be hypothesized that the actual thermal flux entering within the
bulk of the simulacrum is not the same as the electrical power given to the radial heater,
generating a certain loss. In general, these inefficiencies could depend on several factors,
such as the shape, mass or thermal properties of the silicon rubber heater, other than the
different contact resistance between it and the tested body.

Consequently, a sensibility analysis was done on the analytical models, the aim of which
was the assessment of the power input error of the radial heater. In this regard, it was
chosen to allocate the entire error obtained from the radial test to the inefficiencies of
the corresponding heater, by the introduction of a correction factor, defined as the ratio

between the power inputs of the axial and radial tests, respectively (equation 3.25).

Wax
=W (3.25)

This value was found to be equal to about 0.911, which was used also for the subsequent

estimation of the thermal parameters of lithium batteries.

3.3. Characterization of LIB samples

The experimental methodology and analytical models defined and validated in the previ-
ous sections were used for the thermal characterization of the cylindrical LFP lithium-ion
batteries samples described in section 2.1.

In this section, only the "M1B" battery types will be considered and described thoroughly,
due to the fact that only for this specific sample, cells at different aging states were avail-
able. The electrochemical and thermal description of two "M1A" cells is presented in
appendix A.

Several cells were used during the experimental campaign, mainly differentiated by the
available capacity and aging degree, through the SoH parameter defined in section 1.5.1.
Most of the samples were taken at beginning of life (BOL) conditions and were consid-
ered as equivalent throughout the experimental campaign. The other cells, characterized
by different aging levels or degradation phenomena, were separated from the first class
and tested singularly. In this regard, four M1B cells were subjected to a calendar aging

campaign.

In the following sections, the description of the experimental campaign and the main

results will be presented: an electrochemical characterization of the battery samples
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was carried prior to the thermal parameters experimental campaign. Moreover, a new
methodology for the drilling of cylindrical cells and the insertion of internal sensors will

be presented, aimed at the description of the radial thermal behavior of batteries.

3.3.1. Electrochemical characterization

Before the thermal characterization, an electrochemical diagnostic campaign was per-
formed, primarily for the assessment of the integrity of cells and their residual capacity.
In this regard, the methodologies described in section 2.3 were employed; in particular,
EIS analysis at SoC' = 0 and SoC = 100 were executed, other than discharge tests at
different current rates. In this regard, discharge processes were done at the nominal C-
rate = 1[h7!] and, to better characterize the thermodynamic behavior of the samples,
at quasi equilibrium conditions at C-rate = 0.04[h~!]. All of the tests were performed
maintaining the temperature at 25 [°C], through the Binder MKF 720 climatic chamber,

described in section 2.2.1.

Beginning of life samples

The beginning of life samples are characterized by the parameters described in section
2.1. Many cells were usable at the same conditions and were considered equal from the
point of view of available charge and overall performance.

Figure 3.12 shows a discharge test in quasi-equilibrium conditions, with a C-rate =
0.04[h7'] and a duration of around 25 [h], which was performed to precisely evaluate

the residual capacity of the batteries.

As it can be seen, all of the discharge curves follow the same trend and are characterized
by a final available capacity in the neighborhood of 2500 [mAh].
Analogously, the same BOL cells were analyzed through a discharge test at C-rate =

1[h~!], using the nominal condition from the manufacturer.

It can be observed that, also in this case, the total available capacity is pretty much the
same for each sample, confirming the assumption of equal behavior among beginning of
life cells.

Moreover, as it can be noticed, the shape of the curve is slightly different from the previous
one, due to the fact that in equilibrium conditions the open circuit voltage describes closely
the phase changes and thermodynamic behavior of batteries (section 1.1.2), while for a
higher current rate some of the features of the voltage curve are less visible. Additionally,

the total charge throughput is somewhat lower than the one obtained from the discharge
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Figure 3.12: Discharge tests at 0.04C for M1B samples at BOL conditions
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Figure 3.13: Discharge tests at 1C for M1B samples at BOL conditions

tests at 0.04C. This is because, due to overpotentials arising during operation, a reduced
voltage is obtained for higher current rates and the lower voltage limit is reached earlier
(figure 3.14).

Furthermore, from the manipulation of discharge curves at 0.04C' it was possible to ex-

trapolate DV and IC curves (figure 3.15 and figure 3.16, respectively)
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Figure 3.14: Comparison between discharge tests at 1C and 0.04C for M1B samples at
BOL conditions
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Figure 3.15: DV curves obtained from a discharge at 0.04C for M1B samples at BOL

conditions

As described in section 2.3.2, by highlighting the slope variations of the open circuit volt-
age trend, these curves are very useful in the characterization of features directly related
to electrodes behavior. In first instance, it can be further confirmed that the tested cells
all present the same behavior, with minimal differences. Secondly, several peaks can be
seen in both DV and IC curves, corresponding to the features described in section 2.3.2
for the samples.

In particular, the most representative feature of the graphite negative electrode is rep-
resented by the first peak in the DV curve, which corresponds to the first step change
visible in figure 3.12, at around 500 [mAh|.
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Figure 3.17: Comparison between DV curves obtained from discharge tests at 1C and
0.04C for M1B samples at BOL conditions

In figure 3.17, the comparison between DV curves obtained at 1C and 0.04C can be seen.
It can be easily understood that tests done at higher C-rates, and thus that are not in
quasi-equilibrium conditions, don’t provide much information about the thermodynamics
of the cell. In fact, it can be noticed that the DV curve obtained at 1C is characterized by
an almost homogeneous trend on the graph, such that the peaks corresponding to specific

thermodynamic features are spread over the whole curve. For this reason, only DV curves
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obtained at equilibrium conditions were used during this thesis.

In addition, a charge test was performed at quasi-static conditions on a M1B sample at
BOL conditions. In particular, a test at C' — rate = 0.04 [h™'] was done, recording the
voltage (figure 3.18).
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Figure 3.18: Charge test at 0.04C for M1B samples at BOL conditions

Consequently, the curve was flipped and compared to the analogous discharge test at

0.04C (figure 3.19).
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Figure 3.19: Comparison between charge and discharge tests at 0.04C obtained from M1B

samples at BOL conditions

It can be seen that, even at such low C-rates, a certain hysteresis is experienced by

the cell: in fact, the charge test voltage curve is always characterized by a higher voltage
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compared to the discharge curve at the same charge throughput; this phenomenon is more
important for LFP cathodes, due to their intrinsic structure [134]. In this regard, the real
equilibrium voltage lies theoretically between these two curves, but it is practically very

difficult to characterized, if not for long-lasting tests. For this reason, an approximation
is accepted.

Additionally, EIS tests were performed as diagnostic analyses of the cells to assess the im-
portance of different phenomena (and their associated impedance) at different frequencies.
In particular, an EIS analysis both at SoC' = 0 and SoC' = 1 was executed for each cell,
due to the fact that at extreme SoC' different features can be observed. The operating
parameters were equally set for all tests and are stated in table 3.4. The frequencies were

selected using a logarithmic scale between the maximum and minimum frequency.

Parameter Symbol | Value
N° of frequencies Ny [-] 30
Maximum frequency | fiae [Hz] | 10000
Minimum frequency | fiin [HZ] 0.1
Semi-amplitude Iy [A] 0.5
N* of cycles N, [-] 3

Table 3.4: Parameters for the EIS analyses
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Figure 3.20: EIS spectra results for M1B samples at SoC = 1 (a) and SoC = 0 (b) at
BOL conditions

In figure 3.20, the EIS of the same cells of the discharge tests were executed. It can
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be noted that, also in this case, the trend is the same throughout all of the frequency
spectrum.

All of the cells present an high frequency resistance (HFR) corresponding to around 5.5
[m€], which is equal at both states of charge. At SoC' =1 the spectrum is characterized
by a small charge-transfer and kinetic resistance, as depicted from the corresponding semi-
circle. Moreover, the diffusion resistance is and represented by a steep linear behavior.
At SoC = 0, instead, a bigger radius of the kinetic semi-circle is found, suggesting a
greater impedance related to the phenomena at these frequencies. Additionally, the linear
behavior related to the diffusion resistance is characterized by a less marked slope, leading
to a higher impedance.

A comparison between the two sets of curves is available in figure 3.21, where spectra at

the same state of charge are depicted with the same color.
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Figure 3.21: Comparison between EIS spectra results for M1B samples at SoC = 0 and
SoC = 1 at BOL conditions

Aged sample

As described in section 1.6, one of the main goal of this thesis lies in the assessment of
the effects of degradation on the thermal parameters of lithium-ion batteries. However, as

mentioned in section 1.5.2, very little information exists in literature about these aspects.
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Moreover, at the start of this work, no "M1B" samples were available at conditions dif-
ferent from BOL.

For these reasons, a calendar aging campaign was carried during the period of this work
on four M1B cells at different SoC. The samples were left in a climatic chamber for five
months, between September 2024 to January 2025, at 60 [°C]. The storage conditions are
expressed in table 3.5.

Sample | SoC [%] | Temperature [°C]
Cell 1 10
Cell 2 20
Cell 3 80 60
Cell 4 100

Table 3.5: Calendar aging campaign storage conditions

As described in section 1.5.1, calendar aging of LIBs is strongly favored at high tempera-
tures and SoC's, because at these conditions degradation side reactions, such as SEI and
CEI formation, are benefited. Due to this aspect, the "Cell 4" sample in table 3.5 was
expected to lose the highest capacity among the four cells in the experimental campaign.
This was later confirmed from the capacity tests performed after the calendar aging pe-
riod: as it can be seen in figures 3.22 and 3.23, all four samples lost an appreciable amount
of capacity during the period at high temperature and the voltage curves were subjected
to a shift towards the left of the graph; moreover, it can be noted that the discharge

curves strictly follow the order of SoC conditions during the storage period.

A comparison between discharge tests operated at 0.04C for cells at different aging states

is available in figure 3.24.

The residual capacities of the aged samples were computed from the discharge tests at
C-rate = 0.04[h™'] and are stated in table 3.6 (approximated at the closest integer).

Subsequently, the SoH was calculated using the expression defined in section 1.5.1.

Sample Qresidual [mAh] SoH [%]
Cell 1 2353 94.12
Cell 2 2164 86.56
Cell 3 2139 85.56
Cell 4 2071 82.84

Table 3.6: Residual capacity and SoH of M1B samples after the calendar aging campaign

It can be noticed that, also in this case, the values of SoH for the samples follow the order

of the different states of charge at which they were stored. Moreover, during this brief
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Figure 3.22: Discharge tests at 1C for M1B samples after calendar aging campaign
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Figure 3.23: Discharge tests at 0.04C for M1B samples after calendar aging campaign

period, "Cell 4" reached an approximated capacity loss of almost 20%, demonstrating the

great importance that temperature holds on the operation of batteries. In addition, this
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Figure 3.24: Comparison between discharge tests at 0.04C for M1B samples at BOL and
aged conditions

level of degradation is crucial for automotive applications, as it indicates the substitution
mark for batteries.

Furthermore, also in the case of aged cells, the DV and IC curves were obtained from the
discharge curves (figure 3.25 and figure 3.27, respectively). A clear shift of the graphite

peak towards lower exchanged charge values can be observed in the DV graph.

It is very interesting to note that the main difference between the two sets of samples lies
in the first peak present in the DV curves: a relative shift of this feature with respect to
the BOL conditions can be clearly seen in the graph.

As described in a previous thesis [22|, this is one of the main features that represent
aging and SEI formation at the graphite anode. The peak gradually shifts as the SoH
decreases (so it is directly correlated with the amount of capacity loss), while the other
peaks at lower SOC shift of the same amount. In fact, as already mentioned in sec-
tion 1.5.1, calendar aging is mostly caused by the formation of passivation layers at the
electrodes-electrolyte interfaces, namely SEI and CEI, which consume cyclable lithium
and thus decreases the total available capacity.

In this regard, the peak shift symbolizes that the main degradation phenomena from cal-
endar aging are more important at the negative electrode, as the graphite is highly reactive
with the electrolyte compounds: during charge, the cell is not able anymore to reach a
lithiation level at the anode as the beginning of life condition, due to the experienced LLI.
This aspect then causes the discharge curve to shift to lower discharged capacity. The

value related to this degradation mode was computed using the thermodynamic model
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Figure 3.25: DV curves obtained from a discharge at 0.04C for M1B samples after calendar

aging campaign

presented in a previous thesis work at the same laboratory [22], and estimated to be

around 17.5 [%]. The results of the model estimation can be seen in figure 3.26.
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Figure 3.26: Voltage and DV curves results of the estimation of LLI for the most degraded

cell from the calendar aging campaign

This assessment is in accordance with the assumption that calendar aging is caused mainly
by the formation of interphases, which consume lithium but not degrade the active ma-

terial sites.

The same aspect can be highlighted in the IC curve, particularly at the peak between
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Figure 3.27: IC curves obtained from a discharge at 0.04C for M1B samples after calendar

aging campaign

3.3 and 3.35 V: a lower peak means that the first plateau in the discharge curve shrinks

gradually with the aging advancement.

Moreover, to better understand the extent of the shift of the first peak, the DV curves of
the aged cells were compared with the ones of cells at BOL conditions (figure 3.28). Also
in this case, the same argument holds true, as the shift of the graphite peak is even more
visible.

If the same DV curves were artificially paired at the end of the discharge tests (figure
3.29), it can be plainly seen that the peaks in the curves, corresponding to different
thermodynamics states in the equilibrium curves, remain practically unchanged. This
condition corresponds to pairing the equilibrium states for which the graphite anode is
the least lithiated. Then, the only difference that can be assessed is observed in the region
at very low charge throughput, at the beginning of the discharge tests, meaning that only

a portion of the initial capacity can be exploited in aged cells.

Finally EIS tests were carried at extreme SoC values and compared with BOL results
(figure 3.30). The same features described for the cells at beginning of life can be observed
in aged cells.

However, it can be noticed that a clear increase of the HFR appears at the aging increases.
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Figure 3.28: Comparison between DV curves of M1B samples at BOL and aged conditions,
obtained from discharge tests at 0.04C
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Figure 3.29: Comparison between DV curves of M1B samples at BOL and aged conditions,

paired at the end of the test

This is strongly related to the formation of SEI, which consumes lithium ions and acts
as an electrical barrier between electrodes, causing an increased ohmic resistance. The

kinetic semi-circles visible in the spectra, instead can be regarded as very similar, as well
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as the diffusive behavior observed at the lowest frequencies. Of course, the HFR remains
constant also for the EIS spectra at SoC' = 0, while the charge transfer resistance increases

considerably, as described also for the BOL case.
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Figure 3.30: EIS spectra results for M1B samples at SoC = 1 (a) and SoC = 0 (b) after

calendar aging campaign
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Figure 3.31: Comparison between EIS spectra results for M1B samples at BOL and
calendar conditions, at SoC = 1 (a) and SoC = 0 (b)

When comparing the aged cells with the ones at beginning of life conditions (figure 3.31),
it can be seen that the high frequency resistance is directly correlated with the amount of

lost capacity, which in turn depends on the thickness of the formed SEI layer. Additionally,
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a slight increase in the radius of the kinetic domain can be observed, suggesting also in

this case a dependency of the charge transfer resistance with the SEI.

3.3.2. Axial thermal tests

Subsequently to the assessment of the electrochemical properties of the samples through
the characterization described in the above sections, the cells were prepared for the first
thermal tests. Batteries at beginning of life conditions were discharged at different states
of charge separated by 10%, ranging between SoC = 0 and SoC = 1.

Following the methodology described in section 3.1 for the axial tests, a tab heater was
applied at the negative pole of the sample, fixed through a two-sided adhesive tape. Con-
sequently, the FBG temperature sensors were attached on the cell surfaces at multiple
positions and the whole assembly was covered with the aerogel insulation material and
placed in the climatic chamber. After achieving complete thermal equilibrium, a certain
electrical power was applied to the heater and the temperatures in different positions were

measured.

(a) Fiber positioning (b) Closed envelope

Figure 3.32: Images of the axial test assembly before being inserted in the climatic cham-
ber

For the thermal tests, an input power of 0.5 [W] was employed, following the compromise
between heat introduction and heat transfer losses described in section 3.1.

An example of an axial thermal test is available in figure 3.33. As it can be seen, the
temperature measurement between sensors differs during the test, as a consequence of

thermal parameters. A first differentiation appears in the beginning stages of the tests
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until a certain point in time, where temperature curves reach a seemingly linear asymptotic
behavior, confirming the trends described previously for the simulacrum (section 3.2.3).
After a temperature difference of 2.5 [°C| with respect to the beginning of the test is
reached, the heater is shut off and temperature differences tend to cancel out during a

final time transient. Afterwards, the test is stopped.
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Figure 3.33: Example of axial thermal test FBGs temperature measurements

After the experimental test has finished, data regarding temperature measurements and
input electrical power are saved in digital files and imported in the MATLAB® environ-
ment. Furthermore, useful parameters of the test, such as density (estimated experimen-
tally through the Archimedean test, as described in section 2.4.2), initial condition and
sensors positions are inserted in the model. Finally, temperature curves are fitted with the
model through the function "lsqcurvefit" in the stated positions. The two sets of curves
are then overlaid together for comparison and analyzed (figure 3.34). The comparison
is needed to assess similarities between experimental data and model and guarantee the
correctness of the fitted parameters. In first instance, it can be noticed that in this case,
the delay related to the heater thermal inertia in the first seconds of the test is very lim-
ited, due to the higher heat capacity of the cells, compared to the simulacrum. However,
it can be observed that the curve fitting in the first period is not perfectly aligned with
the experimental data: this could be attributed to the fact that lithium-ion battery cells
are not ideal homogeneous cylinders and, due to internal components differences, could
experience an unusual initial transient. The asymptotic region, instead, is clearly visible

and the differentiation is respected throughout this period, similarly to the simulacrum
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(section 3.2.3).
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Figure 3.34: Example of axial thermal test data fitting between experimental and model

curves

Due to these considerations, during the parameters estimation process the same experi-

mental temperature curves are fitted two times, in the ranges described below:

o [t; + tena), where t; is generally equal to 30 [s] and te,q is set between 300 and 400 [s],
depending on the material. By using this range, the first part of the experimental
data, greatly influenced by the thermal inertia of the heater, is neglected. Neverthe-
less, the major part of the first time transient is maintained (and thus considered

in the fitting), leading to an acceptable estimation of the thermal parameters.

o [t; <ty = teng], where to lies between 100 and 200 [s]. The aim of this range is to
neglect the first temperature differentiation and only consider the asymptotic be-
havior of the body, where a more correct estimation of the specific heat capacity can
be attained. In fact, given that LIBs don’t exactly behave as an ideal homogeneous
body, if too much importance is given to the first period of the test, the model could
return a bad fitting or values not representative of the second part of it, which in

turn is strongly related to the specific heat capacity.

Following this procedure, the real value of the fitted parameters for the test is expected
to lie within the obtained range, which is generally very low anyway. In the experimental

campaign for the thermal characterization of cells, The same time parameters were used



3| Thermal Characterization 105

for each test, to guarantee a correct comparison between estimated values; these were
t1 = 30 [s], ta = 100 [s], tena = 300 [s].

For each SoC, several tests were performed, to prove repeatability of the experimental
methodology and obtain a more reliable and robust evaluation of parameters. The results
of the thermal tests employing the axial heater for the BOL M1B samples are available
in figures 3.35 and 3.36.

1180 T T T T T

—F—Experimental data
- - ~Parabolic fitting

1

-
s
o
=]

1140

1120

1100

Specific heat capacity [J kg"I K]

-
(=]
[+
o

1060 | | I | | I | | I
0 10 20 30 40 50 60 70 80 20 100

SOC [%]

Figure 3.35: Specific heat capacity estimated values from axial thermal tests as a function
of SOC

In the first graph (figure 3.35), the specific heat capacity is represented as a function of
the SoC. It can be seen that the value is subjected to an increase in the first part of the
curve, leading to a maximum value around the central SoC's; finally, the value decreases
at the higher states of charge. The uncertainty of the measurement can be regarded as
very low and a somewhat clear trend can be observed: a parabolic fitting is proposed, due
to the shape of the trend of the experimental results.

In the second graph (figure 3.36), the fitting results of the axial thermal conductivity are
displayed. In this case, the trend is not particularly clear and a great variation exists
between values of this parameter at different SoC's: a higher thermal conductivity was
found at lower values of state of charge, which then decreases in the middle part of the
curve.

Additionally, the trend of the axial thermal diffusivity as a function of the SoC was
computed from its definition and presented in figure 3.37. As it can be observed, the
values follow closely the ones of the thermal conductivity, as this parameter is subjected

to a higher variance than the specific heat capacity.
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Figure 3.36: Axial thermal conductivity estimated values from axial thermal tests as a

function of SOC
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Figure 3.37: Axial thermal diffusivity estimated values from axial thermal tests as a
function of SOC

The experimental methodology applied to the axial thermal tests presented in this section
allowed for an estimation of the parameters described above.

One of the main limits of this kind of test is represented by the fact that only the axial
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thermal conductivity could be fitted and no estimation was possible for the radial coun-
terpart, given that the two values differ by around two orders of magnitude, as explained
in section 1.4.4.

Theoretically, the radial thermal conductivity could be estimated by considering the tem-
perature differences along the cells’ radius on one or both of the electrical poles. However,
the length of the gratings on the optical fibers is around 8 [mm)], as described in section
2.4.1, hindering the possibility of a precise measurement on such small bodies. Moreover,
given that the two tabs are made of the same material (aluminum, which is characterized
by a very high isotropic conductivity and constitutes the entirety of the external case), it
is practically impossible to obtain a good estimation of said parameter. Furthermore, a
radial description of this kind wouldn’t even take into account the internal components of
the cell, leading to a bad estimation of the thermal parameters values. Indeed, this "case
effect" must be expected every time in which both the heat generation and temperature

measurements are external to the tested volume.

3.3.3. Methodology for cylindrical cells drilling

Because of the issues related to the case effects of lithium-ion batteries and the impossibil-
ity to estimate a value for the radial thermal diffusivity, a new methodology was defined
for the insertion of temperature sensors inside the core of the sampled cylindrical cells.
The process of insertion is non-destructive, as it will be explained later in this section,
allowing for a complete characterization of the thermal and electrochemical properties of
the samples.

Still, this method only applies to the cylindrical geometry, due to its specific features.
In fact, only in this case, a mandrel is present at the core of the cell and is generally
only filled with surplus electrolyte. Moreover, in the samples described in section 2.1, the
safety systems are all located at the negative pole, while at the positive one only the tab
is present.

In literature, few scientific papers presented methodologies for the insertion of sensors

inside lithium-ion batteries [135]:

e Novais et al. [123] presented a novel method for the integration of FBGs sensors
in a LFP lithium-ion battery pouch cell. The chemical stability of silica fibers was
tested by immersing them in conventional LIB electrolytes, such as the EC:DMC
(50:50 weight%), described in section 1.2; little to none degradation was observed.
The pouch cells were assembled in-situ and the internal FBGs sensors were placed

within the internal structure of the assembly.
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e Fleming et al. [126] introduced a methodology for the insertion of temperature
sensors inside cylindrical cells, using modified FBGs for the in-situ and in-operando
monitoring of internal behavior. In this study, a negligible effect of the procedure on
the electrochemical behavior of cells was assessed through an EIS analysis. More-
over, the complete list of materials used for the instrumentation production was

available.

e Matuck et al. [135] provided a similar method for the introduction of optical fibers
sensors inside the mandrel of 18650 cylindrical cells. In this instance, an FBG opti-
cal fiber was modified by the installation of an additional Fabry-Perot interferometer
(FPI), for the measurement of pressure variations, and an hybrid sensor composed
of both types at the tip of the fiber. This approach allowed for the simultaneous
measurement of temperature and pressure variations inside the cell’s core. Further-
more, given that the sensors were positioned in an open cavity, this procedure was

regarded as less invasive than others employing infra-electrodes positioning.

As implicitly determined by the presented papers, the top choice for internal temperature
sensing in lithium batteries are optics-based sensors. In fact, thanks to their advantages
described in section 2.4.1, they are very easy to implement in such devices, as opposed
to thermocouples for example. Moreover, they provide very accurate measurements for
the dynamic variations typical of lithium-ion batteries, due to their low thermal inertia,

other than chemical inertness.

A computer tomography (CT) scan of a cell’s internal components was available (figure
3.38) and was thoroughly analyzed to assess the feasibility of the drilling process. In this

image, brighter colors correspond to higher density materials.

As it can be seen, the jelly roll occupies the majority of the volume, ranging from the
mandrel to the external case. At the negative tab, several safety devices (PTC, CID,
safety vents) are present: these, of course, must be maintained intact, to not compromise
their functioning. In addition, under the positive pole, the aluminum current collector
stripes can be noticed. Moreover, a triangular shadow can be spotted between the external
tab and the mandrel, suggesting the presence of a body characterized by a low density.
A slight reduction of the mandrel’s diameter is present at the positive pole, used to join
this piece with the low density component. The mandrel is filled up to a certain level of
the excess electrolyte, but no presence of other solid objects can be detected inside it.
Additionally, a M1B sample’s tab was cut in the inert environment of the glove-box to
provide a more precise description of this component and guarantee a better understanding
of the internal structure of the cell (figure 3.39).
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Figure 3.38: CT scans of an M1B sample.
[ [1]: front view; [2]: top view; [3]: detail of front view. a: negative pole; b: jelly roll; c:
excess electrolyte; d: mandrel; e: external case; f: positive pole; g: low density material;
h: current collectors|

)

(a) Cutting of the external case (b) Top view of the cut cell (¢) Cut cell with positive pole tab
Figure 3.39: Cutting process of an M1B sample cell

It was observed that, after the first layer of the aluminum tab, only a polymeric structure
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was present between this component and the mandrel, corresponding to the low density
material piece seen from the cell’s tomography.

After these considerations, a viable strategy for the insertion of the optical fiber sensors
could be defined:

1. by employing a small drill head, a hole can be performed at the center of the positive
tab until reaching the mandrel; with this approach, only a small depth would need
to be reached, due to the fact that only the aluminum tab, the positive electrode
current collector and the plastic structure would be crossed. Moreover, the safety

devices would be kept intact as they are positioned at the negative pole of the cells.

2. Subsequently, an optical fiber can be inserted, covering the whole length of the cell.
In this step, no resistance should be encountered, due to the fact that the mandrel

is hollow.

3. Finally, the fiber is fixed in place through the utilization of a self-hardening glue.
This is needed also to completely seal the cell and make sure that no air or water

enters into it during subsequent operations.

For this methodology, a 0.6 & [mm] drill head was employed; moreover, a two-components
epoxy resin (ARALDITE® 2080-15 A) was applied to seal the cells. This was chosen for
its high durability and fast setting, other than its thermal stability.

The whole procedure was carried out inside the glove-box described in section 2.2.2; to
guarantee that the levels of oxygen and moisture were kept below 0.1 and 0.8 [ppm],
respectively.

A first tentative was performed on the positive tab of the previously cut cell, to assess

the feasibility of drilling process.
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(a) Drilling setup (b) Detail of tab after drilling

Figure 3.40: Drilling process of the positive tab of an M1B sample cell
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Consequently, the methodology was validated through several verification attempts, as-
sessing the impacts of the procedure on the operation of the batteries. Finally, the method-

ology was applied to the samples, by inserting one or more FBG sensors inside the cells.

(a) Cell without silica fiber (b) Cell with silica fiber

Figure 3.41: Images of two M1B samples, with and without the insertion of an optical

fiber sensor

Integrity assessment

To assess the integrity of the opened cells, several diagnostic tests were performed, in
a similar manner as the first electrochemical characterization. In this regard, discharge
tests at C-rate = 1 [h™!] were compared before and after the drilling and insertion of the
temperature sensors. Moreover, EIS analyses at SoC' = 0 and SoC' = 1 were performed
and put alongside with the spectra previously obtained for the same cells. In figure 3.42,

the two discharge curves were represented.

As it can be seen, the discharge curves are practically the same and no appreciable dif-
ferences can be observed. A small decrease in the operating voltage and final discharged

capacity can be noticed, but it is included in the uncertainty range of the instrumentation



112 3| Thermal Characterization

T T T
|- = =Before drilling
|— After drilling

3.2

34

Voltage [V]
[~ ]
®

L ng
-]
T

0 500 1000 1500 2000 2500
Charge [mAhR]

Figure 3.42: Comparison between discharge curves at 1C of the same M1B sample before

and after the drilling process

and could be regarded as negligible.
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Figure 3.43: Comparison between EIS spectra results for the same M1B sample at SoC
=1 (a) and SoC = 0 (b), before and after the drilling process

Furthermore, the EIS spectra were compared at extreme state of charges. In figure 3.43 it

can be seen that, also in this case, there was no apparent modification in the behavior of
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the cell: the HFR remains the same, showing that no increase in the electrical resistance
was caused by the drilling procedure; moreover, also the charge transfer, kinetic and

diffusion related impedances weren’t significantly modified by the process.

Additionally, a very slow discharge at C-rate = 0.1 [h~!] was performed on the BOL cell
in a climatic chamber, with the simultaneous measurement of the internal temperature
variations thanks to the inserted FBG sensors. This test was done to detect any strain
or pressure associated variations of the internal measurement, which could cause a drift
on the temperature value: in fact, given that FBGs are able to measure temperature and
strain differences at the same time, it is not trivial to separate both contributions. In this
case, a very slow discharge, close to the equilibrium conditions for the cell, is needed to

disregard any heat generation caused by overpotential related losses.
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Figure 3.44: Internal temperature measurement on an M1B sample at BOL conditions,

during a discharge test performed at 0.1C

In figure 3.44, the internal temperature of the tested cell can be observed: a distinguish-
able temperature variation can be noted in the graph. However, this deviation from the
equilibrium value is very small, such that the maximum temperature difference during the
whole experiment was around 0.5 [°C], at the end of the test. In fact, a peak can be seen
at around 3.6 x 10 [s], that corresponds to the end of the discharge process. After that,
a temperature transient was experienced by the cell, until returning to the initial state at
25 [°C]. Additionally, during the discharge test (and particularly when the temperature
value was close to the set-point of the climatic chamber at 25 [°C]), several "jumps" can
be noticed on the curve: these were assumed to be related with the internal control of the
chamber.

As described in section 1.2, the graphite experiences a volumetric expansion of up to
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10% between extreme states of charge, so that an increase of the internal pressure can be
detected within the cell [135]. However, given that after a 10 hours long discharge, the
temperature measured by the optical fiber sensor returns to its starting value, it can be
assumed that no strain or pressure related effects were detected by the FBG. In fact, as
described in section 2.4.1 Bragg gratings are several orders of magnitude more sensitive to
strain than to temperature, such that a difference would be clearly visible if strain effects
were present. Moreover, it is known that the inserted fiber was positioned in the mandrel
of the cylindrical sample and not in the electrodes where the expansion takes place. If
pressure-induced strain variations were detected by the fiber during the test, they would
have been conserved also in the last period, because the final state of charge is the same.
Furthermore, even if the irreversible heat production can be neglected, the reversible en-
tropic heat generation must be taken into account, as defined from the Bernardi’s model in
section 1.4.3. In fact, this contribution becomes more and more important as the current
rate decreases and was deemed to be the major contribution to the measured temperature
difference.

If this term is considered, it becomes clear that no effect of strain and pressure can be

perceived within the internal measurement.

In addition, an analogous charge test at C-rate = 0.1 [h™!] was performed to provide

further proof of this point (figure 3.45).
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Figure 3.45: Internal temperature measurement on an M1B sample at BOL conditions,

during a charge test performed at 0.1C

As it can be observed, the same considerations hold true, as the temperature goes back to
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its initial point after the test. Moreover, it can be noticed that the trend of the curve is
somehow opposite to the one obtained from the discharge test. In particular, this aspect
is related to the reversible entropic heat generation within the cell, that will be described

more in depth in section 4.2.

3.3.4. Radial thermal tests

After the insertion of the optical fibers inside the mandrel of the cells, it was possible
to perform thermal tests with simultaneous measurements of the internal and external
temperature. In this regard, the same methodology as for the axial thermal tests was
employed, with the necessary differences of the analytical model, with radial thermal flux
boundary conditions, and the radial silicon heater applied to the cells (described in section
3.1).

Because of these aspects, it was possible to characterize the radial thermal behavior of
the samples, by the estimation of the radial thermal conductivity, which was previously
unachievable. Moreover, the possibility to measure the internal temperature allowed to
avoid the "case effect" described previously, which was an important limit for the axial
thermal tests.

Apart from the internal sensors, an additional optical fiber was placed on the external

surface of the tested cells, to obtain a temperature deviation between the two positions.

(a) Fiber positioning (b) Closed envelope

Figure 3.46: Images of the radial test assembly before being inserted in the climatic

chamber

This was achieved due to the shape of the radial heater, which left a wide enough empty

space on the outer surface to apply an FBG.
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An example of a radial thermal test can be analyzed in figure 3.47.
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Figure 3.47: Example of radial thermal test FBGs temperature measurements

The same considerations as the axial tests can be made for the radial counterparts: after a
first differentiation between sensors, caused by turning on the heater power, an asymptotic
behavior is reached, which lasts until the heater is turned off; an homogenization period

is then experienced by the cell, until the test is stopped.
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Figure 3.48: Example of radial thermal test data fitting between experimental data and

model curves

The appropriate analytical models are then applied to the experimental data and series
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of fitting curves are obtained for the same positions of the temperature sensors (figure
3.48).

As it can be clearly noted, the fitting curves from the model are completely overlaid on the
experimental data, leading to a more faithful description of the radial thermal behavior.
Given that for the adiabatic radial thermal model the axial position is meaningless (due to
its specific boundary conditions, section 3.2.1), all of the sensors locations only included
the radial coordinate. On the other hand, if the convective model would be used, the
internal sensors would be assumed to be positioned at the half height of the cell. This
assumption can be disregarded if the position of sensors is well known along the fiber

length inserted inside the cell.

Beginning of life sample

The results for the radial thermal tests of the M1B sample at BOL conditions are presented
in this section.

In the first graph (figure 3.49), the specific heat capacity is represented as a function of
the state of charge.
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Figure 3.49: Specific heat capacity estimated values from radial thermal tests as a function
of SOC

As it can be seen, the specific heat capacity graph follows a somewhat parabolic curve, as
it was the case for the axial thermal tests. However, the actual values obtained from this
second experimental campaign have a lower variance as a function of the SoC. In this
regard, the values of specific heat capacity estimated for both types of tests are somewhat

similar. Indeed, the two tests must be consistent with each others, given the assumption
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that the analyzed cells are the same.
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Figure 3.50: Comparison between specific heat capacity estimated values from radial and

axial thermal tests, as a function of SOC

The radial thermal conductivity, instead, can be seen in figure 3.51.
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Figure 3.51: Estimated values of thermal conductivity from radial thermal tests for BOL

samples, as a function of SOC

The average value lies around 0.72 [W m~'K~!], as shown from the graph, with a some-
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what lower value at the extreme states of charge. As it was expected from the literature
analysis (section 1.4.4), more than one order on magnitude was estimated between the two
values of thermal conductivity. In this case, however, much lower variation is found from
the fitting process, that could lead to the assumption of a constant value with respect to
the SoC. Moreover, a lower uncertainty on the estimated values was found, that could

be attributed to the presence of only two positions along the radial coordinate.

Subsequently, the radial thermal diffusivity was computed and plotted from the measured
thermal parameters (figure 3.52). Also in this case, similar observations as the corre-

sponding thermal conductivity can be made.
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Figure 3.52: Estimated values of thermal diffusivity from radial thermal tests for samples
in BOL conditions, as a function of SOC

Additionally, a brief experimental campaign to assess the dependency of the thermal
parameters on the operating temperature was carried. In this regard, the same M1B
sample used for the radial thermal characterization was tested at different temperatures,
thanks to the climatic chamber control. As explained in section 1.4.4, a linear trend with
temperature is expected from literature for the thermal parameters, particularly for the
specific heat capacity, for which many references can be found [61, 62, 66, 67|. This was

later verified by the results, which can be seen in figure 3.53.

In fact, an ascending trend can be observed for both the specific heat capacity and the
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Figure 3.53: Thermal parameters estimation as a function of the operating temperature

thermal conductivity curves, leading to the confirmation of the dependency already seen
in literature. In particular, the trend is strongly linear for the values estimated at SoC' = 0
and SoC' = 0.5; this is not exactly the case for the curve at SoC' = 1, but an ascending
linear trend can expected anyway.

As for the thermal conductivity, a rising trend with the temperature of the test can be
noticed also in this case. Moreover, the linear fitting curves are almost parallel with each
others, suggesting a dependency of this parameter with the state of charge, but of inferior

importance with respect to the one with temperature.
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Aged sample

The same procedure was executed for an aged M1B sample. In this regard, the cell which
presented the lowest SoH among the ones used in the calendar aging campaign was se-
lected. As described in section 3.3.1, the cell stored at the highest state of charge (which
in this case was 100%) suffered the most degradation, mainly due to LLI cause by the
formation of passivation layers at the electrodes-electrolyte interfaces. After the period
of storage, this battery reached a final SoH equal to around 83%, which approximately
corresponds to the substitution indicator for automotive applications of lithium-ion bat-
teries. In this respect, this specific sample could be regarded as a very useful benchmark
for the comparison of thermal parameters between cells at beginning of life and end of

life conditions.
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Figure 3.54: Estimated values of specific heat capacity for the aged sample from radial

thermal tests, as a function of SOC

In figure 3.54, the estimated specific heat capacity was plotted as a function of the SoC"
it can be noticed that a seemingly parabolic trend was obtained in this instance, as it was
the case for the BOL cell. However, the value is almost constant with respect to the state
of charge, due to the fact that a lower variance was found. Moreover, the estimated values
present a general descending trend from SoC' = 0 to SoC' = 1, with a peak between 10%
and 20% of this parameter.

When compared with the data obtained for the beginning of life case (figure 3.55), it
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Figure 3.55: Comparison between estimated values of specific heat capacity from radial

thermal tests for samples in BOL and aged conditions, as a function of SOC

can be seen that at very low values of SoC' the specific heat capacity is very similar
between the two curves; at around SoC = 30%, however, the behavior starts to change
as a certain divergence is observed, such that a descending trend was found for the aged
cell. This difference is kept until the highest state of charge and was estimated outside of

the uncertainty range.

In figure 3.56, the estimated radial thermal conductivity of the aged cell can be viewed.
No significant variation of this parameter can be observed as a function of the SoC' from
the graph, as the curve lies around a seemingly constant value of 0.82 [W m~tK~!] over

the whole range.

The radial thermal conductivity at aged conditions was compared with the estimated
values of the BOL cell (figure 3.57). As it can be noticed, their behavior is somewhat
similar along the SoC' axis, but a visible higher value was estimated for the aged sample.
As explained at the beginning of this section, the main degradation phenomena suffered
by the aged cell are related with LLI and formation of passivation layers. From an
electrical point of view, it is known from literature (section 1.5.1) that the formation of SEI
causes an increase of the internal resistance of the cell, as an higher ohmic overpotential
is experienced by batteries characterized by this aging mode. From a thermal point
of view, however, the dependency was hardly investigated, such that the real effect of

passivation layers on thermal parameters is almost unknown. In this regard, the increase
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Figure 3.56: Estimated values of thermal conductivity from radial thermal tests for the

aged sample, as a function of SOC

of thermal conductivity estimated for the aged cell could be assumed to be attributed to

this degradation phenomenon, leading to a lower thermal resistance in aged cells.
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Figure 3.57: Comparison between estimated values of thermal conductivities from radial

thermal tests for samples in BOL and aged conditions, as a function of SOC

The same considerations could be done for the thermal diffusivity (figure 3.58): as it was

the case for the BOL cell and the previous axial thermal characterization, the shape of
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its trend is very similar to the one of the thermal conductivity. In this case, an average

value of around 3.3 x 107¢ [m?/s] was found for the aged cell.
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Figure 3.58: Computed values of thermal diffusivity from radial thermal tests for the aged

sample, as a function of SOC

In figure 3.59, a comparison between the two radial thermal diffusivity can be seen. Also

in this instance, a clear increase of the aged cell thermal parameter can be noticed.
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Figure 3.59: Comparison between computed values of thermal diffusivity from radial

thermal tests for samples in BOL and aged conditions, as a function of SOC
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3.4. Final remarks

In this chapter, the description of the thermal characterization campaign of the samples

was provided. To summarize briefly:

e A methodology for the assessment of the anisotropic thermal parameters of cylin-
drical cells was presented; through the utilization of electrical heaters, a sample is
heated in a controlled way with the simultaneous measurement of temperature, so
that its thermal conductivity and specific heat capacity can be estimated at once.
The methodology was validated through the utilization of an aluminum alloy cylin-

drical body of known thermal properties.

e For the estimation of radial and axial thermal parameters, four analytical models
of the cell were defined, considering several combinations of boundary conditions.
In these models, the cell was assumed as an homogeneous volume, characterized
by an anisotropic behavior. The models were compared with analogous COMSOL
Multiphysics simulations, to verify their accuracy; in this regard a maximum error

of 0.17% and 0.24% was found for the radial and axial models, respectively.

e A new methodology was defined for the introduction of optical fiber temperature
sensors inside the mandrel of cylindrical cells. This approach must be carried in
an inert environment as it employs the use of a small drill for the perforation of
the positive pole tab; the sensors are then inserted within the created hole and the
cell is subsequently sealed through an epoxy resin, to guarantee no contact with
the external environment. An integrity verification of the drilled samples was done
afterwards, to assess the effects of this methodology on the cells. In this regard, no

appreciable impact was found on the samples after the procedure.

e An experimental campaign was carried for the electrochemical and thermal char-
acterization of the available LFP lithium-ion batteries samples, both at beginning
of life and aged conditions. In this regard, four cells were subjected to a calendar
aging campaign at different SoC. Consequently, the radial and axial anisotropic be-
haviors of the cylindrical cells were determined, as a function of the state of charge

and operation temperature.

e [t was found that the specific heat capacity is characterized by a weak parabolic
trend with respect to the SoC, averaging around a value of 1110 [J kg~ 'K~!];
similar values were estimated for both the axial and radial tests, verifying the con-
sistency of the methodology. The specific heat capacity of the analyzed aged sample
was found to be similar to the BOL case only in the range of SoC between 0 and 40%,
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while a lower value was estimated in the remaining range. The biggest difference

was found at SoC' = 1, such that a decrease of 3.3% was assessed.

More than one order of magnitude difference was found between the values of ther-
mal conductivity, confirming the strong anisotropic behavior found in literature.
In particular, the thermal conductivity in the axial direction was estimated to be
around 30 [IW m~'K~!], characterized by certain dependence with the SoC. On
the other hand, the radial thermal conductivity in the BOL sample was estimated
to have a negligible correlation with the state of charge and to be characterized by
a mean value of 0.72 [W m~'K~!]. Additionally, this parameter was found to be
appreciably higher in the aged sample, averaging around 0.82 [W m~'K~!]. In this

regard, an increase of 13.9% was estimated in the degraded sample.
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4: ‘ Internal temperature

investigation

Following the methodology for the insertion of optical fibers sensors inside the mandrel of
cylindrical cells presented in section 3.3.3, an experimental campaign was carried for the
characterization of the internal temperature evolution in the samples during operation.

In this regard, several tests at different current rates were performed on the M1B samples
described in section 3.3.1. Moreover, an additional experimental campaign for the deter-
mination of the entropic coefficient of cells was realized, primarily for the computation of

the reversible heat generation term.

4.1. Internal temperature measurements

After the thermal characterization presented in the previous chapter, the cells were sub-
jected to charge and discharge tests, with the simultaneous measurement of temperature
inside and outside of the volume. In this way, an in-operando description of the internal
and external temperature could be obtained. In this regard, a distinction between samples
at beginning of life and aged conditions was done, particularly for the assessment on the

effects of aging during operation through the comparison between them.

4.1.1. Discharge tests

Beginning of life cell

Discharge tests were performed at different current rates, measuring both the internal and
external temperature.

In figure 4.1, the temperature curves during a discharge test at 1C can be seen. As it can
be viewed, the trend is ascending throughout the whole test, but some peculiar aspects can
be highlighted: in fact, several slope variations are present during the discharge process,
which strongly depend on the thermal parameters and the heat generation related with

electrochemical reactions within the jelly-roll.
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Figure 4.1: Internal and external temperature measurements during a discharge test at
1C on an M1B sample at BOL conditions

On the internal temperature curve (blue line), an initial ramp is present for the first
part of the discharge test (1), up to around 1000 [s], after which a plateau can be seen,
corresponding to the middle states of charge from 1000 to 2000 [s] (2). Afterwards, the
temperature begins again to ramp up, until the end of the discharge process (3 to 5) (a
small bending can be seen between 3000 and 3500 [s] (4), suggesting a decrease in the
heat generation within the cell).

As it can be noticed, the external temperature sensor (orange line) follows closely the
internal one, even if with damped slope changes due to the thermal inertia between the
two positions. It must be stressed that, even if the temperature range is very limited,
these slope variations can be easily distinguished, thanks to the great accuracy of the FBG
sensors. Moreover, a certain divergence can be observed between internal and external
temperature measures, mainly related to the (radial) thermal conductivity. Indeed, this
parameter is the one that correlates the temperature differences on the radial coordinate.
At the end of the discharge test (which corresponds to some seconds before the peak of
the temperature curves, as it can be seen in figure 4.2), a difference of around 1.8 [°C]
can be noticed between the internal and external sensors.

Afterwards, a very steep temperature decrease is experienced, due to the fact that no

generation occurs inside the cell.

Subsequently, the same temperature curve was compared to the DV curve of a discharge
test of the same cell at C-rate = 0.04 [h~'] (figure 4.3).
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Figure 4.2: Comparison between internal temperature and voltage measurements during

a discharge test at 1C on an M1B sample at BOL conditions
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Figure 4.3: Internal temperature during a discharge test at 1C on an M1B sample at BOL
conditions, compared to the DV curve of the same cell obtained after a discharge test at
0.04C

This was done to better understand which relationship underwent between the slope
changes in the temperature curve and the thermodynamic behavior of the samples, rep-
resented by the peaks in the DV curve. The DV curve was translated in the same time

domain as the 1C temperature curve, even if the duration of the two tests is not the same:
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this was possible due to the fact that a constant current is imposed during the discharge
process, so that charge throughput and time axes are interchangeable. In this regard the
beginning and the end of the DV curve are not clearly visible in the graph, due to the
fact that only the peaks related with the thermodynamic behavior are shown.

As it can be clearly noticed, a correspondence exist between the two curves: in fact, the
first peak in the voltage derivative matches almost perfectly with the first "bump" visi-
ble in the temperature curve; moreover, also in the subsequent temperature ramp (from
around 2000 [s]), some similarities can be seen with the peaks in the second part of the
discharge curve, leading to the confirmation that a strong correlation exists between tem-
perature and voltage. The link between temperature and voltage is represented by the
entropic coefficient, as described in section 1.4.3, which will be addressed further in the

following sections.

In addition, discharge tests at a lower temperature were conducted in the climatic cham-
ber, due to the fact that a lower radial thermal conductivity was estimated at this temper-
ature. In particular, several tests were conducted at 10 [°C], measuring both the internal

and external temperature of the samples.
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Figure 4.4: Comparison between internal temperature measurements during discharge

tests at 1C at different external temperature, on an M1B sample at BOL conditions

As it can be seen in figure 4.4, the internal temperature of the cells during a discharge at
low temperature is much higher than the one at 25 [°C], reaching a temperature of more
than 5 [°C] higher at the end of the test. Moreover, it can be noticed that the final peak
is reached slightly earlier at lower temperatures of the external environment.

Given that an active temperature control was needed for this experiment, a much higher
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noise was attained on the external sensor. In fact, as it was explained in section 2.4.1, FBG
sensors are capable of measuring simultaneously both temperature and strain variations;
for this reason, due to the movement of air volumes inside the climatic chamber, the signal
of these optical sensors suffer from a relevant disturbance. In this regard, the external
sensors temperature curves were smoothed using a moving average, capable of maintaining
the overall behavior but decreasing substantially the measured noise.

The internal temperature curves were then compared with the corresponding voltage

curves obtained during the same process (figure 4.5).
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Figure 4.5: Comparison between internal temperature and voltage measurements during
discharge tests at 1C on an M1B sample at BOL conditions, at different external temper-

atures

As it can be observed, a lower voltage curve is obtained for the discharge test at 10 [°C].
Moreover, the difference between the two voltage curves increases sharply towards the
end of the test, corresponding to the diffusion region. At lower temperature, in fact,
lithium-ion batteries are characterized by higher ohmic and diffusion resistances. In turn,
this aspect leads to a much higher overpotential during operation, resulting in a greater
heat generation. For this reason, a higher temperature is reached at the end of the
test. Furthermore, several slope variations during the process become practically invisible

because of the increased thermal power, resulting in a much smoother curve.

Additionally, a discharge test at an extreme current rate was performed, to assess the
importance of the different contributions to heat generation. In fact, as described in
section 1.4.3, equation 1.17, the thermal power generated within the jelly roll can be

classified as reversible, related to the electrochemical reaction entropic difference, and
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irreversible contributions, linked to overpotentials during operation. The latter term
strongly depends on the current rate, as it is proportional to its square value. On the
other hand, reversible heat generation is only linearly proportional to current, resulting in
a lower contribution as the C-rate is increased. In figure 4.6, the temperature measurement

obtained during a discharge test at 10C can be seen.
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Figure 4.6: Internal temperature measurement during a discharge test at 10C at 25 [°C],
on a M1B sample at BOL conditions

As it can be noticed, the curve is characterized by a seemingly linear trend, reaching
a maximum temperature of around 70 [°C| at the end of the process. Moreover, the
temperature curve is devoid of the slope variations experienced during the discharge test at

1C, confirming the relative importance between reversible and irreversible contributions.

In addition, very slow discharge tests were performed, using a C-rate = 0.1 [h™!] (figure
4.7). Even if experiments at lower current rates were theoretically possible, in practice it
was found that the attainable temperature difference was too low to guarantee a useful
assessment. This aspect was worsened by the imperfect temperature control of the climatic
chambers. For this reason, a compromise between current rates at quasi-static conditions

and temperature variations had to be found.

At such low C-rates, the internal heat generation of the cell can be assumed to be only
related to the reversible entropic term, due to the fact that other overpotential contribu-
tions can be regarded as negligible.

As it can be seen, the temperature curve presents an almost constant behavior at the
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Figure 4.7: Internal temperature measurements during a discharge test at 0.1C on an
M1B sample at BOL conditions

beginning of the test, characterized by a plateau that lasts until 8000 [s] of elapsed time
are reached. Afterwards, a descending trend is observed, corresponding to a negative con-
tribution of the generated heat, which lasts approximately until 22000 [s] of elapsed time,
reaching a maximum temperature difference of 0.25 [°C]. Subsequently, a new plateau
can be noticed, followed by a steep increase during the final part of the discharge test.
At the end of the process, a temperature difference of around 0.5 [°C] is achieved for
the internal temperature, which corresponds to the maximum value during the test. In
addition, a small but appreciable temperature decrease can be noticed just before the
final ramp, approximately at 32000 [s].

Particularly in the plateau regions around the equilibrium temperature, several adjust-
ments can be seen on the curve: in this regard, the most probable cause of these smaller
variations was assumed to be related to the active control of the climatic chamber that, for
long tests and at such low temperature differences, becomes more relevant. On the other
hand, this temperature curve demonstrates the great capability of FBG optical sensors in

measuring dynamic variations of temperature.

The same discharge test was repeated at a lower external environment temperature, cor-
responding to 10 [°C] (figure 4.8).

It can be seen that the curves obtained at 10 and 25 [°C] are almost identical with each
others, throughout the whole process. The only differences can be found at around 5000

[s], where a higher temperature is reached for the 10 [°C| test, and at the end of the
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Figure 4.8: Comparison between internal temperature measurements during discharge

tests at 0.1C at different external temperature, on an M1B sample at BOL conditions

discharge process, where a greater final temperature is attained; however, both could be

regarded as imperfect temperature control of the chamber.

Aged cell

The aged cell was subjected to the same tests as the sample at BOL conditions, measuring
both the internal and external temperature. In particular, discharge tests at 1C and 0.1C
were performed; consequently, a comparison between cells at BOL and aged conditions

was done to assess the main differences.

In figure 4.9, the internal and external temperatures measured on the aged cell during a
discharge test at 1C can be seen: the behavior is very similar to the one of the BOL cell,
with several slope changes throughout the process. Moreover, the external temperature
follows closely the internal one, as it was for the BOL case. The two internal temperature

curves were then plotted as comparison (figure 4.10).

Because of the lower available capacity, the duration of the discharge test of the aged
cell is significantly lower than the one at beginning of life, leading to a different behavior
throughout the process. In addition, the reached temperature is more than 1 [°C] lower
than the other curve at the end of the test. On the other hand, at parity of elapsed time
(and thus of charge throughput), the aged cell reaches a higher temperature compared

to the BOL case. This aspect in particular is very important in real life applications,
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Figure 4.9: Internal and external temperature measurements during a discharge test at

1C on an M1B sample after calendar aging
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Figure 4.10: Comparison of internal temperature measurements during a discharge test
at 1C between M1B samples at BOL and aged conditions

because it demonstrates that aged cells behave differently during operation, especially at
the end of the process.

It was known from the electrochemical characterization of the samples (section 3.3.1,
figure 3.24) that the main aging mode which acted on the degraded cell was calendar
aging, due to the storage period at 60 [°C|. This caused a visible shift of the first peak
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in the DV curve, related to graphite, towards lower charge throughput: the same aspect
can be also seen in the temperature curves. In fact, if the DV curves obtained for the
same cells from a discharge at 0.04C were plotted together with the temperature curves
(figure 4.11), it can be noticed that the same peak shift can be seen in both curves. In
this instance, the DV curves were stretched from the charge domain to the time domain:
the DV curves seem to start and finish respectively after and before the corresponding
temperature curves. However, it must be considered that only a portion of the curves
is visible, due to the fact that in the first and last regions the slope variations in the
voltage curve are one order of magnitude higher than in the central part, where a plateau

is experienced.
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Figure 4.11: Comparison of internal temperature measurements during a discharge test
at 1C between M1B samples at BOL and aged conditions, coupled with the DV curves of

the respective cells

In the temperature curve of the aged cell, this aspect is reflected in a first "hill" that
appears earlier in the curve and that is characterized by a lower temperature ramp; the
plateau visible for the BOL cell, instead, is less pronounced for the degraded sample, which
lead to a different evolution of temperature in the first part of the discharge test. On the
other hand, the second part of the internal temperature measurement is very similar in
both curves, as the same slope variations can be noticed. In particular, this attribute
could lead to the assumption that very little degradation had happened at the positive
electrode during the calendar aging campaign, as the portion regarding its behavior re-

mained almost unchanged. Calendar aging, in fact, is strictly related to the formation of
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a passivation layer at the negative electrode, which decreases the cyclable lithium (leading
to LLI) and acts as an additional electrical resistance. For this reason, when an aged cell
characterized by LLI is charged, it is not capable to reach anymore the same lithiation
state at the anode, consequently leading to a shorter discharge process.

This aspect is clearly demonstrated in figure 4.11: the initial part of the temperature
curve, corresponding to the highest lithiation states at the anode, is "missing" in the

aged sample, while the second half is practically the same between the curves.

In figure 4.12, the comparison between both internal and external temperature curves can

be seen.
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Figure 4.12: Comparison of internal and external temperature measurements during a

discharge test at 1C between M1B samples at BOL and aged conditions

Other than the aspects described above, the first difference that can be noticed lies in the
final temperature difference between the curve, which in this case is equal to about 0.9
[°C], compared to the 1.8 [°C] witnessed for the BOL sample. In fact, the temperature
divergence in the aged cell is significantly lower than the one of the cell at beginning of life
throughout the whole discharge process. This can be regarded as a confirmation proof of
the increase in the radial thermal conductivity observed in the thermal characterization
campaign (section 3.3.4), leading to the conclusion that the worst condition for heat

transfer within batteries is achieved at beginning of life.

Figure 4.13 shows the temperature curves obtained from discharge tests of the aged cell

at 10 and 25 [°C|. Similarly to the beginning of life sample, a higher temperature is
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Figure 4.13: Comparison of internal and external temperature measurements during dis-

charge tests at 1C on the aged M1B sample, at different external temperature

achieved at the end of the process for the test at 10 [°C], due to the higher overpotentials
experienced by the cell. Consequently, a higher irreversible thermal power generation is
attained. For this reason, the internal temperature curve is characterized by a smoother
evolution, such that slope variations typical of the reversible heat generation term can
be hardly seen. Also in this case, the external temperature is characterized by a high
grade of noise, resulting in the impossibility to provide a clear description of the thermal
resistance between internal and external positions. The maximum temperature difference,
which corresponds to the one obtained at the end of the test, lies around 7.5 [°C] for the
test at 10 [°C], compared to less than 5 [°C] for the test at 25 [°C].

In figure 4.14, the comparison between temperature curves obtained from discharge tests
for the BOL and aged cell at 10 [°C] can be seen. The same considerations done for the
comparison at 25 [°C] hold true: in fact, a higher temperature difference is obtained for
the BOL cell at the end of the test (equal to around 11 [°C]), due to the longer duration;
moreover, also in this case, it can be noticed that the first hill-like feature at the beginning
of the test is reached earlier for the aged cell, due to the lower available lithium at the
negative electrode.

Furthermore, at parity of reached temperature, a similar temperature difference is attained
between the internal and external sensors for both samples. This aspect in particular could
suggest a lower dependency of the thermal conductivity with aging at lower operating

temperatures; however, due to the signal noise it could be difficult to confirm.
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Figure 4.14: Comparison of internal and external temperature measurements during dis-

charge tests at 1C, at 10 [°C] between M1B samples at BOL and aged conditions

In figure 4.15, the internal temperature measured during a discharge test at C'—rate = 0.1

[~ can be observed.
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Figure 4.15: Internal temperature measurements during a discharge test at 0.1C on an

MI1B sample at aged conditions

It can be noted that, in general, the shape is very similar to the one obtained for the

beginning of life sample, as the same features can be seen. In fact, a first plateau is present
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at the beginning of the test, followed by a "valley" caused by a negative reversible thermal
power contribution. Afterwards, another plateau is experienced by the cell, leading to a
smaller valley at 26000 [s] and a final temperature ramp characterized by a sharp increase.
Finally, the system undergoes a temperature homogenization until thermal equilibrium is

reached.
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Figure 4.16: Comparison between internal temperature measurements during discharge
tests at 0.1C of M1B samples at BOL and aged conditions

When compared to the BOL internal temperature curve (figure 4.16), a clear shift can be
noticed between the two curves: in fact, it can be seen that, for the aged sample, the first
valley is reached much earlier in time, at 4000 [s|, compared to almost 10000 [s] for the
BOL cell. Subsequently, a very similar behavior is observed for both tests, leading to a
final temperature difference of 0.5 [°C]. Then, the two curves were matched at the end of

the discharge test, corresponding to the lowest state of charge (figure 4.17).

It can be distinctly recognized that, when the curves are lined up from the final tem-
perature, they are practically identical for most of the experiments: the only appreciable
difference lies in the first part of the discharge, corresponding to the higher states of
charge.

This experimental evidence can be regarded as a further confirmation of the considera-
tions done for the tests at 1C, related to the lithiation state at the anode prior to the
discharge. In this regard, figure 4.16 clearly demonstrates that the shift experienced by
the aged cell can be assumed to be dependent only on the reversible heat generation term,

linked to the reaction entropy difference. It can be further stated that the reversible ther-
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Figure 4.17: Comparison between internal temperature measurements during discharge

tests at 0.1C of M1B samples at BOL and aged conditions, paired at the end of the process

mal power term and the resulting internal temperature are directly correlated with the

lithiation states at the batteries electrodes and thus on the thermodynamics of the cell.

Finally, a discharge test at the external temperature of 10 [°C]| was performed on the aged
cell, measuring the internal temperature. The comparison with the same test at 25 [°C]

can be seen in figure 4.18.

As it can be observed, the temperature obtained at 10 [°C] is characterized by stronger
oscillations than the 25 [°C] case; nonetheless, the FBG sensor is able to seize all of the
slope variations. In the same way of the BOL sample, also the temperature curves for
the aged cell can be almost perfectly superimposed, confirming the assumption that the

reversible heat generation is characterized by a weak dependency with temperature.

4.1.2. Charge tests

Charge tests were performed as well, with the simultaneous measurement of the internal

and external temperature through the FBG sensors.

Beginning of life cell

In figure 4.19, the temperature evolution during a charge test at C-rate = 1 [h~!] can be

seell.
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Figure 4.18: Comparison between internal temperature measurements during discharge

tests at 0.1C of the aged M1B sample at different external temperature
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Figure 4.19: Internal and external temperature measurements during a charge test at 1C
on an M1B sample at BOL conditions

As it was the case for the discharge tests, it can be observed that several slope changes
appear in the curve: in particular, in the first period of the charge process, corresponding
to the lowest states of charge, the temperature has a negative trend (1), resulting in a
temperature difference of almost 0.5 [°C].

Given that the charge process is carried at 1C, several irreversibilities exist, which corre-
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spond to the overpotentials arising on the voltage curve during operation, as described in
section 1.1.2. These terms always lead to a positive heat generation, that tend to increase
the temperature of the system (2). Nonetheless, the fact that a negative slope is obtained
experimentally could lead to the assumption that the reversible entropic heat contribution
(which is the only other term in the heat production of the cell) has a strong negative
trend at the lowest SoC's, that outweighs even the overpotentials irreversibilities.
Another notable aspect lies in the plateau observed towards the end of the charge process
from 2500 to around 3000 [s] of elapsed time (3), where the temperature slope experiences
a strong decrease. Also in this instance, it could be assumed that a negative entropic heat
contribution exists. Finally, a temperature decrease is experienced at the end (4).

For what concerns the external temperature, it follows closely the shape of the internal
sensor one, also during the first part of the test, after which the two curves cross with
each others. Because of the thermal conductivity, a certain divergence can be noticed
between the two temperature curves, whose maximum difference lies around 1 [°C] in the
final phase of the process.

Similarly to the discharge instance, in figure 4.20, the internal temperature curve was

coupled with the corresponding voltage measurement during the charge test.
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Figure 4.20: Internal temperature and voltage measurements during a charge test at 1C

on an M1B sample at BOL conditions

As described in section 2.3.1, the protocol employed for a charge test consists in a first
constant current (CC) phase, followed by a constant voltage (CV) one, during which the
voltage level is kept at the upper limit. In the figure above, both can be seen, so that a

fair comparison can be carried with the the internal temperature. It can be noted that,
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contrarily to the discharge test, in this case the final peak visible in the temperature curve
is less sharp than its counterpart. In fact, unlike in discharge mode, after the CC phase
of the charge process, the current doesn’t immediately go to zero, but experiences a slow
decrease during the CV phase, until the termination current is reached. In this way, the
power given to the cell (and thus the heat generation through the overpotentials) doesn’t
abruptly drop to zero, but gradually diminishes, causing a smoother temperature curve
in the final part of the process; finally, as the current decreases, the cell experiences a
cooling process as the temperature goes down.

Additionally, it can be observed that a link exists between the slope changes of the tem-
perature and voltage curves, that can be attributed to thermodynamic variations of the

internal states of the cell, as already described for the discharge tests.

After this step, two additional charge tests were performed, starting after different resting
periods, to assess the impact that this parameter could have on the resulting temperature
curve. The outcomes are presented in figure 4.21. As comparison, the curve related to the
"Test 1" was obtained after a very long relaxation time, so that the equilibrium potential
could be reached at SoC' = 0.
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Figure 4.21: Internal temperature measurements during charge tests at 1C, starting after

different resting periods on an M1B sample at BOL conditions

As it can be seen, there is great accordance between the curves, throughout almost the
whole process: in fact, the measurements have all the same behavior in the central and
final part of the test, following seemingly parallel lines and ending at about the same

temperature level (around 29.5 [°C]). The only apparent difference lies in the first part
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of the charge tests, where the temperature curves are characterized by a negative slope.
In fact, it can be noticed that the curves at different starting voltage are distinguished by
a different first descending trend, which lasts longer as the initial voltage decreases. This
difference is then kept for the remainder of the test.

To make things more clear, the same temperature measurements were plotted against their
respective voltage curves (figure 4.22): as it can be seen, a decrease of the initial voltage
difference causes a shift in the subsequent voltage curve, so that the upper voltage limit
is reached later. This deviation is maintained in the temperature curve as well, showing

further proof of the strong correlation between them.
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Figure 4.22: Comparison between internal temperature and voltage measurements during
charge tests at 1C, starting from different voltage levels on an M1B sample at BOL

conditions

Similarly to discharge processes, the internal temperature during the 1C charge test was
compared with the DV curve of the same cell obtained after a charge at 0.04C (figure
4.23).

Also in this case, a relatively good accordance can be found between the two curves,
such that the peaks in the DV curve correspond to the slope variations on the internal
temperature. In addition, it can be noted that the final plateau, situated between 2500
and 3000 [s] of elapsed time, corresponds quite well with the last valley on the DV curve.
As observed in the electrochemical characterization of cells in section 3.3.1, this feature
corresponds with the highest lithiation states at the negative electrode, and gradually

disappears with calendar aging related phenomena.
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Figure 4.23: Internal temperature during a discharge test at 1C on an M1B sample at

BOL conditions, compared to the DV curve of the same cell obtained after a discharge

test at 0.04C

In figure 4.24, the comparison between internal temperature curves obtained at different

external temperature is presented.
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Figure 4.24: Comparison between internal temperature measurements during charge tests

at 1C at different external temperature, on an M1B sample at BOL conditions

The same considerations done for the discharge test can be done also in this case: at lower

operating temperatures, a slightly higher slope can be noticed, particularly in the initial
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and final portion of the temperature curve. In fact, it can be seen that the initial section,
characterized by a negative slope at 25 [°C], is only partially visible at 10 [°C]. Moreover,
also the final plateau is hardly noticeable at low temperature, as only a slope variation of
low entity can be observed.

For a better understanding of the involved phenomena, the internal temperature mea-
surements were plotted against their respective voltage curves, obtained during the same

charge tests. The comparison between them can be seen in figure 4.25.
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Figure 4.25: Comparison between internal temperature and voltage measurements during
charge tests at 1C on an M1B sample at BOL conditions, at different external tempera-

tures

As it was the case for discharge tests, at lower temperature the samples are characterized
by a different behavior, because the voltage curve obtained at 10 [°C] is slightly higher.
Consequently, a higher overpotential is experienced by the cell, resulting in a higher heat
generation throughout the whole process: the biggest difference is attained towards the
end of the test, explaining in this regard the absence of the final plateau on the internal
temperature curve. In general, it can be stated that the higher thermal power generation

is the cause of the higher temperature attained during the test at 10 [°C].

In addition, charge tests at quasi-equilibrium condition were conducted on the BOL cell.
In particular, a charge test at C'—rate = 0.1 [h™1], already described in section 3.3.3, figure
3.45, was performed. It can be seen that the general shape of the internal temperature
measurement strongly resembles the one obtained from the low current rate discharge
test, if this was flipped on both axes (figure 4.26). In fact, the central region on the

curve is characterized by two plateaus separated by a hill-shaped feature. Moreover,
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the small peak at around 5000 [s] is experienced by both processes. However, some
differences can be noticed between the two curves, particularly at extreme states of charge,
corresponding to the beginning and end of the test: at these conditions, distinct slope
variations can be observed on the two curves. In this regard, in the initial part of the
charge a smoother valley can be seen, compared to the sharp ditch-shaped feature at the
end of discharge. Furthermore, at the end of the charge process, the internal temperature
presents a noticeable peak which is not present in the discharge process at the same state
of charge. For these reasons, it could be assumed that the reversible entropic heat could
depend on the specific process, being different between charge and discharge temperature

curves at extreme SoC.
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Figure 4.26: Comparison between internal temperature measurements during charge and
discharge tests at 0.1C, on an M1B sample at BOL conditions

In addition, the charge test at 0.1C was compared with an analogous test at 10 [°C] (figure
4.27).

The earliest difference encountered between the two curves can be seen at the beginning
of the process, where the initial valley in the figure is less pronounced for the test at
10 [°C]. This aspect in particular could also explain the "shallower" valley seen in the
charge test at 1C, meaning that a lower reversible heat contribution (in absolute terms) is
experienced by the batteries at lower operating temperatures. Nonetheless, the two curves
are very similar in the central portion, until 22000 seconds. Around this amount of elapsed
time, in fact, a small but appreciable bump can be seen in the curve at 10 [°C], resulting
in a higher temperature compared to the other. Moreover, the final plateau appears

compressed with respect to the curve at 25 [°C], leading to a much higher peak at the end
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Figure 4.27: Comparison between internal temperature measurements during charge tests

at 0.1C at different external temperature, on an M1B sample at BOL conditions

of the process. Apart from this last feature, the light blue temperature curve generally
presents less marked slope variations throughout the process, which could explain the

same aspect described for the test at 1C.

Aged cell

The aged sample underwent the same discharge tests as the beginning of life cell. In this
regard, the internal and external temperatures curves of the aged cell during a 1C charge
test can be seen in figure 4.28.

Similar features visible for the BOL could be noticed also in this case: in particular, the
first negative trend is repeated at the beginning, as well as the slope variations present in
the middle part of the charge process, namely at the central states of charge. Moreover,
also the temperature divergence between internal and external sensors can be seen in the
graph, which increases at the internal temperature grows.

The greatest difference between beginning of life and aged samples can be noticed in the
final part of the temperature ramp, as it can be seen in figure 4.29. In this graph, the two

internal temperature curves were compared to assess the main differences between them.

It can be clearly seen that the two temperatures follow the exact same behavior during the

first half of the charge process: in this regard, it can be understood that no difference can
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Figure 4.28: Internal and external temperature measurements during a charge test at 1C

on an M1B sample after calendar aging
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Figure 4.29: Comparison of internal temperature measurements during a charge test at
1C between M1B samples at BOL and aged conditions

be appreciated between the internal states of the two cells at these states of charge. At
around 1500 [s] of elapsed time, however, the two curves start to diverge from each others,
leading the internal temperature of the degraded cell to reach a higher final temperature
at the end of the CC phase of the charge test (that corresponded to about 30.1 [°C]).

Furthermore, the plateau that was very visible for the BOL cell, was in this case almost
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non-existent and only a small slope change in the curve could be seen. This aspect in
particular was found to be very interesting: as it was the case in the internal temperature
curves during discharge tests, the most significant variation between the BOL and aged cell
behaviors was found at very high states of charge, corresponding to the highest lithiation
levels for the graphite anode. Moreover, given that the most probable cause of degradation
during the calendar aging campaign was SEI formation, these features of the temperature
curves could be used as an indication of its advancement.

Finally, both the internal and external temperature measurements obtained from the
beginning of life and aged samples were compared in figure 4.30, equivalent to the one

obtained from the discharge tests.
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Figure 4.30: Comparison of internal and external temperature measurements during a

charge test at 1C between M1B samples at BOL and aged conditions

It can be noticed that, even in the case of charge process, similar conclusions could be
drawn. In particular, the external sensors follow the shape of the internal ones, for the
duration of the entire test. In the same way, a smaller temperature divergence was ex-
perienced by the aged cell, as it was the case for the analogous discharge tests, showing
further validation of the increased radial thermal conductivity estimated during the ther-
mal parameters campaign. In fact, at the final peak, a temperature difference of around

1 [°C] was measured.

A similar comparison was done between the aged and BOL cells at 10 [°C], decreasing
the operating temperature (figure 4.31).

It can be seen that, also in this case, the general shape is very similar between the two
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curves, presenting features. In the initial section, the less steep negative trend found
in the beginning of life cell is also encountered in the aged cell. Subsequently, it is
observed that the aged cell presents even less pronounced slope variations throughout
the process, resulting in an approximately linear trend. This could be caused by the
higher overpotentials arising during operation in the aged cell. Furthermore, the external
temperature measurements were affected by a great amount on signal noise during the
test. For this reason, even if the temperature differences across the cell seems to be

comparable, it is difficult to provide a satisfactory assessment.
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Figure 4.31: Comparison of internal and external temperature measurements during
charge tests at 1C and 10 [°C] between M1B samples at BOL and aged conditions

Consequently, the comparison between charge tests at 1C at different temperature was
done for the aged cell (figure 4.32).

The same considerations made for the BOL cell comparison hold true also in this case. In
fact, the curve at 10 [°C] is characterized by less evident slope changes compared to the
test at 25 [°C]. In this regard, it can be noted that working at lower temperature, and
thus with higher overpotentials during operation, only emphasize the reduction of slope

variations on the internal temperature already caused by aging.

Finally, a comparison was done between charge tests at 0.1C of the cells at BOL and aged
conditions (figure 4.33).

It can be observed that the initial part of the curve is very similar between the two cases.

However, a higher temperature is reached thereafter for the aged cell, suggesting a higher
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Figure 4.32: Comparison between internal temperature measurements during charge tests

at 1C and different external temperature of M1B sample at aged conditions
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Figure 4.33: Comparison between internal temperature measurements during charge tests
at 0.1C of M1B sample at BOL and aged conditions

contribution of the reversible thermal power generation at the corresponding lithiation
state (or an imperfect control of the internal temperature by the climatic chamber).
It can be clearly seen that a shorter duration of the test is attained for the aged cell: in

this regard, the final plateau visible for the sample at beginning of life, has completely



154 4| Internal temperature investigation

shrunk in the degraded cell. Even so, the final peak was conserved at the end of the
test. This aspect in particular couldn’t be seen from analogous discharge tests, further
suggesting that a different behavior appeared depending on the process. Moreover, due
to the fact that this last feature is maintained, it could be assumed that no apparent
relation exists with the degradation mechanisms suffered by the aged cell.

Consequently, to better understand the internal temperature evolution and avoid vari-
ations caused by imperfect chamber control, the same curves were matched along the

central region in the graph and compared with the corresponding DV curves (figure 4.34).
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Figure 4.34: Comparison of internal temperature measurements and DV curves obtained

from charge tests at 0.1C between M1B sample at BOL and aged conditions

A great conformity can be noticed between the temperature curves, especially within
the period between 5000 and 25000 [s]. Moreover, a clear correlation is seen with the
corresponding DV curves. In particular, the last peak in the internal temperature is
perfectly aligned with the steep increase in the DV curve, which corresponds to the final
ramp in the voltage curve seen at the end of the charge process. This feature is known
to be related with the equilibrium voltage at the positive electrode, as seen from section
1.1.2, figure 1.3. In this regard, the fact that the last peak is conserved between the BOL
and aged samples curves strongly suggests that no degradation was experienced by the
cathode from the calendar aging campaign, further confirming the assumption of LLI as
major degradation mode. On the other hand, the last plateau in the temperature curve
of the BOL cell is characterized by a strong similarity with the valley in the DV curves

within the same time period, corresponding instead to a phase change in the graphite
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anode. As explained in section 3.3.1, the shrinkage of this feature on the DV curve is
directly correlated with the loss of lithium inventory caused by calendar aging. In fact, as
already observed for discharge processes, during charge the cell is not capable anymore to
reach the same lithiation state, corresponding to a lower extent of the final plateau. For
this reason, figure 4.34 clearly demonstrates that the same information of the DV curve
can be obtained from the internal temperature curve, confirming further the dependency

between this parameter and the thermodynamics of batteries.

4.2. Entropic coefficient estimation

The entropic coefficient (EC) represents the equilibrium voltage variation experienced by

the cell with respect to a change in the operating temperature. It is thus defined as:
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The determination of this term is crucial for the modeling of the behavior of a lithium-ion
battery, as it describes the reversible voltage loss as a function of temperature. Conse-
quently, when a current is applied to the cell, this voltage difference is responsible for the
generation of a certain amount of heat, called (reversible) entropic heat, related to the
entropy difference experienced by the system.

The reversible heating power term becomes less and less important as the current is in-
creased, due to the fact that it depends linearly on the current, whereas ohmic losses
increase with the square of it. Nonetheless, the entropic heat cannot be neglected at low
current rates, as it constitutes a major part of the overall generated thermal power.

For the reasons stated above, an experimental campaign was carried for the estimation of
the entropic coefficient of the analyzed samples, as a function of both the SoC' and the
operating temperature.

The reference methodology for the estimation of the entropic coefficient relies on quasi-
static measurements of a battery’s open circuit voltage at different temperatures; the
entropic coefficient is then computed as the voltage differences caused by the correspond-
ing temperature variations.

An alternative methodology exists for the estimation of the entropic coefficient [136],
which exploits a dynamic temperature profile to induce a voltage variation. This novel
approach allows for a great decrease of the time span needed to estimate the entropic co-
efficient map, at parity of computed points; however, given that many M1B samples were
available at beginning of life conditions, the time required for the test didn’t represent

the limiting factor. For this reason, it was chosen to adopt the quasi-static method, as it
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requires a simpler setup than the alternative one.

In this regard, several cells at BOL conditions were selected and prepared: in particular,
an assessment of their residual capacity was made, mainly through the employment of dis-
charge tests; following this step, the cells were discharged at the desired states of charge,
ranging from 0 to 100% and divided by 5% steps. In this way, a sufficiently extensive
representation of the entropic coefficient as a function of the SoC' could be made.

A time span of 72 hours was waited for the cells to relax and reach the equilibrium voltage,
thus minimizing the effects of voltage drift on the estimation. The cells were positioned
on the holders inside the Binder MKF 720 climatic chamber described in section 2.2.1.
During this time, the temperature of the chamber was set at a certain value equal to 5
[°C] and a time of 5 hours was waited before changing it again. A temperature range
between 5 and 45 [°C| was chosen, with steps of 5 [°C]. The voltage of the cell was
recorded throughout the test, leading to the estimation of the EC.

An example of the voltage measurement during the test can be seen in figure 4.35.

3.314 T
3.313 .
3.312 R
2.3.311 R
@
o
®
-
[=] = 4
S 331
3.300 e
3.308 g
3 307 Il Il 1 Il
0 0.5 1 1.5 2 2.5
Time [s] x10°

Figure 4.35: Voltage measurement during the test for the entropic coefficient estimation,

at a SoC = 75%

As it can be seen, the voltage follows a stair-like trend, characterized by several steps
corresponding to the temperature variation of the chamber environment. Moreover, dur-
ing the rest periods, the voltage remains almost constant, confirming the assumption of
reaching the equilibrium value.

Consequently, a map of the entropic coefficient was built from this experimental campaign
through the use of its definition, as a function of temperature and state of charge. This

can be observed in figure 4.36.
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Figure 4.36: Map of the estimated entropic coefficient as a function of temperature and
SoC

It can be noted that the map is similar to the one presented in [137] for a LFP pouch
battery. In fact, similar slope changes can be noticed. Moreover, it was confirmed that
the entropic coefficient is characterized by a very weak dependency with temperature, as

the value doesn’t experience a high variation.
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Figure 4.37: Entropic coefficient estimated at 25 [°C] as a function of state of charge

In figure 4.38, the comparison between the estimated entropic coefficient curve at 25
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Figure 4.38: Comparison between internal temperature measurement obtained from a

charge test at 0.1C and the entropic coefficient curve at 25 [°C]

[°C] and the internal temperature during a discharge test at 0.1C can be observed. At
such low C-rates it is very clear that the dominant term is indeed the one related to
the entropic coefficient, as the two curves have almost the same shape. In this regard,
a clarification is needed, due to the fact that temperature and reversible heat represent
different aspects of the same concept. Indeed, the heat generated within the jelly-roll
of a battery is directly correlated with the derivative of the temperature with respect
to time and not with temperature itself, through the conservation of energy equation.
Consequently, the curves in figure 4.38 are characterized by the same general shape due
to the fact that convection thermal power losses arise during very slow charge or discharge
processes. These losses acquire greater importance because they have more time to act

on the temperature.

In addition, it can be noticed that the entropic coefficient map follows a seemingly
parabolic trend with respect to the state of charge: a maximum can be observed in
the central part of the curve, while the lowest EC was found at SoC = 0 (figure 4.37).
In this regard, a correlation of this parameter with the specific heat capacity could be
hypothesized, given the fact that both parameters regulate the thermal behavior of a
battery. Indeed, it was demonstrated [138] from a thermodynamic stand-point that a
strong relationship exists between the entropic coefficient and the heat capacity of an

electrochemical cell, reported in equation 4.2.
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Where:

e (U, is the heat capacity of the battery in a reference state, which depends on the

state of charge through the charge @), the temperature T and the volume V;

2].

e p is the pressure, [N m™?];

e (Y is the isochoric (ie. at constant volume) heat capacity of the system;
e ooy is the equilibrium voltage of the cell.

In this equation, it is stated that the heat capacity variation of a battery depends on its

thermodynamic conditions. In particular on:

ov.

e the isobaric thermal expansion coefficient &%;

0
e the temperature dependence function of the heat capacity aa%;

ou

57> as a function of the state of charge through Q.

e the entropic coefficient

In general, as described in section 1.2, lithium-ion batteries are characterized by a certain
expansion during operation, particularly within the graphite negative electrode. For this
reason, if the external shell isn’t stiff enough, the total volume of cells can change consid-
erably; this aspect is more important in prismatic or pouch geometries. Given that the
battery samples employed during the work of this thesis present a cylindrical geometry,
the first term, relative to the thermal expansion of cells, can be neglected. In this regard,
a constant volume is assumed implicitly.

In practice, the two estimated curves of entropic coefficient and specific heat capacity as

a function of the SoC' were compared with each other (figure 4.39)

These trends were estimated at around the same temperature (25 and 20 [°C], respec-
tively), such that also the term relative to the dependency of heat capacity with temper-
ature is negligible.

It can be clearly seen that a great accordance exists between the two curves, due to the
fact that similar variations can be noticed. In particular, a much lower value is achieved in

both trends at SoC' = 0, which increases in a similar way as the state of charge increases.
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Figure 4.39: Comparison between estimated entropic coefficient curve at 25 [°C] and

specific heat capacity as a function of the SoC of M1B samples

4.3. Final remarks

In this chapter, the experimental campaign for the characterization of the internal tem-

perature in the analyzed samples was presented and described. In particular:

e An experimental campaign was carried out on the battery samples with internal
temperature sensors. In this regard, charge and discharge tests were performed on
the cells at BOL and aged conditions, primarily at C-rate equal to 1C and 0.1C,
measuring the internal and external temperature throughout the process. Addition-
ally, experiments at different operating temperature were performed, comparing the

results.

e The internal temperature curves were analyzed thoroughly, describing their most
important features. A clear correlation was found between the slope variations of
the internal temperature and the thermodynamic behavior of batteries, through the
comparison with DV curves obtained in quasi-static conditions. Moreover, variations
in the temperature evolutions were detected between beginning of life and aged
samples, demonstrating the visibility of changes of electrodes behavior also in the
internal temperature. Furthermore, the increase in the radial thermal conductivity
estimated from the previous experimental campaigns was confirmed also from in-

operando internal temperature investigations.

e An additional experimental campaign was performed on beginning of life samples for

the estimation of the entropic coefficient. In this regard, several cells were tested,
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to assess their state of health. The entropic coefficient was computed from the
equilibrium voltage differences arising from a variation of the external temperature.
Moreover, a dependency between the heat capacity and the entropic coefficient was

found in literature. This was later demonstrated experimentally by comparison of
the two quantities.
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5 ‘ Thermo-electrochemical model

of lithium-ion batteries

The definition and implementation of a physics-based thermo-electrochemical model,
known as Single Particle Model (SPM), will be presented in this chapter, taking as in-
puts some of the results from previous experimental campaign. The principal aim of this
model is to correctly represent the temperature variations inside lithium-ion batteries and
at the same time provide a physical interpretation of the internal operation of the samples,

linking thermal and electrochemical related phenomena.

5.1. Introduction to physical models

As described in section 1.4.2, thermal management systems are fundamental for the cor-
rect functioning of battery packs, as they control the external cooling system and thus
the temperature gradient within the cells. For a fine control of the working conditions,
BTMSs generally employ a model of the batteries, able to characterize their thermal be-
havior through the assumption of thermal parameters. In general, these models can be
based on equivalent circuit of the batteries or, more faithfully, on a representation of the
real physical phenomena occurring during operation.

Following the results of the experimental campaigns, a physics-based thermo-electrochemical
model was defined and implemented, using some of the estimated parameters from the
experiments described in the previous chapters.

The primary goal of this model is to correctly represent the temperature evolution inside
the analyzed lithium-ion batteries, which can then be validated through the comparison
with the already obtained internal temperature description for the samples. Moreover,
given that the model is based on conservation equations, a physical interpretation of the
underlying phenomena that take place during operation can be made.

The reference model for lithium-ion batteries is known as Doyle-Fuller-Newman (DFN)
model, from the names of its most important contributors. The DFN model is often

referred to as pseudo-two-dimensional (P2D) model, due to the fact that it employs a
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double discretization to characterize the physical behavior of batteries. In this regard,
the electrodes are modeled as clusters of solid porous particles, that are approximated
as spheres and thus characterized by a certain equivalent radius. Each particle is further
described by its position along the thickness of the electrodes, so that a two coordinates

system can be identified (figure 5.1).

Load

@Rs,n @Rs,p | Electrolyte
| Separator

Figure 5.1: Schematization of the DFN lithium-ion battery model [139]

However, the DFN model is most of the times too computationally expensive for some
applications, such as BTMS, due to the limited computational resources. In this regard,
a corrected Single Particle Model will be presented in the following section, which em-
ploys some simplifying assumptions for the P2D, to decrease the computational burden
without compromising the accuracy. Afterwards, a bi-dimensional thermal model of the
cylindrical cell will be described, for the characterization of temperature gradients along
the spacial coordinates.

Both models were implemented in MATLAB® using a state space representation, partic-

ularly useful when solving time-variant systems.

5.2. Single Particle Model

A single particle model (SPM) is a physics-based electrochemical model useful for the

description of the internal behavior of lithium-ion batteries. This model is able to describe
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the batteries performance through a schematic representation of the electrodes, which are
defined as porous spherical particles. It can easily couple electrochemical and thermal
phenomena, through the definition of the appropriate conservation equations; moreover, it
is characterized by a very contained computational time when compared to other models,
due to the fact that a greater importance is given to the dominant phenomena. In this
regard, the SPM relies on the fact that the lithium transport in the electrolyte phase
is characterized by a very small timescale compared to the diffusion phenomena in the
electrodes solid particles [139], such that in the simplest form of this representation the
electrolyte-related losses are often neglected. In this limit, all of the particles in the
electrodes behave in the same way, so that it is needed to only describe one of them,
as it is representative for the whole active material domain [89, 140]. Additionally, to
increase accuracy at the cost of a small increase in the needed computational time, a
correction for the electrolyte behavior was introduced in the presented model, through
the implementation of an additional PDE. A schematization of the model, with the main

approximation is available in figure 5.2.

Load

Negative Electrode Positive Electrode

Electrolyte

0" O
Separator

Figure 5.2: Schematization of the SPM lithium-ion battery model
[only a single particle is modeled for each electrode]

The fundamental consequence of the assumption of single particles is that the current
density gradient can be considered equal to its average value over the electrode’s thickness

[141]. In this regard, the following relation can be stated:
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This assumption is only valid if the operating current rate is low, where the threshold
if often considered to be around C-rate = 1 [h™!]. At too high values, the gradient of
the operating current within the electrodes shouldn’t be considered constant and the
assumption of a single representative particle is not sufficient anymore.

The proposed model combines both the electrochemical behavior (through the modeling
of the redox reactions inside the electrodes) and the thermal behavior, by coupling the

heat generated within the jellyroll with the thermal parameters of the cell.

5.2.1. Discretization of domains and change of variable

When solving spatial PDEs, it is always necessary to define a discretization of the an-
alyzed domains, providing in this way a detailed description of the system through the
construction of a set of nodes. However, a too dense discretization comes at the cost of
higher burden on the computational resources, so a trade off must be found.

In this regard, the best best discretization strategy is the one that, at parity of number
of nodes, returns the most faithful description of the system. Following this idea, the

coordinates of the single particle model were taken into account:

e the sphere radius is the most important coordinate as the dominant diffusion phe-
nomena inside the solid particles are described along it. Moreover, it is known that
the electrochemical reactions occur at the electrode-electrolyte interface, within the
external surface of the particles. For these reasons, a discretization in space using
the Chebyshev orthogonal collocation method was chosen: Chebyshev nodes (also
known as Gauss-Lobatto quadrature points) are constructed using the projection of

equi-spaced points on the unit circle onto the real interval (figure 5.3).

Consequently, by using this method, the solution of the PDE is approximated by
a sum of Chebyshev polynomials that interpolate the solution at the N Chebyshev
nodes defined on the interval [-1, 1].

Given a certain positive integer N, the N Chebyshev nodes in the interval (—1;1)

are defined as:

2k +1
T} = COS ( 2;\} 7r) , with £ =0,1,....,.n—1 (5.2)

The most important consequence of this discretization is the fact that the nodes

are in general more amassed towards the surface of the sphere, guaranteeing a more
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Figure 5.3: Gauss-Lobatto quadrature points for Chebyshev polynomials, constructed

from equi-spaced points on the unit circle [142]

precise description within it.
In the model, each particle was characterized by a number of nodes equal to Ny = 6.
In addition, a change of variable was introduced on the diffusion equations in the
solid electrodes particles, with the aim of simplifying the solution. The modified
concentration was defined as:

u=rc (5.3)

Where r is the radius coordinate of the particles and c is the lithium concentration.
Moreover, the dimensionless form of the PDE was obtained, through the definition

of the radial coordinate:
r

Rs,i

By introducing the dimensionless radius z and solving the model on the domain

xr =

(5.4)

r[—Rs;, Rs;] mapped onto z[—1,1], the Chebyshev nodes are only clustered at
the surface, and by symmetry is possible to solve the equation only on z [0, 1] —

7 [0, Rs;], halving the number of nodes to solve.

e the linear coordinate x describes the phenomena occurring along the thickness of
the cell components. In this regard, a simple equi-spaced discretization was chosen
for each component, such that the total number of nodes along this coordinate is
given by the sum of nodes within the electrodes and the separator.

For the electrodes, the number of nodes was chosen as N, = N,, = 2, while for the

separator Ngg, = 1.
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5.2.2. Governing equations and boundary conditions

The model is based on several conservation equations, which describe different phenomena
inside the cell. In this section, these equations and their relative boundary conditions will

be stated and explained; moreover, the main assumptions of the model will be applied.

Symbol Description Symbol Description
Latin Subscript
a [m™] Specific interfacial surface area conv Convective
Ay [m?] Electrode surface area e Electrolyte
b [—] Bruggeman coefficient gen Generated
¢ [mol m™3] Lithium species concentration n Negative
cp [J kg7' K1 Specific heat capacity ohm Ohmic
D [m? s71] Lithium diffusion coefficient ox Oxidation
EAg [J mol™1] Rate constant activation energy D Positive
EAp, [J mol™'] | Solid diffusion activation energy red Reduction
Eoep V] Electrode open circuit potential rev Reversible
F [C mol™!] Faraday constant s Solid
h [Wm™2K™!] Heat transfer coefficient sep Separator
i [Am™? Current density Superscript
ig [A m™?] Exchange current density eff Effective
I [A] Current Coordinate
J [Am™2 Reaction current density r radial
K [m s7!] Reaction rate constant x linear
kW m K™ Thermal conductivity 2 axial
L [m)] Cell component length
n [—] Number of transferred charges
N [mol m™2s71] Lithium molar flux
q [W m™3] Volumetric heat flux
R [J mol 'K Universal gas constant
Ry, [m] Solid particles radius
t+ [—] Lithium transference number
T [K] Temperature
AV [V] Cell Voltage
Greek
a [—] Charge transfer coefficient
e [-] Volume fraction
n [V] Overpotential
Ke [S m™1] Electrolyte ionic conductivity
kp [A m™] Electrolyte diffusional conductivity
o; [S m™! Solid particles conductivity
o V] Electric potential
p [kg m™3] Density

Table 5.1: List of symbols, subscript and superscript employed in the SPM model
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In table 5.1 is available the list of symbols used in the model’s expressions.

Conservation of Li™ species in the solid phase

The partial differential equation (PDE) 5.5 governs the lithium transport inside the solid
particles of the electrodes, which in this context only includes diffusion. In this regard, the
particles are modeled as porous spheres, with an average radius R, so that the diffusion

equation is written in spherical coordinates.

80571- 1 a acs,i
gl (ﬂDSJ ) (5.5)

Where:

® c,; is the lithium concentration in the particles solid phase of the i-th electrode,

with ¢ = p, n;
e D, is the lithium diffusion coefficient of the i-th electrode;

The following boundary conditions were applied:

805 %
i =0 5.6
o | (5.6a)
Jcs i N; I
_’ = — = — 5-6b
or r=Rq; Ds,i nFAeleyi ( )

They are defined to impose, respectively:
e null flux at the centre of the particles, due to their spherical symmetry;

e the equivalence between the lithium flux at the external particle surface and the
lithium flux into the electrolyte, due to the local electrochemical reaction rate;
in this context, a uniform reaction rate is assumed over the whole surface of the

electrodes’ particles and along the electrodes’ thickness.

This equation is crucial for the electrochemical model, due to the fact that diffusion inside

the electrodes’ particles is assumed to be the dominant phenomenon during operation.

Conservation of Li" species in the electrolyte phase

This PDE (equation 5.7) describes the conservation of lithium ions in the electrolyte
domain within the cell components, along their thickness. It states that the accumulation

of lithium in this component (term on left hand side of the equation) coincides with the
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sum of the total molar flux across it and a generation term (first and second terms on the
right hand side, respectively), caused by the electrochemical reactions occurring at the

electrodes (of course this term is null in the separator).

0ce ON, 1 Oie;

Ee’ig_ ox +nF ox

(5.7)

Where:
® ¢.; is the volume fraction of electrolyte in the i-th component, with 7 = p, s, n;
e c. is the lithium concentration in the electrolyte phase;
e N, is the lithium molar flux in the electrolyte phase, related to transport phenomena;
® 7., is the current density in the electrolyte within the 7-th component;
e 1 is the charge number of the considered component (which is equal to 1 for Li");

The lithium molar flux V. ; can be described by the Nernst-Planck equation, that can be

stated as:

dc. F 0
N, = —Defr e _ n—Deffce—‘Zs + Cow (5.8)

¢ Ox RT ¢ Oz

Where the three terms represent respectively the diffusion, migration and convection
contribution to the molar flux. As stated previously, the convection inside the cell is

completely neglected, so that only the first two terms remain. In this equation:

e D7 is the effective lithium diffusion coefficient in the electrolyte, that takes into

account the structure of the components through the Bruggeman correlation:

DY = D, (5.9)
Where b is the Bruggeman coefficient, that includes the tortuosity and porosity of
the electrodes;
e ¢ is the electric potential inside the cell;

Moreover, the equation can be simplified through the introduction of the transference
number ¢, defined as the fraction of the total electric current carried in an electrolyte by

a given ionic species [143|. In this way, the Nernst-Planck equation becomes:
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N = _perr9ce | e
ei —

B e (5.10)

(5.11)

Finally, the conservation of Li" species in the electrolyte phase can be re-written as:

Lot ) 95
Oce 0 (Deff%) _%_71815 (1 —1t) iy (5.12)

6”@ - Ox ¢ Ox nkF Oz + nF Oz

In equation 5.12, the second term on the right hand side, related to the partial derivative
of the transference number with respect to the thickness of the cell is often neglected
for simplicity. Furthermore, the last term related to generation, is not null only in the

presence of active material, so it can be stated as:

5.13
ox L; 0 ifi=s ( )

Biey 0 { aji ifi=pn
Where:
e q; is the specific interfacial surface area in the i-th electrode;

e j; is the reaction current density at the i-th electrode;

The following boundary conditions were applied (equation 5.14), stating that no lithium

flux is present at the extremes coordinates of the electrochemical cell:
dc,
ox

Conservation of charge in the electrolyte phase

_ Oce
- Oz

=0 (5.14a)
z=L

=0

The charge conservation in the electrolyte is, of course, strongly related with cell potential
and the transport of lithium across the components thickness. As it can be noticed in
equation 5.15, the derivative in time of the charge per unit surface (ie the current density)

corresponds to the sum of two terms, respectively related to:
e the potential gradient in the electrolyte, through the Ohm’s law;

e the lithium ions transport inside the electrolyte, caused by the concentration gradi-

ent; this term is included due to the fact that lithium ions are charged species.
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0 0¢ 0 Ole
eff e eff ¥ el
ox ( e (91:) T o (HD oz lnce> i 0 (5.15)

Where:
® ¢, is the electric potential within the electrolyte phase;

o %7 is the effective ionic conductivity in the electrolyte, which is defined taking into

account the following correction through the Bruggeman correlation:

KT = fipé (5.16)
e 7 is the effective ionic diffusional conductivity, defined as:
2RT dln f
off = 2 ket —1) (1 = 1
Kp F Ke ( ) ( + dln Ce (5 7)

The boundary conditions were imposed at the extreme coordinates along the linear direc-

tion, such that the potential gradient in the electrolyte is null at x = 0 and z = L:

99e
{ Oz

Thanks to the assumption in equation 5.1, the charge conservation equations can be solved

09
Oz

=0 (5.18)

z=L

analytically in the components’ domains, as a function of the coordinate x [141]:

Pe(x) = ¢e(0) + (1 — t+)2§T In (Z‘:Egi) +

— <2AI#) 7’ (5.19)
) =00+ (1= 1) 2 (150 ) 4

0

_Aiel(a:—eff 252”) (5.20)
)
)

/fsep

i
¢e(fv):¢e(0)+(1—t+) ( (0
1 L L L
tloa 7 e | L) = R e p) 5.21
<2A 1Lk ) ( ’ 2A (Hgff 2eedd " el (5.21)

For the anode, separator and cathode, respectively.
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Conservation of charge in the solid phase

Contrarily to the definition in the electrolyte, the conservation of charge in the solid
particles is only comprised of the ohmic term, related to the potential gradient within the

solid phase along the components’ thickness (equation 5.22).

O [ cps00s Digi
e (77750 ) + e =0 >22)

In this equation, the ionic conductivity in the solid phase is defined in the same way as

its electrolyte phase counterpart, through the Bruggeman correlation:
o = g, (5.23)

In addition, the boundary conditions were imposed as:

9%, _ 9% =0 (5.24a)
O |,p, Ox a=L—L,
05 05 !
_ ?ff_ _ ?ff_ _ 24
7 or =0 % ox ey A (5.24b)

The first set of boundary conditions states that, at the electrode-separator domain inter-
faces, the current is null: this is physically understandable, as the separator is considered
an electronic insulator. The second set of conditions, instead, describes the current den-
sity at the extreme points on the x coordinates, in this way creating a link between solid
electrodes and electrolyte domains.

In the same way as for the electrolyte phase, the PDE can be solved in closed form, given

the equation 5.1 assumption [141]:

I x?
60) = 6:00) = 57 (:c - E) (5.25)
_ 1 (z— L)
¢s(x) = ¢s(L) — Aol (@ —L) - 2—Lp) (5.26)

For the negative and positive electrode, respectively.
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Electrochemical kinetics

The electrochemical kinetic behavior of the cell is governed by the Butler-Volmer equation
5.27. This expression describes the relation between the reaction current density in the
electrodes of the cell and the overpotentials arising as a consequence of it. In fact, for a

reaction to occur, a disequilibrium must be introduced in the system.

. I . Aoy anz aTediFni
I S QoziTh ) _ oypy [ — Lredi 5.27
" AL, {eXp ( RT > P ( RT )} (5.27)

Where:
e j; is the reaction current density at the i-th electrode;

® a,; is the specific interfacial surface area in porous electrodes, which represents the
active surface-to-volume ratio in these components; for spherical particles, it can be

computed as:

€s,i
s, — 3= 5.28
s = 35 (5.25)

Where ¢ ; is the active material volume fraction and R ; is the radius of the particles
at the i-th electrode.

® a,,; and a,eq; are the charge transfer coefficients of the forward and backward
reactions occurring at the i-th electrode. In lithium-ion batteries these quantities

are often taken as equal to 0.5, assuming symmetric reactions.

® i, is the exchange current density for the i-th electrode, which is defined as the
current density for which both the forward and backward reactions at one electrode
are equal, such that the potential is equal to the equilibrium one. In LIBs, it can

be evaluated as:
Q0 = FKZ»cZTd’i (Csimmaz — Cs) " comsi (5.29)

e,avg

And, with the assumption of symmetric reactions:

iO,z’ = FKi\/Cs,i (Cs,i,ma:r - Cs,i) Ce,avg (530)

Finally, the overpotentials at both electrodes can be computed as:

2RT —I
= inh ' —F 5.31
" F S (2Aela5,nLni0,n ) ( )

2RT I
= inh ' ——M— 5.32
K F - (2Aelas,p[’pi0,p> ( )
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For the negative and positive electrode, respectively.

Operating voltage

The overall battery voltage at any instant can be expressed as the terminal voltage across
the modeled cell, ie. the potential difference between the solid particles at the extreme

coordinates, corresponding to the current collectors. In other terms:

AV = ¢,(L) — 64(0) (5.33)

By considering the current path through the electrochemical cell, equation 5.33 can be

expanded to show the potential differences at each section of the modeled cell:

AV = ¢s(L) — ¢5(L — L)+ Negative electrode particles
+ ¢s(L — L,) — ¢e(L — L)+ Negative electrode reaction
+ ¢e(L — L) — ¢e(Ly)+ Electrolyte
+ ¢e(Ly) — ¢s(Lp)+ Positive electrode reaction
+ ¢s(Lyn) — ¢5(0) Positive electrode particles (5.34)

This equation is much more useful for the description of the terminal voltage, as it displays
all of the potential drops associated with the physical phenomena occurring inside the cell.
In fact, during operation, several losses arise between the two extreme points, which are
described by the previously defined equations of the model.

In this regard, equation 5.33 can be rewritten as:

AV = Eocv + My — Nn — Ne — Nohm (5.35)

Where:

e FEocy is the open circuit voltage of the cell, corresponding to the equilibrium con-
dition. It is defined as:

a(Eocnp — EOCP,n)
oT

EOCV = Eocp,p - Eocp,n +T (536)

Where FE,ep, and Fop, ., are the equilibrium potentials at the positive and negative

electrodes, respectively.

e 7). represents the voltage loss related to the lithium concentration gradient in the
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electrolyte along the components’ thickness. It can be expressed as:

ne=(1- ﬁ)Z?T In (Cc(é;) (5.37)

® 7onm 1S the ohmic loss of the cell, which is related to the resistance to migration
of electrons in the electrolyte and solid particles domains of the electrodes. This
term mainly depends on the electrical conductivities and the thicknesses of the cell

components. It can be expressed as:

TNohm = Tohm,e + TNohm,s =

I (L, L., L, I (L, I
- 5.38
24 </€fo " 2rl] " nsz> - 2A. (aiff " szf) (5.38)

sep

Conservation of energy

The conservation of energy equation describes the evolution of temperature inside the
battery, as a consequence of the generated heat within the jelly-roll.
Its structure is the same as equation 1.20, described in section 1.4.4; here it will be

reported again taking into account the parameters of the model:

oT
P g = V- [k(T,)VT] + q (5.39)

In this single particle model, the battery is modeled with a lumped description of the
temperature, such that the first term on the right hand side of the equation, relative
to heat transfer inside the cell, is neglected; this assumption will be relaxed in the bi-

dimensional thermal model in section 5.3. The equation can then be re-written as:

dT
pcpg = Qgen + Geonw (540)

Where:

® (gen is the heat generation per unit volume inside the electrochemical cell. Following

Bernardi’s model [54], it can be expressed as:
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Qgen = Qrev + dn + Qohm + Qe
_ I Ta(Eoch,p — Eocp,n)
AelLtot aT

I I

Aele T Aean I

_|_

_|_

I
+ 1 (5.41)

I
Ael Ltot lolum Ael Ltot

® (.onv is the heat transferred to the external environment through convection. It can

be written as:

. hAext

conv — T —Tm 5.42
q Vit ( b) ( )

5.2.3. Model parameters

In this section are reported the values and expressions used for the model parameters.
In particular, in table 5.2 are available the constant values, characterized by the domain

inside the SPM cell and source.

The specific heat capacity was modeled through the estimated values obtained from the

thermal characterization experimental campaign in chapter 3.

Equilibrium curves

Equilibrium potential curves are very important for the model operation, as they define
the base shape of the voltage curve of the battery. In this regard, the equilibrium potential
of both electrodes was available from the laboratory database, only from a discharge test

at 0.02C, as from charge tests it was not measured
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Figure 5.4: Open circuit potential curves of the electrodes, employed for the single particle

model
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Parameter Description N S P Source
A [m?] Electrode surface area | 0.1886 0.1886 PT
Maximum Li
Csmaz [mol m™3] concentration in solid | 3.10-10* 2.28-10% PT
particles
Lithium diffusivity in
4 2 .1
Dsio [m*s™] solid particles 1.48-10°1 1921000 | PT
EAw [J mol™] Rate constant 2.00-10* 3.00-10* | PT
activation energy
EAp, [J mol™!] Solid diffusion 3.50-10% 4.38-10* PT
) activation energy
L; [m] Component thickness | 4.51-107  2.50-107  7.00-10°7 PT
Solid particles radius 6 6
R [m] (0.04C) 4.20-10 0.09-10 Cal
Stoichiometry limits
zi1 [—] at SoC — 1 0.7446 0.00147 PT
Stoichiometry limits
Tio [—] at SoC' — 0 0.005 0.7246 PT
Charge transfer .
a [—] coofficient 0.5 0.5 Lit
s [-] Active material 0.4775 0.378 PT
’ volume fraction
€0 [-] Electrolyte volume - 53 054 0332 PT
’ fraction
i [S m~Y] Solid particles 100 10 Lit
conductivity
b [—] Bruggeman coeflicient 1.5 PT
Conng [mol m~?] Average Li elecitrolyte 1.20-103 Lit
’ concentration
Lithium diffusivity in .
2 1
De [m*s™] electrolyte 2.00-10710 Lit
tt [-] Transference number 0.3753 PT
os [S m] Electrolytg lonic 0.5 Lit
’ conductivity
p [kg m™3] Density 2252 Exp
F [C mol™] Faraday constant 96485
R [J mol™*K~'] | Universal gas constant 8.314
Ty [K] Reference temperature 298.15
AViin/maz [V] Voltage limits 2.0/ 3.6

Table 5.2: Parameters employed in the single particle model
N: anode; S: separator; P: cathode; PT: Previous thesis [22]; Lit: Literature [139, 141];
Exp: Experimental; Cal:Calibration
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Particles radii

During real operation, the behavior of the electrodes is rather complex throughout in-
tercalation and de-intercalation reactions of lithium ions. Moreover, the LFP cathode
technology employed in the analyzed samples is characterized by solid particles of dif-
ferent dimensions. For these reasons, the radii of the active material particles in the
electrodes were used as calibration parameters of the model, following the idea described
in [141].

File Name =LFP_0_11.t

(a) 20.00 KX Magnification (b) 50.00 KX Magnification

Figure 5.5: Front sections of the LEP positive electrode of the M1B samples, obtained

from a SEM analysis with different magnification levels

In figure 5.5, a Scanning Electron Microscope (SEM) analysis of the LFP cathode used
in the M1B samples can be seen. The images represent the front section of the negative
electrode and were obtained at different magnification levels, using respectively 20.00 KX
and 50.00 KX multipliers. In the figure, the white regions correspond to the electrode’s
solid particles: as it can be clearly noticed, these particles are distributed uniformly within
the volume, but are present in very different shapes and sizes, in a range of three orders of
magnitude from few [nm] to 1 [um]. Because of this reason, their electrochemical behavior
during intercalation and de-intercalation reactions is characterized by a great variation
depending on the particles size.

In this regard, given the model parameters, the radii were adjusted as a function of the
current rate: as a general rule, the higher the current and the smaller the particles, due
to the fact that, at high C-rates, smaller particles dominate the reaction overpotentials
[141].

In figure 5.6 the particles radii considered for the single particle model are presented.
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Figure 5.6: Calibrated solid particles radii for the single particle model

Lithium diffusion coefficient in the solid phase

Lithium diffusivity in the solid phase of the electrodes particles was modeled through an

Arrhenius-type relation with temperature:

EAp . [ 1 1
D= Dg;o-exp [ RD“ (To — T)} (5.43)

Where EAp,,, is the reference activation energy related to the diffusion coefficient in the

i-th electrode, computed at the reference temperature 7.

Reaction rate constant

In the same way, also the electrochemical reactions rate constants were described by an

Arrhenius-type dependence, to take into account their variation with temperature. This

EAg, (1 1
Ki = K- exp [ RKl (To — f)} (5.44)

can be stated as:

5.2.4. Aging modeling

As described in section 3.3.1, four M1B samples were subjected to a calendar aging cam-
paign at different storage conditions, reaching the final SoH stated in table 3.5. In the
same section, it was determined that the main degradation mechanisms were related with

loss of lithium inventory, due to the formation of passivation layers at the electrodes-



5| Thermo-electrochemical model of lithium-ion batteries 181

electrolyte interfaces. This particular aging mode is not accompanied by appreciable
damage on the anode and cathode structures, but it is related with loss of cyclable lithium
species between electrodes. For this reason, in the SPM, the calendar aging experienced
by the cells was modeled with the introduction of a LLI parameter. This quantity ap-
plies a correction on the available lithium during discharge by decreasing the maximum

stoichiometry limit at the negative electrode |70]:

Tn,1,aged = Tn,1,BOL * (1 — LL]) (545)

5.3. 2D Thermal model

Consequently to the definition of the single particle electrochemical model, a spatial ther-
mal model was created to account for the temperature differences within the battery
volume. In this regard, a two dimensional model will be presented in this section, start-
ing from the assumption of radial symmetry of the samples. The main idea behind this
additional discretization lies in the possibility to adequately represent the thermal inertia
of the analyzed batteries, through the introduction of the estimated thermal conductivi-
ties. In this way, a comparison between internal and external temperature curves can be
made.

This thermal model takes inspiration from the one described in [144] for the prismatic
geometry. Nonetheless, it was completely re-visited and re-written for the cylindrical

geometry and adapted to the single particle model previously described.

5.3.1. Governing equations and assumptions

The 2D thermal model is based on the relaxation of the assumption of a bulk temperature
in the SPM: in this regard, a double discretization along the radial and axial coordinates

of the cylindrical cell is applied, assuming radial symmetry.

In addition, the internal components of the battery are modeled through the definition
of their most important parameters, namely the specific heat capacity, the thermal con-
ductivities and the density, other than their relative position within the cell itself. To
increase accuracy, the components taken into account were: the jelly-roll, the positive
and negative tabs, the external shell and the current collectors foils. A schematization of

the cell internal geometry can be seen in figure 5.7.

The main assumption is that the jelly-roll is treated as an homogeneous solid domain, such

that the internal heat generation is equally distributed within this component. Moreover,
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Figure 5.7: Schematization of the 2D thermal model internal components; in (a), the

external shell and tab; in (b) a translucent view of the internal components.

convection is neglected within the cell as well as all heat transfer through radiation.
Following these assumptions, a mesh of nodes within the internal components of the
battery is generated, where adjacent nodes are related with each others through a lumped
thermal resistance.

In this way, each node can be connected to at most four neighbouring nodes through as
many heat transfer functions.

The relation for a generic node at point (r, z) is given by:

dTr,z . Tr+1,z - Tr,z Trfl,z - Tr,z
mT7Z cp’l‘,z dt - QT‘,Z + Rrr’z + R’rr’z +
Trz _Trz Trzf _Trz
+ 5 ; 5 + ) Rl 3 (5‘46)

Where:
e m, . is the mass of the node;

e ¢, . is the specific heat capacity of the node;
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° Qm is the thermal power generated within the node; this term is considered only

in the jelly-roll nodes and is defined as for equation 5.41;

o R

directions, that are defined as:

and R _ are, respectively, the thermal resistances in the radial and axial

Tr,z

~In(rg/r1)
T 2wk (20 — 21)

. 2(22 — Zl)
e ko(r3 —r7)

(5.47)

R (5.48)
Where r; and ry are, respectively, the internal and external radial coordinates of
the node; in the same way, z; and z are, respectively, the lower and upper axial

coordinates; k. and k, are the radial and axial thermal conductivity, respectively.

Additional particular cases of the generic equation can be defined; in particular, equation

5.46 becomes:

dTrz . Tr—i—l z Trz Tr z+1 — Trz Tr z—1 Trz
T,z — =Wz 7 : : : : : 5.49
" 7 Cpr’z dt Q 7 + R"’r,z - Rzr,z + RZr,z ( )
if the node is adjacent to the core of the cell, at r = 0, or
dT, . :
My 2Cp,. . - = th + hA(Tamb - Tr,z) (550)

dt

if the node is adjacent to the external environment.

Qs represents the heat transfer towards internal nodes, as for equation 5.46; h is the heat
transfer coefficient; A is the overall external surface area subjected to convection losses.
In this instance, the external environment is modeled as an additional node with constant

temperature equal to T},,.

Reorganizing the previous relations in a state-space representation, the following equation

can be defined:
T =DQ+HT (5.51)

Where:

e D is the heat generation distribution array, representing the volume fraction of

jelly-roll in the node over its total volume;

e H is the heat transfer matrix, including all of the heat transfer functions between

adjacent nodes.
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5.4. Model validation and interpretation of results on

experimental data

After the parameters calibration, the SPM model was validated through the comparison
with previously obtained experimental data. In this regard, given that the model is
more representative for charge and discharge tests at very low C-rates, the voltage curve
obtained during a discharge process at 0.04C was used. The comparison can be seen in
figure 5.8.
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Figure 5.8: Comparison between single particle model and experimental data curves for
a discharge test at 0.04C

As it can be noticed, the model is capable of matching almost perfectly the discharge test
experimental data, leading to an excellent representation. The maximum detected error
was found to be equal to 5 [mV], in the central part of the curve.

An additional comparison between the DV curves of model and experimental data was

made (figure 5.9).

It can be observed that a great accordance can be found with the experimental curve also
in this case. In this regard, the model is able to correctly represent the voltage curve slope
variations, such that the peaks related with the thermodynamic behavior of the cell are
visible. A certain noise is present in the SPM curve due to the numerical solution. In this

regard, a moving average filter was applied on the results to obtain a smoother curve.

Subsequently, the same input parameters were used for the comparison between the model

and discharge tests at a C-rate equal to 0.1C and 1C. According to the previous assump-
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Figure 5.9: Comparison between single particle model and experimental data DV curves

for a discharge test at 0.04C

tions, the radii of the solid particles of both electrodes were used as the only calibration

parameters.
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Figure 5.10: Comparison between single particle model and experimental data curves for
a discharge test at 0.1C

The shape of the curves in figure 5.10 is very similar to the one obtained from the test
at 0.04C. Indeed, both current rates could be assumed to reach the quasi-equilibrium
condition, as defined in section 2.3.2. For what concerns the model, it is able to almost

perfectly represent the voltage curve, even taking into account the different overpotential
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losses, with a maximum error of 8.9 [mV]. In particular, at the initial points of the
simulations, the SPM is capable to represent the first ohmic voltage loss experienced by

real cells, decreasing accordingly its value.
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Figure 5.11: Comparison between single particle model and experimental data curves for

a discharge test at 1C

In figure 5.11, it can be seen that the model and experimental data curves are in very
good agreement also for a discharge test at 1C: the initial ohmic loss, directly correlated
with the current rate, is correctly represented; moreover, also the behavior of the real
cell during the central part of the discharge test is very well predicted, thanks to the
electrolyte correction introduced in the model. In fact, even if the SPM is designed for
very low current rates (because of its fundamental assumptions), the curve follows closely
the experimental one. On the other hand, it can be noticed that a small divergence
between the curves occurs towards the end of the discharge test, at around 2200 [mAh].
This is related to the equilibrium curve of the graphite negative electrode, which shows
a "bump" at this lithiation state. Indeed, several slope variations can be noticed on
the model curve, even at C-rate = 1 [h™!]. These deviations indirectly derive from the
assumptions employed in the model, as some secondary phenomena effects are neglected.
A good match between experimental and model data is nonetheless achieved, such that

the final charge throughput is the same.

The maximum error between the curves was found to be equal to 134.6 [mV], correspond-
ing to the described bump at the end of the curve; in the remaining part of the curve,
instead, the maximum error was estimated to be equal to 19.5 [mV]. A comparison
between the discharge tests obtained at 0.04C and 1C can be seen in figure 5.12.
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Figure 5.12: Comparison between single particle model and experimental data curves for
discharge tests at 0.04C and 1C

Due to the model implementation, it was possible to represent the concentration evolution
inside the solid particles and electrolyte, leading to a better understanding of the lithium
transport within the cell’s components. In figure 5.13, the concentration evolution during
a 1C discharge process can be seen. It can be noted that a concentration gradient is estab-
lished during operation, both in the positive and negative electrodes. This phenomenon
is much more important within the anode particles, due to the fact that their radius was
defined as almost two order of magnitude higher than the cathode. Within the latter,

only a slight variation along the radial coordinate is experienced.

After a first differentiation from the initial equilibrium stoichiometry, the concentration
gradients reach a seemingly steady-state, corresponding to the average behavior of the cell
during operation. At a certain point, around 1800 [s] of elapsed simulation time, a switch
between the stoichiometric levels of the electrodes occurs, as the cathode approaches a

higher lithiation state.

In figure 5.14, instead, the concentration evolution of lithium ions inside the electrolyte
domain can be seen. In the graph, only the extreme coordinates along the linear dis-
cretization are represented, due to the fact that their divergence produces the voltage loss
related with transport in the electrolyte. Also in this case, it can be noticed that a gra-
dient is established within the electrolyte. This difference between extreme coordinates
is kept almost constant during the whole process, with a clear descending trend for both
curves. Indeed given that, according to the model, the dominant transport phenomena

in the electrolyte is diffusion, a first time transient is experienced by the system, until
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Figure 5.13: Evolution of the concentration of lithium species inside the positive and

negative electrode solid particles, during a 1C discharge simulation
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Figure 5.14: Evolution of lithium ions concentration in electrolyte, during a discharge

simulation at 1C

a steady state asymptotic behavior is reached. The model correctly represents the phe-
nomenon because a higher concentration is expected at x = 0, which lies in the negative
electrode domain: during discharge processes, in fact, lithium ions flow from the anode

towards the cathode; for this reason, a negative gradient is established to allow for the

transport.

Subsequently to the assessment of the voltage curves and concentration gradients, the

modeled internal temperature was taken into account. The value of this state variable
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strongly depends on the conservation of energy equation, and thus on the internal heat
generation within the jelly-roll. As described in the previous section, several contributions
take part in the heat generation within the cell, that can be divided as irreversible and
reversible terms. In this regard, the irreversible term is given by all of the overpotentials
arising during operation, comprising of ohmic, electrochemical reaction and transport
phenomena related losses. By the model definition, solid particles and electrolyte ohmic
drops (Nonm) only depend on the current rate applied to the cell and, as such, are charac-
terized by a constant behavior during CC discharge tests. Moreover, electrolyte transport
related losses (7.) strongly depend on the operating temperature and concentration gra-
dient inside the electrolyte domain. Apart from the first time transient, the latter is
approximately constant during the whole process, so this loss can be assumed to be only
temperature dependent (which is characterized by very limited variations anyway). Fi-
nally, electrochemical reactions overpotentials feature very marked changes throughout
the process, especially at the beginning and at the end. By definition through the Butler-
Volmer equation (section 5.2.2), these voltage drops strongly depend on the available
lithium at the electrode-electrolyte interfaces and thus on the lithium species concentra-
tion within the electrodes solid particles. Consequently, a higher overpotential is attained
at the start and at the end of the simulation, due to the fact that one of the two electrodes

is almost completely emptied of lithium.
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Figure 5.15: Irreversible thermal power generation during a discharge test at 1C

In figure 5.15 the sum of all contribution can be seen, where the shape is mostly determined
by electrochemical reaction overpotentials. In this regard, a higher loss in observed at the

beginning and at the end of the discharge simulation, confirming the previous statement.
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On the other hand, a plateau can be seen in the central part of the process, where the

main contribution is given by the ohmic losses.
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Figure 5.16: Comparison between reversible and irreversible thermal power generation

terms during a discharge process simulation at 1C

In figure 5.16, instead, the comparison between irreversible and reversible heat generation
terms for a discharge process at 1C is presented. It can be seen that, at such current
rates, the order of magnitude of both contribution is the same. The reversible term is
characterized by some variations, as it floats around a certain average value. It can be
noticed that the latter, however, is close to zero, such that an almost null contribution is
achieved at the end of the process.

The temperature curve obtained from the same simulation can be seen in figure 5.17.

The entropic coefficient employed for this model was slightly tweaked with respect to the
one obtained experimentally, as the latter didn’t represent correctly the internal behavior
of the analyzed cell. In this regard, the internal temperature curve obtained from the
experimental test at 1C was used for the fitting of the coefficient (figure 5.18). As described
in section 4.1, the internal temperature evolution was measured inside the mandrel of the
cylindrical samples. Given that, instead, thermal power is generated within the jelly-roll,
this procedure implicitly assumes the equivalence between the two positions in the radial
direction. In general, this is not necessarily true, but can be regarded as a safe assumption

due to the mandrel material, which is characterized by a high thermal conductivity.

The same entropic coefficient map was applied to a discharge process carried at a C-rate

equal to 0.1 [h™!], plotting the internal temperature as output (figure 5.19). A different
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Figure 5.17: Internal temperature evolution during a discharge process simulation at 1C
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Figure 5.18: Comparison of internal temperature evolution between single particle model

and experimental data, during a discharge process at 1C

heat transfer coefficient was used, as convection becomes more and more important as
the duration of the test increases.

It can be clearly seen that a very good agreement was found between the model and
previous experimental data, verifying once again the goodness of the model in predicting
the internal behavior of the modeled lithium-ion batteries. In this regard, the maximum
error between the curves was found to be equal to 0.3 [°C], at the end of the process

(corresponding to 1.21% on the curve).
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Figure 5.19: Comparison of internal temperature evolution between single particle model

and experimental data, during a discharge process at 0.1C

Furthermore, this simulation demonstrates that the entropic heat contribution is much
more important than irreversible terms at very low C-rates, leading to the confirmation
of the assumptions described in the internal temperature experimental campaign 4.1. If

this contribution was to be neglected, a much greater error would be attained.

Finally, the differentiation between internal and external temperature evolutions was rep-
resented through the introduction of the estimated values of radial and axial thermal
conductivity. These were implemented as an input for the 2D thermal model previously
defined, together with other material properties and operating parameters. For this vali-
dation step, the bulk temperature obtained from the SPM using a null heat transfer coef-
ficient was employed. This curve was imposed on the internal nodes of the bi-dimensional
mesh, constituting the inner volume of the mandrel. The cylindrical cell was then simu-
lated, taking as output the temperature at the same axial coordinate but on the external

surface (figure 5.20).

It can be seen that a discrete agreement was found between the model and the experimen-
tal curves for the external temperature sensor. On the other hand, the main difference
between the two can be noticed at the beginning of the process, where a different slope
is experienced by the simulated temperature evolution. In particular, this divergence is
caused by the assumption of imposing the internal temperature and not the heat gener-
ation within the jelly roll: from the methodology described in section 3.3.3, in fact, only

the temperature inside the mandrel could be measured, which in turn doesn’t correspond
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Figure 5.20: Comparison of internal and external temperature evolution between 2D

thermal model and experimental data, during a discharge process at 1C

to the volume where thermal power is produced. Accepting the error caused by this dif-
ference, the internal temperature was taken as input, given that it was the only available
experimental data curve. At the end of the simulation, a similar temperature difference

between the curves is nonetheless obtained.

5.4.1. Aging modeling validation

The LLI correction was applied to the single particle model, as described in section 5.2.4
and compared with the discharge tests at 0.04C obtained from the calendar aging cam-

paign samples (section 3.3.1, figure 3.23). The results can be viewed in figure 5.21.

As it can be seen, the model is able to correctly predict the effects of aging on the
voltage curves of the degraded cells. In fact, analogous curves are characterized by a
very close match and a similar final charge throughput is achieved for all four tested
samples. The maximum error between the experimental curves and their corresponding
model simulation was found to be equal to 44.3 [mV], obtained for "Cell 1". For "Cell
4" instead, which was the sample employed for the thermal and internal temperature
experimental campaigns, a maximum error of 11.2 [mV] was estimated. It can be noted
that the biggest difference between experimental data and model is experienced for all
samples in the first bump of the curve: as described in section 3.3.1, this feature is related
with the equilibrium potential of the negative electrode and,for this reason, could suggest

an imperfect description of aging in the model. A very good result is nonetheless achieved,
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Figure 5.21: Comparison between experimental data and model simulation for discharge
processes at 0.04C, for the M1B samples after calendar aging
as shown from the obtained errors between experiments and simulations.

In addition, the internal temperature curves of BOL and aged samples obtained from

discharge tests at 0.1C were compared with the single particle model (figure 5.22).
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Figure 5.22: Comparison between experimental data and model simulations for internal

temperature curves during discharge processes at 0.1C, for BOL and aged samples

For this step, the same entropic coefficient map was employed. In this regard, it is im-

portant to note that in practice this parameter depends on the actual lithiation state of
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electrodes and not on the state of charge, which can only be regarded as a proxy of this
physical quantity. When a sample is in BOL conditions, both descriptions are equivalent,
as they represent the same aspect. In aged conditions, however, a different lithiation state
is reached at SoC = 100%, leading to a compression of the state of charge range. Follow-
ing this idea, the entropic coefficient was modeled as a function of the actual lithiation
state and not on the SoC, leading to a more accurate description of the physical behavior
of batteries.

As it can be observed from the graph, a great accordance was found between the curves
also in this case, as the simulation correctly represents the main slope variations. A shift
was experienced on the entropic coefficient in the first period, thanks to the correction
applied to the initial stoichiometry as for equation 5.45. Apart from the initial differen-
tiation, the two curves are characterized by the same behavior, leading to almost parallel

lines at the end of the process.
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Figure 5.23: Comparison between experimental data and model simulations for voltage

curves during discharge processes at 1C, for BOL and aged samples

Furthermore, discharge simulations at C-rate equal to 1 [h™!] were taken into account. In
this regard, both voltage and internal temperature curves were analyzed, as they provide

a somewhat complete description of the process.

As it can be seen from figure 5.23, even at higher current rates, the model is able to
correctly predict the internal temperature of aged cells, due to the applied correction
on the lithiation state. As described in section 1.5.1, it is known that the formation of
passivation layers at the electrodes-electrolyte interfaces increases the internal resistance

of the cell, leading to a higher ohmic loss during charge and discharge processes. It can



196 5| Thermo-electrochemical model of lithium-ion batteries

be noticed that this aspect is well represented on the simulated voltage curve of the aged

cell, due to the fact that a lower voltage is found at parity of charge throughput.
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Figure 5.24: Comparison between experimental data and model simulations for voltage

curves during discharge processes at 1C, for BOL and aged samples

In the same way, the internal temperature obtained from the simulation of the aged
sample (figure 5.24) follows closely the experimental data. In particular, the decrease of
the initial lithiation state at the negative electrode, represented by an earlier "bump" in
the experimental data (see section 4.1), was predicted by the model, leading to a further

confirmation of the previous assumptions.

5.4.2. Sensitivity analysis on thermal parameters

Following the validation of the model, a sensitivity analysis was done on the thermal
parameters, to assess the impact of their value on the temperature curves. In this regard,
the estimated values obtained during the thermal characterization experimental campaign
were employed, considering their variation as a function of the state of charge and tem-
perature. For this step, the nodal representation of the 2D thermal model allowed for the
comparison between the temperature curves obtained from internal temperature measure-
ments (presented in section 4.1) with the corresponding nodes in the mesh. Following this

idea, the nodes related to the mandrel core were employed for this further validation step.

The specific heat capacity was considered as a constant value, computing the average
value with respect to the SoC' by using the correlation found from the thermal character-
ization campaign (section 3.3.4); £5% and +10% variations were then applied to better

understand the impact of this parameter on the internal temperature evolution.
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Figure 5.25: Results of the sensitivity analysis on the specific heat capacity

In figure 5.25 the results of the sensitivity analysis on the specific heat capacity are
presented. It can be noticed that a very low difference is found between the internal
temperature curves employing variable or constant values. In particular, the temperature
curve employing the average value is almost completely overlaid on the one using the
estimated specific heat capacity from the experimental campaign, due to the very weak
dependency of this parameter with the state of charge. On the other hand, a difference
of around 0.5 [°C] is achieved on the temperature at the end of the process with an
increase or decrease of the average value of +10%. When compared with the global
temperature change, this divergence appears to be significant for the thermal behavior of
batteries, leading to the risk of an imperfect design of the cooling system for battery packs
even at 1C. Moreover, given that the samples employed in this thesis are characterized
by high power capabilities, this aspect could result in increased and cumulated errors for
processes at higher C-rates as the temperature variations grow considerably. Nevertheless,
several estimated values of specific heat capacity exist in literature, depending on internal
materials, geometry and assembly. For this reason, a characterization of this parameter

should be always considered for specific samples.

Subsequently, the radial thermal conductivity was analyzed, performing a sensitivity as-

sessment on this parameter by employing the 2D thermal model (figure 5.26).

It can be observed that a negligible change is achieved through the model on the external
temperature, even with an increase or decrease of £10% on the radial thermal conductiv-

ity. This result suggests that a very low error can be achieved also for far off assumption
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Figure 5.26: Results of the sensitivity analysis on the radial thermal conductivity

of the analyzed parameter.
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5.5. Final remarks

In this chapter, the description of the thermo-electrochemical model employed for the

characterization of the LIB samples was presented. To summarize briefly:

e A single particle model was conceptualized and implemented in MATLAB® | through
the definition of conservation equations for the internal components of a battery.
In this regard, the conservation equations of charge and lithium species in the elec-
trolyte and solid particles were considered, other than the conservation of energy
employing all heat generation terms. The electrochemical reaction kinetics, instead,
were described by the Butler-Volmer equation. A discretization employing Cheby-

shev nodes was used for the spherical electrodes particles.

e A two-dimensional thermal model was defined and implemented in MATLAB®, for
the characterization of the temperature differences within the cylindrical samples.
The model is based on a nodal description of the battery volume, such that the
temperature evolution is described by a network of thermal resistances. The internal
components domains were defined in the model, through the definition of their

thermal parameters and relative position within the cell.

e The single particle model was validated on the previously obtained experimental
data, through the calibration of the physical quantities governing the internal op-
eration. A very good match was found between measured and simulated processes,
both for voltage and internal temperature curves. In particular, an error of 5 [mV]
was estimated for a discharge at 0.04C, while a maximum error of 134.6 [mV] was
found for a discharge process at 1C, which was caused by the model assumptions.
LLI and related aging phenomena were modeled through a correction on the stoi-
chiometry of the anode: the maximum error was found to be equal to 44.3 [mV],

on the voltage curve of a discharge at 0.04C.

e The internal temperature evolution was described by the conservation of energy
equation, linking overpotentials from the electrochemical behavior with the cor-
responding heat generation. The entropic coefficient map was calibrated on the
internal temperature curve of a discharge test at 1C, and validated using the same

map on a discharge test at 0.1C. The maximum error was found to be equal to 0.3

[°C.

e A sensitivity analysis was done on the model for the thermal parameters. A very
little variation of the internal temperature evolution was found by using an average

value with respect to the experimental data, concluding that the choice of a constant



200

5| Thermo-electrochemical model of lithium-ion batteries

value can be regarded as a safe assumption. On the other hand, by changing the
specific heat capacity in the range of £10%, an appreciable temperature divergence
was found at the end of the process, suggesting the need of a characterization on
the specific sample. In contrast, the same variation on the radial thermal conduc-
tivity produced a negligible change in the final temperature, concluding that little

variations can be achieved even assuming different values.
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Conclusion and future aspects

This master thesis continues the research on the definition of innovative and easy-to-

implement approaches for the characterization of lithium-ion batteries, fitting into the

European framework of circular economy for these devices. Following a comprehensive

literature review on the main operating aspects of LIBs it is found that very limited in-

vestigation was done on the effects of aging phenomena on their thermal behavior. For

these reasons, the principal aim of this work lies in the definition of innovative method-

ologies for the thermal characterization of batteries, providing in turn a better physical

understanding on the effects of degradation on the most important parameters governing

the thermal behavior.

In particular, the main objectives that were achieved during this thesis work are:

An innovative methodology for the assessment of the anisotropic thermal parameters
of cylindrical cells is presented, capable of estimating both thermal conductivity and
specific heat capacity simultaneously. The methodology is validated through the

utilization of an aluminum alloy cylindrical body of known thermal properties.

Four analytical models of the cell are defined for the estimation of thermal pa-
rameters, considering different boundary conditions for the characterization of the
anisotropic behavior of LIBs. These models were compared with analogous COM-
SOL Multiphysics simulations, to verify their accuracy; in this regard a maximum

error of 0.17% and 0.24% was found for the radial and axial models, respectively.

A new methodology is defined for the introduction of FBG optical fiber temperature
sensors inside the mandrel of cylindrical cells, employing the drilling of their positive
pole in an inert environment. An integrity verification of the drilled samples is done
afterwards, to assess the effects of this methodology on the cells. In this regard, no

appreciable impact is found on the samples after the procedure.

An experimental campaign is carried for the electrochemical and thermal charac-
terization of the available LFP lithium-ion batteries samples, both at beginning of
life and aged conditions. For this purpose, four cells are subjected to a calendar

aging campaign at different SoC'. Consequently, the radial and axial anisotropic
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behaviors of the cylindrical cells are determined, as a function of the state of charge

and operation temperature.

From the experimental campaign, it is evaluated that the specific heat capacity is
characterized by a weak parabolic trend with respect to the SoC, averaging around a
value of 1110 [J kg~ 'K ~']; similar values are estimated for both the axial and radial
tests, verifying the consistency of the methodology. The specific heat capacity of
the analyzed aged sample is found to be similar to the BOL case only in the range
of SoC between 0 and 40%, while a lower value is estimated in the remaining range.

The biggest difference is found at SoC = 1, such that a decrease of 3.3% is assessed.

More than one order of magnitude difference is found between the values of thermal
conductivity, confirming the strong anisotropic behavior found in literature. In
particular, the thermal conductivity in the axial direction is estimated to be around
30 [W m~'K~1, characterized by certain dependence with the SoC'. On the other
hand, the radial thermal conductivity in the BOL sample is estimated to have a
negligible correlation with the state of charge and to be characterized by a mean
value of 0.72 [W m~'K~!]. Additionally, this parameter is found to be appreciably
higher in the aged sample, averaging around 0.82 [W m 'K 1], resulting in an

increase of 13.9%.

An experimental campaign is carried out on the battery samples with internal tem-
perature sensors. Charge and discharge tests are performed on the cells at BOL and
aged conditions, and at different operating temperature, primarily at C-rate equal
to 1C and 0.1C, measuring the internal and external temperature throughout the
process. A clear correlation is found between the slope variations of the internal
temperature and the thermodynamic behavior of batteries, through the comparison
with DV curves obtained in quasi-static conditions. Moreover, variations in the
temperature evolutions are detected between beginning of life and aged samples,
demonstrating the visibility of changes of electrodes behavior also in the internal
temperature. Furthermore, the increase in the radial thermal conductivity estimated
from the previous experimental campaigns is confirmed also from in-operando in-

ternal temperature investigations.

An additional experimental campaign is performed on BOL samples for the estima-
tion of the entropic coefficient. In this regard, the entropic coefficient was computed
from the equilibrium voltage differences arising from a variation of the external
temperature. Moreover, a dependency between the heat capacity and the entropic

coefficient is found in literature and is later demonstrated experimentally by com-
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parison of the two quantities.

e A single particle model is conceptualized and implemented in MATLAB®, through
the definition of physically grounded conservation equations for the internal com-
ponents of a battery. A discretization employing Chebyshev nodes is used for the

spherical electrodes particles.

e A two-dimensional thermal model is defined and implemented in MATLAB® for
the characterization of the temperature differences within the cylindrical samples.
The model is based on a nodal description of the battery volume, such that the
temperature evolution is described by a network of thermal resistances. The internal
components domains are defined in the model, through the description of their

thermal parameters and relative position within the cell.

e The models are validated on the previously obtained experimental data, through
the calibration of the physical quantities governing the internal operation. A very
good match is found between measured and simulated processes, both for voltage
and internal temperature curves. In particular, an error of 5 [mV] is estimated for
a discharge at 0.04C, while a maximum error of 134.6 [mV] is found for a discharge
process at 1C, caused by the model assumptions. LLI and related aging phenomena
are modeled through a correction on the stoichiometry of the anode: the maximum

error is found to be equal to 44.3 [mV], on the voltage curve of a discharge at 0.04C.

e The internal temperature evolution is described by the conservation of energy equa-
tion, linking overpotentials from the electrochemical behavior with the correspond-
ing heat generation. The entropic coefficient map is calibrated on the internal
temperature curve of a discharge test at 1C, and validated using the same map on
a discharge test at 0.1C. The maximum error is found to be equal to 0.3 [°C]. In
addition, the validation of the internal temperature evolution on aged samples is

done on a 0.1C discharge process.

e A sensitivity analysis was done on the model for the thermal parameters. A varia-
tion of the specific heat capacity in the range of £10%, resulted in an appreciable
temperature divergence at the end of the process, suggesting the need of a character-
ization on the specific sample. In contrast, the same variation on the radial thermal
conductivity produced a negligible change in the final temperature, concluding that

little variations can be achieved even assuming different values.
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6.1. Final considerations

The thermal behavior of lithium-ion batteries must be always taken into account in the
design of safe and efficient battery management systems. In this regard, it is fundamental
to provide a reliable estimation of the main parameters governing heat transfer within
batteries: these were identified to be the specific heat capacity and the thermal conduc-
tivity.

From a practical point of view, a very weak dependency was found between these param-
eters and the lithiation state of electrodes. This aspect could lead to the conclusion that
an averaged form of them can be taken for generic applications, as very limited errors
are obtained even for far off assumptions. Moreover, when aging is taken into account,
an increase in thermal conductivity is experienced in the analyzed cells, suggesting the
possibility of sizing battery thermal management systems only considering the BOL con-
dition, as the latter represents the worst situation in terms of heat transfer.
Nevertheless, from a research standpoint, the investigation of these operational aspects is
crucial for a better understanding of the thermodynamic and kinetic phenomena occur-
ring within LIBs as it provides innovative ways for their characterization. For instance,
the correlation found between the entropic coefficient and the heat capacity of batteries,
demonstrated theoretically and experimentally, links inextricably the electrochemistry do-
main with the thermal behavior, through the thermodynamics of the system. A further
confirmation of this aspect was provided by the internal temperature evolution of batter-
ies during operation, measured through very accurate FBG optical sensors.
Furthermore, even if heat transfer is estimated to be worse at beginning of life, due to the
lower thermal conductivity value, only a thorough and complete evaluation of the internal
temperature at different conditions is able to describe the real performance.

In the end, it is demonstrated that the changes undergone by the internal components
caused by degradation phenomena have an effect on the thermal parameters of lithium-
ion batteries, due to the fact that the materials are effectively changing internally. In
particular, it can be stated that passivation layers at the electrode-electrolyte interfaces,
which were known to have an appreciable impact on the electrical behavior, influence the
thermal behavior as well.

For these reasons, an extensive analysis of the latter is necessary for the correct represen-
tation of the internal and external states of batteries, as it ensures a deeper comprehension

of their operating principles.
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6.2. Future aspects

This thesis provides a comprehensive assessment on the effects of aging on the thermal be-
havior of the analyzed lithium-ion batteries, leading to a deeper understanding of the main
related phenomena through the combination of experimental investigation and physics-
based modeling. For future works, several activities can be suggested to further improve

the comprehension of these aspects:

e Carry additional experimental campaigns for the analysis of the effects of different
types of aging on thermal parameters of lithium-ion batteries, both individually or

in combination with each others.

e Perform deeper analyses on the expansion of electrodes during operation, particu-
larly for the assessment of pressure variations within the jellyroll and their effect
on degradation phenomena and consequent changes in thermal behavior. In this re-
gard, one of the main advantages of FBG sensors lies in the capability of measuring
simultaneously temperature and strain variations, creating a possible pathway for

this analysis also on individual electrodes.

e Improvements of the Single Particle Model, providing an advanced description of

the internal phenomena and corresponding physical parameters. In particular:

— Measurement of the equilibrium potential for both electrodes during charge
processes, providing a better understanding on the related hysteresis phe-

nomenon.

— Computation of the entropic coefficient for individual electrodes, for the anal-

ysis of the different effects of aging on the single components.

— introduction of diffusion coefficients as a function of the actual lithiation state
of the electrodes, leading to a more precise description of these phenomena

during operation.
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A. ‘ Appendix A

During the thermal characterization experimental campaign, two additional M1A samples
were tested, estimating specific heat capacity and radial and axial thermal conductivity
values.

This type of sample was only characterized at aged conditions, due to the unavailability
of the same kind of cells at beginning of life. It is known from their datasheet (section 2.1)
that they are characterized by a lower capacity and a lower mass (thus a lower density
at parity of volume) compared to the subsequent M1B samples, leading to a substantial
difference in the estimated thermal parameters with respect to the latter.

Given that one of the objectives of the thesis is to characterize the effects of aging on
batteries, similar samples are needed. For this reason, the study of these cells was later

abandoned, as they didn’t offer a useful comparison with M1B samples.
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Figure A.1: Voltage curves obtained from discharge tests at 1C for M1A samples in aged

conditions
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Figure A.2: Voltage curves obtained from discharge tests at 0.04C for M1A samples in

aged conditions
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Figure A.3: DV curves obtained from discharge tests at 0.04C for M1A samples in aged

conditions

In figure A.1 and figure A.2 the discharge tests of the samples can be seen. It can be
noticed that they are characterized by a very low residual capacity, such that the first slope

variation is absent in both curves even if the cathode and anode chemistry is the same.
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This was later confirmed by the DV curve obtained from the same discharge processes at
0.04C (figure A.3).

In figures A.4 and A.5 are presented the EIS results at SoC' = 1 and SoC' = 0, respectively,
for both of the analyzed M1A samples.
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Figure A.4: Nyquist plot obtained from EIS analyses at SOC = 100% for M1A samples

in aged conditions
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Figure A.5: Nyquist plot obtained from EIS analyses at SOC = 0 for M1A samples in

aged conditions
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It can be seen that both samples are characterized by a very high HFR, much higher than
the one experienced in M1B samples. Moreover, the extensively developed semicircle leads

to a very high charge transfer resistance.

The results of the thermal characterization are presented below. In this regard "Cell 2"
was employed for the axial characterization, while the drilling methodology was applied
on "Cell 1", before the radial thermal characterization was done.

In particular, figure A.6 represents the results of the specific heat capacity estimation

from axial thermal tests.
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Figure A.6: Estimated values of specific heat capacity from axial thermal tests for M1A

samples

It can be seen that the parabolic trend seen for M1B samples is observed also in this case,

even if the values are somewhat different due to the lower density of M1A samples.

In addition, in figure A.7 the estimated values of axial thermal conductivity can be seen.
It can be noted that the shape is similar to the results of the analogous tests for M1B
samples, especially at high states of charge. In this case, the absolute values are slightly
higher than the previously described experimental campaign, providing a proof of the

increase of thermal conductivity (in this case axial) even for this sample type.

In figure A.8 the axial thermal diffusivity is presented. For this step, a density of 2086

[kg m—3] was used, computed from the mass and volume of M1A samples.
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Figure A.7: Estimated values of axial thermal conductivity from axial thermal tests for
MI1A samples
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Figure A.8: Estimated values of axial thermal diffusivity from axial thermal tests for M1A

samples
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Finally, the results of the radial thermal characterization for M1A samples are showed.
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Figure A.9: Estimated values of specific heat capacity from radial thermal tests for M1A

samples

0.9 T T T T T

<0.88} .

ity Wm™" K
(=]
(=]
[=2]

bt
o
b

bt
o
[N

0.8

Radial thermal conductiv

e
~
co
T
|

0.76 | 1 1 | 1 1 | | 1
0 10 20 30 40 50 60 70 80 90 100

SOC [%]

Figure A.10: Estimated values of radial thermal conductivity from radial thermal tests

for M1A samples
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In figure A.9 it can be seen that the estimated specific heat capacity is very similar to
the one obtained for the same samples with axial thermal tests, leading to the verification
of the consistency of both methods (in this regard, the same thermal efficiency used for
radial tests on M1B samples was employed).

In figure A.10, instead, the radial thermal conductivity results can be viewed: this pa-
rameter presents a negligible dependency with the SoC', averaging around a value of 0.84
(W m~'K~1!]. In this regard, this quantity is very similar to the one obtained from the
aged M1B sample, leading to the verification of a similar thermal behavior between the
two; however, given the different internal structure (M1A samples are characterized by a
less dense jelly-roll), a fair comparison couldn’t be done.

Finally, in figure A.11, the radial thermal diffusivity is reported, computed in the same

way as the axial tests.
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Figure A.11: Estimated values of radial thermal diffusivity from radial thermal tests for
MI1A samples
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Variable Description SI unit
Latin
as Specific interfacial surface area [m™]
a; Chemical activity of i-th species [—]

(i = Lit, C, LiC, MO, LiMO)
Ay Electrode surface area [m?]
b Bruggeman coefficient [—]
Ce Lithium species concentration in electrolyte [mol m™3]
Ce,avg Average lithium species concentration in electrolyte [mol m_3]
Cs Lithium species concentration in solid particles [mol m™3]
Cs,maz Maximum lithium concentration in solid particles [mol m™3]
cp Specific heat capacity [J kg™ K]
C Heat capacity [J K71
D, Lithium diffusion coefficient in solid particles [m? s71]
D, Lithium diffusion coefficient in electrolyte [m? s71]
e Emissive power (W m™2]
EAg Rate constant activation energy [J mol™!]
EAp, Solid diffusion activation energy [J mol™!]
EC Entropic coefficient [V K™
Eocp Electrode open circuit potential V]
Eocv Battery open circuit voltage V]
Fmaz Maximum frequency [s71]
Sfmin Minimum frequency [s71]
F Faraday constant [C mol™!]
F, Buoyancy force [N]
Fr Tension force [N]
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F, Weight force [N]
g Acceleration of gravity [m s72]
h Heat transfer coefficient (W m—2K™|
i Current density [A m™2]
io Exchange current density [A m™2]
I Current [A4]
] Reaction current density [A m™2]
J Exchanged energy [J]
k Thermal conductivity (generic) (W m= K1
Eiso Thermal conductivity (isotropic) (W m= K1
k, Radial thermal conductivity (W m 1K™
k. Axial thermal conductivity (W m= K1
K Reaction rate constant [m s71]
L Cylindrical battery length [m]
L; Cell components thickness [m]

(1 =n,p, sep, tot)
m Mass of the battery [kg]

Number of transferred charges [—]
n; Refractive index [—]
N Lithium molar flux [mol m=2s™!
Ny Number of frequencies [—]
N, Number of cycles [—]
p Pressure [N m~?]
Pe Strain-optic coefficient [—]
q Volumetric heat flux (W m=3]
q Heat flux (W m™2]
dconv Convective heat flux W m™2]
dr Radial heat flux (W m™2]
q. Axial heat flux (W m™2]
Q Exchanged capacity [C]
Qrom Nominal capacity [C]
Qres Residual capacity [C]
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Q Thermal power generation (W]

r Radial coordinate [m]

R Universal gas constant [J mol 'K~
R Battery external radius [m]

R, Solid particles radius [m]

R, Radial thermal resistance (K W1
R, Axial thermal resistance (K W]
t Time coordinate [s]

tt Lithium transference number [—]

T Temperature (K]

T Reference or initial temperature (K]

u Modified concentration [mol m™2]
u; Uncertainty of i-th term [—]

1% Volume [m?]

Veyt Cylinder volume [m?]
AV Cell Voltage V]

w Electrical power 144

x Linear coordinate [m]

1 Stoichiometry limit at SoC =1 [m]

o Stoichiometry limit at SoC = 0 [m]

z Axial coordinate [m]

zZ Impedance Q]
Greek

«a Thermal diffusivity (generic) [m? s71]
a, Radial thermal diffusivity [m? s71]
. Axial thermal diffusivity [m? s71]
Oy Charge transfer coefficient (oxidation) [—]

Ored Charge transfer coefficient (reduction) [—]

I¢] Relative thermal expansion coefficient (FBG) (K]

0% Relative thermal index refraction coefficient (FBG) [K ']
€ Body emissivity [—]
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€ Strain variation [—]
€c Volume fraction of electrolyte [—]
€s Volume fraction of solid particles [—]

n Overpotential (generic) V]

Mn Negative electrode reaction overpotential V]

Mp Positive electrode reaction overpotential V]

Ne Electrolyte transport overpotential V]
Nohm Ohmic overpotential V]

Ne Columbic efficiency [—]

Nen Energy efficiency [—]

K Electrolyte ionic conductivity (S m™!]
KD Electrolyte diffusional ionic conductivity [Am™!]
AB Bragg wavelength [m]

A Grating period [m]

£ Effectiveness of radial heater [—]

™ Greek pi [—]

p Battery Mass density (kg m™3]
o Solid particles conductivity (S m™!]
10} Electric potential V]

) Phase shift [—]

w Angular frequency [s71]
Other

v Nabla operator [—]

v?2 Laplace operator [—]
Superscript

eff

Effective
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