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Abstract

That temperature has a considerable effect on the lifespan of Lithium-ion batterys
(LIBs) is well documented in the literature. The temperature of LIBs under cycling is
dependent on the properties of the cells the usage and the Thermal management sys-
tem (TMS) used. To increase the lifespan of the cells, managing them at optimal temper-
ature is essential. To contribute the understanding of the LIBs lifetime, this study looked
into the properties of the cells and quantified their cooling capabilities. These properties
were studied during degeneration of the cells under cycle ageing to identify how the cells
change through their lifespan.

In the first part of the thesis, the workings of Li-ion batteries is described from the
very fundamentals to assembly, thermal behaviour, ageing mechanisms, and methods to
characterize the cells. The theory part is written with that in mind that others could read it
to learn about Li-ion battery basics.

The main goal of the thesis is to contribute to the understanding of ageing mechanisms
and how these affect and are affected by the cells thermal properties and behaviour. Cells
were cycled in different cooling setups, and characterization tests were done before, dur-
ing and after the ageing cycles. The difference in degradation mechanisms between the
different cooling setups was then studied. A novel approach using the recently developed
Cell Cooling Coefficient (CCC) was performed, where the cycled cells CCC were char-
acterized during the ageing process, and the changes in how the cells were cooled were
monitored. The CCC together with other characterization techniques were used to study
the changes happening in the cell thru their lifetime.

The results gathered to show that as the cells degrade, the heat production increase,
this is studied through internal resistance, over-potentials, and entropy changes. Another
aspect not so well documented is the cells thermal behaviour during degradation. The
CCC for pouch cooled cells is seen to more than half during the lifespan of the studied
cells. The thermal conductivity change measured on the anode from a dismantled cells
shows some of the reason for this drop in CCC. Mechanical inspections of the physical
changes in the cell underline the importance of the degradation of the anode on the cells
performance.

The goal of the thesis was to contribute to the total understanding of the behaviour of
battery cells. The data gathered from the ageing study used in this thesis has been uploaded
to Mendeley Data and is accessible from: DOI: 10.17632/p98wcs3g4b.1
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Sammendrag

At temperatur har en betydelig effekt på levetiden til Litium-ione batterier er godt
dokumentert i litteraturen. Temperaturen til battericellene under bruk avhenger av egen-
skapene til cellene, bruken og kjølesystemet som brukes. For å øke cellens levetid er det
viktig å kunne kontrolere temperaturen. For å bidra til forståelsen av Litium-ione batte-
rienes levetid, har vi i denne studien sett på egenskapene til cellene og kvantifisert hvor
enkle de er å kjøle. Disse egenskapene ble studert gjennom degenerering av cellene under
aldring gjennom bruk, dette for å identifisere hvordan cellene endres gjennom levetiden.

I den første delen av oppgaven er Lithium-ion batterier beskrevet fra det helt grunn-
leggende til montering, termisk oppførsel, aldringsmekanismer samt metoder for å karak-
terisere cellene. Teoridelen er skrevet med tanke på at andre kunne lese den for å lære det
grunnleggende om Lithium-ione batterier.

Hovedmålet med oppgaven er å bidra til forståelsen av aldringsmekanismer og hvordan
disse påvirker og påvirkes av cellens termiske egenskaper og oppførsel. Celler ble syklet i
forskjellige kjøleoppsett, og karakteriseringstester ble gjort før, under og etter aldringssyk-
lusene. Forskjellen i nedbrytningsmekanismer mellom de forskjellige kjøleoppsettene ble
deretter studert. Den nylig utviklede Celle Kjølings Koeffisienten (CCC) ble brukt til å
karakterisere kjøleegenskapene til cellene gjennom aldringsprosessen. CCC sammen med
andre karakteriseringsteknikker ble brukt til å studere endringene i cellen gjennom leveti-
den.

Resultatene viser at når cellene brytes ned, øker varmeproduksjonen, dette ble ob-
servert i endring i intern motstand, overpotensialer og entropi. Et annet aspekt som ikke er
så godt dokumentert er cellens termiske oppførsel under aldring. CCC for de celene kjølt
gjennom celleposen ble mer enn halvert gjennom cellens levetid. Den endrede termiske
ledningsevnen målt på anoden fra åpnede celler viser noe av årsaken til dette fallet i CCC.
De fysiske endringene i cellen som ble observert understreker viktigheten av nedbrytnin-
gen til anoden på cellenes ytelse.
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Chapter 1
Introduction

To reach the emission target for CO2 set by the Paris agreement of 2015, decarbonisation
of the transport section is necessary [1]. The leading technology in decarbonisation of the
transport section are Electrical vehicles (EV) powered by LiB. Several papers indicate that
CO2 per km can be cut to half of the EV is produced in Europa and used there [1–3]. If
the car is charged with a decarbonised grid, such as France or Sweden, the emission can
be cut by over three quarters. [2, 3]

The CO2 emissions throughout the life cycle is in a much higher fraction tied up in
the production of the vehicle for EV than Internal Combustion Engine vehicles (ICEV).
For a EV used with a decarbonised grid, up towards 90% of the emissions are tied to the
production of the car, 40% of this in the battery production [3]. Therefore, two methods
can cut the majority of CO2 emissions; decrease emissions during production or increase
life span.

1.1 Cooling systems effect on cost and environmental im-
pact

It is well documented that there is a strong correlation between temperature and lifespan
of LiB. [1, 4–7] It follows, therefore, that the choice and dimensioning of TMS is crucial
for the cost and carbon footprint for an EV.

Lander et al. [1] shows how the lifetime of a battery pack is affected by different types
of cooling systems and strategies. It is found that the lifetime of the cell is one of the
factors that have the highest dependency on the life cycle cost and the carbon footprint. A
doubling of the battery pack’s lifetime reduces the carbon footprint by 23 % and the life
cycle cost by 33 %. It is revealed that as of now, cooling the pouch surface with water
cooling blocks or immersion cooling is the most effective and air cooling is the least ef-
fective cooling method. But if the tabs of the cell are designed better for cooling, the tab
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Chapter 1. Introduction

cooled cells can be cooled more effective, giving a longer lifetime. [8]

The cooling strategies’ impact on the cell lifetime can be predicted by the use of the
Cell Cooling Coefficient (CCC) [8]. When the cell has a known heat generation, and the
CCC is known, the expected operating temperature of the cell can be calculated, giving
the possibility to predict the degeneration. In this thesis cell, degeneration and the use of
CCC will be looked into in-depth for a Lithium Cobolt Oxide (LCO) cell.

1.2 Objective
The objective of the thesis is to determine how different cooling systems impact the di-
mensioning of both capacity, the cooling system demands through the battery life cycle,
aswell as the underlying mechanisms which induces the change of capacity and thermal
properties of a cell through cycling.

Existing research has documented the SOH degradation rate of cells in different cool-
ing systems. However, less research exists on the difference in underlying mechanisms
which differentiate the cells operational degradation rate. This thesis will aim to iden-
tify any difference in underlying degradation mechanisms between pouch and tab cooling.
Identification is made through a mixture of electrical tests, such as ICA as well as dissect-
ing the cell and physically inspecting the cell’s components.

No research to the knowledge of the authors has been conducted regarding the dif-
ference in change of thermal properties through cycling in the different cooling system.
The thesis aims at documenting how cells thermal properties change through ageing in
different cooling systems and how this impacts dimensioning of the TMS. Hales et al.
[8] introduced a novel approach of measuring a cells ability to remove heat through the
pouch or tab by the introduction of the Cell Cooling Coefficient (CCC). In contrast to
most thermal conductivity measurements of LiB, the CCC is a non-destructive test. This
allows monitoring cells thermal conductivity throughout their life. In addition, measuring
entropy and overpotentials are conducted. By monitoring thermal conductivity and heat
generation through its life cycle, the needed dimensioning of TMS can be determined.
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Chapter 2
Theory

2.1 Lithium-ion battery basics
LiBs are electrochemical storage devices that can store and deliver power to a circuit. Ev-
ery cell has two electrodes store which can store Lithium ions. These electrodes can have
a difference in potential depending on how many Lithium ions they store. This potential
can drive a Lithium-ion and electron current between the electrodes. Intercalation is the
insertion of ions into the electrode, while deintercalation is the removal of ions.

2.2 Construction of a LiB
This section introduces the most critical components of a LiB:

• Electrode - stores the Lithium ions and electrons - i.e. stores the energy

• Separator - separates the electrode to prevent short circuit

• Electrolyte - pathway for ions

• Current collectors - pathway for electrons

• Tabs - external connection to the electrodes

• Casing - will be discussed in as it varies widely from cell to cell

Figure 2.1 shows a schematic sketch of the main components of a LiB as well as the
direction of electrons and ions during charge and discharge. Note that the electrodes are
not one single mass but rather particles. The light blue substance surrounding the particles
is the electrolyte.

This thesis uses three terminologies to describe three different levels of electrochemi-
cal storage:
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Chapter 2. Theory

Figure 2.1: Schematic sketch of the main components of a LiB. Reprinted from Gregory L. Plett
[9]

• Unit cell - the smallest functional unit, with one electrode pair as well as all the
needed auxiliary parts

• Cell - the assembly of several unit cells in parallel in one container.

• Battery - the assembly of several cells, casing, cooling system, battery management
system

Note that eventhough a LiB is called a battery, it usually refers to a cell. For this thesis
unless stated otherwise a LiB is a reference to a cell. For the following sections the com-
ponents descriptions are applibcable for a pouch cell. A pouch cell is where the electrodes
with auxiliary parts are encapsulated in an aluminum foil casing and will be explained
further in 2.2.7

2.2.1 Electrodes
The electrode is the part of the cell which stores the electrochemical energy. A unit cell
consists of two electrodes, which can intercalate ions. The electrodes have a potential de-
pending on their lithiation state (how many Lithium ions they store). [10] The potential of
the cell is the potential deviation of the two electrodes. This potential can induce a current
if an external circuit is applied.

The two electrodes are called the anode and cathode. Technically the anode is where
oxidation occurs (lithium ions deintercalated) and the cathode is where reduction occurs
(lithium ions intercalated). However, this could easily be confusing, as the electrodes
change names regarding if the cell is charging or discharging. Therefore most literature
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2.2 Construction of a LiB

(including this thesis) refers to them as if the unit cell is discharging.

The electrode consists of two main types of components; active mass and additives.
Active mass is material which lithium ions can intercalate, while the additivies give the
electrode other favorable properties. Some of the most common addetivies in a LiBs are
[11]:

• Carbon black - added to electrodes to enhance its electron conductivity

• Binder - Bonding additive which bonds electrode particles together as well as to the
current collector

• Pore-forming additives

• Wetting additives added for safety

Chemistries

LiB is a term for batteries that intercalate Lithium ions in their electrodes. The rest of
the chemistry varies. Note that in this thesis, unless specified, the term ”chemistry” refers
to the active mass in the cathode in a LiB, not other battery chemistries such as alkaline
batteries.

Anode

The vast majority of LiB have a carbon-based anode, either structured as hard carbon or
graphite C6. [12, 13] Cell chemistries are therefore usually referred to as the cathode
chemistry of the battery. In addition to the carbon anode structure, the most crucial dif-
ference between anodes is their content of silicon. Modern anodes often have a small
percentage of silicon in their anode. Silicon increases the energy density but introduces
challenges regarding the stability of the cell, limiting the amount of silicon. [14, 15]

Cathode

Cathode materials vary from cell to cell, and the characteristics of a cell are highly de-
pendent on the cathode material. Some of the main characteristics are; power and energy
density, resilience to degradation, safety, and cost.

Two of the most common chemistries found today are; Lithium iron phosphate (LFP),
and nickel cobalt manganese (NMC), but also nickel cobalt aluminum (NCA), Lithium
Manganese Oxide (LMO) and Lithium Cobolt Oxide (LCO) are also widely used [16].
Nitta et al. [17] grouped cathode materials in two: transition metal oxides and polyanion
compounds. Of the chemistries mentioned above, LFP is of the latter, while the rest is
transition metal oxides. A significant limitation of many of the transition metal oxides is
that they contain cobalt. It is costly, somewhat rare, toxic, has low thermal stability, and
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high degradation at high current. [13, 18] A general trend is, therefore, that newly devel-
oped chemistries usually reduce or altogether removes the use of cobalt.

Figure 2.2: Characteristics of the most common LiB chemestries. Reprinted from Zubi et al. [16]

The cell studied in this thesis is of type Lithium Cobolt Oxide (LCO), which only has
cobalt as a transition metal. LCO is one of the first developed commercial cathodes. It has
high specific energy but a relatively low life span compared to newer chemistries. Due to
its high % of cobalt, both cost and safety are an issue due to low thermal stability [16].

Reactions

In this section, the chemical reactions during charge and discharge is discussed. The chem-
ical reaction for a LCO battery is:

Li1−xCoO2 + C6Lix ⇒ LiCoO2 + C6 (2.1)
0.5 < x < 1 (2.2)
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Note that the cobalt oxide can only be partly be delithiated. In a low lithiation state,
the cobalt oxide structure collapses, rendering the cathode unable of intercalation. [9].

When lithium is intercalated and deintercalated into the structure, the structures are not
changed chemically, but are changed structurally. This is a much less harsh process than
changing chemically, and is one of the reasons intercalation cells have longer life spans
than most traditional redox batteries such as alkaline batteries.

Figure 2.3: Illustration of intercalation. Green and purple plates are electrode material, while red
dots are lithium ions. Note that the lithium is stored in the structure of the electrode, rather than a
part of the material itslef. Reprinted from Gregory L. Plett [9]

However, as lithium is added, the volume of a structure will change significantly. As
graphite has a higher volume expansion than LCO electrode, an LCO cell will expand dur-
ing charge.

Each electrode with a certain amount of lithium has a particular potential. As the
lithium is moved from the anode to the cathode, the potential difference between the two
electrodes decreases. The cell is usually only stable in a specific voltage window, and
transition metal oxide chemistries LiB have a voltage window around 4.2-3V.

SEI

In addition to all the initial components, one crucial component is also created during the
first cycles of the LiB; the SEI. SEI is a passivation layer on the anode, which is created
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Chapter 2. Theory

Figure 2.4: Figure of how Voltage (OCV) changes through discharged and charged. 100% SOC is
fully charged and 0 % SOC is fully discharged. Reprinted from Baccouche et al. [19]

due to the instability of the electrolyte at the anodes operational voltage [5, 20] A further
explanation of the SEI will is given in 2.4

2.2.2 Separator

To prevent an internal short circuit, the two electrodes need to be separated by a material
that does not conduct electrons. This component is called the separator. Additionally,
as the Lithium ions need to move between the two electrodes, the separator must allow
Lithium-ions to pass. Note that the separator does not conduct the Lithium-ions; the elec-
trolyte does. The separator is usually a membrane with holes big enough for Lithium ions
to pass while small enough to prevent electrode particles from passing through. Figure 2.5
shows a picture of a separator with an electrode particle on top of it. Note the contours of
the opening, which allows ions to pass.

2.2.3 Electrolyte

The electrolyte gives the ions a conductive path between the electrodes. It has two main
parts; a solvent and a salt with some additives to improve the cell’s performance. The salt
gives the electrolyte its ionic conductive properties, while the solvent does not participate
in the chemical processes it dissolves the salt and facilitates the ionic migration[21]. The
most common salts in use is lithium hexafluorophosphate (LiPF6), while other common
salts among others are LiBF4 and LiClO4. The solvent is usually a mixture of several
solvents. Some of the common ones are ethylene carbonate (EC), propylene carbonate
(PC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate
(DEC). [9]
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Figure 2.5: SEM of separator with electrode particle. Reprinted from Gregory L. Plett [9]

The electrolyte is present in nearly the whole cell as it impregnates the porous elec-
trodes and separators. As the electrolyte is in contact with many different chemicals, one
of the main challenges for an electrolyte is stability. The stability of the electrolyte is a
common theme in the aging mechanisms in a LiB, which will be discussed in 2.4.

2.2.4 Current collectors

The current collectors are thin metal foils that give electrons are low resistance path to the
electrodes. In the majority of modern LiB both electrodes have one current collector each.
The current collectors also function as a material to which can be welded to the external
terminals.

The current collector material for the anode and cathode are in the majority of LiB
copper and aluminum, respectively. These are chosen due to their electrical conductiv-
ity as well as stability. The current collectors must be electrochemically stable in their
working conditions. For a cell to have high potential, it is required that the cathode has a
high potential ( 4V vs.Li/Li+) for LiCoO2 cathode and (0.01V − 0.25vs.Li/Li+) for
graphite anode. Contact with electrolyte under these potentials can make unfavorable re-
actions occur. After the aluminum has gotten a AlF3 passivizing film from the reaction
between Al2O3 and HF , which comes from the decomposition of LiPF6, it becomes
electrochemically stable at high potentials, making aluminum suitable for use at the cath-
ode. The aluminum current collector is not stable for the low anode potential. Copper
is stable for potentials under (3V vs.Li/Li+) making copper suitable for anode current
collectors. However, over-discharging the cell may lead t0 copper dissolution. [22]
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2.2.5 Tabs

Tabs are connected to the electrodes through the current collectors to give an external ter-
minal connection. An external circuit can be powered if the circuit is connected to the
terminals.

The tabs consists of a conductive material, usually plated with a stable metal to prevent
any corrosion. Tabs come in a wide array of widths, thicknesses, aswell as placements.
Tabs can be on both same side or opposite side.

2.2.6 Assembly of a cell

This section will describe how the previously mentioned parts are assembled into one unit.

A majority of commercial pouch cells consist of several electrode pairs connected in
parallel, i.e., all anodes and cathodes are connected, as illustrated in 2.6. The cell studied
in this thesis has 41 and 40 anodes and cathodes, respectively. The uneven amount of elec-
trodes is due to the current collectors having electrode material on both sides. It follows
that both sides of the cell have an ”unpaired” electrode. As the anode electrode is lighter
than the cathode, an extra anode is used.

Figure 2.6: Illustration of electrode stack consisting of several unit cells making up a cell Reprinted
from Trask et al. [23]

Separators and current collectors are usually as thin as manufacturing, and safety al-
lows, both in the order of 20 µm thick. [9]. Increasing their thickness will not significantly
increase performance, while a decrease in thickness will give less weight, leading to higher
specific and volumetric energy density. In addition, thinner separators have more prone to
being penetrated. Electrode thickness varies but is usually in the range of 50− 60µm for
high energy cells and thinner for higher power cells [24]. A more in-depth explanation of
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electrode thickness is given e in-depth in section 2.2.8

Internally the electrodes are connected in parallel by letting one part of the current
collector stick up from the square electrode and welding the current connectors, which are
to be connected in parallel together. In addition, the current collectors are welded to the
tab. This is illustrated in Figure 2.6.

A casing encapsulates the unit cells. For a pouch cell, the casing is an aluminum foil
coated with a non-conductive material.

2.2.7 Packaging

LiBs come in different casings. The most common ones are cylindrical-, prismatic-,
button- and pouch-cells. The types are seen in figure 2.7. The different casings have
their advantages, where the coin cell is usually used in smaller electronics, the cylindrical
and prismatic cells have sturdy casings and can endure handling. The pouch cells have
the highest specific and volumetric energy density and are used where packing density or
weight is crucial.

Figure 2.7: Different casing types for LiBs Reprinted from Murashko [25]

In this thesis, the focus is on the pouch cells. The pouch cells can have a separator that
is either discrete between each electrode, or it can be a continues Z-folded separator [26].
The Melasta cell used in this thesis has a Z-fold configuration, as can be seen in figure 2.8
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where the entire separator is one continuous sheet wrapped between all electrode layers.

Figure 2.8: Separator configurations for pouch cells. Reprinted from Rheinfeld et al. [26]

2.2.8 Physical properties of electrodes
In addition to the electrode chemistry and additives, the physical structure of the electrode
effects the cells characteristics. In this section the following will be disccused; particles,
porosity of electrode, loading and compression.

Particles

Figure 2.9: Scanning electron microscope (SEM) picture of a graphite electrode. The width of the
picture is approximately 100 micro meters. [9]

The active mass is not one mass,but rather millions of electrode particles. This is to
increase the surface area of the electrode to the carbon black and electrolyte, which are
much better conductors of electrons and ions respectively than electrodes. This decreases
the resistance of the cell. 2.9 shows a SEM of an graphite electrode. The width of the
picture is approximatly 100 µm. Note that the electrolyte is not visible in the picture. 2.10
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shows an illustration of how the carbon black (black) and binder (organge) connects with
the active mass particles.

Figure 2.10: Illustration of the electrode particles with addetivies.Reprinted from Haserieder et al.
[11]

Loading, compression and pores

Tuning of different mechanical parameters can achieve different characteristics. This sec-
tion discussed the loading (active mass per area), compression (active mass per volume),
and pore structure and their impact on cell characteristics.

Figure 2.11: Heat generation per volume of an electrode as a function of C-rate. Charge cycles
are shown as solid lines, while discharge cycles as dotted lines. The plotted lines have following
capacities in Ah

m2 ; 18 (blue), 12 (green), 8 (red) and 2 (black). The lower capacities, the thinner
electrode, and the lower heat generation. Reprinted from Nazari and Farhad [27].

The loading of an electrode defines the weight of active mass per area applied to the
current collector. In general, a higher loaded electrode will give higher specific energy as
more % of the cell is an electrode and non-energy-containing elements such as separator
and current collectors. On the other hand, a higher loaded electrode will give a lower resis-
tance, decreasing heat generation and increasing maximum power output. Cells with thick
electrodes usually are called energy cells, while cells with thinner electrodes are called
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power cells. [28]

The cells studied in this thesis have an anode with an active material thickness of
43µm on each side of the current collector and a cathode with an active material thickness
of 34µm on each side [29], meaning the cell leans slightly towards being a high power
cell. As discussed in 2.2.6 Singh et al. [24] states high energy cells are in the range of
50-60 µm.

In addition, loading and the compression/porosity of the electrode are crucial. A higher
compression of the electrode will decrease the volume, but it also impacts the cell’s resis-
tance. A more compressed cell will give lower resistance to the electrons. This is due
to the carbon black being packed at higher densities, giving a low resistance path for the
electrons. However, a lower compressed cell will give lower ionic resistance due to more
electrolyte allowed access to electrode surface through pores between the particles.

(a) (b)

Figure 2.12: Electron and ionic resistivity dependency of compression. Reprinted from Haserieder
et al. [11]

The ”straightness” of the paths the pores create impacts the ionic conductivity, as it
determines the length of the ionic pathways. This property is called tortuosity and is cal-
culated by equation 2.3

Tortuosity =
Length of path

Distance between ends
(2.3)
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2.3 General terminology
This section explains general battery terminology and in what context they can be applied
in.

2.3.1 Open circuit voltage (OCV)
Open circuit voltage (OCV) is the thermodynamical voltage of a cell or the ”true potential”
of the electrodes. OCV must not be confused with the terminal voltage, i.e., the voltage
measured at the terminal of the cells. These differ during and after a load is applied. OCV
occurs when no load is applied, and the cell is in electrochemical equilibrium [10]. A
quasi-OCV can be obtained within an hour or even at low voltages. As obtaining the true
OCV is usually not obtainable in most use-cases, most literature uses the term OCV for
quasi-OCV [30].

When Lithium intercalates into the electrodes, the OCV changes. For a commercial
cell, the measured OCV is the potential between the electrode. However, by creating half
cells, i.e., a cell where one of the electrodes is pure lithium, the OCV for each electrode can
be measured independently. OCV as a function of SOC indicates the different processes
and phases which the electrodes experience during charge and discharge. [6, 31–33]

Figure 2.13: Figure of voltage during cycling of two half cells and a full cell (green). The red
voltage profile is the anode, while the blue is the cathode. Reprinted from [32]

2.3.2 Terminal voltage
Terminal voltage is the voltage that can be measured externally at the LiB tabs, and it
represents the available voltage for an external device. It is given by

UTerminalvoltage = UOCV − η(I) (2.4)

Where UTerminalvoltage is the terminal voltage, UOCV is the OCV, η(I) is the over-
potential as a function current. Overpotential are discussed in 2.5.1.
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2.3.3 C-rate

Noramalized Current-rate (C-rate) describes the current of a battery, normalized by its
capacity. At a given current, the C-rate is defined as follows:

C-rate =
Current[A]

Capacity[Ah]
(2.5)

If a current equal to a C-rate of 3 is drawn, it will be denoted by 3. Capacity in the
context of c-rate is the manufacture stated capacity.

Research usually refers to C-rates instead of current due to increasing the compara-
bility between cells. Comparing results when cycling two different cells, one with 1 Ah
capacity and 10 Ah at 1 Amp, is usually not of interest. However, comparing the two cells
both with a current of 1C is usually more of interest.

2.3.4 State of heatlh (SOH)

State of heatlh (SOH) for short, describes the condition of a cell, compared to its condition
as new. SOH is defined as follows;

SoH [%] =
Capacity at current state when fully charged [Ah]

Capacity as new [Ah]
× 100 (2.6)

Note that the capacity of the current state and capacity as new must be measured at the
same temperature and C-rate, as capacity is dependent on both.

There are no standard for at what SOH End of life (EOL) occurs. EOL is usually
defined at the occurrence of the so-called ageing knee or cell drop-off [5], where the SOH
suddenly drops [20]. The aging knee occurs at different SOH depending on cell chemistry
as well as production quality, but for most chemistries, it occurs in the range of 80-90
SOH. This is illustrated in 2.14 where the cell start to increase more reapidly at around
80 % SOH. Note that cell A-D are of the same model under same conditions, and the
different curves are due to production differences.

The term Energy State of Health (eSOH) will be used when the energy (Wh) is used
to calculate the SOH instead of capacity (Ah).

2.3.5 State of Charge (SOC)

State of Charge (SOC), is the % of usable charge left in the cell. It is defined as follows:

SoC [%] =
Usable charge left [Ah]

Capacity at 100% SoC [Ah]
× 100 (2.7)

16



2.3 General terminology

Figure 2.14: SOH as a function of cycle numbers. All cells are the same model, and the difference
between them is due to manufacturing inaccuracies. Note that the SOH decreases more rapidly at
approximately 80 % SoH. Reprinteded from Tseng et al. [34]

Note that ”Capacity at 100% SoC ” is the current capacity of the cell and not the
capacity at Beginning of life (BOL).

There is no direct way of measuring SOC. The two most common methods are columb
counting and using the OCV-SOC relationship. In this thesis, Columb counting is used as
the SOC estimator. Coloumb counting is the method of counting the net charge transfer
(coloumbs) in and out of a cell and by that calculating the cells SOC. This requires a
known reference SOC and the capacity of the cell. Columb counting uses the following
formula:

SoC [%] = SoCref +
Net current since reference point [Ah]

Capacity [Ah]
× 100 (2.8)

Where SoCref is the reference point where the SOC has to be estimated by other
methods, and where the net current is negative if discharged.

Coulomb counting is an accurate method for few cycles. However, it is prone to drift-
ing, due to measurement inaccuracies aswell a coloumbic inefficiency. Therefore it peri-
odically needs a new reference point.

SoC Window

SOC window refers to the extremeties of SOC which the cells are to be cycled at. A cell
cycled from 30 % to 60 % and discharged from 60 % to 30 % has a SOC window of
between 30 and 60% SOC.
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2.3.6 Constant current - constant voltage (CC-CV)
CC-CV is the most common charging strategy for LiB. The charging protocol starts with a
constant current step. The current is kept stable until the a certain voltage is reached. The
protocol then moves into the constant voltage step where the terminal voltage is kept sta-
ble. As the OCV moves towards the terminal voltage the current will decrease. Charging
concludes when the current reaches a certain cut-off current. This is illustrated in figure
2.15.

Figure 2.15: Current and voltage profile of a CC-CV charge. Reprinted from Maranda [35]
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2.4 Degradation

This section will introduce the most common degradation mechanisms in a LiB. The
degradation is split into three levels; operation effects, effects at the cell level, and the
mechanisms that trigger these effects. In addition, the triggering condition will be dis-
cussed.

Degradation of cells is the physical change to cells induced by either a current profile
or time. Degradation studies are generally split into cycle life and storage (calender) life
studies [12]. In this thesis, if a current profile induces the degradation, it will be referred
to as cyclic degradation, while if it is introduced due to time, calendar degradation.

2.4.1 External triggering conditions and their effects on operational
function

This section will show how the three most important conditions (temperature, SoC win-
dow, and current) affect the operational functions; SOH, State of Function (SOF) and
impedance. The loss of SOH and SOF is known as capacity and power fade. Note that the
correlations explained here are simplified and that the external conditions do not individu-
ally impact the degradation but rather the sum of them.

Temperature

The correlation between aging and temperature is well documented, where higher temper-
ature increases the degradation rate.The degradation rate approximately grows exponen-
tially with temperature, both for calendar and cyclic aging. [5, 12, 36]

Higher temperatures have an impact on all three operational functions of the battery.
The increase of impedance will also harm both SOF and SOH, as well as increasing heat
generation.

Lower temperatures will usually decrease the degradation rate. However, lower tem-
peratures, usually from 10 C◦ and down, can temporarily reduce the charging capability
of LiB. [5, 37].

Though not always true, degradation due to a temperature is usually connected to the
fact that higher temperatures usually increase the reaction rate. [38]

C-rate

Degradation rate increases with C-rate [39–42], as illustrated in 2.17.
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Figure 2.16: Cyclic SOH degradation as a function of temperature of an cobalt-oxide electrode. m1

is SOH given between 0 and 1. Reprinteded from Leng et al. [36]

Through de- and intercalation of lithium ions, degradation occurs, mainly due to the
mechanical stresses due to volume changes [39]. In addition, higher C-rates follow higher
temperatures and, therefore, higher degradation. Research has shown that for cells cycled
in poor cooling setups, a large part of the C-rate induced degradation can be explained by
the increase in temperature [12, 43]. An increase in impedance is also observed at higher
resistance. However, these operational functions are not as strongly correlated to c-rate as
temperature.

SOC

In regards to cyclic and calendar degradation SOC window and SOC impacts degradation,
where storage or cycling at high or low SOC promotes degradation. [44, 45]

The degradation due to SOC comes from two main categories of degradation mecha-
nisms. First, at higher SOC materials usually move away from the stable voltage window,
which promotes certain reactions, specifically with the electrolyte. [5, 22, 37] Secondly,
at these SOCs the electrodes are either fully lithiated or delithiated, causing structural
stresses. As mentioned in 2.2.1, LCO have to have approximately a lithium-ion for ev-
ery two cobalt oxide to keep its functional structure. LCO is near this limit at high SOC.
Wikner [44] showed that the combination of high C-rates at high SOC windows increase
degradation rate in combination with each other.
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Figure 2.17: SOH as a function of cycles at different C-rates. C-10 is notation for 0.1C. Note that
C-5 and C-10 lie on each other, making C-10 not very visble. Reprinteded from Snyder [39]

Materials, design and production

In addition to external factors, three other important factors can affect the degradation
rates: chemistries, cell design, and cell production.

The most important is the chemistries in addition to all the additives and electrolytes.
It is well documented that different chemistries show different degradation rates. [12].

ell design parameters such as geometry, electrode thickness, porosity, tab placement,
etc. affect the degradation effects. These parameters will affect temperature, current densi-
ties, inhomogeneous, the cell’s resilience to volume change, etc. Cell design can therefore
give two cells with the same electrode and electrolyte different degradation rates.

Cell production and deviations from cell to cell can have a meaningfull impact on
performance. Haserieder et al. [11] cycled three cells which only differed in electrode
size and overlap, which can occur accidentally during production. 2.19 shows how this
drastically impacted the degradation rate.

Degradation mechanisms

The following section discusses the underlying mechanisms of degradation. In addition
each mechanism is put into the associated category and the external triggering effects
identified.
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Figure 2.18: Impedance as a function of temperature of an cobalt-oxide electrode. Reprinted from
Leng et al. [36]

At cell level the degradation can be split into three main modes [5, 6, 12]:

• Loss of active material (LAM) - loss of electrode material that is active in the inter-
calation processes during discharge or charge.

• Loss of Lithium Inventory (LLI) - loss of cyclable Lithium-ion

• Increase in impedance - causes the cut-off voltage to be reached earlier

Numerous mechanisms can cause these modes, some of the illustrated in 2.20. In this
thesis, only the four most relevant mechanisms will be in focus:

• Cracking of electrode particles

• Solid Electrolyte Interphase (SEI) growth

• Lithium plating

• Changes in cathode structure and decomposition
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Figure 2.19: SOH as a function of number of cycles for three different cells. The cells differ in
regards to their anode and cathode placement relativly to each other. Reprinteded from Haserieder
et al. [11]

2.4.2 Cracking of electrode particles
As discussed in 2.2.1 the electrode are made up of many small particles. Due to volume
expansion during cycling the particles are prone to cracking [5]. This mechanism is usu-
ally triggerd by large SOC windows and high currents.

Cracked particles can disrupt paths between electrode particles, carbon black and cur-
rent collectors [5, 37]. This will lead to a ionic and electronic conductivity loss, i.e.
impedance increase, which again leads to both power and capacity fade. If the crack-
ing becomes too severe, particles can become ”isolated”, leaving no conductive paths for
the electrons [48]. This will both give LAM as well as LLI, due to active material not be-
ing able to be lithiated anymore and due to the lithium not being ”reachable”, also known
as dead lithium [5]. Lastly, cracking promotes to SEI growth, which will be discussed in
2.4.3.

As discussed in 2.2.1, modern anodes often contain silicon. However, due to its
high volume expansion during intercalation, anodes that contain silicon is more prone
to cracking.[5, 14, 37] The cell studied in this thesis has a graphite anode with no silicon
and is, therefore, less prone to cracking than many other modern cells. However Nishi [49]
reports that graphite anodes is experiencing a greather volume change during intercalation
than hard carbon, due to the interlaying spacing (d002) for graphite is 0.335nm and needs
to expand to 0.372nm when the lithium intercalets between the layers. For hard carbon
anodes the d002 spacing are over 0.372nm and no expansion can be observed.

Electrodes are more prone to cracking when exposed to use over a large SOC window,
i.e., either used to very low or very high SOC or both. This is due to the volume change
then being the largest. High currents will also amplify this as the volume change is rapid.

23



Chapter 2. Theory

Figure 2.20: Degradation mechanims in a Litium ion cell. Reprinteded from Edge et al. [5], Merla
et al. [46]

In addition to intercalation-induced volume change, side reactions during the creation
of SEI, discussed in 2.4.3, can create gas inside the electrode. This can lead to the build-up
of pressure, which can cause cracking. [37]

Properties of the electrode and especially the binder properties are key factors in the
occurrence of cracking. Binders containing fluorine, such as in PVDF, react with the car-
bon anode and form lithium fluoride. This contributes to degradation in the mechanical
stability of the electrode [50–52]. The cell studied in this thesis uses PVDF.

Certain research has hypothesized that a thickness decrease can occur if an electrode
has started cracking. This is due to smaller electrode particles being allowed to expand
(during intercalation) into smaller and smaller voids between the particles. [53]

2.4.3 Solid Electrolyte Interphase (SEI) growth

SEI is a passivation film that forms around the anode particles. It consumes electrolyte and
lithium, and the layer itself has relatively high resistance. SEI growth leads to increase re-
sistance and LLI. Research indicates that this effect is the largest of all degradation effects
on the anode [12, 37]

In the presence of lithium and the anode’s operational voltage, the solvent will react
with the lithium ions. They are both consumed, and the product deposits SEI on the anode.
SEI works as a passivation film hindering further reactions of the solvent. [5, 22, 37]
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Figure 2.21: Multi scale imageing of NMC particle where fracture has occured. Reprinteded from
Xu et al. [47]

Note that SEI is not one unique product, but a collective term of products.
Most of the SEI is created at the first cycles known as forming cycles [11, 37]. As the

anode is fully delithiated at production, the solvents do not react until the first cycle, when
the anode is lithiated and voltage increases. The first charge cycle of the cell results in an
approximately ten % reduction in capacity, depending on the cell. [5, 54] The first cycles
and the forming of the SEI is considered as a part of the production and not degradation.
[11]

After the first cycle, the creation of the SEI the reactions slow down but do not come
to a halt. There are three main causes for SEI growth after the initial formation, diffusion,
cracking and transition metals diffusing to the anode.

As the SEI is not fully impermeable [20, 37], the electrolyte will continue to diffuse
through the SEI and create more SEI. As the SEI thickens, the diffusion slows down.
[5, 54] The diffusion rate increases with an increase in temperature. In addition to in-
creasing diffusion rate, an increase of temperature will increase the rate at which the SEI
degrades. [37, 55]. The higher voltage at high SOC further destabilises the electrolyte,
increasing the SEI growth as well [5, 22, 54, 56]

Due to the same mechanisms as described in 2.4.2 the SEI is prone to cracking, ex-
posing the solvents to the anode, leading to the growth of more SEI [57]. Manufactures,
therefore, design the solvent and add additives to increase the mechanical durability of the
SEI [58].

Reactions throughout the cell can deposite products, such as Lithium metal and Transition
Metals (TM), on the anode. These can react with electrolyte and create SEI. [5].

Imhof and Novák [59] found that during SEI forming reactions gas side products were
created. If this occurs this can be seen as a thickness increase in the pouch.
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In the creation of SEI there is the consumption of lithium, leading to LLI which again
leads to capacity loss. Growth in SEI increases impedance in several ways; the SEI has
low conductivity, it can block anode pores, increasing the tortuosity [5, 20] and in some
cases, it is even reported that it can block separator pores. [37] This will lead to a loss of
both capacity and power and an increase in heat generation.

The consumption of electrolyte could also decrease the thermal conductivity of a bat-
tery. Previous research shows that over half the thermal conductivity of separators and
electrodes is due to the electrolyte. [60–62]

Materials on the cathode surface

Though the term SEI is reserved for the layer which forms on the anode, the cathode is not
resevered from materials creating an ecapolating film. Some research refers to the materi-
als as postive-SEI, or Postive solid electrolyte interphase (pSEI) [5], though not technically
a SEI in the same sense as on the anode.

Previous research [20] have reported that electrolyte oxidation formed could form on
the cathode, probably caused by soluble organic materials formed at the anode which has
migrated to the cathode [63]. Other side reactions are also documented, and a recurring
theme is the reactions caused by hydrofluoric acid (HF), leading to the decomposition
of electrolyte and a low conductive film surrounding the cathode. [20] Both lead to an
increase in ohmic impedance.

2.4.4 Lithium plating
Lithium plating is when the lithium ions are reduced to lithium metal instead of interca-
lated into the anode. This consumes lithium ions, leading to LLI, and in extreme cases,
lithium metal dendrites grow and puncture the separator, causing an internal short circuit.
Plating is prone to happen during high charge C-rate at low temperature.

Initially, lithium ions intercalate into the electrode particle surface. Due to lithium ion
concentration gradients, the ions diffuse towards the center. [37] Lithium plating occurs
when the charge rate is higher than the diffusion rate, leading to the particle surface is
fully lithiated. This renders the particle not able to intercalate lithium ions. Instead of in-
tercalating into the particle, the lithium-ions are reduced, resulting in lithium metal on the
anode [5]. A voltage range close to that of pure lithium promotes lithium metal occurring;
therefore, lithium plating predominantly occurs on the anode. [37]

The plated lithium can react with the electrolyte leading to SEI growth. This consumes
lithium but can also electronically isolate the rest of the lithium. [5] This is known as ”dead
lithium.” Both these processes lead to LLI. Plated lithium can also close pores, leading to
higher touristy, leading to an increase in impedance.
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If the Lithium metal is not yet coverd in SEI the Lithitum can be stripped. This is the
inverse reaction, where the Lithium metal diffuse back into the electrolyte as Lithium ions.
The Lithium ions are then still cyclable. [5]

In extreme cases, the plated lithium can create dendrites that grow through the sepa-
rator and reaches the cathode. As shown in 2.22, this can create an internal short circuit,
which will render the battery useless and can lead to thermal runaway, where the cell un-
controllably increases in temperature. [64]

Figure 2.22: Illustration of Lithium metal forming dendrites which penetrates the separator.
Reprinted from MSE Supplies [64]

The volume of plated Lithium is larger than the volume change due to lithium inter-
calation into the electrodes. Plated lithium, therefore, can show itself through a thickness
increase. However, this is shown to be of less importance than cracking. [53]

Lithium plating comes due to a mix of circumstances; temperature, high SOC and high
currents. At lower temperatures, intercalation reactions and diffusion rates slow down.
This increases the chances of plating. High SOC implies a highly lithiated anode, which
also lowers the diffusion rate. Lastly, the current is highly impactful due to if the reactions
and diffusion rates can not facilitate the current densities, then plating will occur. [37]

LAM and areas of high resistivity will increase the chance of Lithium plating. This
is due to less active material being available to intercalate, and therefore the threshold be-
tween diffusion rate and current will be reached at a lower current. [5, 20]

2.4.5 Decomposition and strucutal change of the cathode
The three sections above regarding SEI growth, cracking, and lithium plating is about
mechanisms that have a higher impact on the anode than the cathode. These mechanisms
have in common that they do not change the anode’s structure but rather the interphases
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and mechanical properties. However, the degradation mechanisms for the cathode are
mainly through decomposition and structural changes.

Cobalt oxide has a what is refered to as a layered structure. [9, 12, 37] To maintain a
structure which lithium ions can be intercalated into, the material has to keep in the range
of [9, 65]:

Li1−xCoO2 where 0.5 < x < 1 (2.9)

Though there are structural changes in these ranges, these changes are reversible. A
deviation from this, can cause the irreversible structure to change, and the cathode can
not correctly function again.[9, 37] At higher voltages, some of the transition metals can
decomposite from the cathode and depose on the anode. [66]

Figure 2.23: Illustration of the crystal structure of an LCO electrode. Blue spheres are cobalt, purple
lithium and red oxygen. Reprinted from Gregory L. Plett [9]

The cell studied has a LiPF6 electrolyte solution and with the unavoidable presence
of trace HF. These react and consume the electrolyte. [37, 54] This can also cause gas
products [67, 68] and migration of transition metals from the cathode to the anode. The
latter can cause higher thermal resistance and well as LAM. [54, 69]
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2.5 Thermal properties of a Lithium-ion batteries

In this section, the thermal properties of LiB will be discussed. First, heat generation and
thermal conductivity will be discussed, then how thermal gradients develop through the
cell during use. Lastly, the consequences of thermal gradients will be discussed.

2.5.1 Heat generation in a Lithium-ion batteries

In this section, the different heat generation sources will be discussed. 2.24 shows the four
primary sources of heat generation in a LiB; overpotentials/impedance, reversible entropic
heating, the heat of mixing, the heat of phase change. However, only overpotentials and
reversible entropic heating will be discussed in this work, as the three others are negligible
in many use cases. [70–72]

Figure 2.24: Illustration of all the heat generation sources in a LiB. Reprinted from Zhang et al.
[72]

Heat generation in a LiB is described in equation 2.10 where Q̇irr is the irreversible
contribution and Q̇rev its the reversible heating. The next paragraphs will describe the
different contributions.

Q̇ = Q̇irr + Q̇rev (2.10)

Irreversible heating

Irreversible heating is heating due to overpotentials. An overpotential is the potential dif-
ference between the theoretical voltage of the electrodes and the measured voltage during
operation [73]:

η = OCV − Uterminal (2.11)
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where η is overpotential.

There are three main overpotential contributors, all related to kinetic polarization ef-
fects, which occurs when a load is applied. [74, 74, 75];

1. Rohmic - Ohmic overpotential - related to the resistance in cell materials and contact
between them. Occurs instantaneously with an applied current.

2. ηct Charge transfer overpotential - related to the charge-transfer processes which
occur at the interface of the electrodes. The majority occurs in the range of 50 to
5000 ms after a current is applied. Charge transfer overpotential is also known at
interacial charge or activation overpotentials.

3. ηcon Concentration overpotential - related to concentration gradients in the materi-
als, mainly in the active material. Highly dependent on load hysteresis. Also known
as diffusion or mass transfer overpotential.

These overpotentials will impact the voltage measured at the cell’s terminals, and in-
stead of providing usable power, these voltage drops will instead cause heat generation.
This implicitly means that the efficiency (ε) and heat generation of a cell is highly corre-
lated, as efficiency is defined as:

ε =
OCV − η
OCV

(2.12)

Where η is the sum of all the overpotentials. η can be expanded and written more
precisely as:

η = Rohmic × I + ηct(I) + ηcon(I) (2.13)

R is the ohmic resistance, I is the current, and ηct(I) and ηcon(I) are the charge transfer
and concentration overpotentials as a function of I. Note that the ohmic overpotential acts
as a regular resistance. The overpotential is therefore proportional to the current squared,
while the other overpotentials are not as easly described in relation to the current.

Charge transfer overpotential is associated with the reactions at charge transfer pro-
cesses at the electrode surface. The loss in potential is due to the barrier for the reaction
to occur. The dynamics of the process can be described by the Butler-Volmer equation
[54, 73]:

j = j0(exp [
αazF

RT
(η)]− exp [

αczF

RT
(η)]) (2.14)

j is the current density, j0 is the exchange current density, E the electrode potential,
Eeq the equilibrium potential, T the absolute temperature, z the number of electrons, F the

30



2.5 Thermal properties of a Lithium-ion batteries

Faradays constant, R the universal gas constant and ac and aa respectively the cathodic
and anodic charge transfer coefficient.

Due to the complexity of acquiring the Butler-Volmer parameters inputs as well as be-
ing computationally heavy, the charge transfer overpotentials are often calculated through
simplified equations. One equation is used for large overvoltages where the overvoltage is
proportional to the log of current, and one for small overvoltages where the overvoltage is
proportional to the current. [54, 73] The simplest method for describing the charge transfer
overpotential is by describing it as a resistance. [76] This is in many applications accurate
enough with the benefit of being simple in both measuring and modeling.

In this thesis, the overpotential caused by concentration polarisation will not be charac-
terized. Due to its strong correlation to hysteresis and the smaller amount of contribution
to heat generation, the neglection of this overpotential reduces complexity at a cost of ac-
curacy.

The irreversible heat generation is given as following1:

Q̇irrev = −I(UOCV − U) = I2 ×Rohmic +×ηct(I) (2.15)

Overpotential dependency with temperature and SOC

Overpotentials have a strong correlation to a long range of factors, most notably tempera-
ture and SOC [77]. These dependencies also change with aging, as described in 2.4

The internal resistance is a sum of several contributions; tabs, current collectors, con-
tact between electrode particles, contact between electrodes and current collectors, and the
electrolyte, [78, 79] where the majority lies in the electrolyte [80]. A decrease in temper-
ature increases the viscosity of the electrolyte. This reduces the mobility of ion-carrying
salts in the solvent, increasing the impedance. This increases the resistance [80].

Figure 2.25 shows that internal resistance increases with ageing. The correlation with
SOC is also minimal and will be neglected in this thesis.

Figure 2.26 shows how the charge transfer overpotential changes with temperature and
SOC. As with ohmic resistance, the charge transfer has an approximately logarithmic in-
crease with temperature decrease. Charge transfer reistance has a complicated dependency
to SOC but increases at very high and low SOC. This is related to the mechanisms that
occur when one of the electrodes is fully lithiated or delithiated. This correlation is shown
in figure 2.27. The y-axis is Rd, which is the ”Direct current (DC) resistance.” This is in
this thesis defined as the sum of the ohmic resistance and charge transfer resistance. Note

1The sign for heat follows the convention of the IUPAC (International Union of Pure and Applied Chemistry),
where heat adsorbed by the system is positive, and heat emitted negative.
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Figure 2.25: Ohmic resistance of a LiB as a function of temperature. Cell A is a new cell, Cell B a
calendar aged cell, and C a cycled aged cell.Reprinted from Waag et al. [77]

that ohmic resistance has a negligible dependency on SOC and the change inRd with SOC
can be contributed to a change in the charge transfer resistance.

With the equation for irreversible heating 2.15 and 2.27, it can be deduced that the
amount of irreversible heating is highly dependent on temperature and to some extent
SOC.

Entropic reversible heating

The de- and intercalation of lithium ions during cycles can cause endo- or exothermic re-
actions due to entropy changes. The change in the direction of de- and intercalation will
change exothermic reactions to endothermic and also the other way around. The reversible
heat is given by: [81]:

Q̇rev = I × ∆S × T
F

× T = I × δU

δT
× T (2.16)

I is current in ampere, ∆S is change in entropy in Joules per Kelvin, T is absolute
temperature in Kelvin, F is the Faraday constant and U the potential in volts. Note that a
change in sign in current or ∆S will change the sign of the heat generation.

The ∆S coefficient is strongly dependant SOC and somewhat pressure and tempera-
ture [81]. The structure of the electrodes heavily impacts the profile of ∆S, which can give
distinct profiles for different chemestries. [82] The entropy coefficient for the Melasta cell
in this thesis has been measured by MacDonald [83] and can be seen in figure 2.28. As the
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Figure 2.26: Charge transfer overpotential presented as resistance as a function of temperature. Cell
A is a new cell, Cell B calandar aged and Cell C a cycled aged cell. Note that the y-axis is logaritmic.
Reprinted from Waag et al. [77]

cell in question has LCO electrode which have high ∆S compared to the other common
cathodes [84], the reversible heating can actually be seen clearly during constant current
cycles 4.22c.

Note that even though the entropic heat is proportional to the temperature, as it is the
absolute temperature, even a substantial temperature change in the operational tempera-
ture window will not change the Q̇rev substantially.

The reversible heat is proportional to the current, opposed to the Joule heating, which
is proportional to the current squared, meaning that for lower currents, the entropic heat-
ing term will have a higher relative impact on the heating of the battery than under higher
currents. [84]
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Figure 2.27: The sum of ohmic resistance and charge transfer resistance as a function of SOC. The
resistance is normalized by the resistance at 50% SOC. Cell A is a new cell, Cell B calandar aged
and Cell C a cycled aged cell. Reprinted from Waag et al. [77]

Figure 2.28: Entropy curve for the same cell used in this thesis. Uncorrected shows the entropy
without correction for the non-equilibirum state of the cell during the measurement. Reprinted from
MacDonald [83]
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2.5.2 Thermal conductivity in LIB’s

Figure 2.29: Figure of the coordinate system used to describe Pouch Cells in this thesis. Reprinted
from Sung et al. [85]

The thermal conductivity of a battery cell is not homogeneous or isotropic, which
makes it hard to characterize. Because of the layered structure of the cell, the thermal
conductivity varies in the directions of the cell. The coordinate system referred to in the
cell is shown in figure 2.29. The thermal conductivity of a LIB pouch cell is usually at
least an order of magnitude higher in the X-Y plane (in-plane) than thru the cell in the Z
direction (thru-plane) [60]. The high conductivity in the X-Y plane is due to the current
collectors working as heat sinks through the planes. The separator and active compo-
nents with lower thermal conductivity work like insulation in the Z-direction, drastically
lowering the thermal conductivity. To calculate the thermal conductivities, it is usually
necessary to measure the conductivity for each component and to sum the conductivity in
equation 2.17 and 2.18 [86] where ki is thermal conductivity and di is the thickness of the
respective component, and dcell is the total thickness of the cell.

keff through−plane =
dcell

Σdi
ki

(2.17)

keff in−plane =
Σ(ki · di)
dcell

(2.18)
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The thermal conductivity of the Melasta SLPBB042126HN cell used for the char-
acterization tests in this thesis was done by Trandem [29], the thermal conductivity of
each component were tested, and the total conductivity was calculated. With the conduc-
tivity values from table 2.1 from the wet measurements at 2.7 bar compaction pressure,
the total thermal conductivity of the cell is in the two directions were measured to be
keff in−plane = 50.45 W

m·K and keff through−plane = 0.69 W
m·K . The conductivity in the

in-plane direction is two orders of magnitude greater than in the thru plane direction, which
is a significant contributor to how thermal gradients spreads in a LiB. When calculating
the effective thermal conductivity for a dry cell without electrolyte, which can be seen as a
worst-case of degraded electrolyte the same in- and thru plane thermal conductivities be-
comes keff in−plane = 49.97 W

m·K and keff through−plane = 0.32 W
m·K . It can be seen that

the in-plane conductivity is almost unaltered due to the current collectors maintaining their
conductivity while the dry thru-plane conductivity is down to 46% of a wet cell. These
results are similar to what Bazinski and Wang [75] reports on measurements thru plane on
a whole pouch cell. The thermal conductivity of an equal wet and dry cell is measured to
be 0.42131 W

mK and 0.21916 W
mK respectively, meaning the dry cell has only 52% of the

wets conductivity.

Table 2.1: Thermal conductivity measurments done on components in the Melasta cell by Trandem
[29]. The thermal conductivity for the electrode materials is for the active material only.

Material dry 2.7bar wet 2.7bar
Separator 0.111± 0.016 0.21± 0.03
LCO Cathode 0.36± 0.14 1.1± 0.5
Graphite Anode 0.5± 0.2 1.21± 0.06

It is tought that the thermal conductivity can change when a LiB changes when the cell
degrades with ageing. Richter [87] measured the thermal conductivity of the electrodes
on a Lithium Nickel Manganese Cobalt Oxide (NMC) cell with hard carbon Anodes in
pristine condition and after 4400 normalized 1C cycles. He reports that the conductivity
of the active material is close to unaltered after the ageing of the cell, he found an insignif-
icant change in the anode conductivity and an increase in the conductivity for the cathode
material.

Changes in thermal conductivity in LiB

It is known that the thermal conductivity of a LiCoO2 cathode decrease when it delithi-
ates. Cho et al. [88] made material with electrochemically tuneable thermal conductivity
based on a LiCoO2 cathode materials lithium filling. Their results showed a reversible
change from 5.4 to 3.7 W

mK when the material delithiated from Li1.0CoO2toLi0.6CoO2.
The results showed the SOC dependence on the thermal conductivity of a LiB could vary,
so when looking at the SOH dependant properties, it is important to do the measurement a
the same SOC to get the comparable results.
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The degradation of thermal conductivity in a Lithium Manganese Nickel Oxide (LMNO)
cell was investigated by Jagannadham [62]. In their findings, it is reported that there are
four clear contributors to an increase in the thermal resistance thru the cell due to aging
by charge-discharge cycling the cell. These are the volume change together with the crack
formation in the cell, formation of interfacial phases such as Li2O and LiOC with low
ionic and thermal conductivity, and interface thermal conductance between the cathode
and current collector due to the volume change and the formation of discontinuities in the
cathode layer.

2.5.3 Thermal gradients in a LiB and their impact on performance
Several studies show that the geometry and chosen cooling method impacts the thermal
gradients within a cell. These thermal gradients will result in current gradients, lower effi-
ciency, and therefore loss in capacity. [4, 7, 89, 90]

Thermal gradients in cells occur because the thermal conductivity of the cell material
is finite. The in-plane thermal conductivity in a LIB is usually one or two orders of mag-
nitude greater than the thru plane conductivity[60]. This leads to the build-up of thermal
gradients in the cross-plane direction, leading to the core or the un-cooled surface of the
cell being hotter than the rest for a pouch cooled cell[90]. It is thought that tab-cooling
limits the build-up of gradients because the heat is transported thru the current collectors
up to the tabs.

With thermal gradients follows impedance gradients. As the impedance grows ex-
ponentially with a temperature decrease, the cell’s total impedance will increase if the
average temperature is steady while gradients increase.

Each unit cell within the cell can be looked at as separate cells connected in parallel. It
is well documented that a different internal resistance results in different currents for each
cell. [43, 89, 91] This follows due to Ohms law:

I =
∆U

R
(2.19)

As cells that are connected in parallel have the same terminal voltage, a cell with lower
resistance has to have a higher current to achieve the same terminal voltage. Note that this
is given equal OCV. If the current drawn from the cell is the same, resistance gradients
will result in a total higher Root-mean-square (RMS) for the current densities.

As the ohmic overpotential is proportional I2, a higher RMS current will give for a
lower efficiency as well as reaching the cut off voltage earlier. This effect is also self-
inducing as a higher overpotential for the hotter unit-cells will give for more heat genera-
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tion, further increasing the temperature gradients.

Figure 2.30: Current profile for two cells in parallel. Cell 2 has lower resistance than Cell 1. Note
that between 650 and 750 seconds, no external loads are on the cells, and the current is due to a
voltage difference in the two cells. Reprinted from Gachot et al. [92]

Inhomogenous current densities will make the cell internal balanced, i.e., that the SOC
of each unit cell is different [90]. For LCO at lower SOCs the voltage drastically decreases
[10]. This will make the hotter unit cells have lower OCV, and at a certain point, the differ-
ence in OCV between the hot and cold unit cells dominated the contribution indifference
in overvoltage. This is shown in practice in 2.30. Two cells of different resistance are
connected in parallel. As Cell 2 has a lower resistance, it initially has a higher current. As
the cells near depletion at the 700 mark, their OCV starts to drop. But since Cell 2 has a
lower SOC it drops more rapidly, and Cell 1 starts to contribute with more current. The
difference in SOC can be seen at the 700 mark when there is no external current. Since
Cell 2 has a lower SOC and therefore a lower OCV than Cell 1, Cell 1 charges Cell 2 until
they have the same SOC.

In figure 2.31 we see Dondelewski et al. [7] illustrates the usable capacity for a LiB
with two different cooling systems, one where the pouch is cooled on one side and the
other where the tabs are cooled and thereby cooling the cell internally. It can be seen from
the illustration that the usable capacity of two cells with the same average temperature
differs. A hotter cell will have more useable capacity, but because this relationship is not
linear, the gained capacity from having parts of the cell at a hotter temperature and parts
at a colder temperature is out weight by having the entire cell at the same average temper-
ature.
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(a) (b)

Figure 2.31: Effect of temperature gradients in cells. Figure (a) shows the available capacity of
two cells with the same average temperature and different cooling systems. The blue area illustrates
the usable capacity in a one-side surface cooled cell, with a temperature gradient thru the cell. And
the yellow area is the a representation of a tab cooled cell held at the same average temperature, the
yellow area is folded out to see the available capacity as an area. Figure (b) shows the overlap, and the
extra capacity available in the tab cooled cell due to the convex relationship between overpotentials
and temperature. Reprinted from Dondelewski et al. [7]

2.5.4 Heat rejection from Lithium-ion batteries
To compare the cooling capabilities of different LIB’s is a challenging task. The heat gen-
eration, geometry, and material properties all take part in defining how much heat can be
transferred out from a surface of a cell. Hales et al. [8] developed a method to evaluate
the heat rejection of a LiB thru a single number defining the heat rejection thru a single
surface of the cell. The coefficient is called the Cell Cooling Coefficient (CCC) with the
units W

K . While the Biot number, thermal conductance number, and the thermal resistance
parametrize a body’s ability to conduct heat from one plane to another, it is not suitable
for bodies that produce heat or have uneven thermal conductivity like the layered structure
of LIB’s have.

CCCi =
Q̇i

∆Tcell
(2.20)

To evaluate the heat transfer and cooling capability of a Lithium-ion battery it is usually
necessary to know the thermal conductivity of all the materials the electrodes, separator,
and current collectors, these properties are dependent on the electrolyte composition and
aging of the cell. These values differ from cell to cell and require extensive material testing
to get accurate values. [60]

CCC =
Q̇

∆T
(2.21)
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The papers of Hales et al. [8, 93] introduces the CCCTab and CCCPouch these coeffi-
cients describes the temperature difference needed from the hottest part of the cell to the
temperature of a specific cooled side of the cell needed to transfer a amount of heat. The
CCC is defined in equation 2.21 where Q̇ is heat rejected from the measured surface, ∆T
is the temperature difference from the hottest part of the cell to the cooled surface. This
definition gives a possibility to compere different cells without taking into account the dif-
ferent geometry off the cells.

Since the CCC is defined as the heat transfered from a cooled surface it is independent
of the cell geometry and cooling method. Giving a possibility to compare different cooling
systems for a single cell, or compare what temperatures you must have available for a set
cell to be used in a pack with a cooling system.

The CCC method for characterizing the thermal properties of LiBs was adapted and
used in this thesis. The work of Hales et al. [8, 93] were used as a baseline. And the
method were adapted and used to characterize the cells during ageing. The method used
is described in section 3.4.

Different cooling strategies, with advantages and disadvantages

The heat production of LiB and the quite narrow working temperature range usually de-
mands a cooling system for a battery pack. A cooling system must keep the cells in a
safe working temperature, usually below 60°C for charge and discharge and over 10°C for
charging, a thermal management system should be able to keep the cells within the opti-
mal range of 15-35°C [94] while keeping the difference between cell temperature as low
as possible. Keeping the temperature gradients as even as possible is an important aspect
to not get uneven degradation and SOC distribution in the pack. [91].

Battery thermal management systems can be categorized after the cooling medium
used, where air and liquid cooling is the most common. Phase Change Material (PCM)
solutions has been suggested as alternatives [95, 96], these can rely on the latent heat in
the phase change from solid to liquid or liquid to gas. Passive systems that rely solely on
taking up the produced heat in the thermal mass of the batteries is also used.

The liquid cooling systems is generally more effective than air cooling due to the
higher ability to take up and transfer heat, but is usually heavier and more complex than
air cooling systems. Both can work either directly where the liquid or gas cools the cell by
passing over the surface. Or indirectly thru cooling blocks or radiators. A pouch cell can
be cooled either thru the pouch or the tabs of the cell [97]. The geometry of the cell plays
a huge role when choosing if the cell can be cooled best thru the pouch surface or the tabs
[7].
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2.6 Melasta SLPBB042126
The cell used in this thesis a Lithium Cobolt Oxide (LCO) produced by Shenzhen Melasta
Battery Co. ltd. The cell is high power and energy density. The cells key characteris-
tics can be found in table 2.2 and the rest of the manufacureers info can be found in the
datasheet in appendix A.

Table 2.2: Values from the Melasta SLPBB042126 Datasheet, the complete datasheet could be
found in Appendix A, [98]

Cell Cathode Material LiCoO2

Typical Capacity 6550mAh
Nominal Voltage 3.7V

Maximum voltage 4.2± 0.03V
Cut of voltage 3.0V

Charge condition Max continuous charge current 13.1A(2C)
Peak charge current 64A(< 0.5s)

54A(< 1s)
Discharge condition Max continuous discharge current 65.5A(10C)

Peak discharge current 98.25A(15C)(< 5s)
AC Impedance < 1.5mOhm
Operating temperature Charge 0◦C− 60◦C

Discharge −20◦C− 60◦C
Cell Dimensions Thickness 10.3± 0.3mm

Width 42± 0.5mm
Length 127.5± 0.5mm
Distance between tabs 2mm± 1mm

Cell Tab Dimensions Tab width 12mm
Tab thickness 0.2mm
Tab length 30mm

Weight 128.5± 3.0g
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Chapter 3
Characterization and ageing cycles

This chapter aims at describing the methods used. Ageing cycles and set-up is explained,
as well as how and which characterizations were done. The chapter is split into the fol-
lowing sections:

• Degradation cycles

• Degradation setup

• Degradation mechanisms

• Cell Cooling Coefficient (CCC)

• Heat generation

• Capacity analysis

3.1 Degradation cycles
Two categories of ageing cycles were discussed; constant current discharge and charge and
cycles that resemble a car with regenerative braking. The latter was more applicable for
a real-life automotive application. However, cycles with constant current discharge and
charge were decided for due to most research using this kind of cycling, and this gave a
more extensive set of research that could be used to understand the degradation mecha-
nisms in this thesis. In addition, running parallel to the thesis, other research on the same
cell was in progress at the same institute at Norwegian University of Science and Tech-
nology (NTNU). This research used constant current discharge but at different thermal
conditions. A similar cycle was seen as beneficial as later research could build upon the
two datasets which were created.

A high C-rate was seen as beneficial due to two main factors. Firstly, higher C-rates
would create higher thermal gradients, and it was hypothesised that this would increase the
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difference in degradation between tab and surface cooling. The high C-rate would allow
to easier identify the degradation differences between tab and surface cooling, at the cost
of measuring the magnitude of each of the degradation mechanisms in an automotive ap-
plication. Secondly, there were concerns regarding the possible lack of degradation of the
cell within the time frame. As discussed in 2.4, high C-rates would increase degradation
rates, as well as allow for more cycles in the same time frame.
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Figure 3.1: The simulated temperature at EOL at 3C. In addition the first cycle simulated and the
first cycle measured is plotted.

A high C-rate also gave concerns regarding the temperature throughout ageing cy-
cles. As impedance increases, the total heat generation increases. The impedance increase
could inhibit the cell from cycling without entering over temperature. Trandem [29], Mac-
Donald [83] developed a thermal model for the cell in question in an adiabatic system.
An assumption was made that charge transfer and ohmic resistance tripled at EOL and
reversible heating was stable. The model showed that a 3C would allow for cycles with-
out entering over-temperature. A higher C rate was not desirable because it would be too
far away from most real-world applications. 3C constant current cycle was chosen. The
degradation cycles were stepwise as follows:
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• CCCV of 3 C and shut of current of 1 C at 4.195 V

• Rest for 15 minutes and temperature under 27/19◦C (Setup 1/Setup 2)

• Discharge at 3 C and shut of voltage of 3.05 V

• Rest for 5 minutes

• Characterization testing every 200 cycles or a decrease of ≥ 2.5% SOH
since last characterization

The maximum allowed temperature was set 57.5°C during charge and 65°C during
charge. If the temperature exceeded the temperature limit, cycling stopped for 5 minutes
before returning to step 1.

Characterization testing was periodically done and are explained in the following sec-
tions.

3.2 Degradation setup
For the degradation setup, a cooling system was replicated. A cell within a battery pack
would usually be surrounded by cells of the same temperature on all sides except the
cooled one. As the temperature deviation is zero between cells, a heat transfer of zero is
assumed. To replicate the surrounding cells, they were isolated in styrofoam. The cells
were then placed in a thermal chamber. For cooling, a water bath connected to cooling
blocks placed on the cooled surface were used. The water baths were kept at a constant
temperature.

For the pouch cooled cell, the cooling block was directly placed on the pouch. For the
tab cooled cell, an aluminium plate was connected to the tab to allow for a larger cooling
block than the size of the tabs. Thermal paste was used between the cooling block and the
pouch/aluminium plate to increase thermal conduction.

The temperature was measured at the middle of the pouch by a thermistor. Optimally
more thermistor would be employed, but due to accessibility in the number of thermistors,
a maximum of two was used for each cell.

To ensure good and replicable electrical contact at the tabs, two copper blocks were
used to ensure uniform contact to the tab. A voltage sensor and current line were fastened
to the copper blocks. The voltage sensor was placed closest to the cell due minimize the
voltage drop through the copper block. For tab cooling, one of the two copper blocks were
switched with an aluminium ”plate”, as discussed in the paragraphs above. Copper was
seen as a favourable material due to its high electric and thermal conductivity. Due to
material inaccessibility, aluminium had to be used for the tab cooling plate.
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Two different cooling setups were used. First, one tab cooled and one pouch cooled
cell was degraded when cooled with water at 25°C. However, due to its superior cool-
ing abilities through the pouch, the pouch cooled cell had a significantly lower average
temperature during cycling than the tab cooled. This setup is referred to as setup one. A
second setup was also cycled. Here the pouch cooled cell was isolated with Nomex. The
number of Nomex layers were adjusted until the tab and pouch cooled cell had the same
average temperature at the end of discharge. A lower temperature on the tab cooled cell
was desired, and the cooling water temperature was set to 12.5°C. An iterative process
with a different amount of insulting Nomex between the cooling block and the cell was
used to get the cells to end their discharge cycle at the same temperature. The tab and
surface cooled cell was cycled, and the temperature on the cooled side and the insulated
side of the cell were averaged and seen to match the temperature of the tab cooled cell.
This setup is referred to as setup two.

The two different setups made it possible to study two different effects of the different
cooling methods. Setup one allows studying the temperature and thermal gradients impact
on the cell. With setup two, the smaller deviation in temperature can facilitate the study of
the impacts of thermal gradients without the effect of temperature itself.

For setup one, the water bath was set to 25°C. For setup two, the water bath was set to
12.5°C. The aim for end temperature for setup 2 was halfway between Setup 1 pouch and
tab cooled cells end temperatures, 37.5 degree C

3.3 Specific heat capacity (Cp)
To verify the results from the heat generation test, a simple model of the cell was devel-
oped. To get a more accurate representation of the cell, the Specific heat capacity (Cp) of
the cell were tested since this is a cell-dependent property where the value is not in the
datasheet of the cell.

To characterize the specific heat capacity of the LiB used in the thesis, a test where
the cell was heated up and dropped in an insulated bath of water with known Specific heat
capacity was done where.

The test was designed to be as simple as possible, still yielding a sufficiently accurate
result to be representable in the test. The testing equipment consisted of an insulated water
bath made of XPS foam plates with a hole for the cell covered in plastic for waterproofing.
The cell tabs were cut off, and the cell was sealed in an additional cell pouch to keep it
sealed from water to prevent a short circuit between the tabs of the cell thru the water. The
mass of the cell with its new pouch was measured and can be found in 4.2. The cell was
heated to 45 °C overnight to be certain it was isotherm at the start of the experiment. The
distilled water used in the water bath was weighted and cooled down to 12 °C in a thermal
chamber. The insulated bath was put in a thermal chamber at the expected end temperature
for the mix of water and cell 17 °C. The Cp for the cell is calculated from equation 3.1 the
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(a) Cell in extra pouch (b) Cell being heated

(c) Cell in waterbath (d) Cell and water bath

Figure 3.2: Pictures of the setup for measuring the specific heat of the cell

results can be seen section 4.5.1. To get the uncertainties of the test down, it should be re-
peated several times, adjusting the temperature of the insulation to the steady-state thermal
temperature obtained until convergence is reached with expected and actual end temper-
ature. For this thesis, the experiment was repeated three times, yielding sufficient accuracy.

Cpcell = Cpwater ·
mwater

mcell
· Tend − Twater
Tcell − Tend

(3.1)

3.4 Cell Cooling Coefficient (CCC)

For characterization of the cells cooling potential, the cells Cell Cooling Coefficient (CCC)
[8, 93] were tested before, during and after degradation cycling. The CCC is described in
section 2.5.4. The CCC is a physical property of the cell and does not take into account
the thermal resistance in the cooling system, e.g. the convective coefficient for air cooling
or the thermal resistance between a cooling block and the cell [99]. The CCC can be
measured for different surfaces of the cell and will be described accordingly.
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Table 3.1: Values used for calculating the heat thru the CCC jig

Variable Value Unit
kalumium 6082 180 W

m·K
Apouch fin 1.6 · 10−4 m3

Atab fin 7.2 · 10−4 m3

npouch fin 4
ntab fin 2

3.4.1 CCCPouch

CCCPouch or CCCSurface which it is called in Hales et al. [93], is a measure of how much
a cell will be cooled thru one of the pouch sides of the cell.

Figure 3.3: Picture of the CCCPouch setup with the insulation

The characterization cycles of the potential for cooling the cells by cooling the pouch
surface was done by holding the cell insulated in a styrofoam encapsulation as seen in
figure 3.3 to keep close to all heat rejection from the cell to the cooled surface. The
cell is cooled thru a jig in aluminium with fins as shown in figure 3.5 and 3.3 where
the temperature is measured with thermocouples as marked in figure 3.4. In total, 16
thermocouples were used, number 0-7 is used to measure the heat flux out of the cell, 8-13
measures the temperature gradient over the cell, 14 is a control measurement of the tab
temperature. 15 is used to check that the heat flux over half a fin matches the whole fin
to estimate the heat loss over the fins. The fins have a known thermal conductivity, so the
heat flux thru each fin is calculated by equation 3.2 and the total heat flux by equation 3.3.
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Figure 3.4: Sideview with thermocouple placements of CCCPouch Jig

Q̇fin i =
kfin i
xfin i

Afin i∆Tfin i (3.2)

Q̇Pouch =

i=1∑
4

Q̇fin i (3.3)

Where Q is the heat transferred, k is the thermal conductivity, x is the distance be-
tween the temperature measurement points, A is the cross-sectional area of each fin and
∆T the temperature difference measured between the thermo-couples on each side of the
fin.

The temperature difference over the cell is calculated by equation 3.4.

∆TCell = (T8 + T9 + T10)/3− (T11 + T12 + T13)/3 (3.4)

Where the temperature measurement points T is marked on figure 3.4.

CCCPouch =
Q̇Pouch

∆Tcell
(3.5)

The heat flux and temperature difference over the cell is used to calculate the Cell
Cooling Coefficient of the cell with respect to cooling the surface by equation 3.5. The
top plate of the Jig is held at a constant temperature by a water cooling block connected
to a cooling water bath held at a constant temperature of 25°C. The thermocouples shown
in figure 3.4 is mounted with thermal grease for every characterisation and the relative
position measured out with a digital caliper.
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Figure 3.5: Render of the setup used to measure the CCCPouch

The cell is charged then discharged to 50%SOC. The test is performed by charging and
discharging the cell with a pulse at an average C-rate of 0, holding the cell at 50%SOC.
The complete cycle and a zoomed-in snip can be seen in figure 3.6. The cycle is as follows:

• Constant Current-Constant Voltage (CC-CV) charge at 3C to 4.2V

• Constant Current (CC) discharge at 4.5C to 50% SOC

• 4.5C CC charge-discharge square pulses at 0.25Hz for 3.6hours

• Rest for 2 hours

• Repeated until desired amount of measuring points is gathered
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Figure 3.6: Current profile used for the CCC test

3.4.2 CCCTabs

The characterisation cycles for the CCCTabs follows the same cycles as for theCCCSurface.
Instead of cooling the cell pouch, the tabs were cooled thru busbars connected to the tabs.
The end of the busbars which is seen in figure 3.9b, was cooled with water cooling blocks.
The complete setup is seen in figure 3.8. The heat transported out of the cell thru the tabs
is monitored by thermistors mounted on the busbars as shown in figure 3.7.
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Figure 3.7: Top view of CCCTabs setup with placement of thermocouples. Underlined number is
thermocouples placed underneath the cell

To prevent several paths for the heat from the tabs and out, the battery cycler were
connected to the busbars after the thermocouple measurements, underneath the cooling
blocks. The Ohmic heating of the busbars caused by the resistance in the busbars could
be accounted for in the measured heat flux. By calculation of the heat produced in the
busbars, it was seen as negligible compared to the heat transfer. The area of the busbars
where the heat and current are transferred thru is shown in table 3.1. The thermocouples
are placed out between every new characterization and the relative position measured out
with a digital caliper. The cooling water holds a temperature of 12.5°C.
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Figure 3.8: Render of CCCTab setup without isolation.

The cycle run is the same as for the test run with the cooling on the surface as seen in
section 3.4.1 and figure 2.30.

Q̇Bussbar i =
kBussbar i
xBussbar i

ABussbar i∆TBussbar i (3.6)

Q̇Tab =

i=1∑
4

Q̇Bussbar i (3.7)

CCCTab =
Q̇Tab

∆Tcell
(3.8)

(a) (b)

Figure 3.9: CCCTab setup with. (a) in thermal camber, (b) without top isolation.
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3.5 Visual and mechanical inspection
To keep track of potential changes in the LiB’s, a visual inspection and mechanical mea-
surements were done before, under and after ageing of the cell.

3.5.1 Opening of cell
A cell of the same type and manufacturing batch was opened by Trandem [29], and elec-
trodes were sorted, visually inspected and measured. To see the changes internally on the
electrode, a cell cycled to 50% SOH were opened, and the electrodes sorted and visually
inspected before measurements were made of the electrode thickness.

The cell was fully discharged and introduced into a LabMaster Pro Eco glovebox [100]
with inert Argon atmosphere. The cell was opened, and visual inspection of the electrodes
and measurements were done.

3.5.2 Thickness
As discussed in 2 the thickness of the cell can increase due to the degradation mechanism.
These degradation mechanisms lead to either increase in electrode thickness or the cre-
ation of gas, leading to the increased thickness of the entire cell.

Before cycling, every cell was marked at three points on the pouch, close to the tabs,
in the middle and on the far side from the tabs. Before every CCC measurement of the cell
was done, the thickness at each point was measured with a micrometre of type Mitutoyo
QuantuMike. As the thickness of the cell changes with SOC [6, 12, 14, 15, 33, 37], all
measurements should be done at 50 % SOC.

As a thickness change in the full cell can be caused by either gas or electrode swelling,
the electrode was measured after opening a cell. The measurements were done at approx-
imately the same points on the electrodes. Due to safety concerns, the cell was opened at
0 % SOC, and the full cell was measured before opening and also after ”puncturing” the
pouch to let potential gas escape.

The electrode thickness was measured after the cell was opened. This was done on
ten different samples from each electrode. Three independent measurements were done
on each sample, the standard deviations were calculated from these measurements.

3.5.3 SEM
Scanning electron microscope (SEM) pictures are a common tool for inspection of elec-
trode degradation. It allows a study of each electrodes particles, and physical changes such
as cracking and delamination can be seen. [101] Due to time-restraints a SEM picture was
taken of a new cell and a 3C aged cell at 50 SoH. However, this was a cell from the same
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batch that was cycled in a parallel study. The only difference to the cells cycled in this
study was the applied cooling system: free-air convection at 25°C. The ICA curve (IC)
curves, as well as degradation rate, were similar between the free-air convection cells and
the cell studied in this thesis, and it was therefore concluded that it was likely that the same
degradation mechanisms were dominating. This meant that pictures from a SEM would
be beneficial to determine the degradation mechanisms in the pouch and tab cooled cell.

3.5.4 Density
The density of the electrodes was calculated from the thickness measurements of the elec-
trodes described in section 3.5.2. Round samples of 21.18mm were stamped out and
weighted on a lab-scale, and the density is calculated. The densities reported is active
material, including the current-collector. The change in density of the electrode from a
fresh cell to an aged cell is also reported, including the current-collector. It is not thought
that the density of the current collector itself changes with ageing, so the entire difference
is thought to be in the active material.

The average of ten samples builds up the density, the standard deviation is added to-
gether with the standard deviations from the thickness measurements.
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3.5.5 Thermal conductivity

The thermal conductivity of the electrodes active material was measured in a Jig made
for thermal conductivity measurements. In this thesis, measurements were done on aged
electrodes at 50% SOH. In Trandem [29] the same measurements were done in the same
jig for fresh electrodes, and these results will be used as a baseline for comparison of the
ageing effects. A more comprehensive explanation of how the measurements were cone
can be seen in Trandem [29].

Figure 3.10: The thermal conductivity meter used. Reprinted from Richter et al. [61]

The thermal conductivity meter used was a constant heat flux meter which can be seen
in figure 3.10 The temperate over and under the sample is held at constant temperature
and the heat flux over the samples is calculated from measurements with thermocouples
along steel rods. The samples is put between the rods and stacked in different thicknesses
to produce a graph for the thermal resistance, which from the thermal conductivity can be
calculated as the inverse of the slope. Electrode samples were stacked from one to four
giving measurements for the standard deviation to be calculated. Since the current col-
lectors have a thermal conductivity two magnitudes greater than the active material their
contribution the the resistance can be neglected, the same goes for the contact resistance
between the samples.[29, 61, 102, 103]

Measurements of the thermal conductivity were done on the electrodes with active ma-
terial. These measurements were done by Trandem [29] for a fresh uncycled cell and were
repeated with the same procedure here for aged cell (cell 26-5). The aged cell was at about
50% SOH when it was opened. Both the fresh and aged cell were drained to 0% SOC
before the measurements were done.
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3.6 ICA

Incremental Capacity Analysis (ICA) is an analysis method that helps identify ageing
modes through the study of a voltage curve. Through a low C-rate discharge, the quasi-
OCV of the cell can be obtained as a function of SOC. An ICA curve (IC) is a plot of
dQ
dV as a function of OCV.An example can be seen in 3.11. Each chemistry has its own
distinct graph, usually with one or more peaks and dips. The dips indicate a transition in
the structure of one or both electrodes. [104]
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Figure 3.11: IC of the Melasta cell at 100 SOH.

For a full cell, the IC shows the deviation between the electrodes. It can therefore be
hard to identify if the degradation occurs in the anode, cathode or both. [105] To separate
each electrodes contribution to the IC, a half cell has to be made from each electrode.
Figure 3.12 and 3.13 shows the IC of a LCO and a graphite half cell. By estimating the
voltage as a function of SOC two half cell IC can predict the IC of the full cell made up of
the two materials.

Note that as a full LCO cell is discharged, the LCO cathode is lithiated and decreases in
voltage versus lithium. The anode is de-lithiated, and the voltage increases versus lithium.
A full cell ”top” at 3.6 V is created due to the top at 0.2 V anode. The tops at 3.67 and 3.77
V is mainly created by the tops at the anode at 0.1 and 0.16 V. While the tops at 3.95 V and
4.1 V is created by the cathode. Note that even though the different electrodes ”define” the
tops, a lower top can still be attributed to changes in the other electrode. The changes in the
top themselves are therefore not as important as the difference in changes between the tops.

As each electrode has a unique IC, the same change for two different electrode materi-
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Figure 3.12: The figure shows the IC of a graphite and Si/graphite half cell. Voltage indicates
the potential difference between Si/graphite and pure Lithium metal. Positive Y values indicate
charging, while negative discharge. Reprinted from Krause et al. [106]

als does not necessarily mean the same degradation mechanisms. However, some changes
indicate the same degradation regardless of electrode materials. An increase in impedance
will increase the deviation between the terminal voltage and OCV, as seen from 2.11. This
will manifest itself as a drift in the whole IC curve. A ”smoother” curve indicates uneven
degradation of the unit cells. This can be explained by the different unit cells reaching the
structural changes at a different point in time. Lastly, a capacity loss during low C-rate
cycling indicates LAM and/or LLI. This is because the low current will not give a signif-
icantly higher η, regardless of the impedance increase. Therefore, the cut-off voltage is
mainly due to the cell not being able to cycle more electrons/ions. [105]

The IC were acquired through a C/10 cycle. This is relatively high compared to the
majority of other similar research. However, as the Melasta cell is a power cell with low
impedance, a higher C-rate can be applied because the following overpotential is negligi-
ble.

The characterization was done with the following schedule:

• CCCV: CC of 1 C and shut of current of 0.1 C at 4.195 V

• Rest for 15 minutes

• Discharge with 0.1C until 3.05 V

• Rest for 15 minutes

• Charge with 0.1C until 4.195 V
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Figure 3.13: IC of a LCO half cell. Reprinted from Xia et al. [107]

Measurements were done every 5 seconds and not more frequent to keep the files at a
manageable size. The voltage measurement was moving averaged with a window size of 7
data points, this due to the oscillation of the measurement. The graph was then calculated
by the following equation:

dQ

dV
=
Q(t+ 1)−Q(t)

V (t+ 1)− V (t)
(3.9)

where Q(t) is the total charge/discharge in Ah at time t, and V(t) is the voltage at t. The
graph is then smoothed by the use of smoothing spline in MatLab.

3.7 Overpotentials

There are two main methods of identifying overpotentials; Electrochemical Impedance
Spectroscopy (EIS) and Hybrid pulse power characterization (HPPC) method. EIS gives
a more thorough measurement of the full impedance spectre. However, EIS is impractical
for the ageing setup, as it requires the connection of an additional measurement instru-
ment. The HPPC method is giving relatively good measurement and has low complexity
since the battery cycler can do the tests. [76] Therefore the HPPC method is the chosen
method.

The HPPC method uses the voltage response to a change in current, known as the
current step response, to calculate the internal resistance as well as the charge transfer
resistance. This is illustrated in 3.14.
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3.7 Overpotentials

Figure 3.14: Illustartion of a current step test. Upper figure shows the current and lower figure
shows the voltage response. Reprinted from Barai et al. [76]

As the internal resistance is an Ohmic resistance, i.e. it follows Ohms law, the over-
potential due to the internal resistance occurs instantaneously. Other overpotentials, both
inductive and capacitive, also occur after a few milliseconds. However, the ohmic over-
potential is dominating in this time frame and is neglected in this thesis [76]. The ohmic
overpotential is calculated as follows:

RIR =
∆V0
∆I0

=
V0ms − V50ms
I0ms − I50ms

(3.10)

where ∆V0 and ∆I0 are shown in 3.14. The measurement point to calculate ∆V0 was
chosen to be taken 50 ms after the current was applied. A measurement of 50 ms is equal
to a measurement of a 20 Hz signal, which means that a small capacitive overpotential is
probably occurring [76]. However, the measurements at higher frequency showed some
inconsistencies, and those were deemed larger than the small capacitive overpotential.

For the calculation of charge transfer resistance, the following equation is applied:

RCT =
∆V1
∆I1

=
V50ms − V5000ms
I50ms − I5000ms

(3.11)

3.11 takes use of that the overpotentials occurring in this time frame are dominated by
the charge transfer resistance, as discussed in 2.
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The overpotentials were calculated at the removal of the current instead of when it is
applied. This removes the change in voltage which comes due to change in OCV, which
would occur if the measurement is done after the current is applied.

The HPPC schedule is shown in 3.7:

• Apply discharge current for 7 seconds

• Rest for min 30 seconds and until a maximum 0.005 mV/s

• Apply charge current for 7 seconds

• Rest for min 30 seconds and until a maximum 0.005 mV/s

• Repeat with next current

The schedule was run at 90%, 50%, 15%. Several SOC were needed as the charge
transfer resistance is a function of SOC. 0.0025 mV/s were chosen, so it would give a
maximum error of 5% given our assumption that the initial charge transfer resistance was
greater than 0.2 mΩ. Three currents were applied: 15A, 20A, 25A. Several currents enable
us to see if the observed overpotentials are linear with the applied current. For the ohmic
resistance, this is expected. Charge transfer resistance should not be linear but follow the
Butler-Volmer equation 2.14. However, if other overpotentials also occur, the calculated
overpotential could behave as a regular resistance. After the CCC tests at every 10% SOH
the tests were done at 45, 30 and 15°C.

3.8 Capacity analysis

As one of the most important factors for a battery, an analysis of the capacity was done on
the cells. There was done two different types of capacity tests; one where the cells are in
their respective Jiggs and one where the cells are in quasi adiabatic conditions.

The tests in the respective cooling Jiggs were done to have data for the performance of
the cells in what would be their environment in a real-world application. Due to less gradi-
ents for tab cooling than surface cooling, it is expected that in a one cycle perspective, tab
cooled cells should have a higher capacity.[4, 89, 90]. An increase in the gap between the
two cooling methods is in this studies setup amplified by the higher average temperature in
the tab cooled cells, where a higher temperature gives better efficiency. However, a higher
temperature will also increase ageing. This means that at some point, the ageing of the
tab cell will have a higher impact than the advantage of the tab cooling method and that at
some point, the surface cooled cell will have a higher capacity. [4, 7] This is illustrated in
figure 3.15.

The tests in the quasi adiabatic environment were done to get comparative data be-
tween the cells. As the cells are in the same environment, the capacity is decoupled from
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3.8 Capacity analysis

Figure 3.15: Capacity as a function of cycles. Blue datapoints are tab cooled cells, red pouch cooled.
The periodical increase comes due to the cell is beeing characterized. This lets the cell relax and
reach equilibrium. Reprinted from Dondelewski et al. [7]

the cooling method, and only the cell and its ageing will affect the results. Due to the more
rapidly aged tab cell, one expects the tab cooled cell to have a lower capacity when in the
same environment as the pouched cell.

The capacity analysis is at three different currents, 0.25C, 1C, and 3C, and done with
the following procedure:

• CCCV CC of 3 C and shut of current of 1 C at 4.195 V

• Rest for 15 minutes and temperature under 27◦C

• Discharge at the given C and shut of voltage of 3.05 V

• Rest for 5 minutes

Different currents were chosen as different degradation modes will give different ca-
pacity fade at different C-rates, where higher impedance will give higher capacity fade at
higher C-rates.
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3.9 Entropy
There are two main categories of methods for measuring the entropic coefficient ∆S;
calorimetric and potentiometric.[81] Caliriometric methods measures the heat generation
due to entropy and determines ∆S from this. While potentiometric methods make use of
that ∆S is proportional to the potential change due to temperature (dVdT ). In this thesis,
potentiometric is chosen due to higher accuracy [72] and available equipment.

The following formulas give the correlation between the potential and temperature:

∆G(x) = ∆H − T ×∆S(x) (3.12)

∆G(x) = −n× F × E(x) (3.13)

∆S(x) =
δ∆G(x)

δT
(3.14)

∆S(x) = n× F (
δE(x)

δT
)SOC,p (3.15)

where G is Gibbs free energy, H is enthalpy, T is temperature, n number of electrons,
F Faraday’s constant, E the electromotive force and p pressure.

3.15 shows that the only unknown is δE(x)
δT . With the cell in voltage equilibrium, the

temperature of the cell can be changed, and the resulting potential change can be measured.

However, potentiometric methods pose several challenges. The first and biggest one
is that it is time-consuming, as the cell has to both reach temperature and voltage equi-
librium. As a cell never reaches truly a voltage equilibrium, a quasi-equilibrium must be
used. Papers report anywhere from 3 to 60 hours to reach equilibrium. [72] Due to the
cells thin electrodes it can be assumed that the cell used in this thesis is in the lower range.
Another challenge is that the entropy coefficient is strongly correlated to SOC as illus-
trated in figure 2.28. This means that several measurements are needed to approximate the
curve, which can lead to the test lasting weeks.

In this thesis, a method is chosen where the cell is only partially relaxed, and the volt-
age change due to relaxation is corrected for. This is done through a interpolation of the
voltage relaxation. The interpolation was done with a logarithmic fit in MatLab. This is
illustrated in 3.16. The method is similar to the one reported in [72]. The method cuts the
measurement to only 35 hours for 11 data points (every 10% SOC).

From 3.16 it can be seen that the voltage is not fully relaxed at the time of the temper-
ature change. This indicates that without the correction term, there will be errors.
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Figure 3.16: Shows the temperature change and voltage response of the cell. Note that the voltage
change is due to temperature change. The red line shows the interpolation of the voltage if the cell
was kept at a constant temperature. Reprinted from MacDonald [83]

For this method, the following was done to find δE
δT ;

δE

δT
=
E30◦C,interpolated − E20◦C,interpolated

30◦C − 20◦C
(3.16)

where the terms are:

• E30◦C,interpolated: The interpolated voltage at 30◦ at the halfway point between the
cell was last 30◦C and 20◦C

• E30◦C,interpolated: The interpolated voltage at 20◦ at the halfway point between the
cell was last 30◦C and 20◦C
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Chapter 4
Results & Discussion

This chapter will present the results and discuss these. Note that unless specified, the SOH
presented in graphs are always the SOH at 3C. Due to the cells having a higher life span
than expected and some issues with uptime for the battery cycler, the cells for setup two
did not manage to degrade further than 90% SOH. Due to this and the limited time frame
between the cells reaching 90% SOH and the delivery date, the cells for setup two will
only be discussed in regards to CCC and capacity fade.

4.1 Results labeling
The results in this chapter, unless otherwise mentioned, the different cells tested are plotted
with a unique colour for recognition between datasets. The cells names are as given by
Melasta Battery during sorting. Information of the cells cooling system during the cycling
and the colour the data is plotted with can be seen in table 4.1

Table 4.1: For identification of each cell, all plots for a cell keep the same colour

Cell number Cooling method Colour
XX −X XXXX
26− 5 Ambient aged
27− 4 Tab cooling 1
27− 10 Pouch Cooling 1
24− 8 Pouch Cooling 2
16− 8 Pouch Cooling 3
25− 2 Tab cooling 2

65



Chapter 4. Results & Discussion

4.2 Ageing
This section describes the main results and trends seen during the ageing-cycling of the
cells studied. The effects of the different cooling systems and temperatures experienced
by the cells

4.2.1 Ageing by different cooling methods
Figure 4.1 shows the cells cycled and the time they were cycled. The first batch seen in
4.1a was started first and cooled with water cooling blocks directly mounted on the cells
pouch with thermal grease for 27-10 and to the tab for 27-4. The temperature shown in
the graphs is from thermistors mounted to the pouch at the middle of the cells uncooled
side. The two cells were cooled with water at 25 °C. In figure 4.1b the cells were cooled
to be at the same end temperature. The two pouch-cooled cells were insulted with Nomex
towards the cooling blocks to match the tab cooled cell’s temperature. The water in the
cooling blocks was 12.5°C. The plotted temperature for the pouch cooled cells in figure
4.1b is the average of a thermistor placed underneath the cell and one placed between the
cell and the cooling block. All thermistors were placed on the cells pouch with thermal
grease. The differences will be discussed in the following subsections.
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Figure 4.1: Ageing cycles with SOH and temperature for all cells.(a) shows cells in setup 1 and (b)
shows cells in setup 2.
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Figure 4.2: Ageing cycles with SOH and temperature for all cells. Sudden and brief increases
in capacity are due to the cells having been characterised, therefore being relaxed and reaching
equilibrium.
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4.2.2 Capacity during cycling
One interesting aspect that was evaluated during the work with the thesis was how the
available capacity in the cell is affected by the cooling method. As stated in 2.5.4 Don-
delewski et al. [7] reports that tab cooling will give more usable energy from the cell at the
beginning of the life of the cell because of smaller thermal gradients in the cell, which is
explained in figure 2.31.

When looking at figure 4.1a it can be seen that the pouch cooled cell 27-10 had a higher
initial capacity than the tab cooled cell 27-4 when tested under the same insulated condi-
tions at 3C discharge. However, when cycling with the cooling system turned on, the tab
cooled cell shows a higher usable capacity at the start of its life. Due to the difference in
the CCC of the two cooling methods, the Tab cooled cell ended up at a higher temperature
after the discharge giving it favourable conditions in regards to internal resistance. It is
hard to differentiate between the two cooling methods if the extra capacity comes from the
thermal gradients being favourable or just that it has a higher temperature.

In batch two with cells, the cells cooling were tuned until they had the same end tem-
perature after the discharge. The goal was to isolate the cooling strategies effect on the
available capacity without having the effects of the cell running at different temperatures.
As can be seen in figure 4.3b all the three cells had similar capacity when tested isolated
under the same condition with 3C discharge. Under the ageing study, the three cells also
show similar capacity and degradation. There was not seen any significant difference be-
tween the tab-cooled and the two pouch-cooled cells when they were cooled to the same
temperature.

When evaluating the effects the cooling system and strategy have on the cell’s capacity
and degradation, it seems that the temperature the cell holds plays a far more significant
role than if the cooling is performed with tab- or surface-cooling. Furthermore, in terms
of available capacity, the end temperatures are the most important variable in choice of the
cooling system. Higher temperatures give a higher available capacity but a shorter lifetime
for the cells.
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Figure 4.3: Ageing cycles with capacity and temperature for all cells
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4.2.3 Isolated tests
Insulated tests were done with the cells to differentiate between the difference in perfor-
mance and the degradation rate. Figure 4.4 shows both capacity and energy from these
results at different C-rate. Note that all SOH are calculated with the use of the first ageing
cycle in the cooling jig. This is why certain data points have higher than 100 SOH as SOH
decreases, the difference in capacity increases between the different C-rates. The increase
in impedance can explain this. This is amplified when looking at eSOH as impedance both
lowers the average voltage and the capacity.

For the pouch cell, a higher capacity can be observed for 0.25C than 0.1C. Due to the
cells’ low impedance, similar results would be expected between the two C-rates, as found
with the tab cell. However, no clear explanation was found as to why the capacity was
higher for a higher C-rate.

4.5 shows both the ageing cycles and the isolated tests. The isolated tests gives a better
tool for comparing the degradation rate between the tab and pouch cooled cell.

4.5 confirms the statement in 4.2.2; that the tab cooling system would initially give
higher capacity, but that the degradation rate would be higher. It can also be seen that
this extends to lower SOH as well, as there is a higher deviation between the cooling jig
capacity and isolated test for the pouch cell than for the tab cooled cell.

The last two isolated tests for both cells show significant deviation and inconsistent
results. However, at a SOH under 50% the cells are way past EOL, and the results are
therefore not relevant for most real-world applications.
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Figure 4.4: Shows the SOH and eSOH for the two aged cells in setup 1. The x-axis shows SOH at
the last cycle in the cooling jig before the isolated tests, while the y-axis shows the capacity in an
isolated setup. Note that all SOH is calculated by the capacity at the first cycle in the cooling jig. (a)
and (c) shows the pouch cooled cell, while (b) and (d) the tab cooled cell.
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4.2.4 Temperature effects on cycle life

When looking at the effects of temperature and cycle life has on the degradation of the
battery cells Accumulated thermal unit (ATU) were used as a unit to compare the temper-
ature experienced by the cells thru the cells life. 1 ATU is 1 °C for one day (24hours),
meaning something held at constant 20 °C for 10 days will have accumulated 200ATU.
Figure 4.6a shows SOH plotted against ATU, only the temperature experienced by the cell
during normal age-cycling and the characterizations done during this cycling is accumu-
lated. Moments of longer rest time, as when the cycler has been out of service, or the cells
have been CCC characterized, is not accounted for.

The tab cooled 27-4 cell is the cell that has been cycled at the highest temperature,
which can be seen in figure 4.2b where the end of discharge temperature is plotted. In
figure 4.6b it is seen that the same cell (27-4) is also the cell that degrades the fastest seen
against the number of cycles, this is also expected since it is the cell getting the worst cool-
ing. However, if we instead look at the ATU as a measure for the lifetime of the cells, we
can see that the cells behave more similar, and the 27-4 cell follows the other cells better
in degradation and degrades slower with ATU than the 27-10 cell.

To estimate the future degradation of cells, the ATU could be a helpful tool to look
at when predicting degradation of a cell if the C-rate is constant but the temperatures are
changed.
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Figure 4.6: In (a) State of health is plotted against the accumulated temperature the cells has ex-
perienced during the cycling in the unit Accumulated thermal unit (ATU) where 1 ATU is1 degree
Celsius for 24 hours. The temperature during external characterization or periods at rest where the
battery cycler has been off is not counted in. (b) for comparison shows the state of health against
full cycles.
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4.2.5 Calibration error in battery cycler
There is an offset in the data from the battery cycler. When starting the cycling of the cell,
one cycler was used where the data seems reasonable. This can be seen in figure 4.7a,
where the data points that can be seen between April 1st and April 20th have a Columbic
efficiency of the cell in the expected range of around 99.95%. April 20th, the cells were
switched from the first cycler to a new one, this cycler was badly calibrated, which can
be seen in the Columbic efficiency of the rest of the data in figure 4.7a and all the data in
4.7b which lays in the range of about 100.4% efficiency which is clearly not right. A slight
offset can also be seen around April 20th in the data in figure 4.1a. It showed to be difficult
to get the cycler recalibrated even tho a few attempts were made. No further actions were
taken with the error in capacity measurements in the data-sets since the error it is thought
to produce lies in the range of 1%. This offset would not affect the final conclusions.
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Figure 4.7: The columbic efficiency measured by the Arbin battery cycler
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4.3 CCC characterization
As described in section 3.4, the Cell Cooling Coefficient (CCC) of the cells were charac-
terized first before the cycle-ageing of the cells started and then at about every 10% drop
in capacity measured at 3C discharge.

In the first part of the work with the thesis, two cells were characterized one cell 27-10,
for CCCpouch and the other cell 27-4, for CCCtab. The cells would in the cycle ageing be
cooled with water at the same temperature, 25°C. The goal was to identify if and by how
much the CCC changes when the cell degrades.

The second batch of cells that were tested and cycled had two surface cooled and one
tab cooled cell. In this batch, the cells were cooled to have the same average temperature
thru the cycles, so the pouch cooled cells were insulated from the cooling blocks until they
obtained the same average temperature as the tab cooled cell. The cells were cooled with
water at 12.5°C. In this batch, the goal was to isolate the ageing effects of the cooling
system and keep the temperature independent. These cells were only CCC characterized
at 100% and 91% SOH.

In the plots coming in this section, the period of the CCC measurement where the
current is pulsed is marked in blue, while the rest periods is unmarked. The CCC mea-
surement is only valid in the periods of heat generation.

4.3.1 CCCpouch

In figure 4.8 all CCC characterisations done for cell 27-10 can be seen. The measurements
where the pulse currents are drawn is marked in blue. When the temperature difference
over the cell is approaching 0 in the rest periods, the CCC goes to infinity as can be seen
in equation 3.5 so all measurements where the δT is less than 1 °C or the calculated CCC
is at unrealistic values between the measurements is removed.

After the current pulse is started, the cell comes to a steady state CCC value relatively
fast. From the measurements, during the life of the cell, it can be seen as the cells SOH
degrades the CCC also goes down. From its start point at 1.25 down to 0.58 at 46% SOH.

Figure 4.9 shows the CCC measurements for the two cells in the second ageing batch.
Because of limited time, it was only possible to age them down to 90% SOH so only two
measurement points were gathered for the CCC degradation on these cells.

The same trends can be seen on these cells as 27-10. The CCC goes down with the cell
degradation.
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(a) (b)

(c) (d)

(e)

Figure 4.8: CCC measurements done on cell 27-10
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(a) (b)

(c) (d)

Figure 4.9: CCC measurments done on cell 16-8 and 24-8
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4.3.2 CCCtabs

Figure 4.10 shows the CCC characterization cycles run for the tab cooled cell 27-4. In the
first series 4.10a at 100% SOH six runs were tested over 26 hours. The CCC measurement
was steadily increasing thru the measurement series from 0.352 at the first measurement
to 0.375 in the sixth measurement. No conclusive reason for this stepwise increase in the
CCCtab was found, and it was not seen in the CCCpouch measurements. It could be that
the styrofoam insulation got heated slightly, and the rest period should have been longer.
A hotter insulation could lead to a lower ∆T in equation 3.8 and therefore increasing the
CCC. The error from this is quite small, and no further effort was made to get rid of it.

Since the in-plane thermal conductivity is relatively unchanged with the change of ther-
mal as can be seen in 4.6.3 It was thought that the CCCtab also would be less sensitive to
degeneration and should stay more or less unchanged. Looking at the measurements from
cell 27-4 in 4.10 it starts lower than the CCCpouch and percentwise change shows similar
behaviour to the CCCpouch of cell 27-10. Cell 25-2 has a flat development and does not
change a lot between 100% SOH and 90% SOH in fact, a slight increase is seen.

The gathered results from the CCCtab measurements makes it hard to make any con-
cise conclusions, and a bigger sample of cells would be needed before we can say anything
about the general behaviour of the CCCtab with ageing.

(a) (b)
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(a) (b)

(c) (d)

(e)

Figure 4.10: CCC measurments done on cell 27-4
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4.3.3 Change in CCC as function of SOH

In figure 4.11 all CCC measurements done on the cycled cells is plotted together against
State of heatlh. In the Pouch cooled cells a clear trend is seen in the CCC development.
The CCC is decreasing, most drastic in the start and from the look at the development of
cell 27-10 and the one measurement done on cell 26-5, it seems to stabilize.

Again looking at the results from cell 27-10, the CCC has halved, from the cell being
pristine to being at the end of its life. The halving of the CCC thru the cells lifetime im-
poses a challenge for the cooling system designers. The same cell, thru its lifetime, need
to more than double the ∆T from cooled to hot surface to get rid of the same amount of
heat. The fact that cells produce more heat when degraded combined with the lower CCC
means the cell cooling system towards the end of the cells life must cool with a lower
temperature or allow the cell to come to a higher temperature.
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Figure 4.11: CCC as a funcion of SOH for all cells. Note cell 26-5 is only measured after ageing.
The CCCtab is a lot lower than CCCPouch from before the ageing is started
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4.3.4 Independence of C-rate
To check the independence of the C-rate for the CCC jig, several CCC measurement series
were done one after another on the same cell. In figure 4.12 plot (a) shows the CCC mea-
surements done and (b) shows all temperatures recorded on the cell and on the cooling jig.
The colour codes represent the different C-rates the measurement series is run at, Cyan 2C,
Magenta 4.5C and Green 3C. And it can be seen that independent of temperature on the
cell and the C-rate, the battery is cycled at the CCCis almost unchanged. This confirms the
claims discussed in section 3.4 where it is stated that the CCC should be a cell-dependent
coefficient, independent of external factors such as cooling temperature and heat genera-
tion. As seen, the higher the heat generation in the cell , less fluctuations are seen in the
measurement, and the CCC is less sensitive to small changes.

(a) CCCPouch measurment series (b) Measured temperature on cel and CCC Jig

Figure 4.12: Colour sections represent measurement series taken at different C-rates. Cyan 2C,
Magenta 4.5C and Green 3C

The results shows that the CCC should be ale to predict the cooling potential of a cell.
Given the heat generation and the CCC of a cell together with a maximum allowable tem-
perature, the cooling system needed could be designed.

4.3.5 Error estimates
Looking back at equation 3.2 it can be seen that errors in all physical measurements scale
linearly with the results, meaning an error of 1% in the measurement gives the same per-
centwise error the heat flux in the actual fin. The geometry of the CCC Jigs was measured
out once, so any error in that measurements is constant for all tests done. The placement of
the thermocouples is measured out before each measurement series, so this could change
between each measurement. The distance is measured with a caliper, and all distances
lie in the range 50-75mm. The measurements should be accurate at least to the nearest
millimetre, giving an uncertainty of up to 2%. The uncertainty in the thermal interface
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4.3 CCC characterization

between the thermocouples, jig and cell is harder to quantify, but everything is connected
with thermal grease for good conductivity. The heat loss is estimated by using thermocou-
ple T15 as seen in figure 3.4. The heat transferred between T5 and T15 and T15 and T4 is
compared to the heat between T5 and T4. The result from that can be seen in figure 4.13
where the heat in fin two from 4.10b is plotted and seen to match well. The same study
was done for the Tab jig.
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Figure 4.13: Heat transfer in fin 2 of the CCCPouch Jig
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4.4 ICA
Figure 4.15 and 4.14 shows the discharge IC for the two cells of setup one at an interval
of 5% SOH. The figure shows only 3.6-4.2V as there are no tops in the range 3-3.6V, and
there was not any change in this section throughout ageing.

It is clear that for both cells, the largest drop in capacity comes due to the top at 3.78
V. With some loss at the peaks at 3.67V and 3.96 V. The reduction in all peaks indicates
LAM, however, a loss in the peak under 3.78V indicates LLI [108]. The top around 3.78V
was defined as the area between 3.75 and 3.81 V, and the capacity in this range was anal-
ysed. Both cells showed that the capacity decrease inside the range was nearly 67%. While
outside the range was 25%. If an assumption is made that LAM gives an equal decrease in
capacity through discharge, an additional capacity loss of 42% in the 3.75 to 3.81 V range
was due to LLI. This equals 33% of the total capacity loss, the rest due to LAM. Note
that this is at a 0.1C. The voltage range for these calculations could give uncertainties,
especially due to the tops at 70% SOH is not as defined as at higher SOH.

At some voltages, both cells show a higher dQdV . This is not due to impedance increase,
as can be seen from other otherwise matching tops. This could be explained by different
parts of the electrodes reaching different OCV at different time. This could occur due to
the non-homogeneous ageing of the cell. It was hypothesised that this effect would be
more visible in the pouch cooled cell due to larger thermal gradients. However, from 4.16
it can be seen that the effect does not more predominantly affect the pouched cooled cell
than the tab cooled cell. Which either could indicate that the ”smoothing” of the curve
is not due to homogeneous ageing or that, in fact, the tab cooled cell also is inhomoge-
nous aged. The thermal gradients during tab cooling are only available from CCC testing,
where a temperature difference of 4.5◦C was measured at the initial test. This is 50% of
the thermal gradient which the pouched cool cell reached during ageing. However, still a
significant thermal gradient which could lead to inhomogenous degradation.
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Figure 4.14: IC for 27-4.
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4.5 Heat generation

4.5.1 Specific heat capacity (Cp) test results
To validate the results in the rest of this chapter a point mass thermal model of the cell were
used. To get sufficient accuracy in the model the cells Specific heat capacity (Cp) were
measured, since this is a property which is not obtainable solel from data-sheet values.

In section 3.3 the test done to characterise the cells Specific heat capacity (Cp) is
described. The test was made to be simple, still yielding accurate enough results. The
result from the test is presented in 4.2 and the measurement series leading to steady-state
can be seen in figure 4.17. The specific heat of the tested cell were found by equation 3.1
to be CpCell = 989.48 J

kg·K .
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Figure 4.17: Results from the cell dropped into the water until steady state is reached. Three
thermocouples were attached to the cell (shades of blue) and three in the water bath (shades of
yellow). The cell was placed in the water bath right after t = 0s. The initial increase in temperature
of two of the thermocouples is due to them being placed under the cell in the water bath.

Table 4.2: Measured and calculated variables for specific heat from test. Cpcell calculated from
equation 3.1 and Cpwater tabulated the rest measured

Variable Value Unit
Cpwater 4186 J

kg·K
mwater 149.915 kg
mcell 131.017 kg
Twater 12 °C
Tcell 45 °C
Tend 17.65 °C
Cpcell 989.4817 J

kg·K
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4.5.2 Overpotentials
The results for the overpotentials are split into two; internal resistance 4.18b and charge
transfer 4.19a. Due to a scheduling error, only data for 45°C was obtained for the tab
cooled cell at 80% SOH.

The results for internal resistance were in line with the hypothesis in terms that it in-
creased with ageing and with the reduction of temperature. However, the two cells differ
in the magnitue of increase. At the same SOH the internal resistance is higher for the 27-4.
This indicates a small difference in degradation modes and, therefore, mechanisms.
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Figure 4.18: Internal resistance as a function of temperature at different SoC.

The charge transfer resistance measured showed itself to be independent of current,
and therefore the results are shown as resistance. As this is not in accordance with the
Butler-Volmer equation 2.14, the measurements done are not only for charge transfer but
also other overpotentials.

The same tendencies can be found between the two cells for the charge transfer as for
the internal resistance; that 27-4 has a higher impedance than the tab cooled cell. A higher
charge transfer overpotential indicates a higher growth in SEI [76]. However, as the HPPC
method did not manage to isolate the charge transfer overpotential, a conclusion can not
be made only based on this evidence.

4.20 shows the charge transfer resistances dependencies on SOH. A slight reduction
can be seen at 50% SOH compared to high and low SOH. This in accordance with theory.
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Figure 4.19: Charge transfer resiistance as a function of temperature at different SoC.
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Figure 4.20: 27-10 at 30°C.

4.5.3 Entropy
For the pre-ageing measurements, both cells show a very similar curve. During a dis-
charge from 100 to 0 % SOH the measurements would suggest only a 2.7% difference in
reversible heating. This small deviation could be caused by both measurement inaccuracy
or the cells being different. However, the small deviation suggests both a high accuracy as
well as similar cells. The only significant deviation is found at 90 % SOH. Note that for 0
% SOH only cell 27-4 had measurements due to an error in scheduling.

For the aged cells dV
dt was much higher than for the new cells. This meant that the

correction term was much bigger than for the new cells. This could lead to a bigger source
in error with the method of choice, where a correction term for dV

dt is introduced. 27-4
followed a similar same shape as when it was new, but the magnituded change somewhat.
27-10 also kept the same shape, but shifted towards lower SOC.
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4.5.4 Validation

For validation of the heat generation, a simple single-point model was created. The model
estimated the heat generation for a given current profile, and the results could be compared
to those of test data.

The model has the following inputs and outputs:

Inputs

• Internal resistance as a function of temperature

• Charge transfer resistance as a function of temperature and SOH

• Entropy constants as a function of SOC

• Start temperature

• Heat capacity

• Heat loss

• Current profile
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Outputs

• Heat generation from the different contributos

• Temperature change

The model ran as following:

• Estimate heat generation as a function of temperature, SOH and current

• Estimate heat loss

• Estimate new cell temperature as a function of last temperature and heat
generation and heat loss

• Estimate new cell SOH as a function of last SOH and current

• Repeat

Reversible heating is proportional to I (current). And charge transfer and Ohmic heat-
ing proportional to I2. Therefore a growing deviation between the model and data as the
C-rate increases suggests that the error lies in the ohmic and charge transfer resistance
measurements. It must be noted that at higher C-rates and higher temperature, the charge
transfer and internal resistance decrease, which would make them less predominant. .

4.22 shows that for the new cell the model and measurement fit well for all C-rates for
27-10. This indicates that both irreversible and reversible heating has been measured with
high accuracy. For the aged cells the accuracy is low for lower C-rates. This indicates
that the entropy measurements were off. This could be due to the dV

dt beeing high, and
the correction term not able to give high enough accuracy. In addition the ”tops” around
95-85% is shifted towards lower SOC. This is clearly showed in 4.22a. This could indicate
that there was a problem with the SOC estimation during the entropy measurements.

4.23 shows that both initial measurements and measurements for the aged cells fit for
27-4. A slightly larger error in reversible heat can be seen for the aged cell in the 95-85%
SOC range.

During the measurements of entropy the aged cells 27-10 showed a higher dV
dt com-

pared to 27-4. As 27-4 measurements had a higher accuracy, while 27-10 had low ac-
curacy, it can be hypothesised that the accuracy of the method used in this thesis has its
accuracy severly comprimised if dVdt becomes to high.
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Figure 4.22: Temperature profile of model and point mass model 27-10.
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Figure 4.23: Temperature profile of model and point mass model for 27-4.
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4.6 Visual, mechanical and thermal inspection

4.6.1 Thickness
Introduction of the cell to the glovebox before it could be punctured to measure the thick-
ness without eventual gas build-up means taking it thru a vacuum chamber to get rid of
atmospheric air. Before the cell was introduced to the glovebox, it seemed inflated, being a
bit bulky. When the cell was taken thru the vacuum chamber, it was seen to shrink 0.1mm
and end up with some flat and bulky spots, suggesting some build-up of gas that may have
escaped from the cell during vacuum. The measurements taken in the glovebox before and
after the puncture of the cell were almost the same thickness, suggesting that if it were any
build-up of gas, it escaped before the cell was punctured by us. As can be seen in table
4.3 the complete cell had grown more than 4mm from being pristine to ending up at 50%
SOH. A comparison of a new and the aged cell opened is shown in figure 4.24

Figure 4.24: Visual comparison of the thickness of a aged and new cell. Side-view at the end
furthest away from the tabs

The electrodes were seen to have grown considerably in thickness during the ageing
process. As seen from the data in table 4.3 each cathode has grown 4µm and the an-
ode 82µm. Seeing there are 43 layers of cathode and 44 layers of anode in the cell, this
swelling sums up to 4µm · 43 + 82µm · 44 = 3.78mm. So most of the cell growth can
directly be put to the electrode layers growing.
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Table 4.3: Measurements done on the battery cell and electrodes (current collector with active
material) on pristine and aged cell. All number reported with double standard deviation 2s

Component Pristine cell 100% SOH [29] Aged cell 50% SOH
Complete cell
atmospheric conditions 10.15± 0.18mm 14.38± 0.17mm
Complete cell
in glovebox - 14.28± 0.05mm
Complete cell
in glovebox punctured - 14.25± 0.08mm
Anode 105.1± 0.8µm 187± 22µm
Cathode 90.0± 1.9µm 94± 5µm
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Figure 4.25: The thickness of the cells was monitored during ageing and was measured right before
the cells were CCC characterized. How the cells were cooled is noted in subscript
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4.6.2 Density
The density changes in the electrodes of the cell before and after ageing were calculated
as described in section 3.5.4 and the results can be seen in table 4.4. There were not seen
a substantial difference in weight of the samples before and after ageing, so the density
change is mainly seen as a function of change in thickness.

Table 4.4: Measurements done on the electrodes (current collector with active material) on pristine
and aged cell. All number reported with double standard deviation 2s

Component Pristine cell 100% SOH [29] Aged cell 50% SOH
Anode with
Current Collector 1990 kg

m3 1150± 120 kg
m3

Cathode with
Current Collector 3270 kg

m3 3118± 155 kg
m3

4.6.3 Thermal conductivity
As can be seen in figure 4.26a the thermal conductivity of the graphite anode has dropped
significantly from the measurements done on a fresh electrode to the ones done on the
aged electrode. At the lowest pressure step, the conductivity is down to only 25% of the
original value. The LCO cathode materials thermal conductivity in figure 4.26b which has
kept over 90% of its original thermal conductivity.

With the substantial difference in the active material conductivity loss for the Anode
and cathode, it can look like the anode ageing has a greater impact on the overall thermal
performance than the ageing of the cathode. Since we also have seen in section 4.6.1 that
it is the Anode that stood for most of the thickness increase in the cell, the effect of a lower
thermal conductivity in the Anode affects the thermal resistance in the cell more since the
conductivity is measured per unit thickness of the layer.

It must be noted that the measurements are done on dry electrodes without electrolyte
added in. We know from Trandem [29], Richter et al. [60] that adding in electrolyte con-
tributes substantially to the thermal conductivity of the active electrode material. Since the
aged Anode is less dense than the fresh one, it is taught that it is also more porous. How
this will be affected when the electrolyte is added is unknown. Both Trandem [29], Richter
et al. [60] reported at least a doubling of the thermal conductivity when electrolyte solvent
was added to the samples. If the same is seen or a stronger effect on the aged Anode
is uncertain and should be investigated further. Measurements with electrolyte were not
prioritized in this work, since the electrolyte also decompose and the ageing of electrolyte
itself could add differences to the results [87], this would not have been seen if the method
with adding new electrolyte solvent to the samples before measuring thermal conductivity
were to be used.
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As mentioned in section 2.5.2 Richter [87] did not see the significant change in anode
thermal conductivity with ageing as observed here. However, they used a hard-carbon
anode cell, while here, a cell with graphite anode was investigated. In section 2.4.2 it
was mentioned the difference in expansion and contraction between the hard-carbon and
graphite-based anodes. The fact that the hard carbon anodes expands and contracts less in
each cycle than the graphite might contribute to less cracking and is possible a contributor
to the difference in measured conductivity.

Taking a brief look at the cells effective thru plane thermal conductivity it can be seen
from equation 2.17 that for a fresh cell with dry electrodes and separator is keff Fresh =
0.3246 W

mK and for aged electrodes keff Aged = 0.1732 W
mK . Values from table 4.3 and

4.5 at 2.7bar is used as to calculate the thermal conductivities. The thickness and thermal
conductivity of the separator, current collectors and pouch is from Trandem [29] and is
unaltered between keff Aged and keff Fresh. As seen, the effective thermal conductivity
of a dry aged cell is almost down to half of what the cell was as new, and this is mainly due
to the changes in the Anode. Taking the swelling of the cell into account, as well as the
change in conductivity, the thermal properties will be even less favourable for the aged cell.

Table 4.5: Thermal conductivity. The thermal conductivity for the electrode materials is for the
active material only, the current collector thickness is removed. All measurements were done on dry
electrodes. Values for fresh electrodes for comparison is from Trandem [29] and is done in the same
rig under the same conditions

Material Fresh 2.7bar [29] Aged 2.7bar Fresh 11.6bar [29] Aged 11.6bar
Graphite Anode 0.53± 0.21 0.131± 0.004 0.9± 0.4 0.21± 0.03
LCO Cathode 0.37± 0.14 0.34± 0.07 0.441± 0.13 0.38± 0.6
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Figure 4.26: Thermal conductivity as function of compaction pressure of the electrodes from a fresh
and an aged cell. Data from the fresh cell is from Trandem [29]
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4.6.4 Visual inspection of electrodes
When visually inspecting the cell upon opening, it was seen that the anode was crumbling
and seemed to be in bad condition. Graphite dust was showing outside of the separator on
the side where the Z-fold exposed the anode this can be seen in figure 4.27(a), dust from
the anode were stuck to the separator when unwinding it, figure 4.27(b) and some parts of
the active material had cracked off and were fastened to the separator as seen in figure 4.28.

In figure 4.29 fresh and aged electrodes can be seen. From the pictures and inspection,
it looks like the Cathode seems unaffected by the cycling, while the anode seemed to have
changed. The active material seemed to be less attached to the current collector, and some
white particles were seen on the top of the anode.

(a) The Anode side of the electrode stack (b) Anode taken out, the graphite can still be seen on the
separator

Figure 4.27: Anode of aged cell
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(a) Cracking of the electrode, also note the graphite dust
around the cell

(b) Delaminated electrode with graphite rests on the sep-
arator

Figure 4.28: Signs of mechanical damage on anode.
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(a) (b)

(c) (d)

Figure 4.29: Pictures of aged and fresh anode and cathode taken out from their cells. The aged
electrodes to the right and the fresh to the left.
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4.6.5 Scanning electron microscope (SEM) Images
The SEM images presented in this section is taken by Silje Nornes Bryntesen at NTNU.
The samples from the aged cell are taken from the middle of the stack. The samples
pictured were taken from the top of the electrode in the area under the tabs. The aged
electrodes comes from cell 26-5 and the fresh electrodes from a previously opened cell
from the same batch.

In the images seen in figure 4.30 it can be seen that particles have formed on the sur-
face, these particles can also be seen without enhancing and in figure 4.29b. Note that
these particles were only visible after the evaporation of the solvent and only on the aged
anode. From observations of the electrodes, it is thought that the particles seen are salt
or bi-products from SEI growth from the electrolyte that has dried out after washing and
formed the structure seen on the surface.

In figure 4.31 it can be seen that visually the cathode electrode is nearly unchanged
before and after the ageing. Some difference can be seen in picture 4.31g and 4.31h, but
mainly the cathode seem unaltered.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.30: SEM images of Anode, one fresh cell and one aged. Equal magnification is placed
side by side with the aged cell 26-5 to the right and the fresh cell to the left
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.31: SEM images of Cathode, one fresh cell and one aged. Equal magnification is placed
side by side with the aged cell 26-5 to the right and the fresh cell to the left
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4.6.6 Summary of visual, mechanical and thermal properties
As seen thru all measurements done on the cell thru the cycling process, there were totally
on the cell changes noticed in both density, thickness, CCC and electrical properties. When
examining the two electrodes out of an aged cell, the visible changes both observable and
from the SEM images the Anode is clearly more different from the pristine condition than
the cathode. The same is seen during the mechanical inspection, where the Anode con-
tributes most to the increased thickness of the cell, and the Anode density has changed
more than the cathode. When measuring the thermal conductivity of the two electrodes,
the Anodes conductivity has changed drastically while the Cathodes seems unaltered.

4.7 Degradation mode and mechanisms
This section will discuss the degradation mode and mechanisms which the different tests
have indicated.

4.7.1 Capacity fade
Even though Cell 27-4 and 27-10 degraded at different rates s, there was little evidence
that the two cells had different degradation mode and mechanisms. The only difference
seen, was a small offset in impedance. This could indicate 27-4 had higher growth of SEI,
and is likley due to its higher operating temperature.

The ICA showed that approximately two-thirds of the capacity loss at 0.1C could be
attributed to LAM while a third to LLI. The impact of impedance can be studied by the
difference in by calculating the increase of capacity loss at 3 C compared to 0.1 C at 80%
SOH versus 100%:

% of loss due to impedance =

Cap(0.1C,80SoH)
Cap(0.1C,100SoH) −

Cap(3C,80SoH)
Cap(3C,100SoH)

1− Cap(0.1C,80SoH)
Cap(0.1C,100SoH)

(4.1)

where Cap(0.1C, 80SoH) is the capacity at 0.1C at 80% SOH, where SOH is defined
by the 3C ageing cycles.

4.1 showed that 18.5% of the capacity loss at 3C for 27-4 was due to impedance in-
crease. While the number for 27-10 was 12.9%. This is in coherence with the increased
impedance measured for 27-4..

The dominating degradation mode, therefore, is believed to be LAM causing approx-
imately 50% of the capacity fade while LLI and impedance increase contribute with ap-
proximately 30% and 20%.
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LAM is believed to be related to the cyclic volume change of the anode. Both signs of
cracking and delamination was found. The increased thickness indicates cracking, and the
loss of anode particles as well as delamination from the current collector indicates both
cracking as well as decomposition of the binder. The degradation could be explained by
both the high C-rates, especially during charging, as well as the use of natural graphite
in the anode. Natural graphite has a higher expansion rate than artificial graphite and
is therefore, more prone to expansion related degradation mechanisms. [109] There was
found little evidence that the cathode had been highly effected by cycling.

The SEM pictures of the anode show what is believed to be salts or aglomerated bi-
products from the growth of SEI. The amount of bi-products indicates that a significant
amount of electrolyte has reacted. This would both cause a LLI due to Lithium ions being
consumed, as well as an impedance increase due to electrolyte consumption.

4.7.2 Decrease of CCC
The drastic change in CCC for the pouched cooled cell 27-10 fit the hypothesis; that
swelling and decomposing of the electrolyte would decrease the through-plane conductiv-
ity. In addition a substansal decrease in thermal conductivity of the anode was measured.
This could however be contributed by the swelling and the following increase of porosity.
Though it is certian that the anode with electrolyte had an decrease of thermal condutivity,
it is not as certian on how much. This is due to the uncertianity to the fraction of the anode
filled with the electrolyte, aswell as porosity and tortuosity changes.

Comparing the change in thermal conductance of the pristine and aged cell with the
change in CCC can give some insight in the behavior of the cells :

Ceff =
keff
tcell

(4.2)

Where Ceff is the thermal conductance of the cell, keff is the average thermal con-
ductivity of the cell calculated by equation 2.17 and given in table section 4.6.3 and tcell
is the cells thickness from table 4.3. Using the previously derived values we get:

Ceff Aged
Ceff Pristine

=
12

31
= 0.53

CCCAged
CCCPristine

=
0.58

1.25
= 0.464

Without knowing anything about the effect the electrolyte has on the thermal conduc-
tivity of the aged cell, compared to a new, it looks like the CCC measurement follows the
change of the thermal conductance to some extent.

It was hypothesised that the tab cooled cell, 27-4, would have a lower change in CCC
when cycled. This due to a higher percentage of the thermal resistivity was in the tab and
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tab-current collector weld [90, 110]; two parts that are not heavily impacted by cycling.
Though the tab cooled cell had a lower absolute reduction of its CCC compared to 27-10,
percentage reduction was approximately the same; a little over 50% for cell 27-4. Cell
25-2 did not show the same behaviour, and no conclusion has been drawn about the results
of the change in the tab cooled CCC. The following paragraphs will make an assumption
that the measurements for 27-4 were correct, and will discuss any underlying mechanisms
which could decrease the CCC for a tab cooled cell.

The same degradation mechanisms that impact pouch CCC also impact tab CCC. If
an assumption is made that pouch CCC is majorly dependent on the conductivity of sep-
arator, electrolyte and electrode, it can be concluded that degradation to other parts also
contributes to the lowering of tab CCC. This conclusion can be drawn since pouch and
tab CCC both dropped by approximately 50%, but since tab CCC is less dependent on the
separator, electrolyte and electrode, other factors must also be at play.

One other possible explanation was that the origin of the heat moved away from the
tabs. CCC is not a pure measurement of thermal conductivity; it is also impacted by where
the heat is generated. If all the heat is generated in close proximity to the tabs, a higher
CCC will be measured than if the heat is produced further away from the cell. If the origin
of the heat moved away from the tabs, an increase in CCC could occur. However, Zhao
et al. [97] showed the current collectors were not the bottleneck of removing heat through
the tabs, but rather the tab weld. This would mean that the origin of the heat generation
should not have a big impact on CCC as long as it has to travel through the tab weld.

With the conflicting results in CCC for 27-4 and 25-2 and no good explanation for a
drop in CCC, it is suspected that the inital measurements for 27-4 or 25-2 were off. No
conclusive conclusion could therefore be made.
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Chapter 5
Conclusion & Further Work

5.1 Conclusion

The TMS impact on the degradation mechanisms of a LIB was investigated. Two cooling
systems and two cooling temperatures were compared. Different ageing rates observed,
and the temperature the cells ended up at during cycling was seen as a more dominant
ageing mechanism than the thermal gradients occurring caused by the cooling system. For
the cell in question with the applied cooling systems, the choice of tab or pouch cooling
is a choice between one cycle capacity performance and life span mainly because of the
temperature the cooling system managed to cool the cell down to, not the cooling method
itself.

Entropy, HPPC, ICA, physical inspection, and capacity measurements done on the
cells revealed and isolated the contribution of the different ageing modes and mechanisms.
LAM due to cracking and delamination was identified as the dominating mode and mecha-
nism. However, the cell also experienced a substantial LLI and impedance increase, likely
due to SEI growth. 27-4 experienced a somewhat higher impedance increase, likely due
to increased growth of SEI due to higher temperatures. However, there was little evidence
that the thermal gradients in the pouch cooled cells gave other underlying degradation
mechanisms.

By the use of the CCC, it was possible to monitor the changes in the thermal behaviour
of the cells under cycling. It was observed that the CCC for pouch cooled cells were de-
creasing and ended up at half the original value at the LIBs End of life. This observation
correlated with the data gathered from thermal conductivity testing of the electrodes from
a fresh cell and one cell at EOL. The effective thermal conductance calculated from the
measurements correlated well with the change in CCC for the pouch cell.

The CCC measurements done for the tab cooled cells were less conclusive, and the
two cells monitored showed contradicting behaviour. The first tab cooled cell showed the
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same tendencies as the pouch cooled in the change of its CCC halving in the course of its
life, while the other cell was measured to have a lower initial CCC which went slightly up
at the second measurement done when the cell was at 90% SOH. Unfortunately, time did
not allow for more measurements, and no conclusion could be taken on the behaviour of
the tab cooled cell.

Thru evaluation of the CCC for both tab and pouch cooled cell, it was seen that the
cells used in the thesis were not suited for a tab cooling strategy and even at the EOL the
surface cooled cell had a higher CCC value than the highest measurement from the tabs.
It was seen that the CCC could be a valuable tool for battery pack designers to dimension
cooling system. Using this one metric and knowledge of the heat generation, a choice of
cooling system could be made.

Thru ageing analysis of the CCC metric and the heat generation of the cell, it is seen
that for a battery cooling system to work thru the entire cells life it is not sufficient to
dimension for the BOL conditions. With the changes seen in heat generation and CCC, it
was shown that it is crucial to not only have a design that cools sufficiently at cells BOL
also at the EOL.
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5.2 Further Work
The thesis showed that the dominating factor of degradation was temperature. However,
how much the thermal gradients impacted the performance was not fully understood. Cy-
cling more pouch and tab cooled cells with the same initial average temperature could
uncover how much performance is gained by limiting the thermal gradients.

Reduction in the thermal conductivity of the anode was shown to be an essential factor
in the reduction of the CCC of the pouched cooled cells. However, the interaction between
the aged anode and electrolyte were not investigated. Each component’s contribution as
a function of swelling, porosity and solvent fractions can be better understood with a 2-d
model. A 2-d thermal model could be used to understand of the measured change in CCC
and heat generation is affecting the temperature and temperature gradients inside cells
cooled with the different strategies.

No conclusion was made regarding cycles impact on CCCTab. Further testing is there-
fore needed to determine if a tab cooled system dimensioned for BOL is sufficient for the
cells whole lifespan.

A lot of the work done in the experimental part were spent on rebuilding the CCC
characterization jigs before each measurement. In future studies using the same method,
the experiments should be designed so that the cells could be cycled without needing to be
move them between characterization and cycle runs. Optimally the cells should be cycled
in the CCC jigs so measurements of the CCC can be performed more regularly without a
huge effort. A future design of a CCC jig should be designed with temperature sensors
permanently mounted to eliminate the possible error from measuring out their placements
every time.
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1. 序言 PREFACE

此规格书适用于深圳市风云电池有限公司的锂聚合物可充电电池产品

The specification is suitable for the performance of Lithium-Polymer (LIP) rechargeable battery produced by the
SHENZHEN MELASTA BATTERY CO., LTD.

2. 型号 MODEL

SLPBB042126HN 6550mAh 10C 3.7V

3. 产品规格 SPECIFICATION

单颗电池规格 Specifications of single cell

◆电芯正极材料 Cell Cathode Material LiCoO2

◆标称容量 Typical Capacity① 6550mAh

◆标称电压 Nominal Voltage 3.7V

◆ 充电条件
Charge Condition

最大电流
Max. Continuous
charge Current

13.1A

峰值充电
Peak charge current

64A(≤0.5sec)
54A(≤1sec)

电压 Voltage 4.2V±0.03V

◆ 放电条件
Discharge
Condition

Max Continuous
Discharge Current 65.5A

Peak Discharge Current 98.25A(≤3sec)

Cut-off Voltage 3.0V

◆交流内阻 AC Impedance(mOHM) <3.0

◆循环寿命【充电:1C,放电:10C】
Cycle Life【CHA:1C,DCH:10C】 >100cycles

◆使用温度
Operating Temp.

充电 Charge 0℃~60℃

放电 Discharge -20℃~70℃

◆ 电芯尺寸
Cell Dimensions

厚度 Thickness(T) 10.7±0.3mm

宽度Width(W) 42±0.5mm

长度 Length(L) 127.5±0.5mm

极耳间距
Distance between 2

tabs
21±1mm

◆ 极耳尺寸
Dimensions of
Cell tabs

极耳材料 Tab Material Nickel-plated
Copper

极耳宽度 Tab Width 12mm

极耳厚度 Tab
Thickness 0.2mm

极耳长度 Tab Length 30±1.5mm

◆重量 Weight(g) 128.5±3.0g

①标称容量：0.2C,4.2V~3.0V@23℃±2℃
Typical Capacity:0.2C,4.2V~3.0V@23℃±2℃

W

L

T

2
±

1

22±1
12±0.2

6
±

1

Tab width

Distance between 2 tabs
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4.电芯性能检查及测试 BATTERY CELL PERFORMANCE CRITERIA

在进行下例各项测试前每颗电池应用 0.5C放至 3.0V。如果没有特别规定，测试应在电池交付 1个月内按以下各项

条件进行：

Before proceed the following tests, the cells should be discharged at 0.5C to 3.0V cut off. Unless otherwise stated,
tests should be done within one month of delivery under the following conditions:

环境温度 Ambient temperature: 20℃±5℃

相对湿度 Relative Humidity: 65±20%RH

注意标准充放电为 Note Standard Charge/Discharge Conditions:

充电 Charge: 以 0.5C电流恒流充电至限制电压 4.2V时,改为恒压充电,直到截止电流为 0.05C时停止充

电;The battery will be charged to 4.2V with 0.5C from constant current to constant voltage,
when the current is 0.05C, stop to charge.;

放电 Discharge: 0.5C to 3.0V/cell

测试项目 Test 单 位
Unit 规格 Specification 条 件

Condition
备 注
Remarks

容量
Capacity mAh ≥6550 标准充放电

Standard Charge / Discharge

允许循环 3次
Up to 3 cycles are
allowed

开路电压
Open Circuit
Voltage (OCV)

V ≥4.15 标准充电后 1个小时内
Within 1 hr after standard charge

单位颗
Unit cell

内阻
Internal

Impedance (IR)
mΩ ≤3.0 充满电后用 1kHz测试

Upon fully charge at 1kHz *

高倍率放电
High Rate
Discharge
(10C)

min ≥5.4

标准充电/休息 5分钟

用 10C放电至 3.0V
Standard Charge/rest 5min
discharge at10C to 3.0V

允许循环 3次
Up to 3 cycles are
allowed

低温放电
Low Temperature

Discharge
min ≥210

标准充电后贮藏在-20±2℃环境中 2小时

然后用 0.2C放电
Standard Charge,
Storage:2hrs at-2 0±2℃
0.2C discharge at 0±2℃

3.0V/cell
Cut-off

自放电
Charge Reserve min

≥90%
（初始容量

First Capacity）

标准充满电后 20度贮藏 30天，

标准 0.5C放电
Standard charge Storage at 20 degree:
30days
Standard discharge (0.5C)

3.0V/cell
Cut-off

寿命测试
Cycle Life Test

Cycl
e
times

≥100

充电：0.5C充电至4.2V，放电，10C放电至3.0V，
当放电容量降至初始容量的 80%时，所完成的
循环次数定义为该电芯的循环寿命
Charge:0.5C to 4.2V ,Discharge: 10C to 3.0V,
80% or more of 1st cycle capacity at 10C
discharge of Operation

Retention capacity
容量保持

≥80% of initial
capacity
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短路测试
External Short

Circuit
N/A

不着火不爆炸
No Fire and No
Explosion

标准充电后，在 20℃±5环境中用超过 0.75mm2

金属丝将单颗电池短路至电池恢复到常温。
After standard charge, short-circuit the cell at
20℃±5℃ until the cell temperature returns to
ambient temperature.(cross section of the wire
or connector should be more than 0.75mm2)

*

自由跌落测试
Free

Falling(drop)
N/A

不着火不爆炸
No Fire and No
Explosion

跌标准充电后，搁置 2小时。从 1.2M 高任意方

向自由跌落 30MM厚木板 3次
Standard Charge,and then leave for 2hrs,check
battery before / after drop
Height: 1.2m
Thickness of wooden board: 30mm
Direction is not specified
Test for 3 times

*

5. 贮存及其它事项 STORAGE AND OTHERS

5.1环境温度 Ambient temperature: 20℃±5℃

相对湿度 Relative Humidity: 65±20%RH

5.2 请每隔 3个月按下面方法激活电池一次:

Please activate the battery once every 3 months according to the following method:

0.2C充电至 4.2V，休息 5分钟，然后用 0.2C放电至每颗电池 3.0V，休息 5分钟，0.2C充电 3.9V。

Charge at 0.2C to 4.2V, rest 5 min, then discharge with 0.2C to 3.0V/cell,rest 5 min, then charge at 0.2C to 3.9V.

6. 聚合物锂离子充电电芯操作指示及注意事项 HANDLING PRECAUTIONS AND GUIDLINE

声明一：

客户若需要将电芯用于超出文件规定以外的设备，或在文件规定以外的使用条件下使用电芯，应事先联系风

云公司，因为需要进行特定的实验测试以核实电芯在该使用条件下的性能及安全性。

Note(1):
The customer is requested to contact MELASTA in advance, if and when the customer needs other applications

or operating conditions than those described in this document. Additional experimentation may be required to

verify performance and safety under such conditions.

声明二：

对于在超出文件规定以外的条件下使用电芯而造成的任何意外事故，风云公司概不负责

Note (2):

MELASTA will take no responsibility for any accident when the cell is used under other conditions than those

described in this Document.

声明三：

如有必要，风云公司会以书面形式告之客户有关正确操作使用电芯的改进措施。
MELASTAwill inform, in a written form, the customer of improvement(s) regarding proper use and handing
of the cell, if it is deemed necessary.

6.1. 充电 Charging

6.1.1 充电电流 Charging current:

充电电流不得超过本标准书中规定的最大充电电流。使用高于推荐值电流充电将可能引起电芯的充放电性

能、机械性能和安全性能的问题，并可能会导致发热或泄漏。

Charging current should be less than maximum charge current specified in the Product Specification.

Charging with higher current than recommended value may cause damage to cell electrical, mechanical

and safety performance and could lead to heat generation or leakage.
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6.1.2. 充电电压 Charging voltage:

充电电压不得超过本标准书中规定的额定电压（4.2V/电芯）。4.25V为充电电压最高极限，充电器的设计应

满足此条件；电芯电压高于额定电压值时，将可能引起电芯的充放电性能、机械性能和安全性能的问题，可

能会导致发热或泄漏。

Charging shall be done by voltage less than that specified in the Product Specification (4.2V/cell).

Charging beyond 4.25V, which is the absolute maximum voltage, must be strictly prohibited. The charger

shall be designed to comply with this condition. It is very dangerous that charging with higher voltage than

maximum voltage may cause damage to the cell electrical, mechanical safety performance and could lead

to heat generation or leakage.

6.1.3. 充电温度 Charging temperature:

电芯必须在 0℃~60℃的环境温度范围内进行充电

The cell shall be charged within 0℃~60℃ range in the Product Specification.

6.1.4. 禁止反向充电 Prohibition of reverse charging:

正确连接电池的正负极，严禁反向充电。若电池正负极接反，将无法对电芯进行充电。同时，反向充电会降

低电芯的充放电性能、安全性，并会导致发热、泄漏。

Reverse charging is prohibited. The cell shall be connected correctly. The polarity has to be confirmed

before wiring, In case of the cell is connected improperly, the cell cannot be charged. Simultaneously, the

reverse charging may cause damaging to the cell which may lead to degradation of cell performance and

damage the cell safety, and could cause heat generation or leakage.

6.2．放电 Discharging

6.2.1. 放电电流 Discharging current

放电电流不得超过本标准书规定的最大放电电流，大电流放电会导致电芯容量剧减并导致过热。

The cell shall be discharged at less than the maximum discharge current specified in the Product

Specification. High discharging current may reduce the discharging capacity significantly or cause over-heat.

6.2.2. 放电温度 Discharging temperature

电芯必须在-20℃~70℃的环境温度范围内进行放电。

The cell shall be discharged within -20℃~70℃ range specified in the Product Specification.

6.2.3. 过放电 Over-discharging:

需要注意的是，在电芯长期未使用期间，它可能会用其它自放电特性而处于某种过放电状态。为防止放电的

发生，电芯应定期充电，将其电压维持在 3.6V至 3.9V之间。

过放电会导致电芯性能、电池功能的丧失。

充电器应有装置来防止电池放电至低于本标准书规定的截止电压。此外，充电器还应有装置以防止重复充电，

步骤如下：

电池在快速充电之前，应先以一小电流（0.01C）预充电 15~30分钟，以使（每个）电芯的电压达到

3V以上，再进行快速充电。可用一记时器来实现该预充电步骤。如果在预充电规定时间内，（个别）电芯

的电压仍未升到 3.0V以上，充电器应能够停止下一步快速充电，并显示该电芯/电池正处于非正常状态。

It should be noted that the cell would be at over-discharged state by its self-discharge characteristics in

case the cell is not used for long time. In order to prevent over-discharging, the cell shall be charged

periodically to maintain between 3.6V and 3.9V.

Over-discharging may causes loss of cell performance, characteristics, or battery functions.
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The charger shall be equipped with a device to prevent further discharging exceeding a cut-off voyage

specified in the Product Specification. Also the charger shall be equipped with a device to control the

recharging procedures as follows:

The cell battery pack shall start with a low current (0.01C) for 15-30 minutes, i.e.-charging, before rapid

charging starts. The rapid charging shall be started after the (individual) cell voltage has been reached

above 3V within 15-30 minutes that can be determined with the use of an appropriate timer for

pre-charging. In case the (individual) cell voltage does not rise to 3V within the pre-charging time, then the

charger shall have functions to stop further charging and display the cell/pack is at abnormal state.

6.3. 贮存 Storage:

电芯储存温度必须在 0℃~45℃的范围内,长期存储电池（超过 3个月）须置于温度为 23±5℃、湿度为

65±20%RH的环境中,贮存电压为 3.6V~3.9V

The cell shall be storied within0℃~45℃ range environmental condition, If the cell has to be storied for a

long time (Over 3 months),the environmental condition should be; Temperature: 23±5℃

Humidity: 65±20%RH, The voltage for a long time storage shall be 3.6V~3.9V range.

6.4. 电芯操作注意事项 Handling of Cells:

由于电芯属于软包装，为保证电芯的性能不受损害，必须小心对电芯进行操作。

Since the battery is packed in soft package, to ensure its better performance, it’s very important to carefully

handle the battery;

6.4.1. 铝箔包装材料易被尖锐部件损伤，诸如镍片，尖针。

The soft aluminum packing foil is very easily damaged by sharp edge parts such as Ni-tabs, pins and

needles.

·禁止用尖锐部件碰撞电池;

Don’t strike battery with any sharp edge parts;

·取放电芯时，请修短指甲或戴上手套;

Trim your nail or wear glove before taking battery；

·应清洁工作环境，避免有尖锐物体存在;

Clean work table to make sure no any sharp particle;

6.4.2. 禁止弯折顶封边;

Don’t bend or fold sealing edge;

6.4.3. 禁止打开或破坏折边;

Don’t open or deform folding edge;

6.4.4. 禁止弯折极片;

Don’t bend tab ;

6.4.5. 禁止坠落、冲击、弯折电芯;

Don’t Fall, hit, bend battery body;

6.4.6. 任何时候禁止短路电芯，它会导致电芯严重损坏;

Short circuit terminals of battery is strictly prohibited, it may damage battery;

6.5. 电池外壳设计 Notice Designing Battery Pack;

·电池外壳应有足够的机械强度以保证其内部电芯免受机械撞击;

Battery pack should have sufficient strength and battery should be protected from mechanical shock;
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·外壳内安装电芯的部位不应有锋利的边角;

No Sharp edge components should be inside the pack containing the battery;

6.6. 电芯与外壳组装注意事项 Notice for Assembling Battery Pack

6.6.1.电芯的连接 Tab connection

建议使用超声波焊接或点焊技术来连接电芯与保护电路模块或其它部分。如使用手工锡焊，须注意以下事项，以

保证电芯的功能：

Ultrasonic welding or spot welding is recommended to connect battery with PCM or other parts.If apply

manual solder method to connect tab with PCM, below notice is very important to ensure battery performance.

a) 烙铁的温度可控能防静电；

The solder iron should be temperature controlled and ESD safe

b) 烙铁温度不能超过 350℃

Soldering temperature should not exceed 350℃

c) 锡焊时间不能超过 3秒；

Soldering time should not be longer than 3s

d) 锡焊次数不能超过 5次；

Soldering time should not exceed 5 times Keep battery tab cold down before next time soldering

e) 必须在极片冷却后再进行二次焊接；禁止直接加热电芯，高于 100℃会导致电芯损坏。

Directly heat cell body is strictly prohibited, Battery may be damaged by heat above approx.100℃

6.6.2. 电芯的安装 Cell fixing

·应将电芯的宽面安装在外壳内；

The battery should be fixed to the battery pack by its large surface area

·电芯不得在壳内活动。

No cell movement in the battery pack should be allowed

7.其它事项 OTHERS

7.1. 防止电池内短路 Prevention of short circuit within a battery pack

使用足够的绝缘材料对线路进行保护

Enough insulation layers between wiring and the cells shall be used to maintain extra safety protection.

7.2. 严禁拆卸电芯 Prohibition of disassembly

7.2.1. 拆卸电芯可能会导致内部短路，进而引起鼓气、着火及其它问题

The disassembling may generate internal short circuit in the cell, which may cause gassing, firing, or other

problems.

7.2.2. 聚合物锂电池理论上不存在流动的电解液，但万一有电解液泄漏而接触到皮肤、眼睛或身体其它部位，应立即用

清水冲洗电解液并就医

LIP battery should not have liquid from electrolyte flowing, but in case the electrolyte come into contact with

the skin, or eyes, physicians shall flush the electrolyte immediately with fresh water and medical advice is to

be sought.

7.3. 在任何情况下，不得燃烧电芯或将电芯投入火中，否则会引起电芯燃烧，这是非常危险的，应绝对禁止

Never incinerate nor dispose the cells in fire. These may cause firing of the cells, which is very dangerous and

is prohibited.
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7.4 不得将电芯浸泡液体，如淡水、海水、饮料(果汁、咖啡)等

The cells shall never be soaked with liquids such as water, seawater drinks such as soft drinks, juices coffee or

others.

7.5 更换电芯应由电芯供应商或设备供应商完成，用户不得自行更换

The battery replacement shall be done only by either cells supplier or device supplier and never be done by the

user.

7.6 禁止使用已损坏的电芯 Prohibition of use of damaged cells

电芯在运输过程中可能因撞击等原因而损坏，若发现电芯有任何异常特征，如电芯塑料封边损坏，外壳破损，闻到

电解液气体，电解液泄漏等，该电芯不得使用。

有电解液泄漏或散发电解液气味的电池应远离火源以避免着火。

The cells might be damaged during shipping by shock. If any abnormal features of the cells are found such as

damages in a plastic envelop of the cell, deformation of the cell package, smelling of electrolyte, electrolyte

leakage and others, the cells shall never be used any more.

The cells with a smell of the electrolyte or a leakage shall be placed away from fire to avoid firing.
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