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General introduction

Despitethe global aviation sectoproducesonly around 2o of anthropogenicCarbon
Dioxide (COz) emissionsthe growth of the airlines significantthanks taheglobalization[1].
If left to continueat the currenpace the CO, emission of aviatiorcould reach 10% by the
middle of the centurf?]. Besides th CQ emissionsthe norCO2 emissionsuch asitrogen
oxide (NQ), sulphur oxides (S, hydrocarbons (HC) and black carbon partiédesttedby
aviation can cause a variety of environmental effediserefore the Air TransportAction
Group(ATAG) decided to introduce a regulatory framework to recadationfV HPLVVLRQ L
2016[1] [3]. An ambitious targets to mitigate the net aviatior, @@issions of 50%y 2050
compared to 2005 levels

It is becoming increasingly clear that progress amwgi@e and aircraft architectusge
necessary but not sufficient to achievés tbbjective [2]. Hence the growing interesis in
electrification, which has the advantage of i@dg dependence on fossil fueteducing CQ
emissiors and noiss, making flight saferAs illustratedin|[Figure 0-1] the electrical power
generating capacitiyas a significant growtim the last B years, especially for Boeing 78i.
spite ofthe more electri aircraft (MEA) represents multiple advantg) compared to the
conventionakircraft, the introduction oMEA leads tosomenew challenges concernirige
technolog, the efficient electrical systemsfaftive systems intergradation. The@mpanies
around the world are working dhese topics.

Figure O-1 Electrical power generatingapacity vs. introduction yed#]

Among these barriers, thelectochemical energy storagelements above all
components, are becoming the meatiousbottleneckfor the development of more electilc
aircraft due to thai energy density, power densitymits over severoperatingconditions
reliability, robustness and safe#ccording to[2], the electrical energy storage systems need
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atminimum of500Wh/kgfor all-electric and hybrid aircraft. évever, theenergy density range
of current commercial batteries fiiom 150250Wh/kg therefore, a technology gap is still
crucial. Due to theaccident ofLi-ion battery failurein Boeing 787 (Figure 0-2) [5], the
developmat of MEA must take into account theessentiaissuesin order to integrate the
electrochemicaknergystorage elemenis the aircraft

Figure 0-2 Li-ion batteryof Boeing 787 Dreamliner airline beforand after acciden{5]

In this context,?® & (/, $project has beeconductegdwhich issupported by the Institute
of Technology SairExupéry and funded by the French National Research Agendy. Th
projecthas several industrial partne®&odiacAerospace, Safran Tech, Airbaadacademic
laboratories: IMSBordeaux and LRG&miens The mainobjectives of this project are listed
below.

For the short term:

X To promote the emergence @ectrochemical energstorage technologies for
aeronautical usage

X To developefficientmethods to evaluate the commercial electrochemical energy
storage elementsr aeronauticahpplicatiors.

X To deep understand theperformance andageing behavioursof different
electrochemical energgtoragetypes including Li-ion cells, Supercapacitors
(SCaps) Li-ion capacitors(LiCs) in aeronautical environment (extreme
temperature, low pressure)

x To investigate model®r tools to evaluate orestimate the reliability, the
robustness antb identify the failure modes of electrochemical energy storage
elements.

For the long term:

X To devédop the new technologies to meet the energy and power needs for more
electrial aircraft.

x To evaluate thepractical energy densitpf Li-air technology, versus the
theoretical energy densitf 1300V h/kg.
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The thesisvork presented in this manuscrigmd realized in IMS Laboratorywhichis
basedon theframework of CELIA® SURMHFW D Q G objdiivesfét GhoR @rrithK H
particular Nowadays facing the diversity electrochemical energy storage elenpentsded
by manufacturerghere isno specific reference tests to evalutiteir performance, reliability
and robustnesduring operation in theeronauticalenvironment.There is also a lack of
knowledge aboutelectrochemical energy storage elements behaviors under the abus
conditions in thecase of dysfunction, such as thermalamay, overcharge andnderlow
pressure. Furthermorap study was investigatesh the coupling between ageing factauirsd
anaccelerated ageing laws relating to a specific profil@ésonauticalisage.

In order b achieve these objectivethis manuscripits composed ofive chaptersThe
chapterl is focused on an overview diversity electrochemical energy storagikementsand
their applications for aeronautical usage. The working principle of-idmn batteries
Supercapacitorsand Li-ion capacitorsare presented throughout their characteristith
multiple characterization method$hen, theslectrochemical energy storage elements used in
aircraft are introducedrinally, the essentiathallengedor aeronautical usagee listed

Thechapter Zoncerns the comparative performance quantificatjoexperimentand
modelling. Nine technologies of the latest generatibcommercial elements are investigated
in this thesis, includind.i-ion cells (NMC/graphite + SiO,NCA/graphite, LFP/graphite,
NMC/LTO), Lithium-Sulfur (Li-S), SCpasandLiCs. A reference tests taking into account the
aeronauticaknvironmentand usageis proposedin addition, a efficient electricalthermal
modelis established in der to build a Ragone plot to quantify the energy density and power
density for electrochemical energy storage elements.

The chapter3 is devoted to the study abbustness and safety for investigated
electrochemical energy storage elements. For ¢hispdar ageing and power cyclirageing
as well as a synthesis of akussts resultare investigated in the aeronautical environmant.
summary of performance evaluatiaccording tesevercriteria(energy density, power density,
available capacity at extreme temperatures, lifetime in caleagking type seltdischarg,
number of cycles and saf¢tis proposed in order to select the most promising commercial
electrochemical energy storage elements.

The results of the various pedic characterizatiothroughouthe calendamageingand
power cyclingageingtestsin chapter 3 are useathe chapted to investigate a SOH estimation
for Li-ion cells. This method is based guoalitative and quantitative Incremental Capacity
Analysis(ICA), which is ablgo identify the degradatiomodesduring ageing test$o estimate
which ageing typse Li-ion cells historically underwemindtheinternal resistance evolution.

The chapteb is dedicated to thevaluation ofrobustnessor electrochemical energy
storage elements in tleecelerated ageing tests with a specific aeronautical prOiily. the
most promising technologies Li-ion are retained in this chapt@&hus,a specific aeronautical
profile is proposed, which correspds to a series of flight phases for an air travel in
metropolitan France. The ageing modeisl SOH estimation methodsoposed in thperevious
chaptersare applied on treecellsunder this aeronautical profile






Chapter 1

State of art for electrochemical energy storage
systems and aeronautical applications
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1.1 Introduction

Over the last twenty years, global demand for energy is rising with overcrowding.
Transport plays a significant role in human activities. Almost all transportation are pdwere
petroleum fuelsHowever,the combustion products of petroleum are the main pollutants
emitted in the environment, which affects air qualityd causeslamage to human health.
Therefore, numerous studies have been dedicated to finding other alesfualsvor enhancing
the sustainability and reliability of energy storage systems in order to decrease fuel
consumption, produce less €émissions and polluting gé8]. Among the various choices of
energy storage systems, the electrochemical energy storage systems above sdiveftdr
advantages. Lithiuapn batteries are integrated in the vehicle to meet the power and energy
requirements with less GQemissions. While, using the electrochemical storage systems
becomes one of the hindrance to electrification of aircraft.

This first chapter is composed of two major sections. In the first section, the various
electrochemical energy storage systems are presented and compared throughout their working
principles and their characteristics. In particular for the Lithiam batteries (IBs), the
Supercapacitors (SCaps) and the Lithilam Capacitors (LiCs). The second section is devoted
to present in details a state of art on the electrochemical energy storage systems for aeronautical
usages Furthermore, some issues about aeronauticaliranment and security of
electrochemical energy storage systems are discussed. Finally, the standards and the
certifications of LiBs and SCaps are listed, which are considered as a reference test to quantify
and compare the performance of LiBs and SQapise future study.

1.2 Electrochemical energy storage systems

In order to reduce the dependence of fossil fuels, renewable energy is an alternative
solution to complete other energies. In 2016, renewable sources (hydropower, biomass, wind,
solar, geothermaBccount for approximately 26% of global electridity. However, most of
the renewable energy souscareintermittent. The Electrical Storage Systems (§%Sone of
the fewwaysto store and use electricity la{8]. The electrochemical storage system is one of
the most used SSE in everyday life and indusf@iplsuch as the LiBs or SCapsead in the
portable application (mobile phone, laptop, tablet, tools), or in the transport sector where the
electrification of vehicles or airplanes, is gradually growing.

The electrochemical storage system converts chemical energy into electrical one and
vice versa. Energy density and power density are the two commonly used indexes for
guantifying the performance of electrochemical storage sysf&@js The energy density
represents the ergr that electrochemical storage systems can be stored/delivered per unit
mass. While, the power density represents at which speed this energy can be stored/delivered.

In general, the Ragone plan allotescomparedifferent ESS. As illustrated iffFigure]
the different SSEs are positioned according to the characteristics between the energy density
(Wh/kg) and the power density (W/kg). The fuel cell is located at the top left of this pk&n, it i
therefore intended for energy applications. On the contrary, conventional capacitors are used
for high power applications. The lines that cross this plan are the time constants, defined by the
ratio of energy power, which corresponds to the time regdito fill/empty the storage system.
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Figure 1-1 Ragone diagram of the ain electrochemical energy storage elements

In this Ragone diagram, the electrochemical storage elements are positioned between
the fuel cell and the conventional capacitor. In general, they can be classified into two major
families: batteries and SCaps. The differences between them are related to the ways of storing
electric charges.

For batteries, electrical energy is stored in thk blectrode. As illustrated in tfégure]
the intercalation/dentercalatiorof Li* allows to have oxidationeduction reactions of the
electrode materials in the case of LiBs. This reaction type is accompanied with the charge
trander, which is also called faradic charge storage. The electrochemical reaction is controlled
by the slow diffusion phenomen{8]. Batteries are therefore considered as energetic elements.

Figure 1-2 Classification for the main electrochemical energy storage elements (LiBs, SCaps) based
on the way of storing electric charg¢8]
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On the contrary, in the case of SCaps, the electric charge is stored by ions adsorption in
the electrolyte on the electrode surface. The reaction occurs fast without material transport, the
SCaps are intended for power applicatifiid. In addition, the LiCs mentioned in the Ragone
plan combine energy and power.

The following paragraphs present individually the compositions and the working
principles of the different technologies located in each family, in particular for LiBs, LiCs and
SCaps.

1.2.1 The working principle of LiBs

Figure 1-3|represents the main working principle of a lithiwmn cell. A lithium-ion
cell consists of two electrodes: positive and negative. Positive electrode are compased by

metal oxide materials. Whilgraphite ishe most common material used for negative electrode.

The potential between two electradgves the cell voltage, which depends on the chemistry of

the electrode materials and operating conditions. These two electrodes are connected to the
external circui by current collectors. In general, current collectors are made of aluminium for
the positive electrode and copper for the negative one. These two electrodes are bathed in an
electrolyte that is liquid, solid or gel. A porous separator is located betivesmtwo electrodes

to avoid the short circuit.

The working principle of a lithiurmon cell is based on thetercalation/ddantercalation
of Li* into the electrode materials. During the discharge, tharki removed from the graphite
negative electrode (anode), they migrate into the electrolyte and then pass through the separator
and insert into the positive electrode (cathode). At the same time, the charge transfer takes place
on the electrodelectrolye interface, the current is therefore created. During the charge, the
displacement of Liis opposite.

Figure 1-3 Working principle of Liion cell

1.2.2 The variety of Li-ion technologies

To meet the needs terms of energy, power and price requirements for application,
there are multiple lithiunmon technologies. They are distinguished by the materials used in the
lithium-ion cell. However, their working principle is always based orirttexcalationand the
de-intercalationof Li*.
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X Negative electrode

The main materials used in the negative electrode of LiBs are summa(izauled-1
The characteristics are referred by the review of Goriptadi [12].

_ o Potential vs.Li*/Li | Theoretical capacity
Family Abbreviation
V) (mAh/qg)
Lithium-metal Li 0 3862
Carbon materialg
. LiCe 0.020.3 372
(Graphite)
X alloy
. _ LiX 0.30.4 1000-3500
(X: Si, Ge, SiO)
Titanate
o LTO 1.5 175
(Li4TisO12)

Table1-1 Main materials ofnegativeelectrode used in LiB§L2] [13]

The first material used for the negative electrode is pure lithium thanks to its low weight,
which allows to cells have a significant energy and power density. However, pure-ittétah
remains a very active element in contact watkygen and water. In addition, the metal
deposition of lithium can generate the internal short circuit during the cell operation, which
introduces security issues.

Lithium metal is therefore replaced by carbon materials. Graphite is the most used
materialfor the negative electrodes of LiBs compared to other materials because of its chemical
and thermal stability and good reversibility durimgercalation/dentercalationreaction. In
addition, this material is abundatdless expensiveGraphite has a layered, planar structure.
Non-compact hexagonal layers are separated with a distance of 0.335nm. In each layer, 6
carbon atoms are strongly linked to each other by strong covalenti@hd3onding between
layers is via weak Van der Waals bonds, which facilitategthecalaton andde-intercalation
of lithium ions between each layer. Its potential is rather low and converges to that of-lithium
metal. However, the theoretical capacity of graphite is a little weak.

The alloys that are often used in the negative electrodes Iniyle theoretical capacity
compared to graphite. However, the main problem is that the silicon particle size increases
during intercalation of L, this causes an expansion of the negative elecfi@jeAs a result,
the cycle life of LiBs is limited.

Titanate based materials are proposed by akstrdies. In fact, it has a gooapability
to deliver a high power. Furthermore, the operation of this technology can be ansuvade
range of temperatureq0°C, 55°C] evenattemperaturdelow-20°C[13]. However, the high
potential of LTO electrode gives a low specific energy for LiBs.

13



Chapterl tState of art foelectrochemical energy storage systems and aeronautical applications

X Positive electrode

Currently, the materials used for the positive electrode are multiple. This type of
material, calledhostmaterials, should be in a lithiated form. They are divided into three large
families according to their crystallinstructure The main materials used in the positive
electrode of LiBs are listed|ifable1-2

LCO, NCA and NMC belongp the laminar oxide family. LiCoO2 was the first material
used for the positive electrode, it is still adapted to today's needs thanks to its high energy
density[14]. Its cost and thermal instability because of cobalt presence remain the biggest
disadvantages.ol'make LCO moratable, progress have been dtmenks to the addition of
materials such as nickel, manganese and aluminium. NCA and NMC are therefore widely used
in commercial LiBs.

Potential vs. o cal
Family Material Abbreviation Li/Li Theoretica
capacity (mAh/g)
V)
LiCoO> LCO 4 274
Laminar | iNioeCanisAloosOz|  NCA 4 279
oxide
LiNi 1/3Mn1/3C01/302 NMC 4 280
Spinel oxide LiMn 204 LMO 4 148
Olivine LiFePQy LFP 35 170
phosphate
Sulfur LioSs Li-S 2 1672

Table1-2 Main materials of positive electrode used.iBs [13] [14]

LMO is considered as an element of spinel materials family for positive electrode. Its
threedimensional structure increases the availability dfihsertion. The dfusion of Li* is
therefore taking place faster. However, it remains unstable at high temperature, the manganese
in positive electrode can be dissolved in the electrdgle

Goodenough synthesized LiFeHOr the positive electrode material. Its structure called
"20LYLQH" ,URQ LV D-Qxibmaegdh D @dditinL {FeRPaQa good thermal
stability. However, its low potential leads to a low energy density.

Li-Sis an interesting candidate for the positive electrode materisd dadiigh specific
capacity, whiclcan be reachei to 10times higher than other materials of positive electrode.
Despite this strong point, there are two manufacturers commercialize this technology. There
are still some hindrances to overcome, such as strondiselfarg and low lifetimg16].

x Electrolyte

The electrolyte assures the biansfer between two electrodes. The electrolytes used in
LiBs are often classified into two groups: the liquid electrolyte and the solid or gelled electrolyte
[17]. The liquid electrolyte consists of soluble lithium salts, such as hexafluorophosphate of
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lithium (LiPFs) in organic solvents as Ethylene Carbonate (E@pyfene Carbonate (PC) or
Methyl Ethyl Carbonate (MEC). For the solid or gelled electrolyte, the lithium salts are
incorporated into the polymer matrix. Then, they are shaped into a film or gel. For all types of
electrolytes, they must be a good ionic conducteurthermore, they must have good
electrochemical and thermal stability ovewige range of voltage and temperature to prevent
its decompositiofl3].

X Separator

The role of theseparator is to separate the two electrodes and to provide the ionic
conductivity needed during LiBs working. The separator is made of a polymer membrane of a
few tens of micrometres in thickness. Polyethylene (PEPahgbropylene (PP) are often used
as separator material with a porous strucf@. PP ensures the mechanical strertbtis
making the LiBs more satbanks to its low melting point. Separators with a sandwich structure
(PP/PE/PP) aralso found in LiB419]. This thredayer structure can operate as a swithen
the battery is overloaded.

1.2.3 Form of LiBs

A lithium-ion battery consists of several cells in series to increase its terminal voltage
or in parallel to improve itsurrent rangeTo choose a specific technology of LiBs, apart from
the materials used in thellcassembly of cell is very important. The latter depends on the form
of cell.|[Figure 1-4]illustrates the three different fomf the lithiumion celk: cylindrical,
prismatic and pouch forsn

Figure 1-4 Different forms of Li-ion cell (a) Cylindrical, (b) Prismatic, (c) Poucf20]

The cylindrical cells follow a standard size model, such as 18650 or 26650. For the
18650 cell, it has 18mm in diameter and 65mnheight. The same definition for 26650. The
cylindrical cell is based on the superposition of layers in asegaratocathode. This
arrangement makes it possible to increase the surface of active materials in electrodes. Then,
these layers are wound aral a central pivot and spooled on several turns, finally the whole is
installed in a steel compartment and impregnated in the elect{@lljjfeMoreover, a valve
system can control the cell internal pressure to put the cell in a secure condition.

The prematic cell uses the flat electrodes stacked in a rectangular container. This
ensures a good mechanical strength and a high volumetric energy {22isity
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The cell in pouch form is the most recent design. Multiple positive electrodes
separatorgiegative electrodes are stacked and enclosed in sticdad aluminium film
envelope, which makes the cells lighter and more flexible. However, this flexible envelope can
produce the cell swelling because of the gas generated by the decomposition of the electrolyte
[23].

1.2.4 The working principle of SCaps

The SCaps consist of two aated carbon electrodes that are separated by a porous
membrane. The whole is impregnated into electrolyte as sh({WgLinel-S

Both porous electrodes based on activated carbon have a high specific surface area
(typically 2000nig™) [8]. Mastering the porosity and the pore diameter are predominant in the
carbonactivation processsincethey are directly related to the kinetic of electrolyte ions
adsorption process at the surface of electrode.

The ideal electrolyte in the SCaps must have a wide voltage window, a high ionic
concentration, a high electrochemicallslity and a low resistivity24]. Furthermore, the ion
sizes in the electrolyte must be compatible with the pore sizes in the electrodes to promote the
adsorptionprocess. Among aqueous, organic electrolytes and ionic liquids, the organic
electolyte based on acetonitrile or Propylenariibn (PC) is often usd@?2]. In fact, this type
of electrolyte offers a voltage window up to 3.5V, which avoids the electrolysis of water.

The separator for the SCaps hlas same characteristics as in the LiBs. It must have
good ionic conductivity, high thermal and chemicdhbdity. Polyethylene (PE) or
PolyVinyliDene Huoride (PVDF) is commonly used as the electrolyte material in SCaps.

Figure 1-5 Composition of SCaps

The SCaps store the electric charge directly by the electrostatic. Once the electric field
applies on the SCaps, the positive electrode attracts the negative ions (anion) in the electrolyte,
while the ngative electrode attracts the positive ions (cation). Consequently, two double layers
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with the order ofmagnitude W R 3 &rB formed at the electrode and electrolyte interface
on each sidg8]. This structure is considered as two capacitorsares. The specific
capacitance can reach 100F/g thanks to the activated d&ibon

1.2.5 The working principle of LiCs

To finish this horizotal tour of different electrochemical storage elements, we present
here the LiCs. Lithiumon capacitor is an gsnmetric device of electrochemical energy storage
systenfFigurel-6lillustrates the composition and working principle of LiCs. A LiC consists of
a positive activatedarbon electrode as in the SCaps, while the negative electrode is composed
of carbon doped withi* as for LiBs. Both of electrodes are immersed in an electrolyte with
the lithium salt. The electrolyte of LiCs has often the same composition as if2BBs

The asymmetrical structure provides a dual storage proprieties. Two energy storage
ways are presentn LiCs during the charging and discharging process. The anion
adsorption/desorption takgdace at the activated carbon positive elmde surface, the
intercalation/de- intercalationof the Li" occurs at the negative electrof26]. Another
symmetrical structure of LiCs can be found out on the market , which cortiposaixed
materials of activated carbon anddoped carbon as mentioned in the asymmetrical structure.
This technology can also provide the dual storage proprieties. In this study, the symmetrical
structure had been selected in the project.

Figure 1-6 LiCs compositions with working principle

In theory, LiCs can provide a higher power density compared to LiBs, as well as a higher
energy density compared to SCaps. In fact, the imbalance betweeletirodes is one of the
major difficulties for the LiCs development. Since the intercalation kinetics o Lslower
than the adsorption reaction at the positive electrode surface, which limits the LiCs for energy
and power applicatiof27].

The commercial LiCs arrived after the LiBs and SCggigure 1-7|illustrates some
examples of commercial products provided by leading international fardarers. They are
cylindrical, prismatic or flexible poucform. The capacity of LiCs can be expressed in Farad
or amperehour according to the manufacturer. In general, the nominal voltage is lower than
3V.
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Figure 1-7 Examples of commercial LiCs from different manufacturers

1.3 Characteristic of LiBs, SCaps and LiCs with characterization methods

In this section, the characteristic of LiBs, SCaps and LiCs with characterization methods
are introduced and compared. Despite that the working principle is different between the LiBs,
SCaps and LiCs, most of parameters used to quantify their characteristics on a macroscopic
scale are in commojT éble1-3).

Definition of characteristic parameters
Symbol (Unit)

LiBs SCaps LiCs

OCV(V) Open Circuit Voltage
ldchich (A) Discharge/charge current

U (V) Voltage

Rint () .

ESR( ) Internal resistance

Z() Impedance

Q (Ah) | | | |

) Capacity | Capacitance| Capacity/Capacitance
SOC(%) State Of Charge
E (Wh/kg) Energy density
P (W/kg) Power density

Table1-3 Main parameters of LiB&, SCaps and LiCs

These parameters can be measured by protocols in international standards. For instance,
the tests concerningé performance, robustness and abuse of rechargeable LiBs are defined in
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IEC 62660 standar@8] [29]for the application of electric or hybrid vehicles. fartmore, the

IEC 62576 standar{BO] specifies the electrical characterizations for SCaps. In addit
international standards, electrochemical techniques such as Galvanostatic Intermittent Titration
Technique (GITT) allows to characterize the OCV, internal resistance ofihiBse time
domain While, Electrochemical Impedance Spectroscopy (EISppdied to characterize the
impedancef LiBs, SCaps and LiCs in the frequency domain.

The definitions of thesparameters and the associated characterisation metiibbe
detailed in the following paragraph. The characterisation methods are basednaivibaal
electrochemical energy storage element, which corresponds to the case in our study. To date,
there is no specific standard for LiCs. But their hybrid structure and working principle
combining LiBs and SCapsdicate thathe protocolof LiBs ard SCaps can be applieh
LiCs.

1.3.1 Open Circuit Voltage

OCV is the potential difference between positive and negative electrodes when the
electrochemical energy storage elements are stored. This voltage depends on the active
materials in the electrochemicahexgy storage elements, it varies withe tSOC, the
temperature and the State Gdalth(SOH)of the electrochemical energy storage elemi@its
OCV can be measured by two techniquelS T or byapplyinga low charge/dischargmirrent

GITT consists of a series of charge/discharge cupalsealternated by a break. As
shown in[Figure 1-8] this diagram illustrates the OCV nsemement by GITT. The
discharge/chargeurrent puls allows the LiBs to be placed at the different SOCs. Then the cell
is put to rest in order to reach its thermodynamic equilibrium, the OCV is the value at the end
of the relaxation phase, which represents by a cycle for diszlaad) by a cross for charge.
The relaxation time depends on the discharge/charge current, the SOC and the discharge/charge
temperature. Sauet al [31] showed that high current, low SOC and low temperature required
a long relaxation time.

Figure 1-8 Schematic representation of OCV measurement by GITT for adn cell (a) voltage
profile (b) current profile (c) OCV vs. SO{32]
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According to the literature[83] [34] [35], the OCV obtained by a charge/discharge at
low current (less than C/20) is considered as the ps@@. In theory, the state of charge can
be determined from a simple reading of pse@dtV. However, the temperature slightly
impacts he pseudddCV versusSOC curvd36]. Otherwise, an OCV valueen significantly
distort the SOC determination for LFP/graphitedr cell , from 10% to 90% SOC,
thepseudeOCV value is alwgs 3.25V[37].

Figure 1-9 Pseudo OCVSOCcurveshased on dischargat different tanperatures for a
LFP/graphite cell[35]

Compared to these two techniques, &&T allows measuring both OCV and internal
resistance through a relaxation phase. However, the duration of relaxation to olfddvVa
after a pulse discharge &0 °C and 0 °C was approximately six times higher than that for an
OCV measured at 25 °C aB8 °C for a Liion cell . Therefore, the test lasts on
average more than 50h by applying the GITT technique at low tempeiataddition, the
relaxaton time depends on the SO@hile, the low current discharging lasts less time in this
case.

Figure 1-10 Relaxation time required at different temperatures and varied SOCs by technique of
GITT for a NMC/LTO Li-ion cell [31]
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For SCaps, aignificantselfdischarge behaviour mbservedafter a relaxation phase.
Voltage losses in the range 668% occur over two @eks[38]. It is therefore not common to
use the OCV parameter in the case of SCaps. The high potential and temperaturethpomote
self-dischargeFurthermore,lie selfdischarge introduces a leakage current, which is the sum
of the currents of all processes because of the parasite reactions and the replacement of electric
charge through the $@s. The sekldischarge rate is higher in the SCaps compared to the LiB
[39].

1.3.2 Internal resistance or ESR

When the current flows throughetcell, a voltage drop appears that is considdted
to the internal resistance. The internal resistance is tens milliohms for the Li@geahdndred
microohmsfor the SCaps at the fresh staléhe electrochemical energy storage element is
considered at the first End Of Life (EOL) when its internal resistance doubles.

According to the IEC 6266Q standard[28], the internal resistance of LiBs is
characterized by theoltage repose to a current etation profile. This profile casists of
several 10s discharge/chargerrentpulse alternated by 10min rest time. Furthermore, the
current amplitude varies and increases successively. This profile is applied at 3 SOCs (20%,
50%, 80%) and at 4 temperatu(d8°C, 25°C, 0°C;20°C).The profile for internal resistance
measuremenin this studyis illustrated ifFigure 1-11] (a), 20s of discharge/charge pulse
currents with 40s rest are selected. Therdi,imternal resistance is calculated by equation
, where 7 s the voltage at the end 20 second,7,.s the voltage before the pulse and
+ @ ¢pis the discharge or charge pulse current.

TooF 74 , e
dyad d:‘;—m"’ed 1.1 54 L o (1.2)

Figure 1-11 (a) Pulse current profile for R determination of LiBs (b) Voltage profile for ESR
determination of SCaps in IEC 62576 standaj@D]

For SCaps, the internal resistance is represented Wyghiwalent Series Resistance

(ESR). In the IEC 62576 standdB0D], ESR is characterized by the prafigurel-11(b), the
valuesU; and Uz correspond t®.9Ur and 0.7, Ur is the rated voltage of SCaps. ESR is

calculated from equatiofl.9). ¢7;is the difference of potential defined according to the
voltage beforedischarge The defined voltage is obtained by the intersection of the tangent
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curve througtUs, U2 and the point at the beginning of discharggsis the discharge current.
Another method for ESR characterization is often found in literatures. This methaxks dn
a measurement of 5s potential differengé The difference of potential is calculated befor
and after 5s when the chafdischar@ current becomes zero.

1.3.3 Impedance

The internal resistance is the ration between a voltage drop and direct current (DC).
However, if theapplied voltagés oscillated by a sinusoidal wave, the current will be converted
to alternative (AC). The proportionality between potential eamaent 8 a complex number,
which istheimpedancef electrochemical energy storage systefhsctrochemical Impedance
Spectroscopy (EISis a technique that isised to characterize the impedance of different
electrochemical energy storage systehigere are twanodesof EIS. In potentiostatic mode,
the excitation is performed by a low amplitude sinusoidal voltag®niV). While, in
galvanostatic mode, the excitation is based on a low cur#drpA). EISis a characterization
techniquebased on th&requency domain, which signifies that the impedameasuremens
performedat multiple frequencieslhe wide frequency range covefsom 10mHz to 10kHz
allowsto identifyall the physicaland chemicaphenomenan electrochemical energy storage
systems.

Figure 1-12 Impedance speatm for NMC/graphite Li-ion cell at 30% SOC at3PCin
galvanostatic mode [10mHz0kHz] with corresponding guivalentcircuit model

A typical impedance spectrum for-lon cell is shown igFigure 1-12| where the
physicatchemical phenomena ofi@n cell can be characterized at the specific fraqueAt

high frequency range,1Rs due to the connection resistance and electrolyte. Ateguency

range, the charge transfer with SEI can be determined by the two half circles. At low frequency,
the diffusion phenomenon is detected at low frequenayeran addition, this spectrum can be
simulated by an equivalent circuit with various electrical componeesigiRnceR), Constant

Phase Elemer{(CPE)) with a voltage sourceJCV). The values oR and CPE under various
conditions (T, SOC, ageing statean be followed to evaluate the properties of different
phenomena in Lion cells.

1.3.4 Capacity or capacitance

Capacity orcapacitance is the amount of the electric charge delivered or stored by an
electrochemical energy storage element. For LiBs, ahalable capacity Q in Ah) is
determined by the equatif§h.3)| it is calculated by the integraf the dischargeurrent
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over a given periodt between irial stateg and final statex. In IEC 6266(28], the initial

state is the maximum voltage, the final state is the minimum voltage defined by the
manufacturefor dischargeFor SCaps, according to IEC 62986)], the capacitance(in F)

is determined by equaticf@l whereU: and Uz are 0.9, and 0.U:, respectively, as
illustrated ir1Figure 1—11| (b), E is the variation of energy between these two potentials. As
internal resistance, the capacitance is another criterion to evaluate the performance of
electrochemical energy storage elements. When the capacity reaches 80% of its initial value,
the elementare considered as the first EOL.

Several parameters can impact the capacity/capacitance value, such as the discharge
current, the temperaturef testand the previous chaggnethod. In the case of LiBs, the
discharge current is defined by the discharge, ridis expressed in combination ohamber
and a letter C. Concerning the example of a cell of capacity 10Ah, when the regime of discharge
is C/2, this means that the-idn cell can provide the continuous discharged current of 5A
during 2 hours. Furthienore, when the discharge rate is 10C, the cell delivers 100A during 6
minutes.

According to the IEC 62660 standa2B], C/3 is considered as a standard current for
the lithiumrion cell that is dedicated tenergytype applications while 1C for the powetype
applications.

%

3L+ 4g@P (13
%

%L —— (1.4)

" Te~F 75~ '

1.3.5 State of charge

In LiBs, SOC is defined by the equati it is the available capacity3 s
relatively to a reference capacitB{ )y the reference capacity is oftdefined by users~or
the SCaps, the SOC is calculated differentlis Expressed in the equati, where 75 ds
the voltage of SCaps after the relaxation angssis the maximum voltage. SOC varies
between 0% and 100%. This parameter is sensitive to the current, the temperatueeSaid
of electrochemical energy storage elements.

3

51 %, Stua?ﬁsrr" 1.9
agu
75
510064 :7\6‘00“;~Hsrr" (1.6)
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1.3.6 Energy or power density

The energy opower densityE or P) is the ratio of energy/power relatively to the mass
of LiBs, SCaps and LiCs. These two parameters allows to establish the Ragone diagram.
According to the IEC 6266(28] and the IEC 6257630] standards, the energy density is

determined by the equatifgh.?)]for LiBs and by equatidtL.§)|for SCaps. The expression of
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these equations is similar, but the energy of LiBs is stored between initial and final states, which
correspond to the maximum voltage and the minimum voltagalitionally, the energy of

SCap is stored betwedn5Ur et Ug, respectively, because the electric charge is neaity
below0.5Uk for SCaps.

Equation|(1.9| and equatio show the power density for LiBs and SCaps,
respectively. The test, which makegdssible to determine the power density for the LiBs, is

based on the current profile in IEC 62660glre1-11)(a)), where7s 4ds the voltage of 10s by
applyinga current pulse andk g o sIS the maximum currerpulse For SCaps, the power
density is dependent diSR The energy/power densities are all sensitive to the temperature,
the current, the SOC as well as the SOH.

s & s Gamy
‘AukTE ka7:R@P 17D livodg +t@7:P@QP (1.9
1%5) Gy
TsaeH % amoe rawWrs~
2004 —= | s (1.9 Avi0dT 157 H.5a4 (1.10

1.4 Electrochemical energy storage systems for aeronautical applications

Developinghe more electral aircraft is ongoing to meet the regulatmfrenvironment
In France, the objective on reduction of polluting emission by aircraft must be reached more
than 20% until 2025. The only primary source of energy for a civil aircraft today is kerosene.
Based ornthis kerosene, three sislources of energy are generated according to hydraulic,
pneumatic and electric system. Thore Electrical Aircraft (MEA) aims to replace the
hydraulic and/or pneumatic systems by electrical sysfé@is

Electrochemical engy storage elements are one of the indispensable components in
the electrical systefior an aircraff41]. They are used to staretengines and Auxiliary Power
Unit (APU), to maintain the AC/DC network, to guarantee energy and power for avionics
equipment in case of emergency situation, to feed a#wig units,flight controls and to
provide electricity for ground maintenanée] [43]. Most of these functions aretccal.

1.4.1 Electrochemical energy storage systems used in aircraft

Historically, Vented Lead\cid batteries (VLA) was installed in aircraft until the 1950s.
Then, Vented NickeCadmium batteries (VNC) were replaced. After that, Sealed Nickel
Cadmium (SNC) aih Sealed Lead Acid (SLA) batteries are widely developed and installed in
military and commercial aircraft, such as thel® military aircraft, the .6 fighter and
Boeing 77742] [43]. In the 2000s, LiBs began to be applied in aircraft thanks to their high
energy and power density compdite SNC and SLA.

[Figure1-13illustrates some examples of batteries used in aircraft. They are all housed
in an aluminium container. These batteriesve as a secondary energy source in aircraft. In
general, several cells are put in series in a battery to provide a voltage around 28V, which
corresponds to theoltagelevel of 28V DCbusin aircraft. The number of cells placed in series
depends on thethnology.
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In |Figure 1-13 the voltage of R&452 lead acid battery manufactured by
CONCORDE contains 12 cells in series. This battery has a capacity of 17Ah. ThNi2Z8

battery from SAFT contains 20 cells in series, its capacity is 23Ah. It is installed in A318, A319,
A320 and A321. The SAFT 450 VH1 lithisian battery has a capacity 45Ah, it contains 7
cells in series, which is installed in A33QVB.

Figure 1-13 Example ofbatteriesused in aircrafts

Besides the batteries, SCaps can be also found in A380. They allow to open the aircraft
safety doors in case of emergency. The operation of these heavy doordradled by a
supercapacitor module, which is independent of the @epdwer system in the aircrgft4).

1.4.2 Energy and power requirements in more electric  al aircraft

As illustrated inTable 1-4{ the onboard electric power requirements for aircraft have
increased particularly in last decade years. This increase is directly linked with the power
requirements of additional avionicsssgms and passenger com{d].

The more electrigl aircraft A380 already flies in 200%T@ble 1-4). It has 4 main
generators of 150kVA to ensure the electrical power requirements. The innovate architect based
on 2 hydraulic and 2 electrical systems replace the traditiomgidBaulic and 2 electrical
systems[46]. Another example of th#EA is the Boeing 787Table 1-4), which has 4
generators of 250kW without the pneumatic syst¢h6$. The evolution of a convential
aircraft towards th¥EA is possible thanks to the new architect of electrical distribution system
and progress on the reliability and robustness of the components used in electrical system.

Year 1969 1972 1992 1991 2005 2009

Power (kVA) 240 250 300 460 600 1000

Table 1-4 Evolution of electrical power requirements inraraft [46]

In the MEA, electrical energy is essentially stored in electrochemical energy storage
system. The electrochemical energy storage elements are connected to thebdssapply
power to the DC bugl6]. The increasdelectric energy level requires an importagability
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of electrochemical energy storage. Electrochemical energy storage systems could be a one type
of the promising candidate fdahe electrification of noipropulsive functions anelectric
propulsion[47] [48]. The current electric propulsion aircraft is yet limited to small aircraft.
Airbus group has launched arE<d=an» project in 2011. Han is a prototype of the aircraft

with 100% electric propulsiont has two electric motors powered by lithiion polymer
batteries of 250V with 1h autonomy.

1.4.3 Issues of electrochemical energy storage elements for aeronautical usage

Currenttechnologies of electrochemical energy storage have multiple limitations for
aeronautical usage. Two major issues are discussed in detail below. The first one concerns the
gap of the energy and power densities for electrochemical energy storage elemseistshee
electrical energy requirements in aircraft. The second one concerns the reliability and
robustness of these electrochemical energy storage elements under the aeronautical conditions
[43].

1.4.3.1 Gap between technologies of electrochemical energy storage and electrical energy
requirements in aircraft

Despite the sigficant improvements are made to the latest generation electrochemical
energy storage technologies, their energy and power density are still lower tharbtheran
electrical requirements in aircraft. For instance, a long line aircraft cruise for tworbquies
about 100kWh of electrical energy. To accomplish this mission, the aircraft must carry a mass
of battery 60 times larger than its kerosene equivd&ijt

Increasing the energy density in the complete system is a crucial challenge for the
electrification of aircraft. Aeronautical manufaotrs estimate that the minimum energy
density required for a more electalairliner is 500WWkg [4]. The energy density for the
different technologiesf batteries is shown among the current technologies,
LiBs have a higher energy density that is in the range of 20KyVh

To achieve the goal of 500\MKky, new technologies are being developed. Future LiBs
and lithiumsulfur batteries based on new electrode materials allow to increase energy density.
The concept of zinair and lithiumair is similar. This type of battery has a negative metal
electrode Zinc or lithium) and a positive porous carbon electrode, both are immersed in the
electrolyte. It can offer a high energy density, since the active material of oxygen does not need
tobestoral in the electrode, it is access in the air. Therefore, thggudensity can be enhanced
5 times than LiBs theoretically.
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Figure 1-14 Battery technologies overview regarding energy densities (current, expeatetrice
[50]

Despite the eventual electrochemical energy storage technologies could not provide the
energy requirements in aircraft. However, the multiple storage techeslsgch as the LiBs,
the SCaps anthe fuel cell are able to meet thefdrent electrical energy needs in aircraft
especially for the nopropulsive functionsAs illustrated ifFigure1-15jthe diagram represents
the variety electrical energy needs in MEA. It can be observed that each application has a
specific energy and power needs. Overall, the technology ensures the most of aeronautical
applications if it can be operatdetween 1C t®0C. Therefore thelectrochemical energy
storage elementsaan be envisageor aeronautical usage

Figure 1-15 On-board multiple electrical energy requirements in aircrgfi]

Based on the previous discussion, thus mastering the selection and sizing of
electrochemicaénergystorageslementdor the electrification of aircraft is not directly by the
different scenarios of electrification, it is also dependstlon barriers and maturity of
technology.
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1.4.3.2 Issues related to aeronautical conditions

The LiBs and SCaps for aeronautical usage under specific conditions is critical,
especially, the safety concerthg operation and the performance in extreme conditions.

X The safety issues of electrochemical energy storage elements

The safetyduring operations the first criterion to be considered before integrating an
electrochemical energy storage elemeardircraft. In 2011, Boeing 783 Dreamlinewas the
first airliner using the LiBs. Two identical rechargealleion batteries are installed in
Boeing787. Each battery has a capacity of 75Ah, which contains eight cells, ranging from 2.5V
to 4.2V [52]. Lithium Cobalt Dioxide (LiCoO2) technology had been chosen as the positive
electrode material for these cells. However, the LiBs were rejected after a few inbetergen
January and May of 20183]. In January 2013, la-ion battery in Boeingy87 overheated and
caught fire. According to thé&lational Transportation Safety Board (NTSB), the thermal
runaway of this battery was probably due to the internal short circuit. In the same year, Airbus
therefore abandoned the use of LiBs in the A350. Afterwards, Boeing has made some
improvements on thieattery case to avoid the thermalaway propagation. However, a flight
was cancelled following the discovery of smoke from a lithiombattery during pr&oarding
control[53].

The smoke, fire or even explosion caused by thermal runaway are the unacceptable
issues in aircraft. Thermal runaway occurs when the cell is undee aboditions[54]. For
example, the mechanical abuse can trigger a short circuit in the cell, which introduces a large
amount of heat. The cell is therefore overheated then its temperature exceeded certain threshold
and thermal runaway is oatad.

The risks of thermal runaway is difficult to predict because it is an steeply phenomenon
that could be occurred during the battery dysfuncks®). In order to reduce these risks, in
addition to the use of more stable and safe materials for electrochemicay stemape
elements, enhance the mechanical proprieties of packaging is necessary. This allows to avoid
the mechanical abuse. Using the electronic devices can prevent external short circuit,
overcharging or ovedischarging. For example, the Positive Thdrr@aefficient (PTC)
switches the current off when the cell is overheated. The Battery Management System (BMS)
is used to monitor the battery SOH by warning users when there is a potential[fdkard

x Performanc e of electrochemical energy storage elements under extreme
conditions

The LiBs and SCaps are installed in the electronic equipment bay or in the cabin of the
aircraft, these zones are under pres§boB¢ But in the system failure situation, the LiBs and
SCaps must be able to provide power to the avionic equipment at low temperature and low
pressureRegarding the temperature, as showRigure1-16] the available capacity decreases
with temperature for the different technologies of LiBs, whiofit the energy; the resistance
increases as the temperature drops, which limits the power.

Regarding the high amplitude, Jeevarajaii] performedelectricaltests under low
pressure, it observed that the capacity of a pouch lithium cell loseseb&i¥éely to itsinitial
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capacity after 6 hours at 0.6Bar. Therefargstering the characteristics of electrochemical
energy storage elements extreme conditions are predominant for aeronautical usage.

Figure 1-16 Discharged capacity and resistance ofion cells at different temperaturesZ0°C,
0°C, 25°C et 55°C|58]

1.4.4 Standards and certifications

The chalenges of embedding tletectrochemical storage element$4BA are not only
at the level of technology and the aeronautical conditions, but also a complex issue on the
definition of regulatios, standards and certificatianin general, aronautical standards are
alwaysdeveloped by the experts in the aviation corterit such as the International Civil
Aviation Organization (ICAO), the European Aviation Safety Agency (EASA) in Europe and
the Federal Aviation Administration (FAA) in the USé&tc

Specific standards concerning the usafjdatteriesfor civil aircraft equipment are
several, such as the RTCA standardsZ83, DG311, DG188 and DG160[59]. Thestandard
of DO-293 addresses the nickeddmium, nickeimetathydride and lea@cid batteries on the
choice of technologies, sizingackaging, ventilation and the conditions for the storage and
operation of these batteries. The {301 is applied to rechargeable LiBs installed permanently
in the aircraft. It offers the characterization protocols of the performafria8s. In addition,
the standard criteria are constructed to verify the reliability and to ensure the safety operation
of LiBs. Respecting these stamdaequirements ensures the safetyaftery systems under
aeronautical conditions. Thetandardof DO-188 focuses on Emeggcy Locator Transmitter
(ELT) battery regulations. Furthermore, the environmental conditions of iteditsding the
investigation and the maintenance after incidents of the battery systerisfiaedin the
standard D@L60.

1.5 Conclusion

In this chapterthe chemical compositions, the workingrmiples and the different
forms of LiBs, SCaps and LiCs are presented in detail and compared between themselves. The
materials used in these elements and the way of storing the electric charges determine their
applcation roles (energy or power type) in a system.

Then, the main parameters of LiBs, SCaps and LiCs are introduced through
electrochemical techniques and test protocols in international standards. Most of these
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parameters are in common for LiBs, SCaps la@$. These interdependent parameters allow
to quantify the performance of the electrochemical storage elements.

Finally, the development of electrochemical energy storage technologies used on board
the aircraft is presented. The electrochemical storageesit seems to be a promising candidate
to integrate in theMEA. But above all, issues related to safety and performance under
aeronautical conditions need to be addressed. The specific aeronautical standards related to the
implantation of LiBs exist to esure the least risks
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Chapter 2

Comparative performance quantification of
electrochemical energy storage elements by
experiments and modelling
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2.1 Introduction

In this chapter, we focus dhecomparativestudy of performance quantification falt
investigated ElectroChemical Energy Storage (ECES) elements Two main sections are
includedin this chapter.

The firstsectionis dedicateddintroducethe characteristic of investigated LiBs, SCaps,
LiCs and the experimental equipment. Thelarge experimentahatrixis built by considering
all the technical datasheand aeronautitaconditions A series of specific protocolare
considered ashe referencetess to quantify theperformanceof different electrocemical
energy storage elements, especially, in terms of energy density and power Bartkieggmore,
the experimental tés cover avide temperature rangeom -20°Cto 55°Cand it was designed
for theenergytype, the powertype andthe high powertype of applicatiors.

In the secondsection the study focuses on establishing a Ragone plotgmeric
chemistry (NMC/graphite+SiO, NCA/graphite) bif-ion cells The proposed methad based
on a simple and efficient coupled electrittiarmal model. This model is parametrized by the
experimental data from thevestigatedeference tests. In additionetiproposed Ragone plot
model can be extended tonade operating temperature ranff20°C, 55°Clunder multiple
power levels and it has a good accuragyonisothermal Ragone plot is established for the
first time, whichcould beemployed as a conceptiamd tool for the selection of tion cells in
system design process.

Findly, the energydensity and the power density at the fresh statevidatemperature
range {20°C, 55°C]can be quantified according to experiments and modelling.

2.2 Experiments

2.2.1 Tested technologies of LiBs, SCaps, LiCs and -5

In this study,nine technologies of commercials LiBs, SCaps, LiCs aneb Lare
investigated. Among #m, 6 LiBs technologies, 1 SCap technolog\.iC technologyand 1
Li-S technoly They are considered abe promising candidates for aeronautical usage
according to industrial partnerall the main characteristics such as manufacturer, form,
chemistry (CHEM), capacity or capacitancg),(energy density ), power density F),
minimal and maximal voltagedUmin-Umay), nominal voltage Wn), internal resistancer ESR
(Rn/ESR, recommended maximal current of charge andhdigge [cv/ldch) and temperature
(T) range for charge and dischaaye summarized jfiable2-1
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X LiBs technologies

For all the technologies of LiBs, not only the conventional lhBge beeselected such
as the NCA/graphite, NMC/graphite, LFP/graphiteemistry cells but also the latés
generatiorof LiBs, such a?N\MC/graphite+SiO, NM@.TO. Among themNCA/graphite and
NMC/graphite-SiO LiBs providea high energy and power densitiggt can meet the energy
and power needs for aeronautical applicatidiikile, LFP/graphiteis selected thanks to the
safety NMC/LTO cell is chosen thanks to the working capability in low temperatinfgsble]
2-1{ it can be observed that each technology tiee specificcharacteristicand operating
condition (T, Ic/lach). For almost LiBs, the voltage rangé LiBs is in 2.5\+4V besides
NMC/LTO cells (1.53V). Furthermorethe temperaturand currentanges of charges smaller
than temperaturend currentanges of discharge

x SCays technology

Onetechnology ofSCaps has beerselectedThis SCaphas500F with a cylindrical
form. Compared to the LiBs, the voltage rarnigebetween V. The capacitance of SCaps
depends on itsoltage It is always measured betweBrbU.,-Un. The ESR (0.18m ) is ten
times less that the internal resistance of LiBs P ). The operating temperaturangeis
identical br discharge and charggeratingconditions.

X LiCstechnology

One LiC technology with pouch forimas beerthosenAs shown ifiTable2-1] it can
be seen that the electmterminals are not on the same side of cell. The capacity given by
manufacturer is expressed in ampere hours, which is similar as the LiBs. But, the navltage
and operating temperature are similar as the SCaps.

X Lithium sulfur technology

A Li-S technology has also been selected. It has 10Attitgpa pouch from. The
voltage range value of £$ is lower than the classical LiBs. The operating of cell can be assured
until 80°C, but its working capability is limited é&°C. In addition, a lot of precautiomsust
be required according tomanufactuer for the experimental tests. Only abuse tests were
performed on LiS cells.
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Table 2-1 Datasheet for althe investigatealectrochemical energy storage elements
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2.2.2 The CaCySSEE platform

In this study, alexperimental tes{&xc. abuse tests) were performed in Characterization
and Cycling of Embedded Energy Storage Systems (CaEE)S3atformof IMS laboratory.
Some mairequipmentcan be seen it contains several test channéds power
cycling ageing testsklS or different combinedest modes. This equipmergrovides the
electricalcharacterizatiof the samples in a controlled thernealvironmentThe acquisition
of voltages, currents and temperatures are inswaatinuously throughout the tests or
occasionally during specific characterization phasesnsuredin addition, the security of the
platform iscontrolledby a network of gas and fire sensors associated with a supervision and a
alarmcentral

Figure 2-1 Overview of mairequipment in CaCySSEE platform

Electrochemical stationmcluding one SP 150, threeVMP 3 andsix BCS 815 are
availableon theplatform VMP-3 composes a potentiostat andrequencyanalysismodule
(10 Hz-100kHz),it is connecte@n acurrent amplifiewhich can deliveup to 100A All these
devicesallows to increase the EIS accurdoyimpedance measuremertiow frequencyThe
voltage rangef SP150that can beorovidal is low [-10V, 10V] compared to BCS 815 [0V,
9V], it is especiallyused to characterize the SCaps. BCS 815 offarkaBnelsof 15A for
electrical characterizatiorFurthermore, the parallelization dfvo or four channels can be
implementedin order to increase the charge and dischaxgeent which offers a flexible
configuration for experimental tests. All the electrochemical sta&orare theimpedance
measurementhe constant current chargischargethe constant power chargdischargethe
cyclic voltammetryEIS, etc

Digatron allows to characterize the high power electrochemical energy storage
elements, such as the SCapmcet can supply dighlevel ofcurrentfor power cyclingageing
or current pulseSeveral channel can provitte continuouslycurrent at:400A or 1000A peak
currentfor charge and discharge

Climatic chambers and ovemseusedto imposehetemperatur®f tests. In addition, it
canprovide a confined environment aradsafeprotection in case of failure of a device under
test.
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2.3 Reference test design

In orderto quantify and compare the pemhance ofinvestigatedelectrochemical
storage elements reference test must be defined firstly considering the operating limits
listed infTable 2-1] In addition, the conditions of this reference test must fulfil the operating
exigencies for aeronautical usaghis reference test inclugevo partsthe first part isocused
on the performance quantification in terms of energy density and power densityigea
temperature range0°C,55°C for LiBs, SCpas and LiCs at the frestate thesecondpart is
devoted tathe study ofageingbehaviorsunder different endured conditions evaluate the
lifespan of all investigated electrochemical energy storage elemémtdhermore, in this
reference test, some abuse testing are defined to evaluate the sdifé¢yeft electrochemical
energy storage elementk this chapter, the performancd LiBs, SCaps and LiCsre
quantified and comparedt the fresh statey experiments and modelling/hile, the chapter 3
will be dedicatedo theageingand safetytudy.

From[Table 2-1] it can be observed thétte characteristic between the investigated
electrochemical energy storage elements are quite diffénspired by théEC 62660 standard
[28] for the applicatiorof electric orhybrid vehiclestwo current levelare definedaccording
to the vehicle type. C/3 for electric vehicle and 1C for hybrid vehi¢lerdby,a classification
depending on the application tyjee carried outat first. Three types of application can be
defined according to the technical datasheet of elemespgcially on the charge/discharge
current leved and energy and power densitigsiree typeof applicationare defined in total
LG (LiBs) ard Oxis (L+S) are in the energype, Yunasko (LiCs) and Skelet¢SCaps) are in
the high powetype, the others are in theowertype The colour nuance
correspondso different type espectively, such as the enetgpe (light orange), powetype
(orange) andHigh powertype (dark orange).This classification allows to divide all the
electrochemical energy storage elements into three families. Frorthéh@yrrentevel can be
defined correctly to avoid overestimating or underestimating the performance of LiBs, SCaps
and LiCs.

Four tests arencluded in the reference test, whiale the reception testgjtial tests,
performance tests and ageing tests. Each assthieir specificoles.

2.3.1 Reception tests

The eception testpropose id0 measure thenain physical characteristics in order to
check if they evolve during theeferencetest campaignsThis tests includes the visual
inspection, cell marking, mass and émsionmeasuremenOCV and EIS measurement.

2.3.2 Initial tests

The goal of thanitial tests is to determine the capacity of the cell. This cap&city
considerecasthe referenceo set the corresponding SACthe performanceand aging test
campaignsA standard CGEV charging method apecific Crate{Table2-2) wasapplieduntil
themaximal voltage and the testerestopped when theut-off current reacheat C/20. Then,
the cellwasdischarged at different rates as indicatg@iable2-2Jto measure its capacit@/2
for energytype elements, 1C for powerC3or LiCs and50A (0.1 AF x 500F)for SCaps.
Furthermore, all LiBs were discharged between maximal and minimal voltages. While LiCs
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were discharged between 2.7V and 1.35V 8@aps were dischargeétween 2.85\(Un) and
1.425V(0.5U,). The initialtess wereperformed in a climatic chamber at 25°C.

Cells type | Energy | Power | High power

C rate Cl2 1C | 3Cor0.1AF!

Table 2-2 Charge/discharge rate for reference capacity measurement

2.3.3 Performance tests

In the performance tests, OCV, internal resistance, avaithbdbargedcapacityand
maximal powemeasuremestin awide temperature range0°C, 55°Clare allinvestigated
The performance testgereperformed on 2 cellateachtemperature-g0, 0, 2555°C), which
correspondto the aeronauticatemperature condition§he main goal of performance tests is
to evaluate the available discharged energy and pdevesity in avide temperature range from
-20°C to 55°CThereby, all the cells were charglegthe classicaCC-CV chargemethod as
in the initial tests at 25°CFurthermore the temperaturat the surface of all elements are
measured during the performance te$tse testprogram must include the limitgiven by
technical datasheé&tr temperature, voltage and currémtavoidsafe issues.

2.3.3.1 Incremental discharge

Incrementaldischargemethod isproposed foOCV anddischarged internal resistance
at the same timehis method is similar with the GITT, however, a charge and dischalggspu
are applied after the SOC resHEfte voltage profile of cell idlustrated inFigure2-2|((a).

After a thermal stabilization ofh3at the targeed temperature (CC, 25°C,55°C) in a
climatic chamber, the incremental dischangesperformed afLC by steps of 5% or 10% SOC
until 0% SOC. Aeach SOC, the OCV measuremenswane after a recovetiyne that ranges
from 0.5 to 8, depending on SOC step and temperaifitest Then, at this SOC, for resisice
measurement purpose, as2@ischarge current @mé (1C) followed by a Z0charge current
pulse (1C) are applied, the two pulses arexs#pd by a recovery time of gi0For testsan at
-20°C,the discharge ancharge pulses are applied at the required temperauwirexcremental
dischage of SOCwvasdone at 25°C.

The discharge resistance is determined accordilegmation, which isthe ration
between the voltage dropl{osUocy) and the constant currefh). The profile ofvoltagedropis
depicted ifFigure 2-2](b) under 1C discharge pulse different temperatures for a cell from
EAS. It can be observed that the voltage drapeases when themperaturef tests decreases
under the same curremviel, which signifies the internal resistance at low temperature is more
significant.
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Figure 2-2(a) Voltage profile during incremental discharge atCland 25°C(b) Zoom onvoltage
drop (UiosUoe) at 50% SOC and-20, 0, 2555°Cunder 1C discharge current pulséor EAS cell

The methodof incremental discharg@asonly carried on LiBs and LiCs, because the
self-discharge is too significant to measure the OCV of SCBpsides the incremental
discharge test the continuousharge andlischarge at C/2@ere performed a0, 0, 25 and
55°Cfor pseudeOCV measurement.

2.3.3.2 Available discharged capacity

The available discharge@pacity measuremeistperformedatdifferent discharge rates
and at multiple temperatures-20, 0, 25,55°C). This test allows to evaluate the available
discharged capacity aerorautical temperature conditions indicated in t three
C rateshad beenchosen for each type of celldimong the different current levels, it can be
seen that there is alwayse C rate in common for all the electtoamical energy storage
elements. This could becammonparameter during the performarecmmparison.

C rate C/3 | 1C | 3Cor0.1AF! 5Cor 0.2AF! 10Cor 0.4 AF!
Energy X X X
Power X X

High power X X X

Table 2-3 Discharge rates according to element types for capacity measuremeB0at, 0°C, 25°C
and 55°C

2.3.3.3 Maximal power discharge

The goal of the maximal poweest is toquantify the maximal powr of investigated
elements The maximal power discharge tests are defined in the IEC62&&@ndard28],
where three current levels weaappliedon the elementd he @ll was set at the required SOC
by applying a constant discharge curmeith the current levelefined i After SOC
resetthe cellwaschargel and discharggby applying 10s pulses, each of them separated by a
recovery time of 1Min. Discharge current pulse and chamarent pulseare alternated,
moreover the amglide of the pulses increasdde last two current levelrelisted 'n
according to the type witthe maximal currents defined in technical datash€kése three
current levelscomposeall the C rates of maximal powelischargelhe testwas run at 2
different temperatures (+25°C and 0°C) and at 2 differents3@@6 and 80%).
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2.3.4 Ageing tests

Two generidypes ofageing tests includingalendarageing and power cyclinageing
aredefinedin the reference tests in order twnapare theifespanfor investigated elemés in
aeronautical environmenZ0°C, 55°C] The experimentakstsand resultsvill be presented
in chapter 3.

2.3.5 Abuse tests

Three types of abuse testiage also in the reference tests to evaluatesdiety of
investigated electrochemical energy storage, which are the thermal stability, overcharge and
altitude simulation. The experimental results will be discussed and analysed in chapter 3.

2.3.6 Available discharged capacity for LiBs, LiCs and SCaps

[Figure 2-3] (eh) illustrates the results of available discharged capacity tests for all
investigated electrochemical energy storage elements. The black diamond repiesent
experimental discharged ety versus the temperature and C ritable 2-3), two cells
available discharge capacity are presented on each plot. The 3D mapping is constructed with
W Kshline” 1 X Q F WMaRaQ®L Q

It can be seen that for almost all technologies, the capacity measurement has a good
consistency under all conditions (T, C rate). However, the discharged capa2iy@tunder
5C of one cell from K2 igjuite different between twaells as illustrated {fFigure2-3](d). In
fact, the voltage of this cell reach#ttk minimal voltagelimit (2.3V) at the beginning of test,
which was due to the hugdeternal resistance aR0°C. For Valence, a slight difference is
observed at 25°C under 1Eiqure2-3|(e)).

For all the technologies, it can be noticed that thailale discharged capacity

increases with the temperature for all C rates. In the case of SBagpse(2-3|(h)), the
temperature of discharge at 55°C under 5C a@@ &xceeds the maximal temperature.

Therefore, the discharged capacity in these conditions are not available.
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Figure 2-3 Available discharged capacitipr all electrochemical energgtorage elements at 55°C,
25°C, 0°C and20°C under 3 C rates (C/3, 1C, 3C for energy type, 1C, 3C, 5C for power type, 3C,
5C and 10C for high power type)

3 H X N HUwikateghat Zhe capacity decreasehen the C rate increases. However,
it can be nted that besides the technologies EAS, EIG, Yunasko and Skeleton, the other
WHFKQRORJLHV /* 6DPVXQJ . DQG 9DOHQFH GR QRW IROC(
technologies aren cylindrical form, the heat generd during discharge could not cool down
enoughfast due to the smalléurfaceAreaTo-Volume ration (SA/VOL) comparetb the
prismatic or the pouch cells. Therefore, the significant cell temperature increase leads to an
improved capacity under high currdavels.

These experimental results are used to determine the energy density and power density
according to equationd (7-1.10 respectively. In addition, a relative capacity can be defined
(chapter 3), which is used to evaluate the capability of all the electrochemical energy storage
elements workingapabilityat extreme temperature2(Q°C and 55°C) or extreme C rates.
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2.4 Cell to cell characterization

As the design of experiments for the referetasts is quite largednly two cells were
tested for the temperature conditionBhereby, astudy of celto-cell consistency is
indispensable. The mass anitial capacity consistenciesersus the datasheet from
manufactirerare compared. One examfie technologies LG and Samsung is shamfRigure]

The maximal, minimal, median, upper and lower quartile of mass and capa@dchils

of thesetwo technologiesre presented in boxplot. Considering the mhs#) technologies
have a sbrt boxplot,which means the overall cells have a high level of consistency, moreover,
their standard deviation of mass is small. Considering the camecipownn boxplot on

(b), both technologies have a gomdnsistencybetween themAlthough the
difference exists between the experimental measurement and data&beetscted cells for
both technologes have a slight celto-cell vaiation. The same dxplot based on statistical
method is applied to the other technologies. Oveaafjpod consistency and authenticity are
observedThis good consistenognsure a high degree of trust for analysing and applying the
results under variougsts conditionfereafter.

LG Samsung
Mass from datasheet (g) 43.5 445
Average mass (g) 44,95 44,99
Standard deviation (g) 0.041 0.043
Capacity datasheet (Ah) 2.93 (0.5C) 2.46 (1C)
Average capacity (Ah) 2.83 2.47
Standard deviation (Ah) 0.015 0.020

Figure 2-4 Boxplot of the celto-cell variation vs. datasheet and statistics results base@@cells
measurements of (a) mass, (b)ddharged capacity at 25°C

2.5 Non-isothermal Ragone plots of 18650 Li -ion cells from datasheet and
galvanostatic discharge tests

Two LiBs technologies are selected for the performance quantification by modelling
They are1l8650 NMC/graphiteSiO cell from LG and NCA/graphite cell from Samsurg
this section, a nersothermal Ragone plotse investigatetbr these two chemistriexf LiBs.

41



Chapter2 +Comparative performance quantification of ECES elements by experiments and modelling

2.5.1 Performance guantification with experimental approach

Before developing a generic methodology to obRagone plots without dedicated
experiments, regular experimental Ragone plots are established for further comparison
purpases for both technologies-20°C, 0°C, 25°C and 55°@hder low (3W), medium (15W),
and high (3WV) constant discharge power levelsstandard CQCV charging method at 1 C
is employed for both technologies until the-otftcurrent reaches C/20. Next, multiple constant
power discharges are investigated for a specific temperaturdhagtiiermal stabilisation in
the climatic chamber espectively[Figure 2-5lillustrates the experimental procedure of the
constant power discharge under three power levelSdarsung cell at 2&. In the constant
powerdischarge, the high power leads to a high current. Therefore, the duration of the constant
power discharge decreases under high power levels.

Figure 2-5 Experimental constant power discharge procedure amsung at 25°C; power, cell
voltage, current and temperature versus time, respectively

Regarding the Ragone plot, the power density is determined with eq(aiipand
equation In a conventional Ragone plot, the performance quantificationhef t
electrochemical ESSs is performed at the beginning of the life ayblenthe cells are in a
fresh state.

[Figure2-6lillustrates the experimental Ragone plotdaronstant power discharge. The
discharged energy densities are plotted versus the power density based on timnl
equatio The dotted lines correspond to the time needed to perform a ¢eroptestant
power discharge.
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Figure 2-6 Experimental Ragone plot for LG (NMC) and Samsung (NCA)-20°C, 0°C, 25°C and
55°C

Firstly, for both technologies, it can be observed that the available energgses with
increasing temperature under equal discharged power levels. The energy density increases by
approximately 20% for the investigat large temperature ran§0°C, 55°C]. Hence, the
available energy is limited by the cold environment. Selgorad all operating temperatures,
LG exhibits higher energy densities thf@amsunglt seems thatG has a better performance.
This point will be further discussed in the following section.

2.5.2 Comparison for constant current discharge

Instead of quantifyinghe energy and power densities ofitun cells under a constant
power discharge, a constant current discharge is usually applied. Thetkéongrevious
continuous discharges at 1C, 3C, and 5C applie2Da€C, 0°C, 25°C, and 55°C are served here
for thecomparison.

[Figure2-7]presents the cell voltage and increased temperature at the cell surface versus
the discharged capacity during the constant current disciidrgelischarged capacity depends
on the temperature and current in both technologies. It increases with the temperature at all
current rates for both technologies. However, the constargntulischarge for Samsung at
55°C and20°C is incomplete owing to the limits of safe operating conditions. As illustrated in
[Figure2-7](a3), during aenstant current discharge at’65 the temperature dté cell surface
exceeds 75 °C. This is the maximal operating temperature and the constant current discharge is
therefore interrupted to avoid a thermalaway [60]. The cell voltage reaches ¥.%at-20°C,
which is the minimal voltage. This behaviour is owing to the high internal resistance at low
temperatures.
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For a continuouslischarge currerdt 1C and 8, the increased temperature22°C is
approximately four times highehan that at 55°C. ForQ this difference decreases, which
indicates that the high current has an important contribution to the cdflesgihg during the
dischargg61].

Figure 2-7 Ucen and increased temperature versus discharged capacitg@tC, 0°C, 25°C, 55°C
during constant current discharge under 1C, 3C and 5C for LG (left) and Samsung (right)

The energy density for a continuous discharge can be determined with en
The power density is the product of cell voltage and cell current during a complete discharge.
Because the discharge test procedure is changed, it is astuhéhe values of energy and
power densities might be different. However, only few papers mention this diff¢62jce

compares the energy and power densities determined via the two test
procedures. Regarding LG, the energy and power denarggsore than 15%igherunder
constant current discharge comparwdgth the values for the constant power discharge. This
difference is more significant for Samsung. The energy densities determined for a constant
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current dischargare more than 25% higher at 55°C a@C with respect to the values for a
constant powedischarge. Our results are in a good agreement with those reported by Sarpal et
al. [63].

Figure 2-8 Energy density versus power density-20°C, 0°C, 25°C an&5°C determined for
constant current discharge (1C, 3C, 5C) and constant power discharge (3W, 15W, 20W) for LG
(left) and Samsung (right)

The most common test procedures employ a constant current discharge to characterise
Li-ion cell performances. Howevehe energy and power densities based on a constant current
discharge are higher than the values determined for a constant power dischasgicto
optimal Liion technology for a given application, the next part investigates the
parameterisation & model based on constant current tests in order to simulate constant power
discharges and obtain Ragone plots. In addition, because the constant current discharge curves
are often provided by the manufacturer, the accuracy of the process can be ewaotyed
with the datasheets.

2.5.3 Performance quantification with Ragone plot model

The Ragone plot model must be able to predict the voltage, current, discharge duration,
and discharged energy of theibn cell for a constant power discharge. Moreover, beeghe
proposed model must be validated for different operating temperatures, a thermal model must
be included. In a conventional Ragone plot, the performance quantification of electrochemical
energy storagsystemss performed at the beginning of a ldgcle. Hence, the batteries are in
a fresh state and the ageing model is not considé€hedoverview of electricahermal model
structure is illustrated |Figure2-9|with input and output parameters. Then, the electrical and
thermal model will be presented separately in the following sections.
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Figure 2-9 Overview of electricathermal model structure

2.5.3.1 Electrical model

Equivalent Circuit Models (ECMs) are selected to simulate the performance of various
devices as LiB§36] [64]and SCap$§55] [66] thanks to their easier impl&tion in BMS and a
sufficient accuracj67]. Different ECMs are proposed and compared by the previous literatures
[64] [68]. Among them, two common ECMgpesusedfor Li-ion cell areshownin[Figure2-10)
with corresponding model mathematical equations and identified parameters iigteden
Table2-4

For the R model, two parametert{c,, Rnt) are needed tbe identified whereUqcy is
the voltage of Liion cell at the open circuit state, this parameter depends on SOC and
temperature. The other is the total internal resist&g®f Li-ion cell, it depends on SOC,
temperature and current of cell. The SOC ofliis is defined a$heequatio I(t) is the
charge curremn

(@) (b)

Figure 2-10(a) Rn equivalent circuit mode(b) n-RC equivalent circuit model

Based on the Rint model, Thevenin model can be obtained by adding one R//C in series.
In this modelUocvis the same as in Rint model, Bt R, andC, are the parameters which can
be identified by a relaxation phase of cell with hybrid pulse power charatien (HPPC) test
profile [64], this modelis able to simulate the dynamic behavior ofian cell. All identified
parameters depend on SOC, temperature and current. Another model with 2 R//C circuits is
called the Dural Polarization (DP) model, this modeldiatinguishthe polarization resistance
introduced by the concentration and the kinetic #ohi cell.R;,C1, R2andC; are all depened
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on SOC, temperature and current, which can be also identified by the phase of relaxation for
cell [69] or by theEIS [70].

In addition, more R//C can be added on the DP model to simulate treetehestic of
Li-ion cell with thehigh accuracy. However, more parameters (2n+2) must be identified as in
the case of #:)RC model(Table 2-4), it requires more experimental tests and computational
compkexity during the identification process. In additjdhe R//C used in ECMs mainly allows
to predict the dynamic behavior biBs.

No. of
Type of ECMs Model equations identified
parameters
Rint model TogdaTev,iF *HAy 4 2
7(")@d.|’37|‘51/4'|'|: +H 44 F 75
Thevenin mode{n=1) P 6 t_ T 4
% 45%
~loodrlewiF tHA44 F 75 F 7
A + 7
78— F—
DP model (n=2) A % 45% 6
A + 76
~ 0L —
O & % 46%
Uea ¢
- o I A
n-RC model ToodeTewiF tHX4, E1  4y:sF AERSE? 2n+2
Ugab

Table 2-4 ECMs of LiBs with models equations and number of identified parameters

In our investigated stugdyhe R.: model is selected for following reasons. At first, in
order to predict the energy density and power density of vakieim technologies based on
ECMs, the number of identified parameters is considerable for users. The less identified
parameters users have, the less experimental tests and identification are required, but above all,
the good accuracy must be insured. rBaas et al[71] used R: model based on the
PDQXIDFWXUHUYYVY GDWDVKHHW WR VLPXOD Watdtspa gae@ WL Q X R
accuracy have been demonstrated. Secondly, in the conventional Ragone Plot, the available
discharged energy is always calculated under a constant power discharge from maximal voltage
to minimal voltage[72], which is considered as a quasatic behavior of Lion cell [58],
therefore the dynamic behavior is not taken into account in proposed Ragone Plot model.

X Uocvidentification

In contrast to the identification dfocv by a pulse charge characterization t¢68]
[73], the pseud®CV results from reference test design is used in Rint miégilre 2-11
illustrates the pseudO@CV at different temperatures and corresponding polynomial function
for LG andSamsunglt can be observed that the temperature has an implkicefor extreme
SOCs. However, for both technologies, besidep#eaideOCV at-20°C, the othecurves of
Uocv=f (SOQ are almost supposed therefore one fitting curve can be obtained by applying
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the average of all curves, then the pse@@ versus SOGs fitted with apolynomial function
Table2-5) by using the Mtlal® curve fitting tool

Figure 2-11 PseudeOCV at-20°C, 0°C, 25°C and %°C for (a) LG (b) Samsung

Technology Polynomial functions

wWrF51% 5
=L———— SHP»B1¥DO>asrr?
tzay
LG , _
Teywil Frast==Fridtx= Erdavs Erdazy Frayy2FrartH=

FraxzS Frast=Eu&{r

WIrF51% 5
=L—— SHP»B1%D>asrr?
tzay

Samsung | 7ewil Fratv==Frauy Er&ss Er&atv Fra&{uv®FrauH="

Ersux® Fr&xzE ukyx

Table 2-5 Polynomial function ofUqc = f(SOC) for LG and Samsung

X Rint identification

Theinternal resistance can be calculated accordimgqtmtio, whereUcei is the
cell voltage during the constant current discharge and depends on the SOC, which is the
available ampere hour in relation to the total maximal discharged capacity for each operating
condition, temperatureTf, and currentl; Uocv can be determire with the polynomial
function in[Table 2-5] The internal resistance is determined from two gstatic regimes,
which also correspond to the regime of a constanepaolscharge.
To o1 ar F 7¢4,i:51%

+

4yad 1 Wak L (2.1

As the internal resistance depends on three variables, a multiple linear regression based
on a stepwise method can be applied. Mathieu ¢74Jused this method to investigate the
dependency between the degradation rate of thenLibatteries and ageing factors
(temperaturecurrentand SOC) to predict the capacity fade. A good accuracy was achieved.
Multiple linear regression based on the stepwise method is designed to use a minimal set of
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independent variables of a regression model while maximising the adjusted determination
coefficient and minimising the mean squared deviation from the regression model. This method
involves, in its first step, the construction of a model containing all potentially dependent
variables. These are gradually eliminated to obtain a model withnmabxlietermination
coefficients and maintain sigicance of the paramete|g5].

In our case, the dependent variable is the internal resistance. The independent variables
are SOC, temperaturend current. Seval studieg58] [76] have shown that thiegarithmic
internal resistance has a linear dependency of 1/T (T in Kelvin). Thus, a transformation of the
internal resistance and temperature smtonducted. The proposed multiple linear regi@n
function is described in guation . It includes all firstorder terms, secororder
interactions, and quadratic terms for the three variables. The stepwise method is executed with
the Matlab® function stepwiselm of tiBiatistic and Machine Learning Toolb¢Xable 2-6|
lists all coefficients obtained for each term in the multiple regression and the corresponding
coefficients of determination farG andSamsung

Somecoefficients like 13and 11 are too smié Hence, the corresponding variable has
a weak impact on the internal resistance. Further, there is no sea@rdnteraction for the
SOC current fol.G. Samsunghas a weak secoratder interaction for the SOC current. In
addition, both technologies Y& a weak quadratic coefficient in front of SOC

. . , S . . S ; s
#3454, L VE(AH519% ( Ho E U H+E (sH5 1% E (5, Ho H +
° ° 6 2.2)

. . . S
EU,H51%l+E Lg;,HSl‘%ELgGHE

LG (NMC/graphite +SiO) Samsung (NCA/graphite)
R2=0.83 R?=0.81
L U&a ¢ L Us
GLrawtQLFwyyld Lraw GLratt, 3 LFysvxy L rat
el Fstay U, L ral,L Fyzi el Fsty U, L vA’®al},L Fzta
UsL FsaA8 (gL sawA UsL yg uwWo gl savin

Table 2-6 Coeficient of multiple linear regression In(Rint) = f(SOC,—;J [) for LG and Samsung

In[Figure 2-12] the black circles represent the experimental internal resistance versus
the tenperature and SOC according quation. The 3D mapping is constructed with the
proposed multiple linear regression determinemwation for LG andSamsunat 1 C,

3 C, and 5 C, respevtly. For both techmlogies, the experimental datdasated at the surface
of the 3D map. It can be observed that the internal resistance increases with decreasing
temperature and SOC. Further, the internal resistance decreases with increasing begent. T
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tendencies correspond to the internal resistanicavbeur of Lrion batterieg77]. Moreover, a
good coefficient of determinatioRf) (Table2-6) is found for both technologies.

Figure 2-12 Experimental internal resistance and 3D mappimd R = f(SOC, T) at 1C, 3C and 5C
for LG (left) and Samsung (right) according to stepwise regression. The coloured axis represents
the value of Ry

2.5.3.2 Thermal model

To simulate the temperature at the swefaaf Li-ion battery, Cicconi et al[78]
demonstrated that different heat sources appearedionlgell during charge or discharge,
which included the Joule heat, reversible heat, the mixing process heat, the thermal conduction
heat and the convection hedh our study, the thermal model is simplified with some
hypothesig79]. Only the irreversible heat, reversible heat and convectionapgegar in the
thermal mode[69], moreover, the cell specific heat is considered as a constantthratus
independent of the temperatyB®]. Therefore, the proposed thermal model is distadd by
the thermal energy balance expessin equatio wherem (kg) is the masse of celG
(J.kg1l.K-1) is the cell calorific capacityl (K) is the cell temperaturd;(s) is the time of
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constant power discharg@;r, QrevandQconv COrrespond the irreversible heat, reversible heat
and convection heat respectiveMasse and the calorific capacity of both technologies are
listed inTable2-7

@6
| 0/9—@|5 3uak 3ag& 30aas (2.3)
Buad +H:7a6F 7Togik 4ua. (2.4)
@1%8

Bapd FrHE—o (2.5)

3paad DH#H 655k 6; (2.6)
Technology Co(J.kgr.KY) | m (kg)
LG (NMC/graphite-SiO) 1070 0.0482
Samsung (NCA/graphite 939 0.0485

Table 2-7 Caloric capacity and masof LG and Samsung of tested cells

X lrreversible heat

The irreversible heat, also called Joule hémtlescribed in equatiof2.4) This heat
source is determined by the cell operating current and over@btérite overpotential is the
voltage drop owing to the internal resistance. This internal resistance is found in the electrical
model that depends on SOC, temperature, and current. Therefore, the thermal model is
associated with the electrical model.

X Reversible heat

As determined viaguatiorn(2.5) the reversibldeat is a derivative term of OCV with
respect to the temperature. This heat source represents the entropy variation in a charge or
discharge process in the-lan cell. It is stongly influenced by the S©Oand chemistry. Liu et
al. [81] reported a significant contribution of reversilbleat during the operation ofLa-ion
cell at a low current and high temperature. The reversible heat represented 50% of thattotal h
for a cell dischaged at 45°C with €. By contrast, Huang et §82] found out that the reversible
heat wasnore significant for a high discharge rateadfi-ion cell. Thus, the contribution of
the reversible heat source are still not clarified. Nevertheless, the reversible heat cannot be
ignored in a thermal model for constant power discharge at different operating temperatures.

The impact of the temperaion the entropic potentiad@CV/dT) is still unclarified.
However, this parameter can always be determined for a positive temperature range. For
example, Manikandan et §83] determined the entropic potential for 3585 °C.Eddahech
et al.[84] measured the emfpic potential for 15C £5°C, and Marcicki et a[85] obtained this
value with experimental tests at 0%5°C. These studies found adiar relation between OCV
and temperature at different SOCs.

Another problem is the duration of the waiting time for the OCV acquisition. If the
waiting time is too long, the setfischarge of the Lion cell will occur particularly at high
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temperaturesral SOCH86] [87]. If the waiting time is too short, the cell voltage relaxation
can cause an error in the entropic potential measurej@éntTo minimise these impacts,
Forgez et al[87] proposed an OCV method based on a linear regression as a function of
temperatureand time. This method allows to extract the OCV change based only on the
variation in the temperature.

Because much uncertainty still exists regarding the negative temperature range impact
on the OCV variation, the entropic potential is determined fereérature range e15 °C+
25 °C with OCV correction in our proposed model. The potentiometric method is used to
determine the entropic potential. The experimental test process is the saiigd p$liowever,
the temperature steps are now: 25°C, 15°C, 8&;, and-15°C, successively. One example
of Samsungt 60% SOC is presentedRigure2-13| The temperature and OCV versus the time
are presented, respectively. Regarb), a linear function is used to remove the
self-discharge impact on the OCV variation. A clear linear dependency is observed between the
average corrected OCV and temperatufEigure2-13|(c). The slope of the linear regression
represents the entropic potential.

Figure 2-13 Potentiometric tests results for Samsung at 60% SOC (a)Temperature versus time, (b)
OCV versus time, (c) OCV versus temperature

Based on the same method, the entropic potentials at different SOCs for both

technologies (NM@rapiterSiO and NCAgraphitg are presented jRigure2-14] The entropic
potential is negative at low SOCs and positive at high SOCs for beithn Liechnology

chemistries. The sign of the entroppotential indicates the thermodynamic behavior:
endothermic and exothermic reactions coexist during the complete discharge [@®cess
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Figure 2-14 Entropic potential versus SOC for Technology LG (NNMgtaphite+SiO) and
technology Samsung (A/graphite)

X Convection heat

As the proposed thermal model mustaide to predict the cell temperature for a large
range of operating temperatures, the convection hesst be considered. Equati
describes the convection heat, wher@V.m?2.K™) is the heat transfer coefficie,(m?) the
exchange aredar (K) the environmental fluid temperature that is imposed by the thermal
chamber and (K) the temperature at the center of the surface of the 18650 cell. The convection
heat depnds on the object geometry. The exchange surface in this study is the total surface of
the 18650 cel[Table2-8).

The heat transfer coefficient of the 18650 cell in the thermal model depends on the
temperature and currejtl] [69]. According t¢Table2-8|the heat transfer coefficient increases
with currentand low temperature has a high heat transfer coeffidieatir study, it is assumed
that the heat transfer coefficient is determined based on the iniéedtopy conditions. This
parameter stays constant in the proposed thermal model.

Surface o
Cell Current Heat transfer coefficienth (W.m2.K1)
A (m?)
C rate
T=55°C | T=25°C| T=0°C | T=-20°C
C/3 10.5[89] | 11[90] 12 15.47
18650 0.0042
cells 1C 11.5[89] | 13.48[89] 20 28.4[69]
3C 14[89] | 28.4[69] | 28.4[69] 30

Table 2-8 Surface and heat transfer coeffient in thermal mode[61] [69] [89] [90]

2.5.4 Validation of Ragone Plot model

In this section, the proposed Ragone piodel is first validated at 26 with a constant
current dischargeln addition, we found out that the prediction of the energy and power
densities is possible by directly using the discharge curves provided by the manufacturer. The
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Ragone plot model can be extended to 55 °C, 0 °C;2MmdC to construct a neisothermal
Ragone plot.

2.5.4.1 Ragone plot model for 25°C

[Figure2-16illustrates the voltage aridcreasedemperature of the cell under 3 W, 15
W, and 30 W forconstant power dischagg at 28C. The experimental data of the cell voltage
and cell temperature are in a good agreement with the simulated results based on the
galvanostatic curves for both technologies. Because these discharge curves are provided by the
manufacturer[Kigure 2-15), it is possible to directly establish a model with the technical
datasheet. For &t the cell voltage Wcen) for multiple currents at different SOCs can be
recorded. After data acquisitipthe same modelling and simulation process is used. For the
internal resistanceR(t) simulation blocks, the-P lookup table is replaced by the multiple
linear regression function.

Figure 2-15 Constant wirrent dischargescurves at 25°C for multiple C rates of LG (lef91] and
Samsung (right)[92]
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Figure 2-16 Simulation versus experimental data for ceibltage andncreasedemperature for LG
(a) and Samsung (b) under constant power discharge (3W, 15W and 30W) at 25°C

Moreover [Figure 2-16] also presents the datashbased discharge curves for cell
voltage and temperature during a constant power discharge at 25°C. The ddtasbeeurves
are all superimposed on the experimental curves. However, regarding LG, the simulated
temperature for 30W exceeds the experimental temperature at the end of the discharge. This
behaviour might be owing to the internal resistance. The internal resistathee2D lookup
table is independent of the temperature, which increases much under a high power discharge.
Consequently, the cell voltage, cell temperature, and available energy and power can be
predicted directly by using the technical datasheet for bietbn cell chemistries.

Figure2-17|presents the Ragone plots of the experimental and simulated galvanostatic
based and datashdmsed results at 25 °C. The simathtand experimental results are in a

good agreement. Thus, the proposed electtivaimal model is able to predict the cell voltage,
cell temperature, and available discharged energy with galvanostatic curves under a low,
medium, and high constant poweascharge at 25 °C for two 18650-idn cell chemistries

Figure 2-17 Comparison of simulated energyedsity versus power density: galvanostaiased,
datasheebased and experimental results for L{&ft) and Samsung (right)
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2.5.5 Extending Ragone plot model for wide operating temperature range

The Ragone plot model based on galvanostatic curves is erti@mo awide operating
temperature rand€&igure2-18/compares examples of simulated curves to experimental curves
for the cell voltage and temperaturel@d and Samsung at 55 °C, 0°C a@ °C.

At 55 °C |Figure 2-18| (al, bl), the cellsof both technologieseach the maximal
operating temperature (75 °C) at 30 W for a constant power discharge. A small discrepancy is

observed between the simulated and a@rpantal curves regding the cell temperature ai\3
However, this slight tengrature deviation (L) has the same magnitude as the thermocouple
precision.

At 0°C [Figure2-18|(a2, b2)), the experimental data of cell voltage and cell temperature
are in good agreement with the simulated results for both technologies. At 0°C, the increased
temperature of LG is less important than Samsung at all levels of power. Howeaser, t

characteristic is the opposite at 25‘F€Ig(1re2—16r.

As illustrated in|Figure 2-18| (@3, b3, the difference between simulation and
expeimental data i®bvious at-20°C for SamsungThis difference is not only owing to the
internal resistance (as fa) but also owing to the heat transfer coefficidnt Li et al.[61]
showed that the performance ofiaion cell is more sensitive toat-20°C with a high current.
However, in our proposed thermal model, this parameter is constant during a coogt@nt
discharge. Therefore, the temperatgap is morsignificant at 18V and W.

LG (NMC/graphite +SiO) Samsung (NCA/graphite)
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Figure 2-18 Simulation versus experimental data for LG (left) and Samsung (right) under constant
power discharge at 3W, 15W and 30W at (al, b1) 55°C, (a2, b2) 0°C and (a2058)

Finally, the discharged energy can be predicted by integrating the power valuehfor ea
operating condition. The relative errdr(re)) is determined viaguation , whereEsim is
the simulated energy arfbe is the experimental daf@able 2-9]lists the experimentaind
simulated energy densities with the esponding relative errors for 3W, 15W, and\80
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‘2U0f et

'‘NNgp ———""Hsrr" (2.7)
gea
Temperature 55°C 0°C -20 °C
P Eexp Esim Efrrrel Eexp Esim Errrel Eexp Esim Errrel
Parameters
(Wikg) (Wh/kg) | (Wh/kg) (%) (Wh/kg) | (Wh/kg) (%) (Wh/kg) | (Wh/kg) (%)
62.2 210 212 0.9 200 201 0.5 172 175 1.7
LG
311 205 204 0.5 190 189 0.5 153 152 0.7
(NMC/gra.+Si)
622 200 197 1.5 186 185 0.5 161 163 1.2
61.9 185 187 1.1 167 166 0.6 139 140 0.8
Samsung
309 182 183 0.5 156 158 1.3 133 132 0.8
(NCA/graphite)
619 174 171 1.7 166 165 0 125 126 0.8

Table 2-9 Eex Esimand Errie at 55°C, 0°C and20°C for LG and Samsung

It can be observed that the energy denddgreases with increasing power level. All
relative errors are below 2% for both technologies and all temperatures. In addition, the
discharge energy decreases with decreasing operating temperature for the same power levels,
which means that low temperagsrlimit the available energy. Surprisingly, LG gains 5% in
available energy aR0 °C under 30 W with respect to the value for 15 W. The same behaviour
is observed for Samsung at 0 °C. In both cases, the increased temperature at the cell surface is
significant. Discharging a Lion cell at low temperatures with a high current favors- self
heating, which can increase the cell temperature and cause more available energy [54]. This
interesting feature indicates that a high current can enhance the availale afrig-cell at
low temperatures.

2.5.6 Enhanced non-isothermal Ragone plot

A norrisothermal Ragone plot can be established to compare the performah€es of
and Samsungdn additon to the three power levels (3W, 15W, antN30other constant powers
are appled to build the Ragone plot wsamulation: 5W, 9W, 10W, M/, 20W, 25W, 28W, and
40W B0W with steps of 1¥V.

Figure2-19|presents the available discharged energy dewsiisus the power density
for awide temperature range. This plot can be used as a design aid tool to select the optimal

cell for a given application. For all operating temperatures, LG has obviously higher energy
densities than Samsung when the power density is below 1200 W/kg. Samsumghleas

energy densities when the power density exceeds this value. Therefore, LG is suitable for
energy applications, whereas Samsung is suitable for power application. This conclusion is also
described by the manufacturer and corresponds to the classificd current level in the
reference test design. Although LG demonstrates a better performance at all temperatures under
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low power levels, the performance of Samsung is better at 0°€8AG under high power.

This is consistent with the behaviour undenstant current discharge and high currents at
20°C. Surprisingly, the energy density has a sharp decline under high power levels and 55°C in
both technologies. This behaviour is owing to the safety conditions regarding the maximal
temperature (75°C)The batteries could not be fully discharged, which limits the available
energy.

Figure 2-19 Performancecomparisonof LG and Samsung based on Ragone plot model-&#°C,
0°C, 25°C and 55°C

2.6 Conclusion

In order to select the most promising technology including LiBs, SCaps and LiCs for
aeronautical usage. A study focused on the comparative performance quantification is
primordial. Thereby, this chapter is dedicatedjtantify the performance of all invegated
electrochemical energy storage elements by experiments and modelling.

In the first part,all the electrochemical energy storage elements are presented. The
classical technologies are not only investigated in this study, but also the electrocheargal
storage elements for the latest generation of electrochemical energy storage elements, such as
NMC/graphite+SiO, LTGbased LiBsLiCs and LiS. The various equipment in CaCySSEE
platform insure the electrical and thermal characterizations. Thenpugpose of the
comparative performance quantificatistudy, a reference testesignis proposed including
the reception, itial, performance andageing tests.In this test, all the investigated
electrochemical energy storage elements are classitiedhree types, which is depended on
the application (energtype powertypeand high powetype). Furthermore, tis reference test
covers avidetemperatureange f20°C, 55°CJfor aeronautical usagé&he experimental results
of available discharged capty are shown for all the technologias different temperatures
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and under multipleurrent levelsFinally, a celtto-cell characterization is carried out to verify
the consistency between the cells in the same batch. Overall, acgosttency and
autrenticity are observefr all tested technologies. This good consistesrure a high degree
of trust forexperimental analysis this study.

In the second parg nonrisothermal Ragone plot is constructed based on experiments
andmodellingfor afour operating temperatus¢-20°C, 0°C, 25°C, 5%) under multiple power
levels (3W-90W) for two fresh Ltion technologies w#h different chemistries
(NMCl/graphiterSiO, NCA/graphite). The experimental results indicate that the energy and
power densities determed via a galvanostatic (constant current) discharge overestimate the
performances of the tion cell relative to the values in the conventional Ragone plot. However,
based on the galvanostatic curves, the energy and power densities can be predictaddased
proposed electricathermal model with a good accuracy. In this efficient and simlpletrical
thermalcoupled model, the parameter identification can be directly performed by using the
technical datasheets of bothibh chemistries. In a real ES$mication, the power profile of
the system can be predicted from the galvanostatic curves. Finally;iaatioermal Ragone
plot is constructed based on the proposed model. The simulation results exhibit that the
operating conditions such as temperataverent or power level, and safety conditions strongly
affect the performance of iion cells. Interestingly, the energy density can be enhanced at low
temperatures under high power levels based on the significaihteseihg of Ltion cells.
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Chapter 3

Ageing study of electrochemical energy storage
elements
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3.1 Introduction

As the previous chapter is devoted to the quantificatiofmopeance ofdifferent
electrochemical energgtorage elements in the fresh stdtes ¢hapteis mainly focused on the
ageing study othese element#t first, the ageingnechanismsverview of LiBs and SCaps
are presentethtased on several literaturdsext, the aging experimentsncluding calendar
ageing and power cyclinggeingtestsarecarried outon all electrochemicatorage elements
in awide operating temperature rangeder multiple conditionsThen,theexperimental ageing
results areanalysed separately accordingo two types of ageing tests thanks to the
characterizations the time domainn addition, abuse tests such as the overcharge, simulation
of amplitude and thermal stable tests peeformed orseveral technologieginally, a radar
chartis investigatedoy taking accoun¥ criteriain order to select the twmost promising
electrochemicatnergystorageslementdor thefuture tests with a specific aeronautical profile

3.2 Overview of ageing mechanisms in electrochemica | energy storage
elements

The electrochemicaknergy storage elemestageing occursover time and with
utilization, their energy and power capabilities decrease due toutiple ageingnechanisms
Theseageingmechanismare extremely complex, and thiegvemultipleintrinsic and extrinsic
origins The intrinsic origins include th@oprieties ofmateriab and manufacturintechniques,
designdor electrochemical energy storage elements. The extrinsic factors iticgmactical
operating conditionsAll these origins can impact on thgerformanceof electrochemical
energy storage elementen result in some hazard issy88]. Most of theseageing
mechanisms are coupled adificult to identify during ageingthe decrease capacity and
increase iternal resistancecan be characterizedhanks tothe nondestructive methqd
including continuous current charge/discharge tests, HPPC oiT&é®efore,understanding
the dfferent ageingmechanisms, evaluatintpe performangediagnosing orestimating the
SOH and preventing the failure mode are thricial issus especially for reliability mastering
purpose.

Abundant researchers over the past decades have provadgdtudies on thageing
mechanisms in electrochemical energy storage elements. Hemgithegeing mechanismis
the literature will be presentetdroughthe multiple origins from negative electrode, positive
electrode electrolyte, current collectaf LiBs and SCaps
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3.2.1 Ageing mechanisms in LiBs

Ageingmechanims in LiBs are mainly caused by tharasite reactions that lead to the
change inphysical and chemicaproprieties ofmaterials such asthe Solid Electrolyte
Interphase (SEHormation the dissolution of activenaterials, thesurrent collectoicorrosion
andthe electrolyter binder decorposition[93] [94]. In addition, thesageingmechanismare
strongly influenced by temperature, voltage, curr&@Cand composition of electrod§33]
[94] [95] [96].|Figure3-1|illustrates an overview gdrincipalageingmechanisms in LiBs

Figure 3-1 Overview ofageingmechanisms in Liion cells[94]

3.2.1.1 SEI formation

Many studies showed that tfregmation of SEl'had a strongmpact on the cycle life of
LiBs [97] [98][99]. In fact, SEIlis formed during the reductiasf electrolyteat theinterphase
of negative electrodend electrolyteduring the first charging of LiBs which is a thin
passivation layebetween 30 to 50n. Yi et al indicated thatgraphite electrodeworks at
approximately 0.05V vs. Li/lli which is outside of the stability windoaf common ligiid
organic electrolytes (0.84.5V) [100]. This layer wasomposed the inorganic (LiF, LiOH)
and organic material (GIOCOLI) [101]. Oncethis passive layenas beeriormed,thefuture
reaction between electrode and electroigtahibited[97].

However, SEI is not stablever time and with utilisation that depends on temperature,
operating conditions andhaterials[98]. In the case of graphiteSEI decomposition and
dissolution appear during cycling and storafj¢.iBs, whichleadto a directcontact between
the negative electrode and electrolyten, new SEtan beformed. On one hand, this process
consumes additional Lithereforetheavailablecycling Li* for intercalatiorreactiondecreases
and thisphenomenotis irreversiblewhich leads to a decrease of capacity.t@e other hand,
the SElgrowth results in an internal resistancerease. Moreover, the SEI growths not
homogeneoushat can crack thestructureof graphiteasillustratedin[Figure 3-1] Recently
Prakashet al.[102] investigated a new generation matedalLTO fornegative electrode in
LiBs to prevent the SEI formatioBincetheelectric potentiabf LTO is nearly 1.55V vs Li/Lj,
which is in the stability window of electrolyte.
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Besideghe SElformationon the anodside another passive oxidayeris formedon
the cathodesuch aghe Solid Permeable Interphase (SRGoodenought et 4lL03] reported
firstly this passive layer on LCO electrode. Then, Aurbach[@04] found ou the samexide
layerwas formedon LMO electrodeln contrast to negative electrodése working potential
of cathode materialare allin the stability window of electrolytesheé mainly cause dayer
formationis mostly due to thesurface chemistry reactioffg.g., nucleophilic attacg05]. In
addition, his layer iselectronicallyresistive which results in an increase of internal resistance
in LiBs.

3.2.1.2 Lithium plating

Metallic lithium plating is a typicalageing mechanism that has drawn increased
attentionrecently100] [106] [107], sinceit can lead tdhe safety hazards issued.iBs [108].
Lithium plating occurs when the Lions shuffled from the cathode to anode and intercalate
into the graphiteindera highlevel of charging currentyy overchargingor atlow temperature
[108] [109], it also depends on tléesign of LiBs andnanufacturing defectsl00]. In fact,
under these conditions, "Lions could not intercalate fast enough into the graphite, thus Li
deposits are formed on the anaillustrated ifFigure 3-1] Lately, the growth of metallic
depodts can form the dendrites and finally destriinet separatotherefore, an internal shert
circuit of cell is occurred, which is the principal cause of thermaway in LiBs[108].

Figure 3-2 SEM images of the graphite electrodes disassembled from the GrapFRi®efull cells
(a)Reference; (Ipower cycling a5°C; (cpower cycling ab °C; (d) power cycling at18°C[110]

Rauhala et a[110] investigated a series of experimental ageing tesigdier to follow
the formation of lithium plating through an extended posttem analysisThe SEM images
of disassembled negative electrodes on graphite are illustrafEtyure 3-2] at different
operating temperatures after the power cyctiggingtests. In both SEM images, the electrode
consists the graphite flakes and a film can be observed at the surface of gidphifém
seems thicker after power cycling at 25°@Figure3-2|(b). Relatively to the two firsts images,
some unknown particles are obviously at the graphits #iakpresented[Figure3-2(c). These
particles become large and cover at almost all surfaces of graphite under the power cycling at
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18°C inFigure3-2|(d), in addition, their forms are not regular under the test of power cycling
at-18°C (d). These unknown particles are identified by spectroscopy analyse, which are the
oxidation products of plated lithium.

3.2.1.3 Dissolution of transition -based materials

Transitionbasedmaterials dissolution is anotharigin for LiBs degralaion. The
dissolution oftransition metalsn various positive electrodegere reported in many studies
[94] [111][112] [113] [114]. This phenomenas common for the positive electrodé LiBs,
suchas LCO, LMO, NMC,LFP, in the LiPR-based electrolyter at high temperaturfl12]
[115].

Behandari et al[115] summarized the multiple causes of mangandissolutionn
LMO, NMC electrodes the complexmechanism and several preventioms. fact, the
manganesdissolution can be observedpeciallyat hightemperaturegl11], which leads to a
loss of active material and therefor@aaity fading In addition, Dealcourt et dlL14] observed
that the manganese can condemn SEI, which leads to sistpet capacity decay of
Graphie/LMO cellsThe preventionstrategies for manganese dissolutawa include: doping
coating,surface modification anélectrolyte additivg115].

Koltypin et al.[116] demonstratethat the dissolution afon was unavoidably in LiP§&
solution due to HF tracdt resulted in a capacity fading. However, the stability of Ica&R be
enhancedby using solgel syntheticmethodandby addinguncontaminated electrolyte additive.

3.2.1.4 Other ageing mechanisms

There are ther cantributions to LiBs degradatigrsuch asurrent collectorcorrosion
on positive side (aluminium), dissolution@ifrrentcollector on negative side (coppdo)nder
decompositionand gas generation caused by decompossgimaent[94]. In addition,the
structural changes can be detected at electrode IB&I496]. In fact, theinsertion and
extractionof Li* during cycling introduces a mechanicstressthat with time will lead to the
particles cracking, graphitexfoliation, becoming less ordered relaly to the original
structurg117]. All theseageingmechanisms retdt in aninternal resistance augmentat{od].

3.2.2 Ageing mechanisms in SCapsand LiCs

The structuralchanges in porous electrodepecially the diminution of active surface
are mainageingmechanisms for SCaps, which is due to the side readigtmsen electrolyte
andimpurities in activated carbdi18]. Moreover, the side reactions generate gasdsolid
layer between electrolyte and electraldathas similar property dEI[119], the gases results
in a swelling of SCapElL20], while the solid layecanreduce the specific surface of reaction
as illustrated ifFigure3-3

Multiple factors influence the ageing mechanisms according literaflife3 [119]
[120]. Omar et al[121] investigated different cycle tests at multiple temperatures, they shown
that the increase of internal resistance is significantly higher at 60°C. Germih22] &und
out that the capacitance decreased with time under a constant high voltage during the storage.
Recently, they shown that high frequency current ripple also had significant effects on
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capacitancand resistance, in addition an electrolyte leakage at end of floating and ripple test
are observe(ll18].

Figure 3-3 Schema of SCaps ageing mechanisms under floating constrgiis]

There areonly few studiesaimed onthe ageingmechanisms of LiCs, since this is the
latest generation technologg.thecaseof asymmetricstructure El. Ghossein eal [123] found
out the floating voltage level and temperature during storage had a significant efteet on
capacitance decaylhey assumed that thageingmechanisms seem the LIBs for negative
electrode and resemble the SCaps for positive electBaden the caseof hybrid symmetric
structuretheageing mechanisms is notadale untilnow.

3.3 Impact of ageing mechanisms on performance and security

The previoussection hasveen describethe mainageingmechanims in LiBs, SCaps
and LiCs accordintp a hug of literatures. Marco et @3] classifiedthemto threedegradation
modes based on eleattfeemical viewpoint: Conductivity Loss (CL), Loss Lithium Inventory
(LLI) and Loss Active Material (LAM)[Table 3-1]lists the relationship between extrinsic
factors(Temperature, Current, SQ@DOD and cycle numberaffected componeriNegative
Electrode, Positive Electrode)otential ageing mechanismeffects (Capacity Fade,Power
Fade)and degradation modéCL, LLI, LAM) .

Based on this table, current collectorrosion and binder decomposition are in the CL
degradation mode, LLI degradation mode contains the decomposition of electrolytes, lithium
plating and formation of lithium grains. LAM includes the oxidation of electrolytes, electrode
decomposition, transon metal dissolution, intercalation gradient strains in the active particles
and crystal structure disordering. The affected component and potential ageing effects are
identified by the posimortem analysis, such as-Ray Diffraction (XRD), Photoelectron
Spectrometry (XPS) techniqupi24] which belong to the désictive battery health diagnosis
technigues. Moreover, natestructive techniques such as capacity and internal resistance
measurement, Incremental Capacity Analysis (ICA), Electrochemical Impedance Spectroscopy
(EIS) are widely used in the diagnosis ®Bk for the real application.
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Table 3-1 Relationshipof LiBs ageing extrinsic factors with the affected component, ageing
mechanisms, potential ageing effects, most pertinent observed effects angartiaent
degradation mod¢93]

The multipleageing mechanisms cause not only the capacity and power fade, but also
result in some safety issufigure 3-4](a) shows a LiB cell swelling after 460 storage at
high temperature (55°C) and SOC (95%)mai et al[125] found out that the internal pressure
of commercial LiBs raised due to the decomposition of electrolytes for the first time, large
volumes of gas generation were detected in overcharge andissfearge of LiBs and in aged
LiBs.[Figure 3-4|(b) presents the electrolyte leakage at the end of power cyagieiggtests
for SCaps. In addition, as illustrateqRigure 3-4)(c), the internal pressure is high enough to
open the can of SCaps, which introduces the electrolyte injection. Moreover, the acetonitrile in
electrolyte of SCaps is harmful and flammable.
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Figure 3-4 Swelling of (a) Graphite/LTO cells after 4500h storage at 55°C and 95% SOC, (b)
Electrolyte leakage (c) Can opening of SCaps after 5000h calendar ageing on floating

The cell swelling facilitate the thermalnaway, fire and explosiofb4]. As illustrated

in |Figure 3-5| the internal short circuit is the main cause of thermatvway due to the
mechanical abuse, e.g. the separator tearing caused by nail penetration or crush. Internal short

circuit is also due to the electrical abuse, e.g. the separator piercing caused by dendrite
formation from lithium plating, which is one ofd@hageing mechanism in LiBs; the thermal
abuse, e.g. the shrinkage and collapse of separator caused by extreme high temperature due to
the increase of internal resistance during aggag

Figure 3-5 lllustration of the most ommon features of thermal runaway [51]
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3.4 Ageing types definition

In order to investigate the ageing study different electrochemicatnergystorage
elements. Two typesf ageingtestare performed on LiBs, SCaps and Li@. calendaageing
testand power cyclinggeingtest

3.4.1 Calendar ageing tests

During calendar ageing.IBs areusually stored under opeircuit potential state, the
loss of capacity is irreversible with timeiBs used in the aircraft for emergency system is
always on standby, thereforeetlifespan under calendar ageing is one of the critéaicing
the selection of LiB$or aeronautickusage

Many studieqd126] [127] [128] [129] pointed out that the capacityss had a linear
regressiorversus a square root of time, which corresponds on the behaviour of SEI formation
Moreover, hightemperature and high SG&vours the calendar ageifit26] [127], recently,a
few studies shown that thew temperature resulted in the capadégle in calendar ageing
[130] [131]. In the review of Dubarrgt al[130], they resumeadll the significant studies on
calendar ageing for differerntiB technologies they demonstrated that a few studies were
focused on the calendar ageing at low temperature and high SOC.

For SCaps and LiCs, calendgeingtests are performed under a constant voltsigee
the selfdischarging of SCaps and LiCs are significditis voltage maintains constant that is
also called float voltage to compensate thedisitharge, therefor@leakage curremtbout few
milliamps is detectel32]. According to these papefk23] [132] [133], they indicated that
the chamcteristic of leakage current wasStateOf -Health indexfor electrochemical storage
elements.

3.4.2 Power cycling ageing

In contrastto the calendar agng, power cyclingageing requires theoperating
conditions (charge/discharge), which signifies the electrochemical storage elements are cycled
underthe electrical load. Théigh current level, the elevated temperature andvide DOD
variationresult in a severitgnergy and power fad#&28] [134] [135]. Power cyclingageingis
one of theageing typeahatalways bund out in a real application, such aghe case of A380,

a 28V batteryis always connectedith DC bars to avial power cutting in the networkf
aircraft, whichis under operating condition3.herefore, he number of cyes is another
indicator of lifespanduring the electrochemical storage element choice

3.5 Ageing test experiment s

For ageing study, thgenericcalendar ageing and power cyclirgeingtestsare
performed on electrochemical storage elements under different conditions. The large
experimental tests with periodic characterization according to LiBs, SCaps andaidCs
presented in this section
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3.5.1 Characteristics of calendar ageing test s

As the calendamgeing tests are defined in the reference tests for all investigated
electrochemical energy storage elements for aeronautical usage. Thus, the extreme temperature
conditions must be considered for the ageing test desogording to previous literaturesigh
temperature favours the calendar ageing, 55°%@Gereforeselected-20°C is selectedue to
thelack knowledgeof calendar ageing at this temperatubereference temperature at 25°C is
also selected-urthermore, as the SCaps can be stored at,86&@=fore, 65°C is added for
calendar ageing tests of SCaps.

Figure 3-6 Example of experimental setups for LiBs during calendar ageing te$t?5°C

Otherwise, as the electrochemical energy storage atsnage always stored at high
SOC in the aircraft. Thereforen ithe case of LiBs, cells were stored at 95% SOC, which
corresponded to the OCV at 95% SOC at the beginning of life (BOL). During the duration of
ageing tests, OCV was also measured by a data logger from Agilent in order to follow-the self
discharging of iBs. While, a constant voltage was applied on SCaps (2.85V) and LiCs (2.6V)
during calendar ageing thanks to a floating card developed in our group. In parallel, the leakage
current was also measured. One example of experimental setups for LiBs isté

3-6

3.5.2 Characteristics of p ower cycling ageing tests

As the cycle life is another criterion in the reference test to evaluate the lifespan of
different eletrochemical energy storage elements, therefore the generic power agging
tests were performed. Because timmperature range of charge (88Q°C) isnarrowthan the
temperature of discharg0°CG-55°C) for the majority LiB&nd LiCtechnologiesin addition,
the behaviour otelf-heating appears during power cycliageingtests, which results in an
increase of temperatur€herefore, 0°C and 45°®ereselectedor power cyclingageingtests
of LiBs and LiC The cycling currentwas0.5C for LG 1C forothers LiBsand 10C for LiC,
which also corresponds the current level in the performance tests in chap@C 2ariation
was roughly about 100%, which signifiethe LiBs cycling betweenminimal voltageand
maximal voltageWhile, LiC wascyclingbetween 1.4V and 2.7Vh regads to the SCpas, 0°C
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and 50°C wez selected for the similar reaseith 50A betweerdn/2 (1.425/) andUn (2.85V)

for power cyclingageingtests[Table3-2]illustrates the temperatunecreaseat BOL and EOT

in a classical power cyclinageingtests forall teste electrochemical energy elemefitsan be

seen that the temperaturereases significant for the 18650 and 26650-ian cell forms.
Furthermore, the temperaturereasds more important for the power cyclimgeingtests at

0°C relatively to 45°C. These behaviours are directly linked with the internal resistance. For
the SCaps fronskeleton, the temperatuirecreasewill be presented in the following section.

Temperature increaseat BOL/EOT (°C)
LG | Samsung EAS | K2 | Valence| EIG | Yunasko
Power cyclingageingat45°C | 5/6 5/6 1/3 |5/5| 2/4 1/1 3/4
Power cyclingageingat0°C | 8/13| 8/13 3/4 | 8/9| 8/6 1/1 6/11

Power cyclingtests

Table 3-2 Temperatureincreaseat BOL/EOT for investigated technology

A thermocouplevasplaced in the centre of alectrochemical storage elements in order
to measure thekintemperaturef cellduring power cyclin@geingests. In addition, the power
cycling ageing testprogram must include the limits for temperature, voltage and current so
that the testa/ereterminated and damages avoidedsafetyreasongFigure3-7jillustratesthe
experimental setups for power cycliageingtests.

Figure 3-7 Example of experimental setups faiBs during power cycling tests

3.5.3 Check-up protocol s

The performance oélectrochemical storage elememtsre checked approximately
every three week@1 days)for calendar ageingestsat-20°C and 55°C, six weeksZ4lays)
at 25°C, since a lot of literatures indicated tiég duration is considered convent for this
type of ageing136] [137] [128]. Regarding power cyclinggeing testsas SOC variatiowas
roughly about 100%, the dme capacity hd been tracked to inform thauitable moment for
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a cleck-up.In ageing study, the end of test (EOT) occurs later than the 20% capacity loss which
is classically taken as the end of filig criterion.

For LiBs, the checkupwasapplied at 25°C after 3 hours of thermal stabilization with a
profile presentedh[Figure3-8](a). The cellswerecharged with CE&CV mode at C/2 fot.G
and at 1C foother LiBs then fully discharged #he same current. The capackythhe ampere
hour discharged. A new CCV chage Pllowed by a CC discharge waeeded to reset 50%
SOC.The SOC reset signifiea 50% ampere hour removal relatively to the capacity at the
BOL. Then, after an O€ period of 1h, the resistance sveneasured at 50% SOC according to
a current profile made of02seconds discharge followed by 40 seconds OCV and 20 seconds
charge, as depicted in the inserted zoom in the voltage duffegure 3-8 (a). The cell
resistance wasalculated after 10s of discharge pulse accordingpteation{3.1) whereUocy
and Uios represerdd the voltage before and after 10 seconds of pulsgethe current pulse
magnitude corresponding ter@te. The duration of cheakp was9 hours fol.G and6.5 hours
for other technologies of LiBswhich was negligible compared with the ageing duration
(~500h).

For SCaps, therofile of checkup ispresenged in thgFigure3-8((b). The SCapsvere
dischargedat 5A afterthe calendar ageingy power cyclingageingtestsat 25°Cuntil 0.5U,,

then fully charge with CC mode at the same current leveluntd secondselaxation alloved

to calculatethe 5 secondlischargedESR atUn according to equatio. Next, the same
dischargingvasapplied until0.5Un followed by a 5s relaxatiomyhichrepreseredthe charged
ESRat0.5Un Finally, afully charging wa applieduntil Un. The capacitancerasthe average
of two discharges. While, only the discharged ESRatvas presented in the experimental
results sectiorfor LiCs, the profile ofcheckup wasthe same as the LiBs, but the current level
is 3C (3.9A) instead of 0.5C or 1C in the case of LiBs

As the design of experiments for ageing tessquite large, the experimental results
presentedvererelated to only two cell®r the same ageg condition In each curve, one point
correspondthe average of the values from two cells.

4L laod T54e (3.1) 7a F+7_gae (3.2)

'54L
+

Figure 3-8 Checkup profile at 5° for (a) LiBs, LiCsand (b) for SCaps
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3.6 Calendar ageing results and analyses

3.6.1 Raw tests results

The evolutions of normalized capacity and resista@s°Cversusstorage timeinder
multiple ageing conditionsZ0°C, 25°C, 55°Cjre depicted ffFigure3-9Jfor al technologies
of LiBs. The normalization is relative to the capacity and resistance values at the beginning of
life (BOL). Since the storage condition at 25°C is considered as a reference temperature in
calendar ageintgsts therefore, the cheelipfor this ageing typare performeevery 500h (21
days) for calendar ageing tests2@°C and 55°Cevery 100041 days)t 25°C The EOT of
calendar ageing occurs after 5000h (209 days) of storage.

In [Figure 3-9] (a-f), it can be observed that high temperature results in a significant
capacity loss for all LiBswhich limits the energy capabilityess than 20% capacity loss
occurs at 55°C after 2090sage days for LdFigure 3-9|(a)) and SamsungFigure3-9](b)),
while, morethan 20% capacity losxcursat 55°C forother technologiesSurprisingly, almost
5% capacity losat -20°C for Samsung, K2 and EIG. However, the curves of normalized
capacity versus storage time stay steady for calendar agel@f @tfor other techrlogies of
LiBs.

In contrast to the capacity loss, the resistance increaseslendar ageing testés
illustrated ifFigure3-9] D N1 thetemperature of calendar ageing has an important impact on
thenormalized resistancéligh temperature leads to a significant increase of resistance, which
limits the power capaliy. In addition, the tendency of normalized resistance over storage time
follows the tendency of normalized capacity evolution in the same ageing conditions for all
technologies except for the cells frad@ (Figure3-9| G 1

Regardinghe LiBs chemistryNCA 18650 cellfrom SamsunjFigure3-9| E EHhs a
betterperformanceelativelyto 341440cell from EAS{Figure3-9| FFY LQ WHUP RI QRUI
capacity and resistance during calendar ageémgddition, the shape eformalized capaty
versus storage time curve different betweerthem. This may be due to the manufacturing
process or different forsof cell. For LFP the cell from K2[Figure3-9) G G Velkars
H Hf KDYH WKH VLPLODU FDSDFLW\ IDGH EHKDYLRX
the increase of resistance is less significant for K2 compared to Valence. In fact, manufacturer
adds the magnesium in th&P electrodeof cell from Valence, which couldave an impact on
the resistance when the cell ageing.

73



Chapter3 *Ageing study o CESelements

74



Calendar ageing and power cycling ageing

Figure 3-9 Normalizedcapacity (left) and normalized resistance at 50% SOC (right) from chegk
at25°CforLiBs(a) DT /* E EY 6DPVXQJ F FT ($6 G GY . H H
under 55°C, 25°C and20°C of calendar ageing testd 95%SOC

[Figure 3-10]illustrates the evolution of normalized capacitance and resistance at 25°C
versus storage time for different floating voltagerYd. calendar ageing test20°C, 25°C,
55°C and 65°).In the case of SCapdemperature affect the normalized capacitance and
resistance over storage time, especially the capacitance fade is more important at high
temperature, which results in a decrease of power capability. Relatively to the LiBs, the increase
of ESR is 10 times more than the increased resistance of LiBs at high tempeGtheesise,
themeasurement &SR at EOT for calendar ageing at 65°@asavailable, sinctheminimal
voltagewas reaching at the end of 1 second

Figure 3-10(a) LIRUPDOL]HG FDSDFLWDQFH DQG DY QRai®BECdd|HG (65 D
Skeleton under 65°C, 55°C, 25°C ar2l0°C of floating calendar ageing(2.7V) tests
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D DY LOOXVWUDWH WKH HYROXWLRQ RI QRUPLE
the storage time at 25°C and 55°C for floating voltage (2.6V) calendar ageing. The same
behaviour is observedr LiCs as in the case of LiBs and SCpas, where the high temperature
leads to an important capacity faaled ESR increas&urthermore, the cell swelling and some
electrolyte leakage are appeared at EOT in both calendar ageing conditions (25°C and 55°C),
one example is illustrated[Figure3-11](b), where tie cell is at EOT after 33 storage days at
55°C. Owing to thesessues, unfortunately, the calendar ageing2&°C has not been
performed.

Figure 3-11(a) 1IRUPDOL]HG FDSDFLWDQFH DQG DY QRalPPROar]HG UHVL
Yunasko under 55°C and 25°C of floating calendar ageing(2.6V) testsL.i®)in the fresh state
BLIC after 33 days floating calendar ageing(2.6V) tests at 55°C

3.6.2 Capacity loss analyses under calendar ageing in awide temperature range

In order to investigate the impact of storage temperature on capacity fade in calendar
ageingtests the most classic method is ddtahing a relationship between natural logarithm
of degradation rat§l38] or capacity los§139] and storagetemperatureThe Arrheniuslike
relationshipis always observed in the temperature range 26MC t060°C [127][129][138].
Naumann et a[129] found outa goodlinear relationship between capacity loss arwetrse of
storage temperature (25°C, 40°C, 60°C) for LFP batteBesides the Arrhenius like
relationship, the Eyring law was applied by Redectglesias[140] to predict capacity fade of
LFP batteries in the calendar ageing tests.

Until now, few studieshowif LiB s orSCapshasthe samdehaviouin low temperature
rangerelatively to temperatureangeabove 25°CBaghdadiet al[128] indicated that two
different ageing behaviourgerenoticed for the range 66°C to 25°C and 25°C to 60°C for
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LMO cellsin power cyclingageing testsThetemperature dependent ageing mechamsre
also observedin power cyclingageingtestsby Waldmann et al[141]. The Arrhenius like
relationship between degradation rate and temperatuse different and it depends on
temperature range.

Therelationship between capacity fade rate and storage tempef&0f€-65°C) is
thereforeinvestigated according to the different technologies. Among multiple technologies of
LiBs, different chemistries are selectedbe analysedsuch as NIC (LG), NCA (Samsung),

LFP (K2), LTO (EIG) In addition, SCaps from Skeleton is attadied The capacity fade rate
(k) is determined byequation, whereQios{t) is the capacity loss after t dayg, is the
capacity at BOLt is theageingtime (days),. is the timedependant factoSincemanystudies
[128] [129] [142] indicated that the capagifadehad a linearregression with thequare root
of ageingtime for LFRP, NMC, NCA LiBs, therefore. is 0.5.

Based on this approaghigure 3-12|illustrate the normalized capacity or capacitance
loss over the squareot of time (£°) for each technology at different temperatures. It can be

observed thaa linear regression is obvisdior almost all technologiest ageing temperatures
for -20°C, 25°C and 55°CThe slop anthe determination coefficient tliese curves are listed
below thecorrespondindigure. It can been concluded that the slop increased with the ageing
temperaturewhich is logical. Because the high temperature favours the calendar ageing
degradatiormechanismsRegarding the coefficient of determination, most of them are nearly
1, which significates a good linear dependency
raxk
34

However, a worse linear dependency of technology LTO from EIG is appeared
relativelyto other LiBs. This may be due to the choice of tue@endant factor.f for LTO
negative electroddn fact, SEI growth has a linear relationship with the squar of time
[143]. Furthermore, SEI growth is one of the principal ageing mechanisms in cateyeiiag.
0.5 is therefore selected fthre LiBs with a graphite negative electrode.

L GHP (3.3)

NMC (LG) | -20°C| 25°C| 55°C NCA (Samsung) -20°C | 25°C| 55°C
Slop(day®® | 0.42 | 0.48 | 1.12 Slop (day®? 0.11 | 0.50 | 1.08
R2 0.96 | 0.98 | 0.99 R? 0.97 | 0.99 | 0.98
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LFP (K2) |-20°C[25°C[55°C LTO (EIG) | -20°C] 25°C] 55°C
Slop(day®9) | 0.23 | 0.39 | 2.21 Slop(day®9) | 0.24 | 0.31 | 1.13
R2 0.99 | 0.99 | 0.99 R? 0.88 | 0.83 | 0.74

SCapgSkeleton)| -20°C [ 25°C [ 55°C | 65°C
Slop(day® | 0.61 | 1.01| 2.75 | 4.64
R2 0.96 | 0.96 | 0.99 | 0.98

Figure 3-12 Capacitance loss over square root of time-a0°C, 25°C, 55°C, 65°C and
corresponding linear regressions values for (a) NMC (LG), (b) NCA (Samsung, (c) LFP (K2), (d)
LTO (EIG), (e) SCaps (Skeleton)

The Arrheniudlawis ddined in equatio, wherek is the rate constant for reaction,
T is the absolute temperature (K)is the preexponential factor:a is the activation energy for
the leaction, R is the gas constant (8.314JH0l). In order to verify whether the relationship
between degradation rate and temperature following the Arrhenius function, the natural

logarithm of slops Z G are plotted over the inverse of temperattfsye (

2%

GL # HAET (3.4)

Figure 3-13| illustrates the relationship for all technologie#. is obvious that the
technology of NCA from Samsung shows a good lineapeedency, which signifies the
Arrhenius dependency. According to equati the energy activation of NCA from

Samsung i21kJmol?, which is similar the valu@ thepaper ofXu et al.[144]. But Waag et
al found a higher energy activatioralue that isbetween 50 and &Imofifor the same
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chemistryof LiB. In fact, they determined this valwecording tdhe increase of resistancmt
according taherate ofcapacityfade

Figure 3-13Influence of calendar ageing temperatures20°C, 25°C, 55°C 65°C) on degradation
rate for (a) NMC (LG), (b) NCA (Samsung), (c) LFP (K2)d) LTO (EIG), (e) Activated Carbone
(Skeleton)

Contrary taheNCA LiBs from Samsunganonlinear dependency is observed déoher
technologiessuch ad.iBs (NMC, LFP, LTO)in the temperature randgsom -20°C to 55°C
and aps(activated carbon) frorr20°C to 65°C A simply quadratic regression is applied to
fitting thesedata The optimal calendar ageing temperature can be identhigtks to the
paraboladitting according tcequation, wherea, b andc is thefitting parametersTherate

of capacityfadeis minimal when the temperature is Ia{(%

6

S
pE>HZE? (3.5)

S

ZGL =HI
6
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Iists the optimal calendar ageing temperature for different chemistries of LiBs
and SCaps. This interesting finding indicates that above or below this optimal temperature,
LiBs age at 95% SOGnd SCaps degrade at 2.7V in calendar ageing test conditions.
Furthermore, this particular temperature depends on chemistries of electrochemical energy
storage elements, which comprises fr@¥C to-10°C. This information can help users to store
the LiBsand SCaps under the optimal thermal conditidowever, the resulteeed to be
consolidatd with additional tempetures.

Technology Chemistry Optimal calendar ageing temperature (°C)
NMC (LG) 2.7
LiBs LFP (K2) -5.8
LTO (EIG) -46
SCaps | Activated Garbon (Skeleton| -8.7

Table 3-3 Optimal calendar ageing temperatures for multiple chemistries (NMC, LFP, LTO and
Activated Carbon) based on quadratigpe fitting

The similar behaviour is shown literatureg128] [141]. In [128], a quadratic function
was applied tditting the curve of logarithm degradation rate versus temperature, &7d4C
17.5°Cwas identifiedasoptimal temperatugefor each current conditio This plot is presented
in[Figure3-14(a). In fact, the degradation rafe this plotwas determined by a mixeweing
type which included the power cycling andlendar ageing. Since the degradation mechanism
is quite different between these two ageing types, therefoiepténal temperates arenot
similaras ours

Figure 3-14 (a)Logarithm of total ageingate function of temperature,axand Imin [128]
(b)Arrhenius plot of the ageing behaviour of 18650 cells cycled at 1C in the temperature range from
-20°C to 70°d141]
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In [141], two linear regressions we@served, whichare separated byan optimal
temperature &27°C as illustrated ifFigure3-14)(b). In addition the energy activation haen
opposite signwhich was positive between 27°C and 70°C and negative bet@eé&d and
27°C.They demonstrated that the degradationiss¢tieme high in powecrycling testsat low
temperature, which was due to thikium plating.

The previous analyses indicate ttta rate of capacity fade over the ageing temperature
GRHV QRW DOO IROORZ WK hh dptinaKiehérativd bé@n20°CkhtilUH LV D
55°C forthe LiBs (NMC LFP, LTO) anl SCaps (Activated &bon) incalendar ageintests
wherethe capacity fade rate is the lowest.addition, this assumption is supported by the
literatures inthe combined ageing tests power cycling ageingestsin a wide operating
temperature range20°G70°C). Regarding the two linear regressiomsere demonstratedy
Waldmann et al[141], our proposed fitting is based on a quadratic regression due to the
temperature lackin fact,as the calendar ageing latv temperature is natonsidered athe
common ageing tests, which riskswcapacity fadelurthermore, the calendar ageing tests are
time-consuming and costl{.herdoy, only three temperature are investigated in our study with
a reference temperatuat 25°C. Otherwise, it is recommended to verify the regression type
with other severaiemperatures.

3.7 Power cycling ageing results and analyses

The power cyclin@ggeing testare performed with a 100% DOD at 0°C and 45°C under
0.5C for LG and 1C for othdriBs. As in the case of calendar ageing, the normalized capacity
and resistance are followed to evaluate the power cycling agelrayiour The normalization
is relative to the capacity and resistance values at the BRH_evolutions of the normalized
capacity and resistance over cycle number are depidteigime3-15]for all LiBs technologies.
Two types of normalized capacity are showmthe plots. The independesymbol in circle
represents the classical periodic chapkat 25°C according to the corresponding power
cycling. While, the circles with a line represents thdine characterization.

Item LG Samsung EAS K2 Valence EIG
_ NMC/ NCA/ NCA/ LFP/ | LiFeMgPQ/ | NMC/
Chemistry graphitetSiO graphite graphite | graphite| graphite LTO
por,\i,r:re C(dc?i}r/f) at 180 125 o 182 181 180
452/0 9 (Cioss>50%) | (Cipss>50%)
Time (days) 26 80
Poweroféc"”g A (CosB50%) | (Coss>50%) 182 183 182 182

Table 3-4 Ageing duration of power ycling ageingtests at 0°C and 45°C for each LiBs

Furthermore,the power cyclingageing testsluration is listed ifTable 3-4] with
corresponding cycling temperatuaed stop criterion of test$n fact, power cyclingageing
tests had been planned for 6 montisce Sauer et a[137] showed thaimore than 20%
capacity loss was observed for a NMGidun cell under the power cyalg ageing testat 40°C
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with 100% DOD. However,in practice,the EOTof investigated LiBsoccurred beforehis
durationfor some reasons, such e capacity loss is too significant to could not apply a
classical checkip at 25°Cor cell swelling. Besidethese constraints, all the power cycling
ageingtests were performed almost 6 months. A classic chpakt 25°C was performed each
20 days, otherwise, it can be informed by thdina characterization.

In [Figure 3-1§] for all LiBs, it can be observed that the normalized capacity values
obtained according to the classical chepkare always below the online values at 45°C, while,
they are always above tbaline values at 0°@r all technologiesThisbehaviouiis due to the
temperatureof characterizationln fact, high temperature enhances the available capacity of
LiBs, therefore, the capacity is smaller at 25°C than the capacity obtained from the powe
cycling ageing testat 45°C and vice versa for the power cycliageing testat 0°C.

In contrast to the calendar ageing, power cydigegingtestat low temperature leado
a significant capacity loss for all LiBsithin 6 monthsexcept EIG especially for technology
LG. More than 80%apacity decrease is obsenady after 26 day§638 full cycles)f power
cycling ageingtestfor LG as presenteih (a). The similar behaviouris found for
technology Samsuraftercycling 80 days{Figure3-15|(b).). The degradation rate is higher in
the case of LG, which may be due to the silicon addition in negative ele¢i4fle Since
Shang et al[145] indicated that the volume variation of negative electrode with graphite
siliconeinduced the mechanical stresses, resulting in electrode disintegration with consequent
failure during cycling. However, this behaviour is less sigrant compared to the power
cycling ageingtests at 45°C for LGThe cells of technology EAS 10s20% capacity after 6
months ofpower cyclingageingtestswith the same conditiofFigure 3-15(c)). However, it
has the same chemistry as Samswgrall, all the tested chemistries have the same ageing
behaviour under 0°C.

In |Figure 3-15| (d, e), technologies K2 and Valence both have the LFP positive
electrodes. A capacity regeneration phenomena is noticed under the power agelimgat

0°C. This phenomena can be observéemvthe power cyclinggeing tests argtop or in the
early hours of power cycling after a classical cheplat 25°C. A lot of papers highlighted the
capacity regeneration phenomena inidn cells[110][146] [147] [148]. Eddahech et dl146]
pointed out that the steOC value impacts on the regeneration phenomena for an NMC Li
ion cell in power cyclingageing testat 45°C. They assumed that this phenomena was due to
the electrical charge redistribution during the relaxation period of Saller et al.[148]
indicated that the relaxation phasmhanced the homogeneity of *Ldlistribution for
NMC/graphite LiBs.Furthermore Rauhala et §.10] highlighted that an improved capacity
was observed for the LFP-ion cells during power cyclinggeingtests at low temperatures (
18°C and OC). They indicated that the graphite structure cracking and disordering of the
graphite sometimes could create more site for the insertion*pfthereby leading to an
improved capacity.

Based onFigure 3-15| (f), a slight capacity fade is observed in both power cycling
conditions (0°C and 45°C) for technology EIG. For the power cyegejngtests at 45°C, an

increase of the capacity is observed at the beginningwéipcycling, then it starts to decrease
slowly. However, no increase of capacity is appeared in the case of power egding tests
at 0°C. After a sharp drop at the beginning of test, the normalized capacity remains stable. These
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results suggest thaflTO Li-ion cells have a long lifetime in the power cycling ageing type.
Stroe et al[149] shown the similar results for the LTO-ldn cells under 1C power cycling
ageingtests at 50°C with 50% DOD. But, they observed a fast capacitybtteviourafter

3000 full equivalent cycles. They indicated that the capacity fade evolution could be divided
into three regions. The two first regions were similar as our funding,itde¢gion was where

a fast capacity loss occurred. They highlighted that each region associated with a specific ageing
mechanism.
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Figure 3-15Normalized capacity (leftand normalized resistance at 50% SOC (right) for LiBs
according to online and classical cheapfor D DY /* E EY 6DPVXQJ F FYT ($
H HY 9D OH Q Fuidet 0°A §ind @5°Mower cyclingageingtests(100% DOD,
0.5C/1C)

In|Figure 3-15( DY LW FDQ EH REVHUYHG WKDW WKH LQWF
increases with the cycle number. Furthermore, the evolution of normalized internal resistance

has the similar tendency withe evolution of normalized capacity over the cycle number for

almost of Lion technologies. However, [Figure3-15 F1  WKH LQWHUQDO UHVLVW
is more than 2000 times higher relatively to the initial internal resistance for the power cycling

at 45°C. In fact, the values of normalized resistance after 720 cycles are could not been taken
into account. Since the reset of 50% SOC in the classical ¢heiskbased on the initial

capacity, as the capacity fade is significant after 720 cycles at 45°C, thereby, the internal
resistance is not exactly measured at 50% SOC.

D @eficts the evolution of normalized capacitance and ESR over cycle
number forSCaps More than4 monthstests are performed, 13faysfor power cycling at
50°C, 125 days for power cycling at 0°C. Nearly 5% capacity fade is observesl BOth
(3.9e+5 cycles) at 0°C and 25% capacity loss is found at the EOT (4.8e+5 cycles) an50°C.
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[Figure 3-16|(a), it can be observed that the normalized capacitance frofinefeheckup is
quite different comparetb the online values at 50°C. But, these values are quasi identical at
0°C. In fact, as illustrated [Rigure3-16|(b), for power cycling at 50°C anC in the end of
tests the selthating leads 25°Gand 5°C temperaturancreaserespectively. Tiereby, the
difference between eline and offline normalized cagcitances more significanat 50°C.

Figure 3-16 (a) Online and classical checkip normalized capacitance DY FODVV-ug-DO FKHFN
normalized ESR at 5s for Skeleton under 890 and 0°C of powecycling (0.5U-U,, 50A) ageing
tests(b) Temperatureincreaseat the surface of SCaps before EOT power cycling at 0°C and 50°C

Furthermore, the capacitance regeneration phenomena is observed in both conditions.
According to Chaari et aJ150], the maximum voltage and temperature during power cycling
were the main factors of this phenomena for SCaps. They anmbuhat the charge
redistribution inside the porous carbon electrodes when the power cycling stopped is the origin
of capacitance regeneration[Rigure3-16) DY  (rfeases with the cycle number and its
evolution tendency corresponds the evolution of normalized capacitance.

In the case of LiCs, 160 days of power cyclaggingtests are performed at 0°C and 18
days for 45°C. As illustrated a sharp drop of normalized capacity is observed at
the beginning of power cyclinggeingtest at 45°C, while, a slight increase is appeared at 0°C.
The capacity regeneratigghenomena can be found in LiCs as in the case of SCaps and LFP
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Li-ion cells. The evolution of normalized resistance is significant in both power cycling
conditions. Furthermore, the cell swelling is observed at EOT of power cycling at 45°C as in
the calendr ageing testg~gure3-17|(b)).

Figure 3-17 (a) Online and classical checkip normalized capacitance D §lassical checlup
normalized resistace at 50% SOC for Yunasko under 0°C a#A8°C power cyclingX.4V-2.7V)
tests(b) LiC after 251 cycles (B days)power cyclingageingtestg1.4v-2.7V, 10G-13A) at 45°C

The experimental power cyclinggeingtestsand theirresults tests arpresented and
analysed in this section for each technology respectivelfirst observation is the power
cycling ageingtestsspenda lot of time andneed manyequipmentThe whole tests last more
than 6 months, the battery d¢gs andthe climatic chambes must ensurghe operating
conditionsduring this longperiod In addition, the tests design requdsts of precautios,
since the power cycling ageirigehaviour of LiBs, SCaps and LiGs quite different For
example, tiis difficult to prevent the most suitable moment for the periodic characterization
due to the diverse ageing behaviours. Therefore, the online characterizations shoultheet up.
temperatures are selectfent the power cycling studybecause 0°C and 45°Ctlee maximal
cycling temperature of LiBs and LiCs, which are alsahe operating temperatunangefor
aeronautical usage

Overall, all the electrochemicatorage elements lose more than 20% capacisili
power cycling conditions besides LTO-ion cell from EIG. The results indicat¢hat the
cycling ageing behaviour is dependent on the cycling temperature, on the technologies, on the
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DOD. Low temperaturdeads a significant capacity fade for almost LiH$e internal
resistance evolution over cycle number is less important comfmatieel normalized capacity
evolution.The capacity regeneration phenomena is observed for Lféh ldells, SCaps and
LiC. Surprisingly, the slf-heating is more ghificant at the EOL for SCapsy/cling at 50°C.
The swelling is appeared for the pouch cell of LiCs. All th&gaify that the power cycling
ageingis a complex processvhichleads tan multiple ageingesults

3.8 Abuse tests and results

Besides the ageing studyafety focused study on electrochemical energy storage
elements aralsoinvestigated.The abusetests are based on the international abuse testing
standards and regulations foribn rechargeabléatteries which are classified according to
the nature of misuses (mechanical, electrical, environmental and chefiigd)) In the
standard of UL1642,the shorcircuit test, heatig test, altitude simulation (low pressure),
tempeature cydng test, shock test amtush testare defined to verify the safety of-lan
rechargeable batteries for general applicafid®2]. While, in the review of Ruiz et a[151],
they listed thabuse testior electric and hybrid electriehiclesapplication In the RCTA/DO
311, the overcharge, deegischarge, crash safety, temperature shock, externalcshaurit,
altitude simulation tests are defined with evaluation criteriaéronautical usag this study,
three main types of abuse tests are perforimedseveral electrochemical energy sterag
elementsthermal stability, overcharge and altitude simulatislisted i Table3-5] a hazard
level classification defined by EUCAR is widely applied about tifety of electrochemical
energy storage elementlk this section, the safety evaluation of elements under abuse
conditions are based on this table.

Table3-5 Hazard level with riskassessment defined BUCAR

3.8.1 Thermal stability test

Thermal stability testvereperformed on two technologies for the safieiyusedstudy.
the 26650 LFP/Graphite cell from K2 and the pouchSLcell from Oxis.Since the
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LFP/Graphite is welknown for the safety during operatiandfew safety focusedgtudies are
carried on the LS cell. ARC (Accelerated Rate Gaimeter)was used torun the thermal
stability test. All the cellsverechargedo 100% SOGwith CC-CV method according to the
technicaldatasheetThen they wee insalled in the ARC at 40°@uring 3 hoursof thermal
stabilization Next, the temperature of ARC increases by sted Gfwith 1°C/minandit kept
constant for 30 minuteat each stepWVhile a thermal ruavay was detected, the AR@as
stoppedto heat thecell. The end of thermal stability tesbccurred when the maximal
temperature of cell exceeded 200°C or the maximal increased/decreased temperature rate
exceeded 3°C/mijnwhich is considered the limits in thermal stability test foiidno cells
During thss test, thermocouples were installed at the positive, negative elecdtreadentre of
cell and in the ARCthe cell voltagewas recordedFurthermorethe weight of cell wasalso
measuredThe evolution of temperature and voltageeaich technologyluring the test are

presentedn annexanrespectively.

For LFP/graphite cell, a moderate timal rureway started between 98°C and 126°C.
Vent opening of cellvas observed at 126°C due to the internal pressure increase, this behaviour
was probable caused by electrolyte decomposition. At 166°C, a sharp voltage drop was detected
accompanyingomeejectedmaterialsbecause of the the high internal pressiifee test was
therefore stoppeahenthe increased temperature rate exceeded S&Ceral photos after the
abuse test are showrjfigure3-18] It can be observetiatsome plastic materials were ejected
from the side of positive electrode, which might be tieerystallization of melted separator.
But there was no significant modifition on the side of negative electro@werall, this cell
stareda thermal ruaway at 100°Cyent opening wasxhibitedat 126°C and no fire, explosion
were observed up to 166°00% of weightosswas measured.

Figure 3-18 Photosafter thermal stability test folLFP/Graphite 26650 cell from KZnergy
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In the case of L:5 cell, a moderate thermal away was observed from 60°C to 100°C.
An accelerated thermal ramay begun at 100°C. Then, amd®thermic phenomena resulted in
a vent opening at T8C. From 137°C, the temperature of cell increased sharply and the voltage
drop was detected at 170°C. The test was stopped at 200°C nﬁxe photos after thermal
stability test are presentedfigure3-19] Cell swelling was observed. Furthermore, the vent
opening of cell occured at 130°C was most likely located at the cell edge or at the weld of
pouch. No visible combustion or explosion were detected. Only 2% weight lost after the test.
According to thesealiscussions, the behaviour of both cells under thermal abuse condition
belongs to the hazard level 3.

Figure 3-19 Photos after the thermal stability test for4S pouch cell from Oxis

3.8.2 Overcharge test

Overcharge tests were performed oneddictrohiemical energy storage elemerad.
cells were charged to 100% SOC with-C¥ method based on the technical dstt@et. Then
the charged cell were placed in a thermal chamber at 55°C more than 4 hourthaftire
cell were charged with CC under recommended current. The end of overcharge test occurred
when the cell was in the open circuit state. The cell temperature, voltage, current and weight
were measured during the overcharge test. Furthermore, édlanpeevideovas usedo record
the abuse test scenario.

Technology Umax | Tmax | 5pservations
V) °C)
LG 20 100 Off-gas generation, Vent openirigjectrolyteejection 1%
(NMC/graphiterSiO) weightloss
Samsung 20 68 No
(NCA/graphite)

. Cell swelling, Offgas generation, Electrolyte and solid
EAS (NCA/graphite) 20 s21 ejection, Smoke, Explosigisintegrated cell

K2 Energy 20 219 Off-gas generation, Electrolyte and solid ejection, Smdkej
(LFP/graphite) opening,Sparks, Fire16% mass loss

Cell swelling, Electrolyte ejectigivVent opening 10%weight
Valence(LFP/graphite)| 20 107 | \0as 9 yte €] pening g
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(AC/Li-doped carbon)

EIG (NMC/LTO) 13.3 81 Cell swelling, Offgas generation, Fir26%weightloss
Oxis (Li-S) 241 56 No
- - — - 5
Skeleton (AC) 20 54 Off. gas generation, Electrolyte ejection, Vent opening, 11%
weightloss
Yunasko 5.2 90 | Cell swelling, Electrolyte ejection, 12%eightloss

Table 3-6 Overview of overcharge test resufts all technologies

[Table 3-6] summarizes the main results obtained from overcharge tests. Such as the
maximum value of voltage, temperature and significant obsensatiuring the overcharge test.
It can be seen frofffigure 3-20 only EAS was exploded after 40min of overcharge test.
However, only the packaging defeation was observed on the positive electrode side for with
the same chemistry cell from Samsung. A significant cell swelling was noticed for the
technology from EIG. For LFHBased cell, a sign of fire was found for cell from K2, while only
a vent openingvas observed for the cell from Valence. These results indicate that the vent
opening is often found for cylindrical cell and the swelling cell is always observed for pouch
form. Cells from Samsung and Oxis shown an outstanding safe proprieties undeaxgesrc

conditions compared to other technologies.

Figure 3-20 Photos after the overcharge tests
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Figure 3-21 Hazard levecomparison of differentechnologies based oovercharge tests

Cell swelling, off-gas generation, electrolyte and solid ejection, smsgarks, fire,
explosion and percentage of weight lass the main criterito classify the hazard Ie
presents therefore the hazard level of different technologies. In fact, the elements that have
a hazard level under 4 are recognised as the safe cells under abuse conditions. It can be
concluded the NCA/graphite cell from EAS, NMC/LTO pouch cell from EIG have potential
danger under overcharge.

3.8.3 Altitude simulation test

The deflation and ignition can be appeared for numercialgells under low pressure
in the aeronautical environmefit53]. The altitude simulation tests are therefore necessary.
Three technologies from Samsung, EIG and Yunasko were selected for this test. All cells were
placed in a pressure taitkorde to set them in the aeronautical environmdihien, they were
charged to 100% with GCV at 25°C under atmosphere pressure. Nid, pressuravas
decreasetb 910%Pa that corresponded the maximum operating altitude (55~0@7%4m)
in 15min This pressure should Ineaintainedor 2h after thecellsthermal stabilization. At last,
the pressure must be increased to ambient pressure nearly 101.325kPa irAll5hercells
were incurred 2 cycleIheexperimental set up and pressure profile bfuale simulation are
illustrated ifFigure 3-22 As the overcharge test, the temperatme voltageof cell were
recorder by thermocouplea surveillance video wassed. Inaddition, the cell in pouch form
were placed between 2 compression plates with 1B68s07MP3 tightening to avoid the
displacement. Bfore and after the test, the capacity and internal resistance at 100% SOC
measurement were carried out witspect the technical datasheet.
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Figure 3-22(a) Experimental set up (b) pressure profile of altitude simulation test

During thealtitude simulation tests, none of the cells showed a deflation or deterioration.
The voltage of cell remained constant, the temperature changed only when the pressure evolved.
No singular events were detected compared to the overcharge tests duringyties2of
altitude simulation tests. In addition, there was not significant variation for the capacity and
internal resistance values

3.9 Comparison of different electrochemical energy storage elements

This section discusses which cells are of two most interests to test fwithean
aeronauticaprofile. Based orthe performanceuantificationin a wide temperature rangge
20°G55°C) in chapter 2, energy density, power densitgpacity are selectedas the
comparative parametensurthermore, ecording tothelifetime and abuse tesitsvestigatedn
chapter3, calendar life selfdischargegycling life and safety aralso taken into accounf
total 7 proprieties arenvisagedto establish theadar dagrans to compare the various
electrochemical energy storage elements

For thisthe energydensity(Wh/kg) and power densitf¥V/kg) valuesare obtained from
the galvanostatic dischargéherelativecapacityvaluearethe sum otapacitiesat -20°C and
55°C versus tahe capacity at 25°Gased on theontinuous discharg&he value of alendar
life are thesumof days when 20% capacity loss occurred urtder extremetemperatures
conditions {20°C, 55°C).The same concept for the values of cycling lifet with the cycle
number.Self-dischargds the voltage drop (mV/day) ratd the BOLin calendar ageinglhe
safetyvalue are based on the hazard level defined from overchargdriesdslition, & these
parameters must be normalized relatively tortteximal valuein each type (Rergy, Power,
High Power)

The radar diagrams of various electrochemical technologies are illustriifégune]
Safety is the primarily criterion to be considered for aeronautical application. Therefore,
NCA/graphite cell from EAS, NCA/LTO cell from EIG and LFP/graphite cell from K2 are

eliminated fistly, despite EIG have a long cycling life and all of them have a high capacity in
awide temperature range.

Then, LiC from Yunasko can be removed because of short calendar and cycling life, in
addition, electrolyte leakage is observed during ageing tdsBGraphite cell from Valence
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represents a long cycling life and high power density, however, the chestacief voltage
plateau in LFFbased cells leads to a low energy densatgtively to othelli-ion batteries
Thus theycan be omitted.

As the radar diagram is normalized by the maximum value of each criterion, therefore
the more shadow area is significant, the more promising technodsginhaddition, agood
compromise between energy density and power density entheeelectrical needs for
aeronautical usage, thereby 18650 NMC/grapidt® cell from LG and 18650 NCA/graphite
from Samsungre outstanding among the other technologies thanks tchah&rgy density
and power densifybut ther cycle lifeis limited Furthermore, both have a good calendar life
and high capacity in the aeronautical environment
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Figure 3-23 Radar diagramof various electrochemical energy storage elements (a) LG, (b)
Samsung, (¢) K2 (d) Valence, (e) EAS, (f) EIG, (g) Skeleton, (h) Yunasko

3.10 Conclusion

Ageing and safety focused stagare investigated in this chaptiaroughout 3 parts
sincelifespanand safetyof electrochemical energy storage elememesthe essential criteria
shouldbe taken into account during the selection of promising cell.

The first part dedicated &n overvew of multiple ageingpehavioursn LiBs and SCaps
thought several literature¥arious ageing mechanisms ajigenespecially for LiBssuch as
SEl formation, lithiunplating, loss active materials aocdllector corrosionFurthermorethese
ageing mechasms are extremely complex thatare caused by multiple intrinsic
(manufacturing)and extrinsic(T, SOC, DOD, l)origins. They can be classified into three
degradatioomodes:CL, LAM and LLI, whichresult in not onlythe capacityand poweffade,
but alsosame safe issues suchthgthermal ruaway.

Thereby calendar ageing and power cyclirageing tests are performed for all
electrochemical energy storage elementthe second parEor calendar ageing test20°C,
25°C and55°C under 95% SOC are selected as tests condition. The power cycling tests are
investigatedat 45°Cand0°C with 100% DOD.These generiageingconditionscorrespond to
the temperature rander aeronauticaénvironmentA period checkup are carried owdt 25C
to follow the evolution ofcapacity and internal resistandaring ageing The experimental
resultsshowthat a capacity fade and an internal increase are observed within 8 months ageing
tests. Furthemore, the calendar ageing resudt®ws to quantifythe influence of temperature
on the evolution of capacity.

A quadratic regression relationship is found between ageing temperafliyead
degradation ratdr{(k)) for almost all LiBs and SCaps, which igntrary to theArrhenius like
relationshipin almost papers This interesting finding indicate thdhere is an optimal
temperature betwee20°C and 55°C for the LiBs (NMC, LFP, LTO) and SCaps (Activated
Carbon) inthe proposedalendar ageingonditions where the capacity fade rate is the lowest.
The experimendl results of power cyclinggeing testsndicate that theageing bahaviours
depend on the cycling temperature amdthe technologies. Low temperature leads a significant
capacity fade for almost LiBs. The capacity regeneration phenomenswe#ihg, significant
sel-heating are observatirough multiple electrochemical energy storage elemérntan be
concludedhatageing behaviour is a complex process under calendar ageing and power cycling

94



Conclusion

ageing tests A SOH estimation tool seems nesas/ to evaluate theperformanceof
electrochemical energy storage elements during ageing.

The final part is dedicated to the abuse tests. Thermal stability, overcharge and altitude
simulation tests are performed to evaluate the safety of investigated3GRps and LiC$:or
thermal stability and overcharge tests, all elements are classified into hazard level according to
the observationand effectsduring tests, such as vent opening, etdgte leakage, fire and
explosion No significant deflation andjnition are detected in the altitude simulation tests for
LiBs of SamsungSCaps from Skeleton amdC of Yunasko

Finally, several radar diagrams astablishedased on 7 criterifor all investigated
electrochemical mergy sbrage elements. These critefreclude not only the performance
(energy, power) but also the life span and safety properties, especially in the aeronautical
environment. Furthermore, all the parameters in therradzgrans are determined by
experimentaltests, which is based on a common test referemae most promising
technologes:NMC/graphite-SiO cell of LG, NCA/graphite cell of Samsung are selected to test
further with a specific aeronautical profile.
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Chapter 4

SOH estimation of electrochemical energy storage

elements
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4.1 Introduction

Masteringthe performance evaluation of ElectroChemical Enertgya§e (ECES)
elements for the multitude of degradation modés, LLI, LAM) is essential for users.
Therefore, a accurat&&OHestimations necessary for the investigated electrochemical energy
storgge elements, especially for the two selected promising technologies, avbiB3650LG
NMC/graphiterSiOcell from LG and 18650 NCA/graphite cell from Samsuhigis chapter is
dedicated to the SOH estimation stuzhsed on the qualitative and quantitativeremental
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Capacity (IC) methodhroughout the whole lifespan of LG and Samsaelis. The proposed
efficient method is able to not only determine which types of ageingomloell has historically
endured but also determine the normalized resistan@fonknowrASOH Li-ion cell.

For this, the experimental resultsLG and Samsung in chapter 3 from calendar ageing
and power cyclinggeingover awide temperature range e20°C to55°C for the duration of
approximately 250 days are used to obtain tifferént SOHs. Then, the qualitative i€
employed to identify the possible degradation modes according to various literatures. Next, the
extracted ar@and location of the peaks on the IC curves accorthnGaussian Lorentzian
mixed function allowed t@stablish two quick and simple linear regressions to predict which
types of ageing the tion cells historically underwent, then, the normalized resistance can be
estimated without specific experimental tests.

4.2 Overview of SOH estimation methods

For evaluang the performance of lithiufion batteries, the state of health (SOH) is the
indicator to assess their health level. The SOH is always defined according to the normalized
capacity and the normalized resistance. Over the past decades, researcherspuosee pro
numerous methods for estimating the performance of lithanmbatteries with different
chemistrie§154] [155]. In general, they are divided into two categoregerimental methods
andmodelbased estimation methodscording to the review article of Xiong et HI55]. It
can be seen that each category contains different methods as illustf&igdrav-1| The
characteristic and limits of each approach are described below.

Figure 4-1 Classification of battery SOH estimations methfib5]
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4.2.1 Experimental methods

In the category of experimental methods, the afirmeasurement methagquires
physical information of the battery from dffie measurement, such as the capamitgnergy
(Capacity/Energy test, Ampere countirigjernal resistance dampedance over time. Low
computational effort is needed, but higbcuracy equipment is required; thus, the integration
in the Battery Management System (BMS) is diffida®4] [156] [157] [158]. Regarding the
cycle number countingVang et al[158] proposed a cycle life model based on a sempirical
approach for predicting the evolutio the capacity of a lithiunon cell based om@n iron
phosphate (LFP) cathoda.large test maix, including the temperature, Depth Ofsbharge
(DOD), discharge current, and duration of cycling, was applied. They reported a function that
could predict tke capacity loss according to the temperature, DOD, current rate, and ampere
hour throughput. However, this seempirical model requires a large amount of experimental
tests, which provide the capacity evolution over time in different operating conditions.
Moreover, the obtained ageing law must be validated in a lower temperature Basgies
this, the destructive methodwclude the Raman spectroscopyR&ay Dffraction (XRD) and
Scaming Electron Microscope (SEMJ.hese methods are able to detect diyettte ageing
mechanisms at the microscopic sqafe8]. However, theelectrochemicatlementsareusually
completelydisassembly.

The indirect analysis method are based oratia@ysis angrocessingor SOHrelated
parameter.For charging curve methgodeddahech et al[159] investigated a method to
determine the SOH of tibn cell by tracking the leakage current during Eharge phase. In
addition to thisDubarry et alinvesigated thencremental capacity analysis (ICA) based on
the quasequilibrium OCYV to evaluate the capacity fading for commercial lithium battenies
the first time[33]. These methods highlight the capacity fgddue to different degradation
moded33] [34] [160][161]. Ultrasonic inspection iased to detect some kinds of minor defects
inside the cells during battery ageii$5]. Other health index such as el OCV[31], stress
evolution[162] [163] [164], thickness changdd65] [166] and gas generatidi67] can be
found in several literatureSater et al. studied the dependency of the OCV on SOH for various
lithium-ion battery chemisies (NMChraphite LFPgrapite and NMC/LTO) [11]. They
focused on the battery relaxation behaviour at different temperatures and SOHs. It was found
that the relaxabn time increased with the decrease of the temperature and SOC; moreover, the
OCV changed over the battery lifetime. A simple OCV mdxdesled on the SOC, temperature
and SOH was proposed. However, they neglected the OCV variation between individual cells.
As the OCV curve of the LFP/C battery is flat, a slight difference of the OCV between cells can
lead to significant errors in the SOH estimation.

4.2.2 Model-based estimation methods

Adaptive algorithms and datirive methods are both in the category of mdeeded
estimation.Themethod based on adaptive approaches can identify and adapt the battery model
parameters in real time, ensuring a high accuracy for SOH estimation. However, the high
computational requirements and the complexity of the algorithmstheilifetime prediction
[156] [157].
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ECM hasbeenwidely applied for SOH estimation. Based on the battery model, the
identification of parameters such as OCV, internal resistance, capacitor is achieved by adaptive
filtering. [168] The Extended Kalman Filters (EKF) can acteiraestimate the SOH, however
there are potential issued due to the ppbysical and chemical meanings for ageing
mechanisms. Electrochemical Model (EM) based methods used a series of differential
equations to simulate the particle behaviours in theetie$f169]. But, multiple parameters
(diffusion coefficient, paticle size, ionic conductivityneedto be provided for the model
implementation and these parameters, whiegpend on the manufacturer that are not always
available.

The main concept of dati&rive methods is focused on the large experimental data
collectionwithout the elements working principles knowledge and an explicit middelever,
high requirement®n the algorithm is needed. Furthermore, the accuracy of these models
depends on the sizd database

4.3 Principles of Incremental Capacity Analysis

After the overview of multiple SOH estimation methods, the ICA methods are selected
for several reasonsirstly, the obtained ageing results are based on the generic ageing tests,
only depends oniemperature, current, SOC, DOD are not be considered in the ageing tests
Thereforethe semiempiric approach seendficult to establishSecondly, the ICA mébds
can be used to study ageing mechanisms in real time, wbidt lse implantedin a BMS.
Thirdly, according a lot of literatures, this method can indicatel#ggadation modethanks
to the peak features othe IC curve. There is a strong physical and chemical signification
compared to the datdriven methods. Furthermore, the continuous discharge from aheek
25°C can be directly used for ICA investigation.

The incremerdl capacity (IC) is defined bygeation , whereQ is the discharged
capacity or charged capacity, avids the voltage of the cell during discharging and charging.
In practice, continuous discharging charging with a small constant current (C/25pglied
to determine the 1G33]. By analogy with the IC, the differential voltage (DV) can be
determined using Equati. The IC is always plotted with respect to the voltage, whereas
the DV is plotted with respect to the capacity.

+%%§_ +Hg (4.1)
@8 ¢8
&8L o+ THoP (4.2)

According to literaturesthe qualitative and quantative IC/DV Analysis (ICA/DVA)
arewidely investigatedHan et al[142] identified the origins of degradation foL,&O-based
cell. Thecellswere cycled at 5% with a charge current of 3C and a discharge current of 2C.
In the first stage, the capacity fading was mainly due to the degradation of theraatedal.
In the second stage, the decrease of the capacity was mainly caused by the loss of cathode
materials. Two stages of ageing were detedtgdising thelCA and DVA methods that
highlighted the differences of degradation. However, the analysi® qgfethk features via the
two methods with ageing is just qualitative.
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In contrast to the qualitative ICA, Weng et HI70] proposedan OCVSOC model
based on ICA for SOH estimation for an LE®Is. Instead of directly using the OCSOC
obtained via charging or discharging from experimental data, their&Q¥ curve was based
on the average charging and discharging curve at C/20onenethe curve was fitted by a
sigmoid function. This strategy allows reducethe noise of the OCABOC measurement,
which can be amplified by the derivative terneqmation. A series of IC curves were used
to examine the cell SOH variation during a power cycéiggingtest at differat temperatures
(35, 22, and 10°C)

To increase the accuracy of the methods basefitting by a mathematical function,
Riviere et al. applied a loywass Butterworth filter toeduce the measurement ndisél]. This
filter uses experimental data and appears to be insensitive to the SOC range. Therefore, three
peaks were detectemthe IC curves for the LF€ell, compared with the two peaks in the study
of Weng[170]. Riviere et alobserved that the area of a peak decreased linearly with the SOH.
However, ICA is based on a charged curve &t C/

Recently, Li et al[172] proposed an otine method for estimating the SGil NMC
cells via ICA. They proposed using a Gaussian filter to smooth the charge curve for obtaining
clear IC curves; then, a linear dependency was observed between the peak dedahad€
curves and the cell SOH. Moreover, a matage SOH identifid®on method wasvestigated,
which depends on the initial SOC. It was shown that ICA based on a charging curve for 60%
SOC cannot detect the peak features. However, 60% SOC does not correspond to the same
amount of ampere hours between a fresh cell aadyed cell, it appears to be difficult to define
WKH 3 62& EHIRUH HYDSRB®WILQJ DQ XQNQRZQ

According to the quick literature review, the ICA approach can be widely applied to
different lithiumion battery chemistries, such as LFP/graphite73], NMC/graphite (as
presented by Yang et dl174]), and NMC/LTO[142]. Tracking the evolution of the peak
features isaefficient method for qualifying and quantifyitfee lithiumion battery SOH175].
However, few studies have investigated a method for estimating the historical ageingthat a
ion cell has undergone and estimatingitsmalizedresistance.

4.4 Raw tests results for q ualitative and quantitative [ICAstudy

As the matrix of ageing results is large, only the results of ebhpct 25°C with 50
days period under all ageing types ased in this chapter to investigate the qualitative and
guantitative ICA. The evolutiorof the normalised capacity and resistance over time are
depicted ifFigure4-2|for LG and SamsunfFigure4-2] D DY VKRZ WKdap@RUPDOL]
and resistance, respectively, td&. For calendar ageing, a high temperature causes a loss of
capacity. When the storage temperature is high, sideagagtivolving the dissolutionfdhe
active material occyt 76], leading o significant capacitjoss.

Under power cyclinggeing testat 0°C, the capacity loss reached 75% after 26 days,
which corresponds to 638 full cycles. Under power cyctigging testat 45°C, the capacity
loss reached 40% after 180 days, which corredpda 3556 full cyclesEcker et al[177]
reportedthat a low temperature could slow the diffusion process owing to the decrease of the
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reaction kinetic, which introduces a reduction of the anode potential during chargisg.
behaviour gives rise to lithium plating; therefore, lithium is scarce.

Figure 4-2 Normalized capacitgnd normalizd resistance at 50% SOOW f& IRU D DY /* DC
E EY 6DPVXQJ

7KH QRUPDOL]HG FDSDFLW\ DQG UHVLVWDQFH IRU 6DPV
respectively. Samsung exhibited the same behaviour as LG for calendar ageing, and it lost more
capacity at 55°C than aR0°C. However, for power cycling, Samsung exhibited similar
behaviour at 0 and 45 °C. The capacity loss was approximately 35% afiey$%938 full
cycles) at 45 °C and approximately 40% after 70 days (1,574 full cycles) at 0°C.

For both technologies, the capacity loss exhibited the same tendency as the resistance
increase, except in the case of calendar ageir2DatC, where the restiance variations were
very small and sensitive to measurement inaccuracies.

4.5 Enhanced IC by moving average filter

Before applying the ICA,tican be seen froffrigure 4-3|(a) that the direct use of
experimental data brings a lot of noise on IC cdord.G cellat C/20 at the BOLA moving

average (MA) filter is applied on the voltage measurement to get raccieee fordQ/dVvs.
voltage. The MA filter is determined in equatighd, whereN is the number ofamples in the
average windowyji is the measurement voltagad &is the smooth voltage.

s 97
L1 8y (4.3)
Ut
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Figure 4-3 IC curves forLG cell at C/20 at the BOlbased on (agxperimental data (b) MA filter
smoothing

In our study, 10mV is selected as tr@tage samplindor discharge curves at C/28
is equal to 100. The smooth IC curve obtained thanks to MA filter is shdigune4-3|(b).
Clear peaks appean IC curve, which insures thgualification andjuantification of ICA. The
rootmeansquare deviation of voltage remains below 0.05% with MA filter.

4.6 ICA study

4.6.1 Current influence on ICA

Although IC curves are usually obtained from a charge/discharge curve famaty
current, such as C/2l3], a higher current rate can be applied to save timeridyoard
applicationg170] [171]. In this study, checkip was performed with C/2 farG and 1C for
SamsungFor evaluating the effect of the current on I§FAgure 4-4]presents the discharge
curves and the corresponding IC curves at different current rates (C/20, C/10, C/5, C/3, C/2,
1C) from the initial characterisation foG andSamsungt the BOL. The sltage was recorded
with a sampling step of either 10s an\ to ensure that no information was nmggin the
discharge curved 72]. Theclear ICcurvesare obtained thanks to the enhanced MA filtdre
number of points for the average was adapted to each current regime so that-thearoot
square deviation of the voltage remained below 0.08%.

The IC curves ifFigure4-4(a) and ) show several peaks from 3 to 4.2 V for both
technologies at all current rates. These peaks represent the convolution of one reaction at the
negative electrode and another reacttbthe positive electrod83] [34] [109]. The shape of
the IC curvesd similar between technologies LG and Samsimegause they have a similar
anode and the same crystal structure of the cathode (layered). However, the amplitudes of these
peaks differ owing to the capacity difference.

For bothtechnologies, a drift to the right is observed in the IC curves with the increase
of current, which is due to the polarizati@sistanc¢160]. The location of peak 1 was tracked
to quantify this resistance, as this peak is located at the beginning of the discharging, where the
cell has a similar SOC. Peak 1 regularly skifi@vards the lower voltages with the increase of
the currenfFigure 4-5|(a, b) shovs the location of peak 1 at different C rates ks and
SamsungA linear relatimship is observed between the voltage and the current rate. The
SRODUL]DWLRQ UHVLVWDQFH FDQ EH GHWHUPLQHI® E\ WKH
DQG PYam$RikhhAccording to Dubarry et al., the linearity between the voltage and
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currentoccurs when the applied current is <1C, owing to the Teflehviour in the ohmic zone

[160]. Additionally, it can be observed that the number of peaks depends on the current rate,
each peak corresponds to a complex reaction, and the quantification of the peak position,
amplitude, or area directly using the IC curves imgi-current regime appears unreliable.

Figure 4-4 Discharge curves at C/20, C/10, C/5/3, C/2 and 1C with the corresponding IC curves
for (a) LG and (b) Samsung
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Figure 4-5 Location of peak 1 at differen€ rates for (a) LG and (b) Samsung

4.6.2 Qualitative influence of different ageing types on ICA

[Figure4-6|andFigure4-7|present the IC based on the discharge curve during cigeck
at 25 °C for each ageingpg for LG and Samsungwhere thenormalizedcapacity and
resistance correspond to the data poi First, it can be observed that all the IC
curves atthe BOL have the same shape for the same technology, which indicates good
consistency between the cells. Second, the evolution of the IC curve according to the ageing
duration or number of cycles depends strongly on the ageing test, because variougsigeing
lead to different degradationodes.

Dubarry et al[178] built a diagnostic and prognostic model based on the voltage curve
of a halfcell. They defined two parameters, which are directly linked to specific degradation
mechanisms. In our study, the voltage curves of the separated electrode were not accessible.
Therefore, the identification of the degradation mode was basditestudy of Feng et al.
[179]. Their model links the changegtbe IC curve with the different degradation modes for
a whole cell.

As shown iffFigure4-6](a, b), the comparison of the IC curves fralendar ageing at
55 and-20°C for LG reveals that peak 2 maintaifiee same location and amplitude under both
ageing conditions, and the amplitude of peak 3aBs®svith ageing, where the variatios
significantat 55 °C than a20 °C. This may be due to the LAM degradatioodereported by
Feng et al[179]. Peak 1 shifttsowards the low voltagaemly for calendar ageing at 85, owing
to the increase of the internal resistafid0] [180].

For the power cyclingageingtest at 45°C, the amplitude of peak 2 decreased with
increasing cycles at the same location, because of thenladcordance witfl00][179][178].
Moreover, significant amplitude reductions of peaks 3 and 1 accompanying a voltage shift to
the left are observed 1|I>Figure4r6!(c), which correspond to the LA§L79]. Concerning the
power cycling at 0 °C ifFigure 4-6|(d), peaks 2 and 3 disappeared in the IC curve with
increasing cycles. Instead of these peaks, a plateau is observed. This behaviour is similar to that
reported by Feng et 4lL.79], whichmay be due to the LLI. Although the evaluation of the peak
featues in the IC curve can be identified with the literature, a-pmstem analysis is
recommended to verify the degradation modes.
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Figure 4-6 IC based on the disharge curves for checkip at 25T for LG

Figure 4-7 IC based on the discharge curves for chegh at 25°C for Samsung
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Figure4-7|(axl) present the IC curves fBamsunginder different types of ageing. All
the IC curves at the BOL have three peaks, but the peak evolution is not as clear as expected.

Peak 1 shifts to theeft gradually, owing to the increase of the polarizatiesistancg34].
Moreover, peaks can disappear from theu@ses after the ageing t§481]. Therefore, a new
and efficient method for quantifying the featucegthese IC curves must be developed.

4.6.3 Decomposition of IC curves based on Gaussian Lorentzian mixed function

Inspired by the XP&nalysis, the IC curves can be decomposed into several independent
spectra, each of which contains only one peak. XPS is a quantitative spectroscopic technique
that is used to determine the cheahielement composition, elmical state, electronic statad
homogeneity of materials. In the case of a battery,Ghmurves appear as XPS speetnd the
decomposition of the IC curves can be performed to quantifyehk features.

Zhang et al[182] used the Lorentzian function to fit the IC curves of lithiion
batteries with different chemistries (such as LFP, LTO, and NMC) andteepan error of <
4% between the experiments and curve fitting. However, only two different ageing states were
demonstrated with Lorentzian function fitting; thus, the rules governing the evolution of the
peak features with different types of ageing haotbeen established.

To investigate thelependency between the normetizcapacity/resistance and the
fitting parameters for different ageing types, the IC curves based on the discharge curve from
checkup were fitted by a Gaussian Lorentzian mixed furctlhis function is expressed by
equation, wheren is the peak number,iAs the area under the peak with indeXoi is the
centre location of the peal& is thehalf-width of each peak, ant] is the percentage of the
Lorentzian shape [33]. The Gaussian Lorentzian mixed function is proposed to fit the IC curve
throughout the whole lifespan for both technologies. For both technologies, there are three
peaksonthelC curve at the BOL.

@3 . O #y oewl?o, 7 tH# fig
@é_ 'SF.S’IL'@sﬁUH§:téA ) E.5IU@5 e Hv:8I:84L--J;6Er“1~ (44)

presents the decomposition of the IC curves based on the Gaussian
Lorentzian mixed function and the corresponding residual focGaand (b)Samsungat the
BOL. The IC curves can be decompdsinto three individual spectra. The residual of the
experiment and fitting data is betwe®¥ and 0.4 Ah/V in the voltage interval, which appears
to be small.

This function provides a good fit for the IC curve at not only the BOL but also the EOT.
For both technologies, the maximal capacity loss occurrederptwer cyclingageingtess.
Figure4-8](a) presents the decomposition of the IC curve after 638 cy@&CaorL G [Figure]
ﬂ(b) presents the decomposition of the IC curve after 1,476 cycles at 45 S@nsung
Good accuracy is observed at the extreme ageing gBdesand EOT) for both technologies.
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Figure 4-8 Decomposition of theC curve based on the Gaussian Lorentzian function at the EOL
for (a) LG and (b) Samsung

4.6.4 Peak features with respect to normalized capacity and normaliz ed
resistance

The parameters fitted by the Gaussian Lorentzian mixed function could have a
dependency on the normalised capacity and the normalised resistance. The area under each peak
in the IC curve represents the capaciplied in the related reaction, which could be linked to
the normalised capacity. To establish this dependency, the area under peake8tesl.se
Because Feng et dl179] indicated that the integted areaunder peak 3was helpful for
establishing a quantitative relationship with the battery SOH for the NMC dingrcédl. The
increase of the polarisation resistance always follows a shiftetéeft of peak 134] [178]

[183], therefore, a relationship can be established between the normalised resistance and the
location of peak 1.
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. Slopes y- ) . Slopes y- )
Ageing type (Ah™) intercepts R Ageing type v?Yh intercepts R
Calendar ageing Calendar ageing
550C 0.33 0.48 0.98 550C 7.36 30.64 0.9%
Calendamageing Calendar ageing
20°C 0.30 0.53 0.93 20°C 6.65 27.74 0.8
Power cycling Power cycling
45°C 0.42 0.35 0.96 45°C 13.40 54.99 0.99
Power cycling | 4 59 0.06 |o0gg| | ~owercycling| ;4 90.64 | 0.99
0°C 0°C
. Slopes y- ) . Slopes y- )
Ageing type (AhY intercepts R Ageing type ) intercepts R
Calendar ageing Calendar ageing
550C 1.39 -1.05 0.98 550C -1.18 5.69 0.99
Calendar ageing Calendar ageing
20°C 0.28 0.59 0.93 20°C -0.59 3.34 0.77
Power cycling Power cycling
45°C 0.51 0.24 0.9 45°C 2.85 12.26 0.99
Powzrogyc"”g 0.32 056 | 0.99 POW%roéyC“”g 4.44 18.40 | 0.95

Figure 4-9 Normalized capacity vdhe area under peak 3 (left) and normalized resistance vs. the
ORFDWLRQ RI SHDN
fitting parameters for several ageing types
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To ensure better visibility of the fitted IC curvesly the dependency is illustrated in
Figure4-8| The complete list of the peak features and the corresponding values are presented
in Annex§ respectively.

Figure4-9|(a, b preserd the dependency between the normalised capacity and the area
under ak 3 for techrlogies LG and Samsung, D 1) sRdv the dependency
between the location of peak 1 and the normalised resistance. Linear correl&iobsesed

for both ageing types anidchnologies. The slopesjnterceptsand regression coefficients (R?)

are listed in the corresponding tables. All the regression coefficients are close to 1, indicating
linear dependency. Thedependeaies for allageing types ovethe whole lifespagan provide
historical ageing information and help us to estimate the resistance for uniS@icells.

4.6.5 Method validation for cells with unknown SOH

To determine the type of ageing that has been imposed previously and to estimate the
normalised resistance, two cells of each technology with an unknown SOH were discharged at
a current of 1C. The decomposition of the IC curves based on the Gaussiaziaoremnxed

function is shown iEigure4—1O

Figure 4-10 Decomposition of the IC urve based on Gaussidmorentzian function for (a, b) two
cells of LG, (c, d) two cells of Samsung
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The Gaussian Lorentzian mixed function provided a good fit for all the IC curves for all
the unknowrSOH cells, and the terdQ/dV had a small residual in the voltageerval.
Moreover, the normaled capacity obtained via 1C discharge and the area under peak 3
obtained via the decomposition of the IC curve can berpatthe corresponditfigigure4-10]

(ax) for technologiesd G and Samsund-or each cell, the type of ageing that the battery has

historically undergone can be identified according to the previously established linear
regressions.

LG LG Samsung Samsung
(cell 1) (cell 2) (cell 1) (cell 2)
Normalized capacity 82.3 79.1 98.6 82.7
(%)
Area under peak 3
1.1 : 1.4 .81
(Ah) 0 0.95 0 0.8
Ageing type that the| Calendar ageing a| Calendar Calendar Power cycling at
cell has historically 55°C + Power ageing at ageing at 0°C + calendar
undergone cycling at 45°C 55°C 20°C ageing at20°C
Location of peak 1 3.98 4.02 3.9 3.80
V)
Estlmgted normalizeg 131 113 104 142
resistance (%)
Measu.red normalize( 134 120 102 141
resistance (%)
Error of normalized
resistance (%) 3 ! 2 !

Table4-1 Normalizedcapacity and fitted parameters for cellstivan unknown SOH

As shown ifiTable4-1] the values of the normatid capacity and the area under peak 3
for LG (cell 1) are between the linear regg®ns of calendar ageing af85and power cycling
at 45 °C. We can assume thhe tcell suffered this combination of ageitygpes, and the
normalizd resistance can be estimated by using the average linear regressions of the calendar
ageing at 55 °C and power cycling at 45 °@Figure4-10](b). In the case of cell 2 fdrG,
these values allecated &actly on the linear regssion of calendar ageing at’6% therefore,
this cell may have suffed from calendar ageing at 55°C. Then, the estimaiadatized
resistance can be obtained directly with the corresponding linear regression.

The same method is applied Bamsunglt can be found that cell S&msunysuffered
calendar ageing a20 °C, while cell 2$%amsunjsuffered from a combination afjeing modes
at a lowtemperature (power cycling at 0°C and calendar ageirg0at). Overall, the error
between the estimated normalised resistance and the measured normalised resistance is <5%.
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A diagram ipFigure4-11|illustrates the proposed method for estimating which types of
ageing d.i-ion cell has undergone historically and estimating the normalized resistance. First,

the cell is discharged at a cent of C/2 or 1C, and then a decomposition of the IC curve
obtained using the Gaussian Lorentzian mixed function is employed to extract the peak features
after applying an MA filter. Subsequently, the ageing type can be identified with the normalized
capady and the area under peak 3 according to the linear regression. Finally, the normalized
resistance can be estimated with the identification of the ageing typgheapdak 1 thanks to

the corresponding linear regression.

Figure 4-11 lllustration of the proposed rathod for determining the ageing type and resistance of a
cell with unknown SOH

4.7 Conclusion

Mastering the performance evaluatimnpredict the SOH of electrochemical energy
storage elements is essential for the practical applicdtiothis chapteran efficient SOH
estimation is investigatedased on the qualitative and quantitative @& the two most
promising technologiedNMC/graphiterSiO Li-ion cells from LG and NCA/graphite {ion
cells from Samsung

At first, an overview of SOH estimation methods are presented according to the latest
literaturesICA methoddisplays several advantagasour case thesimplicity for establising
SOH estimation withhe experimental agng resultsthegood physicathemical signification
of degradation modémkedwith the twoageingypes(calendaageing, power cyclinggeing;
theontline characteristic gives the possibilitiesrigplementein BMS applicationThus,ICA
method is selected for SOH estimatitowever, a lot of studies focused on the qualitative
ICA, which highlighted the different @gng mechanisms. Few studigsvestigated the
evolution of capacity and internal resistance with the quantitative ICA.

For this,an efficient method for not only revealing which ageing types a cell has endured
historically but also estimating the normadt resistance for an unknow80OH Li-ion cell is
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investigated. Various possildgeingmechanisms arneentifiedaccording to a qualitative ICA

over the whole lifespan. Moreover, we observed that the current can influence the shape of the
IC curve: the ampliude, area, and location of the peak features on the IC curve are difficult to
extract, especially at a high current level. Therefore, an enhanced Gaussian Lorentzian mixed
function is proposed to fit the IC curves throughout all ageing states with adugracy under

a current ofC/2 or1C for both technologies. A simple linear dependency is observed between
the area of peak 3 and the normealiz capacity, and another linear regression is observed
between the location of pedkand the normalex resistace. The proposed method is suitable

for estimating which type of ageing the cell has historicallgengone, as well as the
normalizd resistance.
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Chapter 5

Experiments and modelling of accelerated ag eing
with a specific aeronautical profile
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5.1 Introduction

In this chapter, thetudy ofaccelerated ageing testith a specific aeronautical profile
is investigatedor the tvo most promising technologieMC/graphite-SiO cell from LG and
NCA/graphite celfrom Samsungror this,a specific aeronautical profile iBrstly established
at different temperature conidihs (0°C, 25°C45°C). Then the raw experimental results are
compared and analysdeinally, two differentmodellingmethods areevelopedo investigate
the temperature effects on degradation rate and to estimate the &@étlbif-ion cells

5.2 Design of the accelerated ageing tests

As indicated in chapter,3he energy density, power densitfespan and safety of LG
and Samsung areutstanding compared to the othiewestigated electrochemical energy
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storage elements seems necessary to evaluatertr@ustness under an aeronautical profile.
So a specific aeronautical profilaust be established tte first Then, the Lion cellsare
enduredwith this specific aeronautical profile at different temperatures (0°C,,285TC).

5.2.1 Proposed aeronautical profile

To date, therdhas beerfew studiespublishedon aircraft missionprofile for acivil
electrical aircraft{184]. Thereby, the proposed aeronautical profildb@sed on the typical
aircraft mission profileincluding theflight missionphass: Auxiliary PowerUnit (APU) start,
Taxiing, Takeoff, Cruise, landing, wing, Refuel and Recoveryor an air travel in
metropolitanFrance Furthermore, it must be insured that the LiBsild age by enduring this
profile with a moderate duration.

The specific aeronauticptofile is for adomestidlight mission inmetropolitanFrance,
therefore the flightluration is fixedo less than 2 hourdlext, this profile must contaiall the
previoudy listed phasgandthe current/power lev@must be defineth eachof them For this,
the endurecturrentlevel canbe refered to the Liion batterycapacity of 4Ah installed in
A350 XWB. However, the proposed aeronautical profile is designed for 186560 kelks,
thus a current level conversion is perforna¢dell scale. In fact, the Lion battery inthe A350
XWB to start the APUprovides three times 15kWiangularpowerpulsesof 15sdurationas
shown infFigure 5-1] (a). As the terminal voltage dhe battery is 28V the currentrate is
approximatelyof 12C.Since the LG and Samsungllshavea similar voltageasthe cells used
in the 45Ah battery the currentrate at cellscalewould also be 12CBut, for experimental
facility reasos, the cells canonly be tested a maximum of15A because of the cell holder
maximal capabilities. Finally, insteadof a triangular shape, a rectangular owégh half

magnitude of 6C is rather considered as depict@' jure5-1|(b).

Figure 5-1 Example ofpower levela) APU start pulse power, (b) modified power lef@ APU
start phase

With thesimilar approacha dedicated profile made 8fphases iproposedFigure5-2]
shows thevoltage, current, temperatuirecreaseand SOCversus time for cefirom Samsung
in case of#l5°Ctemperature environmenttaie BOL. Relatively tothe 8 phases in thelassical
aircraft mission profilethe phase numberiS added in the proposed aeronautical prafile
increase thelSOC and the cell seleating The mission, current level (SOC andtime
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duration in each phase are presentgdable 5-1{ It must be noticed that this aeronautical
profile is createdto be applied on theelected Liion cells technologies, thus, it should be
modified forareal application in the future.

Figure 5-2 Curvesof the proposed aeronautical profile: voltage, current, temperature increase and
SOC vs.itme for Samsungeell at45°Cand BOL

. . SOC | Time

Phase No. Mission Details @) | (min)
1 APU start | 30s OCV + 3x (30s DCH @5C+ 1min OCV) | 90-77 5
2 Taxiing 5min CH CC @0.5C 77-81 5
3 Takeoff 150 cyclesx (2s DC_H @3C +2s CH @3G 81.73 | 11

1min OCV
4 Cruise 30min CCGCV CH @0.5C + 1min OCV 7398 31
Emergency .
5 APU start 30s OCV + 3x (30s DCH @5€CLmin OCV) | 9885 5
. 150 cyclesx (2s DCH @3C + 2s CH @3G

6 Landing 1min OCV 8577 11
7 Towing 15min CGCV CH@1C 7799 | 15
8 Refuel 5min DCH @0.5C 99-90 5
9 Recovery 10min OCV 90 10

Table5-1 Mission, details SOC andduration for each phase in proposed aeronautical profile
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APU start profile consists of three 30s current pulses at 5C for both technologas. Li
cells must be reset to 90% SO#&hich is classical value for at the beginningloé flight to
start the power cyclinggeingtests with the proposed aeronautical profile.

Taxiing phase concerns the movement of an aircraft on the ground. During this phase,
it can be considered that-lan cells are charged 5min with a medium currer@.6C.

For Takeoff phasethe power requirements can be considered as 1C discharge over all
the Takeoff duration. An alternative could be to take consider several cycles (e.g.150 cycles)
of discharge at 3C and charge at 2C that correspond btith tomsitional periods antb the
stabilisation of th@n-boardDC network.

Li-ion cells are charged during Cruise phase, thus, a classie@Mdsbarge is applied
during 30min.

An emergencyphaseis added in our proposed aeronautical profilehds thesame
profile as the APU stast the beginning aheprofile. In fact,this pattern leads to a larger SOC
variation and higher temperature increase in order to obtain an accelerated ageing.

Landing phase isdentical as the Takeff phase.During Towing, Li-ion cells are
charged with classical GCV method at 1CFor Refuel, Liion cells are discharged at 0.5C
during 5min.

In the end, 10min OCV measurement is perforimethe Recovery phase.-ion cells
areset agairat 90% SOGCso theyareready to the ext cycle

Overall the proposed aeronautical profile is investigated for both technologies based on
a 45Ah capacity Lion battery in A350 XWBIt can be observed thatishaeronauticabrofile
can be divided into two similar parsat artificially double thethermalcycling at the same
time. Finally, in this proposed aeronautical profile, the SOC level betweer9BP&added to
the high current level pulses leads to a quite high stress that is supposed to enhance the
degradation rate of cells.

5.2.2 Characteristics of accelerated ageing tests

In order to ensure the selectedidn cellsmay be ageduring the power cycling tests
with the proposed aeronautical profitbey were performed at three temperatures: Qa1
45°C correspond tdhe conditionsof generic power cyclingn the reference tesf5°C was
considered as i@ference temperature.

Relatively tothe generic power cyclinggeingtests, hree 18650 L-ion cellsof both
technologiesvereusedon accelerated ageing tesigh the proposed aenautical profile for
each temperature. In addition, three cycles of charge/discharge were appliedbtedtemted
ageing testto form ahomogenousSEl.

For the periodic characterization, the-line characterization was always carried out
after40aeonautical profilecyclesto inform about thenost suitable momeiffdr checkup. The
ontline characterization and chedp profile is identical as presentedfigure 5-3| At the
beginning of the periodic characterization/cheqk all Li-ion cells were reseto nominal
voltage(3.6V) with 1C current levelthen thre€0sdischarge/chargeurrent pulsest 1C,3C
and 5C were applied alternatively to measure the internal resistance. Next, the clas§ival CC
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charge followed by a continuous discharge at &€ both technologies for capacity
measurementvas performedThen, Ltion cells were reset to 90% SOC torsthe power
cycling testsOnline characterization wagoneat ambient temperatud test while, check

up is applied at 25°CCompared to the chealp in the reference tests mentioned in chapter 3,
the internal resistance measurement was performefikatatage (3.6V) instead of 50% SOC
through the whole lifespan.

Figure 5-3 On-line characteization and deckup profile for Samsung at 25°¢Voltage, Current
and Temperaturevs. Timg

5.3 Experiments and raw results

The evolutions of the normalized capacity and resistah@6V over equivalent full
cycles numberat 0°C, 25°C and 45°@re depicted i[Figure5-4]for technologief LG and
SamsungAs for generic power cycling resultsyo types of normalized capacity greesented
on the plots. The independent symbol in circle representavtbeage value of 3 cells for
classical periodic cheelqp at 25°C While, the coloured line represents the dme
characterizatiomt ambient temperatuid test In addition, the error bars are shown to verify
the reproducibiliy between the three tested cells.

Theacceleratetestdurationfor EOTwith corresponding cycling tempaurearelisted
in|Table5-2| It can be observed that the duration strongly dependfe temperature and
technology. For the same capacity loss, the durat@yvary from one month to seven months.
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Item LG Samsung
NMC/ NCA/
Chemistry
graphiterSiO | graphite
Time (days) 138 118
Power cycling at 45°C| (TceiPTma) | (Tcel™>Tmay
Time (days) 98 180
Power cycling at25°C | (Tcel®Tmay)
Time (days) 24 221

Power cycling at 0°C | (Cioss>50%)

Table5-2 Duration of accelerated ageing tests at EOT with the aeronautical pradti®°C 25°C
and 45°C forLG and Samsung

From[Figure5-4](a, b),for both technologiest can be observed that the normalized
capacityof thethree cells have a good reproducibilitytheaccelerated tests at 45°C and 25°C
However,the errorbars for the average valuecreaseproportionallywith the equivalent full
cycles for the tests performed at Qtle difference between maximal and minimal normalized
capacity can even reach about 128dact,this dispersion is due to the inhomogenedbhsim
platingas indicatedby Liu et al[108]. Few papers reported the reproducibility of cycling ageing
behaviors at low temperaturkt.can be supposed that the lithium plating formation is less
regular than SEI formatigrso aslight sample difference leads to different ageing results.
Therefore,ensuringthe manufacturing processes to improve tomsistencyof 18650 Liion
cell is important fompplicationin a cold environment.

As in the generic power cyclinthe normalizedtapacity values obtained according to
the classical cheelqp are always below the online values at 45°C, while, they are always above
the online vales at 0°C for all technologies. This behaviour is due to the temperature as
explained in the chapter 3. Révely to Samsung, LG has a high degradation rate for the
accelerated ageing tests with the aeronautical profile performed at 0°C. While at 45°C, LG can
perform 20 days more than Samsung for 20% capacity loss.

In[Figure5-4] D1 tBefpresented values are the normalized resistand®s with 1C
pulse current. The evolution of other normalized resisttdained with 3C and 5C rates
exhibits andenticaltendeng. For both technologies, the value of normalized resistance based
on checkup at 25°C is higher than the-tine characterization at 45°C and vice versa for 0°C.
Furthermore, the tendency of normalized resistance capacity evolution follows the tendency of
normalized capacity evolution
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Figure 5-4 Normalized capacitynd normalized resistance &6V vs. equivalent full cycles for (a,
DT /* DQG E E @t08R2PUanh®45°Cwith aeronautical profile

5.4 Ageing modelling and SOH estimation

Two modelling methosl are proposed in this section. Atst, the influence of
temperature on the degradation rate eiold cellsagedwith the specific aeronautical profile is
investigated. Then,naefficient and simple method is proposed to predict the SOH-minLi
cells for both technologiesith a goodaccuracy.

5.4.1 Temperature effects on the degradation rate of capacity

As three temperatures were selected for the accelerated ageing tests sjtacifie
aeronautical profile heimpact oftemperature onapacitydegradation rate is investigatéthe
same methodsedn chapter 3o analysehe dependency between temperature and degradation
rate incalendar ageing is applied here

Figure5-5|(a, b) presenthe average value of normalized capacity fade at 0°C, 25°C
and 45°C versuthe square root of timd he circle represents the normalized capacity loss from
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checkup at 25°C.Besides the accelerated ageing tests performed at 0°C for LG, it can be
observed tht a liner relationship is found out for all the other conditions of test. Furthermore,
the slog anddetermination coefficien(R?) are listed below the corresponding plots. This may
be due to the selection of time factoj for linearization, few stués investigated this topic.

NMC (LG) 0°C | 25°C | 45°C NCA (Samsung) 0°C | 25°C | 45°C
Slope (day®9) | 8.507| 1.904| 1.391 Slope (day®% | 1.249| 1.280| 1.959
R? 0.78 | 0.99 | 0.99 R? 0.96 | 0.97 | 0.95

Figure 5-5 Capacitylossover square root of time at 0°C, 25°C an8°€ for accelerated ageing tests
with corresponding linear regressions values for (a) NMC (LG), (b) NCA (Sam3gung

Then, the natural logarithm of degradation raie(k)) is plotted versus the inverse of
temperaturel(T) in order to verify whether the relanshipfollows the $ U U K Hsu[Kiyife]
shovxs the relationshifetween tk degradation rate and temperatiaredbothtechnologies.

It is obvious that 18650 Lion cell from Sansung shows a linear dependenatich is the
same asn the case of calendar ageing in chaptdn&ddition, the degradation rate at 0°C is
nearly thre timeshigherthan the degradation rate at 45°C. The similar behaviour is also
indicated by Baghdadi 28] et Waldmanrj141] {Figure3-14). In addition as the dispersion of
normalized capacity increases with the ageing time atf@° Goth technologiedesides the
average capacity fade value of three cehlie, maximum(red triangle) and minimum (blue
triangle) capacity fadealuesare also used to determine the degradation rate. Then, they are
plotted versus the temperature

The relationship betweermpacity loss and temperatwgtaysalwayslinear forLG. For
Samsung,iere are always two linear regressanth opposite signThe optimal temperature
can be determined by a simple quadratic regression, LG has a low degradation rate at 30°C with
the speific aeronautical profile. Aus,it can be confirmed thahe NMC/graphite+SiO 18650
Li-ion cell from LGhas two different ageing behaviours for the temperature above 30°C and
below 30°C. While, Samsung ageing behavidoeendar ageing and power cycling ageing)
folow WKH $UUKH QL X VohNesxiaztheZekcells lagswly at low temperatures.
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Figure 5-6 Influence of temperaturg0°C, 25°C45°C) on degradation rate for ()G
(NMCl/graphite+SiO), (b)Samsung(NCA/graphite in accelerated ageing test with the specific
aeronautical profile

This interesting findingndicates that the capacity fadeate over the temperaturef
accelerated ageing testies notalways IROORZ W K Hs [awj Ut kdelp@ridX dr the
degradathtn mechanism# Li-ion cells Despite the dispersion abrmalized capacity between
samples increases with the ageing damtthe same ageing behaviours are confirmed by
maximum and minimum capacity loss valuesaddition this assumptiohas a good coherence
with thetemperatureffectson ageing behaviouns calendar ageintests It is alsosupported
by the literature§l28] [141]. Thismodellingcould help users tdefine an optimal temperature
in order to minimise the degradation rate oidn cells for the aeronautical usage.

5.4.2 SOH estimation

5.4.2.1 Qualitative and quantitative ICA

In orderto investigatehe SOH estimation for L-ion cells endured with theeeronautical
profile at 0°C, 25°C and 45°Cincremental capacity analysis methods are appliée:
discharge curves (voltage vs. capacitgsed on cheelp at 25°C of LG and SamsuaglC
are presented [Rigure5-7|(a, b) The black curve represerse cell at fresh state (BOlthe
three other curves corresportd the discharged curve aofells at EOT throughout different
temperaturg0°C, 25°C, 45°Cpf accelerated ageing tests with the aeronautical prdfilese
curves providalischarged capacity for each cell. As all the tested cells have almost the same
capacity at ®L, only one curve is presetfor both technologiesThen, the enhanced IC by
moving average filter is applied on the discharged curves, which is presdRitgdries-7| D 1
E JAll the IC curves at the BOL have three peaks, but the peak evolution is not as clear as
expected. Peak 1 shifts teft gradually, correspondingo the increase of the polarization
resistancg¢183]. Moreover, peaks can disappear from theu€es after the ageing td481].
Thereforethe decomposition of IC curves based on Gaussian and Lorentzian mixed function
is used teextract all the peak features.
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Chapter5 tExperiments and modelling of accelerated ageing with a specific aeronautical profile

Figure 5-7 Discharge curves for checlip at 25°C with correspondingC FXUYHYV IRUan®d DY /*
E EY 6DPVXQJ

As indicated previously in chapter 4, the area of peak 3 and location of peaklidebave
selected as peak features to quantify the SOH and normalized resjBignce5-8|presents
the peak features versus the SOH and normalized resistance for 18650 cells from LG. It can be
seen frorfFigure5-8|(a) that a linear regssion is found out between SOH amda of peak 3
based on the IC curve decomposition. While, another linear relationship is observed between
the location of peak 1 and normalized resistance. Two linear regressions are listed below each
plot, the corresponding values of peak featane listed in therable5-3

_ _ Location of peak 1| Area of peak 3
LG SOH (%) | Normalized resistance (%)
V) (Ah)
BOL 100 100 3.99 1.56
EOT B°C| 90.78 111 3.96 1.36
EOT 45°C| 7878 145 3.89 0.98
EOT 0°C | 54.85 220 3.84 0.59

Table5-3 SOH andnormalized resistance wittokation of peak 1 and area under peak@ cells
from LG
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SOH estimation

SOH = 0.47x area of peak 3+0.3 Normalized resistance =7.62xlocation of peak #31.3
R2=0.976 Rz=0.91

Figure 5-8 Relationship betweef@) DUHD XQGHU SHDN I[ocationeo2pedB Q5. D
normalized resistance for LG

The same type of regression is observed for 18650 cells from Safifsiohes-4]lists
all the values of peak features, especially the location of peak 1 and arek & g&en two

liner correlation are established thanks to these values, which are illustf&tgdrab-9

_ _ Area of peak
Samsung | SOH (%) rel\éci)srg:ge(g@ Locatlor(1V(;f peak 1 3
(Ah)
BOL 100 100 3.96 1.47
EOT 45°C| 77.37 160 3.59 0.0007
EOT25°C| 86.02 140 3.70 0.99
EOT 0°C 75.97 139 3.61 0.1759

Table5-4 SOH andand normalized resistance witlotation ofpeak 1 and area under peakf8r
cells from Samsung

SOH =0.15x area of peak 3+0.75 Normalized resistance =1.68xlocation of peak # 7.64
R2=0.94 R2=0.99

Figure 5-9 Relationship betweef(a) areaunder peak 3w 62+ D Qdgationfof peak 1 vs.
normalized resistance for Samsung
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Chapter5 tExperiments and modelling of accelerated ageing with a specific aeronautical profile

These results suggest that cell SOH and normalized resistance can be determined
according to the ared peak 3 and location of peak 1 according to the correspondiearlin
regression. In addition, the peak features are the same as in the generic ageing tests.

5.4.2.2 Validation of the proposed method

In order to validatehe proposed SOH estimatiomethodfor the cellsendured bythe
specific aeronautical profij@nel8650 cellsfor each technologwith unknown SOHs used.
[Figure5-10presentshe decomposition IC curves based on Gaussian Lorentzian fufmtion
unknown SOH cellsA good fitting is shown for both technologies. The areaeak@ and the
location of peak 1 can be extracted from the IC curves, which can help determine thadOH
normalized resistance.

Figure 5-10 Decomposition of the@ curve based on the Gaussian Lorentzian function of unknown
SOH cells from (a) LG and (b) Samsung

LG | Samsung
Area of pak 3 0.938| 1.169
Estimated SOH (%) 74.08| 92.67
Measured SOH (%) 79.48| 93.16
Error SOH (%) 54 0.49
Location of pak 1 3.954| 3.866
Estimated normalized resistance (| 118 114
Measured normalized resistance (| 117 108
Error normalized resistance (%)| 1 6

Table5-5 Summaryof peak features based on IC curves with SOH and normalized resistance
estimation for unknown cells
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Conclusion

Table5-5|summarizesll thevalues of peak featuregth the corresponding estimated

SOH and estimated normalized resistance. The estimated valuebtareed by the fitting
equations presented [ifigure 5-8| and|Figure 5-9| In addition, SOH error represents the
difference between the estimatedlues and expemental values.From these data, the
estimated SOH determined by tareaof peak3 shows a good accuracy compared with the
measure®OHfor both technologiesConcerning the estimatedrmalized resistanagtained

by the locatiorof peaki, the same cohgsion can be drawhe error between the estimated
and measured SOH or normalized resistasdess thar6%. These results point out that the
guantitative ICA method hasgmodaccuracy, therefongis suitdble for estimating the SOH of
cells endured yothe specific aeronautical profile.

5.5 Conclusion

In this chapterthetwo most promising selected technologies (LG, Samsung)-iLi
cells (NMC/graphite+SiO, NCA/graphite) endured by an accelerated ageing tests with a
specific aeronautical profile amevestigated. This studyan be divided into two main sections.

The first section concerns the experimental testssp&cific aeronautical profile
including 9 phases (APU start, Taxiing, Tax® Cruise, Emergency, Landing, Towing,
Refuel, and Recoveryis investigated. This aeronautical profile corresponds ® hours
domestic flighin MetropolitanFrance Thecurrent level an&OC variatiorof this aeronautical
profile are defined based on a 28V-ibn battery installed in A350 XWB. Howevdheyare
modified and adapted tahe 18650 cell scaleThen three cells of both technologies are
performed at three temperature®ore than 6 monthsThe periodic characterization and
classical checkip are applied to follow the available capacity and internal aesistMore
than 20%capacity loss isbtainedor both technologies in each tests conditidiee modelling
can be developed thanks to these results.

The second section is dedicatedtie modelling of ageing behaviour for-ion cell.
The first modellingapproachs to evaluate the influence of temperature on degradation rate
throughout the specific aeronautical profile for both technolog@sthis, the degradation rate
determined by capacity loss is defined. Then, the natural logarithm of this degradss is
plotted versus the temperature of teBts. 18650 NMC/graphiteSiO Li-ion cell from LG, two
linear regressions with opposite sign are shown between 0°C to 45°C, which indicates two
different ageing mechanisms. Thus aptimal temperatur¢30°C) is defined, where the
degradation rate ithe lowest.In contrast to the L-ion cell from LG,the 18650 NCA/graphite
LI-LRQ FHOO IURP 6DPVXQJ |IRO Rdditiony thébeageing beQdvidwsg vV O D :
have a good coherence with the ageing belasitbund out in the calendar ageingeayphe
second modellingpproachs to estimate the SOH of4ion cells during the accelerated ageing
tests. This modelling is based the qualitative and quantitative incremental capagiglysis
method For both technologies linear regressiors established between the SOH dneélarea
of peak 3. Another linear regression is obtained between the normalized resistative and
location of peak 1SOH and normalized resistance of two unknown SO#bmhicdls can be
predicted with a good accuracy thanks to the proposed metlseds dan master the ageing
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Chapter5 tExperiments and modelling of accelerated ageing with a specific aeronautical profile

behaviours in avide temperature range [0°C, 45°&{d anticipate the replacement of cells with
low SOH for aeronautical usageth these proposed modeljrmethods
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General conclusion

This thesigontributes to the topic @lectrochemical energy storage systéssses for
aeronautical usage. The goal is achievedebgluating theperformance, reliabilityand
robustressof nine electrochemical energy storage elemeitsluding the latestgeneration
commercial elementsLithium-ion (NMC/graphite + SiO, NCA/graphite, LFP/graphite,
NMC/LTO), Lithium-Sulfur (Li-S), supercapaciter (SCaps)and Lithium-ion capacitors
(LiCs). The following section presents the investigations and results in details.

The first chaptepresents at firsthe working principle, the materials, the forms and
characteristics of different electrochemical energy storage types (LiBs, SCaps, L:8&)s, Li
Then, thecharacteristic of LiBs, SCaps and LiCs are comparigil each otherFurthermore,
the characterization methods used for electrochemical energy storage elements afédisted.
state of art for electrochemical energy storage elements inditeteshe characteristic of
different elements are sensitive to temperature, SOC, cuifbas, specific protocolare
required to characterize all the investigated electrochemical energy storage elements. Next, the
electrochemical energgtorage elemenfer aeronautical usage is introduced. The energy and
power needs for more electl@ircraft are presented according to multiple literatures. Finally,
the current issues concerning the reliability, the performance in extreme aeronautical
conditions, the afety and the robustness of electrochemical energy storage elements are
summarized.

The second chapteconcernsthe comparative performance quantification by
experiments and modelling. For thescommon reference tesare proposetb quantify the
energyand power density of the differealectrochemical energy storage eleme8tace the
characteristic othese elementare quite different, a classification is defined in this reference
tests according to the type of application (energy, power, high power). In addition, the condition
of the reference tests correspond to the aeronautisage (multiple current levels) and
environment {20°G55°C). Then, an electrthermal model based on a few number of
parameters, which Bahe physics links with the elements aisceasilyidentified, isdeveloped
and validated. & the most promising technologietLi-ion cells the perbrmancegenergy
density, power densitygre represented in the Ragone plemneon-isothermal conditionsThe
simulation results exhibit that the operating condsisuch as temperature, current, power level
and safety conditions strongly affect the pemiance of Liion cells This modelcould be
employed as a conception aid tool for the selection-odricells in system design process.

The third chapteis devoted to the study of calendaeiag and active cycling as well

as to theoresentation of alsetest results. For calendareaty, the elements are stored in a high

state of chargé95%)andat extreme temperatureQ°C, 55€C). Particular attentiowasgiven

to the aging behavior of Liion elements at lowemperatures. The results indicatadone

hand, that the dependence between the rate of loss of capacity and the storage temperature is
not linearover the temperature rang()°C, 55°C] and on the other hand that there is an
optimum temperature for whidhe degradation rate of capadgyminimal. Forpower cycling

ageing, the results showed different behaviegardingthe temperature and the technology.
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General contribution

Finally, aradar diagram is established thanks to the experimental results from reference tests in
order to select the most promising teclogies. This radar diagram represengsismmary of
performancesafety,reliability and robustnedsased on seven crita (energy density, power
density, available capacity at extreme temperatures, life in calegeiag typeseltdischarge,
number ofcycles and afety). Finally, the performance, safety, reliability and robustris3850

Li-ion cells from LG(NMC/graphite + SiO)Jand Samsun@NCA/graphite)are outstanding
relatively to other technologies.

In the fourth chaptera SOH estimation method moposed thanks tdé¢ results of
various periodic characterizams in the third chapter. This efficient methodoesed on the
Incremental Capacity Analysis. Thus, the main mechanisms of degradamioductivity Loss,
Lossof Active Material,Lossof Lithium Inventory) are identified from the changes of peak
featuresduring a constant curredischargeThen a decomposition of IC curves according to
Gaussian Lorentzian mixed function allotesextract the peak features. The quantification of
ICA can beperformed thanks to the characteristic of several pedlesadeing type of Lrion
cellsenduredcan be determinetthanks to a simple linear dependency between the area under
apeakand the normalized capacity. Then, gesitionof peakallows topredit the evolution
of resistance thanks to another linear regression pfopsed method &ble to estimatehich
type of ageing the cell has historicallydaemgone, as well as the evolution of normediz
resistanceluring ageing

The last chapteis focusedon the robustness of thelectrochemical energy storage
elementsn anaccelerated aing tests with a specifiprofile for the aeronautical age Only
the most promising Lithiuaon technologie$L G, Samsunggre réained in this chaptefhese
tests ag baed on a profilén current,corresponding ta serie®f flight missionphases form
air travelin metropolitan France. The @igg models proposed in the previous chapters are
appliedhereto evaluate the impact of temperature on the rate of degradatd to estimate
the SOH of the cellsndured byhis aeronautical profilelwo linear regressions with opposite
sign areobservedbetween 0°C to 45°C for tion from LG (NMC/graphite + SiO), which
indicates two different ageing mechanisms in this temperature range. While, a linear regression
is observed for Lion cells from Samsung (NCA/graphite). These interesting firsdiage a
good consistency with tregeing behaviours in tlwalendar ageintype Then, the normalized
capacity and resistance offo unknownSOH Li-ion cells can be predicted with a good
accuracy thanks to the efficient qualitative and quantitative ICA. Finabrsucan master the
ageing behaviours of lon cells in the aeronautical environment and anticipate the
replacement of cells with low SOH for aeronautical usage.

Major contributions

The major contributions of this work could be summarized as follows:

Refaence tests for three types of electrochemical energy storage elements (LiBs, SCaps,
LiCs) have been proposeddgoantify the performance and ageingaeronautical environment
and for aeronautical usage.
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General Conclusion

A nonrisothermal Ragone plot based on the eledttivarmal model bgetermininghe
energy density and power densifyelectrochemical energy storage eleménisvestigated in
order to select the most convenient available technology.

In the same aim, an origin®ladar diagranthat takesnto acountsthe aeronautical
criteria regarding performance, reliability, safety and robustiieasks to the experimental
results from reference tesssdeveloped

A semiempiric calendar ageing modkhs been proposéa awide temperature range
[-20°C, 55°C] aminimal capacity loss rate was observed in this temperature range for the first
time.

A SOH estimation method based on the qualitative and quantiteioremental
Capacity Analysiss investigatedn order to not only identify the degradation mode, bso al
to predict which type of ageing has been historically underwent and to determine the normalized
resistance for two chemistries ofilon cells.

An accelerated test with 9 mission phases that combines calendar and power cycling
ageing types for aeronacidil usage has been proposed, which corresponds to the 2 hours air
travel in Metropolitan Francén addition,the current level defined this specificaeronautical
profile is adapted td. 8650 Ltion scalein order to take advantage of the best capalohithe
cells.

A semiempiric ageing model to determine the minimal capacity loss datang the
accelerated ageing tests with a specific aeronautical piefitlevelopedn the operating
temperature [0°C, 45°C]

Prospects

The current work in this manuscripan suggest the future research opportunities
includingthe followingissues

Regarding the thermal modelling, generic method to determine an accuragat
transfer coefficienfor multiple operating conditionsuch as the high current or power level,
the low temperaturespuld be proposedn addition, a couple electricthermal failure model
could be developed for predicting the thermal runaway @bt ibatteries.

On a sygem level, ageing modelling could be added to our macro model used in the
nonrisothermaRagoneplot approach

The calendar ageintests and power cyclinggeingtests with other temperaturaad
other SOCgould be performetb validate the relationshipebveen the degradation rate and
temperature.

Concerning the mechanical behavioageing under differenexternal or internal
pressursfor a cell in pouch forntould be evaluatedccording to the first results obtained in
the tean185].
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General contribution

With regard to the SOH estimation methdedualitative and quantitative ICA method
at different tempraturescould be validatedThe SOH estimation methambuld be expanded
to a battery pack scale for BMS implementation.
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Annexe

Annexe

Annexel Temperature and voltage of LFP/Graphite 26650 cell from K2 Energy
during thermal stability test

Annexe2 Temperature and voltage of-8i pouch cell from Oxis during thermal
stability test
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Annexe

Annexe3 Fitted parameters on IC curves by Gaussian Lorentzian mixed function for

LG
- ovel N lized N lized Area of | Location of
. Ime ycCle ormalize ormalize
_ ) peak 3 peak 1
Ageing type (h) No. capacity (%) | resistance (%)
(Ah) (V)
0 100 100 157 4.03
1423 92.75 109 1.35 4.01
Calendar =277 a 88.82 115 1.29 2.01
ageing 55°C
4435 85.35 124 1.11 3.99
5850 82.42 134 1.05 3.98
0 100 100 1.56 4.02
Calendar 1443 97.57 99 1.50 4.02
ageing- n/a
20°C 2855 96.37 104 1.42 4.02
4946 95.40 98 1.41 4.023
0 0 100 100 157 4.025
ower | 1082 | 760 80.29 115 0.99 4.021
cycling 2950 | 2320 70.70 147 0.78 3.99
45°C 3853 [ 3127 65.70 169 0.75 3.08
4301 | 4301 62.98 180 0.76 3.97
0 0 100 100 157 4.02
Power 530 | 228 50.10 258 0.65 3.95
cycling 0°C
500 | 638 2513 358 0.39 3.91
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Annexe

Annexe4 Fitted parameters on IC curves by Gaussian Lorentzian riuxetion for

Samsung
Area of | Location of

g e Tine | Gl | Jematee | etz P3| ek
(Ah) V)

0 100 100 1.47 3.96

1442 93.31 120 1.43 3.81
ageai‘:]eg”ggzc 2811 | nia 88.22 122 1.39 3.77
4235 85.58 125 1.38 3.74

5828 82.71 131 1.34 3.71

0 100 100 1.47 3.96

Calendar | 1443 98.56 100 1.41 3.92
ageing- 2855 | nla 98.04 101 1.40 3.90
20°C - 4476 97.42 104 1.38 3.89
4946 97 102 1.37 3.89

0 0 100 100 1.49 3.97

Power 639 | 384 83.07 148 1.16 3.76
cycling 45°C| 1098 | 699 72.98 182 0.97 3.66
1405 | 938 66.89 207 0.83 3.60

0 0 100 100 1.42 3.9

Power 684 | 492 91.45 119 1.09 3.85
cycling 0°C [ 937 | 748 86.05 135 0.9 3.80
1675 | 1574 60.44 251 0.16 3.60
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Titre : Evaluation des performances et  du vieillissement des éléments de

VWRFNDJH GTpQHUJLH pOHFWURFKLPLTXHVY SRXU OfXVI

Résumé 'DQV XQ FRQWH[WH GH SURJUHVVLRQ GX VWRFNDJ

pPOHFWURFKLPLTXH GDQV OHV WUDQVSRUWYV QRWDPPH

problématiques de performance, de fiabilité, de sureté de fonctionnement et de durée

de vie du stockeur sont essentielles pour utilisateurs. Cette these se focalise ces voltes

SRXU OYDYLRQ SOXV pOHFWULTXH /HV WHFKQRORJLHV pWX

commerciaux de derniere génération de type Lithium-ion (NMC/graphite+SiO,

NCA/graphite, LFP/graphite, NMC/LTO), Lithium-Soufre (Li-S), supercondensateur et

hybride (LiC). 8QH SUHPLqUH SDUWLH GH FH PDQXVFULW VDWW

performances des differe QWYV pOpPHQWYV GDQV OTHQYLUBRCQQHPHQW
f&@ HW SRXU OfYXVDJH DpURQDXWLTXH 8Q PRGgOH FRP

thermique est développé et validé. La seconde partie est consacrée a la quantification

du vieillissement des différents éléments. Les résultats de vieillissement calendaire et

en cyclage actif sont présentés ainsi que ceux des tests abusifs. Une méthode

GYHVWLPDWLRQ GH OfpWDW GH VDQWp 62+ GHV pOpPHQW\

incrémentale (ICA) est proposée. Enfin, OfpYDOXDWLRQ GH OD UREXVWHVV]

VWRFNDJH ORUV GH WHVWV GH YLHLOOLVVHPHQW DFFpOpL

aéronautique est proposeé. Les modeles de vieillissement et la méthode d'estimation

de SOH proposés précédemment sont utilisés ici pour évaluer limpact de la

température sur la vitesse de dégradation et pour estimer le SOH des cellules vieillies

j OYDLGH GH FH SURILO DpURQDXWLTXH

Mots clés : Batteries Lithium, Supercondensateurs, Lithium-ion capacitors,

performance, basse température, vieilissement calendaire, cyclage actif, tests

abusifs, modeéle électro-thermique, Ragone non-isotherme, loi de vieillissement,

estimation de SOH, capacité incrémentale, profil aéronautique

Title : Performance and ageing quantification of electrochemical energy
storage elements for aeronautical usage

Abstract : In the context of progress in the electrochemical energy storage systems
in the transport field, especially in the aeronautics, the issues of performance,
reliability, safety and robustness of these elements are essential for users. This thesis
is focused on these issues for the more electric aircraft. The technologies studied
correspond to the latest generation commercial elements of Lithium-ion batteries
(NMC/ graphite + SiO, NCA/graphite, LFP/graphite, NMC/LTO), Lithium-Sulfur (Li-S),
Supercapacitor and Lithium-ion capacitors. The first part of this manuscript is
dedicated to the performance quantification of the different electrochemical energy
storage elements in aeronautical environment [-20°C, 55°C] and usage. An efficient
and accurate electro-thermal model is developed and validated. The second part is
devoted to the calendar and power cycling ageings as well as to the presentation of
abuse testing results. A State Of Health (SOH) estimation based on incremental
capacity analysis method is proposed. Finally, the robustness of the storage elements
during accelerated ageing tests with a specific profile for the aeronautical usage is
evaluated. The ageing models and SOH estimation methods proposed in the previous
sections are used here to evaluate the impact of temperature on the degradation rate
and to estimate the SOH of the cells with this aeronautical profile.

Keywords : Lithium batteries, Supercapacitors, Lithium-ion capacitors, performance,
low temperatures, calendar ageing, power cycling, abuse testing, electro-thermal
model, non-isothermal Ragone plot, ageing laws, SOH estimation, incremental
capacity, aeronautical profile
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