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Abstract

Heat generation and cell internal temperature have a large impact on Lithium-ion battery (LIB)
cell performance and ageing mechanisms. Therefore, the battery thermal management system
plays a critical role in mitigating all these effects during the battery life cycle. Understanding
the thermal conductivities of the battery components and the factors that affect these values will
help predict the temperature inside the cell, further improve the thermal management system.

This thesis reports the thermal conductivity of an FS3006-25 separator and commercial elec-
trodes from two LIB cells. One cell utilizing LCO as the cathode and graphite as the anode, the
other cell utilizing an NMC cathode and graphite anode. The materials are measured at different
compaction pressure steps. In addition, the effect of the electrolyte solvent, cell assembly and
thermal interface resistance between the cell layers were investigated. Finally, the effect of these
factors on the heat transport inside the battery was determined using a simple one-dimensional
thermal model simulating the temperature distribution inside the battery.

The thermal conductivity of the separator ranged from 0.116 to 0.124 Wk~'m~! for an ap-
plied pressure from 2.7 to 11.6 bar. NMC cathode thermal conductivity ranged from 0.35 to
0.38 Wk~'m~! while the LCO cathode ranged from 0.51 to 0.65 Wk™'m~!. In the case of
anodes, the thermal conductivity ranged from 0.427 to 0.597 Wk~!m~!. Adding the electrolyte
solvent increased the thermal conductivity of the measured materials by a factor of 2 to 4.

In addition, the thermal models showed that adding the electrolyte to the cell layers decreases
the centre temperature by 0.8 K for the NMC cell (30 A/m? charging current density), while
the LCO cell (13.1 A/m? charging current density) centre temperature decreased by 0.08 K.
Furthermore, electrodes at beginning of life (BOL) thermal conductivity are measured and com-
pared to fresh electrodes. The BOL NMC cathode measurement showed around 35 % lower
thermal conductivity values compering to the fresh cathode.

Finally, the thermal interface resistance between the LIB cell layers is measured. Results showed
a thermal contact resistance of 4.3 E-5 Km?w~" for the LCO cathode and 2.1 E-5 Km2w™!
for the NMC cathode. Anode thermal contact resistance to the separator is measured at about
6.5 E-5 Km?w~!. Adding the electrolyte solvent decreased the thermal contact resistance by a
factor of about 2 for the cathodes and about 7 for the anode.

ii



Summary (Norwegian)

Varmeproduksjon og batteriets indre temperatur har stor innvirkning pa ytelse og aldring av
litium-ion batteri (LIB). Derfor spiller batteriets termiske styringssystem en avgjgrende rolle
for & redusere disse effektene i lopet av batteriets levetid. A forsta de termiske ledningsevnene
til batterikomponentene og de faktorene som pavirker disse evnene, vil bidra til mer ngyaktig
temperaturforutsigelse inne i cellen og vil bidra til & forbedre strategiene for termisk styring i
disse batterier.

Denne oppgaven rapporterer termisk ledningsevne til en FS3006-25 separator og kommersielle
elektroder fra to LIB-celler. En celle som bruker LCO som katode og grafittanode, den andre
cellen bruker en NMC katode og grafittanode. Materialene har malt under forskjellige trinn av
komprimeringstrykk. I tillegg ble effekten av elektrolyttlgsningsmidlet, celle aldring og termisk
grensesnittmotstand mellom cellelagene undersgkt. Til slutt ble effekten av disse faktorene pa
den termiske varmetransporten inne i batteriet bestemt ved hjelp av en enkel endimensjonal
termisk modell som simulerte temperaturfordelingen inne i batteriet.

Separatorens varmeledningsevne varierte fra 0.116 til 0.124 Wk~ m ™! for et pafert trykk fra 2,7
til 11,6 bar. NMC-katodens varmeledningsevne varierte fra 0,35 til 0,38 Wk~ 'm~! mens LCO-
katoden varierte fra 0,51 til 0,65 Wk~ m~!. Nar det gjelder anoder, varierte varmeledningsevnen
fra 0,427 til 0,597 Wk~'m~!. Tilsetning av elektrolyttlgsningsmidlet gkte materialers varmeled-
ningsevne med en faktor pa 2, 3 og 4.

De termiske modellene viste at tilsetning av elektrolyttlgsningsmidlet tilLIB-cellelagene senker
temperaturen i senteren av batteriet med 0,8 K for den NMC cellen (30 A/m? current density),
mens den LCO (13,1 A/m? current density) temperaturen i senteren av batteriet redusert med
0,08 K. Videre, elektroder fra batteriet ved (beginning of life BOL) varmeledningsevne har malet
og sammenlignet med friske elektroder (aldri veert i batteri for). BOL NMC katode maling viste
rundt 35 % lavere varmeledningsevneverdier enn friske katoden

Til slutt, den termisk kontaktmotstand mellom LIB-cellelagene ble malet. Resultatene viste
en termiske kontaktmotstand pa 4,3 E-5 Km2w™! for LCO-katoden og 2,1 E-5Km?w~" for
NMC-katoden. Anodenes termisk kontaktmotstand mot separatoren har malet pa omtrent 6.5
E-5 Km?w™!. Tilsetning av elektrolyttlgsningsmidlet reduserte termisk kontaktmotstand med
en faktor pa ca. 2 for katodene og ca. 7 for anodene.
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1 Introduction

This section explains the background and introduces the problem statement for the thesis. Fur-
ther, it describes the motivation, scope and outline of this thesis.

1.1 Background

Due to its durability, high specific energy (140 to 200 Wh/kg) |1], and the ability to operate at
reasonably high power, Lithium ion batteries (LIB) are currently the most used battery technol-
ogy for portable devices, including cell phones, laptop computers and power tools [2]. Recently,
LIB has been chosen by the automotive sector as power packs for electric and hybrid vehicles.
As larger battery cells have become cheaper, LIB have been introduced to larger scale electric
and hybrid electric vehicles, like electric buses, trucks and ships [3].

In addition to the automotive sector, LIB batteries gradually enter the stationary service imple-
menting uncontrollable renewable energy technology such as wind and solar energy. That makes
the demand for LIB and production of these batteries increase expeditiously [2].

1.2 Motivation

The massive demand for batteries by the automotive market and all other applications motivates
researchers worldwide to improve the current LIB and its operating conditions. Increasing cell
capacity, power density, and charging rate lead to large amounts of heat generation inside the
cell. Heat generation and cell internal temperature have a large impact on cell performance and
ageing mechanisms [4]. Therefore battery thermal management system plays a critical role in
mitigating all these effects during the battery life cycle |5]. Accurate prediction of temperature
values inside the battery will help to improve the thermal management system. The thermal
conductivities of the battery components are key parameters for this temperature prediction
and distribution inside the battery [6].

Thermal conductivity and the internal temperature distribution for several LIB materials re-
ported in the literature e.g. [6H10]. Using an in-situ measurement setup(Rig), the thermal
conductivity measured for all the cell components; from these values, the battery thermal con-
ductivity has been calculated. In the literature, when the through-plane thermal conductivity
of a full battery was calculated from the thermal conductivity of the single layers, the thermal
interface resistance has been neglected, assuming that will not affect the thermal conductivity
values [7]. Developing a method to measure this resistance inside the LIB cells and investigating
its affect on the thermal conductivity and the temperature distribution inside the battery will

answer if that is fair or not.

Furthermore, applying different compaction pressures on the samples during the measurements
will give an understanding of how the pressure affects the cell components thermal conductiv-
ity. Moreover, measuring the cell layers dry and soaked in electrolyte solvent determines the
electrolyte impact on thermal conductivity. Finally, comparing the thermal conductivity values
at two different phases of ageing will give an understanding how the battery’s ageing will affect
the thermal behaviour inside the battery.



1.3 Scope of this thesis

In this thesis, the thermal conductivities of electrodes of two different LIB were measured. One
cell (Melasta cell) utilizing LCO as the cathode and graphite as the anode, the other cell (Cus-
tom cell) utilizing a NMC cathode and graphite anode. The materials were measured at different
conditions simulating the conditions inside the battery. The thermal conductivity measured at
pressure steps in a range of 2.7 to 11.6 bar. Further, the impact of the electrolyte on the thermal
conductivity will be investigated by measuring the material dry and soaked in electrolyte sol-
vent for both cells. Moreover, the thermal conductivity at two different phases av ageing for the
Custom cell layers measured and compared. The thermal interface resistance between the cell
layers is calculated and its effect on the effective thermal conductivity on the cell is estimated.
Finally, temperature profiles are estimated for different material conditions and pressure steps
using a 1 D, steady-state thermal-model.

1.4 Thesis Outline

Section [1] introduces the problem statement and the motivation and aim of this thesis.
Section [2| describe principles and working concept for LIB. It presents common battery ma-
terials and LIB thermal properties. Further, a brief description of thermal models and heat
generation inside the battery is added to this section.

Section [3|provides a description of the measurement rig working principle and all the equations
used during the calculation of the thermal conductivity. This section ends with detailed descrip-
tion of the method used to determine the thermal interface resistance between the LIB cell layers.

Section 4| presents and discusses all the measured and calculated results.

Section [5| provides a conclusion for the results and recommendation for further research.



2 Theory

This Section describes the working concept of LIB and introduces common used materials for
cathode, anode and separator. Further, the thermal properties of LIB were described. This
section ends with a brief description of battery thermal models and the heat sources inside the
battery.

2.1 Lithium ion battery

2.1.1 Physical construction

LIB is built up as group of unit cells, each single unit cell has three layers anode, cathode, and
separator. The anode and cathode’s active material are coated into a foil of copper for the anode
and aluminum for the cathode, the foil acts as a current collector here. The positive and the
negative tabs are taken out from the current collectors, the anode as the negative electrode and
the cathode as the positive. For larger practical battery, the current collector usually has active
material on both sides..

Figure 2.1: (A) Assembly principal for a cylindrical LIB. (B) Assembly principal for for a pouch

LIB .

Two common ways of assembling the cell layers in a LIB are shown in figure 2.1} The first way
is to stack layers as flat sheets, as showing in section (B), which gives a pouch cell battery. The
second way is to form two long rectangular sheets of each electrode and the separator and roll
them up, as showing in section (A), which gives a cylinder-formed battery .

2.1.2 Working principles

The working principle behind LIB is a recurring transmission of lithium-ions (LiT) between the
cathode and the anode. During charging, an electric field from an external circuit (charging



source) enforces LiT™ ions to be transferred from the positive electrode (cathode) through the
electrolyte into the negative electrode (anode). See the red arrows on the right-hand figure
At the same time, through the external circuit, the electrons flow from the positive electrode
and into the negative electrode. Back, the Li-ions and electrons flow from the negative electrode
to the positive electrode during discharge . This flow drives a current through an external
circuit performing work . The left-hand figure shows the discharge process.

Discharge Charge
ELECTROLYTE ELECTROLYTE
SEPARATOR ANODE () SEPARATOR ANODE ()
oo T omone e
ALUMINIUM CURRENT ALUMINIUM CURRENT

COLLECTOR COLLECTOR

LITHIUM ION LITHIUM ION

ELECTRON OXIDES

Figure 2.2: The working mechanism in LIB during charging and discharging .

During the first charge of the LIB, the organic electrolyte undergoes reduction at the anode.
That forms a passive layer called solid electrolyte interphase (SEI). This layer mostly prevents
the further reduction of the electrolyte by blocking the electrons to pass through it while allow-
ing the pass of lithium ions during cycling .

2.2 Common battery materials

2.2.1 Cathode and Anode

LIB cathode has three classes of material categorized by structure: layered compounds, spinel
compounds, and olivine compounds. Sony in the early 1990s, developed the first layered ox-
ide cathode material known as Lithium cobalt oxide LiCoO2 (LCO). Other common layered
oxide cathodes are lithium iron phosphate (LFP), nickel-cobalt-aluminum (NCA) and nickel-
manganese-cobalt (NMC) [15].

Typically the anode material is based on a form of carbon particles (e.g., graphite and hard
carbon), which known for their stability, high specific capacity and less costly . New anode
material is utilizing silicon or titania, but they are not widely used today .



2.2.2 Separator and Electrolyte

The separator is often made of porous organic, polymeric or fiber glass material. Typically the
thickness of a separator layer is around 20 pum . The separator layer hinders the contact between
the cathode and the cathode active material and interrupts electric current short-circuiting |11].

The electrolyte generally contains a mix of organic solvents, salts and additives. The salts
are the passage for Li-ions to move and a lithium-ions source inside the battery, common used
salt is lithium hexafluorophosphate (LiPFg) [16]. The solvents are used to dissolve the salts.
Common electrolyte are ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbon-
ate (DEC) and propylene carbonate (PC).[2]

2.3 Thermal conductivity

2.3.1 Fourier’s law

Materials have different capabilities to conduct heat; some materials like metals can conduct
heat more efficiently than others (e.g wood). That depends on the physical structure of matter,
atomic and molecular. The thermal conductivity K of a material is a physical property that refers
to the rate at which heat is conducted. Thermal conductivity measure in Wk~'m~!. Higher
conductivity means a high ability to transfer heat. Materials with low thermal conductivity are
known as thermal insulators and often used to insulate houses because they reduce heat transfer
[17].

Thermal conductivity for solid materials can
be defined by Fourier’s law. Figure [2.3] shows
how the heat conducts inside a material from
high temperature 77 to lower temperature in
the x-direction. For an area A from the ma- - AT=T,-T,

A, T,
terial, Fourier’s law describes the amount of :

heat energy transported per time unit, as ; I =
. . . gy—» I
shown in equation Where A is the area \

of the surface measured in [m?], §T is temper-
ature difference over distance dx measured in

Kelvin, ¢, is the amount heat conducted, and ’< . ax =
K is the thermal conductivity. The negative
sign shows that heat moves from higher tem- Figure 2.3: Heat conduction rate inside materi-
perature regions to lower temperature regions als [18).

[g].

§T
Iz = —kAg (2.1)



The heat flux ¢”, can be calculated by dividing the conduction rate q by the area A. Equation
[2.2] shows the heat flux in x-direction.

5T
L e 2.9
q o (2.2)

From equation the thermal conductivity of a material with flux ¢” in x direction can be
calculated. This is shown in equation K is measured in (Wk~tm™=1) [18].
!
qdz
k=—Fr—c 2.3
(6T /ox) (23)

2.3.2 Constant heat flux

Experimentally determination of thermal conductivity following Fourier’s law requires knowing
or measuring the three variables T, §z and ¢”,. from equation[2.3] §T and ¢”, are determined by
conduct one-dimensional heat flux through a sample and measure the temperature drop across
it. Moreover, the thickness changes dx can be measured using micrometres. With this, the
thermal conductivity can be calculated. This method is called the constant heat flux method
[19].

2.4 Thermal models

Thermal model are designed to determine the temperature distribution inside the battery by
mathematically simulating its thermal behaviour. Usually, a thermal model simulates the tem-
perature distribution over a series of charge and discharge C-rate.

There are two main thermal models categories. The first category connects the thermal model
to the electrical model based on an equivalent circuit or an electrochemical model. In the second
category, the thermal model is based on solving the energy balance and heat generation in the
battery [20].

A non-uniform temperature distribution leads to inhomogeneous and accelerated degradation.
As the temperature inside a battery cell is difficult to measure, the temperature is often mea-
sured on or near the cell tabs. However, the accuracy of predicting the cell temperature with
those quantities is limited. Therefore a thermal model of the battery is used in order to calcu-
late and estimate the cell temperature. Thermal conductivity values from all cell components
determine how the heat will be transferred inside the battery. Thermal model input parameters
describe the different conditions and geometries for the battery [6].



2.4.1 Internal heat production

LIB convert chemical energy into electrical work with high efficiencies of about 85-90%.[21].
But even with this high efficiency, there are energy losses in form of heat. There are three main
sources for heat production in LIB related to the electrochemical cell: Ohmic heating Qonmic,
Tafel heating Qoverpotentiat and battery reaction entropic heat Qeptroppic. All of these sources
depend on the current density [8].

qcell = Qohmic T Qoverpotential + Qentroppic (24)

e Ohmic heat is generated between the electrode surface. The ohmic heat can be calculated
from 7,42, where ,, is the ohmic resistance and j is the current density.[22]

e The second source is related to the reduction in the cell potential. This source calculates
from nj. where 7 is the overpotential [23].

e The third heat source is generated from the change of entropy for the cell reaction. This
heat source is reversible. It acts as a heat sink during charging and as a heat source during
discharge. This heat source can be calculated from T‘TAS j. F is Faraday constant, j is

current density,AS is entropy change, and T is the temperature [24].

Equation gives the total heat generation for LIB from these three sources during charging
and equation during discharging.

T.AS

Gen = =17 + Tw-j2 +1nj (2.5)

T.AS . )
Qaisch = —— 57— + Tw-j2 + nj (2.6)

2.4.2 1-Dimensional modeling of the internal temperature profile

This section introduces a simple thermal model based on the 1 D stationary solution of the
energy balance, including the heat generated inside the battery and the heat transfer to the
ambient. The model is described by Spitthoff et al. |4]. Equation gives the 1D stationary
energy balance, where 07 is the internal temperature gradient, K, is the thermal conductivity
in through-plane direction, and Q is the volumetric heat production.
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The effective thermal conductivity in through-plane direction is calculated by normalising the
thermal conductivities of the electrodes and separator by their thickness d;, where dyq is the
entire thickness of the battery. See equation [2.8

doa
kg = —2tal (2.8)

d.
i

The volumetric heat production @,y for n numbers of unit cells is calculated for one half of a full
battery using equation Where g.ell is the heat generation inside the cell (see equation?2.4. 1))
and n is the number of the cells inside the battery.

(2.9)

The temperature in the center of the battery is assumed to be the maximum temperature
inside the battery. For simplification, the temperature of one half of the cell is modelled, and
the center of the battery is set at x = 0. The boundary conditions are stated in Where
Tums is the ambient temperature, T4, is the maximum temperature in the battery cell center
and h is the heat transfer coefficient describes the external heat transfer. The distance from the
cell centre (x=0) to the battery cell surface is dyotar/2-

dr

d7|a::0 = O,T(.%' - dtotal/Q) = g + Tamb (210)
T

h



3 Method

The method section presents the methodology and the parameter used in this project in order to
produce valuable and correct results.

3.1 Measuring the thermal conductivity

The thermal conductivities have been measured using the thermal conductivity measurement
apparatus (Rig) shown in the figure A full description of the methodology and the apparatus
described in details by Burheim et al. . This apparatus uses a constant heat flux method
(described in section to determine thermal conductivity.

The material sample is placed between two cylinders at the center of the apparatus. The
cylinders are made from steel with a 21 mm diameter. The upper cylinder is attached to heat-
ing water at 35°C, and the lower cylinder to cooling water at 10°C. The tip of each cylinder
which it is in contact with the sample, is covered with a thin aluminum section. The reason for
choosing aluminum is the relatively high thermal conductivity compared to steel conductivity.
This creates an isothermal region adjacent to the sample .

Hot water inlet Hot water outlet

Thermocouples—#1

——Insulating tube
#2

# 3

#4

-~ Thickness -
" gauge s : sample

0000

—[}Oﬂ(l—

#7

#8

Cold water inlet Cold water outlet

. Measuring arms Aluminium

. Stainless steel Sample

Figure 3.1: The thermal conductivity meter apparatus. The numbers 1-8 indicate the placement

of the thermocouples [7].

Four thermocouples (type k) are connected to the body of each cylinder. The thermocouples
measure the temperature drop from 1 to 3 and from 6 to 8 on the cylinder’s body, as seen in
figure [3.1] By using these temperatures, two heat flux values can be calculated. One through
the upper cylinder and the other through the lower cylinder. Comparing these two values will



ensure that the heat is flowing in one direction. A tube of isolation is added around the cylinders
to reduce the heat loss. Two extra thermocouples are connected to the aluminum section at 4
and 5 to measure the temperature drop across the sample [19].

Two micrometers (type Mitutoyo Digimatic Indicator ID-C Series 543) are attached to the
apparatus’s upper part on both sides of the cylinders. These micrometers measure the changing
of sample thickness as a function of the applied pressure. A pneumatic piston is attached to
the lower part of the apparatus to apply the commanded pressure. The pressure controlled by
using pressure regulator (type Rexroth R434000457) [19)].

Thermometers, micrometers, and pressures controller are connected to a computer. A Lab-
View program was used to record temperature and sample thickness for all applied pressure
steps. The user interface from the program showing in figure [3.2

B mainvi -
File Edit View Project Operate Tools Window Help
R @N
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Release pressure —
Measurement log folder
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Experiment counter C:\Users\Riggen\Documents\Omar\20212202_F$3006_soaked = o
Wait for stable q
heat flux Current pressure [bar]
1 5 270
Array of pressure targets Time target  Flapsed time
CALIBRATION MEASUREMENT A AT A
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Figure 3.2: The user interface from the LabView program [7].

LabView recording measured values every second to a TDMS file, which was used for calcu-
lation. The left section on figure [3.2] shows the values measured from the thermocouples and
micrometres. The right section of the interface contains the pressure window where the inputs
form for the applied pressure and time steps are written. The current pressure is shown on the
upright corner. The middle section shows the file directory and the test type.

The measurement is done starting with calibration without the sample; then the sample tested
for three or four different thicknesses; the measurement ends with a calibration as well.
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3.2 Measured materials

The first battery cell investigated in this study is the Melasta No.: SLPBB042126 from Shen-
zhen Melasta Battery Co. The cathode materials for this cell is based on LiCoO2. Manufacturer
technical data sheet with specifications for the cell added to appendix The Melasta cell is
the battery used in the NTNU electric race car Revolve [25]. The other cell called Custom cell
utilizing a NMC cathode and graphite anode. The separator that used in this study is FS3006-25
from Viledon manufacturer.

In order to reach the aim of this project, samples from both Custom and Melasta cells mea-
sured at different conditions. The fresh materials were received from the manufacturer directly.
The electrodes that are refered to as BOL electrodes were extracted from a battery cell at the
beginning of life phase. This means the electrodes have been assembled to a full battery cell,
undergone formation cycling at the battery producer and been stored before the electrodes have
been extracted for thermal conductivity measurements. An overview of the conditions of the
measured materials is added in table B.1]

Tabell 3.1: Measured material conditions.

Material Fresh BOL

Dry Wetted Dry Wetted
Fs3006-25 X X
CC Aanode X X X
CC Cathode X X X
ML Anode X X
ML Cathode X X

CC = Custom Cell

ML = Melasta Cell

3.2.1 Extracting electrodes from battery cell

As a part of this project a new Custom cell was opened to extract electrodes for the thermal
conductivity measurement. The Melasta cell was opened earlier by Christian Trandem as part
of his master project work |26]. The opening of the battery cell was done after fully discharging
the battery. The cell was opened inside a glove box with argon atmosphere. The cell was intro-
duced to the glove box through a antechamber. The used glove box is the LabMaster Pro Eco
glovebox (MBRAUN).

The extracted materials were cleaned before taking them out of the glove box to measure the
thermal conductivity. The cathode active material and the active anode material were washed
using Dimethyl Carbonate solvent for two minutes for the cathode and 20 seconds (two 10 sec-
onds steps ) for the anode. The materials were dried inside the glove box for 24 hours before
taking them out of the box.
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3.2.2 Preparing of samples

Samples were cut off using a hammer and cutting tool with a diameter of 21 £ 0.1 mm. Then
the thickness of each sample measured using a manual micrometre. For more accurate results,
the thickness was measured at three different places to obtain an average thickness value. An
Excel file has been created in the Lab-View folder for every new measured material. The Excel
file contains thickness measurements, the order of sample stacking, the name of the material,
and thermal conductivity for the rig steel.

3.3 Measurement settings

3.3.1 For dry measurements

In order to measure the thermal conductivity of anode and cathode samples, two current col-
lectors foil samples with the same diameter were added between the electrode sample and the
rig cylinder thermal contact between the apparatus and the sample. The applied pressure and
time steps for dry measurements presented in table

Tabell 3.2: Pressure and time steps for dry measurements.

Pressure‘ 2.7 bar ‘ 4.6 bar ‘ 6.9 bar ‘ 9.2 bar ‘ 11.5 bar ‘ 11.6 bar‘ 2.7 bar

Time \ 15 min \ 10 min \ 10 min \ 10 min \ 10 min \ 10 min \ 10 min

3.3.2 For wet measurements

For the wet measurement, the materials were soaked in electrolyte solvent before the measure-
ment. The used solvent is Diethyl Carbonate (DEC). The samples were soaked for 30 minutes
prior to the measurement. To avoid evaporation of the solvent from the sample during testing, a
piece of tape was added around the sample before putting the isolation on. The applied pressure
and time steps for wet measurements are presented in table

Tabell 3.3: Pressure and time steps for wet measurements.

Pressure | 2.7bar | 46bar | 6.9bar | 92bar | 11.5bar | 11.6 bar | 2.7 bar

Time \ 10min\ 5 min \ 5 min \ 5 min \ 5 min \ 5 min \ 5 min
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3.4 Calculations
3.4.1 Thermal conductivity

A Matlab code written by Bern K. Holkenborg is used to calculate the thermal resistance and
thermal conductivity of the samples from the measured temperatures and thickness values. The
code is based on equations described in detail by Richter et al. [7]. The calculation starts by
determining the heat flux over the sample using the equation [3.1

Qupper Tl - T3 T6 - TS

(]loj’ Qupper = kst@elT_:aa Qlower = ksteelm (3'1)

dsample =

Qupper: The heat flux between points 1 and 3 (see figure .

Ty and T3: The measured temperatures at points 1 and 3 on the upper part of the cylinder.

Glower: The heat flux between points 6 and 8.

Ts and Tg: The measured temperatures at points 6 and 8 on the lower part of the cylinder.

ksteer: The thermal conductivity for the rig stainless steel.

The thermal resistance of the sample is determined from the equation Where T — T5 is the
temperature drop over the sample and gsgmpie is the heat flux over the sample.
T, —T;

Rsample = (32)
dsample

The thermal resistance measured this way includes a thermal contact resistance between the
sample and the measurement rig Rg;g—Sample, see figure To be able to differentiate between
the thermal resistance of the sample and the thermal contact resistance between rig and sample,
several samples from the same materials with different thicknesses have to be measured. Different
sample thicknesses are obtained by stacking several samples.

The total measured thermal resistance can be seen in the equation@ Where Rpig—sample is the
thermal contact resistance between the sample and the measurement rig, Rggmpie is the thermal
resistance of the sample and R.. the thermal resistance of the current collector. The thermal
resistance of the current collector is negligible because its relatively high thermal conductivity [7].

Rtotal = 2Iﬁ‘%@'g—Sample + RSample + Ree (33)

By plotting this sum of thermal contact resistance and the thermal resistance of the sample and
taking a linear regression over this plot, the thermal conductivity of the sample can be obtained
as the inverse slope number of this line [7].
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Figure 3.3: Total thermal resistance for measured samples.

In the case of anode and cathode, the measured thermal conductivity will be the electrode
thermal conductivity, which means the conductivity for the current collector and the active ma-
terial of the anode or cathode on both sides of the current collector.

The thermal conductivity of only the active material can be calculated by subtracting the current
collector thickness from the total electrode sample thickness before plotting the total thermal
resistance against the thickness. Then, taking a linear regression over this plot. The inverse
slope number of this new line will be the thermal conductivity of just the anode or cathode
active material.

3.4.2 Thermal model parameters

After measuring the thermal conductivity of all cell components, the simple thermal model
described in section [2.4]is used to simulate the temperature distribution inside the battery. The
entropy change AS of the electrode reaction, the specific ohmic resistance and the geometry
parameters are presented in table

Tabell 3.4: Input parameter for the thermal model.

Parameter LCO NMC
Number of single cells 24 24
Ambient temperature 290 K 290 K

Current density 13.1 A/m? 35 A/m?
Cathode thickness 90 pm 192pum
Anode thickness 104pm 204pm
Separator thickness 25 pm 25 pm
Current collector thickness 20 pm 20 pm
Entropy change 36 J/molK|[27] 12 J/molK|27]
Ohmic resistance 0.033 Ohm m?[28] 0.002 Ohm m?[29]
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3.5 Measuring thermal interface resistance

This section will describe in details a method to estimate the thermal interface resistance between
the different cell layer (e.g. anode - separator, cathode - separator).

Thermal interface resistance

Usually, the cell component’s thermal conductivity is measured for each layer separately. These
values are then used to simulate a thermal model predicting the temperature distribution inside
the battery . But when the thermal conductivity for the whole battery is calculated, the
thermal contact resistance between the cell layers is often neglected.

The thermal contact resistance between the separator and the electrode will be included in
the total sample resistance by replacing the measured sample from one material ((e.g. anode
separator cathode) with a sack of two separators and one electrode(e.g. anode - separator, cath-
ode - separator). Further, comparing the measured total resistance from the stacked samples to
the ones measured separately will determine the thermal contact resistance. Figure [3.4] shows
how the samples are stacked for three tests.

Separator

Electrode

Separator Separator

Electrode Electrode
Separator Separator Separator
Electrode Electrode Electrode

Separator Separator Separator

Stack 1 Stack 2 Stack 3

Figure 3.4: Sample stacking for the thermal contact resistance measurement.

In order to compare the values from this measurement to the one that done for the materi-
als separately, the stacked samples measured dry and wet using the same time and pressure
steps presented in section for the dry and in section [3.3.2] for the wet measurements.

The new measured total sample resistance for the stacked samples will be as figure shows
for first stack, two times the thermal contact resistance between the separator and the rig
Rseparator—Rig, two times the thermal resistance of the separator Rgeparator, the thermal resis-
tance of the electrode material Rgjcctrode and two times the thermal contact resistance between
the separator and the electrode Rgeparator—Electrode Which is the wanted thermal contact resis-
tance. Equation [3.4] shows the stacked sample total thermal resistance Ryotq-
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Rig

R_(Rig-separator)

R_(Electrode-separator) Separator
R_(Electrode-separator) Electrode

R_(Rig-separator) Separator

Rig

Figure 3.5: Total thermal resistance for measured samples.

RTotal =2x RSeparator—Rig + 2 RSeparator + RElectrode + 2% RElectrode—separator (3'4)

From equation @ replacing the Rgjecctrode and Rseparator With the thermal resistance from the
measurement that done for each layer separately gives equation [3.5] with just one unknown led
REiectrode—separator Which will be the wanted thermal contact resistance between the separator
and the electrode.

RElectrodefseparator = (RTotal — 2% RSeparator—Rig — 2% RSepa’/‘ator - RElectrode)/2 (35)

Impact on thermal conductivity

In order to study the impact of thermal contact resistance on the thermal conductivity and the
thermal behaviour of the cell, equation [2.8 used to calculate the through-plane thermal conduc-
tivity for a cell with two separators and one electrode (anode or cathode). By comparing the
calculated values to the values from stacking measurement, the difference between these two
conductivity values will be the impact from the contact thermal resistance.
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4 Results and Discussion

The following chapter presents and discusses the results for thermal conductivity measurements
and analyses on both Custom and Melasta cells. Further, the simulated 1 D temperature distri-
butions of both cell are presented. In addition, the results from comparing the fresh and beginning
of life (BOL) material is reported. The results chapter ends with a section presenting the results
from thermal interface resistance measurements.

4.1 Extracting electrodes from battery cell

A new Custom cell battery was opened to extract electrodes for thermal conductivity measure-
ments and obtain more detailed information of the cell construction for modelling (e.g. number
of layers, thickness). The battery was opened by following the procedure described in section
[3:277] Figure[4.I]shows the opening stages inside the glovebox. Figure [£.1a]shows the introduced
battery after taping the tabs to avoid external short-circuiting during the opening process. The
opening started by cutting the case cover at the edge of the cell, see figure[{.Ib|and [£.1c This was
done carefully to avoid cutting thru the cell layers, causing an electric current short-circuiting.

(d) The cell without the case (e) The first anode layer (f) Separating the cell layers

Figure 4.1: Opening the pouch NMC Cell inside the glove box

Figure [£.1d] shows the cell after removing the case cover. The separator was folded around
the entire battery cell and secured with tape. The last and first layer was coated with anode
electrode material on both sides. On one side of the cell, the separator was taped to the first
anode layer as shown in figure The separator was Z-folded around the electrodes. Finally,
figure shows the process of separating cell electrode layers from each other.
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After removing a few anode layers, changes in the active material structure have been noticed.
Figure shows how the active material became brittle and fragile near the tabs. Some layers
were affected more than others. Figure shows how the active material for some layers stuck

to the separator after removing the anode.

(a) The cell inside the glove box (b) Cutting the Sealed edge

Figure 4.2: Custom cell anode layers inside the battery.

(a) Anode layer (b) Cathode layer

Figure 4.3: Custom cell anode and cathode layers.

Figure [£.3b] shows a cathode layer compared to an anode layer in figure [£.3a] The cathode
layers seems to be not affected compared to the anodes. Before taking the cell materials outside
the glove box for the thermal conductivity measurement, the materials were cleaned inside the
glovebox by following the procedure described in section [3.2.1
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4.2 Thermal conductivity

The thermal conductivity measurements of the battery materials were done using the measure-
ment setup described in section Samples from separator, anode and cathode were peppered
following procedure described in section Time and applied pressure steps for dry mea-
surements are presented in section for dry measurements and in section [3.3.2] for wet
measurements. The data collected from the measurement rig and send into the Matlab code
described in section to calculate the thermal conductivity.

4.2.1 Separator

Starting with calculating the thermal resistance for the separator using the method described
in section figure [4.4] shows the thermal resistance as a function of the sample thickness
when the applied pressure is increased from 2.7 bar to 11.6 bar. The thermal resistance plotted
in this figure is the sum of separator thermal resistance and thermal contact resistance between
the measurement rig and the separator samples.
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Figure 4.4: Thermal resistance for dry separator as a function of applied pressure.

The plot shows how the thermal resistance from the first stack (sample with thickness of 25
pm) decreases from 5.6 + 0.7 E-04 Km?w™! at 2.7 bar to 4.6 + 0.5 E-04 Km?w~! at 11.6
bar compaction pressure. On the fourth test (samples with thickness 95 pum), the effect of the

applied pressure can be seen clearly; the thickness decreases from 96.3 pm at 2.7 bar to 93.5 um
at 11.6 bar.

Furthermore, the thermal conductivity of the separator was calculated. The thermal conductiv-
ity increased from 0.113 Wk~'m~! at 2.7 bar applied pressure to 0.132 Wk~'m~! at 11.6 bar.
A figure shows the effect of applied pressure on the separator conductivity is added to section

431
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4.2.2 Anode layers

Table presented the measured effective thermal conductivities for dry anode layers from both
Custom and Melasta cells when the compaction pressure was increased in the range of 2.7 to
11.6 bar. The thermal conductivity values were measured for the total electrode (the current
collector and the coated active materials on both side of the current collector). The thermal
conductivities for the anode active material are presented as well. The measurements for both
cells have been conducted by using the same applied pressure and time steps.

Tabell 4.1: Measured thermal conductivity for dry anode layers. Wk=tm~!,

P [bar] Kggelectrode(fresh) Kgga.m(fresh) Kﬁ/[flélectrode(BOL) Kﬁ/[fz/z‘m(BOL)
2.7 0.427 + 0.008 0.398 + 0.008 0.6 + 0.2 0.56 £ 0.18
4.6 0.478 + 0.006 0.445 + 0.006 0.8+ 0.3 0.7+ 0.2
6.9 0.526 + 0.017 0.489 + 0.016 0.9+ 0.3 0.8 = 0.3
9.2 0.56 £ 0.02 0.52 £ 0.02 0.94+04 0.8 £0.3
11.5 0.595 £ 0.019 0.553 £ 0.019 1.0£04 09 £0.3
11.6 0.597 + 0.018 0.554 4+ 0.017 1.1£04 09 £0.3

ML = Melasta Cell
CC = Custom Cell
A-a.m = Anode active material

BOL =Beginning of life

The Custom cell anode measurement showed low standard deviation of 1 - 3 % of the measured
thermal conductivities values, while the Melasta anode measurement shows a larger error of 32-
38 %. The large standard deviation in the conductivity values for the Melasta cell is due to
the total thermal resistance values that were not entirely linear. A figure showing the thermal
resistance of the Melasta anode as a function of the sample thickness is added to the appendix[A]
in figure There are other factors that can affect the measured thermal conductivity values
and the thermal resistance; some will be described and discussed later on in section

The Custom cell anode thermal conductivities increases by 40% from 0.427 Wk~ m~! to 0.597
Wk='m~! when the compaction pressure increased from 2.7 bar to 11.6 bar. A more rough
structure could explain the dependence of the thermal conductivity on pressure. The Melasta
cell anode measurement showed higher dependency on the applied compaction pressure where
the measured thermal conductivity increases nearly 83% from 0.60 Wk~!m~! at low pressure
to 1.05 Wk~'m™~! at the highest applied pressure.

Calculation of the thermal conductivity of the active material is done as described in section
The results from the Custom cell anode active material measurement show that the ther-
mal conductivities of the active material is lower than the electrode conductivities by around
0.03 Wk™tm™1.
Wk=tm=1.

In the case of Melasta anode, the calculated values are lower by around 0.1
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4.2.3 Cathode layers

The cathode active material for the Custom cell called NMC622(Nickel Manganese Cobalt).
While the Maleasta cell cathode is based on LiCoO2(Lithium Cobalt Oxyde). Table |4.2| presents
the measured thermal conductivities for the two dry cathode electrodes. The results showed an
increase in the thermal conductivity values for the NMC cathode (electrode) by around 9 %for
a range of applied compaction pressure of 2.7 - 11.6 bar, while the LCO cathode (electrode)
conductivities increased by 27 %.

Tabell 4.2: Measured thermal conductivity for dry cathode layers. Wk~tm=1.

P {bar] Kggelectrode(fresh) Kgga.m(fresh) Kg—[/electrode(BOL) Kéy/I—La.m(BOL)
2.7 0.35 £ 0.05 0.32 £ 0.04 0.51 £ 0.06 0.41 £ 0.05
4.6 0.36 £ 0.04 0.32 £ 0.03 0.54 £ 0.07 0.44 £ 0.06
6.9 0.37 £ 0.03 0.33 £ 0.03 0.58 £ 0.11 0.47 £ 0.09
9.2 0.37 £ 0.03 0.34 =+ 0.03 0.62 + 0.13 0.50 £ 0.11
11.5 0.37 £ 0.03 0.34 + 0.03 0.64 £ 0.12 0.52 £ 0.10
11.6 0.38 + 0.03 0.34 + 0.03 0.65 + 0.14 0.52 + 0.11

CC = Custom Cell
ML = Melasta Cell
C-a.m = Cathode active material

BOL =Beginning of life

Thermal conductivities of cathode active materials are measured for both Custom and Melasta
cells. see table The measured thermal conductivity for cathode active material reported
in the range of 0.32 - 0.554 Wk~'m ™! for the MNC cathode and 0.41 - 0.52 Wk~'m ™! for the
LCO cathode.

When comparing the cathode layers thermal conductivity measurements to the anode layers, re-
sults showed a higher dependency on the compaction pressure then for the anode conductivities.
The Custom Cell cathode thermal conductivity increased by 8 %, while the anode conductivity
increased by 40 %. The thermal conductivity of the Melasta cell cathode layer increased by 21
%, while the anode conductivity increased by 83%.

The total thermal resistance from the dry measurements for both cell added to the appendix [A]

in table [A1l
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4.3 Electrolyte impact

In order to understand the impact of the electrolyte on the thermal conductivity of the LIB
materials, all materials were measured soaked in the electrolyte solvent as well. Overview over
which materials measured at which condition added in section [3.21

4.3.1 Wet measurements

Thermal conductivity for solvent soaked samples from separator, anodes and cathodes were
measured following the procedure described in section [3.3.2l Time and applied pressure steps
for wet measurements are presented in table [3.3

Separator

The thermal conductivity wet measurements start with measuring the separator conductivity.
The first measurement for electrolyte solvent soaked separator done using the same time steeps
used for dry measurement. Figure[4.5shows the first separator thermal conductivity as a function
of applied pressure (red). The results were not as expected, where the thermal conductivity
started decreasing after the third pressure step and continued to drop until it reached 0.216
WEk='m~! at 11.6 bar, which is close to the dry separator conductivity (plotted in figure in
blue colour). An evaporation of the electrolyte solvent from the samples during the measurement
explains the decrease in thermal conductivity. The large measurement errors for the pressure
steps in the middle are due to the difference in the measured thicknesses of the samples between
fully wet at the start and dry at the last steps.

Thermal conductivity for FS3006-25 Separator

n M Dry
B Wet first test

— e — _é _______ # ————————— l ————————— l ————————— T M Wet second test

Thermal conductivity [W m-1 K-1]
o
S

0.2 4
_———— --— — — — — - - — — I _________ —— - — - — —
0 T T T T T )
| 3 5 7 9 11 13
-0.2 -

Pressure [bar]

Figure 4.5: Thermal conductivity for FS3006-25 separator.
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The decrease of conductivity started after the third pressure step, which means the sample
started drying after around 30 minutes from the start of the measurement. For the second
measurements, time steps were reduced to half of the dry measurement time. Table shows
the used time steps at all applied pressure steps.

The second measurement for the separator shows more accuracy and stable results for the ther-
mal conductivity, as seen in figure (in green). Table show the measured thermal conduc-
tivity values for dry and electrolyte solvent wet separator at all applied pressure steps. Thermal
conductivity for the wetted separator from second measurement starts at 0.29 Wk='m~! for 2.7
bar and increase to 0.32 Wk~'m~! for 11.6 bar.

Tabell 4.3: Thermal conductivity for the separator dry and wet measurements Wk=tm=!.

P[bar] K& ator Kbl o K2 o,
2.7 0.106 £ 0.008 0.30 = 0.03 0.29 £+ 0.02
4.6 0.112 4+ 0.008 0.34 £+ 0.03 0.30 £+ 0.03
6.9 0.116 £+ 0.012 0.5 +04 0.30 £ 0.02
9.2 0.123 £+ 0.011 04 + 0.5 0.30 £+ 0.03
11.5 0.123 £+ 0.009 0.3 0.2 0.31 £+ 0.03
11.6 0.124 4+ 0.012 0.22 + 0.06 0.32 £+ 0.06

Separator thermal conductivity increased by factor of 3, from 0.11 Wk~'m ™! at 2.7 bar to 0.29
Wk='m™! by adding the electrolyte solvent to the samples. See figure Richter et al.|7]
reported the thermal conductivity for the same separator in Table 2 for both dry and wet mea-
surements. Reported values increased with around the same factors when soaking the sample
in electrolyte solvent. The reported values could not be directly compared to those measured in
this study because of the different pressure steps and electrolyte solvent used in the experiment.

Adding the electrolyte solvent to the samples decreased the thermal resistance for the wet-

ted separator to be around 33 % of the dry separator thermal resistance. The measured thermal
resistance for the dry and wetted separator samples added to appendix [A] in table
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Anode and Cathode layers

All the electrodes that used for this part of the study are at the beginning of life. Table
present the thermal conductivity for wetted anode and cathode from both Custom and Melasta
cells. The thermal conductivity values presented in this section are for the whole electrode (the
current collector and the active material coated on both side). The samples soaked entirely
in the Diethyl carbonate electrolyte solvent for about 30 minutes before the test. The used
compaction pressure steps are the same as the dry measurements.

Tabell 4.4: Thermal conductivity for anode and cathode wet measurement.

P[bar] Kgr?;de(BOL) Kgacthode(BOL) K%@I;de(BOL) Kg’a%hode(BOL)
2.7 1.6 £0.9 0.87 £+ 0.03 1.3 +£1.2 1.3 £0.2
4.6 1.7+ 0.9 0.88 + 0.03 1.6 £1.6 1.3 £0.3
6.9 1.8 £0.9 0.87 £+ 0.02 2+2 1.4 + 0.3
9.2 1.9+09 0.87 £ 0.02 2+3 1.6 £0.3
11.5 1.9 £ 0.8 0.88 + 0.03 3+3 1.6 £0.3
11.6 2.0+ 0.9 0.89 + 0.04 3+3 1.6 £0.3

CC = Custom Cell
ML = Melasta Cell

BOL =Beginning of life

Starting with the Custom cell layers, the wetted cathode measurement showed low dependency
on the compaction pressure, where the thermal conductivity increased with 2 % from 0.87 to
0.89 Wk='m~!. While the wetted anode thermal conductivity reported in the range of 1.6 -
2.0 Wk~'m~! giving an increase of around 2 %. In the case of Melasta cell, the dependency on
the compaction pressure was higher, where the increase reached 100 % for the anode samples
thermal conductivity and around 24 % for the cathode.

When comparing the values from the dry measurements presented in section to the re-
sults presented in table the electrolyte effect on the thermal conductivity can be determined.
Soaked samples showed a significantly higher thermal conductivity. Comparing these values
show at the thermal conductivity of the Custom cell graphite anode has the highest dependency
on electrolyte solvent soaking, where the effect was a factor of about 4. In comparison, the
effect on the Melasta cell anode was a factor of about 2. The cathode thermal conductivity
increased by about 3 for the Melasta cell and about 2 for the Custom cell. A difference in the
structure (particle size or porosity) of these two anodes could explain the electrolyte dependency

differences.

Soaked anode samples results showed a higher standard deviation than for the cathode samples.
The chemistry difference between the anode and the cathode active material could be an expla-
nation for that. Another factor could be that the used anode is extracted from a battery cell at
BOL phase, more discussion about this presented in section
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Richter et al. reported the thermal conductivity for similar material at 2.3 bar compaction
pressure; the paper reported in table 2 thermal conductivity of 1.51 + 0.12 Wk~ 'm™! for a
wetted LCO cathode from manufacture called Hohsen. The Melasta LCO cathode showed lower
conductivity at 1.3 + 0.2 Wk~!'m~!. In table 5 the paper reported 1.09 £+ 0.10 Wk~!m~! for a
wetted NMC cathode from XALT manufacture. The NMC cathode from the Custom cell showed
1.6 £ 0.9 Wk~'m~! at 2.7 bar. The difference in applied pressure could be an explanation of
the difference on the thermal conductivities between the literature and this study.

The thermal conductivities for the cathode from both cells are plotted as a function of the
applied pressure in figure [£.6l The standard deviations are included in the plot. The figure
shows that the LCO cathode has higher thermal conductivity than the NMC cathode from the
Custom cell for both dry and soaked samples measurements.
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Figure 4.6: Thermal conductivity for NMC and LCO cathodes (dry and wet) as a function of
applied pressure.

Using the anode thermal conductivity values presented in table for dry measurements and
in table [£.4] for wet measurements a figure showing the thermal conductivity for the anode mea-
surement from both cells added to the appendix [A]in figure [A.2]
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4.3.2 Thermal models

The simple 1D thermal model described in section [2.4.2] is used to simulate both cells internal
temperature distribution. The model input parameters presented in section [3.4.2] In the model,
the thermal conductivity values from dry measurements used at 2.7 bar for all cell layers. Fur-
thermore, In order to understand the electrolyte impact on the thermal conductivity and the
temperature distribution inside the cell, another model simulated using the thermal conductivity
values from the wetted samples measurements at the same pressure (i.e., 2.7 bar). The simulated
models plotted in figure for the Custom cell and figure [£.7D] for the Melasta cell.
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(a) Custom cell charging.

(b) Melasta cell charging.

Figure 4.7: 1D temperature profile for Custom and Melasta cell during charging.

The temperature at the centre of the dry Custom cell battery during charging calculated to be
291.7 K for the dry battery and 290.9 K for the wet battery. The surface temperature calculated
to be 290.5 k. Results showed a temperature difference of about 1.2 K from the centre to the
surface of the dry and about 0.4 for the wet battery. Adding the electrolyte solvent to the
battery layers decreased the centre temperature by about 0.8 K.

In the case of the Melasta cell, the temperature difference between the centre and the sur-
face calculated to be about 0,8 K for the dry battery and 0.06 K for the wetted. The impact of

electrolyte solvent on the Melasta battery centre temperature determined to be 0.08 K.

A thermal model simulate both cells internal temperature distribution during discharging added

to appendix [A] in figure
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4.4 Aging impact

In the following, the impact of Custom cell battery ageing on the cell electrodes thermal con-
ductivity are investigated.

The Custom cell electrode layers used for this measurement were at two different life phase.
Fresh anode and cathode layers received directly from the manufacturer, which means that the
material has never been in a battery cell. The other electrode materials are from the same batch,
but they were assembled into a cell and underwent some formation and storage, that means at
the cell has not cycled or used. Still, some charging and discharging tests have been done by
the manufacturer on the battery cell to do a cell quality check.

Due to the available amount of fresh materials in the lab, this study is done only on the dry
materials (i.e. Fresh dry and BOL dry). For more specific results, thermal conductivity values
from just anode active material and cathode active material are used in this study.

Material extraction, cleaning and samples preparing for the measurements are described in detail
in section Fresh anode active material and cathode active material thermal conductivity are
presented in table for the anode and table for the cathode. Thermal conductivity values
for the BOL electrodes are attached to the appendix [A] on table The thermal conductivity
from both cathodes measurements are plotted in figure [4.8
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Figure 4.8: Thermal conductivity for cathode dry fresh vs dry BOL as a function of applied
pressure.
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The results showed higher thermal conductivity for the fresh cathode active material. At low
pressure the extracted cathode showed decrease in the thermal conductivity by 32 % Form 0.47
Wk=tm=1 for the fresh to 0.32 Wk~'m™! for the BOL cathode. At high pressure thermal
conductivity decreased by 37 % from 0.54 Wk™'m~"! to 0.34 Wk~Im~1.

The thermal conductivity of fresh and BOL anodes plotted as a function of applied pressure in

figure
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Figure 4.9: Thermal conductivity for Anode dry fresh vs dry BOL as a function of applied
pressure.

Unlike the cathode measurement, the anode measurements showed lower thermal conductivity
for the extracted samples at 2.7 bar pressure, but the conductivities increased significantly for
higher pressure steps. The compaction pressure increased the thermal conductivity with 41 %
for the fresh anode and 208 % for the BOL anode. The standard deviations of the measured
thermal conductivity values for the extracted material were very high.

The expansion in the structure of the extracted cathode’s active materials could explain the
decrease of the BOL cathode thermal conductivities. Sauerteig et al. at [30] explained how the
charging and discharging processes leads to expansion and contraction of the active materials
of the LIB electrodes. Since the BOL cell has been cycled at least once during the testing, a
sustained expansion of the cathode active material could affect the cathode capability to conduct
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heat. It also has been noticed a change in the thickness of the samples when they are measured
manually before the conductivity measurement; the BOL cathode sample thickness was about
197 pm where the fresh ones were about 192 um.

The electrolyte effect on the cathode active material (described in section could be an-
other factor that caused this difference in the thermal conductivity values. Since the cathode
layers were soaked in the electrolyte solvent inside the battery cell then were dried when the
cell was opened, then wetted and dried for a second time when the materials cleaned before
measuring the thermal conductivity, the possibility of leftover solvent in some of the tiny pores
in the active material structure could affect the conductivity abilities of the active materials.

The results from the extracted anode thermal conductivity measurements showed a large er-
ror and large difference in pressure dependency compared to the fresh material. The brittle
structure of the extracted materials may have led to these large errors in the conductivity
measurements, where the extracted materials thicknesses effected by the compaction pressure.
A description of the extracted materials structure when the cell was opened added to section |4.1

Another critical factor that may affect the results of the anode measurements is the status
of the measured samples. The extracted anode layer active material was fragile; The samples
cutting removed a part of the active material at the edge of the sample. Figure show the
samples from extracted anodes on the right-hand side compared to the samples from the fresh
material on the left-hand side. Compared to the active material, especially at high pressure, the
high conductivity of the current collector might have resulted in very uneven heat flow over the
sample.

Figure 4.10: Anode samples fresh vs extracted.
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4.5 Thermal interface resistance

In the following, the thermal interface resistance between the cell layer is measured. Its effect
on the thermal conductivity and the thermal behaviour of the cell is determined. A complete
description of the used method and equations was presented in section [3.5]of the method chapter.

4.5.1 Stacked samples measurements

The first stacked measurement is done on the Melasta cell (anode - separator) samples. The
samples stacked in order (anode - separator - anode ), then one separator and one anode added
on the second stack and two to the third stack. Then a thin layer from the current collector
added where the stacked samples are in contact with the measurement rig. Stacking the samples
on one line between the rig cylinders was challenging, especially at the last test (stuck 3) where
the number of the stacked samples were 9 ( 4 anodes, 3 separators and 2 current collectors).
After this measurement, the samples stacked in the order showed in figure [3.4] starting and
ending with separator samples, that helped reduce the two current collector layers.

The thermal conductivity values for the staking of (anode - separator) and (cathode - sepa-
rator) measurements presented in table at 2.7 bar pressure. The table present the measured
thermal conductivities for the stacked samples at all pressure steps are added to appendix [B|in

table B11

Tabell 4.5: Thermal conductivity and thermal resistance for Melasta layers stacked at 2.7 bar.

Layer KML Wi=tm=1 R%ﬁl Km?w=!
MLEY 0.32 + 0.03 (1.08 £ 0.12)E-03
MLEy 0.82 + 0.05 (0.4 + 0.4)E-03
MLYY 0.35 + 0.13 (1.4 + 1.8)E-03
M L% 1.1+ 0.8 (0.4 + 0.3)E-03
cedy, 0.387 + 0.016 (1.5 + 0.2)E-03
ceyYy 0.4 + 0.1 (0.61 £ 0.07)E-03

S_C = Separator - Cathode

S_-A = Separator - Anode

The materials used in this measurement were extracted from the battery cell at BOL. The
anode-separator from the Custom cell showed higher thermal conductivity than the fresh anode
measured individually, which means this stacking measurement could not be used in determining
the thermal interface resistance. The effect in the BOL anode structure could be an explanation
for the higher thermal conductivity (see section .

The total thermal resistance values for the stacked samples are reported in table at 2.7

bar. The results were as expected showed higher total thermal resistance for the stacked sam-
ples compared to the sum of the resistance of the layers measured separately.
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The total thermal resistance for the Melasta cell dry (cathode - separator) measured to be
1.08 E-3 Km2w™! at 2.7 bar. The sum of the thermal resistances of the same materials mea-
sured individually is calculated to be 0.7 E-3 Km?w~!. The difference between these two values
is the sum of the thermal contact resistance between the stacked samples and the rig and the
thermal contact resistance between the cathode and the separator. Using equation [3.5]the values
for the thermal contact resistance between the cell layers were calculated. Table presents
the calculated thermal interface resistance between the Melasta cell layers dry and wetted.

Tabell 4.6: Thermal interface resistance for the Melasta cell cathode-Sep and anode-Sep.

P[bar] RYY S E-05 R E-05 R%Y (E-05 R¥e E-05
2.7 43+ 18 1.69 + 0.09 6.5+ 1.4 0.2+ 1.6
4.6 3.9+ 0.9 1.72 + 0.12 5.6+ 1.2 0.6+ 1.5
6.9 3.4+ 0.6 1.5 4+ 0.2 49+ 0.9 0.5+ 1.7
9.7 3.3+ 0.6 1.5 4+ 0.2 43+ 0.7 0.4+ 1.6
11.5 2.1+ 0.6 1.74 0.2 38+ 0.3 0.7+ 1.5
11.6 2.16 + 0.07 2.1 + 0.4 38+ 0.3 114 1.0

S_C = Separator - Cathode

S_A = Separator - Anode

Figure shows how the applied pressure effect the thermal interface resistance between the
dry LCO cathode and the separator.

Interface resistance Sep/Cathode (dry) as a function of pressure
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Figure 4.11: Contact resistance between separator/Cathode (dry) as a function of pressure
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4.5.2 Impact on thermal conductivity

In order to compare the measured thermal conductivity from the stacked samples, the effective
thermal conductivity for a cell with the same combination of layers is calculated using equation
the thermal conductivities for each layer separately are presented in sections and
The effective thermal conductivity for stacked samples is calculated for both dry and wet cell
layers. Table is added to appendix [B| presents these values at all pressure steps. Measured
and calculated effective thermal conductivity of dry and wet stacked Separator-Cathode samples
is plotted as a function of the applied pressure in figure [1.12]
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Figure 4.12: Thermal conductivity of the LCO Cathode-Separator as a function of applied
pressure.

The relative high errors in the calculated thermal conductivity for wetted Separator-cathode are
due to the wetted LCO cathode measurement errors. (see table . The comparing of the
thermal conductivities showed unexpected results. The difference between the measured and
the calculated values increased with the compaction pressure. The differences expected to be
high at low-pressure steps where the thermal contact resistance is highest. The figure shows the
thermal contact resistance as a function of the applied pressure is added to appendix [B|in figure
B.3]
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Figure shows the anode-separator stacked thermal conductivity dry and wetted measure-
ments. The effective thermal conductivity is plotted at the same graph showing the impact of
the thermal interface resistance on the thermal conductivity for the anode-Separator stacked
samples. [B|

4.5.3 Thermal models

Another way to understand the effect of the thermal interface resistance between the cell lay-
ers is by simulating the temperature profiles inside the battery. In order to do that, the same
thermal model that used on the Melasta cell layers separately is used on the measured thermal
conductivities from the stacked samples; this will include the thermal interface resistance in the
model. All other input parameters were kept constant to shows only the effect of the thermal
interface resistance. The models are plotted in figure
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Figure 4.13: Temperature distribution in the Melasta cell during charge including the thermal
interface resistance effect on the effective thermal conductivity.

The temperature profile showed expected results. Due to the thermal interface resistance, the
centre temperature during charging increased (more thermal resistance means a slower heat
transport). The increase was higher in the case of dry cell layers, where the thermal interface
resistance was higher. The temperature difference at the centre of the battery is about 0.02 K.
and 0.01 K using the measured conductivity from the wetted stuck.

33



5 Conclusion

5.1 Conclusion

This work investigates the thermal conductivity of an FS3006-25 separator and commercial elec-
trodes from two LIB cells. The first cell called Custom cell has an NMC cathode and a graphite
anode. The other cell is type Melasta SLPBB042126; this cell has an LCO (LiCoO3) cathode
and a graphite anode. For detecting changes in thermal conductivity the materials are measured
under different conditions and compaction pressure steps.

The separator thermal conductivity was found to be 0.116 & 0.012 Wk~'m~"! at 2.7 bar applied
pressure and showed increasing by 16 % when the pressure ranged from 2.7 to 11.6 bar. The
thermal conductivity of the NMC cathode (fresh electrode) increased around 9 % from 0.35+0.05
to 0.38 + 0.03 Wk~'m~!, while the LCO cathode (BOL electrode) ranged from 0.5140.06 to
0.65 + 0.14 Wk~'m~! with 27 % increase. In the case of anodes, the pressure increased the
Custom cell anode (fresh electrode) thermal conductivity with 40 % from 0.427 4+ 0.008 to 0.597
+ 0.018 Wk~'m~!, while the Melasta anode showed the largest dependency on compaction
pressure with 83 % increase from 0.6 4+ 0.2 to 1.1 4+ 0.4 Wk~tm™1.

Adding the electrolyte solvent to the measured samples increased the separator thermal conduc-
tivity by a factor of 3, while the NMC cathode (BOL electrode) increased by a factore of 2. The
LCO cathode (BOL electrode ) showed an increase of 3. Custom cell anode (BOL electrode) has
the highest dependency on electrolyte solvent soaking where the thermal conductivity increased
by a factor of 5, while the effect on the Melasta cell anode (BOL electrode) was a factor of about
2.

In addition, a simulation of the internal temperature distribution was done using both cells’
measured conductivities and thicknesses. The models showed that adding the electrolyte to the
cell layers decreases the centre temperature by 0.8 K for the Custom cell (30 A/m? charging
current density), while the Mealata (13.1 A/m? charging current density) centre temperature
decreased by 0.08 K.

Furthermore, the electrodes from a Custom cell battery at the beginning of life were extracted
and the thermal conductivity measured and compared to fresh electrodes. The BOL battery
cathode measurement showed around 35 % lower thermal conductivity values compared to the
fresh cathode. In the case of the anode, the extracted materials physical structure conditions
prevented the determination of the ageing impact on the thermal conductivity.

Finally, the thermal interface resistance between the LIB cell layers is measured. Results showed
a thermal contact resistance of 4.3 4+ 1.8 E-5 Km?2w™! for the dry LCO cathode and 2.1 + 0.8
E-5 Km2w™! for the NMC cathode. The Melasta cell anode thermal contact resistance is mea-
sured to be 6.5 + 1.4 Km?w~!. Adding the electrolyte solvent decreased the thermal contact
resistance by about 2 for the cathode and about 7 for the anode.
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5.2 Further work

Some of the measurements showed a standard deviation that was as large as the thermal conduc-
tivity value itself. For more accuracy, the thermal conductivity measurements with significant
stander deviation should be redone.

The original plan for this project was to open another Custom cell at the end of life phase
to determine the impact of ageing on the thermal conductivity for the cell electrodes, but due
to technical issues with the glovebox in the lab, that could not be done. Opening this cell and
measure its components thermal conductivity will validate the effect of the battery ageing on
the battery conductivity.

For the thermal contact resistance, investigate the effect of the SEI layer on the interface thermal
resistance by measuring the extracted anodes without cleaning. That will give an understanding
of the effect of this layer on the thermal behaviour of the cell.

Finally, the thermal model used in this project has many simplifications. Using more realis-

tic thermal models that can simulate the temperature profiles for the battery will give more
details about the effect of the thermal conductivity on the temperature distribution.
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A Appendix

Thermal resistance for the dry Custom cell anode material as a function of samples thickens.
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Figure A.1: Thermal resistance of Melasta cell dry anode as a function of s ample thickness

Tabell A.1: Measured thermal resistance for dry electrodes. (Km?w™1).

P[bar] RML RML RCC RCC

cathode anode cathode anode
2.7 5.2 =+ 0.6E-04 5.4 + 0.6E-04 9.4 + 1.0E-04 8.5 =+ 1.0E-04
4.6 4.8 + 0.6E-04 4.6 = 0.5E-04 8.7 + 1.0E-04 7.3 £ 0.9E-04
6.9 4.4 + 0.5E-04 3.8 &+ 0.4E-04 8.2 + 1.0E-04 6.3 =+ 0.7E-04
9.7 4.2 + 0.5E-04 3.3 + 0.4E-04 7.8 &+ 0.9E-04 5.7 £ 0.7E-04
11.5 3.9 + 0.4E-04 2.9 + 0.3E-04 7.5 + 0.9E-04 5.2 + 0.6E-04
11.6 3.9 + 0.4E-04 2.9 + 0.3E-04 7.5 + 0.9E-04 5.1 + 0.6E-04

CC = Custom Cell

ML = Melasta Cell

Tabell A.2: Measured thermal resistance for FS6003-25 separator. Km2w™!.

p [ba’r] Rgzzp/arator R;l)e%arator
2.7 (5.64 £0.7)E-04 (1.9 £0.2)E-04
4.6 (5.30 +£0.6)E-04 (1.8 £0.2)E-04
6.9 (4.98 +0.6)E-04 (1.8 +0.2)E-04
9.7 (4.81 +0.6)E-04 (1.8 +0.2)E-04
11.5 (4.57 £0.5)E-04 (1.8 £0.2)E-04
11.6 (4.57 £0.5)E-04 (1.9 £0.2)E-04




Thermal conductivity for Custom and Melasta cells anodes (dry and wet) as a function of applied

pressure.
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Figure A.2: Thermal conductivity for Custom and Melasta cells anodes (dry and wet) as a
function of applied pressure.

1D temperature profile cross-plane an Custom and Melasta cells for dry and soaked in electrolyte
solvent cell layers
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Figure A.3: 1D temperature profile cross-plane an Custom and Melasta cells for dry and soaked
in electrolyte solvent cell layers
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Tabell A.3: Measured thermal conductivity values for the fresh and BOL custom cell dry elec-
trodes. (Wk=tm™1).

Plbar] K cB;tOh[(;de K g:te};g:de K ggc%e K JZEZZ
2.7 0.47 + 0.04 0.32 £ 0.04 0.39 £ 0.10 0.398 + 0.008
4.6 0.49 + 0.04 0.32 + 0.03 0.54 £ 0.15 0.445 + 0.006
6.9 0.51 £ 0.04 0.33 £ 0.03 0.7+ 0.2 0.489 4+ 0.016
9.2 0.53 £ 0.04 0.34 £ 0.03 0.9 4+0.3 0.52 £ 0.02
11.5 0.53 + 0.04 0.34 + 0.03 1.0+ 04 0.553 4+ 0.019
11.6 0.54 + 0.04 0.34 + 0.03 1.2 £ 0.5 0.554 4+ 0.017

111



B Appendix

Table showing the measured thermal conductivities of the Melasta cell stacked samples.

Tabell B.1: Measured effective thermal conductivity of Melasta A-S and C-S

Plbar] K4 K3y K&Y K¢y

(Wk=tm™1) (Wk=tm™1) (Wk=tm™1) (Wk=tm™1)
2.7 0.35 £+ 0.13 1.0 £ 0.8 0.32 + 0.03 0.82 + 0.05
4.6 0.39 + 0.13 1.0 £ 0.9 0.34 £+ 0.02 0.82 + 0.05
6.9 0.39 + 0.11 1.1 +£09 0.34 + 0.03 0.83 + 0.03
9.2 0.40 + 0.10 1.1 +£09 0.35 + 0.04 0.87 + 0.02
11.5 0.41 + 0.10 1.0+ 1.0 0.36 + 0.03 0.90 + 0.03
11.6 0.41 £ 0.10 1.2 £0.9 0.36 £ 0.02 0.92 £ 0.06

Table showing the calculated thermal conductivities of the Melasta cell stacked samples.

Tabell B.2: Calculated effective thermal conductivity of Melasta A-S and C-S

P|bar] K%Y, Kwet K& KEetg
(Wk‘_lm_l) (Wk‘_lm_l) (Wk‘_lm_l) (Wk‘_lm_l)
2.7 0.27 + 0.02 0.94 + 0.17 0.32 + 0.03 0.81 & 0.12
4.6 0.28 4 0.02 1.04 + 0.19 0.34 4 0.02 0.83 & 0.13
6.9 0.29 + 0.03 1.14 + 0.17 0.34 4+ 0.04 0.87 4 0.12
9.7 0.31 4+ 0.03 1.21 + 0.19 0.35 4+ 0.03 0.92 4+ 0.13
11.5 0.32 4+ 0.03 13402 0.36 4+ 0.03 0.95 & 0.14
11.6 0.32 4+ 0.03 13403 0.36 4 0.02 0.9 + 0.2
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2.5
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Figure B.1: Thermal conductivity of the separator - cathode (dry) as a function of applied
pressure
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Figure B.2: Temperature distribution in the Melasta cell during discharge including the thermal
interface resistance effect on the effective thermal conductivity.
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Figure B.3: Contact resistance between separator- anode (dry) as a function of pressure
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C Appendix

IR = B ERA R SHENZHEN MELASTA BATTERY CO., LTD
PR (Product Specification ) 5 (Model No.) SLPBB042126HN 6550mAh 10C 3.7V

1. 5 PREFACE
SRS 53 P T 17 2z e 1 B2 ) (50 T 7 e e =

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

2. #5 MODEL

SLPBB042126HN 6550mAh 10C 3.7V

EEMN Cell Cathode Material LiCoO2
3. R34 SPECIFICATION ASIEHEA KL Cell Cathode Material iCo
, , @ AR 7 Typical Capacityd 6550mAh
iR i % Specifications of single cell & P pacity®
@ bfi L Nominal Voltage 3.7V
Distance between 2 tabs ® &t R
== Tab width Charge Condition Max. Continuous 13.1A
charge Current
(§| Weff 7 64A(<0.5sec)
[ Peak charge current 54A(=1sec)
. l ik Voltage 4.2v+0.03V
H
Al S e {]7 Max Continuous S
< * b Discharge Current
Discharge Peak Discharge Current | 98.25A(<3sec)
Condition
Cut-off Voltage 3.0V
@ “Zii N B AC Impedance(mOHM) <3.0
- A H A (7 H:1C,JiH.:10C] ~100cycles
Cycle Life [CHA:1C,DCH:10C] i
S LR 718 Charge 0'C~60T
Operating Temp.
Ji Hi, Discharge -20T~70°C
JEJ% Thickness(T) 10.7£0.3mm
% Width(W) 42+0.5mm
L | ® BRSNS iy
< Length(L, 127.5+0.5
W P Cell Dimensions K LengthiL) mm
=== AR T
Distance between 2 21+1mm
tabs
: " : Nickel-plated
WE# %} Tab Material Copper
* HFERSE % FE Tab Width 12mm
Dimensions of
Cell tabs PH L Tab 0.2mm
Thickness
WHKE Tab Length 30+1.5mm
ik Weight(g) 128.5+3.0g

OFs# 7 E: 0.2C,4.2V~3.0V@23C+2C
Typlcal Capacity:0.2C,4.2V~3.0V@23'C+2C

19

Me/asta reserves the rlght to elter or amend fhedestgn model and specification without prior notice

Figure C.1: Melasta cell data sheet
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