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“As always in life, people want a simple answer . . .
and it’s always wrong.”

Susan Greenfield, neurochemist
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Evelina Wikner
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Abstract
In this thesis, ageing in a commercial pouch cell for vehicle application

is investigated through lifetime testing and modelling. The lifetime tests
investigate the impact of temperature, current, depth of discharge (DOD)
and state of charge (SOC).

Results from lifetime tests are used in the development of an empirical
ageing model, to study the ageing as a result of different user cases in a
vehicle application. The results showed that the battery lifetime in a vehicle
application could be prolonged, without interfering with the driving itself, by
better planning of the charging.

Lifetime test results and ageing analysis of the tested cells are used as
guidance for the development of a physics-based ageing model. The model
includes capacity loss and resistance increase due to resistive film formation
and loss of active material.

The lifetime test results showed that for the studied cell, staying below
40% SOC level will improve the lifetime considerably. This was seen in both
the calendar ageing tests and the cycling ageing tests. The lifetime tests
performed in small SOC intervals at different SOC levels showed that the
ageing is separated into two groups, with more pronounced ageing at high
SOC and less ageing at low SOC.

The main ageing contribution is the growth of Solid Electrolyte Interphase
(SEI), which is also the case seen in the model when using parameters for
the SEI growth extracted from calendar ageing data. The more pronounced
ageing at higher SOC levels can partly be explained by the SEI growth that
is increased at higher SOC level and partly from the contribution of man-
ganese dissolution. This was confirmed by Post Mortem (PM) analysis and
successfully captured by the model.

Keywords: Plug-in Hybrid Electric Vehicle (PHEV), Battery lifetime tests,
Calendar ageing, Physics-based modelling, Empiric model
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Chapter 1

Introduction

1.1 Background

Electrification of vehicles is seen as one of the key solutions in reducing emis-
sions from the transport sector. In particular, the tail-pipe emissions can be
reduced, which is very important in most large cities. Today the transport
sector is a major contributor to air pollution in cities and is responsible for
almost a quarter of the total greenhouse gas emissions in Europe [1].

Electric vehicles (EVs) is not a new invention, in the late 19th and early
20th century they were the most common vehicles. They were very popular
for being quiet and relatively easy to operate compared to the combustion ve-
hicles, but were soon out-competed by the combustion vehicles due to shorter
drive range and being more expensive to buy [2].

During the last decade, EVs have started to reappear due to the strong
developments in battery technology that have revolutionised our society.
Since 1991, when Sony introduced the first commercial lithium ion batteries
(LiBs) [3], the number of possible applications have constantly increased.

The by far most common solution for EVs, Hybrid EVs (HEVs), and
Plugin-HEVs (PHEVs) is to use LiBs for the on-board energy storage. The
LiB is the most expensive component in the vehicle. Improved lifetime, by
optimised usage of batteries in vehicles, facilitates a lower total cost of own-
ership. A deepened understanding of which current and power limits to use
for the batteries is essential in order to prolong the lifetime. With improved
understanding of the ageing, the trade-off between lifetime and usage can be
balanced in an optimal way.

LiBs is today a mature battery technology, where the ageing mechanisms
have been vastly studied [4–11]. However, still unanswered questions remain.

1



The number of different processes occurring and their complex coupling have
made it difficult to construct a unified picture of the ageing processes. The
consequence is that it is very difficult to correlate normal battery usage to a
specific ageing process.

Physics-based models can be used to predict the battery behaviour and
also to improve the understanding of the processes occurring in a battery
[12–16]. These models have the potential to be a strong tool in connecting
the effect of different ageing mechanisms to different usage [17–20].

Today, the development of physics-based ageing models requires corre-
lation to expensive and time consuming lifetime tests, as well as difficult
parameterisation. Thus, an ambition is that with continuous development of
the models, in time, the required amount of lifetime tests could be reduced.

The initiative for improving the performance and at the same time reduce
the cost for the LiBs is high. Improving the system efficiency will only result
in a small cost saving. However, improving the performance and durability
of the energy storage will have a large impact on the resulting cost.

1.2 Previous Work

The LiBs are continuously developed and improved, for each new battery
chemistry extensive tests have to be performed to be able to estimate the
ageing during operation. This is an expensive and time consuming task.
Several empirical [21–23], semi-empirical [19, 24, 25] and circuit models [26]
have been presented over the years. The downside of these models is that
they are parameterised from extensive test matrices performed on the LiB
to be modelled, thus are only applicable to that specific LiB. These models
cannot simply be coupled to the electrochemical processes occurring in the
battery during its lifetime.

To better understand the battery degradation, physics-based models are
used to describe the underlying electrochemical processes. Physics-based
models are used to describe the fundamental electrochemical processes tak-
ing place in a battery during operation. The foundation for this type of
physics-based pseudo-2D models, generally referred to as P2D or Newman
models, were introduced by Newman and Tiedemann in 1975 [12] and has
since continuously been developed further [13,14,18,27].

There are some different approaches described in the literature for sim-
ulating ageing. The most common is to simulate parasitic side reactions
on the electrode materials, including resistive film growth and capacity fade
due to the resistance increase and loss of lithium ions (Li+) [16, 19, 28, 29].
Models including the effects of transition metal dissolution from the positive
electrode [30] and in some cases also describing deposition on the negative
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electrode [17, 31, 32] are also available in the literature. However, there are
some diversity in the understanding of the details of this process. There are
also some examples where the two above mentioned ageing mechanisms are
combined [31,32]. However, how these two mechanisms influence one another
has yet to be understood and included. Overall, there are many more age-
ing mechanisms occurring in the battery during use, and the complexity and
inter-dependency of these make it difficult to account for the contribution
from each mechanism.

A large drawback with the physics-based models is that they require a
large number of material and design parameters. Due to different cell and
material designs, there are large differences in the values reported for var-
ious parameters in the literature. This leads to large uncertainties in the
parameter values. Schmalstieg et al. recently demonstrated how a large
commercial cell can be parameterised for this type of model from various
measurements [33, 34]. However, determining the parameters is a tedious
and difficult task that requires several different types of experiments.

To estimate the parameters for various ageing processes is even more dif-
ficult, the material used and the electrolyte composition will highly influence
how fast the cell will age. Lifetime tests can be used to find approximate
values for some of the ageing parameters. Ecker et al. has demonstrated how
ageing parameters can be estimated from calendar ageing tests on small com-
mercial cells [35]. Another approach from Spotnitz et al. [36] is to develop
polynomial expressions from empirical studies, estimating the irreversible and
reversible Li+ loss.

Furthermore, several of the models presented in the literature are based
on lab-scale cells or small (mAh-Ah) commercial cells [14, 31, 35–38], which
are not fully representative of large commercial cells for automotive applica-
tions. The need for lifetime testing of large commercial cells in correlation
with physics-based models is therefore a key factor in further developing the
understanding of battery cell ageing.

In this thesis, lifetime testing of large commercial cells is the foundation
of the development of a physics-based ageing model. An important test se-
ries conducted here is a detailed study on how the state of charge (SOC) of
the battery relates to the ageing. Only a few such studies have been pub-
lished [22,26,35] and, in addition, only on small commercial cells. The infor-
mation from this type of studies is highly valuable and have been used in the
modelling development. The model includes two main ageing mechanisms;
solid electrolyte interphase (SEI) growth and manganese (Mn) dissolution as
well as coupling between the two.
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1.3 Purpose of Work

To find the best LiB for an application requires not only knowledge of the
LiB itself, but also an understanding for the application where it will be
used. There is a need to combine these two fields. This project, combining
the vehicle application with modelling, and experimental work on cell and
material level has been a response to this need.

The understanding of ageing mechanisms occurring in controlled systems
such as lab-scale and lab-prototype cells is fairly well developed. This thesis
is an attempt to improve the understanding of ageing in mass-produced large
LiBs used in electrified vehicles today, through a combination of experiments
and model studies. To fulfil the purpose, the work was separated into a
number of steps:

• Develop the test matrix and test regimes.

• Perform lifetime and characterisation tests.

• Analyse the test results.

• Develop an empirical model to study how the usage impacts the ageing.

• Set up and parameterise a physics-based battery ageing model.

The experiments consisted of lifetime tests to study the ageing at different
conditions as well as characterisation measurements to extract parameters
for the physics-based model. The physics-based ageing model was built for
a large commercial pouch type LiB. The model is capable of studying the
effects of SEI growth and Mn dissolution.

1.4 Contributions

This thesis has two main fields of focus, lifetime testing and physics-based
ageing modelling. However, in the process to achieve this, several additional
contributions were made:

• The life expectancy for large depth of discharge (DOD) was confirmed
to be shorter in comparison to small DOD, where 10% DOD can more
than double the lifetime.

• The ageing consequences for cells tested in 10% intervals of SOC were
quantified at three different temperatures and it was shown that:
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– The ageing trajectory for a small DOD has a different behaviour
compared to that of a large DOD. While the ageing in large DODs
accelerate with number of cycles, the ageing in small DODs seems
to level out with very moderate ageing. Furthermore, it was estab-
lished that the capacity loss before this moderate ageing is linked
to the test regime and SOC level. It was also demonstrated that
the fluctuation in the measured capacity for the small DODs was
larger compared to that of the large DODs.

– Operating in SOC intervals lower than 30% SOC can significantly
improve cyc lifetime with more than 3x the expected full cycle
equivalent (FCE) lifetime, compared to 90% DOD operation using
the same cycles.

– There is a large difference in ageing between the different 10%
SOC intervals; at low SOC the ageing levelled out at 90-95% ca-
pacity retention and did not reach end of life (EOL) within 10000
FCEs, while at higher SOC (≥50%) EOL was reached after ap-
proximately 2000-8000 FCEs depending on temperature and C-
rate.

– The importance of temperature for 10% SOC intervals was proven
to be small for intervals ≤50% SOC in contrast to larger DODs.
The results presented here also show that a temperature close to
35◦C is more beneficial compared to a temperature of 25◦C.

– For SOC intervals above 60%, ageing increases with temperature.

• Lifetime test development:

– A method for testing in small DODs, to maintain the targeted
SOC interval, was developed and its effectiveness proven.

– Automatised capacity checks to determine when a full Reference
Performance Test (RPT) test should be performed were intro-
duced to reduce the test time and operator supervision for tests
with slow ageing.

• Experimental observations:

– It is difficult to perform controlled accelerated lifetime tests with-
out stressing the cell to unexpected ageing behaviour. Two dupli-
cates were subject to a longer pause in the testing and showed a
slightly improved lifetime.

– It is difficult to account for the effects of breaks in long term testing
due to planned or unplanned interrupts.
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• An empirical model was developed to estimate ageing in a vehicle ap-
plication due to drive and charge behaviour, including cycling ageing
and calendar ageing. A case study demonstrated how the driver of an
EV or PHEV can prolong the battery lifetime by simple adjustments
of the charge and usage strategy.

• An electrochemically based ageing model was developed for lifetime
prediction and its base functionalities were demonstrated. The model
includes loss of recyclable Li+ due to resistive film growth, loss of elec-
trolyte volume in the electrode, Mn dissolution, and deposition.

– The contributions of different ageing mechanism during various
test regimes were quantified.

– A linear time factor was introduced to reduce the required number
of simulated cycles when performing ageing simulations and the
accuracy demonstrated.

– The sensitivity to various model parameters was quantified through
a sensitivity analysis.

• Quantification of ageing using:

– Potential curve analysis to estimate the electrode slippage and
active material loss from the individual electrodes. The model
for this was developed in corporation with Dr. Erik Björklund
at Uppsala University (UU) who made the largest contribution.
The model results were in coherence with results from the Post
Mortem (PM) analysis; SEI growth with resulting impedance in-
crease on the negative electrode (NE) and material loss from the
PE dominates.
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Chapter 2

Lithium ion Batteries and
Battery Materials

LiBs is the collective name for a large family of batteries that operate by a
similar mechanism. The term battery, in the automotive context, often refers
to a complete battery system or pack, which includes packaging, cooling,
wiring and monitoring of intermediate units called battery modules that host
multiple LiB cells connected in parallel or series. The LiB cells themselves
consist of multiple electrochemical cells stacked or rolled together and sealed
in a rectangular hard (prismatic) or soft (pouch) aluminium casing, or less
commonly in a hard cylindrical case. Depending of the size of the cells and
the number of cells in parallel or series the capacity of a LiB can vary from
mAh to MAh.

In this thesis, a 26 Ah LiB pouch cell with graphite, Lithium Manganese
Oxide (LMO) and Lithium Nickel Manganese Cobalt Oxide (NMC) has been
studied. The following chapter will give some background to LiBs in general
although the focus is on the material pertinent to this study.

2.1 Lithium ion Batteries

LiBs is a chemical energy storage technology, transforming chemical energy to
electricity through redox reactions. A comparison between different battery
technologies is shown in Figure 2.1. The blue group shows the energy density
range of LiB cells. The high energy density in relation to volume and weight
is the reason for LiBs being used in a large range of different applications.

The three main components in a LiB, and what constitutes an electro-
chemical cell, is the NE, positive electrode (PE), and electrolyte. A separator
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Figure 2.1: Summation of different battery technologies cell energy densities
as a function of weight and volume [39,40].

is often used to prevent short-circuit of the electrode materials. The electrode
materials are used as a host material where lithium (Li) is stored in the crys-
tal structure or between layers of the host material. Both electrodes and the
separator is drenched with the electrolyte that enables the transport of Li+
between the electrodes.

In the charged state the NE has a high concentration of Li and a low
potential. The PE has a low concentration of Li and a high potential. When
connecting the electrodes via an external load, electrons move spontaneously
from the NE, increasing its potential, through the load to the PE, decreasing
its potential, therefore reducing the driving force, i.e the overall cell voltage.
Li+ are simultaneously transported by the electrolyte from the NE, through
the separator, to the PE to conserve charge neutrality (Figure 2.2).

The described processes are those of a discharge. The processes is reversed
during charging of the battery [41]. The overall cell reaction during discharge
and charge is the sum of the separate electrode reactions [42]:
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Figure 2.2: Top part illustrates how a LiB works during discharge and the
bottom part shows some of the ageing mechanisms that can occur during
usage [6].

Overall cell reaction:

LixC6 + Li1−y[Ni1/3Mn1/3Co1/3]O2 + Li1−zMn2O4

discharge



charge

C6 + Li[Ni1/3Mn1/3Co1/3]O2 + LiMn2O4

Graphite: LixC6 
 xLi+ + xe− + C6

NMC: Li1−y[Ni1/3Mn1/3Co1/3]O2 + yLi+ + ye− 
 Li[Ni1/3Mn1/3Co1/3]O2

LMO: Li1−zMn2O4 + zLi+ + ze− 
 LiMn2O4

where x=y+z, 0<x<1, 0<y<1 and 0<z<1.
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2.1.1 Electrode Materials

There are today several different electrode materials, the usable capacity of
some of these are summarised in Figure 2.3. Depending on the application,
materials with desired properties are matched. Some examples of the prop-
erties of interest are capacity, potential curve, kinetics, lifetime and cost.

Graphite is the most commonly used NE due to its abundance, high
electrical conductivity, high capacity, low potential, and low price [43,44]. For
high power applications Lithium Titanium Oxide (LTO) is an alternative to
graphite due to its safety, fast kinetics, superior thermal stability, high cycle
life, and practically no SEI. The lack of an SEI on LTO is due to its high
potential that is within the electrolyte stability window (see next section),
but a drawback is that this will result in a lower cell voltage and higher
cost [44,45].

The PE materials have lower capacity than graphite, which means that
there is a need for more of the PE material to make a balanced cell (Figure
2.3). The cost of the PE material is therefore also an important property. The
relative importance of properties is determined by the targeted application.
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trolyte and the dashed area the variation in ESW for different combinations
of electrolytes and materials.
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2.1.2 Electrolyte

The electrolyte mediates the ion transfer between the two electrodes. The
electrode materials decide the energy content, in most cases the electrodes
can be designed so that the electrolyte is rate limiting for the mass flow within
the battery, i.e it defines how fast the energy can be released. The electrolyte
should therefore have high ion conductivity over a wide temperature range
and be electrically insulating.

The electrolyte components should also be chemically and electrochem-
ically stable towards the electrodes [48]. In Figure 2.4 a schematic graph
of the electrolyte stability window (ESW) for the electrolyte is visualised.
The stability window is defined by the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO). If the NE po-
tential, µa, is above the LUMO, the electrolyte will be reduced, and if the
PE potential, µc, is lower than the HOMO it will be oxidised. For thermo-
dynamic stability the electrochemical potentials µa and µc must be within
ESW, constraining the open-circuit voltage (OCV), Voc, of a battery cell to
a small interval. Organic liquid electrolytes typically have a HOMO below
4.5 V [48,49] and a LUMO around 1 V [46].

The potential window of the ESW is highly depending on the electrolyte
composition, electrode materials and temperature [48, 49]. As seen in Fig-
ure 2.3, the potential for graphite is outside this thermodynamic stability
window. The graphite electrode is, instead, kinetically stabilised by a pas-
sivisation film, the SEI, formed on the electrode surface by reduced electrolyte
components [50]. A similar stabilisation can be inferred on the PE by the
formation of a cathode electrolyte interphase (CEI).

SEI
E

HOMO

ESW
Voc

A

C

Negative 

Electrode Electrolyte
Positive 

Electrode

LUMO

CEI

Figure 2.4: Illustration of the thermodynamic electrolyte stability window,
ESW. If the electrode electrochemical potentials µc<HOMO and µa>LUMO
the system can be kinetically stabilised by formation of CEI or SEI [46].
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The safety aspect is also important and the overall cell should be stable
and have a tolerance to electric, mechanical, and thermal abuse, preferably
nonflammable and nonexplosive if short-circuited. In addition it should con-
sist of materials that have low cost, are non-toxic, and renewable [46,48]. To
meet these requirements the liquid organic electrolytes, most commonly used
in commercial cells, consist of one lithium salt in two or more organic sol-
vents. A number of additives are also added to decrease flammability, hinder
side reactions, protect the cell from overcharge, to form stable passivation
films etc [50].

2.2 Ageing in Lithium ion Batteries

LiBs degrade with time and usage, they experience power and energy fade
associated with impedance rise and capacity loss. The main contribution
to capacity loss has been linked to loss of cyclable Li+ and loss of active
electrode material [6]. The loss in power capability originates from increased
contact resistance at interfaces between the materials, growth of resistive
films on the active materials, loss of active surface areas and impaired mass
transport [51].

2.2.1 Ageing Mechanisms

All the components of the battery experience different ageing processes. The
current collectors (cc) often experience corrosion while the separator mainly
suffers from mechanical damage inflicted by other components or high tem-
peratures. The binder, gluing the active material particles together, and other
organic components such as the electrolyte, decomposes by electrochemical
and chemical reactions accelerated by high temperatures, high and low elec-
trode potentials. The active electrode materials can experience structural
disorder, cracking of particles, surface film formation and some cathode ma-
terials experience metal dissolution [52]. Structural changes, corrosion and
degradation of the binder can result in loss of contact between the active par-
ticles, and between particles and the cc, which leads to impedance increase
and loss of capacity [6].

The dominating ageing mechanisms for the type of cell studied in this
project will be described in the following sections. The main ageing mech-
anisms reported in the graphite electrode are SEI formation, loss of active
material, and contact loss between active particles and active particle-current
collector (Figure 2.2) [6]. The main ageing mechanism reported for LMO is
manganese dissolution [4, 53]. For NMC it has been shown to be structural
changes to the particle surface introducing stress in the particles leading to
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cracking and at high potentials, transition metal (TM) dissolution of man-
ganese and nickel [54, 55].

Solid Electrolyte Interphase

In cells with graphite as NE material the main ageing mechanisms have been
proven to be the side reactions taking place on the graphite surface reducing
the electrolyte solvents to build an SEI [56].

The decomposition of electrolyte has been shown to start below 0.8 V vs
Li/Li+ [8, 50]. The typical operating potential for graphite is 0.3-0.0 V vs
Li/Li+ [20], and the electrolyte coming into contact with any pure graphite
surface will therefore be reduced and form SEI. During the formation of the
SEI there is an irreversible loss of Li+. It is therefore of high importance to
build a mechanically stable and flexible SEI that prevents further electrolyte
reduction and thereby reduces the growth speed of the SEI. The SEI has to be
both electronically insulating to stop further reduction and ionicly conducting
to enable Li+ to pass through during cycling [11]. The properties of the SEI is
optimised by adding selected additives to the electrolyte, such as film forming
agents, that are reduced before the main components at potentials >1.0 V
vs Li/Li+ [50].

The SEI is dynamically changing during charging and discharging [8].
However, it continuously grows with the number of cycles where the main
growth occurs during charging [8], and increase at higher battery SOC and
higher temperatures [6, 23].

There have been many different models suggested to describe the complex
structure of the SEI [11, 17, 57–61]. For this project, a two layer model is
considered. An inorganic matrix, representing the inner SEI layer, and a
porous organic layer, representing the outer SEI layer [7, 8, 17,61].

The inner layer starts to form immediately when the graphite comes in
contact with the non-aqueous electrolyte. It is this layer that is vital for the
protective behaviour of the SEI [62]. It consist of both soluble and insoluble
reduction products of electrolyte components [17], where an ideal inner SEI
consists only of insoluble products and has a thickness that is limited by the
electron tunnelling range [11].

The outer SEI growth has been proven to follow the parabolic law, t1/2,
under low load conditions (C/10) [17, 20, 29]. The mechanisms behind the
growth of the layer is not yet fully identified. Several different mechanisms
have been proposed, diffusion of solvent/salt molecules/anions though nano-
sized pores [19,29], electron tunnelling [63], electron conduction through the
SEI [63,64], diffusion of neutral radicals such as lithium interstitials [65], and
properties similar to a solid membrane [62].
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The SEI creates an impaired mass transport in the Li+ flow and thereby
increases the charge transfer resistance and total impedance of the NE [6].
This impedance increases with cycle number, charge rate, SOC, and in par-
ticular with high temperature. The formation of the SEI is the predominant
source for the loss of Li+ during storage conditions [56].

Transition Metal Dissolution

LMO and NMC are prone to TM dissolution resulting in loss of active mate-
rial in the PE. The process accelerates at higher voltages and elevated tem-
peratures [4, 53–55]. In LMO the metal dissolution start at voltages higher
than 4.0 V [4, 53, 66]. In NMC the dissolution starts at a slightly higher
voltage, above 4.2-4.3 V [10,54].

Several different processes have been suggested to lead to TM dissolution
in LMO and NMC; loss of oxygen from the electrode structure, disproportion-
ation reaction, Jahn-Teller distortions in LMO, differences in lattice param-
eters during charge/discharge, instability in the delithiated structure (loss of
MnO) and acid attack from HF or other impurities or products originating
from side reactions/oxidation of the electrolyte [4, 53–55,66].

The oxidation of the electrolyte occurs at the PE and starts at 4.0 V in
LMO. The oxidation rate is strongly correlated to the specific electrolyte and
increase exponentially with increasing voltage [4].

Structural Changes

Another ageing mechanism include cracking of particles, which can occur in
all three materials, but in particular NMC has shown to be at higher risk,
where the particles are prone to intergranular cracking [67]. This leads to
increased impedance and loss of capacity [54,67].

Cross-talk Between Electrodes

To study ageing of electrodes separately only gives a part of the answer.
When two electrode materials are put together in a cell there will be cross-
talk between the electrodes [9, 10]. One of the best known example is Mn
dissolution from the PE and migration to the NE where it deposits. Interac-
tion of gaseous products from the PE on the NE has also been reported [10].

Cross-talk has been studied using separated electrodes, where a high
impedance rise was seen on the NMC, likely from oxidised species depositing
on the PE surface, while in a full cell the same species migrates to and is
deposited on the NE, resulting in a small impedance rise on the PE [10,68].
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On the NE, the positive TM-ions, cations such as Mn2+, Ni2+ or Co2+,
and other oxidised species from the PE, contaminates the NE surface and
hinder the intercalation process [69]. The underlying deposition mechanism
is not fully understood. The deposited Mn has been found to be in metallic
form in some studies [70, 71] and with a valence +2 in others [38, 68, 72].
Zhan et al. [38] proposed a metathesis reaction while a reduction reaction
is proposed for metallic Mn [70, 71]. Solchenbach et al. [68] proposed a 5
step reaction scheme, where i) Mn2+ is absorbed in the SEI, ii) reduced to
metallic Mn, iii) re-oxidised to Mn2+, iv) electrolyte is reduced and finally v)
catalytic electrolyte decomposition by Mn2+.

Exactly how contaminants such as Mn2+ affects the SEI layer and the
mechanisms occurring is still not known, but the TM-ions cause the SEI layer
to be less passivating and contributes to a faster growth of the SEI [53, 62]
and increased impedance [38,73].

2.2.2 Characterisation Methods

To study changes in the battery during ageing or to characterise the battery
for modelling requires different types of tests. For ageing testing it is impor-
tant to design a test that enables the study of the changes in performance, a
RPT. The test should: affect the cell as little as possible, be fairly quick, in-
clude the measurements required for a chosen analysis, and not be performed
too often.

For the extraction of parameters for models, more time consuming tests
can be used. It could be capacity measurements at different C-rates and tem-
peratures, and various pulse tests with different lengths and C-rates. The test
and analysis methods used in this thesis are Galvanostatic Intermittent Titra-
tion Technique (GITT), Incremental Capacity Analysis (ICA), and Electrode
Slippage and Material Loss Estimation (ESMLE).

Reference Performance Test

The RPT is often limited to measure the capacity and impedance. The
capacity is measured at one C-rate (often≤1C) and the impedance through
a pulse test or Electrochemical Impedance Spectroscopy (EIS). The results
from the test is used to track changes in performance during the lifetime of
the battery or compare the performance of different battery types. There
is a large variation in how these tests are constructed based on the analysis
desired and the type of cell. The different performance tests used in this
project are described in section 3.3.

The cell resistance during the ageing tests were recorded by the RPT (see
Section 3.3.1). The resistance is calculated from the voltage response to a
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Figure 2.5: Voltage response to a 10s 1C current pulse showing t1 and t2
used for the resistance calculations.

current pulse;

Rpulse =
u(t1)− u(t2)

i(t2)− i(t1)
(2.1)

where u(t1) is the voltage before the pulse and u(t2) the voltage at the end
of the pulse, i(t2) and i(t1) are the currents at the respective points (Figure
2.5). This method does not take into account the change in OCV during the
pulse. However, in an ageing test it is the change in resistance over time that
is of interest rather than the absolute value.

Galvanostatic Intermittent Titration Technique

GITT is a pulsed current test method to map the OCV as a function of Ah
or SOC. The pulse current is often low, in the order of C/10. The cell is
charged in steps of 1-2% SOC from 0-100% SOC. Between each pulse the
cell is relaxed for at least 1h, often longer. When 100% SOC is reached, the
discharge is performed in the same steps 100-0% SOC.

Incremental Capacity Analysis

ICA is a method to evaluate changes in the electrochemical properties of the
cell and is performed by calculating the change in capacity over the change
in voltage from a slow charge and discharge cycle. The relative ageing of the
electrodes can be identified in this way. By studying the intensity and position
of the peaks, capacity loss from Li-loss or active material can be detected
together with the effects of polarisation [26, 74]. The charge and discharge
profiles are used to identify the phase equilibrium of the active materials,
seen as plateaus in the voltage profiles and peaks in the ICA. Hence, the
peaks correspond to phase changes in the intercalation material where two
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or more phases with different lithium concentrations coexist with the same
chemical potential [15, 75]. The differential capacity over the differential
voltage (∆Q/∆V ) is analysed as a function of the cell potential.

The result from the ICA depend on the current used for the charge and
discharge cycle. A slow rate of C/10 or lower is desired to limit the effects
of polarisation. Currents above this can still be used to provide a crude
image of the processes occurring. However, the results should be treated
with caution since the polarisation contribution can conceal processes and
makes the analysis more difficult.

Electrode Slippage and Material Loss

When assembling a cell, the electrode materials are balanced in relation to
their respective capacities. The full electrode capacity is not utilised in the
normal operation of the cell, instead a usage window, typically a defined
voltage interval, is determined to limit the amount of side reactions taking
place during usage, to reduce ageing and prolong the life of the battery. The
ageing processes occurring can be established by quantifying the electrode
slippage and material loss at each electrode.

If electrolyte is reduced at the NE, the requirement for charge neutrality
implies that the electrode must either receive an electron from the PE or
release a Li+. Receiving an electron from the PE means that the PE is
forced to release a Li+. Electrolyte oxidation at the PE leads to the opposite
where the PE gains a negative charge that needs to be compensated for. The
reduction or oxidation will cause a change of the lithium concentration in one
of the electrodes and change the potential in that electrode, i.e cause a slip
in the balance between the electrodes.

A schematic representation of the respective electrode potentials for a
fresh and aged cell can be seen in Figure 2.6. The outermost vertical grey
lines indicate the potentials of the separate electrodes in a charged and dis-
charged cell. In the example case the NE have slipped to the left (reduction
of electrolyte) and the PE have lost active material. Even if the PE have lost
active material it is still only partly utilised. The limiting electrode is in this
case the NE, being fully delithiated during discharge.

Using this method, the ageing in a LiB can be studied by quantifying
the electrode slippage and material loss at each electrode. In this way also
the ageing of the non-limiting electrode is observable. The analysis requires
slow current measurements of half cells with electrodes from a fresh cell and
full cell measurements of the cell to be analysed and using the same current
rate. The model then matches the two half cell potential curves through a
optimisation process calculating the material loss and slippage in order to
get a good agreement to the measured full cell ICA.
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Figure 2.6: Schematic representation of the respective electrode potentials of
a fresh cell and an aged cell, where the PE has lost capacity and the NE has
slipped due to side reactions, leading to reduced cell capacity.

Post-Mortem Analysis

This is a destructive analysis method where the battery cell is opened and
disassembled, so that the separate components can be evaluated by visual
inspection and through selected material characterisation methods. The state
of the cell, the disassembly and characterisation environments have to be
well-defined to be able to perform a reliable comparison between aged cells.

For lab scale cells and cells with low capacities (mAh) a predetermined
SOC level within the normal operating window is used when disassembling
the cell. For commercial cells, with several Ah capacity, the cell has to be in
the discharged state before the disassembly, commonly 0% SOC, for safety
reasons. Discharging the cells to far however, may introduce unwanted ma-
terial changes which do not occur when the cell is operated in its normal
operating widow. The dissasembly is conducted in a glovebox with highly
pure Argon atmosphere, with only ppm levels of H2O and O2, to avoid con-
tamination or reactions [76].

The analysis of the different components varies, common methods include
X-ray diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDS), scan-
ning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS),
inductively coupled plasma-optical emission spectrometry (ICP-OES), and
Gas chromatography–Mass spectrometry (GC-MS) to mention a few [77,78].

SEM is used for surface morphology investigations, while XPS, with differ-
ent excitation photon energies, is used to analyse the compositional changes
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in the electrode surface layers at different depths. For electrochemical in-
vestigations it is common to use harvested electrode materials assembled in
half cells or symmetric cells. This is done to distinguish which electrode is
limiting the cell capacity and power, and undergoing most degradation [78].
GC-MS is used to investigate changes and composition in the electrolyte [77].
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Chapter 3

Experimental Setup

In this chapter the test object specifications, together with some of the char-
acterisation tests on half and full cells, are presented. The test procedure
and equipment used for the lifetime testing, cycling and calendar ageing, are
shortly described.

3.1 Test Object

The test object for the work of this thesis is a commercial 26 Ah (96 Wh)
pouch cell (Figure 3.1a). The cell (232x164x8 mm, 0.55 kg) has an energy
density of 170 Wh/kg or 330 Wh/l. It is made up of 13 stacked bicells,
7 NE/PE/NE and 6 PE/NE/PE, resulting in a total of 38 interconnected
electrochemical cells. A simplified schematics of the stacked and folded cell
construction is shown in Figure 3.1b.

The cell is designed for use in the voltage window 2.8-4.15 V, correspond-
ing to 0 and 100% SOC respectively. The current needed to discharge the
cell in 1 h is 26 A, 1C. The NE is surface treated natural graphite and the PE
is a mixture of spinel LMO (30 wt%) and NMC (70 wt%). The separator is
made of polypropylene and the electrolyte is composed of the solvents Ethy-
lene Carbonate (EC)/Dimethyl Carbonate (DMC)/Ethyl Methyl Carbonate
(EMC) and the salt LiPF6.

3.1.1 Electrode Materials

For the characterisation of the cell, one commercial uncycled cell was opened
and disassembled. Part of the electrode materials was harvested to build
several lab scale pouch half cells vs lithium foil. Physical properties of the
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Figure 3.1: (a) The test cell and (b) a simplified picture of its design. The
internal structure of a single cell is composed of multiple electrodes stacked
with the separator in a zigzag pattern. One bicell consists of three electrode
sheets sandwiched with the configuration NE/PE/NE or PE/NE/PE.

electrodes were extracted by galvanostatic, SEM, EDS and XPS experiments.
This was performed at the Ångström Laboratory at UU by Erik Björklund,
who also built and performed all the measurements on the half cells. The
results from the different measurements are shown in Table 3.1. The amount
of additives in the electrodes were not measured. Based on the approximate
amount of binder for the NE, that was given from the manufacturer, and
XPS measurement the conductive additives in the NE could be calculated.
For the PE no values for the binder or additives were given and only % values
based on the intensity of the XPS measurement are presented.

Table 3.1: Measured properties for the studied cell.

PE NE
Thickness, L [µm] 74 64.5

Thickness current collector, Lcc [µm] 21 12
Particle size, D50 [µm] 10.9 14.7
Capacity [mAh/cm2] 2.6 2.8

Density [g/cm3] 2.93 1.60
Conductive carbon 18% of additives 0.46wt%

Binder 82% of additives 2wt%
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Half Cell ICA

An ICA was conducted on the potential curves from the lab scale pouch half
cells, cycled at a rate of C/28. The peaks in Figure 3.2 correspond to phase
transitions in the respective electrode materials, also seen as plateaus in the
potential curves (Figure 5.1).

The NE shows three clear peaks and two diffuse (Figure 3.2a). The Li+
intercalation occurs step-wise, in a so called stage formation. Li+ is inter-
calated between the graphite layers separated by a number of empty layers.
The step index, s, identifies the number of layers between occupied layers.
It is energetically favourable to completely fill one layer before a new layer
starts to be filled.

The phase at the beginning of the lithiation (at high voltage) is known as
stage V, 0 < x ≤ 0.166 Li+ intercalated in LiC (LixC6). Peak 5 represents
the phase transition to stage IV. The small Peak 4 represents the change from
stage IV to III (0.166 < x ≤ 0.22). Peak 3 (0.22 < x ≤ 0.34) represents the
transition from stage III to II-L and Peak 2 from stage II-L to II, 0.34 < x ≤
0.5. The difference between stage II L and II is due to different Li+ packing
densities. Finally Peak 1 is due to the transition to stage I (0.5 < x ≤ 1)
[15,42,79].

The ICA for the PE includes three distinct peaks, Figure 3.2b. Peak 1 is
the contribution from NMC [80–82]. The hexagonal layered structure is not
changed during charge and discharge but a phase transformation mechanism
linked to changes in the electronic state (es) occurs (hybridisation of Co and
O orbitals) [55].

Peak 2 and 3 is from lithiating LMO [42, 82]. The separation into two
peaks, 4 and 4.1 V, corresponds to a two-stage phase transition of one cu-
bic spinel structure to another, a redistribution of Li+ in the material at
Li0.5Mn2O4. For higher Li+ content the cubic lattice continuously expands
resulting in an additional peak [83,84].
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(a)

(b)

Figure 3.2: ICA from C/28 constant current charge and discharge from lab
scale cells made from material harvested from a commercial battery cell. (a)
for the mixed PE material, LMO and NMC, and (b) for natural graphite vs.
Li-metal.
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3.1.2 Full Cell Characterisation

OCV and Hysteresis

When measuring the OCV for a cell or material two different methods exist;
creating a pseudo OCV curve from a slow charge and discharge cycle or the
more accurate GITT measurement. In both methods the OCV is calculated
as the average of the charge and discharge potential at the specific cell capac-
ity. The GITT measurement was used to calculate the full cell OCV (Figure
3.3).
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Figure 3.3: GITT result for the commercial cell and the potential difference
at different SOC levels.

The results showed a clear offset between the OCV received from the
charge pulses compared to the discharge pulses, indicating that the materials
have a hysteresis effect. For several different LiBs there have been reports of
a hysteresis between the charge and discharge OCV [85–88].

The cause for the hysteresis is reported to arise in a many particle system
from that the particles reach different equilibrium states [85, 86, 88]. Charg-
ing will promote the higher equilibrium state and the discharging the lower
equilibrium state, giving rise to a small but noticeable hysteresis. The hys-
teresis dependency with SOC and vs the OCV is shown in the lower section
of Figure 3.3.

The hysteresis has not been accounted for in the model. This introduces
an error that is as largest at low SOC and low C-rates where the hysteresis
contribution, around 10 mV, is more notable. For the ageing model, the
lowest current used is 1C and only a small error is expected.
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Commercial Cell ICA

The full cell ICA is a combination of both electrode materials phase transi-
tions. An ICA was performed for the commercial cell for a C/10 charge and
discharge cycle (Figure 3.4). Each peak correspond to a phase transition for
one or both of the electrodes, the numbers indicate the materials related to
each peak.

Charging

Discharging 3

1

4

5

NMC HEXAGONAL | HEXAGONAL (es)
LMO Cubic Spinel(CS) 2 |CS1+2|CS1
Graphite 5 |4|3| 2 | 1

1
2

3

1

1
1

2
2
2

1

Figure 3.4: ICA for the fresh battery cell with the different materials stages
indicated [42,80,83].

Cell Resistance

The resistance dependence on temperature and current was investigated by 10
s pulses and calculated using (2.1). Figure 3.5a shows the discharge resistance
as a function of SOC measured at 26◦C and 47◦C. The resistance decreases
with increased temperature, the 26◦C case gives rise to a 30% resistance
increase compared to the 47◦C case.

The resistance dependence on the current drawn from the battery was
investigated with currents from 0.5 A to 50 A, Figure 3.5b. As the current
becomes lower, the resistance exponentially increases. This is manly related
to the activation polarisation, since both the ohmic and concentration polar-
isations are low at low currents.
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(a) (b)

Figure 3.5: Measured cell resistance dependence on current, SOC and tem-
perature. (a) 10 s 5C pulse discharge resistance as a function of SOC and T.
(b) 10 s pulse resistance at different current levels at 26◦C, and the resistance
for a 40 s pulse at 1C.

The resistance is also increasing with the length of the pulse (Figure 2.5).
The red dot is a 26 A 40 s pulse measured in the RPT for the same cell
performed before the tests with 10 s pulses. The longer time a current pulse
is drawn from the cell, the higher the resistance will be, due to increase in
the concentration polarisation.

3.2 Lifetime Tests

To study the ageing, calendar and cycling ageing tests were performed. Cy-
cling tests were made for different C-rates and SOC intervals. The ageing was
investigated at four different temperatures by cycling in climate chambers set
to 25, 35, 40, and 45◦C.

The lifetime tests were performed in conditions similar to those in a bat-
tery pack in a vehicle. The cell was placed in a specially designed holder,
Figure 3.6, with limited space to expand. The thick aluminium plate also
worked as a cooling system with forced airflow on one side.

The voltage was measured over the tabs via two bent copper plates pressed
together with the tabs by two brass bricks, each held in place with two screws.
The current cables were connected to the larger brass blocks (Figure 3.6).

A temperature sensor was placed between the tabs on the cell-body next
to the gas-pocket, to track temperature and ensure safety at all times. The
cell temperature rose during cycling and were a few degrees higher than the
chamber temperature due to the heat produced by the cell.
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Figure 3.6: Test jig for imitating conditions in a cooled battery pack.

3.2.1 Test Equipment

All tests were performed in temperature controlled chambers, Vötsch VT3
7034, VT3 4060 and Climate Temperature System, T-40/350. The chamber
temperatures were set to 25, 35, 40 or 45◦C. The cell cycling equipment used
in the project were the following: Maccor Series 4000, PEC SBT0550 and
Digatron MCT 100-05-8.

3.2.2 Calendar Tests

The calendar ageing was performed by storing the cell at a specified tempera-
ture and SOC. Every 30th day an RPT was performed at 25◦C in a dedicated
chamber to assess the cell capacity, resistance and self discharge. The cell
was then returned to the climate chamber for storage and the process re-
peated. A total of 18 cells were calender aged under nine unique conditions
(one replica per test) at 25, 35 or 45◦C and at either 15, 75 or 90% SOC.

3.2.3 Lifetime Cycling Tests

When performing cycling ageing it is important to have a good control system
to ensure that the cycles reflect the intended test. In addition it is also
important to ensure safe test conditions. The cycling program should stop
the testing before something goes wrong. Apart from health risks, months
of testing and expensive equipment are at risk. Each test program therefore
includes global limits for temperature, voltage and current so that the test is
terminated and damages avoided in case of a malfunction.
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3.2.4 Test Protocols and Load Cycles

The cycling ageing tests were performed for different load cycles, tempera-
tures and DODs. The full test matrix can be seen in Table 3.2. The DOD
used were 90%, 80%, 60% and 10%. At intervals ≥60%, and for three tests
at 10% DOD, an upper voltage limit using constant voltage (CV) charging
combined with Ah-counting was used to maintain the targeted SOC interval
(Figure 3.7a). In the 10% SOC intervals, Ah-counting was used together
with a control method developed within the project [89], briefly described in
Section 3.2.5 (Figure 3.7c, 3.7d and 3.7e).
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Figure 3.7: Load cycles used for the lifetime cycling at (a) > 60% DOD, 0-
90% +2C/-2C black solid line, 10-90% +1C/-2C blue dashed line and green
dashed dotted drive cycle with 1C charge current and 2C RMS discharge
current, (b) 60% DOD (20-80% SOC), symmetric, +2C/-2C black solid line,
and asymmetric, +1C/-2C blue dashed line, and 10% DOD for symmetric
+XC/-XC in different SOC intervals in (c) 1C, (d) 2C with blue dashed line
representing CC-CV at 80-90% SOC, and (e) 4C.
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Table 3.2: The test matrix for the lifetime cycling and calendar ageing. Des-
ignation I and II indicates one or two tested cells and the superscripts refers
to cells subjected to PM analysis.

Calendar ageing T=25◦C T=35◦C T=45◦C
SOC[%] 15 75 90 15 75 90 15 75 90

II II II II II II II II II
Symmetric T=25◦C T=35◦C T=40-45◦C

cycles, SOC [%] ±1C ±2C ±4C ±1C ±2C ±4C ±1C ±2C ±4C
0-10 II I II
10-20 I I I I I II I IPM I IIPM
20-30 I II I
30-40
40-50 I I I
50-60
60-70 I I II IPM I IPM I I IPM I I
70-80 I II
80-90 I I

80-90 CC-CV@4.06V I I
80-90 CC-CV@4.15V I

0-30 I
0-90 IPM I IPM

T=40◦C
±1C ±2C ±3C ±4C

20-80 I
20-80 I
20-80 I
20-80 I I

Asymmetric cycles
+C-rate, SOC [%] -1C -2C -3C -4C

+1C, 10-90 I I
+1C -Hyzem, 10-90 IPM I

+1C, 20-80 I
+1C, 20-80 I
+3C, 20-80 I

30



Current levels from 1-4C were tested, where 4C (full charge of discharge
in 15 min) constant current (CC) is considered to be very high for the tested
cell. Tests were also performed to study the effects of a dynamic current load
compared to a CC load. A so-called drive cycle, Hyzem Rural (Figure 3.8),
with 2C Root Mean Square (RMS) current was included to be compared with
the CC 2C cycle at 80% DOD, for this purpose.
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Figure 3.8: The drive cycle Hyzem Rural (a) vehicle speed and corresponding
(b) current profile [90].
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3.2.5 Control Method for 10% SOC Intervals

A control method to ensure the SOC interval during cycling in 10% DOD
with CC was developed and presented in [89]. The method uses voltage peak
(and minimum) values together with Ah-counting during each cycle.

The procedure first discharges the cell to the OCV value for the upper
SOC level. In the initiation of the cycling, a control cycle was introduced with
CC discharge and charge using Ah-counting, where the end voltage values
were stored in two control variables. After each charge and discharge the
end voltage value was compared to the voltage value from the control cycle
according to

∆V = |Vupper/lower,1 − Vupper/lower,n| < Vlimit. (3.1)

If ∆V is within a predetermined limit value, Vlimit, the cycling proceeds.
If not, a correction cycle of CC-CV is performed to the OCV value for the
upper SOC level. The next coming cycle is then the new control cycle.

Vlimit was adjusted with respect to C-rate, SOC and resistance to ensure
a fault tolerance of max 1% SOC. In the low SOC levels, a higher value
of Vlimit was allowed due to the shape of the OCV and higher resistance,
according to

10 mV < Vlimit < 100 mV

As the resistance increased during ageing, the limit was adjusted accordingly.
At 0% SOC, a constant voltage limit of 2.8 V was used [89].

3.3 Performance Tests

Capacity and current pulse tests were performed to track the capacity and
resistance changes of the cell during the ageing process. The performance
tests were always performed at the same temperature, 25◦C. Initially these
tests were performed approximately every 100 FCE, but less frequently after
800 FCE, approximately every 200-1000 FCE. The periodicity of these tests
were adapted for each load profile.

3.3.1 RPT

The RPT used, Figure 3.9a, has an activation cycle before it measures the
1C discharge capacity. Next the discharge and charge resistances for two
different current pulses, 5C for 10 s and 1C for 40 s in 10% steps over the
entire SOC window, are conducted and the voltage response is measured.
From these tests, the changes in capacity and resistance as a function of
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Figure 3.9: (a) RPT for the characterisation of the cell capacity and re-
sistance, (b) Simple RPT for improved continuity in the cycling, and (c)
extended RPT including an C/10 cycle.

number of cycles or test time can be studied, linking different load patterns
to ageing.

For one cell the RPT was expanded, a C/10 charge and discharge cycle
was added before the 1C capacity measure cycle, see Figure 3.9c. For this
cell, additional ageing investigations were possible, for instance an ICA could
be performed at each RPT.

3.3.2 Capacity Test

In periods and test regimes where the cell was expected to change perfor-
mance rapidly over a number of cycles, a capacity test was conducted in
between the scheduled RPT’s. This was done in order to assure that the test
proceeded in the targeted SOC interval. The capacity test was performed in
25◦C and consisted of the two initial full cycles of the RPT.
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3.3.3 Simplified RPT

A simplified RPT was developed for test regimes less detrimental to the cell.
The simplified RPT, Figure 3.9b, consists of one full cycle measuring the
capacity and two charge and discharge pulses of 10 s 2C and 40 s 1C at 50%
SOC with the purpose of tracking the resistance. It was performed at the
cycling temperature and incorporated in the cycling protocol. This improved
the continuity of the cycling, save time, and introduced less handling of the
cells. Using the simplified RPT also reduced the possible ageing contribution
from the RPT.

3.3.4 Resistance Characterisation

The cell resistance is complex and highly depending on SOC, current, tem-
perature, pulse duration and frequency. In ageing tests, several different
resistance measuring methods can be used to map the ageing, in this project
pulse resistance measurements were chosen. Two different pulses were used;
5C for 10 s and 1C for 40 s. The resistance was calculated as described in
(2.1).
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Chapter 4

Physics-Based Battery
Model

In this chapter the physics-based model used in this thesis is presented. It is
based on that of Newman and Tiedemann [12] and the continuation of their
work by [13,16,18–20,28,31,32,61,91,92].

The model consists of a 1D cross-section of an electrochemical cell includ-
ing the cc, active materials, and separator. For the transport of Li in the
active material particles, an additional pseudo 1D is included. It is this addi-
tional pseudo-dimension that inspired the name P2D. The model is built in
the COMSOL Multiphysics 5.4 Mathematics user interface and uses the Fi-
nite Element Method (FEM) numerical solver and Backward Differentiation
Formulas (BDF) method to solve the coupled Partial Differential Equations
(PDEs).

For a battery with a graphite NE, the main ageing mechanism is the
growth of the SEI layer, due to reduction of the solvent on the surface of
the graphite particles [6]. For the PE materials, LMO and NMC, Mn dis-
solution has proven to be the main contribution to capacity loss [4, 53, 54].
The dissolution of Mn-ions has an additional ageing contribution through
diffusion to the graphite where the Mn2+ deposits in the SEI and causes a
resistance increase [9, 10]. In the developed model, the SEI growth, effect of
Mn dissolution, and the coupling of Mn2+ in the SEI, are simulated.

4.1 Battery Model

The performance battery model and the governing equations for each com-
ponent in the electrochemical cell is described in the following sections. The
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LiB used for this study is presented in Section 3.1 and the parameterisation
of the key parameters for the model can be found in Chapter 5. Some of the
most important parameters used in the model are given in Table 5.3, 5.4 and
5.5.

4.1.1 Mass Transport in the Electrolyte

In the simulated system the electrolyte is assumed to be a concentrated bi-
nary electrolyte, consisting of a lithium salt dissolved in one solvent species.
Letting + and − denote the ionic species, Li+ and PF−

6 , the Maxwell-Stefan
equation for the binary electrolyte is used to account for the friction interac-
tion between the species,

c+
∂µ+

∂x
=
∑
−

RTc+c−

cTD
eff
+−

(v− − v+) (4.1)

where cT is the sum of the concentrations of all species, v is the ions velocity,
T the temperature, and R the gas constant. The effective diffusion coefficient,
Deff

+− , is calculated from the Maxwell-Stefan diffusivity of the pure electrolyte

Deff
+− = D+−ε

β
l (4.2)

where εl is the electrolyte volume fraction and β the Bruggeman coefficient
[92]. All the effective parameters used in the porous structures in this model
use this correlation. From now on D will be used for the effective diffusion
coefficient if nothing else is stated.

Mass transport of ionic species in the electrolyte takes place by diffusion,
migration and convection. Diffusion is driven by the gradient of chemical
potential, the concentration gradient. Migration is driven by the gradient of
electric potential and convection by macroscopic streams in the fluid. The
total molar flux of a species, NT , passed over an arbitrary unit area, can be
expressed as the sum of the flux contributions from migration (Nm), diffusion
(Nd) and convection (Nc)

NT = Nm +Nd +Nc (4.3)

since they are considered independent of each other.
In the immediate vicinity of the electrode there is no convection due to

friction forces at the material surface. In this area diffusion is the domi-
nant transport mechanism and it is therefore known as the diffusion layer.
At increased distance from the electrode there is no concentration gradient
and therefore no diffusion, here convection becomes more important. Mass
transport by migration takes place in both of these areas [93].
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For the concentrated two component electrolyte, solvent and salt, the flux
for the positive ion will be

N+ = −z+F
RT

cT c+
c−

D+∇φ+
cT c+
c−

D+∇lna+ + c+v− (4.4)

where z+ is the ionic charge of Li+, F Faraday’s constant, c+/− the concentra-
tion of Li+/PF−

6 , φ is the potential, D+ the diffusion coefficient for Li+ and
v− the velocity of PF−

6 . a+ is the relative activity (∇µ+ = RT∇lna+) [93]
and cT , the total electrolyte concentration calculated from the salt concentra-
tion, cl = c+/−, and solvent concentration, csolv, assuming electroneutrality
gives

cT = 2cl + csolv (4.5)

The solvent concentration is calculated from the partial molar volume Vm of
the salt and solvent

csolv =
1− V lm
V solvm

(4.6)

To simulate the behaviour of an electrochemical system it is often neces-
sary to include one or more of the conservation equations for; mass, energy
and momentum. The conservation of mass of species i in a volume element
with time t is formulated as

dci
dt

= −∇ ·NT +
∑

reactions

νi,reactions = −∇ ·NT +Rreac (4.7)

where νi is moles of species i produced or consumed by reactions [93].
Combining (4.4) and (4.7) while taking into account the porosity, the

material balance for the salt becomes

εl
∂cl
∂t

= ∇
[
(1− clV lm)

((
1 +

∂lnf±
∂lncl

)
cT
csolv

εβl Dl∇cl +
il(1− t+)

F

)]
+Rreac

(4.8)
where the electrolyte current density is expressed by

il = κl,eff

(
−∇φl +

2RT

clF

(
1 +

∂lnf±
∂lncl

)
(1− t+)∇cl

)
(4.9)

where f± is the salt mean molar activity coefficient, t+ is the transport
number and, κl,eff the electrolyte conductivity [91,92].

4.1.2 Potential and Current Coupling

The potential in the cc and the porous electrode materials are calculated by
Ohms law from the applied current density

is = −σs∇φs (4.10)
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where σ is the conductivity. In the porous materials, as for the diffusion, the
effective conductivity

σeff = εβsσ (4.11)

is used to account for the longer transport distance in the porous structure.
The copper cc, on the NE side, is connected to ground and the aluminium
cc, on the PE side, is connected to the current feed:

φs = 0, x = 0 (4.12)

−n · is = iapplied(t), x = Lneg,cc + Lneg + Lsep + Lpos + Lpos,cc (4.13)

To couple the active material and electrolyte, a balance over the volumetric
current is used

∇ · il = iv,tot =
∑
m

iv,m(+iv,dl + iv,side) (4.14)

∇ · is = −iv,tot (4.15)

The volumetric current in each mesh node, iv,m, is the sum of the Faradaic
current density from the electrochemical reactions (iF ) and the side reaction
taking place (iF,side), and the charging of double layers on the surface of the
active material particles (idl) forming the expression

iv,m = Sailoc = Sa(iF + idl + iF,side) (4.16)

where Sa is the active specific surface area of the electrode material and
the description of each current can be found in the following sections. The
particles are assumed to be spherical, giving the following expression for the
active specific surface area

Sa =
3εs
rp

(4.17)

where εs is the volume fraction of electrode material and rp is the particle
radius [13,91].

4.1.3 Electrochemical Reactions

The electrochemical reactions are considered to be of intercalation and dein-
tercalation type and occur on the surface of the active electrode particles.
During the intercalation Li+ enter into the material are reduced and during
deintercalation they are oxidised back to Li+, which exit the material. The
reaction kinetics is assumed to follow the Butler-Volmer (B-V) equation

iF = i0

(
exp

(
αaFη

RT

)
− exp

(
−αcFη
RT

))
(4.18)
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with a concentration dependent exchange current density

i0 = F (kc)
αa(ka)αc(cs,max − cs)αa(cs)

αc

(
cl

cl,ref

)αa

(4.19)

and
η = φs − φl − Eeq(cs, T )−∆φs,film (4.20)

where η is the overpotential, Eeq the equilibrium potential of electrode ma-
terial, α the transfer coefficient, k the reaction rate coefficient, and ∆φs,film
is the potential difference from the resistive film that always is formed on the
graphite particles (SEI) and to a smaller extent on the PE particles (CEI)
found as

∆φs,film = itotRfilm (4.21)

where Rfilm is the film resistance [13].

4.1.4 Double Layer Capacitance

The double layer capacitance, Cdl,i, is assumed to arise between the elec-
trolyte and all surfaces in the electrode components. The double layer is
assumed to be charged by Li+ and the current densities are calculated from

idl,s = Cdl,s
∂(φs − φl −∆φs,film)

∂t
(4.22a)

idl,add = Cdl,add
∂(φadd − φl)

∂t
(4.22b)

idl,cc = Cdl,cc
∂(φcc − φl)

∂t
(4.22c)

where (4.22a) is the contribution from the active material, (4.22b) from the
conductive additives and (4.22c) from the ccs [91]. The double layer capac-
itance affects the results when simulating the dynamic behaviour. Due to
uncertainties in the parameters for (4.22c) and (4.22b) only idl,s is included
in the model. The largest surface area is the active material surface area,
hence it is common to neglect the contributions from conductive additives
and cc, as they are assumed to be small.

4.1.5 Mass Transport in the Electrode Materials

The particles are assumed to be spherical and to account for the concentra-
tion in the active material a pseudo dimension is added to the model. The
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transport of Li+ in the particles is assumed to occur through diffusion, which
is modelled by Fick’s second law [92]

∂cs
∂t

=
Ds

r2
∂

∂r

(
r2∂cs
∂r

)
(4.23)

with the boundary conditions

∂cs
∂r
|r=0 = 0 (4.24)

−Ds
∂cs
∂r
|r=rp =

∑
m

iF,m
F

(4.25)

4.2 Ageing Model

The first ageing mechanism included in the model is SEI growth at the NE
resulting in loss of Li, reduced electrolyte volume and increased resistance.
The second is solvent oxidation leading to Mn dissolution and loss of active
material at the PE. Finally, the cross talk between the electrodes is included,
where Mn2+ migrate to the NE and interact with the SEI layer and affect its
properties.

4.2.1 Ageing Through SEI Growth

During the formation of the cell an SEI layer is formed at the graphite sur-
face [5, 17, 94]. This inner SEI layer consists mainly of degradation products
from the salt and additives and cell design efforts ensure that it will be pas-
sivating. In this work, since all testing have been performed on commercial
cells, it is assumed that this inner SEI has already formed at the manufac-
turer and that this layer, d0,SEI , is a few nm thick, in the electron tunnelling
range of approximately 2-3.7 nm [61,95]. After this initial formation further
degradation of the salt is much slower and is in this work assumed to be
negligible.

Many models account for an SEI reaction occurring on the electrode|electr-
olyte interface [19, 24, 28, 29]. However, that requires transport of the larger
solvent molecules through the SEI layer to the reaction-site or that crack-
ing of the SEI layer exposes fresh electrode surface, as considered in [28,29].
Further, the composition of the SEI with less degraded solvent products in
the outer layer indicates that the SEI layer is growing from the outside,
the SEI|electrolyte interface, and not from the electrode|SEI interface [11].
Therefore, in this work the outer SEI is assigned to originate from decom-
position reactions of the solvent at the SEI|electrolyte interface [20]. The
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growth rate is considered to be limited by conduction and diffusion of elec-
trons through the SEI [11,20].

The solvent consists of EC, DMC, EMC, and an unknown number of addi-
tives. The concentrations of the different solvents and additives are unknown,
therefore only decomposition reactions of EC are considered for the SEI
growth in this model. Several different products and reaction schemes have
been proposed over the years. Many reports have in common that the main
products are considered to be dilithium ethylene dicarbonate ((LiOCO2CH2)2)
[94,96] and lithium carbonate (Li2CO3) [94,97]. The reactions considered are
reduction of EC to (LiOCO2CH2)2 and further decomposition [98], or elec-
trochemical reduction [99] of (LiOCO2CH2)2 according to [100]:

2 (CH2O)2CO + 2 e− + 2 Li+ → (LiOCO2CH2)2 + C2H4 (4.26a)

(LiOCO2CH2)2 → Li2CO3 + C2H4 + CO2 +
1

2
O2 (4.26b)

(LiOCO2CH2)2 + 2 Li+ + 2 e− → 2 Li2CO3 + C2H4 (4.26c)

The end product of reactions (4.26b) and (4.26c) are containing Li2CO3,
which in the model is considered to be the final product. The SEI is assumed
to grow only during charging and the decomposition reaction is triggered by
the overpotential

ηSEI = φs − φl −∆φs,SEI − Eeq,SEI (4.27)

where Eeq,SEI = 0.4 V vs Li/Li+ [19]. The SEI growth increases the resis-
tance in proportion to the thickness of the SEI layer, dSEI :

RSEI =
d0,SEI
κ0,SEI

+
dSEI + ∆dSEI

κSEI
(4.28)

where κ0,SEI is the ionic conductivity of the inner SEI layer and κSEI is the
ionic conductivity of the outer SEI layer.

The thickness is determined by the accumulated amount of Li+ lost due
to side reactions taking place at the specific surface of the SEI

∆dSEI =
QSEIMSEI

2Sa,SEIFρSEI
(4.29)

where MSEI is the average molar mass of the products formed in the SEI
(Li2CO3) and ρSEI the density of Li2CO3. The specific surface area of the
SEI is calculated from

Sa,SEI =
3(εs,neg + εs,SEI)

rp,neg + dSEI
(4.30)
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The calculation of εs,SEI is presented in section 4.2.1. QSEI (C/m2) is the
irreversible capacity loss to the side reactions directly proportional to the
concentration of Li+, cSEI , bound in the SEI layer

QSEI = cSEIF (4.31)

The concentration accumulated in the SEI layer is calculated from

dcSEI
dt

=
−iSEISa,neg

F
(4.32)

where the current from the SEI reactions is assumed to follow the B-V kinetics
with a concentration dependence

iF,SEI = i0,SEI

(
cp

cp,ref
exp

(
αaFηSEI
RT

)
− c+
c+,ref

cl
cl,ref

exp
(
−αcFηSEI

RT

))
(4.33)

where the subscript p stands for the product produced in the side reaction.
The equation is simplified to a cathodic Tafel approximation by assuming an
irreversible (only cathodic) reaction, thus, dropping the first term of (4.33)
gives [19]

iF,SEI = −i0,SEI
c+

c+,ref

cl
cl,ref

exp
(
−αcFηSEI

RT

)
(4.34)

The SEI exchange current density is estimated from the calendar ageing data,
see section 5.2.1, and is assumed to follow the Arrhenius temperature depen-
dence. For current rates at C/10 the SEI growth has proven to follow the t1/2
relation [17,20,29]. As the lifetime test results in this thesis are conducted at
higher C-rates and the results indicate a current relation for the SEI growth,
a current relation was added to the exchange current density normalising the
local current density over the local 1C current density

i0,SEI = A0,SEI · exp
(
−Ea,SEI
RT

)
· iloc
i1C,loc,neg

(4.35)

where
i1C,loc,neg =

−i1C
Sa,negLneg

(4.36)

Based on the thickness of the SEI layer from the PM analysis [78] the
thickness should be in the range of 50 nm at EOL for a cell tested in a SOC
interval higher than 50% SOC and less if tested in a SOC interval below that.

As the SEI layer supposedly grow from the interface of the SEI|Electrolyte,
the side reactions are assumed to become limited by the electric conductivity
and diffusion of electrons in the SEI [11, 20]. The conductivity of the SEI
is considered to be negligible and therefore only diffusion of electrons in the
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SEI is considered. A first order mass transport limiting current through a
Nernst boundary layer was assumed [29],

iSEI =
iF,SEI

1 +
iF,SEI

ilim

(4.37)

The limiting current was related to the diffusion coefficient for the e− through
the SEI layer according to

ilim = −clDe−SEIF

dSEI
(4.38)

where cl is the solvent bulk concentration, and De−SEI the diffusion coeffi-
cient for electrons in the SEI layer [20].

Porosity Change due to SEI Growth

With an increasing SEI layer the volume balance in the electrode needs to be
adjusted. The amount of active material is kept constant while the increase in
the SEI layer is reducing the volume fraction of the electrolyte in the porous
structure. This is a rough estimation, since the SEI layer is likely to reduce
the porosity of the active material and will not grow evenly on all surfaces.
It may also isolate parts of the active material from the cc. These effects will
be neglected. The electrolyte volume fraction is decreased according to

εl,neg = 1− εs,neg − εadd,neg − εs,SEI (4.39)

where εs,neg and εadd,neg are constants, and the SEI volume fraction is cal-
culated from

εs,SEI = VSEI/Vtot = dSEISa,neg (4.40)

4.2.2 Mn Dissolution, Migration and Deposition

The positive material consists of a mixture of NMC and LMO, therefore,
different possibilities for Mn dissolution exists. Research has shown that
there are a few different processes that can lead to Mn dissolution; loss of
oxygen from the electrode structure, Jahn-Teller distortions in LMO, and
oxidation of the electrolyte leading to proton attack on the PE [4,53–55].

Mn Dissolution

In LMO the main loss of active material has been seen when cycling above
4 V. A similar process has been reported for NMC. The process increased
rapidly above 4.3 V [54] and is in this work assumed to be caused by TM
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dissolution due to proton attack on LMO/NMC. The protons are produced
by oxidation of the solvent on the conductive carbon in the PE. The solvents
involved and the main reactions are not known, and accordingly the main
product is therefore not known. The reaction is therefore assumed to be a
general oxidation reaction according to

S→ S
′
+ e− + H+ (4.41)

where S is the solvent and S’ the decomposed solvent. The reaction is assumed
to be irreversible and follows the anodic Tafel equation

iS,ox = Scond.carboni0,oxexp
(
αa,oxFηox

RT

)
(4.42)

where Scond.carbon is the specific surface of conductive carbon, αa,ox is the
anodic charge transfer coefficient assumed to be 0.5, the overpotential is

ηox = φs − φl − Eeq,ox (4.43)

according to [32], and the exchange current density, assumed to follow the
Arrhenius equation for the temperature dependence, is estimated from a
calendar ageing test at 90% SOC (Section 5.2.1)

i0,ox = A0,ox · exp
(
−Ea,ox
RT

)
(4.44)

The surface area of conductive carbon used in batteries varies with a factor
100 between different types, 13-1635 m2/g [101]. The specific surface of
conductive carbon, Scond.carbon, is therefore difficult to know and has been
assumed to be a fraction, fcons.carbon, of the specific surface of the active
material according to

Scond.carbon = Sa,pos,0fcond.carbon = Sa,pos,0εadd,pos (4.45)

where the fraction is related to the volume fraction of the additives.
The oxidation process is fairly unknown and it is assumed that only a

fraction of the oxidation current, fH+ , will generate protons

iox,H+ = fH+iS,ox (4.46)

Dai et al. [31] assumed that water was produced in the reaction for the
proton attack, however in this project it has not been possible to study the
reaction schemes for the proton attack experimentally. A more generalised
reaction, only accounting for the charge balance, is therefore assumed accord-
ing to

S/S
′
+ 2H+ + 2 LiMn2O4 → 2Li+ + 2 e− + Mn2+ +

3

2
Mn2O4 + S

′′
(4.47)
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where S
′′
is some generalised product containing hydrogen and other possible

components such as oxygen.
Two protons are needed to dissolve one Mn2+ and the dissolution rate is

concentration dependent and described by

iMn = fMn,disskMn,dissFcH+ (4.48)

where fMn,diss is a fraction coefficient to account for that only a part of
the dissolved Mn2+ will be free in the electrolyte, and kMn,diss is the rate
constant. Some of the Mn2+ will form MnF2 and other products [32]. The
products are assumed to have poor solubility in the electrolyte and are there-
fore assumed to deposit on the available surfaces in the cell. The deposits
on the PE surface have proven to be limited by the oxidation, “self cleaning”
process, and only a small fraction will deposit and form an CEI. This film
growth and resistance is assumed to be small and is neglected in this model.

The dissolution of Mn will lead to loss of active material. Cracking of
NMC particles due to stress in intergranual interfaces is one mechanism for
loss of capacity [67]. Here the amount of Mn dissolution will be proportional
to the loss of active material. To account for particle cracking, structure
distortion, as well as isolation of active material, the material loss is enhanced
by a coefficient kiso according to

∂εmatloss,pos
∂t

= kiso
Sa,posiMnVm,pos

F
(4.49)

where Vm,pos is the molar volume of the PE material [32].

4.2.3 Mn Deposition on the Negative Electrode

The mechanism behind Mn2+ deposition on the NE is still not fully un-
derstood. In previous work, deposition of metallic Li has been used [30–32].
However, the Mn found on the NE in the PM analysis had a valence of 2+. A
metathesis reaction has been considered [38], as well as step reactions where
Mn first is deposited in the metallic state and then re-oxidised to Mn2+ before
being involved in a catalytic degradation of the electrolyte [68].

The commonly used reduction reaction, Mn2+ to metallic Mn, has two
possible faults. Mn is quite electropositive and should therefore be hard to
reduce at the NE, and the concentration is also very low further reducing
the reduction potential. Therefore, a hypothesis is that the dissolved Mn2+
is deposited on the NE by a chemical reaction. The reaction is assumed
to involve the negative ion, PF−

6 , to maintain the charge balance in the
electrolyte. It is however likely that the solvent, S, and other products from
the SEI or oxidation reactions participate in the reaction

Mn2+ + 2PF6
− + S/S

′
/S
′′
→ MnS

′′′
(4.50)

45



and accordingly, the product S
′′′

is defined.
The deposition rate of Mn2+ is assumed to be proportional to the con-

centration of Mn2+ in the electrolyte

dcMn,dep

dt
= −kMn,depcMn2+Sa,SEI (4.51)

where kMn,dep is the deposition rate and cMn2+ the concentration of Mn2+.

Transport of H+ and Mn2+

The concentrations of H+ and Mn2+ will be low and are not assumed to
contribute to the current transported in the electrolyte. The Nernst-Planck
equation for the transport of matter in electrochemical systems in diluted
electrolyte can therefor be used

NT = −ziuiFci∇φ−Di∇ci + civ (4.52)

where zi is the ionic charge of species i, ui the ionic mobility, F Faradays
constant, ci the concentration, φ the potential, Di the diffusion coefficient
and v the fluid velocity. Using this the H+ balance in the electrolyte for the
PE is

εl,+
dcH+

dt
= ∇·

[
DH+,effFcH+

RT
∇φl +DH+,eff∇cH+

]
+

1

F
(iox,H+−2S+iMn)

(4.53)
where DH+,eff is the effective diffusion of H+ and cH+ the H+ concentration.
For the separator and the NE the balance is

εl,sep/−
dcH+

dt
= ∇ ·

[
DH+,effFcH+

RT
∇φl +DH+,eff∇cH+

]
(4.54)

The balance of Mn2+ in the three components is given by:

εl,+
dcMn2+

dt
= ∇·

[
2DMn2+,effFcMn2+

RT
∇φl +DMn2+,eff∇cMn2+

]
+

1

F
(S+iMn)

(4.55)

εl,sep
dcMn2+

dt
= ∇ ·

[
2DMn2+,effFcMn2+

RT
∇φl +DMn2+,eff∇cMn2+

]
(4.56)

εl,−
dcMn2+

dt
= ∇·

[
2DMn2+,effFcMn2+

RT
∇φl +DMn2+,eff∇cMn2+

]
+(SSEIcMn2+)

(4.57)
where DMn2+,eff is the effective diffusion of Mn2+.
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Mn and SEI growth

The dissolved Mn2+ is transported through the electrolyte to the NE and
interacts with the SEI. Gilbert et al. [54] showed that in an NMC/graphite
cell each Mn2+ could bind up to 95 Li+s in the SEI. Zhan et al. [38] showed
that for an LMO/graphite system, the impedance increase is proportional to
the concentration of Mn in the SEI.

The ionic conductivity in an electrolyte is closely related to the concen-
tration

κ = F 2
∑
i

z2i uici (4.58)

where ui the mobility of species i. As Li+ is smaller than Mn2+ and have a
much higher mobility it is reasonable that depositing Mn2+ in the SEI will
reduce the ionic conductivity. To account for this change in the model, the
resistance data by Zhan et al. [38] (Figure 4.1) were fitted to an empirical
expression

RSEI(cyc) = 0.8 +
5.44 · 10−4cyc

0.01075− 9.84 · 10−7cMn,p.p.m(cyc)1.5
(4.59)

This have to be considered as a rough estimation. A linear increase was
assumed as there were no data available for the SEI thickness or the cMn

increase with cycles.
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Figure 4.1: Resistance data measured by [38] vs calculated RSEI according
to (4.59).

The denominator in the fraction is used to describe the change in ionic
conductivity

κ∗SEI = κSEI,0 −Kc1.5Mn,dep (4.60)

where κ∗SEI replaces κSEI in (4.28), κSEI,0 is the initial ionic conductivity
and K is the factor governing the speed of the change. In the model, K was
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adjusted to the resistance values seen for the tested cell. At a certain con-
centration cMn the equation will go negative, therefore a minimum allowed
value for the conductivity was set to 1·10−6 S/m.
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Chapter 5

Model Parameterisation and
Validation

One of the major disadvantages with physics-based models is the large num-
ber of material and design parameters needed. Many can be readily mea-
sured, while others require sophisticated experiments, and some are not mea-
surable at all. Together with uncertainties in the measured parameters and
cross-parameter relations, the task of parameterising a model can be daunt-
ing. Physics-based models can, however, provide an invaluable insight to
what is actually going on in a cell over its lifetime, which makes the task
worthwhile to pursue. Over time, with improved analysis methods and in-
sights into material properties, the models will become increasingly powerful.

5.1 Model Parameterisation

To parameterise this model a combination of half cell and full cell measure-
ments has been used, as well as optimisation simulations towards pulse mea-
surement data. A literature study of parameters which were not possible to
measure in this project was performed to complete the parameter set.

5.1.1 Electrolyte Parameterisation

In this project there was no possibility to measure or analyse the electrolyte.
Therefore, all parameters for the electrolyte had to be taken from the litera-
ture. The most important parameters for the electrolyte is the ionic conduc-
tivity and diffusion.
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The electrolyte composition in commercial cells is highly complex, in addi-
tion to the solvents, the electrolyte also includes additives with various prop-
erties dedicated to form a stable SEI, flame-retardants for safety purposes,
etc. The electrolyte composition is proprietary to the battery manufacturers
and it is thus very difficult to get information about the composition. How-
ever, in this case the main components were given as EC, DMC and EMC
with the salt LiPF6.

Schmalstieg et al. [33] did an evaluation and parameterisation of the elec-
trolyte in a commercial cell with the same main components as the electrolyte
used in this thesis. The relation was derived for both the ionic conductivity
and the ion diffusivity√

κl(cl, T )

cl
= −5.384+0.03213·T−0.00368·cl·T+1.320·exp(−2.235·cl) (5.1)

where κl is the ionic conductivity in mS/cm, cl the salt concentration in
mol/l and T the temperature in K. For highly dilute electrolytes the diffu-
sion coefficient, Dl, is related to the conductivity according to the Einstein
relationship [33],

Dl =
κl(cl, T )RT

F 2z2cl
(5.2)

For the concentrated electrolytes this is not valid, however here it is used as
an estimate. The estimated value for Dl for the concentration range is in
range to previously presented values [102]. The transport number, t+, were
set to 0.38 [102] and the thermodynamic enhancement factor,

(
1 + ∂lnf±

∂lncl

)
,

to 2 [91].

5.1.2 Electrode Parameterisation

The most important electrode parameters are the equilibrium potential, ex-
change current density, Li diffusion, and electrode capacity. To estimate the
capacity of the electrode, the maximum Li concentration and the porosity
are needed. The porosity, ε, for the 2PD type of models can be considered
as a volume fraction, since each particle is assumed to be solid and the void
between particles is what is referred to as the porosity. Hence, these models
do not take into account the true particle porosity.

Maximum Li Concentration in Electrodes

The maximum Li concentration in the electrodes was calculated from the
density over the molar mass using literature values. Graphite has a molar
mass of 72.06 g/mol and a density of 2.24 g/cm3 [103], this gives a maximum
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Li concentration of 31085 mol/m3. The small deviations in the density for
graphite reported in the literature, translates to small deviations also for the
maximum Li concentration.

For the mixed electrode, the maximum Li concentration was estimated
based on the maximum Li concentration of the two materials and the material
wt%. The values used for NMC are 96.46 g/mol and 4.77 g/cm3 [104], and for
LMO the used values are 180.82 g/mol and 4.28 g/cm3 [105]. The maximum
Li concentration for the mixed material was established in combination with
the electrode potential curves presented in [33, 106]. At 3 V both LMO and
NMC have a 1:1 Li:NMC/LMO relation. Based on this, the maximum Li
concentration was estimated to

cs,max,pos = 0.3cs,maxLMO + 0.7cs,maxNMC

= 0.3 · 23670 + 0.7 · 49451 = 41717 mol/m3
(5.3)

At 4.5 V the lithiation degree was estimated to be 0 for LMO and 0.32 for
NMC [33] resulting in

cs,4.5V,pos = 0.3cs,maxLMO · 0 + 0.7cs,maxNMC · 0.32

= 0.3 · 0 + 0.7 · 0.32 · 49451 = 11077 mol/m3
(5.4)

Equilibrium Potential

The NE and PE potentials were measured at UU in half cells using lithium
metal as counter electrode. The pseudo equilibrium electrode potentials,
Figure 5.1, were calculated as functions of the state of lithiation (SOL) from
slow charge and discharge measurements, at C/20.
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Figure 5.1: Equilibrium potential curves calculated from measurements for
the (a) PE and (b) NE as a function of the SOL.

The definition of SOL for each electrode material is, in this thesis, the Li
concentration divided by the maximum Li concentration for the respective
material, i.e. the equilibrium potential as a function of Li concentration. The
highest possible SOL is therefore related to the maximum degree of lithiation.
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For the mixed electrode material, the measured potential curve was as-
sumed to go from 100% to 26.6% SOL. For the graphite it was assumed that
it never reached full lithiation or delithiation and the equilibrium potential
curve goes between 98.5 and 1% SOL.

Volume Fraction

The volume fraction of active material was estimated based on half cell mea-
surements and then tuned with a measured ICA for the right ratio between
the electrodes. A possible interval for the volume fraction of the active ma-
terials was calculated, the measured half cell capacity over the theoretical
capacity was used to get the minimum volume fraction for the electrode. The
highest possible volume fraction was calculated from the measured density of
the electrode (including binder, conductive carbon and other additives) over
the density of pure graphite and NMC/LMO, respectively,

0.54 < εs,neg < 0.71 (5.5)

0.43 < εs,pos < 0.61 (5.6)

The theoretical capacities for the materials used in this study, graphite, NMC,
and LMO are 372 mAh/g, 280 mAh/g, and 148 mAh/g respectively.

Exchange Current Density

The exchange current density in this model is assumed to be concentration
dependent (4.19), related to a rate constant, the Li+ concentration in the
electrolyte and the Li concentration at the electrode surface. The exchange
current density can be calculated from EIS measurements via the charge
transfer resistance [33]. It can also be calculated from dc polarisation mea-
surements, Tafel measurements, from the slope of the linear part of the Tafel
curve [107]. In this project, there has been no possibility to perform the
latter measurements and accordingly literature values for the reaction rate
constant had to serve as initial input. The values were estimated to be within
the range 1·10−11-5·10−10 [13, 32,33,37].

Solid Li Diffusion Coefficient

The diffusion coefficient is in most models set to a constant value and assumed
not to be SOL dependent. This is a rather poor assumption, since measure-
ment results suggest that it can vary greatly with the SOL in the electrode.
A GITT test of the full cell was performed in an attempt to extract the dif-
fusion coefficients of the two materials simultaneously, using a least square
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(LS) optimisation of the pulse voltage to extract the values. However, this
resulted in large fluctuations in the diffusion coefficients for both materials.

Accordingly, the diffusion coefficient of graphite had to be taken from
literature [108] with some minor adjustments to the SOL and scaling to the
diffusion length (Figure 5.2a). Levi et al. assumed that the diffusive length is
equal to the thickness of the electrode and calculated the diffusion coefficient
based on this. To instead base the diffusion coefficient on the time constant,
the values in [108] are scaled in relation to the different diffusion lengths
according to

Ds,neg =
Dmeasured

l2
r2p,neg (5.7)

where l=8.8µm is the electrode thickness in [108] and rp,neg the particle
radius used in this model.

The mixture of NMC and LMO in the PE caused some difficulties in find-
ing literature values. For this reason the diffusion coefficient was extracted
from the LS optimisation model using the pulse data from a fresh cell RPT.
By using two different current levels for the pulses and only optimising for one
parameter proved to give a better result. Due to the high uncertainty in the
values, the results were compared to diffusion coefficients for LMO [109] and
NMC [110] in the literature, after scaling according to (5.7) (Figure 5.2b).
The optimised values turned out to be in the same range. The diffusion co-
efficient was slightly adjusted at the high SOL level to match the discharge
curve, since the estimated diffusion during discharge above 90% SOL proved
to be too slow.
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Figure 5.2: Diffusion coefficients as a function of SOL for (a) graphite taken
from [108] and (b) the result of the optimisation of the mixed PE and liter-
ature values for LMO [109] and NMC [110].
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5.2 Ageing Parameters

The model parameterisation is based on the experimental test results. The
reader is referred to Chapter 6 for a full disclosure of results and analyses
pertinent to the ageing parameters.

5.2.1 Exchange Current Density for Side Reactions

The exchange current density for the SEI growth and its temperature depen-
dence was estimated based on calendar ageing data at 15% SOC. At 15%
SOC there should be a limited amount of dissolution of Mn from the PE.
The exchange current was assumed to follow the Arrhenius equation

A = A0exp
(
−Ea
RT

)
(5.8)

where the activation energy, Ea, and the pre-exponential factor, A0, were
estimated from the natural logarithm of the change in capacity over initial
capacity vs the inverse of temperature, similar to the process used in [35].
However, the results from the analysis did not show a clear trend (Figure
5.3a). This is most likely due to the slow degradation seen in the calendar
data at 15% SOC (Figure 6.1).
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Figure 5.3: (a) The logarithm of the normalised capacity loss vs. the inverse
temperature for calendar data at 15% SOC for different storage times. (b)
The exchange current density with the estimated values of Ea and A0 as a
function of temperature.

Table 5.1 shows the parameter values from the curve fitting and the model
parameter values. The model values were chosen from the curve fit early in
the ageing process, 34-140 days, since the SEI growth is assumed to slow
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down as the thickness of the layer increases. The resulting exchange current
densities can be seen in Figure 5.3b.

Table 5.1: Activation energies and pre-exponential factors obtained from the
calendar ageing for the cells tested at 15% SOC and the values used in the
model.

Days stored Ea,SEI [kJ/mol] A0,SEI [1/h]
0-34 10.57 1.0252·10−7

34-140 -15.7 9.5833·10−4

140-240 -37.23 2.9651
240-340 -29.34 0.1419
340-440 -34.12 0.6338
440-540 -57.29 4.8359·103

540-640 -41.12 12.3106
Model values -15.7 9.5833·10−4

To estimate the exchange current density for the oxidation on the conduc-
tive carbon in the PE, the same procedure was followed using the calendar
data at 90% SOC (Table 5.2, Figure 5.4). The model values were calculated
from the average of the three most similar results, so that the resulting ex-
change current density approximately was the mean of all exchange current
densities (excluding 0-34 days data).

Table 5.2: Activation energies and pre-exponential factors obtained from the
calendar ageing for the cells tested at 90% SOC. The model values were
calculated from the average of the grey values.

Days stored Ea,ox [kJ/mol] A0,ox[1/h]
0-34 -18.18 0.0276
34-106 -39.95 33
106-208 -42.78 83
208-306 -46.77 479
306-408 -47.77 503
408-508 -49.11 1110
508-606 -46.82 388

Model value -47.12 457

55



3.15 3.2 3.25 3.3 3.35

1000/T [1/K]

-5.2

-5

-4.8

-4.6

-4.4

-4.2

-4

-3.8

ln
(Q

lo
ss

/Q
B

O
L

)

0-34 days

34-106

106-208

208-306

306-408

408-508

508-604

(a)

300 305 310 315

T [K]

5

10

15

20

25

i 0
,S

E
I&

M
n

1
0

-6

0-34 days

34-106

106-208

208-306

306-408

408-508

508-604

Used in model

(b)

Figure 5.4: (a) The logarithm of the normalised capacity loss vs. the inverse
temperature for calendar data at 90% SOC for different storage times. (b)
The exchange current density with the estimated values of Ea and A0 as a
function of temperature.

5.2.2 Loss of PE Material

The enhancement factor for the loss of PE material was estimated by using
the results from the ESMLE presented in Section 6.4.2 (Figure 6.13). The
amplitude was estimated based on the results from cell #9 (+2C/-2C, 60-
70% SOC), where the PE material loss was estimated to be around 8%. The
results from cell #21 (+1C/-1C 10-20% SOC), #22 (+2C/-2C 10-20% SOC),
and #23 (+4C/-4C 10-20% SOC) tested at 35◦C show that there is a C-rate
dependence to the material loss in the PE, a normalisation over the C-rate
was therefore introduced to account for this

kiso = 1250 · iloc
i1C,loc,pos

(5.9)

where
i1C,loc,pos =

−i1C
SposLpos

(5.10)

5.2.3 SEI Ionic Conductivity

The inner SEI layer ionic conductivity was estimated to be 3·10−5 S/m.
The change in the ionic conductivity due to increase of Mn in the SEI was
estimated based on the resistance increase for cell #18 (+1C/-2C, 10-90%
SOC). However, matching the resistance increase for cell #18 resulted in too
high resistance for simulations of cell #9, thus a compromise had to be made.
For the change in ionic conductivity K =3·10−5 was used.
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5.3 Model Parameters

The complete set of parameters used in the electrochemical model is given
in Tables 5.3, 5.4 and 5.5. For a detailed description of each parameter see
Chapter 4 and List of Symbols. The parameters collected from literature
are recognised by the source. Parameters measured, estimated, assumed or
calculated are noted by m, e, a and c. Measurements performed at Uppsala
University are denoted UU.

Table 5.3: Parameters for the cc and porous electrodes used in the simula-
tions. For descriptions of the parameters see Chapter 4.

Parameter PE NE Source
Ls [µm] 74 64.5 m UU
Lcc [µm] 20/2 10/2 m UU

SOCinit = 0 0.922 0.0291 e
cs,max [mol/m3] 41717 31085 c from [44] & m UU

εs 0.507 0.585 e from m UU
εadd 15% of εs 8.5% of εs a
εl 0.417 0.379 c

rp [µm] 10.9/2 14.7/2 m UU
Ds(SOL) [m2/s] 3·10−15-1.5·10−14 3.2·10−15-3.5·10−13 e & [111]

σs [S/m] 100 100 COMSOL
σcc [S/m] 3.546·107 5.998·107 COMSOL

βs 1.5 1.5 [112]
βl 2.98 2.6 [91]
αa/c 0.5 0.5 [19]

ka/c [m/s] 2·10−10 1·10−10 a
Rfilm [µΩm2] 0.1 0.1+RSEI a
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Table 5.4: Cell and electrolyte parameters used in the simulations.

Parameter Value Source
Acell [m2] 1.085 m
T [◦C] 25
Q0 [Ah] 26 m

i1C [A/m2] 23.96 A/m2 c
Cdl [F/m2] 0.2 COMSOL
Lsep [µm] 26.5 Manufacturer
cl [mol/m3] 1000 Manufacturer

Dl(cl, T ) [m2/s] 1-4·10−8 [33]
κl(cl, T ) [S/m] 0.05-1.5 [33]

εl,sep 0.39 a
βl,sep 3.15 [91](

1 + ∂lnf±
∂lncl

)
2 [91]

t+ 0.38 [102]
Vm,salt [m3/mol] 59·10−6 [91]
Vm,solv [m3/mol] 88·10−6 [91]

Table 5.5: Model parameters used for the SEI layer growth and manganese
dissolution.

Parameter Value Source
Eeq,SEI [V] 0.4 [19]
Eeq,ox [V] 4.05 a

i0,SEI(T ) [A/m2] 1.7·10−6-2.5·10−6 e
i0,S,ox [A/m2] 2.5·10−6-8.3·10−6 e
κ0,SEI [S/m] 3·10−5 a

κSEI(cMn,dep) [S/m] 3·10−5-1·10−6 a
K 3·10−5 a

ρSEI [kg/m3] 2100 [19]
MSEI [kg/mol] 0.073 [19]
d0,SEI [nm] 3 a [61, 95]

De−,SEI [m2/s] 1·10−19 a [20]
DH+ [m2/s) 10·10−11 [32]
DMn2+ [m2/s] 5·10−11 [32]

kMn,dissolution [m/s] 5·10−7 a
kMn,dep [m/s] 8·10−11 a

kiso 1250·(iloc/i1C,loc,pos) a
fMn,dissolution 0.4 a

fH+ 0.5 a
αa,Ox/c,SEI 0.5 [32]

Vm,pos [m3/mol] 8.3·10−5 c
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5.4 Model Validation

5.4.1 Performance Validation

The parameterised dynamic battery model was compared with experimental
data to visualise the difference in ICA and charge/discharge curves with C/10
and 1C (Figure 5.5). At C/10 (Figure 5.5a and 5.5b) the model can recreate
the the potential curve fairly well, however there are some differences between
the model and measurement especially during charging. This it thought to be
a result of lumping the two PE materials into one and not accounting for the
hysteresis. The discrepancy seen in the charge peaks, a shift toward lower
voltages, is assumed to be due to the hysteresis. The fact that the peak
at 3.95V is lower than the expected could be a result of lumping the two
PE materials into one. The discharge peaks show much better agreements
overall.

(a) (b)

(c) (d)

Figure 5.5: Charge/discharge cycle of a fresh cell at 25◦C with (a) C/10
and (c) 1C and the ICA from the respective cycle at (b) C/10 and (d) 1C in
comparison to simulated results.
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For the 1C simulation (Figure 5.5c and 5.5d) an additional error is in-
troduced by the diffusion coefficients. As previously mentioned, the method
used for the optimisation of the diffusion coefficient needs to be further de-
veloped. The uncertainty in the PE diffusion coefficient is rather high and
using literature values for the NE is not optimal. This is seen in the ICA
as a rather poor agreement with the measurement data. The large peak in
the NE diffusion coefficient at 50% SOL (Figure 5.2a) introduces a large
additional peak at 3.9V for the discharge.

The voltage response for charge and discharge pulses with 1C and 5C
at 90%, 50% and 10% SOC were simulated. The model can capture the
discharge pulse response well, however at 10% SOC, the model has some
difficulties (Figure 5.6). For the charge pulses, the discrepancies in the voltage
response is slightly larger at 50% SOC and best at 90% SOC.

(a) (b)

Figure 5.6: Simulated voltage response at different SOC levels for (a) charge
and (b) discharge pules, compared to measured voltage response of a fresh
cell tested at 25◦C.
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5.4.2 Ageing Validation

The ageing parameters were tuned based on the ageing trajectory in the
test performed at 25◦C with +2C/-2C in 60-70% SOC (cell #9) and the
results from the ESMLE. In the ESMLE the PE material loss was found to
be 8% over 88000 test cycles (7500 FCE). The results from the simulation
(Figure 5.7) where the PE material loss and the resistance increase are in
line with the calculated and measured values. The capacity degradation
curve can however not be fully captured. Initially the degradation is in good
agreement, although the larger capacity degradation followed by the very
moderate ageing is not.

The SEI thickness is almost 4 times larger than the thickness seen in the
PM results, but there is a possibility that the outer part of the SEI was
rinsed away in the preparation process of the sample for the PM analysis
and therefore is thicker than the measured value. Other reasons could be
that using the density of the lithium carbonate for the SEI might not be a
good approximation, or that the SEI is partially dissolved, broken down or
reversible. Even with this large SEI growth the loss of electrolyte volume
fraction in the NE is small, not likely to contribute notably to the resistance
increase.

When simulating the degradation with +1C/-2C in 10-90% SOC cycles
(cell #18) the initial capacity retention is in good agreement, but again the
last part of the ageing trajectory cannot be fully captured (Figure 5.8). The
resistance increase is much lower than measured and this is likely the reason
for the discrepancy in the capacity retention. Increasing the SEI resistance
further in the model would result in too high resistance for the 60-70% simu-
lation case. The PE material loss is 13%, no slippage analysis was performed
for this test cell, however this seems to be in a reasonable range when com-
pared to cell #52 (+1C/-2C in 10-90% SOC at 45◦C) that had 17.6% PE
material loss.
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(a) (b)

(c) (d)

Figure 5.7: Simulated +2C/-2C 60-70% SOC cycles compared to measure-
ment data (red and -o-) tested at 25◦C (a) 1C discharge capacity and (b)
5C 10s discharge pulse resistance, (c) the resulting SEI thickness and (d) loss
of electrolyte volume.
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(a) (b)

(c) (d)

Figure 5.8: Simulated +1C/-2C 10-90% SOC cycles compared to measure-
ment data (red and -o-) tested at 25◦C (a) 1C discharge capacity and (b)
5C 10s discharge pulse resistance, (c) the resulting SEI thickness and (d) loss
of electrolyte volume.
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Chapter 6

Results and Discussion

In this chapter the combined results from the lifetime, calendar and cycling,
tests are presented. A summary of all the test results and selected data to
display the effect of temperature, C-rate, DOD and SOC is included. This
is followed by the use of the lifetime test results in the empirical model and
the model results of how drive and charge behaviour influences the battery
lifetime in a vehicle.

The key results from a supporting PM analysis is included. In combina-
tion with ICA, as well as the developed ESMLE model, it gives some indi-
cations on the processes occurring in the tested cells. The combined results
from the lifetime tests and ageing analysis are then compared to the P2D
ageing model, where the contribution from each ageing mechanism is made
visible.

6.1 Calendar Ageing

The calendar testing was performed over two years in three temperatures
and at three SOC levels. The results (Figure 6.1) are in line with previous
published literature [22, 25], where higher temperature and higher SOC in-
creases the ageing. At low SOC, 15%, the temperature effects are moderate
and there is only a slight difference between the three temperatures. As the
SOC is increased, the temperature contribution is more pronounced. Inter-
esting to note is that 75% SOC is more detrimental compared to 90% SOC
at 35 and 45◦ C. However, in 25◦C there is no difference. Previous studies
have presented similar results [113, 114]. Keil et al. [113] showed that NMC
cells at 100% SOC followed by 80% SOC had the fastest degradation and a
local minimum at 95% SOC. The cause for this is not known, however Keil
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et al. [113] showed that the calendar ageing could be linked to the different
phases in the graphite. They could show that a higher lithiation degree in
graphite and above the phase transition at 50% lithiation (peak 2 in Figure
3.2a) increased the ageing.

The resistance increase is very small in 25 and 35◦C with large fluctua-
tions, only in 45◦C a clear effect can be seen. The resistance increase mirrors
the capacity loss, higher temperature and higher SOC results in higher resis-
tance.
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Figure 6.1: Remaining capacity and resistance increase from calendar tests
at 25, 35 and 45◦C and at 15, 75 and 90% SOC. The results at 25◦C at 75%
SOC is overlapped by those at 90% SOC.

6.2 Cycling Ageing

The cycling ageing tests were conducted during 4 years and the test matrix
was designed to study the ageing dependence on temperature, C-rate, DOD
and SOC. The overall results and the labeling of the cells are visualised in
Figure 6.2. Each bar represents a cell tested according to the bar description,
and the y-axis shows the number of FCEs. The bar colour indicates the
remaining capacity of the cell, where the green colour shows the number
of FCE with a capacity larger than 95%, yellow a capacity between 95-90%,
orange a capacity between 90-85%, red a capacity between 85-80%, and black
a capacity <80%. The temperature is indicated by the colour of the outer
line of the bar; blue for 25◦C, green for 35◦C, and red for 40-45◦C. The
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cells tested with a CV step during charging is indicated by CV. The CV was
performed at the corresponding voltage level of the upper SOC level, except
in the cases marked with ∗, where a CV step at 4.15 V (100% SOC) were
used.

The established knowledge for ageing in LiBs is that the upper and lower
SOC levels are more detrimental for the cell. However, in this work the tested
cells have shown a remarkable durability at low SOC and even at 0-10% SOC.

There is a large variation in how many cycles each cell has been tested,
due to a limited number of channels where the tests had to be started in
batches; when one cell reached the EOL criterion, 80% remaining capacity, it
was stopped and a new cell started. The cells started in the first batch and
tested in less detrimental test regimes could therefore reach an impressive
number of FCEs. It can also be seen that a number of cells were stopped
before reaching the EOL criteria, due to for example time limitations, or
faulty equipment.

In order to manage the large test matrix, with the available test channels,
the number of duplicates had to be limited. The duplicates showed good
agreement with one another, except for cells #43 and 44, and #46 and 47.
This is thought to be due to a move of the test equipment, where cells #44
and 47 had a longer pause in the testing, while cells #43 and 46 did not.

As some of the cells were tested more than 2 years, pauses in the testing
were inevitable. The test equipment was calibrated on a regular basis, and
there were also a number of unscheduled stops. Every time a test had to be
paused, an RPT was made, before and after the test being resumed. The
cells did often recover or lose capacity during these pauses, reflected in the
capacity degradation curves as a vertical drop or gain.

The tests in small DODs showed large fluctuations in the measured ca-
pacity during the ageing. The reason for this has not been established. It
was first thought to be a problem with the accuracy in the current control
during the CV charge step. However, after observing the same behaviour in
all cells tested in 10% DOD, regardless of test equipment used, the accuracy
in the current control was considered not to be the main cause of these fluc-
tuations. A hypothesis is that the fluctuations are linked to processes such
as temporary blocking of active material or other reversible processes.
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#1: +2C/-2C 0-10%SOC
#2: +2C/-2C 0-10%SOC

#3: +1C/-1C 10-20%SOC
#4: +2C/-2C 10-20%SOC
#5: +4C/-4C 10-20%SOC
#6: +2C/-2C 20-30%SOC
#7: +2C/-2C 40-50%SOC
#8: +1C/-1C 60-70%SOC
#9: +2C/-2C 60-70%SOC

#10: +4C/-4C 60-70%SOC
#11: +4C/-4C 60-70%SOC
#12: +2C/-2C 70-80%SOC
#13: +2C/-2C 80-90%SOC

#14: +2C CV/-2C 80-90%SOC
#15: +2C CV

*
/-2C 80-90%SOC

#16: +2C CV/-2C 0-90%SOC
#17: +1C CV/-2C HY10-90%SOC

#18: +1C CV/-2C 10-90%SOC
#19: +4C CV

*
/-4C 20-80%SOC

#20: +2C/-2C 0-10%SOC
#21: +1C/-1C 10-20%SOC
#22: +2C/-2C 10-20%SOC
#23: +4C/-4C 10-20%SOC

#24: +2C/-2C 0-30%SOC
#25: +2C/-2C 40-50%SOC
#26: +1C/-1C 60-70%SOC
#27: +2C/-2C 60-70%SOC
#28: +4C/-4C 60-70%SOC
#29: +4C/-4C 60-70%SOC

#30: +2C CV/-2C 0-90%SOC
#31: +2C/-2C 0-10%SOC
#32: +2C/-2C 0-10%SOC

#33: +1C/-1C 10-20%SOC
#34: +2C/-2C 10-20%SOC
#35: +2C/-2C 10-20%SOC
#36: +4C/-4C 10-20%SOC
#37: +4C/-4C 10-20%SOC
#38: +2C/-2C 20-30%SOC
#39: +2C/-2C 20-30%SOC
#40: +4C/-4C 20-30%SOC
#41: +2C/-2C 40-50%SOC
#42: +1C/-1C 60-70%SOC
#43: +2C/-2C 60-70%SOC
#44: +2C/-2C 60-70%SOC
#45: +4C/-4C 60-70%SOC
#46: +2C/-2C 70-80%SOC
#47: +2C/-2C 70-80%SOC
#48: +2C/-2C 80-90%SOC

#49: +2C CV/-2C 80-90%SOC
#50: +2C CV/-2C 0-90%SOC

#51: +1C CV/-2C HY10-90%SOC
#52: +1C CV/-2C 10-90%SOC
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/-3C 20-80%SOC

#56: +4C CV
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/-4C 20-80%SOC

#57: +1C CV
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/-2C 20-80%SOC

#58: +1C CV
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/-3C 20-80%SOC
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/-1C 20-80%SOC
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Figure 6.2: Cycling ageing for all cells tested at 25, 35 and 40-45◦C. The
green bars show the number of FCE with a capacity larger than 95%, yellow a
capacity between 95-90%, orange a capacity between 90-85%, red a capacity
between 85-80%, and black a capacity <80%. The CV step was performed
at the corresponding voltage level of the upper SOC level except in the cases
marked with ∗, where a CV step at 4.15 V (100% SOC) were used.

68



6.2.1 Effect of Temperature

The expected temperature dependence, i.e increased ageing at higher temper-
atures, was seen for large DODs (Figure 6.3). However, this was not always
the case for small DODs. Four different SOC levels with 10% DODs were
tested at all three temperatures, and for 25 and 45◦C two additional SOC
levels were tested.
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Figure 6.3: Cycling ageing with +2C/-2C in 90% DOD at 25, 35 and 45◦C.

For the 10% DOD tested in a SOC level lower than 50% SOC, the ex-
pected increased capacity degradation at higher temperatures could not be
seen (Figure 6.4). Instead, the cells tested at 25◦C showed slightly more
degradation compared to the two higher temperatures. The 35◦C cells had
the best performance closely followed by the cells tested in 45◦C.
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Figure 6.4: Cycling ageing in 10% DOD at 10-20% (top) and 60-70% (bot-
tom) with +1C/-1C (left), +2C/-2C (middle), and +4C/-4C (right) at 25,
35 and 45◦C.
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6.2.2 Effect of C-rate

The expected C-rate dependency, increased ageing for higher C-rate, was
observed (Figure 6.5). With a large DOD, the ageing in the cell tested with
+1C/-2C was only slightly faster compared to the cell tested with +1C/-
1C, while the cell tested with +1C/-3C showed a rapid increase in ageing.
Clearly showing a nonlinear relation in ageing with C-rate. The reason for
the larger increase in ageing between 2C and 3C is considered to be that
CC with 3C is resulting in larger concentration gradients in the electrodes
leading to larger stress in the active material. The higher C-rate could also
give a slight increase in temperature.
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Figure 6.5: Cycling ageing for different discharge rates, +1C/-XC in 60%
DOD at 40◦C.

For the small DODs, the same trend could be observed (Figure 6.4),
however, the difference in 1C and 2C were even smaller. Surprisingly, 4C was
not as detrimental as expected in the 10-20% interval. Interestingly, the cell
tested at 25◦C showed faster ageing compared to the cells tested at 35 and
45◦C. This was again thought to be due to larger material stress, since at
25◦C the resistance is higher and the kinetics slower compared to the higher
temperatures. A similar trend, although not as clear, could be seen for the
cells tested in 60-70% SOC. Where the increased ageing with temperature is
only seen at 1C and 2C, and the difference reduces with increased C-rate.
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6.2.3 Effect of DOD

An important observation was that the ageing trend looks differently for
the large DODs and the 10% DODs. For large DODs, the cells initially lose
capacity fast during the first hundred cycles, then the degradation pace slows
down to a linear trend, before finally accelerating again (Figure 6.3).

The 10% DODs have the same initial fast degradation step followed by
a linear degradation, but which is much slower for the lower SOC levels and
has approximately the same speed for the higher SOC levels (Figure 6.6).
However, instead of going into the accelerated "final" ageing step, the ageing
levels out at a distinct level that seems to be related to SOC, C-rate and
temperature.

The reason for the different degradation trends is unknown. A speculation
is that the 90% DOD results in a larger expansion in the graphite compared
to the 10% DODs. The larger expansion causes the SEI to crack and expose
fresh graphite for the SEI reactions that eventually consumes all the additives
leading to a more unstable SEI to form, which accelerates the degradation.
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6.2.4 Effect of SOC Level

A further interesting observations from the 10% DODs study is the clear
difference between cells tested at higher SOC levels, which have a faster
degradation compared to cells tested below 40% SOC (Figure 6.7). Three
distinct ageing groups could be seen in the trends for the cells tested at
45◦C (Figure 6.8) and only two for the cells tested at 25 ◦C (Figure 6.10a).
This indicates that there is one or several ageing mechanisms that have an
accelerated process for higher SOC levels and higher temperatures.
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Figure 6.7: Cycling ageing in 10% DODs at different SOC levels and different
C-rates at 25, 35 and 45◦C.

The ageing at 25◦C is similar and moderate with increased SOC level, for
all cells above 40% SOC, indicating that this is the approximate start level
for an accelerated ageing. At 45◦C the separation between the 40-50% SOC
results and the ones above 60% SOC shows that there is a clear temperature
dependency related to this ageing mechanism.
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Figure 6.8: Cycling ageing in 10% DODs at different SOC levels with +2C/-
2C at 45◦C where three distinct ageing groups can be observed.

6.2.5 Constant vs Dynamic Current

Tests were performed to compare the synthetic constant current (CC) cycles
with a more realistic dynamic drive cycle. The Hyzem drive cycle (Figure
3.8) was chosen for this purpose and the RMS current was scaled to 2C.

It seems that at least the tested dynamic current is less detrimental for
the cell compared to a CC (Figure 6.9). The test with 1C charge and CC 2C
discharge ages faster compared to the cells tested with the Hyzem drive cycle
with a 2C RMS current. Even if the current for shorter duration’s are higher
than 2C, the cell seems to be less stressed compared to the 2C CC operation.
Needed to be noted is that the Hyzem drive cycle also includes short pauses
and the drive cycle therefore takes longer time than the CC cycle. Although
not fully understood, this is a potentially encouraging result for a vehicle
application.
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Figure 6.9: Cycling ageing in 10-90% SOC at 25 and 45◦C with 1C charge
and discharge with 2C CC or Hyzem drive cycle with a 2C RMS current.
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6.3 Empirical Ageing Model

An empirical ageing model was developed based on the tests conducted in
the 10% intervals. A short description of the model will follow here, a more
detailed description and results from the empirical model can be found in
[115].

The model is based on the CC charge and discharge test in the 10%
DOD tests at 25 and 35◦C. The capacity retention is described with a two
exponential function derived for each 10% interval according to

Cap(SOC,FCE, T,C-rate) = a · exp(b · FCE) + c · exp(d · FCE) (6.1)

where a is function of SOC (6.2), c = 26−a, b is a function of both SOC and
C-rate (6.3), and d is a look-up table including SOC, C-rate and temperature
(Table 6.1).

a(SOC) = 6.2
SOC
90

+ 0.093 (6.2)

b(SOC,C-rate) =

(
0.98

(
C-rate

2

)3.3

+ 0.0174

(
SOC
20

))
·

(
−0.6045

SOC2.4 − 5.512 · 10−4

)
·
(
SOC
20

)(0.05C-rate3−0.35C-rate2+1)

(6.3)

Table 6.1: Look-up table for SOC and temperature dependency for parameter
d. A linear extrapolation was used for the SOC values when there were no
experimental data.

SOC interval [%] 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90

d(25◦C, 2C) = [-6.620 -3.210 -2.410 -3.700 -5.000 -2.550 -0.100 -0.010 -0.001]·10−6

d(35◦C, 2C) = [-3.042 -1.000 -0.400 -4.730 -9.000 -7.67 -6.331 -7.000 -0.7]·10−6

For the d parameter a linear extrapolation was used for the SOC val-
ues where there were no experimental data (30-40% and 50-60% SOC). The
following relations were used to account for the C-rate dependence for d,

d(C-rate ≤ 1, SOC < 50) =d(2C, SOC) + (C-rate− 1) (d(2C, 10-20)− d(1C, 10-20))

d(C-rate ≤ 1, SOC ≥ 50) =d(2C, SOC) + (C-rate− 1) (d(2C, 60-70)− d(1C, 60-70))

d(C-rate ≤ 2, SOC < 50) =d(2C, SOC) + (2− C-rate) (d(2C, 10-20)− d(1C, 10-20))

d(C-rate ≤ 2, SOC ≥ 50) =d(2C, SOC) + (2− C-rate) (d(2C, 60-70)− d(1C, 60-70))

d(C-rate > 2, SOC < 50) =d(2C, SOC) +
C-rate− 2

2
(d(2C, 10-20)− d(4C, 10-20))

d(C-rate > 2, SOC ≥ 50) =d(2C, SOC) +
C-rate− 2

2
(d(2C, 60-70)− d(4C, 60-70))

(6.4)
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For the calendar ageing, (6.1) was fitted to results from storage tests at
15%, (6.5), and 90% SOC, (6.6), at 25◦C. The model compared to the test
data at 25◦C and 35◦C for different SOC levels, C-rates, and the calendar
ageing are visualised in Figure 6.10.

Capcal(15%,Days, 25◦C) = 0.0743 · exp(−9.545 · 10−3 ·Days)

+ (26− 0.0743) · exp(−1.9 · 10−5 ·Days) (6.5)

Capcal(90%,Days, 25◦C) = 0.29 · exp(−0.0417 ·Days)

+ (25.843− 0.29) · exp(−6.153 · 10−5 ·Days)
(6.6)
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Figure 6.10: Parameterised ageing functions together with input data for (a)
2C data at 25◦C, (b) different C-rates at 35◦C, and (c) calendar ageing at
25◦C at 15% and 90% SOC.

For DOD larger then 10% the contribution for each interval was added to
estimate the contribution for the targeted DOD. Test data at 35◦C in a 30%
DOD, 0-30% SOC, was used to verify the model (Figure 6.11).

A case study for cycling ageing was performed and the model showed that
there is a large potential in prolonging the battery lifetime by avoiding high
SOC levels. By using a small DOD at a low SOC levels the cycle-life could
be substantially prolonged, up to 130% for one of the test cases.

Also cases were studied where calendar ageing was included, at high and
low SOC, 90% and 15%, respectively. The capacity losses were weighed
together according to the number of FCEs driven per day and the time for
calendar ageing per day according to
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Figure 6.11: Capacity degradation in 0-30% SOC with 2C charge and dis-
charge for the ageing function together with experimental data at 35◦C.

Cap(Cyc,Cal)=Cap(FCE/day) + wt,cal · Capcal(SOC,Days, 25◦C) (6.7)

The results were as expected, i.e. the calendar ageing is a large contrib-
utor to the ageing for a personal vehicle that is spending most of its time
parked, 96.5% of its time [116]. In [115] an example is shown that by adapt-
ing a charging strategy, i.e. planning the charging to avoid high SOC, the
contribution from calendar ageing could be reduced from 61% to 35% for
vehicle 1, prolonging the lifetime from 6 to 11 years.

6.4 Ageing Analysis

6.4.1 Post Mortem Analysis

A selected number of cells were opened to perform PM analysis. In table 3.2
the selected cells are marked with PM. The PM analyses were conducted by
Erik Björklund at UU and this section is only presenting the most significant
results used as guidance in the development of the P2D ageing model. The
detailed PM analysis can be found in [117,118]. The cells were discharged to
0% SOC, 2.8V, before they were disassembled in an argon filled glovebox.

To study the impact of SOC, PM analysis were conducted on two cells,
cycled in different SOC intervals, +2C/-2C 10-20% SOC and 60-70% SOC at
45◦ C, and compared to a fresh cell presented in [78]. The cycled NEs had
higher resistances compared to the uncycled NE, where the NE from the cell
cycled at 60-70% SOC had the highest resistance. The SEI layer of the cycled
cells, compared to the uncycled, were thicker and between 20 and 50 nm. For
both cycled cells, Mn could be found in the SEI, however, the amount of Mn
was much higher for the cell cycled at 60-70% SOC. The PE suffered from
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loss of active material, especially the NMC particles. Again the ageing was
more severe at the higher SOC level.

The observation that the Mn dissolution has a slower rate at low SOC
levels was confirmed when studying a cell cycled in 10-20% SOC with +4C/-
4C until 80% capacity retention. Only small amounts of Mn was found in
the SEI, even though the cell had a similar end capacity as for the cell tested
in 60-70% SOC.

An investigation of the temperature effect was conducted on cells tested
in 0-90% SOC with +2C/-2C at 25◦C and at 45◦C. The higher temperature
lead to an increased salt degradation and more products related to this,
phosphorus and fluorine containing SEI species, could be found on the NE.
Further, an investigation of two cells tested with different C-rates, 1C and 4C,
in 60-70% SOC at 35◦C showed that the higher C-rate also caused more salt
degradation. It could also be seen that more carbonate formation occurred
on the NE at a higher C-rate [117].

6.4.2 Electrode Slippage and Material Loss

For the cells not included in the PM analysis, a non-invasive method was
used, ESMLE. The model developed by Björklund [117], shortly introduced
in Section 2.2.2, was used to calculate the electrode slippage and material
loss. For these cells, a charge and discharge cycle with C/10 was conducted
after the ageing cycling was finished. For one cell, #52 (+1C/-2C 10-90%
SOC at 45◦C), the C/10 cycle was performed at every RPT.

The result for cell #52 can be seen in Figure 6.12. The electrode slippage
was 10x larger for the NE than for the PE. The continuous shifting to the left
of the NE potential curve indicates that there are reduction side reactions. A
likely cause is the continuous decomposition of solvent and other electrolyte
components resulting in SEI growth on the NE. As the PE has a much smaller
slippage it is difficult to draw any clear conclusions. The slippage of the PE
could also be an artefact as a result of the material loss and was not included
in the analysis.

For the NE, the model calculated only a small material loss, in good
agreement with the results from the PM analysis [78]. The large material
loss seen in the PM analysis was also seen in the calculated results for the
PE.

For 16 additional cells it was possible to conduct this analysis at the end of
the testing (Figure 6.13). The cells had reached different capacity retention at
the time for the analysis, and this has to be kept in mind, making the analysis
more complex. However, all cells tested below 30% SOC had a capacity over
90%, except cell #23 (+4C/-4C 10-20% SOC at 35◦C) and #38 (+2C/-2C
20-30% SOC at 45◦C). Looking at cell #2, #20 and #31 (+2C/-2C 0-10%
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Figure 6.12: (a) Calculated potential curves from half cell electrode po-
tentials, for cell #52 (+1C/-2C 10-90% SOC at 45◦C) from C/10 cycles
throughout the test-period. (b) The calculated slippage and material loss for
each electrode.
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Figure 6.13: Calculated material loss in the (a) PE and (b) NE for 17 of the
tested cells and (c) the slippage of the NE.

SOC at 25, 35 and 45◦C) the PE material loss is increasing with increasing
temperature. The same trend can be seen for an increasing SOC, where the
cells tested in 25◦C at higher SOC experience larger loss of active material.
Increasing C-rate also seems to generate a larger loss of PE material, and
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increasing slippage of the NE. The material loss of the NE is modest for
all cells, except for cell #14 (+2C/-2C 80-90% SOC at 25◦C) which shows
inconclusive results.

6.4.3 Incremental Capacity Analysis

ICA is the basis of the ESMLE, studying the ICA further more information
that is not included in the ESMLE can be extracted. If the cell only suffer
from increased resistance, the ICA should look the same as for the fresh cell
though shifted to the right for the charge and left for the discharge. If both
electrodes experience the same amount of material loss the ICA should look
the same though with a reduced peak amplitude. If only one electrode expe-
riences material loss the peaks related to that material will loose amplitude,
but the balance between the electrodes will also be shifted and the peak posi-
tions will shift. If there is side reactions the electrodes slips in relation to one
another resulting in shifting of the peaks. The the change of peak positions
can also reduce peak amplitude. Any change in the electrode balance will
bee seen in the ICA.

For cell #52 (+1C/-2C 10-90% SOC at 45◦C), that had C/10 measure-
ments throughout the test period, an ICA analysis was made (Figure 6.14).
The contribution from the cell polarisation and the increase with number of
cycles is easiest seen at the initiation of the charge and discharge where the
voltage drops as the current load is applied. As can be seen for cell #52
there is more than polarisation increase taking place. Recall Figure 3.4 and
the different materials phase transitions. In support of the ESMLE, the cell
experience large slippage of the electrodes. Initially the discharge peaks re-
lated to phase transitions for graphite are all below 3.82 V (Peaks 1 5 to
2 2 in Figure 3.4), at the last measured ICA the 2 2 is close to 3.9 V.
This shows a large slippage where side reactions and loss of cyclable Li+ seem
to be the dominating ageing mechanism. Furthermore, the peaks below 3.7
V are losing more amplitude than the peaks above 3.7 V indicating loss of
active material. With the large slippage of the electrodes it is though diffi-
cult to establish if there is material loss. However, the ESMLE support this
assumption and as these peaks are related to the NMC this indicates that
the largest material loss is due to NMC. This is also in good correlation to
previous research showing that the NMC material experience material loss
that has been linked to particle cracking and surface changes [54,67].

ICA was made for three of the cells tested with 2C in 10% DOD in 25◦C
at different SOC levels (Figure 6.15a). In the previous section it could be
seen that cell #4 (+2C/-2C 10-20% SOC at 25◦C) had a rather high loss of
material, but maintains a high cell capacity of 92.9%. As the active material
loss is similar in both electrodes, 5.7 and 4%, and only has a minor slippage
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Figure 6.14: ICA for cell #52 (+1C/-2C 10-90% SOC at 45◦C) through out
the test-period.

of the NE, the electrodes balance is maintained. However, for cell #9 (+2C/-
2C 60-70% SOC at 25◦C) there is an 8.2% loss of PE material and only a
minor loss of NE material, with a 4x larger slippage of the NE, the remaining
capacity is 85.2%. As the slippage of the electrodes is a consequence of side-
reactions trapping Li+, this proves that Li-loss is the largest cause for the
capacity loss in the cells. Interesting to note is that the slippage in cell #9 is
less than for cell #7 (+2C/-2C 40-50% SOC at 25◦C), this can also be seen in
the ICA where the peak initially around 3.5 V (Peak 1 5 in Figure 3.4) has
shifted more for cell #7. The end capacities are similar, where cell #9 seems
to have suffered slightly higher loss of PE while cell #7 has experienced more
reduction reactions.
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Figure 6.15: ICA from C/10 cycles for cells tested with 2C (a) at 25◦C in
different 10% DODs and (b) at 25◦C and 45◦C in 80-90% SOC with CV at
90% SOC (4.06V).
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Cells #14 (+2C/-2C 80-90% SOC at 25◦C) and #49 (+2C/-2C 80-90%
SOC at 45◦C) reached almost the same end capacity (Figure 6.15b). However,
the ICA shows clear differences. For cell #14 the ESMLE were inconclusive,
the model made a poor fit to the measured ICA, which is understandable since
the ICA shows large shifts and immersion of peaks. The large shift in the peak
initially around 3.5 V indicates side reaction and the lower amplitude in the
peaks at higher voltages indicates material loss. To fully answer what ageing
cell #14 has experienced, further investigations are needed. For cell #49 the
loss seems to be linked to side reactions but also loss of NMC material, the
last peak related to LMO have maintained the amplitude. The large changes
in the other peaks are likely due to the large slippage in the NE.

For the cells tested at 35◦C in 10-20% SOC at different C-rates, the
ESMLE showed that the PE material loss and the NE slippage increased
with increasing C-rate (Figure 6.16a). The difference between 1C and 2C
is moderate, although the test run with 4C showed a larger increase in PE
material loss and NE slippage. This can also be seen in the ICA where the
NE peaks have shifted toward higher potentials and the amplitude of most
peaks have been reduced. As the LMO peak at 4.1 V maintain the amplitude
again, it seems to be that NMC suffers most of the material loss. The loss
of NE material is minor and in the same range for the three cells indicating
that it is the NMC that is sensitive to the increased C-rate.
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Figure 6.16: ICA from C/10 cycles for four cells tested at 35◦C (a) with
different C-rates in 10-20% SOC and (b) with 4C in two different 10% DODs.

Running 4C at higher SOC, cell #29 (+4C/-4C 60-70% SOC at 35◦C),
seems to further amplify the ageing, with 2% larger PE material loss and
almost twice the NE slippage in the ESMLE. This is also seen in the ICA
where the peaks have been further shifted and the amplitude loss is more
severe, even though the cell has only been tested for less then half the number
of FCEs as that of cell #23 (+4C/-4C 10-20% SOC at 35◦C) (Figure 6.16b).
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6.5 Physics-Based Simulation Results

The ageing in this model is a result of the SEI layer growth, Mn dissolution,
transport and deposition on the NE, and the Mn effect on the SEI properties.
The growth of the SEI results in three different ageing contributions, con-
sumption of cyclable Li+, increased film resistance on the NE, and decreased
volume fraction of electrolyte in the NE. The Mn dissolution results in loss of
active PE material and increased resistance in the SEI due to reduced ionic
conductivity in the SEI layer. The total resistance in the model is calculated
from

Rtot =
Ecell −

(∫
L
Eeq,pos(SOLpos,AV )

Lpos
−
∫
L
Eeq,neg(SOLneg,AV )

Lneg

)
Icell

(6.8)

where Ecell is the cell potential during load with the current Icell, and Eeq
is the equilibrium potential for the average lithiation degree, SOLAV , of
the electrodes. The discharge resistance at 50% SOC has been used for the
comparisons in the following sections.

6.5.1 The Time Factor Influence on Ageing

To reduce the required number of simulated cycles a time factor, tfactor, was
introduced in the model. The time factor linearly extrapolate the ageing from
one cycle to the next n cycles. The time factor is included in the side reaction
currents, (4.37) and (4.42), to ensure that the slippage of the electrodes is
accounted for. The impact of this time factor was investigated as well as how
large it could be without introducing errors.

A test case of a +1C/-1C cycle in 0-100% SOC was used to ensure that
the time factor would not effect the ageing (Figure 6.17). The results show
that if the time factor is small enough, the error is negligible. At values
higher than 100 a small error is introduced and the model underestimates
the ageing. The error is increasing with higher values.
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Figure 6.17: Impact of the time factor in the ageing model.

6.5.2 Consequences of SEI Build up

For this study the ageing was simulated for an example case using a CC-CV
cycle with +1C/-1C at 25◦C. For the example case the ageing parameters
were enhanced slightly or significantly so that the contribution from the dif-
ferent mechanisms could be seen more clearly.

The SEI growth is the largest contributor to the ageing in the cell during
normal use and consequentially also in the model. In this section the result
of the SEI growth is visualised. The SEI growth results in a capacity loss
due to trapped Li+, but also an increase in the resistance that also can limit
the capacity. Two cases are simulated, SEI growth with or without loss of
electrolyte volume.

The capacity retention as result of the SEI growth, Qloss,SEI , is the same
in both cases (Figure 6.18). The SEI growth in the model resulting in loss
of electrolyte volume in the NE, contributes to a resistance increase in the
model, however, small enough to only give a minor decrease in the usable
1C capacity, Q1C,dch, for this set of parameters (Figure 6.19). The loss of
capacity is in both cases related to the loss of Li+.

An additional case was included, SEI growth with loss of electrolyte vol-
ume, although now assuming a more resistive SEI. The SEI growth is slightly
higher due to the larger overpotential at the NE as a result of the more resis-
tive film. As the ageing progresses the resistance becomes higher and after
1200 cycles, where the curves intersects, becomes limiting for the capacity.
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Figure 6.18: Simulated capacity retention for SEI growth with and without
loss of electrolyte volume for simulated cycles with +1C/-1C in 0-100% SOC
at 25◦C.

(a) (b)

Figure 6.19: Simulated ageing when only including SEI growth with and
without loss of electrolyte volume for the +1C/-1C cycling in 0-100% SOC
at 25◦C. (a) The resulting cell discharge resistance increase at 50% SOC and
(b) the change of volume fraction electrolyte in the NE for the three simulated
cases.
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6.5.3 Consequences of Mn Dissolution and Deposition
on the NE

The oxidation on the conductive carbon at the PE results in loss of PE
material and the deposition of Mn2+ in the SEI causes the ionic conductivity
to decrease in the SEI, increasing the resistivity in the SEI. Test cases were
simulated including both material loss (εs,pos), and Mn deposition, only εs,pos
loss, and only Mn deposition.

The main contributor for capacity loss is the εs,pos loss (Figure 6.20). A
negligible difference in capacity can be seen in the red and green curves as
a result of Mn deposition. The overall resistance increase is very small in
all three cases, the Mn deposition in the SEI for this thin SEI only gives a
minor increase (Figure 6.21a). The main resistance increase is thought to
originate from the material loss that results in a shifted balance between the
electrodes where less of the NE is utilised (Figure 6.21b). In this case the
diffusion coefficient for the NE is slightly reduced at 50% SOC for the battery
cell after 2000 cycles compared to the initial cycle.

When only including the Mn deposition the oxidation causes the elec-
trodes to slip in relation to each other (Figure 6.21b). The NE slips toward
lower voltages (higher SOL) and the PE toward higher voltage (lower SOL).
With only a negligible resistance increase, this results in a minor capacity
increase.
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Figure 6.20: Simulated capacity retention for a cell with +1C/-1C in 0-100%
SOC at 25◦C when including oxidation at the PE causing loss of PE material
and deposition of Mn2+ on the NE. Two cases only including deposition and
only loss of PE material are also included.

(a) (b)

Figure 6.21: Simulated ageing when only including Mn dissolution with
and without loss of PE material and deposition on the NE for the +1C/-1C
cycling in 0-100% SOC at 25◦C. (a) The resulting cell discharge resistance
increase at 50% SOC and (b) the SOL in the electrodes at beginning of the
discharge and at the end of the discharge.
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6.5.4 Contribution of Ageing Mechanisms

The different contributions when including both SEI growth and Mn dissolu-
tion were studied. Three cases including the different contributions from the
Mn dissolution is compared to the SEI growth including loss of εl,neg (Figure
6.22). In all the tested case both electrodes slips toward higher voltages,
where the slippage is largest for the SEI growth including loss of εl,neg (Fig-
ure 6.23b). Only including the Mn deposition results in a smaller capacity
loss due to the oxidation causing the PE to slip in the same direction as the
NE slips as a result of the SEI growth. The Mn depositions in the SEI gives
a slight increased resistance in the SEI (Figure 6.23a). Including the loss
of PE material increases the capacity loss and the cell experiences a larger
resistance increase. A larger part of the PE is utilised compared to previous
two cases and a slightly smaller part of the NE is utilised. Again including
the Mn deposition in the SEI increases the resistance slightly, however, not
enough to make an impact in the resulting capacity and the red curves are
overlapping the green.

Two cases with even more enhanced PE material loss and change in ion
conductivity in the SEI were simulated (Figure 6.24). The SEI growth is
the same in all three cases, and initially limiting the capacity for the two
enhanced cases. In the case with large PE material loss, the positive electrode
becomes limiting for the capacity after 800 cycles. For the enhanced change in
resistivity in the SEI, (4.28) and (4.60), an abrupt change in capacity can be
seen as the film resistance becomes limiting at 1400 cycles. The resistance in
both cases is of the same order (Figure 6.25a), but the combination with large
PE material loss results in a larger overall capacity loss. The larger resistance
increase will likely result in larger capacity loss as the ageing progresses.
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Figure 6.22: Simulated capacity retention for +1C/-1C 0-100% SOC at 25◦C
including both SEI growth with loss of εl,neg and the different contributions
from the Mn dissolution.

(a) (b)

Figure 6.23: Simulated ageing when including both SEI growth with loss of
εl,neg and the different contributions from the Mn dissolution for the +1C/-1C
cycling in 0-100% SOC at 25◦C. (a) The resulting cell discharge resistance
increase at 50% SOC and (b) the SOL in the electrodes at beginning of
discharge and end of discharge.
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Figure 6.24: Simulated capacity retention for +1C/-1C 0-100% SOC at 25◦C
enhancing the contribution from the different ageing mechanisms.

(a) (b)

Figure 6.25: Simulated ageing when enhancing the contribution from the
different ageing mechanisms for the +1C/-1C cycling in 0-100% SOC at 25◦C.
(a) The resulting cell discharge resistance increase at 50% SOC and (b) the
SOL in the electrodes at beginning of discharge and end of discharge.
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6.6 Simulation of Ageing in Small DOD

The measurement results using a 10% DOD at 25◦C were compared with
simulations. Both the effects of SOC placement and C-rate were investigated.
The measured capacities are recognised by the dashed lines and the measured
resistances by dashed lines with circles.

6.6.1 Simulation at Different SOC

For the simulations at different SOC placements, four different levels with
+2C/-2C were used, 10-20, 40-50, 60-70 and 70-80% SOC (Figure 6.26). As
noted in Section 5.4.2 the complete capacity degradation curve could not
be recreated in the model, however, the SEI growth seems to be the main
reason for the distinct separation between the capacity degradation curves at
the low and high SOC levels. The increase in loss of recyclable Li due to SEI
growth difference are minor among the three higher SOC intervals simulated,
but notably smaller for the lowest SOC interval. The measured resistance
increase is captured by the simulations, where the SEI growth leads to a
higher film resistance on the NE particles.

The model cannot fully capture the PE material loss. According to the
ESMLE the PE material loss should be around 5.7% for the 10-20% case (cell
#4), and 5.2% for the 40-50% case (cell #7). For the 70-80% case (cell #12)
no slippage analysis was possible, although the data for cell #14, 80-90%
SOC, and cell #9, 60-70% SOC, indicates that it should be in the range of
8%. Conclusions that can be drawn from comparing the P2D simulations to
the ESMLE and PM analysis is that all PE material loss does not come from
the Mn dissolution. The PE material loss is in the range of 5% in the low
SOC interval cycled with 2C, but both the PM analysis and simulation show
negligible Mn dissolution at these low SOC levels. This implies that at least
one important ageing mechanism is unaccounted for in this ageing model.
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(a)

(b)

(c)

Figure 6.26: Measured and simulated ageing for different SOC intervals
when using 10% DOD with +2C/-2C cycling at 25◦C. (a) The resulting 1C
cell discharge capacity ( measured and * simulated), and (b) 5C 10s pulse
resistance increase at 50% SOC (-o- measured and * simulated), and (c) The
contribution from loss of cyclable Li+ and PE material.
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6.6.2 Simulations at Different C-rates

The simulations of different C-rates were performed at 10-20% and 60-70%
SOC. The simulations for at low SOC results in too low capacity degradation
(Figure 6.27). Low PE material loss can be one of the reasons. The results
from the ESMLE for cells #3 (+1C/-1C 10-20% SOC) and #4 (+2C/-2C 10-
20% SOC) at 25◦C and cells #21 (+1C/-1C 10-20% SOC), #22 (+2C/-2C
10-20% SOC), and #23 (+4C/-4C 10-20% SOC) at 35◦C show that the PE
material loss and NE slippage is C-rate dependent. The trend with increased
ageing for increased C-rates is though captured for both the SEI growth and
PE material loss, even though at a too low rate of PE material loss.

The resistance increase for the 1C and 2C case is in the right range and
mainly a result of the SEI growth. For the measured 4C case (cell #5, +4C/-
4C 10-20% SOC at 25◦C) there is no resistance increase. It was not possible
to conduct the ESMLE for Cell #5, however, cell #23 tested at 35◦C was,
and it showed large PE material loss. The large PE material loss has through
the ICA analysis been established to be in the NMC particles, this shows even
more clearly that the hypothesis for all the loss of PE being related to the
Mn dissolution has to be revised.

For the simulations in 60-70% SOC the results were unexpected (Figure
6.28). The measured results show the same trend as for the low SOC but
accelerated, however, the simulations give a completely reversed trend where
1C is more detrimental compared to 2C and 4C. The PE material loss follows
the expected trend, thus the main reason for the unexpected overall trend
must be the SEI growth. At this potential the limiting current for the SEI
growth is reached and the time each cycle takes is significantly different. The
1C cycle takes 2 and 4 times longer to complete the charge than the 2C and
4C cycles, consequently resulting in more SEI growth. This is also mirrored
in the resistance increase, where the 1C case has too high resistance.

For both 4C cases the resistance increase is negligible, even so the ESMLE
shows large slippage indicating more SEI growth. One hypothesis is that
the high C-rate causes an unstable SEI to be formed that cracks or breaks
down during cycling, providing a pristine graphite surface for renewed SEI
reactions. Cracking or breakdown of the SEI is not included in the model
and could be one reason the models fail to fully capture the trends seen in
the experimental data.
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(a)

(b)

(c)

Figure 6.27: Simulated ageing for different C-rates when using 10-20% SOC
cycling at 25◦C. (a) The resulting 1C cell discharge capacity ( measured and
* simulated), (b) 5C 10s pulse resistance increase at 50% SOC (-o- measured
and * simulated) compared to measured data, and (c) The contribution from
loss of cyclable Li and PE material.
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(a)

(b)

(c)

Figure 6.28: Simulated ageing for different C-rates when using 60-70% SOC
cycling at 25◦C. (a) The resulting 1C cell discharge capacity ( measured
and * simulated) and (b) 5C 10s pulse resistance increase at 50% SOC (-o-
measured and * simulated) compared to measured data. (c) the contribution
from loss of cyclable Li and PE material loss.
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Chapter 7

Conclusions

In this thesis, the results from an extensive test matrix for commercial cells
is presented together with an empirical ageing model and a physics-based
ageing model. The results from the lifetime cycling tests showed the expected
temperature dependence for 90% DOD, that higher temperature degrades the
battery faster, while a different and interesting observation was made for the
tests performed in 10% DOD. The temperature dependence had little effect
within SOC intervals lower than 50%. The expected temperature dependence
could first be observed above 50% SOC and only at temperatures above 40◦C.

The study also confirms that operating at high SOC levels lead to more
rapid ageing; only moderate ageing could be observed in the low 10% SOC
intervals, while more rapid ageing was noted for SOC intervals higher than
40% SOC. For cycling above 60% SOC, there are no large differences in the
capacity retention with respect to the specific SOC interval. Test results also
showed that the Hyzem Rural drive cycle is less detrimental compared to the
CC cycle with the same RMS current.

Using the derived empirical model, a study was conducted regarding how
various driving strategies for an EV could affect the cycle life of the battery.
The results showed that by driving the vehicle at lower SOC levels, when
possible, improved the lifetime of the battery substantially. For a personal
vehicle, that is spending most of its time parked, the model showed that
the largest part of the ageing comes from the calendar ageing (parking). It
was also demonstrated that the calendar ageing contribution could be much
reduced by avoiding high SOC by planning the charging in proximity to the
driving and not charging more than needed.

Parameterising a P2D model is a difficult task, and even more difficult
when attempting to extract parameters from a commercial cell. Complete
reverse engineering is of course not possible, however, it is possible to extract
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a sufficient number of parameters from material analysis of the different cell
components, after disassembling a cell, for obtaining a useful model. By
introducing possible side reactions, the ageing processes can be simulated
and can give possible explanations to phenomena seen in the measurements.
An example is model prediction of the SEI growth, where the simulated
growth rate become more severe in the higher SOC intervals compared to
the lower ones, which explains the test results for the 10% DODs. The
specific parameterisation in this case used calendar ageing data from the
measurement.

The contributions of the different ageing mechanisms were investigated in
a few cases where the parameters linked to the investigated mechanisms were
slightly enhanced. In the case of SEI growth, the loss of electrolyte volume
in the NE made only a small resistance contribution, not enough to notably
affect the usable capacity. The capacity loss is thus mainly determined by
the loss of Li+. In the simulated case of a significantly increased resistance
in the SEI it became limiting for the capacity when the resistance increase
reached 80%.

In the case of Mn dissolution, the oxidation on the PE results in a small
capacity increase due to the electrode slippage. When including loss of active
material this becomes limiting for the capacity. As the SEI layer growth in
this case is not included, the resistance increase from deposition of Mn2+ in
the SEI is very small. However, when including the SEI growth and a large
change in resistance, as a function of deposited Mn2+, the film resistance can
become limiting for the capacity and for the power.

The ageing analysis of the selected tested cells showed that SEI growth
seems to be the dominating ageing mechanism leading to loss of cyclable Li+
and increased cell resistance. The PM analysis showed that the increased cell
resistance is mainly due to increased resistance in the NE. The cell tested at
high SOC also had a thicker SEI layer compared to the cell tested at low
SOC. This trend could accurately be captured by the P2D model, where
the SEI growth and cell resistance increased with increasing SOC. However,
the trend with increasing ageing with C-rate could only be captured by the
model at the low SOC level and not at the high. The main reason for this
is assumed to be that when simulating ageing in the higher SOC level the
limiting current for the SEI reaction is reached, thus the conclusion is that
the normalisation of the SEI current used in the model is not sufficient to
account for the C-rate dependence for the SEI growth.

Another discrepancy is the low PE material loss in the simulated cases at
low SOC levels. The ageing analysis showed that the cells tested in low SOC
intervals had a very small amount of Mn in the SEI, but experienced increased
loss of PE material with increasing C-rate. Further, the PE material loss was
established to be from the NMC material. The Mn dissolution from LMO
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is likely to start above 4.0 V, for NMC first at 4.3 V, a voltage level that
is not reached in the investigated cell. As the model demonstrates, the Mn
dissolution cannot account for the PE material loss at low SOC levels, hence
an additional ageing mechanism is required. Therefore, the loss of NMC
material is more probable to be linked to cracked particles due to material
stress from concentration gradients and this should be accounted for in the
model.

The cross-talk of the electrodes, where Mn2+ is deposited in the SEI at
the NE and give rise to a resistance increase, cannot fully account for the
total cell resistance increase for the simulated case of 80% DOD. Here, the
accelerated ageing trend could not be captured by the model. Increasing the
change in the ionic conductivity (increasing the SEI resistance) leads to a too
high resistance increase for the 10% DOD case. As the PE material loss were
in a reasonable range it is assumed that the SEI growth should be larger.
The large DOD causes the graphite to expand and contract more compared
to the 10% DOD, this could lead to cracking of the SEI and thus more SEI
growth.

To summarise the key findings, the LiB is a highly complex system. Un-
derstanding how different type of usage causes different ageing mechanisms
to occur and how to limit them in various application can improve the LiB
lifetime. That high SOC, temperature and C-rate are increasing the ageing
is well established, here it has been shown that in some conditions this can
be circumvented. At low SOC the increase in ageing with increased temper-
ature is moderate, a slightly increased temperature can instead be beneficial,
especially when the C-rate is high. In the low SOC levels the LiB seem to
be less affected by the higher C-rates, as compared to the same conditions at
high SOC levels. The LiB benefits from being used in a small DOD placed
at low SOC levels. Refraining from fully charging the LiB will improve the
lifetime.
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Chapter 8

Future Work

Conducting lifetime tests are time consuming and costly, further development
of test methods for accelerated ageing tests and RPT, with lowest possible
ageing impact, is therefore required. In this thesis the ageing at different
SOC levels has been investigated, but is far from complete. Calendar ageing
in more than three intervals is required to fully map the ageing at different
SOC levels and to explain the increased ageing at 75% SOC compared to
90% SOC.

What RPT used in the lifetime testing and with what frequency is a
topic that has been under discussion for as long as lifetime testing has been
conducted. To design an RPT test so that as much information as possible
can be extracted from the test, while the test itself should be as short as
possible and influence the cell as little as possible, is challenging. Using slow
charge and discharge cycles in the RPT test open possibilities in tracking of
the slippage of the electrodes with ageing, however it is time consuming.

In the tests conducted in 10% DODs, large fluctuations in the capacity
could be seen. Further investigation to find the reason for the fluctuations
would be interesting. The capacity degradation curve also showed a differ-
ent behaviour compared to large DODs, going into a more moderate ageing
trend where the large DOD entered an accelerated ageing trend. In most
applications it is not viable to only use 10% of the capacity, why an im-
proved understanding for what causes the accelerated ageing in large DODs
and especially how to detect and avoid it would be highly valuable.

The hysteresis in the cell is not yet fully understood, although some hy-
potheses have been brought forward, it has not been accounted for in the
model. To be able to incorporate this in the model, such knowledge is needed.

When it comes to P2D models, robust and accessible methods for pa-
rameter extraction is a topic that requires further attention. Depending on
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what the model is built to predict or estimate, some parameters will hold
higher importance. Deeper investigations of the sensitivity of the different
parameters will help in determining what parameters to focus on.

In this thesis, the temperature dependence parameterisation of the model
was only initiated. To verify and capture the full temperature behaviour
further parameterisation would be a valuable task.

Calculating the diffusion coefficients from EIS or GITT measurements has
been done previously. In this thesis an LS optimisation to the pulse voltage
from RPT tests was used to estimate the diffusion coefficient for the PE.
However, attempting to optimise for both active materials simultaneously
led to poor results. By accounting also for the change in the equilibrium
potential curve will likely improve the results. This type of optimisation
against full cell data may be a powerful tool in parameterising P2D models.

The time factor was in this model placed in the equations for the side
reaction currents. If these currents are large this could lead to increased
polarisation in the cell. For the parameter set used in this thesis the error is
small, to make the model applicable to cells with large side reaction currents
a better placement for this factor should be investigated.

In this model the two PE materials LMO and NMC have been simulated
as one single material. Simulations of LMO and NMC as separate electrode
materials, with the possibility of using different properties for the two mate-
rials, will give further insights into the discrepancies of the model compared
to measurement data. Further, simulating the materials separately will also
enable contributions of different ageing mechanisms for the different materi-
als. Overall results show that it is the NMC that experience the main PE
material loss. NMC particles are known to be more prone to crack compared
to LMO and, therefore, separating the contribution from cracked particles
from the Mn dissolution is needed.

The extraction of ageing parameters for the ageing models is definitely
a topic that requires more attention. For instance, from what type of age-
ing tests should parameters be extracted? For the Mn dissolution there are
still several alternative processes proposed, which requires further studies to
establish what process is dominating for the studied cell. The fact that Mn
ends up on the NE researchers in the field agree on, although the issue of how
it deposits on the NE is fairly unclear. Understanding this process better is
vital for prolonging the lifetime of cells containing materials with Mn and
other TM. Deeper understanding how the TM influence the SEI is even more
important as the development is going towards higher voltage cells, increasing
the risk of TM dissolution.
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