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Abstract

This thesis aims to measure the cooling capability of Lithium-ion batteries (LiBs).
The temperature has been shown to have a significant impact on the longevity of
the batteries. A proper cooling system and an optimized design of the thermal
management system (TMS) are essential to ensure that the operating temperature
is within a safe range during cycling. This prevents overheating and reduces the risk
of fire and explosion.

The study investigates the cooling potential of LiBs by examining different cooling
setups at various frequencies and their impact on heat dissipation. This is explored
by evaluating the thermal conductivity of the electrodes, analyzing Scanning Elec-
tron Microscope (SEM) images, and measuring the Cell Cooling Coefficient (CCC).
Results from the CCC method indicate that an increase in the frequency range from
0.25Hz to 1Hz does not affect the CCCgyy face and remains approximately 0.8W /K
for both cases. Furthermore, thermal conductivity measurements gave detailed in-
formation on heat transport in the battery. Noticeable variations were observed
in the thermal conductivity for dry and wet electrodes under different compaction
pressure. SEM images confirm that the battery functioned normally during the
CCC measurements and gives an understanding of the thermal properties and elec-
trochemical reactions that occurs in the battery.

The findings of this thesis contribute to the understanding of the thermal properties
and thermal management requirements of LiBs. This is a foundation for further
research and investigation in cooling systems, which are required to meet the in-
creasing demand for LiBs.




Sammendrag

Denne oppgaven har som formal a evaluere kjgleevnen til litium-ionbatterier. Tem-
peratur har vist seg a ha en betydelig innvirkning pa levetiden til batteriene. Et
hensiktmessig kjglesystem og en optimalisert utforming av det termiske styringssystemet
er avgjorende for a sikre en trygg driftstemperatur under sykluser. Dette forhindrer
overoppheting og reduserer risikoen for brann og eksplosjon.

Oppgaven undersgker kjgleevnen til litium-ionbatterier ved a evaluere den termiske
ledningsevnen til elektrodene, male Cell Cooling Coefficient (CCC), og analysere
Skanningelektronmikroskop (SEM) bilder. Videre gir malinger av termisk ledning-
sevne detaljert informasjon om varmetransporten i batteriet. Det ble observert bety-
delige variasjoner i den termiske ledningsevnen for torre og vate elektroder under
ulike komprimeringstrykk. Resultater fra CCC-metoden indikerer at gkning av frek-
vensomradet 0.25Hz til 1Hz ikke pavirker CCCgyy fqce, som forblir omtrent 0.8W /K
i begge tilfeller. SEM-bilder bekrefter at batteriet fungerte normalt under CCC-
malingene og gir innsikt i de termiske egenskapene og elektrokjemiske reaksjonene
som oppstar i batteriet.

Utfallet av denne oppgaven bidrar til gkt forstaelse av de termiske egenskapene
og kravene til termisk styring av litium-ionbatterier. Dette gir et godt grunnlag for
videre forskning og undersgkelser av kjglesystemer som kan imgtekomme den gkende
etterspgrselen etter litium-ionbatterier.

1
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1 Introduction

This thesis builds on the foundation of the project work from the previous semester
and the relevant contributions are cited.

1.1 Background

In recent years, Lithium-ion batteries (LiBs) have emerged as the leading energy
storage technology, with the potential to play an important role in decarbonizing
the global transportation and energy sectors. This popularity is due to their high
gravimetric and volumetric energy, high power density, and high efficiency. As a
result, they are commonly used in portable electronic devices and electric vehicles
(EVs). LiBs can effectively convert chemical energy into electricity through chemical
reactions, making them a clean and sustainable energy solution [1], [2].

Temperature is an important factor in extending battery life and increasing energy
efficiency and overall performance. LiBs are known as high power performance
batteries. However, they must operate at low temperatures and have effective heat
dissipation to prevent overheating. In extreme cases, this can lead to explosions
and fires. The heat generated during discharge and charge cycles increases the
temperature of the battery, and over time, reduces the capacity and performance
of the battery. In addition to considering the cooling requirements, it is important
to focus on improving the production of LiBs to reduce greenhouse gas emissions
and strengthen their sustainability. By improving the production phase of the LiBs,
it is possible to minimize the emissions associated with LiB manufacturing while
extending the lifespan and battery performance. The application of proper cooling
systems is required to solve this problem [1], [3], [4].

m E-buses

- Consumer
electronics

Stationary
storage

Commercial
EVs

Passenger
" EVs
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2015 2020 2025 2030

Figure 1: A graphical representation of the global demand for Lithium-ion batteries.
Adapted from Bloomberg New Energy Finance (BNEF) [5].




Figure 1 represents a significant increase in the global demand for LiBs, especially
in EVs for private and commercial purposes. The utilization of LiBs has in recent
years, increased and is expected to reach 2.045 GWh by 2030, mainly due to the
accelerated growth of EVs [5]. Meeting this growing interest will require improve-
ments in thermal management systems (TMSs), which are critical for the safety and
durability of battery packs. This demand results in rapid battery innovations which
are mainly driven by energy and power targets. However, it is equally essential to
improve the cooling capability of the battery in terms of thermal performance [3],[5],

(6], [7].

1.2 The objective

The objective of this thesis is to investigate the cooling ability of beginning of life
(BoL) LiBs. Previous research has been done by Hales et al. [6], who introduced the
Cell Cooling Coefficient (CCC) which measures the ability of the cells to dissipate
heat through surface and tab cooling. In addition, Christian Trandem and Colin
MacDonald [8] conducted a master’s thesis in 2021 investigating the impact of cool-
ing methods on ageing LiBs. This study looks in-depth at how to effectively reject
heat from the LiBs by focusing on different frequencies for the cooling setups. This
is done by including thermal conductivity measurements, SEM images, and CCC
measurements. This work is founded upon the methods and experiments conducted
by Hales et. al, and MacDonald and Trandem, as their research contributes to the
outline of this study.




2 Theory

A detailed theoretical knowledge of the thermal aspects and properties is required
to understand the temperature measurements and cooling potentials. This chapter
presents the basic working principles of a Lithium-ion battery (LiB) and the theory
assoctated with the experiments conducted in this thesis.

2.1 Working principle of a Lithium-ion battery (LiB)

A lithium-ion battery (LiB) consists of two electrodes called anode and cathode,
two current collectors, an electrolyte, and a separator, as shown in Figure 2. Each
component is important because if one is missing or not functioning, the battery
will not work [2]. A battery is a set of several interconnected individual cells [3].

Separator

Copper current collector T — Aluminum current collector

Anode

| l ‘ Cathode
(Graphite)

l (LiCoO,)
Electrolyte

SEl-layer

Figure 2: An illustration of a Lithium-ion battery (LiB). Inspired by Ismail et al.

[9].

2.1.1 Electrodes

The electrodes of the battery are important components because of their critical
roles in the performance and functionality of the battery. They are made of various
materials that facilitate the electrochemical reactions that are required to generate
electrical energy [2].

2.1.1.1 Anode

An anode in a LiB is the negative electrode that delivers lithium ions into the elec-
trolyte. The anode material must be electrochemically active for oxidation reactions
to occur in the battery. Examples of anode materials include carbon-based compon-




ents, silicon-based components, conversion materials and alloy materials or lithium
metals [3], [10], [11].

The most commonly used anode material is graphite due to its low cost, high energy,
power density and long cycle life. It can be called an intercalation material because
the lithium ions intercalate to form LiCg, and has been the dominant anode material
in recent decades [12]. However, as seen in Figure 3, graphite has low capacity
compared to silicon and has difficulty meeting the required energy density of today’s
batteries [3], [11].

Potential vs.

070" I e — | |
0 100 200 300 400 1000 2000 3000 4000
Specific Capacity (mAhg")

Figure 3: A graphical overview of the average electrode potential against the specific
capacity of the anode materials. Adapted from Nitta et al. [13].

As seen in Table 1, silicon has a high gravimetric and volumetric capacity. Silicon
is not only quite affordable and abundant in the earth’s crust, but it also makes an
excellent anode material. However, some major obstacles limit the commercializa-
tion of silicon. For example, the possibility of capacity fade and degradation after
cycling. Another major obstacle is the huge volume difference during the lithium-ion
insertion or extraction processes. Through a conversion reaction, the silicon anodes
are lithiated or de-lithiated. The huge volume differences lead to problems such as
particle breakage, irregular and unstable electrical contact (delamination), repeated
dynamic formation of SEI layers, and slow electron transfer. Low capacity, poor
cyclability and lack of electrical conductivity are other reasons why silicon anodes
are not commercially exploited and used in applications [3], [10], [11], [14].

Table 1: Anode chemistries

Theoretical | Experimentally
Specific achieved Voltage
Anode Capacity Specific Capacity | (vs. Li/Li+) [V] Sources
[mAh/g] [mAh/g]
Graphite 372 350 0.05-0.2 [15], [16], [17], [18]
LTO
R 175 170 1.56 15], [16
(LZ4TZ5012) [ } [ ]
Silicon
4200 3000 0.05 - 0.6
Si-Alloys (17], [19]
Si-(M)-C 3580 525 - 3163 -
Lithium metal 3860 0 [15], [20]




Lithium metal has been discussed as an alternative anode material due to its high
capacity and low electrochemical potential. However, lithium metal precipitates in
dendric form during lithiation, which is the main cause of thermal runaway and ex-
plosion danger. Research has been conducted to improve the performance of lithium
metal anodes. The use of electrolyte components, especially additives, change the
anode surface and provide a uniform distribution of lithium ions [3], [21].

2.1.1.2 Cathode

A cathode is referred to the positive electrode that is reduced during discharge.
Examples of cathode materials include Lithium Cobalt Oxide (LCO), Lithium Nickel
Cobalt Manganese Oxide (NMC) and Lithium Iron Phosphate (LFP) [2],[3].

LCO is the most commonly used cathode material in LiBs. As seen in Table 2, it is
a very attractive material due to its high specific and volumetric capacity, and good
cycling performance. However, LCOs exhibit low thermal stability which favors
the thermal runaway process (see Section 2.4.1.1.3), and faster capacity fade when
operated at high current rates. In addition, this material is expensive due to the
high cost of cobalt [3], [13].

Table 2: Cathode chemistries

Theoretical | Experimentally
Specific achieved Voltage
Satpece Capacity Specific Capacity | (vs. Li/Li+) [V] SUIEED
[mAh/g] [mAh/g]
LCO 106.5 - 160 3.8-43
(LiC0Os) 2 180-190 (coated) 4.5-4.7 (coated) [22), [23]
NMC111
N 275 155-175 2.75 - 4.4 24], 25
(LiNig33Mno.33C00.3302) [24], 25]
LFP 170 150 - 170 < 3.75 [26], [27]
(LiFePOy) )
LMO
(LiMny0y) 148 120 - 130 3.8-42 [25], [28]
LNMO .
(LiNiosMny505) 147 117 - 137 4.7 [29], [30] [31]

In addition, NMC has an equal or higher specific capacity than LCO and operates at
the same voltage. This material is less expensive compared to LCO because the Co-
balt is reduced. The most commonly used form of NMC is LiNig33Mng.33C 003305,
and some NMC chemistries are being studied due to faster capacity fade and shorter
lifetime compared to the most commonly used [3], [11], [13], [24].

Another representative material used as a cathode is LFP, due to its thermal sta-
bility, low operating voltage, and volumetric energy density, as shown in Figure
4. Unfortunately, some limiting factors include its relatively low average potential
and low electrical and ionic conductivity. LFP is still attractive due to its high
performance and high safety level [3], [11], [13].
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Figure 4: A graphical overview of the average electrode potential against the specific
capacity of cathode materials. Adapted from Nitta et al. [13].

2.1.2 Current collectors

A current collector is a metal film that lowers the resistance when electrons are
moving to the carbon (anode). Most lithium-ion batteries have one current col-
lector for each electrode. Current collectors operate as a bridge, where they connect
the collected electrical current, which is generated at the electrodes, to the external
circuits. Aluminum (Al) and copper (Cu) foils are often used as commercial current
collectors for cathodes and anodes (Al for the cathode and Cu for the anode). Cur-
rent collectors must be electrochemically stable, therefore copper and aluminum are
mostly used because of their stability and electrical conductivity. The effectiveness
of LiBs can be significantly impacted by current collectors, for instance, increasing
the electrical conductivity and reducing the contact resistance [2], [3], [32].

Zhang et al. [33] employed an electrochemical-electrical-thermal coupled modeling
approach to study the heat generation in current collectors by analyzing the distri-
bution of current density in the battery cell. The tab connections to the current
collectors create an external terminal connection. Therefore, with high electrical
and thermal conductivity, tab cooling can be effectively used to dissipate thermal
energy from the battery [8].

2.1.3 Electrolyte

The electrolyte is the component that interacts with the other components in a
battery and therefore determines the stability of cycling, power density and safety
of the battery. In most electrolytes, lithium salt is present which helps lithium
ions to move conductively due to the presence of LiPFg, LiBFy, LiClO, in various
organic solvents. Examples of organic solvents include Propylene Carbonate (PC),
Ethylene Carbonate (EC), Ethyl Methyl Carbonate (EMC), Dimethyl Carbonate
(DMC), and Diethyl Carbonate (DEC). When the cells are exposed to air, the
extremely flammable electrolyte solutions pose a serious risk of fire and explosion
danger. Unlike wet batteries, the liquid electrolyte does not flood the battery cell.




The active components of the cell absorb it. Polymer is another type of electrolyte.
Polymer electrolyte has a significant weight advantage over liquid electrolyte. It
is also less flammable and more flexible. However, polymer is more susceptible to
mechanical stress and has lower ionic conductivity [2], [3], [32], [34].

2.1.4 Separator

A separator is a porous material with a thickness of 20 micrometers. Commonly
used materials are microporous polyolefin membranes such as Polyethylene (PE),
Polypropylene (PP), or composite membranes because of their mechanical proper-
ties, electrochemical stability and affordability. These materials are used to separate
the anode from the cathode. Figure 5 shows a schematic representation of a separ-
ator between the two electrode materials and the separator is much smaller than the
electrodes. This is to avoid direct contact, short circuits, and overheating known as
thermal runaway. This is explained in more detail in Section 2.4.1.1.3. The separ-
ator ensures that the electrodes are electrically separated, but allows the lithium ions
to pass through. However, the commercially available separators have low thermal
stability, which can be a safety risk when overheated. The high temperature causes
the separator to shrink and become incapable of preventing an internal electrical
short circuit rendering the battery inoperable. Therefore, the thermal issues must
be considered due to the separators” thermal stability being directly related to the
safety of LiBs. Figure 5 shows the construction and different component thicknesses
in a LiB [2], [3], [35].
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Figure 5: A schematic of each component and their sizes in a Lithium-ion battery
(LiB). Inspired by Wahl et al. [36].

2.1.5 Solid Electrolyte Interphase (SEI)

The SEI or the solid electrolyte interface is a passivation layer that forms around the
anode particles during the first cycle of the battery. This high resistance layer forms




between the anode and the electrolyte to prevent the lithiated anode from coming
into contact with the electrolyte. The interfacial layer is a critical factor, because
it allows the lithium ions to penetrate inside the graphite anode, turn into lithium
metal, and deposit on the surface of the anode. Not only is this layer required, but
it also keeps expanding and eventually reduces the battery performance [2], [3], [37],
(38].

2.1.6 Reactions

LiBs rely on a crucial process called intercalation, where energy is generated by the
movement of lithium ions between the anode and cathode materials. The drift of
electrons sets the potential for the amount of energy a LiB can generate. This is
caused by redox reactions in the cathode and anode materials. When the LiB is
charged, lithium ions deintercalate from the cathode, diffuse through the separator,
and eventually intercalate into the anode. During discharge, the reaction reverses,
i.e., the lithium ions deintercalate from the anode, resulting in free electrons. These
free electrons drift through an external circuit to produce energy. The free lithium
ions return to the cathode material through the separator. Figure 6 shows the
working principle for a LiB during discharge and charge [3], [11], [14], [32], [39].
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Figure 6: An illustration a Lithium-ion battery (LiB) during discharge and charge.
Adapted from Hannan et al. [40].

An LCO battery is used as a baseline when referring to LiBs. The redox reactions
that take place during the charge and discharge in this battery can be defined by
these chemical reactions [3], [41]:

Negative electrode: xLit + ze~ + 6C = Li,Cl
Positive electrode: LiCoOy = Liy_,C00y + xLi™ 4+ xe~

The total reaction of the battery is expressed as [41]:




Total: LiCoO4 + 6C' = Liy_,C004 + Li,Clg

2.2 General terminology

2.2.1 C-rate

The C-rate is the unit used to measure the speed when a battery is fully charged or
discharged [42]. In particular, it provides information about the current the battery
can deliver or receive. For example, charging at a C-rate of 1C means the battery is
charged from 0% state of charge (SoC) to 100% SoC in one hour, corresponding to
one full cycle [2]. Equation 1 shows this relationship between the current and the
nominally rated energy, which equals the C-rate [3], [8], [43].

I [A]
Qrated energy [Ah]

C= (1)

2.2.2 State of Health (SoH)

The term state of health (SoH) describes the condition of the battery compared to its
ideal condition, as shown in Equation 2 [8]. As batteries lose capacity during ageing,
the SoH value decreases. The SoH value is determined by the charge available at
a given C-rate compared to the charge of a new battery, which must be measured
at the same C-rate and temperature, as these are important factors defining the
battery capacity [2], [3].

Soll Capacity at current state when fully charged [Ah]
O =

1 2
Capacity under ideal conditions [Ah] X 100 @)

2.2.3 State of Charge (SoC)

State of charge (SoC) is a percentage measure of the energy available in a battery
at a given time relative to its design capacity [2]. This relationship is presented in
Equation 3 [3], [8].

Available charge left [Ah]

500 = Gapacity at 100% SoC [Ab]

x 100 (3)

2.2.4 Constant current constant voltage (CCCV)

The most commonly used charging strategy for a LiB is constant current constant
voltage (CCCV), where the charging protocol is charged at a constant current until




a certain voltage is reached. This process is necessary to avoid overcharging. Then,
when a constant voltage is reached, the charge current is decreased [44]. This process
is shown in Figure 7.

Constant Current Control Constant Voltage Control

Va (CC-Mode) (CV-Mode)

Charging Voltage \

Battery Voltage

/ Battery Current

Cutoff Current - —— - oo T Tve— - ——

Teutoff t

Figure 7: Constant current constant voltage (CCCV) battery charge. Adapted from
Jadav [45].

2.3 Thermal aspects and properties of Lithium-ion batteries

(LiBs)
2.3.1 Heat generation in Lithium-ion batteries (LiBs)

Heat generation in LiBs at ambient temperatures is primarily due to charge transfer
and chemical processes during charge and discharge cycles. LiBs can generate heat
by either an irreversible or a reversible process. Figure 8 shows the primary heat
generation processes in a LiB [3], [46].
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Figure 8: An illustration of heat generation processes in a Lithium-ion battery (LiB).
Inspired by Ma et al. [46].

Even though the efficiency of converting chemical energy into electrical energy is
high, there is still energy loss in the form of heat. In the electrochemical cell,
there are three primary sources of heat generation: Ohmic heat, g nmic, Tafel heat,
Qoverpotential, and heat due to entropic changes, gentropy, Which occur during electro-
chemical reactions. This relation is described in Equation 4. All of these sources
depend on current density [47]. In this section, the two heat generation processes

are briefly described [3], [48].

Geell = Qentropy + Qohmic + Qoverpotential (4)

1. Entropic heat is the reversible source of heat. It arises from a rearrangement
in the electrode and acts as a heat source when discharging and as a heat sink
when charging [3], [36], [49].

2. Ohmic heat is generated by ion transport in the electrolyte and electron trans-
port between electrode surfaces. It is given by the specific ohmic resistance,
Tw, and the current density 7, which is equal to 7,5% [3], [36], [47], [48], [50].

3. The overpotential is due to reduced cell potential, which is caused by the
resistance to the electrochemical reactions. This is given by the overpotential,
n, and the current density, j, which is equal to nj [3], [36], [48], [51].

These equations represent the total heat generation of a LiB during charging and
discharging [3], [48], [52], [53].

T-AS . . .
Qcharge = F J+ rwJQ +n7 (5)
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T-AS . . :
Qdischarge = — F J+ ij2 +1nJ (6)

2.3.1.1 Irreversible heating

Some irreversible processes contributing to heat generation are active polarization,
ohmic heating, and heating due to the change in mixture enthalpy. The polarization
process results from the overpotential between the operating potential of the bat-
teries and the open circuit potential. As a result, the charge transfer resistance at
the electrode-electrolyte interface or SEI increases. Heat is generated as the lithium
ions overcome this resistance at the interface for their intercalation or deintercala-
tion. An ohmic heating process takes place in both the electrode and the electrolyte.
Electrodes and electrolytes have a high resistance that prevents charges from mov-
ing. The ion distribution in LiBs becomes inhomogeneous during operation, either
charging or discharging. This causes the ions to mix, resulting in heat generation.
When lithium ions diffuse, an enthalpy change occurs due to the cathodes’ phase
change. This irreversible process also leads to heat generation. The irreversible
process can be described by Equation 7 or 8 [3], [11], [46].

Q'r] = Mbattery * I (7)

Qn=1"R (8)

In Equation 8, R represents the internal battery resistance, which is a crucial factor
for heat generation [3], [11].

2.3.1.2 Reversible heating

The reversible entropy change that occurs in electrochemical processes is the source
of the heat generated in the reversible process, also known as entropic heat. This
can be calculated using Equation 9. This heat from the reactions is affected by SoC
and is either exothermic or endothermic depending on whether the battery is being
charged or discharged [3], [11], [36], [52].

T-AS

QSZ_TL'F i (9)

Here, QQ, refers to the reversible reaction heat, F is the Faraday constant, and AS
is the change in entropy [3], [11] [54].
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2.3.2 Heat rejection in Lithium-ion batteries (LiBs)

To improve battery performance, LiBs must be cooled down. Various approaches
such as air cooling, liquid cooling, and Phase change material (PCM) cooling tech-
nologies are discussed in this subsection in addition to the cooling method used in
this thesis [3], [55].

2.3.2.1 Air cooling

Air cooling is the usual method of removing heat from batteries. This is done either
by natural convection using air cooling or by forced convection using a fan, which
is most commonly used to cool the battery. Simplicity and affordability are some of
the advantages of these methods. However, the disadvantage of natural convection
is uncontrollable wind, which weakens the ability to remove heat from the batteries
[55].

2.3.2.2 Liquid cooling

Another widely used cooling method is liquid cooling. This method is more effective
than air cooling in removing heat, because the heat transfer coefficient of water is
higher. Liquid cooling can be done in two ways: direct cooling and indirect cooling.
Direct cooling improves the temperature uniformity of a LiB by cooling the battery
surface. However, this method requires a waterproof system to prevent leakage of the
cooling liquid. In addition, it requires carefulness due to electrochemical reactions
and electrical short circuits that can occur. In contrast, indirect cooling, such as
tube cooling and cold plate cooling, is safer and easier to implement. Unfortunately,
this method is more complex than air cooling [55].

2.3.2.3 Phase Change Material (PCM) cooling

PCM cooling is a method that does not require additional energy. Materials that
can absorb and release large amounts of heat are used in the thermal management
systems (TMSs) of the battery to keep the temperature in a safe range through
passive cooling. The PCM work by having the material change phase, from solid
to liquid, thereby reducing the temperature of the battery. Heat is absorbed during
the phase change, which is an effective way of cooling the battery [8], [55].

2.3.2.4 Cell Cooling Coefficient (CCC)

As mentioned in Section 1.2, in this study, the work of Hales et. al. [6] and Trandem
and MacDonald [8] have been used as a foundation. Hales et al. [6] introduced a
new metric that can be used to quantify the heat rejection rate. It is called the
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Cell Cooling Coefficient (CCC) and helps to evaluate the thermal performance of
different cooling systems. The CCC also allows comparison of the thermal paths
within each cell design by looking at components such as underlying chemistry and
geometry, form factor, and internal thermal gradient. A cell has a higher capacity
when the thermal gradient within the cell is low. This cell has a high CCC value
because a large amount of continuous energy can be used from the cell. When a cell
has a high CCC value, it means that the average cell temperature is relatively low
and this cell has a long lifetime in combination with a low thermal gradient. The
concept of thermal gradients will be elaborated further in the next subsections [3],

(6], [7].

- Q
COC = 17 (10)

In Equation 10, the CCC is defined, where Q represents the heat rejected from the
selected surface or tab, and AT is the temperature difference between the hottest

part inside the cell and the surface when it is cooled down. It is measured in units
of .. This method is explained in detail in Section 3.2 [3], [8], [6], [7].

2.3.3 Thermal conductivity

Thermal conductivity differs from one material to another. For example, heat trans-
fer by conduction is higher in metals than in wood. This value depends on the atomic
and molecular structure of the matter [48], [56]. Bergman et al. [56] explain that
the thermal conductivity of a material, also defined as a transport property, refers
to the ability of the material to conduct heat. A low thermal conductivity means
the material does not conduct heat well [3], [48].

Fourier’s law describes the conductive heat flux as [11], [56]:

q=—-k -VT (11)

Here, VT is the temperature gradient and k is the thermal conductivity expressed
as W/mK.

In batteries, thermal conductivity is described as non-isotropic and inhomogeneous
due to the battery cell design and depends on the direction of the cell. The terms
7in-plane” and ”cross-plane” are commonly used [8], [53], [56]. An effective heat
transfer coefficient can be used to determine the conductivity of the different layers
of the battery [3], [11].

The heat transfer coefficient in the cross-plane direction can be defined as [8]:

dcell

keff cross—plane — = 4, (12)
Y
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And the heat transfer coefficient in the in-plane direction can be defined as [8]:

ki d;
keff in—plane — Zd— (13)
cell

Here, k; is the thermal conductivity of the individual battery components, d; is the
component thickness, and d..; is the total thickness of the battery [3], [8], [11], [53].

In addition, Spitthoff et al. explain that thermal conductivity is important, as
it defines the heat transport in the battery, which is important for dimensioning
efficient cooling systems such as the CCC rigs used in this thesis.

2.3.4 Thermal gradients

Temperature gradients are formed inside the LiB during operation due to internal
heat generation and the low thermal conductivity of the battery. These gradients
are often noticeable at higher C-rates, where heat is generated faster than it can
be dissipated out to the surroundings. An example of these gradients in a pouch
cell can be seen in Figure 9. Due to the higher internal resistance, creating cells
with high volumetric energy density and a large amount of active material results in
larger thermal gradients. The TMS must provide sufficient cooling to compensate
for the internal heat generation [3], [11], [57].

= : L
= B . t=667s/end

Figure 9: An illustration of how the surface temperature in a pouch cell changes
during discharge. Adapted from Tomaszewska et al. [58].

2.3.5 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) is a commonly used instrument for imaging
the surface structure and morphology of various materials. The use of a focused
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beam to generate images allows clear visualization of surface features through high-
resolution images. These are valuable for evaluating properties such as particle size,
shape, distribution, and structural integrity of battery electrodes. To study the
transport of thermal energy by ions and electrons in the material, particle size is
an important factor. In addition, particle size can affect the uniformity of thermal
energy transport and packing density, which affects the overall battery performance.
The surface features of the electrodes are also of interest, as signs of cracks, pores,
and dendrites can reveal ageing or degradation [59].

2.4 Ageing and degradation

2.4.1 Parameters affecting the degradation

2.4.1.1 Changes in temperature

It is scientifically proven that temperature has a significant impact on the perform-
ance and ageing mechanisms of a LiB. In addition, temperature control is critical to
avoid safety issues, such as thermal runaway and dendrite growth. As shown in Fig-
ure 10, LiBs function optimally in the range between 15°C-35°C, but this may vary
for different battery chemistries [3], [11], [46]. Most temperature effects are caused
by chemical processes inside the batteries and the materials used in the batteries.
In addition to chemical processes, temperature affects the ionic conductivities of
electrodes and electrolytes [3], [11], [46].
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Figure 10: State of Health (SoH) curves as a function of time for cycling at different

temperatures and 1C. Adapted from Waldmann et al. [38].

2.4.1.1.1 Effects of low temperature
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When operating at temperatures below 0°C the quality of LiBs performance de-
creases. The performance decrease at low temperatures can have a variety of causes
due to the complicated material system used in LiBs. First, the properties of the
electrolyte are affected by the low temperature. The ionic conductivity decreases as
the temperature drops because the viscosity of the electrolyte increases. Another
cause of performance degradation due to low temperature is the increase in charge
transfer resistance in LiBs at the graphite anode or SEI layer [3], [46].

Lithium plating is another consequence of low temperatures. The cold circumstances
cause the anodes to become polarized, and the potential of graphite and other
carbon-based anodes to approach that of lithium metal and slow the intercalation of
LiBs into the anodes during charging. This results in the accumulated lithium ions
being deposited on the electrode surfaces, reducing battery capacity. In addition,
the lithium plating gets a dendritic form, which can puncture separators and cause
an internal short-circuit [3], [46].

2.4.1.1.2 Effects of high temperature

According to Ma. et al. [46] the consequences at high temperatures are far more
complex compared to low temperatures. When LiBs are in operation, heat is gen-
erated inside the batteries. Therefore, understanding heat generation is crucial to
prevent the effects caused by high temperatures in LiBs [3], [46].

2.4.1.1.3 Thermal runaway

Heat is generated when LiBs are discharged. When the temperature of the battery
cells exceeds a certain threshold, the cells enter a condition known as thermal run-
away. Thermal runaway means that the temperature in the cell continues to rise
until it either ignites or is mechanically destroyed. Therefore, keeping the cell tem-
perature within the specified temperature range from the manufacturer is essential.
Most batteries have a venting mechanism that is designed to dissipate heat from the
cells and prevent the batteries from catching fire or exploding. Unfortunately, the
battery cannot be used after the venting mechanism has dissipated the heat and the
battery has cooled [2], [3], [34], [43].

2.4.1.2 Changes in C-rate

The LiB may degrade when the C-rate increases, as higher C-rates result in a higher
thermal gradient. A high C-rate also makes it easier to distinguish between tab and
surface cooling, when it comes to avoiding degradation [3], [6], [8], [60].

2.4.1.3 Changes in State of Charge (SoC)
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MacDonald and Trandem [8] describe that there are two types of degradation pro-
cesses caused by SoC. First, when the SOC is increased, the materials move outside
the stable voltage window, which catalyzes specific reactions, particularly with the
electrolyte. Second, when the cell operates at these states of charge, the electrodes
become either fully or partially lithiated, resulting in structural stresses [3], [8].

2.4.2 Ageing mechanisms

Ageing is a consequence of the application of LiBs at high temperatures. Ageing of
LiBs affects both performance and lifetime, and the ageing process accelerates when
the operating temperature of LiBs increases beyond the ideal range [46]. Further-
more, the ageing mechanisms strongly depend on the compositions of the electrodes
and vary for the anode and cathode [1]. Vetter et al. [61] explain that the ageing
processes of LiBs are complicated systems to understand. Since capacity fading
and performance degradation are caused by several processes and their interactions,
these processes need to be studied together. As the ageing is different for anode and

cathode and their active materials, they are discussed in two separate subchapters
[3], [61].

2.4.2.1 Ageing of carbon-based anodes

The main anode material used in LiBs is carbon, especially graphite. Therefore,
researchers have gotten a better understanding of anode ageing by using graphite
cells. The ageing effects on the graphite anode can lead to characteristic changes
in the cathode over time and usage. The calendar life of the battery is affected by
ageing effects that occur during storage, such as impedance rise and self-discharge.
Cycle life is also affected by ageing effects that occur during use, such as mechan-
ical degradation and lithium metal plating. Ageing over time can result in or be
caused by changes in the electrode and electrolyte, active materials, and composite
electrodes such as current collectors, active materials, conductive additives, binders,
porosity, etc. Ageing effects may be primarily related to electrode or electrolyte
interface changes. This will be discussed further in the text [3], [61].

2.4.2.2 Ageing of lithium metal oxide cathodes

Cathode materials significantly impact cell performance, cycling and calendar life of
LiBs. Some changes that occur at the cathode are:

e Ageing of the active material
e Interaction between the negative electrode and ageing products

e Surface film formation and oxidation of electrolyte components
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e Changes in electrode components such as binders, conducting materials and
corrosion of current collectors

These consequences depend on the electrode composition and occur due to cycling
and storage conditions. In addition, the charge capacity fading in the cathode
results from either structural changes under cycling, changes on the surface film or
chemical decomposition reactions. Figure 11 provides an overview of the causes and
consequences of cathode ageing, as mentioned in this paragraph [3], [61].
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Figure 11: An overview of ageing mechanisms which occur on the cathode. Inspired
by Vetter et al. [61].

2.4.3 Degradation mechanisms

A good understanding of how battery degradation works is important for the cost-
effective decarbonization of transportation and energy systems. Many physical and
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chemical mechanisms lead to the degradation of LiBs. These mechanisms involve
the various components of a battery, including electrodes, electrolytes, separators,
and current collectors. See Figure 12 for an illustration showing various degradation
mechanisms. This subsection covers the common degradation mechanisms in a LiB

3], [62], [63].
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Figure 12: An overview of the degradation mechanisms which occur in a Lithium-ion
battery (LiB). Adapted from Edge et al. [62].

2.4.3.1 Loss of lithium inventory

Birkl et al. [63] explain lithium-ion loss due to other reactions such as SEI layer
growth and lithium plating. When lithium ions are no longer available for cycling, it
can lead to reduced performance and a reduction in the maximum capacity that can
be extracted from the battery. In addition, loss of lithium inventory can also occur
if the lithium ions are trapped in electrically isolated particles of active material [3],
[64].

2.4.3.2 Solid Electrolyte Interphase (SEI) layer growth

As mentioned in Section 2.1.5, SEI is a passivation layer found on most negative
electrode surfaces. It forms when a liquid electrolyte comes into contact with the
electron-conducting surface of the negative electrode. This often occurs at voltages
outside the electrochemical stability window of the electrolyte. As a result, redox
reactions are irreversibly accelerated, the electrolyte decays and electrolyte losses
occur. Both lithium metal electrodes and graphite form this SEI layer. As shown
in Figure 13, this layer has been shown to contain several chemicals, including
Lithium fluoride (LiF), Lithium carbonate (Li2C'O3), Lithium methyl carbonate
(LiOCO,C Hj) and Lithium oxide (Li20) [3], [62].
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Figure 13: A schematic of Solid Electrolyte Interphase (SEI) formation. Adapted
from Heiskanen et al. [65].

LiPFg

The SEI forms within the first cycle and increases at high temperatures and currents.
In addition, the thickness of this layer increases as the battery ages, as seen in
the figure above, which can have many causes. These include diffusion of solvent
molecules across the layer, contact with new electrode surfaces due to cracking, and
products from other side reactions [3], [62].

2.4.3.3 Lithium plating

Edge et al. [62] explain that lithium plating can be caused by low temperatures,
high SoC, high (charge) current, high cell voltage, or by an electrochemically active
surface area. In the side reaction, known as ”Li plating,” the formation of lithium
metal occurs on the surface of the negative electrode instead of intercalating into
it. Figure 14 shows the formation of lithium plating on the anode. This occurs as a
result of rapid charging, where the high electrolyte potential accelerates the side re-
action relative to the main intercalation reaction, also known as kinetic plating. ”Li
plating” can also occur when the surface of the negative electrode is fully lithiated,
so that the lithium ions have nowhere else to go, also known as thermodynamic plat-
ing. Low temperatures slow the primary intercalation reaction sufficiently, making
plating happen even at a moderate charge rate. The reverse reaction, stripping, can
recover the lithium metal, as with any other electroplating procedure [3], [62].
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Figure 14: An illustration of the Lithium plating reaction. Adapted from The
Aerospace Corporation [66].

2.4.3.4 Structural changes and decomposition in electrodes

The other three degradation mechanisms mentioned in this section affect the neg-
ative electrode more than the cathode. Nevertheless, the cathode is affected during
degradation. The chemistry underlying the degradation of the positive electrode
is quite complex. Various transition metal (TM) oxide materials are used as pos-
itive electrodes in LiBs, including layered oxides such as LCO and NMC, spinels,
and polyanion oxides. The focus is on layered oxides, especially NMC-based pos-
itive electrodes, as they provide one of the highest achievable energy densities and
are among the top positive electrodes in today’s applications. NMC-based positive
electrodes differ from the others due to the different ratios of nickel, cobalt, and
manganese that are used in the different cells. Each of the abovementioned cathode
materials plays a vital role in the ageing and degradation of the positive electrode

3], [62].

2.4.3.5 Particle fracture

A particle fracture can be seen in both electrodes. It is caused by the significant
volume change of the electrode materials and the stress resulting from the electro-
chemical action. According to Edge et al. [67], local fragmentation of particles near
the separator was observed as the greater local current densities produce a higher
amount of stress. Particle fracture is complicated in active materials with a high
theoretical specific capacity, such as silicon [3].

Edge et al. [62] explain several effects of cracks in electrode particles:
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e Interrupts the electrical contact between the active particles, conductive ad-
ditives, and the current collector, ultimately leading to loss of electronic or
ionic conductivity and capacity fade.

e Particles more extensive than a specific critical size can break into many isol-
ated islands.

e Electrode pulverization occurs when tiny cracks in the electrode cause the
active material to detach from the particles. This leads to a loss of active
material and, subsequently a drop in capacity.

e Increased growth of SEI and positive Solid Electrolyte Interphase (pSEI). The
abovementioned three consequences all lead to a decrease in capacity.

2.5 Melasta SLPBB042126

In this thesis, there has been used a LCO battery which has a high energy density.
Shenzhen Melasta Battery Co Ltd manufactures this cell, and the technical specific-
ations of this cell are presented in Table 3. In addition, a comprehensive datasheet
can be found in Appendix A[68]. It is also worth mentioning that this cell serves
as the primary battery for the Norwegian University of Science and Technology
(NTNU) electric race car, known as Revolve [3].

Table 3: Cell specifications for Melasta SLPBB042126 [68].

Parameters Value Unit
Nominal Voltage 3.7 V]
Nominal Capacity 6550 [mAh]|
Internal resistance <15 [(mQ]
Charge Voltage 4.2 [V]
Charge Cut-Off Voltage 4.2 [V]
Discharge Cut-Off Voltage 3.0 [V]
Operating charge temperature 0 to 45 [°C]
Operating discharge temperature -20 to 60 [°C]
Weight 126.0 £3.0  [g]

2.6 Aims of this work

The aim of this thesis is to study the effects of changes in frequency and C-rate
during cycling in different cooling systems and how these parameters affect the
thermal properties of the LiBs. With a deeper understanding of these changes, an
intelligent TMS can be dimensioned. Therefore, cooling methods such as surface
cooling and tab cooling are investigated to study the heat rejection and lifetime
extension of LiBs [3], [7].
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3 Methodology

This chapter presents schedules and methods used to characterize the batteries and
to obtain the Cell Cooling Coefficient (CCC). In addition, this study covers thermal
conductivity measurements and Scanning Electron Microscopy (SEM) to understand
the influence of chemical and thermal properties on the CCC.

3.1 Cell characterization

Prior to the Cell Cooling Coefficient (CCC) measurements, characterization tests
were performed on the cells with an Arbin LBT battery tester. The characterization
began with discharge and charge cycles at various C-rates, followed by hybrid pulse
power characterization (HPPC). These tests were performed to evaluate the changes
in battery capacity and the internal resistance of the battery [3], [8], [11].

The following schedule shows the characterization performed on each battery:

Discharge and charge at 1C

Discharge and charge at C/20

Discharge and charge at C/4

Hybrid pulse power characterization (HPPC) at different states of charge
(SoCs)

Discharge at 1C, C/4, C/10 and C/20

An HPPC was employed to investigate the internal resistance at various states of
charge (SoCs). The voltage response of the battery, AV, determines HPPC due to
a step-current discharge pulse, Al. An example is shown in Figure 15 [3], [69].
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Figure 15: An illustration of a hybrid pulse power characterization (HPPC) test.
The upper figure shows the step-current pulse, Al, while the lower figure shows the
voltage response, AV. Adapted from Barai et al. [69].

The time step used in the HPPC test is a dependent factor when measuring the
voltage change. When applied current, the ohmic overpotentials cause the initial
voltage drop in the battery. This is referred to as R, in Figure 15. The charge
transfer resistance, which is a result of the charge transfer reaction at the electrode,
causes the voltage drop within the next few seconds, Ror. Subsequently, the voltage
drops further due to changes in the lithium surface concentration of the active
mass particles. Finally, the voltage drops even further because of the polarisation
resistance, I?,, where ionic diffusion occurs in the solid phase, and also determines
the rate of lithium-ion batteries [3], [11], [69], [70].

In this thesis, the HPPC tests conducted for the voltage measurements were per-
formed at two time intervals: 50ms and 5s. The first measurement at 50ms reflects
the influence of the ohmic resistance R,. Following, the resistance measured between
50ms and 5000ms covers the voltage drop of both charge transfer resistance and po-
larization resistance. These factors are calculated as follows [8], [11]:

AVE) . ‘/Oms - ‘/50ms
A[0 B IOms - [50ms

Rip = (14)

A‘/I _ ‘/50ms - ‘/5000ms
A]1 I5Oms - I5000ms

Ror = (15)
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3.1.1 Incremental Capacity Analysis (ICA)

Incremental Capacity Analysis (ICA) is a method used to study the ageing and de-
gradation mechanisms in an electrochemical system. The quasi-open circuit voltage
can be obtained by discharging at a low C-rate. Figure 16 shows an example of
an ICA curve of a Melasta cell at 100% state of health (SoH), where the dips in
the graph represent changes in the structure of either one or both electrodes. This
depends on the chemistry of the cell and varies for different battery cells. In order
to understand and detect if the degradation occurs in one of the electrodes or both,
a half cell of each electrode has to be made [8], [71], [72].

40— e

3.2 3.4 3.6 3.8 4 4.2
Voltage [V]

Figure 16: An Incremental Capacity Analysis (ICA) curve of the Melasta cell at
100% State of Health (SoH). Adapted from MacDonald and Trandem [8].

The dQ/dV can be calculated as follows:

Q _ Q(t+1)-Q()
vV O VE+1) = V()

(16)
Here, @ is the total charge/discharge and V' is the voltage at a time step t.

3.2 Cell Cooling Coefficient (CCC)

The Cell Cooling Coefficient (CCC) was used to determine the cooling potential
of the cells. This was achieved with two different frequencies for the charge and
discharge pulses: 0.25Hz and 1Hz and for different C-rates (3C, 3.5C, 4C and 4.5C).
As mentioned in Section 2.3.2, the CCC is a physical property for measuring different
cell surfaces and cell tabs. The different cooling methods, surface and tab cooling,
(CCCsuyrface and CCCryq), are described below, and the constant values used in
each calculation step are shown in Table 4 [3], [6], [7], [8], [73].
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Table 4: Values used for calculating the heat generation from the Cell Cooling
Coefficient (CCC) rig.

Variable Value Unit
kalumim’um 6082 180 [W/ mK ]
Asurffin 1.6 - 1074 [m2]
Atab busbar 7.2 ]-0_5 [m2]
Number of surface fins 4 -]
Number of tab fins 2 ]

3.2.1 Measuring the CCCgy f4ce

The CCCgyyface measures how much heat the cell can dissipate by cooling one of
the surface sides of the cell [7]. This coefficient is determined by first insulating the
cell in an encapsulated styrofoam, as shown in Figure 17. The insulation minimizes
heat losses during the measurements. The cell is mounted to the bottom part of the
insulation with thermal paste. The aluminum plate on top of the rig (blue plate in
Figure 18) was kept at a constant temperature using a water cooling block connected
to cold water at 25°C. The thermocouples were then glued to the rig with thermal
paste for measurement purposes, and the relative position was estimated using a
digital caliper [3], [8].

Figure 17: A picture of the CCCgyyface setup where the cell is insulated in the
bottom shell.

In addition, the ability of the cell to cool down was tested by cooling the surface
and properly insulating the cell with bubble wrap to avoid interference from the
ventilation in the room. An aluminum rig with four fins connected to thermocouples
was used to cool the cell, as shown in Figure 18. Sixteen thermocouples (type K)
were used, numbers 0 to 7 were used to measure the heat flux through the cell,
and numbers 8 to 13 were used to measure the temperature gradient across the cell.
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Number 14 was used as a control point to control the temperature of the tab, while
number 15 was used to ensure that the heat flux through a half fin matched the
heat flux through the whole fin [3], [8].

8e 9e 10e

Figure 18: Sideview of the CCCgy; face rig with thermocouples.

3.2.1.1 Calculation of CCCgy; fqce

A Matlab code written by Christian Trandem and Colin MacDonald was employed
to calculate the CCC values. As the thermal conductivity of the fins was known,
the heat flux of each fin was calculated by using Equation 17. The total heat flux
for the entire measurement was then calculated by using the following Equation 18

3], [8].

s k n 1
Qfin i = mf. ~Afin iDTfin i (17)
fin @
. 4 .
=1

Here, Q #in i Tefers to the sum of heat rejected from each fin, k¢, ; is the thermal
conductivity of the fins, Ay, ; is the cross-sectional area of each fin, x;, ; is the
distance between the thermocouples on each fin measuring the temperatures, and
ATy, i is the temperature gradient in each fin measured by the thermocouples [3],
[7].

The temperature difference on each side of the battery was calculated by using
Equation 19. Figure 18 shows the temperature measuring points.
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ATCell:< g + § + 10)_( 11 + ;2 + T13) (19)

Finally, the CCCgyrfece Was determined by dividing the surface heat flux by the
temperature difference of the cell as shown in Equation 20 [3].

Q ur
CCClsury = ﬁcf; (20)

The following schedule was used for the CCC measurement:

Constant Current Constant Voltage (CCCV) charge

Discharge to 50% state of charge (SoC), C-rate

Positive pulse, frequency, C-rate

Negative pulse, frequency, C-rate

3.2.2 Measuring the CCCryy,

In this method, the tabs are cooled at 12°C by using busbars attached to the tabs.
The end of the busbar (blue ends in Figure 19) was cooled using water cooling
blocks, and the heat transfer through the tabs was determined using thermocouples
(type K) glued to the busbars, as shown in Figure 19.

9 5
13 * *70 ec iC

Figure 19: Top view of the CCCy,;, rig with thermocouples, where the numbers with
a punctuation mark define the thermocouples under the cell.

The same schedule as for the CCCgy; foce Was used to measure CCCrqp,. However, the
difference between surface cooling and tab cooling is the component under cooling.
The whole setup is shown in Figure 20 [3].
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a) Without insulation (b) Setup ready for test run

Figure 20: Pictures of the CCCrpy; setup.

3.2.2.1 Calculation of CCCry

These equations (Equation 21, 22, 24) were used to calculate the CCC for surface
cooling and can also be used for measuring the CCC values for tab cooling. Equation
21 calculates the sum of the heat rejected from each tab, Qbusbar i, where kpyspar i 1S
the thermal conductivity of the busbars, Ap,spar i 1S the cross-sectional area of each
busbar and Zy,sper is the distance between the negative or positive busbars [3], [8].

. klmsbar 7
QBusbaT i — Abusbar iATbusbar 7 (21)

busbar i

The only difference is that Equation 22 is calculated with two components [3], [8].

2
QTab - Z QBusbar % (22)
=1

The temperature difference for the cell is defined by the negative and positive bus-
bars:

T +Ts)/2—Ts) + (T + Tis) /2 = T7)

AT‘Cell = (( 9

(23)

Finally, the CCC,,, is calculated as follows:
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QTab

CCCra = ATeey

(24)

3.3 Thermal conductivity

The thermal conductivity of the electrodes was measured using the thermal con-
ductivity rig shown in Figure 21. A detailed description of this process and the rig
can be found in the work of Burheim et al. [74]. As mentioned in Section 2.3.3,
the purpose of these measurements is to investigate the heat transport inside the
battery. This is essential to dimension and utilize cooling systems such as the CCC
rigs mentioned earlier. This experimental setup used a constant heat flux to determ-
ine the thermal conductivity. The temperature of the steel rods above and below
the sample was kept constant, and the heat flux across the samples was estimated
from thermocouple measurements along the steel rods. Following this process, the
material samples were placed between two 21 mm diameter steel rods, as shown
in Figure 21. The 35°C hot water was connected to the upper cylinder, while the
lower cylinder was connected to 10°C cold water [8], [48]. Moreover, the tip of each
cylinder in contact with the samples is covered with aluminum, as it has higher
thermal conductivity compared to steel. An isothermal region is created adjacent
to the sample [3], [48].

Hot water outlet

Hot water inlet |

Thermocouples #1

—— Insulating tube

#2

#3

v

6 sample

Thickness
gauge

Cold water inlet == ‘ ‘

. Measuring arms I:I Aluminium
. Stainless steel E Sample

Figure 21: Rig used to measure thermal conductivity. Adapted from Richter et al.
[53].

Cold water outlet

The temperature differences between points 1 and 3 and between points 6 and 8 from

31



Figure 21 were determined by using four thermocouples (type K) that were glued to
each cylinder body with thermal paste. Based on these temperature measurements,
two heat flux values were obtained: one through the upper cylinder and one through
the lower cylinder. Comparing these two values ensured that the heat flowed in
one direction. T'wo additional thermocouples were placed at points 4 and 5 on the
aluminum section to measure the temperature drop across the sample. An insulation

tube was placed around the cylinders while doing measurements to minimize heat
loss [48].

To measure the variation in sample thickness due to applied pressure, two micromet-
ers (type Mitutoyo Digimatic Indicator ID-C Series 543) were connected to the upper
part of the rig and aligned with the cylinders. The applied pressure was provided
by a pneumatic piston connected to the lower part of the rig. A regulator (type
Rexroth R434000457) was utilized to regulate and control the pressure throughout
the experiments. Thermocouples, micrometers, and the pressure regulator were con-
nected to a computer to collect and analyze data. A LabView program was utilized
to record the temperature and sample thickness data for each time and pressure
step. [48].

3.3.1 Analyzed materials

As mentioned in Section 2.5, the battery cell studied in this work is Melasta No.:
SLPBB042126 manufactured by Shenzen Melasta Battery Co. The cathode material
used in this cell is a composition of Lithium Cobalt Oxide (LCO, LiCOO,), while
the anode material is graphite. For the planned measurements, the electrodes were
taken from a battery cell at the beginning of life (BoL) after conducting the CCC
measurements. In other words, these electrodes were extracted from a fully integ-
rated battery cell that has undergone a formation cycle at the battery manufacturer.
Following this process, the cell was stored in a warehouse until the electrodes were
removed for thermal conductivity measurements. Both wet and dry electrodes were
assessed in these measurements [48].

3.3.1.1 Electrode extraction

To measure the thermal conductivity of the Melasta cell, the cell was first fully
discharged. Then, the cell was opened inside a glove box (LabMaster Pro Eco -
MRBRAUN) with an argon atmosphere. Before being removed from the glove box,
the harvested materials were cleaned with Dimethyl Carbonate (DMC) solvent. The
cathode was washed for two minutes, while the anode was washed in two steps of 10
seconds each. After the cleaning process, the materials were desiccated for 48 hours
before taking them out of the glove box [48].

3.3.1.2 Sample preparation
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To prepare the samples, a hammer and a cutting tool with a specified diameter of
21+ 0.1 were used. After the samples were cut, the thickness was estimated using a
manual micrometer to ensure accurate measurements. The thickness measurements
were taken at three different locations on each sample to ensure precision and accur-
acy. To record thickness measurements and other information such as the thickness
measurements of each electrode, the sample stacking order, the material name, and
the thermal conductivity of the steel rig [48], an Excel file was created. This file was
used to organize the data of the sample preparation and the measurements.

3.3.2 Parameters

3.3.2.1 Dry measurements

To measure the thermal conductivity for the dry samples, the electrode samples
were placed in the rig after being cut out. The pressure and time steps used in this
measurement are presented in Table 5.

Table 5: Pressure and time steps for dry measurements [4].

Pressure | 2bar | 29 bar | 3.9 bar | 48 bar | 5.8 bar | 6 bar | 2 bar
Time 15 min | 5 min 5 min 5 min S5min | 10 min | 5 min

3.3.2.2 Wet measurements

In the wet measurements, the materials were soaked in Diethyl Carbonate (DEC),
an electrolyte solvent, before measuring their thermal conductivity. The samples
were soaked for 15 minutes prior to the measurement. To prevent the solvent from
evaporating during testing, a tape was attached around the steel rods before using
the insulation. The pressure and time steps used in this measurement are presented

in Table 6 [48].

Table 6: Pressure and time steps for wet measurements [4].

Pressure | 2bar | 29 bar | 3.9 bar | 4.8 bar | 5.8 bar | 6 bar | 2 bar
Time 15 min | 5 min 5 min 5 min S5min | 5 min | 5 min

3.3.3 Calculations

The thermal conductivity and thermal resistance of the samples were calculated
using a Matlab code written by Bern K. Holkenborg. This code uses Equation 25
to estimate the heat flux across the sample.
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q T —1T3 Te —Ts
Gsample = PP y Qupper = ksteel—7 Qlower = ksteel— (25)
Qlower d1—3 d6—8

Then, the thermal resistance is calculated as follows:

T4 - T5 0 t. M. o il
= 2-Rcontact res. T - + fot
Qsample kact.M. kfoil

Rsample =

(26)

By stacking the samples in various thicknesses, as shown in Figure 22, the total
thermal resistance, Rsqmpie, and its contact resistance, Reontact resistance; Were plotted
as a function of the different component thicknesses. According to Richter et al.,
[53], the additional contact resistances such as the thermal contact resistance of
the electrodes and current collectors can be neglected due to their high thermal
conductivity. The thermal conductivity was then calculated by taking the inverse of
the slope. The material samples were stacked in three or four different thicknesses
to calculate the standard deviation [1], [3], [8], [48], [74].

Figure 22: An illustration showing how the samples are stacked to obtain the thermal
conductivity and the thermal resistance of the measured samples.

In the thermal conductivity measurement of both the anode and cathode materials,
the measurements include the current collector and the active material of the active
material on both sides of the current collector. To accurately determine the thermal
conductivity of only the active material, it is necessary to subtract the current
thickness of the current collectors from the total thickness of the electrode sample.
By plotting the total thermal resistance against the adjusted thickness, a new line
will be derived by performing a linear regression analysis on this plot [48].
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3.4 Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM) is a tool that uses a focused beam of electrons
to generate images of the surface of a sample. A detailed explanation of this method
is to be found in Section 2.3.5. SEM was employed to characterize the structure of
the sample surfaces. The apparatus used was an FEI Apreo with Energy Dispersive
X-ray (EDX) from the Nanolab at Norwegian University of Science and Technology
(NTNU). Following this process, a working distance of approximately 10mm was
used with increasing voltages between 3.00 to 5.00kV for all samples. The settings
utilized for the SEM images are presented in Table 7.

Table 7: Imaging settings used for Scanning Electron Microscope (SEM) [68].

Parameters Value Unit
Mode ETD -]

Working distance ~ 10 [mm]
Current 0.10 - 0.40 [nA]
Voltage 3.00 - 5.00 [kV]

The anode and cathode materials were extracted from the same cell used for the
other measurements. Specifically, a Melasta cell at BoL. from the CCC measure-
ments. Samples utilized in this tool were from the middle of the stack. To ensure
that all contaminants were removed, the material was cleaned using DMC and then
dried for 2 hours prior to the SEM, allowing full evaporation of DMC. The samples
were prepared to fit in the SEM and during the analysis, the SEM chamber was
filled with air so the samples were not exposed to the ambient atmosphere.
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4 Results and Discussion

This chapter presents the results obtained from the experiments and provides a dis-
cussion of these findings. This includes cell characterization, Cell Cooling Coeffi-
cient (CCC) measurements, thermal conductivity measurements, and Scanning Elec-
tron Microscope (SEM) images.

4.1 Cell characterization

As mentioned in Section 3.1, the purpose of the characterization is to determine
changes in the internal resistance and the battery capacity. Figure 23 shows the
characterization test done for the battery in the surface cooling rig. A similar test
was also done for the battery in the tab cooling rig. These characterization tests
included different current rates, as presented in the schedule provided in Section 3.1.
The plot from the surface cooling rig clearly indicates the normal operation of the
battery. This aligns with the results from a similar test done by Christian Foyn in

his master thesis [11].

Current [A]

Voltage V]

4

8
100

Figure 23: Plot of the voltage and current during the characterization test. The
battery is charged and discharged at 1C, C/20 and C/4 followed by a hybrid pulse
power characterization (HPPC) test.

From the characterization of the battery, the Incremental Capacity Analysis (ICA)
curve was obtained as shown in Figure 24. This curve was plotted using Equation
16 and cycles with C/20. The plot of the dQ/dV curve is similar to the plot of the
ICA curve by Trandem and MacDonald shown in Section 3.1.1. It confirms that the
cell is at 100% state of health (SoH) [8] and functions properly with no indications
of unrealistic electrochemical behavior, capacity fade or degradation of the battery.
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Figure 24: Incremental Capacity Analysis (ICA) plot of the Melasta cell at 100%
State of Health (SoH).

4.2 Cell Cooling Coefficient (CCC)

As explained in Section 3.2, the Cell Cooling Coefficients (CCCs) were characterized
for different frequencies and C-rates to investigate the heat generation within the
cells and to determine how the cooling potential changes with increasing frequency.
In the following figures, the blue areas represent the current pulses, while the rest
periods are not highlighted. This pulse rate was held constant for 3.6 hours to
assure stable temperature measurements. Both measurements were performed with
a one-hour interval rest period between each CCC characterization test.

4.2.1 CCCsyrface

Figure 25 shows the surface cooling measurements at 0.25Hz for four different C-
rates (3C, 3.5C, 4C and 4.5C) studied in this work. During the rest periods, the
temperature across the cell reaches zero and the CCC approaches infinity, which
can be confirmed by Equation 20. Therefore, data points where 67 is less than 1°C
and where the CCC values are unrealistic or considered noise are excluded from
the analysis. The figure indicates that the CCC reaches its most stable state when
the current is at its highest, at 4.5C. This correlates with the results of Spitthoff et
al. [4], who did a comparable CCC characterization test. The study explains that
this is due to a larger denominator in Equation 10. In addition, the CCCgyr fqce
value of approximately 0.8W /K corresponds with the values reported in the work
of Spitthoff et al. [4].
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Figure 25: Plots of CCCgyyfece measurements done for the Melasta cell at 100%
State of Health (SoH) for different C-rates at 0.25Hz, where a) 3C, b) 3.5C, c) 4C
and d) 4.5C. The line graph in the highlighted blue area represents the current pulses
at a given frequency.
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Figure 26 shows the surface cooling measurements at 1Hz for four different C-rates
(3C, 3.5C, 4C and 4.5C), which was also studied in this work. The CCCgyyface
value, in this case, is approximately 0.8 W /K. This is similar to the value as for the
measurement at 0.25Hz.
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Figure 26: Plots of CCCgyyface measurements done for the Melasta cell at 100%
State of Health (SoH) for different C-rates at 1Hz, where a) 3C, b) 3.5C, ¢) 4C and
d) 4.5C. The line graph in the highlighted blue area represents the current pulses at
a given frequency.

When comparing the CCC values for both scenarios, the frequency is changed. Even
though there is a slight increase in heat generation, it does not necessarily affect all
surface cooling systems. The change in frequency in the range of 0.25Hz to 1Hz
does not seem to affect the cooling system, which means that the frequency change
does not result in an increase in the cooling potential. It is also worth mentioning
that the correlation between the frequency and CCCgy, fqce varies for different cell
specifications and is dependent on the cell design and the cooling system.
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4.2.2 CCCrqpy

After several measurements in an attempt to obtain stable temperatures, the presen-
ted data of the CCCry, are the most reliable. Figures 27 and 28 show the cooling
potential of the tabs at frequencies of 0.25Hz and 1Hz. These plots show fluctu-
ations in the temperature measurements, confirming the inconsistent and unstable
temperature readings. Throughout the experimental setup and data collection, the
measurements were affected by the overly sensitive thermocouples. As a result, the
measured temperatures fluctuated in the range between 17°C and 3100°C, which is
considered unrealistic and unpredictable. This explains the high CCCry;, values for
all the measurements. However, the plots for the frequency of 1Hz indicate more
peaks, which is due to a combination of faster current pulses that make it harder
for the CCCrpyp to reach a steady state.
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Figure 27: Plots of CCCr,, measurements done for the Melasta cell at 100% State
of Health (SoH) for different C-rates at 0.25Hz, where a) 3C, b) 3.5C, ¢) 4C and d)
4.5C. The red solid line in the highlighted blue area represents the current pulses at
a given frequency.
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Figure 28: Plots of CCCypy, measurements done for the Melasta cell at 100% State
of Health (SoH) for different C-rates at 1Hz, where a) 3C, b) 3.5C, ¢) 4C and d)
4.5C. The red solid line in the highlighted blue area represents the current pulses at
a given frequency.

Given the problems with thermocouples, it is necessary to look critically at the
results of these graphs. The unstable temperature measurements and heat losses
through other pathways certainly affect the accuracy and reliability of the cooling
system discussed.

4.2.3 Heat generation

As discussed in Section 2.3.1, heat is generated due to electrochemical reactions,
side reactions, irreversible processes and changes in the internal resistance. Figure
29 shows the heat generation for the CCCgyy face for 0.25Hz and 1Hz. In this case,
increasing the frequency for the current pulses from 0.25Hz to 1Hz does not appear
to have a significant impact on heat generation.
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Figure 29: Heat generation for the CCCgy foce at a) 0.25Hz and b) 1Hz.

4.2.4 Independence of C-rate

Trandem and MacDonald [8] concluded in their thesis that the C-rate has no sig-
nificant impact on the CCC. This relationship is also confirmed in this thesis, as
presented in Figure 27 and 26. The plots clearly indicate that increasing the C-rate
does not lead to any remarkable changes.
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4.3 Visual inspection of the battery cell

As mentioned in Section 3.3, a Melasta cell was opened after the CCC measurements
to extract electrodes for Scanning Electron Microscope (SEM) images and thermal
conductivity measurements. Detailed information such as the number of layers and
thickness of the components was obtained from this procedure. The first and last
layer was coated with an anode electrode material. This cell had 42 anode layers and
41 cathode layers. The uneven amount of electrodes was due to the current collectors
that had electrode material on both sides and the reason for the extra anode is that
graphite is lighter than Lithium Cobalt Oxide (LCO). Figure 30 shows the process
of separating the electrode layers from each other.

Figure 31: Anode material (graphite) from the Melasta cell with Copper (Cu) cur-
rent collector.

43



Figure 32: Cathode material (Lithium Cobalt Oxide, LCO) from the Melasta cell
with Aluminum (Al) current collector.

The Melasta cell had a separator, which was folded around the battery and secured
with tape. It was Z-folded around the electrodes, so that the separator was one
continuous sheet wrapped between the electrode layers. Figures 31 and 32 show
the active materials of the anode and cathode layers. There were no observed
changes in the structures of the active material. Furthermore, there were no signs of
lithium plating, Solid Electrolyte Interphase (SEI) layer formation, or other ageing
or degradation mechanism mentioned in Section 2.4. This process of opening the
cell confirms that the Melasta cell operated normally during the CCC measurements
and was in good condition without any significant changes affecting its performance.

4.4 Thermal conductivity

The thermal conductivity measurements of the battery were conducted following the
experimental setup described in Section 3.3, and the presented data were obtained
by using the formulas and the Matlab code in Section 3.3.3. The purpose of these
measurements was to gain insight into the heat transport inside the cell as explained
in Section 2.3.3. In Table 8, the collected data from the measurements are presented.
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Table 8: Thermal conductivity of the measured material from the Melasta cell.
The errors presented are the double standard deviation resulting from the linear

regression.

P [bar] Kjue [W/mK]  Kgi, [W/mK] K, [W/mK] Kol [W/mK]

2.0 0.5256 £ 0.15 0.6494 £ 0.35 1.4712 £ 0.08 1.1518 £ 0.04
2.9 0.5649 £ 0.15 0.6863 £ 0.38 1.6381 + 0.08 1.2023 £ 0.07
3.9 0.6119 £ 0.14 0.7241 £ 0.37 1.7431 £ 0.05 1.2574 £ 0.18
4.8 0.6549 £ 0.13 0.7533 £ 0.38 1.8570 + 0.07 1.2911 £ 0.23
5.8 0.6883 £ 0.12 0.7727 £ 0.36 1.8683 = 0.09 1.3658 + 0.33
6.0 0.7152 £ 0.13 0.7965 £ 0.38 1.9114 £ 0.24 1.3310 £ 0.16

The measured thermal conductivity of the dry anode from the Melasta cell showed
an increase of 36% from 0.5256W/mK to 0.7152W/mK when the applied pressure
increased from 2 bar to 6 bar. Similarly, there was an increase in the dry cathode at a
lower rate. The thermal conductivity of the cathode rose by 23% from 0.6494W /mK
to 0.7965W /mK with the same applied pressure.

For the wet measurements, the soaked samples showed a noticeably higher thermal
conductivity. The thermal conductivity measured for the wet anode showed a signi-
ficant increase of 30% from 1.4712W/mK to 1.9114W/mK when the applied pres-
sure increased from 2 bar to 6 bar. Correspondingly, the thermal conductivity of the
wet cathode showed an increase at a relatively low rate. The thermal conductivity
measured for the wet cathode of the Melasta cell showed an increase of 16% from
1.1518W/mK to 1.3310W/mK for the same pressure steps.

The values obtained correspond with the reported range of values by Spitthoff et
al. [4]. However, it is essential to note that there was a systematic error of 5%
because of the experimental setup and calibration process. The reason for this
significant observation of increased thermal conductivity between the dry and the
wet electrodes is due to the electrolyte. As illustrated in Figure 33, this observation
points out the impact of electrolyte.
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Figure 33: Thermal conductivity of electrode material from the Melasta cell at
beginning of life (BoL).

Similar measurements are done by Spitthoff et al. who explain that the electrolyte
improves the thermal conductivity, because it fills the voids in the pore structure.
According to their findings, this enables heat transmission, even though the thermal
conductivity of the electrolyte is low (between 0.45 and 0.6 W/mK) [4]. These
results confirm that the electrolyte plays an important role in increasing the overall
thermal conductivity of the battery.
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4.5 Scanning Electron Microscope (SEM)

SEM images presented in this section were taken using the setup described in Section
3.4 to capture high-resolution images of the battery cell used in the CCC, and
thermal conductivity measurements. The purpose of these images was to ensure
that the cell operated normally and to investigate any potential structural changes
which can influence the heat transfer and the cooling efficiency.

In the figure presented, the left side includes three images of the LCO cathode with
different magnifications. These illustrate the microstructure and surface features of
the cathode layer. It is clear to see that the active mass is not a single mass but
includes countless electrode particles. On the right side of the figure, three images of
the graphite are presented. These images indicate the structure and surface features
of the material which is used as the anode in the Melasta cell. It is clear to see a
layered structure with graphite flakes. Similar SEM images of the anode have been
taken by Siburian et al. who confirm that graphite has wide and thick particles [75].
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Figure 34: Scanning Electron Microscope (SEM) images of the graphite anode (b,
d, f) and Lithium Cobalt Oxide (LCO) cathode (a, ¢, e) at beginning of life (BoL)
from the Melasta cell with different magnifications.

When studying the images, there are no indications of lithium plating, SEI layer
formation or other ageing or degradation mechanisms mentioned in Section 2.4. This
confirms that the cell is a Lithium-ion battery (LiB) at beginning of life (BoL). In
addition, these images provide a deeper understanding of the thermal properties
in the battery. The images allow one to see the structural differences such as the
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surface roughness, particle shape and sizes and other features which can affect the
electrochemical reactions in the battery. Each particle of both electrodes contributes
to the electrochemical activities and the overall performance of the battery.
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5 Conclusion

This work assessed the cooling potential in Lithium-ion batteries (LiBs), which is
critical as the temperature is an important factor in expanding the lifespan of the
batteries. To solve this problem, a proper cooling system and an optimized design
of the thermal management system (TMS) are required. By maintaining the heat
generated in the battery during cycling, the cooling systems benefit the battery
by regulating the temperature within a safe range, preventing overheating and in
extreme cases fire or explosions. In the context of this, the thermal conductivity of
electrodes from the Melasta cell at the beginning of life (BoL), Scanning Electron
Microscope (SEM) images, and the overall Cell Cooling Coefficient (CCC) were
measured for different frequencies.

When looking at the CCC method, the data revealed that there were no increase
in CCCgyrface Values when the frequency range increased from 0.25Hz to 1Hz. The
CCC value was approximately 0.8W /K for both cases. The cooling potential of the
system remained unchanged for the studied frequency range. There were no definit-
ive conclusions made for the CCCr,, measurements due to inconsistent temperature
readings from the experimental setup.

For the thermal conductivity measurements, the data gave detailed insight into the
heat transport inside the battery. This indicated observable changes in thermal
conductivity for both dry and wet electrodes at different applied pressures. The
measurements performed on the Melasta cell highlighted the influence of electrolyte,
showing an increase in thermal conductivity for the anode and cathode materials.

The SEM images confirmed that the cell functioned properly during the CCC meas-
urements and contributed to the investigation of the thermal properties and elec-
trochemical activities. There were no indications of lithium plating, SEI layer form-
ation, and other ageing or degradation mechanisms typically affecting the battery
performance.

In conclusion, the CCC measurements, thermal conductivity measurements, and
SEM images gave important information about the functioning of the Melasta cell,
heat transfer, and overall performance. However, it is proved that the CCC rigs are
not properly functioning, which limits the accuracy and reliability of the obtained
CCC data. Further improvements and investigation on the CCC rigs are needed to
achieve accurate information on the cooling capability of LiBs.

20



6 Further work

The cooling potentials and thermal properties discussed in this thesis are limited
due to restrictions of the surface cooling and tab cooling rigs. Additionally, the
software used only allowed a few data points. Therefore, some improvements are
required. A more in-depth study of the cooling potential with more data points
and frequencies outside the studied range might be interesting for more accurate
estimates and analysis.

Another interesting parameter to investigate is the impact of the cooling temperat-
ure on the heat generation. The temperature plays an essential role in the thermal
properties and behavior of the system under various circumstances. This investiga-
tion will give valuable insight into which electrochemical processes and heat sources
that dominate at high temperatures. This knowledge will help to optimize the cool-
ing systems and build better thermal management systems (TMSs).

In addition, a State of Charge (SoC) study to explore how different SoC values
influence heat generation will be beneficial. This research will give in-depth inform-
ation about dominating heat generation processes within the cells and find thermal
management requirements needed to develop efficient cooling systems.

If the same method is to be used in the future, a development of the rig is required. A
lot of time was spent troubleshooting the rigs with the thermocouples. Optimization
of the surface and tab cooling rigs by redesigning the entire setup could benefit
further research as well as considering the use of different temperature sensors and
insulation materials.
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Appendix

A Melasta SLPBB042126

Data sheet of the Melasta Cell with cell specifications.
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Lithium Polymer (Li-Po) Battery
SLPBB042126 (3.7V, 6550mAh 15C)
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meLasTta’®

SGS
e MSDS

® UNB38.3
e CE
® FCC

Features of Lithium—Polymer Battery

® Longer Cycle Life: Offers up to 20 times longer cycle life and five
times longer float/calendar life than lead acid battery, helping to
minimize replacement cost and reduce total cost of ownership.

Lighter Weight: About 40% of the weight of a comparable lead
acid battery. A 'drop in' replacement for lead acid batteries.

Higher Power: Delivers twice power of lead acid battery, even
high discharge rate, while maintaining high energy capacity.

@ Wider Temperature Range: -20 C~60 C.-

Superior Safety: Lithium Polymer chemistry eliminatesthe risk
of explosion or combustion due to high impact, overcharging or
short circuit situation.

Increased Flexibility: Modular design enables deployment with
several batteries both in series and in parallel.
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Electrical

Nominal Voltage 3.7v
Nominal Capacity 6550mAh
Energy 24.235Wh
Internal Resistance £1.5mQ

Cycle Life

>100 cycles @Charge:0.5C,Discharge:15C 80%DOD

Characteristics
Months Self Discharge

<3%

Efficiency of Charge 100% @0.5C
Efficiency of Discharge 96~99% @1.0C
Charge Voltage 4.2V

Charge Mode

0.2C to 4.2V, then 4.2V,charge current to 0.02CsA (CC/CV)

Standard Charge Charger Current

1.31A

Max. Charge Current 2.0CsA
Charge Cut-off Voltage 4.21+0.03V -
Continuous Current 1.31A
Standard Discharge Max.Discharge Current 15CsA
Discharge Cut-off Voltage 3.0v

Charge Temperature

0°C to 45C @60%25% Relative Humidity

Discharge Temperature

-20Cto 60°C @60+25% Relative Humidity

Environmental
Storage Temperature

0°C to 40°C @60%25% Relative Humidity

Water Dust Resistance

/

Dimensions (mm.)

L127.0£0.5*W42.01+0.58*T10.2+-0.3mm

Mechanical Distance between 2 tabs

21E1mm

Weight (g.)

Approx:126.0+3.0g
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Melasta Battery Co.,Ltd

Sales Office:Hesheng Industrial Zone, Dalang, Factory Address: Zhongxingbao Industrial Zone,Qinghuan Road ,
BaoAn District,Shenzhen,518109,China . Qingxi District,Dongguan,518109,China .

Tel:+86-755-83693563 Http://www.melasta.com

Fax:+86-755-28120114 E-mail:sales@melasta.com
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