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Abstract
Rechargeable lithium-ion batteries have both the power and energy capabilities to
be utilized in hybrid electric vehicles and other power demanding applications.
However, there are obstacles primarily related to reliability in safety and lifetime.
Additionally, there is still room for improvement in the battery performance.
In this work, physics-based mathematical models have been successfully set-up
and numerically solved to investigate performance, safety, and aging in lithium-ion
battery systems. This modeling approach enabled a detailed analysis of the
electrochemical processes related to these issues. As the models included many
parameters and spatial resolution of several variables with time or frequency,
strategies for investigation needed to be developed for most of the work. The
accuracy of the investigation was consolidated by the utilization of parameters
characterized from experimental work.
The performance expressed in terms of polarization was determined for a poweroptimized battery cell undergoing various operating conditions. A methodology
that separated and quantified the contribution of each process to the polarization
was set up, allowing the study of the contributions as a snapshot in time and as an
average over a cycle. Mass transport in electrolyte was shown to be a crucial
feature to improve especially if the battery is expected to undergo high currentloads for long periods of time.
Safety-concerns when a battery cell is short-circuited were investigated for three
types of short-circuit scenarios. All scenarios raised the temperature to the point
where exothermic side reactions were initiated. The similarities between the
scenarios in temperature increase were a result of the limiting current being
reached. The differences, however small, were related to the placement of the
short-circuit. Especially when the current collectors were not directly connected
by the short circuit, an increased electronic resistance was observed which
lowered both the generated current and heat.
The aging of a battery cell was investigated by model analysis of electrodes
harvested from fresh and aged cells. A methodology was used where a frequencydependent model was fitted to three-electrode impedance experiments by tuning
parameters associated to electrode degradation. For cycled cells, electrolyte
decomposition products inhibiting the mass transport in the electrolyte and
particle cracking in the positive electrode increased the impedance. A similar
model was also set up for investigation of the lithium intercalation processes in
PAN-based carbon fibers, showing it to have both good mass transport and kinetic
capabilities.
Keywords: Lithium-ion battery, modeling, electrochemical processes, impedance,
polarization, performance, safety, aging, power optimized battery

Sammanfattning
Laddningsbara litiumjonbatterier har både ur energi- och effektsynpunkt
möjligheten att kunna användas i elhybridfordon och inom andra effektkrävande
tillämpningsområden. Batteriets säkerhet och livslängd är dock inte helt
tillförlitliga. Dessutom finns det fortfarande utrymme för förbättringar av
litiumjonbatteriets prestanda.
I det här arbetet har matematiska modeller baserade på fysikaliska egenskaper
framgångsrikt ställts upp och lösts numeriskt för att studera prestandan,
säkerheten samt åldrandet hos litiumjonbatterisystem. Denna typ av modellering
gjorde det möjligt att detaljerat analysera hur de elektrokemiska processerna
bidrar. Eftersom modellerna omfattade ett stort antal parametrar och har variabler
som förändras i åtminstone en dimension med tid eller frekvens, krävdes det att
tydliga strategier för arbetet ställdes upp. Modelleringsstudiens noggrannhet
stärktes av att flertalet av de använda parametrarna hade bestämts experimentellt.
Polarisationen som ett mått på prestanda bestämdes för ett effektoptimerat batteri
under olika laster. En metodik som separerar och beräknar hur mycket varje
process bidrar till polarisationen skapades och användes för att studera bidragen
över tid eller över en hel lastcykel. Resultaten visade att masstransporten i
elektrolyten påverkar till stor del och bör förbättras om batteriet förväntas
belastas med hög ström under lång tid.
Säkerheten i samband med kortslutning av en battericell undersöktes för tre olika
fall av kortslutningar. Alla fall uppvisade en temperaturökning som skulle kunna
bidra till att exoterma reaktioner startas och termisk rusning uppstår.
Temperaturökningen var liknande i samtliga kortslutningsfall och berodde på att
gränsströmmen nåddes inom cellen. Skillnaderna mellan kortslutningsfallen var
inte så betydande men kunde härledas till kortslutningens placering. Framförallt
fallet då strömtilledarna inte kontakterades av kortslutningen observerades en
ökad elektronisk resistans som sänkte både strömmen och värmeproduktionen.
Åldringen i en battericell undersöktes genom modellanalys av elektroder som
tagits från nya eller åldrade celler. Som metod användes en frekvensberoende
modell som anpassades till tre-elektrod-impedansmätningar genom förändring av
parametrar som beskriver elektrodnedbrytning. Då cellerna cyklats, visade
förändringen av dessa parametrar att impedansen ökar på grund av
nedbrytningsprodukter från elektrolyten som hindrar masstransporten och att det
aktiva materialet i positiva elektroden spricker. En liknande modell användes
också till att undersöka PAN-baserade kolfibrers förmåga att interkalera litium och
resultaten visade på att den har mycket goda elektrokemiska egenskaper.
Nyckelord: Litiumjonbatteri, modellering, elektrokemiska processer, impedans,
polarisation, prestanda, säkerhet, åldring, effektoptimerat batteri
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Chapter 1
Introduction
Rechargeable lithium-ion batteries are found nowadays not only in portable
electronics but also in more power-demanding applications such as power
tools, back-up systems and hybrid electric vehicles (HEVs). With the demand
for more power and energy, several challenges arise for the lithium-ion battery
especially if an extended lifetime is critical (1). The existing technologies are
not optimal; e.g. the battery cannot be fully utilized under operation, and safety
and expected lifetime is still somewhat unreliable. These things contribute to
hesitation to implement lithium-ion battery systems. Thus, extensive research
is crucial to improve and reach a profound understanding of battery
performance, safety and lifetime. Mathematical tools are used in this thesis to
investigate a variety of these issues.

1.1

The lithium-ion battery

Lithium-ion batteries are commercially available today either as prismatic or
cylindrical cells. In turn, the cells are often arranged in various constellations
in battery packs. A battery cell is made up of stacks or winds of layers. The
layer consists of two porous electrodes with a porous separator in between.
Normally, the thicknesses of these components are in the order of a few tens of
micrometers. The electrode with the highest electrode potential is the positive
electrode. The pores are filled with electrolyte and current collectors are
attached to the electrodes, creating both electrolytic contact and an electron
path between the electrodes. Usually, the positive electrode is a mixture of
lithiated metal oxide, electronic conductor, and binder, and the negative
electrode is a carbon material with binder.
Charge
Discharge

Carbon

Lithium metal oxide

Electronic conductor

+

Li

-

e

Negative electrode

Separator

Positive electrode e-

Figure 1.1. Schematic working principle of the rechargeable lithium-ion battery.
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Both electrodes have the ability to reversibly host lithium in its material
crystal structure, through an electrochemical intercalation reaction at the
electrode-electrolyte interface (R1 and R2 below). As indicated in the
reactions, the active electrode materials are lithium metal oxide and carbon in
the positive and negative electrode, respectively. During operation, oxidation
takes place at one electrode releasing electrons to an external circuit via the
current collector and lithium ions to the electrolyte, and reduction at the other
electrode where lithium ions and electrons are collected.

Li y C 6

Discharge
→
yLi + + ye − + C 6
←
Charge

xLi + + xe − + Li 1− x MO

Discharge
→
LiMO
←
Charge

(R1)

(R2)

In comparison to other rechargeable battery technologies, e.g. lead-acid and
nickel metal hydride, the lithium-ion technology has superior energy density
(2) and adequate power density (3). The energy storage of the lithium-ion
battery cell is normally constrained by the positive electrode material (4). The
reason is that the specific charge is higher in negative electrode materials, such
as carbon (~350 mAh g-1), than in for example the GEN2 (LixNi0.8Co0.15Al0.05O2)
and lithium-iron phosphate (LixFePO4,) positive electrode materials (<200
mAh g-1) (5). The cell voltage is inherently high (3.5-4V) due to the large
electrode potential difference between the positive and negative electrode
materials. The voltage is restricted by the electrochemical window in which
both the electrolyte and electrode materials are stable. Commonly used liquid
organic electrolytes are stable between ~1-4V vs. Li/Li+. This window is larger
when using a carbon negative electrode, since a passivating solid electrolyte
interface (SEI) is irreversibly formed on the carbon during cycling. The
electrode materials also have a stability window; both the upper and lower
potential limits are restricted by side reactions. The most well-known side
reaction is lithium plating on carbon electrodes at the low potential limit,
which is avoided by never charging the carbon completely by using an excess
of carbon material compared to positive electrode material when building the
cell (5, 6).
It can be essential to design the battery after its intended use. In power
demanding applications, such as HEVs, it is important to build cells with high
power density, i.e. cells providing high power for short time periods.
2

Conversely, in energy demanding units, for instance electric vehicles (EVs), the
cells should instead have a high energy density, enabling low current loads for
long time periods. The power density for a cell with a certain chemistry is
enhanced by decreasing active material particle size and thicknesses of the
electrodes and separator, as well as by increasing the size of the electrolytefilled pores. On the other hand, the opposite should be considered in order to
raise energy density.

1.2

Mathematical models and areas of investigation

A vast number of mathematical models of lithium-ion batteries are available in
the literature. The formulations differ significantly depending on the use of the
model and the depth of knowledge of the system in question. In the cases of
on-board monitoring of state-of-charge, state-of-health, or lifetime prediction
of batteries in vehicles, it is important to use models that are not
computationally expensive and are solved quickly. Normally, such models
utilize an empirical input of a few variables over time or for a test cycle, such
as cell voltage and current, without detailed insight into the battery
electrochemistry (7, 8). A step towards a model including more battery
properties is the equivalent electric circuit model. In this type of model a few
parameters translate and average the electrochemical properties within the
battery. This enables fast and accurate calculations for monitoring purposes
(9-11) or characterization of a few explicit properties (12). The later given that
the investigated parameters can be easily related to real processes within the
battery, which is seldom the case. If the electrochemical processes of the
battery need to be characterized or studied in detail, a so called physics-based
model is most useful. These models are made up of mathematical formulations
in the form of differential equations describing spatial distributions of physical
battery features with time or frequency (13). In order to be able to use this
type of modeling accurately, a substantial knowledge about the system is vital
and the parameters need to be characterized from experimental work. Usually,
the physics-based models also require considerably more computer power and
solution time, making them unsuitable to be used in vehicles.
In this thesis, the latter modeling approach is used since it enables
investigation of how the electrochemical processes in the lithium-ion battery
affect performance, short-circuit behavior in terms of temperature and safety,
and aging.
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1.3

Performance

The performance of a battery is often evaluated in terms of power and energy
efficiency, as measured in hybrid pulse power characterization (HPPC) tests
(1). During such tests, high discharge and charge currents are applied to the
cells at various states-of-charge (SOC). The performance is limited by the
polarization. For lithium-ion batteries the polarization is caused by a number
of electrochemical processes: mass transport limitations in the electrolyte and
in the solid phase of the electrodes, and contact problems between the solid
phases and slow electrochemical reactions (14). The contribution of each of
these to the polarization in a battery is dependent on the thermodynamic and
kinetic material properties, battery cell design, and current load. The processes
are generally very complex and hard to examine as these affect the current
distribution. In a typical system (e.g. figure 1.1), the distribution of current,
and solid phase, φS, and electrolyte (liquid) phase potential, φL, can be quite
complex even for a simple discharge. A schematic display of the current
distribution and its relation to electrode potentials, E, and cell voltage, Ecell, is
shown at open-circuit potential (OCP) and during discharge (dis) in figure 1.2.
In order to understand and explain the polarization in detail, physics-based
mathematical modeling is useful, as it can account for all these complexities.
Potential / V

solid-phase potential
electrolyte potential
Φ+S,0

cell

EOCP

+

EOCP
cell

Edis

Φ-S,0 =0
EOCP

ΦL,0

Negative Separator Positive
electrode
electrode
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x

Figure
1.2.
Current
distribution expressed in
terms of potential variation,
φ, within a lithium-ion
battery cell as in figure 1.1.
The
distributions
are
consistent with the physicsbased models presented in
chapter 2.1. Lines: dashed at
open-circuit potential and
solid at discharge.

1.4

Safety

From a safety perspective, it is essential to understand and be able to predict
how the temperature within a lithium-ion battery cell behaves. If the
temperature surpasses 100 °C somewhere within the cell, exothermic side
reactions are triggered, causing thermal runaway that eventually lead to fire
and explosion (15, 16).
Heat is generated in a lithium-ion battery cell when it is used. The heat
generation originates in the electrochemical processes inside the cell (17-20),
and its propagation depends on the thermal (21) and geometric properties of
the cell (18, 22). For a normally operated cell, even a combination of low
thermal conductivity and inadequate cooling (23-25) is unlikely to generate
sufficient heat to cause an increase in temperature that initiates exothermic
side reactions (18, 26, 27). In contrast, for a short-circuited cell, such a rise in
temperature is most likely (16, 28-30).
Physics-based mathematical modeling is a commonly used method for
investigating how the temperature in a normally operated battery cell is
affected by the interrelation of its electrochemical processes and thermal
properties locally (18, 22, 25, 27). Additionally, it is possible to investigate
short-circuit behavior, but has previously involved several simplifications (29).
Depending on the chosen level of detail, everything from the total heat
generation over a specific system to the effect of the current distribution
around an internal short circuit can be investigated.

1.5

Aging

The degradation causing loss in battery performance with time is called aging.
The study of aging is complicated as the degradation, manifested in capacity
fade and increased cell impedance, can be the effect of several underlying
processes occurring in the cell during cycling or storage (6). The capacity is
connected to the cyclable charge available in the battery. Capacity fade can
result from loss of lithium ions through electrolyte decomposition reactions
and solid electrolyte interface (SEI) formation, loss of active electrode material
or a combination of the two (6, 31). The cell impedance can increase as a result
of contact losses within the porous electrodes, loss of active electrode material,
formation of resistive surface films, or impaired mass transport (31). Aging is
chemistry specific and has been shown to be dependent on temperature and
aging scenario (31, 32).

5

Battery cells composed of LiFePO4|LiPF6, EC:DEC|MCMB (mesocarbon
microbead) graphite aged using a synthetic drive cycle and calendar aging are
investigated in this thesis. Aging studies of these chemistries in other types of
cell set-ups have shown a variety of mechanisms that sometimes could be
related to loss of performance with time. Some studies have identified loss of
cyclable lithium to be the major contributor to performance loss (33-40). The
loss of cyclable lithium has been attributed to a continuous growth of SEI due
to damage on the graphite electrode (33, 34). An increased disorder on the
surface of the negative electrodes, has been found, suggesting a structural
breakdown that would expose more pristine graphite for SEI growth (39).
Another aging mechanism reported is particle cracking of the LiFePO4 active
electrode material, causing contact losses within the electrode (41). Further,
indications of iron dissolution from LiFePO4 material into the LiPF6 electrolyte
have been seen at elevated temperatures (42-44). In the study by Amine et al.
(44), iron was detected on the graphite electrode together with a substantial
increase of the negative electrode half-cell impedance, when a
LiFePO4/graphite battery was cycled at 37 °C and 55 °C. The impedance
increase was assigned to the presence of reduced iron on the graphite
catalyzing growth of a surface film. Finally, corrosion has also been reported
on typical battery current collectors in cycled cells (45) and could worsen the
current-collector contact.
A commonly used technique to follow aging is electrochemical impedance
spectroscopy (EIS), a non-invasive technique where processes of different time
scales can be resolved by varying the frequency of an applied potential or
current perturbation. A meaningful interpretation of EIS spectra can be
accomplished with a physics-based model (46-54), which can elucidate
complex properties such as mass transport, electrode kinetics, and porous
electrode structure.

1.6

Aim of this work

The aim in this thesis is to set up and numerically solve physics-based
mathematical models of lithium-ion battery systems as tools to investigate
performance, safety, and aging mainly in power-optimized lithium-ion battery
cells. Specifically, the sources of polarization short-circuit scenarios, and aging
properties are either characterized or predicted to point out features that limit
performance, are unsafe, or deteriorate with operation. A majority of the
model parameters used in this work are experimentally determined and this
has directed the choice of investigated chemistries and components in paper II
and collaborations with experimentalists in papers I, III, and IV.
6

Chapter 2
Mathematical modeling tools
This chapter constitutes a toolbox of the physics-based equations used in the
models in the papers. As the boundary conditions can vary significantly
depending on the model geometry, these are briefly given later in chapter 4.
The models were solved with COMSOL Multiphysics in paper II and with a
combination of COMSOL Multiphysics and MATLAB in the rest of the papers.
For consistency in the nomenclature in this thesis, some notations may differ
from those used in the papers (see List of symbols).

2.1

Physics-based electrochemical model

The working principle of the lithium-ion battery illustrates that several
electrochemical processes occur within a lithium ion battery under operation
(figure 1.1). As lithium ions travel, accompanied by an electrochemical
reaction, from the host material (i.e. active electrode material particles) in one
electrode to the other, several processes related to mass transport in
electrolyte and active material particles, electrochemical reaction, and electron
conduction takes place. The modeled processes and their location within the
system are displayed in figure 2.1.
Mass transport of lithium
in active material particles

Superficial electrochemical reaction
Resistive surface film
Local contact resistance

Negative electrode
Contact resistance
current collector

Electronic
conduction
in particle

Separator
Mass transport
in electrolyte

Positive electrode
Contact resistance
Electronic
current collector
conduction
in carbon additive

Figure 2.1. Modeled electrochemical processes within a lithium-ion battery system.

The processes can all be analyzed with the aid of four key coupled differential
equations that have been widely used. These calculate the spatial variation of
potential and concentration in the solid and electrolyte phase with time (17,
55, 56) or frequency (47, 48, 52, 54). Three of the equations are solved across
7

the battery domains (electrodes, separator, and current collectors) and the one
describing mass transport in active material over the thickness of the active
material particle (spherical particle radius, in figure 2.1).

2.1.1

Processes within porous media

The porous media are treated macroscopically in the modeling equations, thus
several properties are averaged over the separator and electrodes. This is a
consequence of the geometric details of the pore structure being small
compared to the overall separator or electrode dimensions. The averaging
technique differs amongst the processes. A consequence of the averaging is
that both the electrolyte and solid phase of the porous electrodes can be
treated as being present at every point in volume of the electrode (57).
Mass transport in the electrolyte-filled pores of the separator and electrodes is
affected by the pore structure. Accordingly, effective concentrations, diffusion
coefficients, and conductivities are utilized so that the porosity, εL, and
tortuosity, τL, a species experiences in the separator or electrode pores are
averaged. The electronic resistance is similarly set as an effective property for
the obstructions electrons encounter when passing within the electronically
conductive additive. The effective concentration, ci, is calculated according to
eq. 2.1 and the rest of the effective properties, p, can be expressed with eq. 2.2.
c i ,eff = ε L ⋅ c i

peff =

ε
⋅p
τ

(2.1)
(2.2)

The tortuosity is dependent on the porosity and the Bruggemann coefficient, β,
and is given by eq. 2.3.

τ = ε 1− β

(2.3)

Electrochemical processes taking place on the surface of the active material
particles need to account for the variations in shape and presence of solid
phase materials within the electrode. Therefore, the flux of species to or from
the surface of the solid phase is defined per total electrode volume in the
model, calculated from the product of the pore-wall flux density, Jn, and the
specific interfacial area, a, i.e. the surface area of the solid phase per total
electrode volume.
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2.1.2

Coupling electrolyte and active material phase

The solid and electrolyte phases are coupled by the flux of charged species to
or from the surface of the solid phase, since charge entering the electrolyte
must leave the solid phase and vice versa (57). Consequently, the volumetric
current in the electrolyte, ∇i L , is equal to the local current, iloc, per total
electrode volume. The definition is given in eq. 2.4 and is the sum of current
densities from the flux to the electrochemical reaction, i.e. faradaic current, iF,
and to the charging of double layers, idl, on the active electrode material (S) and
electronically conductive additive (cS) of the porous electrode (13, 52).
∇i L = aJ n F = ai loc = a S (i F + i dl ,S ) + acS i dl ,cS

2.1.3

(2.4)

Electrochemical reaction

The electrochemical reaction is widely regarded to be an intercalation reaction
that allows lithium to reversibly exit or enter the active material through
oxidation or reduction, respectively (13). The reaction is assumed to take place
only at the surface of the active material particles, and considers mass
transport in electrolyte and active material, and electronic conductivity. The
process kinetics are described by the Butler-Volmer equation that calculates
the faradaic current, iF, or flux , JF, locally within the porous electrodes and is
given in eq. 2.5.

iF = J F ⋅ F =
 α F

 α F

i 0 ⋅  exp a (ϕ S − ϕ L − E OCP ( c S ,T )) − exp − c (ϕ S − ϕ L − E OCP ( c S ,T )) 

 RT

  RT
(2.5)
Different formulations of the exchange current density, i0, were used in the
papers. These are for brevity not presented here.

2.1.4

Double layers

Double layers arise at the interfaces of solids in contact with electrolyte (58,
59). The impact of all these can be neglected in papers I and II, but not in
papers III and IV where small time-constant processes, including double layer
charging, are present in the model analysis. Double layers are assumed to arise
on current collector / electrolyte, active material / electrolyte, and
electronically conductive additive / electrolyte interfaces and are assumed to
be charged by lithium ions only (54). The double layer current densities are
expressed with eq. 2.6 (58, 59). Double layers are assumed to exist on the (eq.
9

2.6a) active electrode material / electrolyte (L), (eq. 2.6b) electronically
conductive additive / electrolyte, and (eq. 2.6c) current collector (cc) /
electrolyte interfaces (52).

∂ (ϕ S − ϕ L )
∂t
∂ (ϕ cc − ϕ L )
= C dl ,cc ⋅
∂t

i dl ,S = C dl ,S ⋅

(a)

i dl ,cc

(c)

2.1.5

i dl ,cS = C dl ,cS ⋅

∂ (ϕ cS − ϕ L )
(b)
∂t
(2.6)

Mass transport in electrolyte

The mass transport in a liquid electrolyte involves movement of both lithium
ions and anions by diffusion and migration. The transport gives variations in
concentration and potential within the electrolyte, and ultimately two model
equations are needed. The formulations used in the papers follows that of
either Nyman et al. (60) (papers I and II) or Lundgren et al. (61) (papers III and
IV), who have characterized the mass transport in two different liquid organic
binary electrolytes, 1.2 M LiPF6 in EC:EMC (3:7 by weight) and 1.0 M LiPF6 in
EC:DEC (1:1 by volume), respectively. In these studies, the two equations are
derived from the lithium ion and anion fluxes as defined by the Maxwell-Stefan
equation, which accounts for the fact that both electrolytes can be regarded as
having a high salt concentration with significant non-idealities and interactions
between ions. The specific derivation considers the solvents to be a single
homogeneous solution that moves to maintain a constant total volume of
species within the electrolyte.
The variation in concentration is described by eq. 2.7. It is the result of
incorporating the derived anion flux into the continuity equation over the
electrolyte. For a binary electrolyte, the concentration of salt is equal to the
concentration of the lithium ion and the anion, c L = c i .

εL


  ∂ ln f ±
∂c L
β
= ∇  1 − c LVmLiPF6 ε L L DL (c L ,T ) 1 +

∂t

  ∂ ln c L

Li +
(c L ,T ) i L 
+ ∇  1 − c LVmLiPF6 1 − t solv

F


(

)

(

)


c

(c L ,T ) L ,tot ∇c L 
c


 solv
(2.7)

The potential in the electrolyte, ϕ L , varies according to eq. 2.8 and is the sum
of the lithium ion and anion fluxes in terms of current.
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  ∂ ln f ±
2RT 
β
Li +
(
i L = κ (c L ,T )ε L L  − ∇ϕ L +
c L ,T )  1 +
1 − t solv

   ∂ ln c L
cLF 





(c L ,T )∇c L 





(2.8)

As indicated in eqs. 2.7 and 2.8, concentration (60) and temperature
dependencies (62) (see chapter 2.2) exist. In this case, for the diffusion
+

Li
coefficient, DL, transport number, t solv
, conductivity, κ, and thermodynamic

enhancement factor, 1 + ∂ ln f ± / ∂ ln c L .
The boundary conditions for eqs. 2.7 and 2.8 vary depending on the specific
model geometry, but generally no flux of anions (right hand side in eq. 2.7
equals zero) and current density in the electrolyte, iL=0, (disregarding the
effect of double layers) exist at the current collectors.

2.1.6

Mass transport in active material particle

In active materials, transport is most often assumed to take place through
diffusion of lithium (17, 47, 48, 52, 54-56). The diffusion is modeled with Fick’s
second law (eq. 2.9) that calculates variations in lithium concentration, cS,
between the surface and the center of the active material particle. The particles
can be described as flakes, cylinders, or spheres and therefore eq. 2.9 is solved
using Cartesian (eq. 2.9a), cylindrical (eq. 2.9b), or spherical (eq. 2.9c)
coordinates, respectively.
∂c S
∂c
∂ 
=  DS (T ) S
∂t
∂z 
∂z

r





(a)

∂c S
∂c 
∂ 
=  rDS (T ) S  (c)
∂t
∂r 
∂r 

r2

∂c S
∂c
∂ 
=  r 2 DS (T ) S
∂t
∂r 
∂r





(b)
(2.9)

The boundary conditions are set to symmetry at the center (z=r=0) and a flux
equal to the amount of lithium ions that is electrochemically reacting, i.e.
faradaic current flux (eq. 2.5), at the surface of the particles.
As illustrated in figure 2.1, the equation must be solved over an additional
dimension (i.e. the particle thickness, z or r). This increases the computational
strain for solving the model considerably. Especially, in paper II, where at least
a 2D description of the other processes is required, alternatives for simplifying
the description of the mass transport in active materials was investigated and
a discretization of eq. 2.9 was employed.
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2.1.7

Electronic conduction

Electrons are transported in the electronically conductive materials between
the current collector and the active material. The electronic resistance is
shown in the distribution of solid phase potential which is calculated with
Ohm’s law, as given in eq. 2.10 (13). In the negative electrode, the active
material (carbon compound) has a high electronic conduction and serves as a
satisfactory electronic conductor (eq. 2.10a). However, the active material of
the positive electrode usually has a low electronic conductivity, and carbon is
added to act as electronic conductor (σcS>>σS+) (eq. 2.10b) (53, 63).
i S = −σ S ε S

βS

∇ϕ S

(a)

i cS = −σ cS ε cS

β cS

∇ϕ cS

(b)

(2.10)

The boundary conditions for this equation differ between the papers, but a
reference potential of 0 V in the solid phase is in all papers set at a current
collector in order to be able to determine cell voltage or impedance.

2.1.8

Contact resistances

Local contact resistance - A film that hinders the transport of ions has been
reported to exist on the surface of the active materials used in the studied
positive electrodes (48, 52, 53, 64). The lithium ions are assumed to migrate
through this resistive film in order to intercalate into the active electrode
material. Inadequate contact between the electronically conductive additive
and active electrode material causes a local contact resistance as well. The
mathematical expression for these two effects cannot be separated and it is
therefore modeled as a single local resistance, Rloc, according to eq. 2.11 (52,
65, 66).
ϕ S = ϕ cS − i loc R loc

(2.11)

Contact resistance current collectors - Inadequate contact between the current
collector and the solid phase of the porous electrodes has been reported in the
literature (17, 52, 67). In the models, this contact resistance is included in the
model, by subtracting the product of this contact resistance, Rcc, and the
current density applied on the cell, icell, from the potential at the working
electrode, φWE, in papers II-IV or the cell voltage, Ecell, in paper I.
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2.2

Thermal model

Heat is generated in a lithium-ion battery cell during operation with a resulting
change in temperature. The heat generation is caused by the irreversible losses
and entropic heat the electrochemical processes impose on the system (1720). The thermal behavior is also dependent on the thermal (21) and
geometric properties of the cell components (18, 22), and the temperature
dependence of many physical electrochemical properties (27).
Thermal modeling tools, as formulated in accordance to previous studies (22,
25, 27, 68), are used in this thesis. These all solve an additional fifth differential
equation, which is an energy balance solved over each battery domain
(electrodes, separator, and current collectors) that includes accumulated, ρCp.
∂T/∂t, conducted, k ∇ 2T, and generated local heats, q, as shown in eq. 2.12.
This assumes that heat transfer by convection in the electrolyte and radiation
is neglected. The former is justified in the cell by the limitations the pores
inflict and the latter by the cell being opaque (69). The density, ρ, specific heat,
Cp, and thermal conductivities, k, are averaged as single properties in each
domain.
ρC p

∂T
= k ∇ 2T + q
∂t

(2.12)

Eq. 2.12 is solved simultaneously with the electrochemical modeling equations
described previously. Additionally, to improve the accuracy of the simulations,
the thermal and electrochemical models are chosen to be coupled locally
through the generated local heat and temperature dependence of several
parameters is included.
The generated local heat originates in the processes present in each domain.
Not all electrochemical processes generate heat in the model. The mass
transport in active materials, i.e. heat of mixing (70), is neglected in paper II
and this is consistent with several other studies (18, 22, 23, 25, 27, 29, 68). The
reversible entropic heat, however, caused by changes within active material
structure upon electrochemical reaction (70, 71), is included, which is both
more common and important (72). Table 2.1 summarizes the heat generating
processes in each domain and their corresponding mathematical formulations.
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Table 2.1 Locally generated heats.
Domain →
Heat generation / W
↓
Resistance in
activation of
electrochemical
reaction
Resistance in mass
transport in
electrolyte

Electrodes

(

)

a S i loc ϕ S − ϕ L − E OCP (c S , T )

iL

2

κ (c L ,T )ε L βL

Resistance in
electronic
conductivity

Current
collector

-

-

+
  1+ ∂ ln f ± (c ,T ) 2RT ∇c ⋅ i
−  1− t Li
solv (c L , ,T )   
   ∂ lnc L  L  c L F L L


i ( c )S

2

σ ( c )S ε ( c )S

Reversible entropic
heat

Separator

aS i loc T

β( c ) S

∂E OCP (c S ,T )
∂T

i cc

-

 E a,θ  1
1 
−  

 R  298 T  

-

-

(2.13)

In eq. 2.13, θ is the parameter that is corrected for the temperature variation,
cv is concentration of lithium (ions) in the electrolyte or at the surface in the
active electrode material and Ea,n the activation energy.
In order to set satisfactory boundary conditions for solving eq. 2.12, detailed
knowledge of the system geometry and the cooling situation is needed.
Generally, heat can be transferred to the surroundings over the boundaries by
radiation and convection (69). These mechanisms would increase the
uncertainties and complexities of the analysis in paper II, by introducing the
convective heat transfer coefficient and emissivity of the battery casing to the
simulations. Therefore, for simplicity and in the absence of any battery casing
14

2

σ cc

As indicated in table 2.1, the open-circuit potential and reversible entropic
heat are modeled as dependent on temperature. The same applies for other
electrochemical properties. Especially, the parameters describing mass
transport (cf. eqs. 2.7-2.9) have shown significant temperature dependence
and are therefore correlated to temperature using the Arrhenius correlation
(15, 19, 22, 25-27, 29) as expressed in eq. 2.13.
θ ( cν , T ) = θ ( cν ) ⋅ exp 

-

measurements, the investigation in paper II handles only adiabatic conditions
or constant temperature cooling at the some of the boundaries as described
later.

2.3

Aging model

Lithium-ion batteries experience different degrees of degradation depending
on operation, due to various aging mechanisms. The aging usually manifests
itself in both cell impedance increase together with capacity fade, since several
underlying electrochemical processes may be affected (31).
Active material
particle cracking

Electrochemical electrolyte
decomposition products
Other decomposition
products

Negative electrode

Increase in resistive surface
film thickness

Separator

Positive electrode

Loss of electronically
conductive additive

Figure 2.2. Schematic illustration of probable degradation in the LiFePO4 | 1.0 M LiPF6
in EC:DEC (1:1)| MCMB graphite battery studied in paper III.

Electrochemical mathematical formulations can be used to describe and
investigate aging as well. This is exemplified with the study of aging
mechanisms in the LiFePO4 | 1.0 M LiPF6 in EC:DEC (1:1)| MCMB graphite
battery cell in paper III. The probable aging mechanisms for this cell are
schematically described in figure 2.2 and the following actions can be done to
model these.
•

•

The distance for mass transport in active material particles (eq. 2.9)
can be decreased to account for small particles in the porous
electrodes due to particle cracking (53, 73-75). A particle size
distribution can be introduced to the model, in which the distribution
of particles size can be shifted to account for fewer large particles
(53).
Effective transport properties of the mass transport in electrolyte
(eqs. 2.7 and 2.8) may be changed. This accounts for changes in
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•

porosity and tortuosity that decomposition products impose on the
porous structures (32, 64, 75-77).
Local contact resistance, Rloc, can be increased (eq. 2.11) to describe
several degradation properties (48, 52, 78). First, the particle cracking
increases the local contact resistance between electronically
conductive additive and active electrode material (48, 52, 53). Second,
the creation and thickening of a resistive film on the active material
particle surfaces (48, 52, 53, 78) may also increase this resistance. A
resistive film may form on the negative electrode as well, and can be
introduced in the model as shown in eq. 2.14 (52, 53, 65). The
corrected potential, ϕ S , is used in eq. 2.5 and 2.6.
ϕ S = ϕ S − i loc R loc

(2.14)

Last, the local contact resistance can also, in theory, increase as a
result of the poorer contact between electronically conductive additive
and active material that a loss of electronically conductive additive
might cause.
•

•

•

The interfacial surface area of the active material, aS, (eqs. 2.4 and 2.7)
can be decreased to account for loss in active electrode material (48).
This is caused by the increased local contact resistance (from cracking,
resistive film formation, or loss electronically conductive additive)
that may eventually isolate active material particles (31, 52, 53, 73,
74).
The interfacial surface area of the electronically conductive additive,
acS, (eqs. 2.4 and 2.6b) can be reduced to account for loss in
electronically conductive additive in the positive electrode (53).
The contact between current collectors and porous electrodes (eq.
2.12) can be increased to model poorer current-collector contact with
aging (53). Possible corrosion products on the current collectors (45)
could be an explanation to the poorer contact.

Since the time-scales of several of these processes are small, e.g. the ones
associated to the interfacial specific surface area, a frequency dependent model
instead of a time-dependent one is more meaningful when characterizing
aging.
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2.4

Impedance model – A tool for interpretation of EIS
measurements

It is possible to use physics-based models to simulate the impedance response
of a battery cell. This is performed by modeling a potential or current
perturbation of varying frequency applied on the cell and calculating the
impedance as the ratio of the perturbed cell voltage to the perturbed current.
The impedance response will change with the frequency of the perturbation as
the frequency affects processes of certain time-scales (79, 80). For instance, by
increasing the frequency, large time-scale processes, namely mass transport,
cease to give a response and, instead, small time-scale processes dominates. A
physics-based impedance model enables analysis of experimental spectra
obtained from electrochemical impedance spectroscopy (EIS). EIS measures
the impedance response of an electrochemical system upon variation of
frequency (e.g. from 1 MHz to 1 mHz) of an applied potential (e.g. 5 mV or 10
mV) or current perturbation. For a lithium-ion battery, a potential
perturbation is usually applied around an OCP, to which the battery has
relaxed ahead of measurement (81). The model serves, in resemblance to
other studies (46-54), as a tool in papers III and IV to make a meaningful
interpretation of EIS spectra and characterize electrochemical processes and
parameters within a large time-scale range.
It is often advantageous to perform EIS model analysis on a three-electrode
set-up (49, 52-54), as it minimizes the number of examined processes and thus
reduces the risk of overlap in the responses of processes with the same timescale. In figure 2.3a, a typical schematic illustration of a three-electrode set-up
is shown, consisting of working electrode, usually the electrode under study,
counter electrode, and reference electrode. The corresponding spectrum could
be portrayed as in figure 2.3b. As indicated in the plot the impedance depends
on different processes at different frequencies.
In order to model the impedance as described by the EIS measurement, it is
critical to first account for the measuring conditions. The fact that the
perturbation is set to be small, means that the response should be treated as
linear and that concentration-dependent parameters often experience a
negligible change.
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(a)

(b)
x=0

Separator

Working
electrode
(WE)

Mass transport through
diffusion in electrolyte
and active material
particles

Increased
frequency

8

Current
collector
(CC)

Electrochemical reaction
Local contact resistance
Double layer capacitances

Reference
electrode
(RE)

- Im (Z)

Counter
electrode
(CE)

L WE

Contact resistance current collector

x

L RE

ω

Re (Z)

Figure 2.3. (a) Schematic illustration three-electrode cell, dashed line indicates the
region over which the EIS is measured. (b) Corresponding example Nyquist plot with
impedance responding electrochemical processes marked. Spectra (.) shown for a
partial frequency spectra (1 kHz to 1 mHz).

The electrochemical modeling equations were transformed from time- to
frequency dependent by setting the dependent variables to perturb around an
equilibrium value (47, 48, 52, 54, 82), as most commonly described by eq. 2.15.

{

~ ⋅ e jω t
m = m + Re m

}

(2.15)

In eq. 2.15, m is any frequency dependent variable, m the equilibrium value,
~ the complex perturbation from the equilibrium value. Re is the real
and m
operator, j is the imaginary unit, ω perturbation frequency and t time. The
linear response influences the description of the porous electrodes notably in
the coupling between the electrolyte and active material phase. The faradaic
current of the electrochemical reaction (eq. 2.5) is linearized, which involves a
limited first order series expansion at initial OCP (i.e. equilibrium). The
expression consists of a sum of derivatives where each term corresponds to
the derivative of the faradaic current with respect to the dependent variables
at equilibrium (79). The transformed four key differential equations and the
coupling equations are listed in Table 2.1. As denoted by the subscript 0, all
parameters are defined at equilibrium (the value around which the
perturbation occurs).

18

Table 2.2. Impedance model equations.


β
jωε L c~L = ∇  1 − c L 0 VmLiPF6 ε L L DL


(

)

(

)1 − t


+ ∇  1 − c L 0 VmLiPF6


Mass transport
in electrolyte

Li +
solv

 ∂ ln f ±
1 +
 ∂ ln c L
~
 iL 
 
0 F 


0


 c L ,tot

∇c~L 

 0 c solv 0


∂ ln f ±
2RT 
β
Li +  
i L = κ 0 ε L L  − ∇ϕ L +
1 − t solv  1 +

∂ ln c L
cL 0 F 
0 

Mass transport
in active material
particle
Electronic
conductivity

dc~ 
1 d  2
d 
 r DS
jωc~S =  DS 0 S  ∣ jωc~S = 2
dz 
dz 
r dr 
dc~ 
1 d 
 r DS 0 S 
jωc~S =
dr 
r dr 

0

 ~ 
 ∇c L

0


dc~S
dr


 ∣


~
β
i( c ) S = −σ ( c ) S ε ( c ) S ( c ) S ∇ϕ~( c ) S
~
~
~
~ ~
~
∇ iL = aJ n F = a iloc = a S iF + idl ,S + acS idl ,cS

(

)

~
~
idl ,S = jωC dl ,S (ϕ~S − ϕ~L ) ∣ idl ,cS = jωC dl ,cS (ϕ~cS − ϕ~L )

Coupling
electrolyte and
active electrode
material phase

~ ~  di F
iF = c L ⋅ 
 dc L


 di

+ ϕ~L ⋅  F
ϕL ,ϕS ,cS
 dϕ L

 di F

 dϕ L

 di


= −  F
 cL ,ϕS ,cS
 dϕ S

 di F

 dc L

i0


= −2
ϕL ,ϕS ,cS

 di F

 dc
 S

i0


=−

 cL ,ϕL ,ϕS

0

0

 di


+ ϕ~S ⋅  F
 cL ,ϕS ,cS
 dϕ S

i0


=−

 cL ,ϕL ,cS

0

RT

(α a + α c ) 
cL

cL

0

 ∂ ln f ±
Li +
1 − t solv 1 +
∂ ln c L
0 


0

(α a + α c )

(α a + α c )F


 di

+ c~S ⋅  F

 cL ,ϕL ,cS
 dc S

⋅



0

dE ocp
dc S

0

The equations presented in table 2.2 constitute the general mathematical tool,
which was changed in the papers depending on its use. The model may
incorporate additional features related to aging characterization. For example,
the thickening of a resistive film on the negative active electrode material (cf.
eq. 2.14) and additional active material particle sizes (paper III). Additionally,
another coordinate system may be used (paper IV).
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 cL ,ϕL ,ϕS

The boundary conditions for the differential equations in table 2.2 differ from
the time-dependent counterparts. For instance, the current in the electrolyte
deviates from zero at the current collector in paper III due to a double layer
(equal to idl,cc, eq. 2.6c). More detailed descriptions are given in chapter 4.
The impedance is defined between the working electrode potential, φWE, and
the potential in the electrolyte, φL, at the reference electrode in paper III, and
~
just outside the lithium-foil electrode in paper IV. Thus, the impedance, Z cell ,is
calculated from the expression according to eq. 2.16.

(

~
Z cell = − ϕ~WE − ϕ~L
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) ~i

cell

(2.16)

Chapter 3
Strategies of investigation
The diversity of the scopes in this work not only demanded the use of adequate
mathematical tools, but also clear strategic paths of investigation especially in
papers I, III, and IV. Methodologies were set up to ease the investigation of the
performance of a battery cell at various cycling conditions, and for various
characterization purposes, as well as to extract specific physical parameters.
The utilized strategies are presented in this chapter.

3.1

Quantification of battery performance

A mathematical strategy that quantifies and localizes the physical
electrochemical processes occurring in a lithium-ion battery cell was
developed in paper I to effectively investigate the performance during hybrid
pulse power characterization (HPPC) test cycles. This facilitated the common
analysis procedure (as in paper II) of studying the complex change of the
concentration and potential profiles over time (6, 55, 56, 65, 83-90).
The strategy is based on quantifying the electrochemical processes in the cell
in terms of influence on polarization. The polarization arises due to three
categories of processes:
1)

Activation of electrochemical reactions,

2)

mass transport of species, and

3)

inadequate contact between different phases and materials in the
electrodes.

The part of the polarization associated with the electrochemical reactions is
called activation overpotential. Polarization due to mass transport arises due
to two processes. The first one is diffusion polarization caused by
concentration gradients that are built up in the electrolyte and in the solid
phase. The second is ohmic potential drop due to insufficient ionic conductivity
in the electrolyte and the insufficient electronic conductivity in the solid phase.
The third category arises both between the current collector and porous
matrix, and between the active material and electronically conductive additive
in the positive electrode. A summary of the polarizations in the cell is
presented in figure 3.1.
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Electrolyte phase
Active material / electrolyte interface
Solid phase
Current collector / solid phase interface
Diffusion polarization

Activation
overpotential
Diffusion
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Ohmic potential
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Ohmic potential drop
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Diffusion
polarization
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Contact
resistance

Contact
resistance

Polarization
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Diffusion polarization
Diffusion
polarization

Negative electrode Separator Positive electrode

Figure 3.1. Processes causing polarization within the different parts of the lithium-ion
battery cell.

The polarizations of these processes are quantified with an expression for the
average of the polarization due to process in a battery domain (an electrode or
the separator), η ave , and is given in eq. 3.1. Each term in eq. 3.1 represents one
of the infinite number of slices with a local current, Iloc, that causes local
polarization, η loc , within the cell and is normalized with the total current in
the cell, Itot. Consequently, the sum formulates a weighted mean of local
polarizations that accounts for the current distribution within the cell.

η ave ,i =

xn =L



x 0 =0
n→∞

I loc ,i (x )
I tot

η loc ,i (x )

(3.1)

An inherent property of the electrochemical model is that the sum of the
average polarizations should be equal to the total polarization of the cell. The
derived expressions are presented in chapter 4, but the general expressions
are given here. Eq. 3.1 can be expressed as eqs. 3.2 and 3.3, for polarizations
originating at the electrolyte / electrode interface and in the electrolyte or
solid phase (denoted with subscript v), respectively.
L

η ave ,i =


0
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i loc (x )
⋅ a S η loc ,i (x )dx
i tot

(3.2)

L

η ave ,i = −


0

3.2

i v ( x ) ∂ϕ v (x )
dx
⋅
i tot
∂x

(3.3)

Characterization of electrochemical properties–
Parameter extraction

Electrochemical parameters describing a lithium-ion battery system were
extracted from experimental measurements using models describing the
experiments. The parameter extraction was performed by fitting the model to
the measurements by variation of the parameters that are to be extracted.
The fitting utilizes the lsqnonlin function in the MATLAB optimization toolbox
together with COMSOL Multiphysics by minimization of a least-square error,
χ2, between experimental and modeled values. In order to obtain meaningful
electrochemical parameters and achieve an adequate fit, it is critical to reduce
the number of parameters that are fitted to specific experimental data. It is
likewise important to control the start values and variable intervals of the
parameters and set reasonable values before running the optimization.
Sometimes it becomes necessary to extract the parameters from a combination
of experiments and optimizations (example in chapter 3.3).
In paper I, the simulated cell voltage curve, Ecell,sim, was fitted to the measured
cell voltage curve, Ecell,exp, for i number of timesteps, t, to obtain two specific
full-cell parameters, α, by minimizing the following least-square formulation
(eq. 3.4).

χ 2 = min

 [(E
i

n=1

cell ,exp

(t )n − E cell ,sim (t ,α )n ) 2 ]

(3.4)

In papers III and IV, EIS model data was fitted to experimental EIS data
utilizing eq. 3.5.
2
~
 ~
Z exp (ω )n − Z sim (ω ,α )n  


χ = min
~

 
Z exp (ω )n
n=1 
 

2

k



(3.5)

The formulation minimizes the square sum of the difference between
simulated and measured values normalized with the measured values by
varying a number of parameters, α, for k number of frequencies, ω.
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As EIS resolves processes within a large time-scale span, it is possible to fit a
fairly large number of parameters. To improve the extraction, the fitting was
separated into three steps as follows. First, the low-frequency tail of the
impedance spectrum is fitted by varying the parameters affecting large timeconstant processes such as mass transport. Second, the rest of the spectrum is
fitted by varying parameters affecting small time-constant processes, e.g.
exchange current density, double-layer capacitances, and contact and local
resistances. Last, using the fitted parameters from the two previous
optimizations, the entire spectrum is fitted varying both large and small timeconstant parameters over a narrow variable parameter interval. The three
steps are repeated if the fit was considered to be inadequate.

3.3

Identification of electrode degradation

A methodology was developed in paper III that was used to examine electrode
degradation in the electrodes of a specific lithium-ion battery cell design. An
EIS model as described in chapter 2.4 that accounts for electrode degradation,
including a particle distribution of seven particles sizes, (chapter 2.3) and can
be fitted to experimental EIS data, played a key role in the investigation.
However, input from additional experimental resources was also necessary to
reduce the number of extracted parameters.
The methodology involves several steps that are schematically displayed in
figure 3.2. The examined electrodes are harvested from full cells that have
undergone formation cycling or an aging matrix, namely harvested at
beginning-of-life (BOL) or end-of-life (EOL), respectively. The electrodes go
through EIS and 0.1C discharge capacity measurements in a three-electrode
cell set-up, followed by scanning electron microscopy (SEM). The targeted
state-of-charge (SOC) for the electrodes is in all EIS measurements equivalent
to 60 % SOC for the full cell. In a first step of the examination, the impedance
model is fitted to the measured impedance at BOL in order to determine all
parameters describing the fresh electrodes. Second, the 0.1C discharge
capacity and SEM images are compared at BOL and EOL and are, together with
the aging-independent parameters, used as an input to fit the EIS model to the
EOL EIS data. Additionally, the input of XPS (X-ray Photoelectron
spectroscopy) measurements in a related study is also considered (64). Last,
the electrode degradations are identified from the changes in EIS model
parameters from BOL to EOL.
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Figure 3.2. Schematic of methodology for identification of electrode degradation.

The fitting at BOL is performed in the same three-step manner as described in
the previous chapter 3.2. At EOL, the parameter extraction involves only the
parameters that are considered to be aging dependent, based on previously
reported studies and the additional experiments. In the case of possible
particle cracking detected in SEM, an extra optimization over the entire
spectrum was added after the last step of the fitting where the particle size
distribution was varied. The particle size distribution was optimized by
varying the volume fractions of each of the seven particle sizes. The last two
steps of the original fitting procedure were repeated if the optimized particle
size distribution affected the impedance at mid-high frequencies to a
noticeable extent. The measured 0.1C discharge capacity, Q, corresponds to the
amount of active electrode material in each electrode, and is included in the
EOL fitting, as a modification in accessible electrochemical area, i.e. the
interfacial surface area of the active electrode material. This is done by
multiplying this area with the percentage of the remaining capacity,
Q EOL / Q BOL , expressed as in eq. 3.6.

Q
 7
aS ,EOL =  EOL  ⋅
aSn ,BOL
 Q BOL  n=1



(3.6)
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Chapter 4
Results and discussion
This chapter summarizes and discusses the results in papers I-IV.

4.1

Performance – Polarization analysis

Analysis of the polarization in a LiNi0.8Co0.15Al0.05O2|LiPF6, EC:EMC|MAG-10
power-optimized cell during a hybrid pulse power characterization (HPPC)test was performed with the aid of the mathematical tools accounting for the
electrochemical processes within the cell (eqs. 2.4-2.12). This system is
interesting from an application point of view and physical model parameters
are available from electrode (52, 53, 81) and electrolyte (60) studies. Table 4.1
summarizes some fundamental composition parameters included in the model.
Table 4.1. Lithium-ion battery compositions in papers I and II.
Negative
electrode

Active electrode material: MAG-10 graphite, flake-shaped particles, εS=0.62
Binder: PVdF, εbinder=0.07
Electrolyte volume fraction (porosity): εL =0.31
Thickness: L=35.10-6 m

Positive
electrode

Active electrode material: LiNi0.8Co0.l5Al0.05O2, mainly spherical particles,
εS=0.48
Electronically conductive additive: SFG-6 graphite and carbon black, εcS=0.11
Binder: PVdF, εbinder=0.05
Electrolyte volume fraction (porosity): εL =0.29
Thickness: L=35.10-6 m

Separator

Celgard, 2325 (PP/PE/PP)
Electrolyte volume fraction (porosity): εL =0.40
Thickness: L=25.10-6 m

Electrolyte

1.2 M LiPF6, EC:EMC (3:7 by weight)
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The model was reduced to and solved in 1D between the two current collectors
in a cell sandwich (figure 2.1). All parameters are tabulated in paper I. The
boundary conditions put at the current collectors are the same as described in
chapters 2.15-2.17 with the additional setting of the applied current density,
icell, at the positive electrode for solving eq. 2.10.
The modeled cell voltage could well describe the measured cell voltage for a
HPPC-test according to EUCAR (91) at 40 % and 80 % SOC, by fitting of two cell
parameters related to local and current-collector resistances. The fitted and
measured cell voltages are shown in figure 4.1. In the same figure, the
calculated contributions to the polarization are also displayed and will be
explained and put into context with the results further on.
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Figure 4.1. Fitted, measured, and equilibrium cell voltages during the EUCAR cycle at
80 % SOC. The contributions to the polarization marked with colored areas. Lines: Solid
thick fitted, dashed measured, and solid thin open-circuit (equilibrium) cell voltage.
Dotted C-rate.

Local investigation - The simulated behaviors of some of the processes are
shown in figure 4.2 at seven different time steps (marked with colors in figure
4.2a) during the EUCAR cycle at 80 % SOC and illustrate the complexity of the
system. The lithium-ion concentration in the electrolyte concentration, seen in
figure 4.2b, varies locally for most time steps. This is a consequence of
limitations in mass transport caused by the current in the electrolyte being
only partly carried by the lithium ion and being hindered by diffusion. During
the periods of non-zero current the concentration profiles build up.
Conversely, when the current is switched off, both the concentration profiles
and cell voltage relax towards equilibrium. A similar process takes place in the
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active material. It can be seen in figure 4.2c that concentration differences
arise within particles as well, with the differences being slightly larger within
the negative electrode. This indicates more diffusion limitations within the
negative electrode, traced back to the particle diameter and the diffusion
coefficient of the active material. The local current density in figure 4.2d
displays an uneven distribution along the depth of the electrodes. This is
particularly pronounced during the initial discharge period, and seems to
correspond to the mass transport limitations within the electrolyte. Most
likely, the mass transport limitations are thus contributing to the polarization
observed in figure 4.1 during that period of the EUCAR cycle. The simulation
gives an insight in the dynamics of the processes and in possible limitations
but is not sufficient to quantify the importance of the separate processes in
terms of polarization.
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Figure 4.2. (a) C-rates during the EUCAR cycle with seven time-steps marked with
colors. Simulated (b) lithium-ion concentration profiles in the electrolyte, (c) lithium
concentration in the active material particles (at a point one third of the electrode
length from the separator), and (d) local current per volume porous electrode.
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Quantification of polarization - The importance of the electrochemical
processes was quantified using the strategy presented in chapter 3.1. This
enabled the detection and comparison of processes most likely to limit the
performance of a system. The derived expressions calculating the polarization
of each of the contributing processes within this cell is listed in table 4.2. The
sum of the polarizations is equal to the total polarization of the cell, calculated
cell
as E cell − E ave
, the subscript ave indicating the open-circuit potential at

infinitely long time after current interruption.
Table 4.2. Expressions for calculation of contributions of the processes on polarization.
Diffusion polarization
electrolyte
Diffusion polarization
solid phase
Ohmic potential drop
electrolyte
Ohmic potential drop
solid phase
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The calculated polarizations in the cell during the EUCAR cycles are shown in
figure 4.1 between the cell voltage and equilibrium cell voltage. The
contributions vary with time. Initially the polarization is dominated by the
contact resistance, the ohmic potential drop in the electrolyte and the
activation overpotential. The contact resistance is constant at the given
current, while the ohmic potential drop increases slightly with time during
each current step as the reaction zone moves deeper into the electrodes
towards the current collector. The activation overpotential is more or less
constant with time during each current step. Conversely, the two diffusion
polarizations show large variation with time. For example, during the 18 s of
discharge at 10C rate their contribution grows from zero to ~35 %, which is
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due to the build-up of significant concentration gradients in the active material
and electrolyte, as shown previously. The diffusion polarizations together with
contact resistance contribute to most of the polarization.
The analysis also covered the polarizations averaged over the whole cycle
cycle
time, tcycle, using the expression for the cycle-averaged polarization, η ave
, given
,i
in eq. 4.1. The cycle-averaged polarization is calculated as a rate of irreversible
energy loss due to the subprocess in question, integrated over time and
normalized with the total amount of charge passed during the periods of
discharge.

cycle
η ave
,i

=

t cycle

1

η

t cycle

i

tot

dt

ave ,i i tot dt

(4.1)

0

0

The distribution of the cycle-averaged contributions to the polarization in the
different cell domains for the EUCAR cycle at 80 % SOC is shown in figure 4.3.
Diffusion polarization electrolyte
Diffusion polarization solid phase

40%

Ohmic potential drop electrolyte
Activation overpotential
30%

20%

10%

0%
Positive

Separator
Negative

Contact
resistance

Figure 4.3. Cycle-averaged polarizations in the cell domains for an EUCAR cycle at 80
% SOC.

The contact resistance and the ohmic potential drop in the electrolyte are
responsible for the larger part of the polarization over the cycle. The diffusion
polarization in the electrolyte and in the solid phase, and the activation
overpotential are smaller but yet significant. If the ohmic potential drops in the
electrolyte is added to the electrolyte diffusion polarization, it is clear that the
mass transport in the electrolyte amounts to 36% of the polarization, thus
lowering the performance of the cell considerably. It can be seen that most of
the polarization occurs within the electrodes. The negative electrode
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contributes less than the positive, since all processes except for the diffusion
polarization in the solid phase contribute to a smaller extent.

Influence of SOC and operating conditions - The above results enable a
comparison with the EUCAR cycle at 40 % SOC (figures 4-7, paper I), where the
slightly higher polarization (a maximum of 0.36 V vs 0.27 V) is mainly caused
by increased diffusion polarization in the solid phase located in the negative
electrode. This points out that there could be a strong SOC dependence in
polarization. Additionally, the analysis opens up the possibility of detecting
and comparing the processes limiting the performance of the cell for other
HPPC tests or battery designs. In figure 4.4, an example of this is shown with
the comparison of the calculated cycle-averaged polarizations in the domains
of the cell for the ISO-energy (92), EUCAR, and FreedomCar (93) HPPC tests at
40 % SOC. The simulated cell voltages and C-rates of the two new cycles are
also displayed in the figure. The most striking difference is seen in total
polarization between the cycles, and that the fraction of the mass transport
limitation related to diffusion polarization is more pronounced for the ISOenergy cycle. It is the longer periods of current load and higher C-rates that
increase the diffusion polarization in the electrolyte and the solid phase of the
negative electrode and this is explained by the build-up of significant
concentration gradients. Consequently, especially the mass transport through
diffusion needs to be further improved for the cell to be able sustain high
current loads, i.e. maintain a high power density.
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Figure 4.4. (a) Cycle-averaged polarization for HPPC-test cycles at 40 % SOC. Current
load and simulated voltage response for the (b) FreedomCar, and (c) ISO-energy cycle.
Notations: (+) positive electrode, (-) negative electrode, (S) separator, and (C) contact
resistance.
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1C discharge comparison - The developed methodology is applied to the study
of a 1C discharge of the cell. By doing so, a comparison with the HPPC tests can
be performed and the time-scales for when different processes influence the
polarization can be studied in detail. A simulation was performed for a 1000 s
1C discharge from 80 % SOC with the double layers on the positive and
negative active electrode materials included (eq. 2.6a), some of the results
from this is displayed in figure 4.5.
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Figure 4.5. (a) Cell voltage and equilibrium cell voltage for a 1000 s 1C discharge from
80 % SOC. The contributions to the polarization marked with colored areas. (b) The
contributions to the polarization. (c) The changes in open-circuit potential with SOC
(ΔSOC displays change in SOC) in the two active electrode materials during the EUCAR
and 1000 s 1C discharge from 80 % SOC. The changes correspond to the open-circuit
potential measured at infinitely long time after current interruption, i.e. no polarization
is present.

In figures 4.5a and b the simulated polarizations are shown for a high time
resolution both together with the cell voltage and separately. The polarizations
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are, as expected for a power-optimized cell, low during the 1C discharge, thus
the difference between the cell voltage and equilibrium cell voltage is small.
The change in cell voltage during the discharge is therefore, in contrast to the
EUCAR cycle, more affected by the change in the polarization-independent
open-circuit potential of the active materials than the polarization. This is
schematically explained in figure 4.5c, where the change in the open-circuit
potentials of the active materials, corresponding to the potentials measured at
an infinitely long time after current interruption (cf. Eave), are small in the
EUCAR cycle and larger for the 1C discharge. The calculated contributing
polarizations display contact resistance, ohmic potential drops, and activation
overpotentials instantaneously and that diffusion polarizations arise
approximately 10 ms after the discharge has started. The behavior is
consistent with the observations during the first 18 s of the EUCAR cycle.

4.2

Safety – Investigation of short-circuited battery
cells

Three short-circuit scenarios in a prismatic lithium-ion battery cell with
LiNi0.8Co0.15Al0.05O2|LiPF6, EC:EMC|MAG-10 chemistry was investigated with a
coupled electrochemical-thermal model as described in chapter 2.2. The same
electrochemical parameters as in chapter 4.1 together with temperature
dependence and available non-isothermal parameters were used, the rest of
the parameters are tabulated in paper II. The scenarios studied were: 1) an
external short circuit, 2) a nail (2.5 mm thick) penetration, and 3) an impurity
(1 μm thick, aluminum) induced short circuit in the separator at an initial
temperature of 25 °C. The work focused on investigating the events from when
short circuit occurs until exothermic side reactions initiate thermal runaway,
defined as the time it takes for temperature to reach 120 °C somewhere within
the model geometry. The modeling gave an indication of the time-scale for
reaching the temperature where thermal runaway starts, and allowed
investigation of general short-circuit characteristics, critical differences
amongst the three scenarios, and some safety issues.
The study was intentionally limited to one cell layer of a stacked prismatic cell
as displayed in figure 4.6. An important reason for this is that the numerical
simulation of a detailed electrochemical-thermal model represents a
considerable challenge even for a single layer, especially for such an extreme
mode of operation as a short circuit. This can also be justified from other
considerations. In scenarios 1 and 2, provided that the nail penetrates every
layer in the cell, all layers will be largely equivalent electrically since they will
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all be short-circuited in the same way. In scenario 3, the influence of the
impurity is presumably restricted only to the short-circuited layer. It is also
possible that all cell layers are quite equivalent thermally, since thermal
insulation at the bottom and top of the cell sandwich is common when it is
stacked in a battery pack.

Figure 4.6. Geometry of a cell layer in a stacked prismatic lithium-ion battery cell.
Scenarios 1, 2, and 3 marked with green, red, and yellow, respectively. The thicknesses
(x and z direction) of the impurity and nail are exaggerated in the figure.

To ease the calculations, the model geometry was reduced to 2D,
corresponding to the areas in the xy-plane from the center of the short-circuit
to the edge of the layer in scenarios 2 and 3 and for the whole xy-plane in
scenario 1. The 2D model geometries are schematically shown, together with
some illustrations explained later in this chapter, in figure 4.7.
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Electronic conductor
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Positive
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Figure 4.7. Schematic 2D model geometries used to simulate scenarios 1-3 with celllayer compositions incorporated. Green: boundaries connected in the external short
circuit (scenario 1). Red: location of the nail (scenario 2). Yellow: location of the
impurity (scenario 3). Areas surrounded by dashed line schematically show regions
with enhanced current production for the scenarios. Arrows denote the direction
electrons travel to and from the short circuit. The thicknesses (x direction) of the
impurity and nail are exaggerated in the figure.
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The model geometry required some specific settings of the boundary
conditions. First, for the electrochemical model, the boundary conditions is
dictated by the symmetry plane at the left side of the geometries in scenarios 2
and 3, and that the cell voltage is measured between the rightmost boundaries
of the current collectors. Consequently, a reference solid phase potential of 0 V
is put on the right boundary of the negative current collector and the rest of
the outer boundaries is set to be insulated to all electrochemical processes. An
exception is scenario 1, where the right boundaries of both the positive and
negative current collectors are set to 0 V in order to represent an external
zero-resistance connection between the current collectors. Second, for the
thermal model, adiabatic conditions are set at all outer boundaries and portray
the worst case condition from the perspective that no cooling can prevent the
temperature increase in the layer.

Time-scale for initiation of thermal runaway - In order to determine the timescale for the initiation of thermal runaway the local maximum temperature
was studied. The local maximum temperature was defined as the highest
observed temperature within the layer at each time-step. In figure 4.8a the
simulated local maximum temperature over time is shown for the three
scenarios. The time it takes for the temperature to reach 120 °C is around 10s
in all scenarios; in scenario 1 it is 8.2 s, in scenario 2 9.2 s and in scenario 3
10.7 s. Figure 4.8b displays the simulated current per cell layer volume over
time in the three scenarios. The current per cell-layer volume is a measure of
how much current is produced due to the short circuit, normalized to the celllayer volume. It was calculated from the current produced locally within the
porous electrodes, according to the expression in eq. 4.2.
IV =

1
Lx ⋅ L y

 a i

S loc dxdy

(4.2)

D

Figures 4.8a and b show the increase in local maximum temperature to depend
closely on the current in all scenarios, and the current-temperature
interrelation is fundamental for the analysis.

Investigation of current behavior - As the current determines the temperature
increase, it was investigated in detail. The curves in figure 4.8b show similar
behaviors between the scenarios and have been divided into four different
time intervals denoted by Roman numerals: I covers the times when the short
circuit is introduced and the current increases, II the short period of time
where a maximum current is observed, III the following current decline, and IV
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the last slow increase in current. The current behavior in the first three time
intervals is consistent with an electrochemical system with mass transport
limitations subjected to a potentiostatic step (80). Secondary current
distribution characteristics (limitations in the activation of the electrochemical
reactions, ionic conductivity of the electrolyte and electronic conductivity of
the solid-phase materials) (94) apply for the system in I and II. In III, ternary
characteristics arise as limitations in mass transport of lithium ions in
electrolyte and active material particles become important and give a decline
in current. The temperature increase speeds up several electrochemical
processes, which makes the current increase, as is seen in IV.
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Figure 4.8. (a) Local maximum temperature. (b) Current per cell-layer volume with
four time intervals (I-IV) denoted. Inset shows the data for a logarithmic timeresolution in time intervals II and III. Notations: (+) scenario 1, (o) scenario 2 and (gray
x) scenario 3.

The drop observed in the current behavior in III is critical for the thermal
behavior, because this keeps the increase in temperature at a slower rate and
thereby controls the initiation of thermal runaway. In III, the system should be
limited by mass transport in active material particles and electrolyte.
Simulations allowed for an in-depth analysis of the processes in III, as shown in
figure 4.9. As the current behaviors are similar in the three scenarios, it is
likely that the mass transport limitations arise along the thickness (y) of the
layer, i.e. the dimension that is identical for the three scenarios. The simulated
local currents per porous electrode volume over the thickness (y) of the
electrodes at the middle of the cell-layer length (x) are displayed in figure 4.9a
for the three scenarios at a short time after short circuit (10 ms) and illustrate
a very uneven current distribution. The lithium concentration between the
center to the surface of the active material particles are shown at the same
location and time in figure 4.9b. These show that the diffusion limitations
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within the positive active material particles are smaller than in the negative
electrode material, facilitating the intercalation in the positive active electrode
material. The lithium-ion concentration in the electrolyte is displayed for the
same conditions in figure 4.9c, also indicating a rapid change in concentration.
With the behavior observed in figures 4.9, the concentration is very likely to
approach zero close to the separator in the positive electrode within a short
period of time.
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Figure 4.9. Simulated (a) local current per
volume of porous electrode, (b) difference in
lithium concentration between center and
surface of the active electrode material, and
(c) lithium-ion concentration in the
electrolyte, along the thickness (y) of the cell
layer at the middle of the cell-layer length
(x), at 10 ms after short circuit for the three
scenarios. Lines: blue scenario 1, red
scenario 2, and green scenario 3.

The lithium-ion concentration for more time steps is shown in figure 4.10a and
display that the concentration approaches zero at the interface between the
positive electrode and separator in all three scenarios, thus showing that a
mass transport-limited current is reached. It is further verified that mass
transport limitations in the electrolyte govern the system in III, as it is possible
to describe the current with a simplified model (Fick’s second law over an
ideal semi-infinite planar diffusion layer) accounting only for simple mass
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transport-limited current distribution characteristics, as given in eq. 4.3 (14,
95).
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In figure 4.10b, the nearly linear relation between the current and t-0.5 for most
times between 0.5 s and 4 s in all three scenarios (see trend-lines in zoomed-in
plot) shows that a large part of the short-circuit behavior in a lithium-ion
battery cell may be explained with eq. 4.3, i.e. by mass transport limitations in
the electrolyte.
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Figure 4.10. (a) Lithium-ion concentration in the electrolyte along the thickness (y) of
the cell layer at the middle of the cell-layer length (x) for different times. Lines: solid
scenario 1, dashed scenario 2 and dotted scenario 3. (b) Current per cell-layer volume
plotted against t-0.5. Trend-line through origin denotes linear relation. Zoomed-in plot at
longer times. Notations: (+) scenario 1, (o) scenario 2 and (gray x) scenario 3.

Critical differences between the scenarios - The small but evident distinctions in
the magnitudes of the current and the times for reaching 120 °C tell us that
there are critical differences between the scenarios related to the geometry
properties. The differences in current depend on the electric resistance. The
reason is that the distance the electrons travel between the point of reaction
and short circuit, and the electronic conductivity of the materials the electrons
pass during their route differ. This is qualitatively shown for the three
scenarios in figure 4.7 where the marked areas (green box scenario 1, red box
scenario 2 and yellow semicircle scenario 3) indicate regions in the proximity
of the short circuit where the better access to electrons favors more current
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production and the arrows indicate how the electrons are exchanged between
the active materials of each electrode through the short circuit. In scenario 1
electrons travel via the current collectors through the external connection, in
scenario 2 directly via the nail, or alternatively, first via the current collector,
and in scenario 3 within the porous electrodes. The route the electrons travel
is directed by the short circuit and current collectors having a considerably
higher electronic conductivity than the porous electrodes. Figures 4.11a and b
visualize this, showing the distribution in solid potential over the cell layer in
scenario 2 at 10 ms to be more even in the short circuit and current collectors.
The figures give an indication of why scenario 3 has the lowest current for all
times studied. The observed large drop in solid phase potential in the positive
electrode in the vicinity of the short circuit is a result of the current collectors
not being connected directly by a short circuit as in scenarios 1 and 2, and thus
electrons are exchanged solely through the porous electrodes, with especially
the positive electrode having a significantly higher electronic resistance.
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Figure 4.11. Electric potential in the solids, φS, over the cell layer at 10 ms after short
circuit in scenarios (a) 2 and (b) 3.

Detection of local peaks in temperature (hot spots) – The time it takes to reach
120 °C somewhere in the cell depends on the total rate and spatial distribution
of the heat generation as well as the transfer of heat within the cell layer in
each scenario. The heat generation is directly related to the current
distribution. The current density distributions along the cell-layer length (x)
for the three scenarios, at 10 ms, are displayed in figure 4.12.
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Figure 4.12. Current density per current-collector area (xz-plane area) along the
separator length (x) at 10 ms after short circuit. The length (x) is normalized to the total
separator length. Lines: solid scenario 1, dashed scenario 2, and dotted scenario 3.

The simulated temperature distributions at 0.1 s after short circuit for the
scenarios are presented in figure 4.13, and are consistent with the current
density distributions (current density in the y-direction per xz-plane area, i.e.
the current-collector area) just moments earlier.
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Figure 4.13. Temperature distribution
at 0.1 s after short circuit in scenarios
(a) 1, (b) 2, and (c) 3.
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The same figures also show the distributions taking the form of vertical
isothermal zones (isothermal in the y-direction). This is mainly due to the
aspect ratio; the distance for heat transfer along the thickness (y) of the layer
is considerably shorter than the distance in the length (x) direction. In scenario
1, the temperature distribution is more uneven than in scenario 2, and relates
to the even current distribution and heat transfer distance in the x-direction in
the latter scenario. In scenario 3, the very uneven current distribution, also
illustrated in figures 4.7 and 4.11b, creates something that could be regarded
as a hot spot; the temperature at the impurity is ~30 °C higher than within the
rest of the layer. Despite the existence of a hot spot, the time for reaching
thermal runaway is longer than in the other scenarios (cf. figure 4.8a), since
the rate of the temperature increase in the hot spot decreases abruptly when
the mass transport limitations in the electrolyte add to the already high
electronic resistance.

Impact of cooling - Cooling as a safety precaution was investigated. A simple
cooling situation was studied where the layers above and below were assumed
to insulate the top and bottom of an examined cell layer and the temperature
was set to 25 °C at the sides (at x=0 and x=0.2 m (scenario 1) or x=0.1 m
(scenarios 2 and 3)). Simulations show that cooling also from the top and
bottom is crucial to prevent or delay the initiation of thermal runaway. In
figure 4.14, the temperature distribution in scenario 1 for this type of cooling
when local maximum temperature has reached 120°C (8.4 s) is displayed to
visualize this. The figure shows large temperature gradients arise along the
length (x) direction and that a hot spot forms in the middle of the cell-layer.
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Figure 4.14. Temperature distribution at 8.4 s after short circuit in scenario 1 with the
top and bottom of the layer insulated and the temperature set to 25 °C at the sides.
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4.3

Aging – EIS Model Analysis of Harvested
Electrodes

Aging in LiFePO4|LiPF6, EC:DEC| MCMB graphite cells that had been subjected
to either a synthetic hybrid drive cycle (ISO energy cycle, figure 4.4) or
calendar aging at 22°C in a related study (64) was investigated. The
investigation involved detailed examination and comparison of BOL and EOL
electrodes harvested from these cells. The electrode properties were
determined using an EIS model (chapter 2.4) following the methodology in
chapter 3.3. The model included most electrode degradation processes from
chapter 2.3. Results provided detailed insight to the electrode degradation and
were correlated to full cell capacity loss and impedance increase.
The experimental cell was a three-electrode cell and the model geometry could
be schematically described with figure 2.3a. Some of the fundamental
composition parameters describing the cell are summarized in table 4.3. The
working electrode is either the harvested positive, LiFePO4, or the negative
electrode, MCMB graphite, from the full cell.
Table 4.3. Three-electrode lithium-ion battery cell compositions in paper III.
Working
electrode

Negative
electrode

Active electrode material: MCMB graphite, spherical particles, εS=0.507
Electrolyte volume fraction (porosity): εL =0.45
Thickness: L=30.10-6 m

Positive
electrode

Active electrode material: LFePO4, spherical particles, εS=0.533
Electronically conductive additive volume fraction: εcS=0.093
Electrolyte volume fraction (porosity): εL =0.27
Thickness: L=35.10-6 m

Counter
electrode

Lithium

Separator

Three Whatman GF/A micro fiber filters
Electrolyte volume fraction (porosity): εL =0.87
Thickness: L=588.10-6 m

Electrolyte

1.0 M LiPF6, EC:DEC (1:1 by volume), Merck (LP40)

43

The model was solved for a 1D cross-section between the reference electrode
and current collector choosing the boundary conditions summarized in table
4.4. The boundaries deviate from the full cell settings considerably (c.f. chapter
4.1): The applied perturbed current density is set at the reference electrode
and constant concentration at the reference electrode is set as the perturbation
was negligible there.
Table 4.4. Boundary conditions EIS model paper III.
Dependent
variable

ϕ ( c )S

ϕL

Boundary settings
Boundary Expression

~

x=LWE+LRE

ϕ~WE = 0 , ϕ~( c ) S = ϕ~WE − icell R contact

x=LRE

dϕ~(c )S

x=LWE+LRE

=0
dx
~ ~
iL = idl ,cc

x=0

~ ~
iL = icell

x=LWE+LRE

(ε L )β

x=0

c~L = 0

r=0

dc~Sn
(r = 0) = 0
dr

r=rpn

DS

L

cL

cS
0

 ∂ ln f ±
DL 0 1 +
 ∂ ln c L



0

 c L ,tot

c
 solv

 1 d~i
dc~Sn
L
r = rpn = 
 aSn dx
dr


(

)

0

~
 dc~L 
 iL
Li +

 dx + 1 − t solv 0  F = 0
0

~  1
− idl ,Sn  ⋅
 F


The BOL situation was first established, by fitting the EIS model to
experimental data of harvested electrodes at BOL and by performing SEM and
0.1C discharge capacity measurements. All BOL parameters are listed in paper
III. The EOL fitting used, as described previously, the input from experimental
comparisons and previous results in literature. At EOL, it was essential to
incorporate probable electrode degradation processes into the model. It was
shown that the degradation observed in calendar-aged electrodes was
negligible, in contrast to the cycle-aged ones. For brevity, only the results from
the cycled-aged electrodes are shown in this thesis.
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LiFePO4 electrode degradation identification – All types of degradation
presented in chapter 2.3 except for loss of electronic conductive additive are
observed in SEM and the 0.1C discharge capacity. In figure 4.15, the BOL and
EOL SEM images are shown. Both cracking (encircled areas in figure 4.15b)
and electrolyte decomposition seem to have occurred. The latter had also been
verified by X-ray Photoelectron Spectroscopy (XPS) of the same harvested
electrodes (64) and has been observed previously (32, 75, 76).
(a)

(b)

Figure 4.15. SEM images of (a) BOL and (b) EOL cycle-aged LiFePO4.

Additionally, the cycling is likely to have caused loss of electronically
conductive additive according to previous studies (53, 96). Consequently,
eleven physical parameters needed to be fitted at EOL:
•

•
•

•
•

Electrolyte volume fraction, εL, to determine change in pore structure
(assuming all change in porosity) due to electrolyte decomposition
products.
The seven volume fractions making up the particle size distribution, to
investigate whether particle cracking has occurred.
Local contact resistance, Rloc, to determine formation of resistive films
from electrolyte decomposition and contact loss between the active
electrode material and electronically conductive additive.
Resistance between the current collector and the porous electrode, Rcc,
to detect a worse contact caused by e.g.. corrosion (45).
Double-layer capacity per unit volume of the electronically conductive
additive, acS ⋅ c dl ,cS , to investigate a possible loss of electronically
conductive additive.
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The impact of the parameters was first investigated by variation of one of the
aging-dependent parameters at the time. This facilitated the optimization and
aided to extract meaningful results. Samples of the parameter variations are
displayed in figure 4.16a and the experimental and fitted spectra at BOL and
EOL are presented in figure 4.16b. The parameter variation showed that in
order to capture the rise of the minimum before the low-frequency tail and the
increase in the second semi-circle, the electrolyte volume fraction needed to be
decreased considerably. At the same time, larger fractions of the smaller
particle sizes were necessary to fit the shape of the low-frequency tail and the
minimum between the semi-circles. It was also found that although the local
resistance increased the size of the second semi-circle, it was not possible to
achieve a good fit.
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Figure 4.16. Impedance spectra for frequencies between 1 kHz and 10 mHz. (a)
Parameter variations of BOL LiFePO4. Notations: (green•) fitted BOL, (magenta*)
simulated BOL with only smallest active material particles present, (black*) simulated
BOL with Rloc=0.10 Ωm2, (cyan*) simulated BOL with εL= 0.15, (blue*) simulated BOL
with Rcc=2.35.10-3 Ωm2, and (red*) acS ⋅ c dl ,cS =2.65.105. (b) BOL and EOL cycle-aged
LiFePO4 spectra. Notations: (gray*) fitted BOL, (black*) fitted cycle aged, (black+)
experimental BOL, and (blacko) experimental cycle aged. (⎕) denotes frequencies 150,
5, and 0.05 Hz.

The electrode degradation was identified by the change in the agingdependent parameters from BOL to EOL. The change is illustrated by the
results in table 4.5, where also a figure of the particle size distributions is
included. The optimized particle size distribution shows that large particle-size
fractions decreased and the smallest particle-size fraction increased (I).
Further, Rcc, increased considerably, indicating possible current-collector
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corrosion. The presence of deposits and changed pore morphology is indicated
by the substantial decrease in εL. Additinally, no substantial increase in local
resistance and no direct loss in electronically conductive additive could be
indicated. The observed active electrode material loss (15 %) in the cycle-aged
electrode is presumably connected to the particle cracking that can isolate
active material particles within the electrode (53, 73, 74), or even detach and
isolate pieces of the porous electrode.
Table 4.5. Aging-dependent parameters LiFePO4.
Parameters

BOL

Cycle aged

a cS ⋅ c dl ,cS / F m-3

2.65.106

2.65.106

R loc / Ω m2

1.30.10-2

1.40.10-2

R cc / Ω m2

1.72.10-3

2.46.10-3

εL / -

2.70.10-1

2.04.10-1

Change in 0.1C discharge capacity

-15

compared to BOL / %
0.4

Particle size distribution

BOL
EOL cycled

Volume fraction

0.35

I 0.18 μm
II 0.29 μm
III 0.45 μm
IV 0.70 μm
V 0.90 μm
VI 1.50 μm
VII 2.00 μm

0.3
0.25
0.2
0.15
0.1
0.05
00

I

II

III
IV
V
VI
Particle size number

VII

MCMB graphite electrode degradation identification – In figure 4.17, the BOL
and EOL cycled-aged SEM images of MCMB graphite are displayed. The cycleaged electrode does not seem to have undergone the same cracking behavior
as LiFePO4; instead of total particle breakup, the damage in MCMB graphite
seems to be more superficial (see zoomed-in surface in figure 4.17b), which
has also been reported elsewhere (31, 39). As only surface cracks were
detected, the particle size distribution was deemed to be approximately the
same as at BOL. The exhibited electrode structure visualizes that growth of
electrolyte decomposition products is likely to have occurred. Previous studies
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have shown electrolyte decomposition products, e.g. SEI, to grow continuously
on graphite both during cycling and storage (31, 35, 97, 98), and affect
electrolyte pore size (99). In a preceding XPS study (64), it had also been
shown that electrolyte decomposition products (LiF and fluorinated
hydrocarbon) form deposits on MCMB graphite. The model was consequently
fitted for three aging-dependent parameters:
•
•
•

Electrolyte volume fraction, εL.
Local contact resistance, Rloc.
Resistance between the current collector and porous electrode, Rcc.

(a)

(b)

Figure 4.17. SEM images of (a) BOL and (b) EOL cycle-aged MCMB graphite.

The extracted parameters at BOL and EOL are based on the fitted spectra
shown in figure 4.18.
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Figure 4.18. Impedance spectra for frequencies between 1 kHz and 10 mHz for BOL
and EOL cycle-aged LiFePO4 spectra for BOL, calendar aged, and cycle-aged LiFePO4.
Notations: (gray*) fitted BOL, (black*) fitted cycle aged, (black+) experimental BOL, and
(blacko) experimental cycle aged. (⎕) denotes frequencies 150, 5, and 0.05 Hz.

48

The resulting optimized aging-dependent parameters are tabulated in Table
4.6. A substantial increase in Rloc and a considerable decrease in εL, indicating
an accelerated resistive film growth is seen. This is caused by the exposure of
fresh material in the surface cracks (31) and high capacity throughput (35).
These results are consistent with the observed active material loss (9 %), as
the film can be electronically insulating and consequently isolate active
electrode material particles (31).
Table 4.6. Aging-dependent parameters MCMB graphite
Parameters

BOL

Rloc / Ω m2

1.00.10-4

1.04.10-3

Rcc / Ω m2

2.01.10-3

2.50.10-3

εL / -

4.50.10-1

3.91.10-1

Change in 0.1C discharge capacity

Cycle aged

-9

compared to BOL / %

Correlation to full cell aging –The established LiFePO4 and MCMB graphite
degradations will more or less affect impedance and capacity in the full cell
from which the electrodes were harvested. The cycled cells showed both an
increase in impedance and considerable loss of active electrode material or
cyclable lithium, i.e. capacity loss (64). Most likely, the cell impedance was
most influenced by the impedance increase in LiFePO4 by its change in porous
electrode structure. The capacity loss was probably linked to the loss in
cyclable lithium in the electrolyte decomposition reactions, which is present on
both electrodes. However, the pronounced increase in MCMB graphite resistive
film-formation suggested that a higher amount of electrolyte decomposition
had occurred there. A complete description of the full cell aging matrix from
where the electrodes were harvested, together with necessary correlations
between full cell aging reference tests and detected electrode degradation are
found in paper III.
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4.4

EIS model characterization of PAN-based carbon
fibers in a microelectrode system

A full electrochemical investigation of the lithium intercalation processes in
PAN-based carbon fibers, Toho Tenax IMS65 (unsized and sized) primarily
intended to be used in structural lithium-ion batteries, has been performed.
The results from the study can be used to benchmark the fibers against other
electrode materials. The properties, for 5 to 100 % SOC, were mainly
determined from EIS measurements by fitting of an EIS model (chapter 2.4). A
specially designed microelectrode system was used with a single fiber working
electrode and a lithium-foil counter electrode together with well-characterized
battery components. This excluded any porous electrode features and focused
the fitting solely on fiber parameters.
The experimental cell is schematically displayed in figure 4.19a. A model
geometry, as illustrated in figure 4.19b, was selected. The model was solved
along the dashed horizontal line in the figure. Cylindrical coordinates were
selected with axisymmetry set around the center of the fiber, since the
cylindrical coordinates capture the cylindrical shape of the fiber and the
behavior of having an oversized lithium-foil; for an axisymmetric coordinate
system the surface of the lithium foil is approximately 180 times larger than
that of the fiber and has therefore a negligible impact on the impedance. Due to
the very small radius of the fiber, the entire perimeter of the fiber was
assumed to be in contact with the separator.
(a)

(b)
r=0

r sep

Current
collector

2 cm

Pouch cell

Electronically conducting
silver paint

Carbon fiber

Carbon
fiber

Lithium
foil
r fiber

Heat seal

Figure 4.19. (a) Schematic of cell used for EIS measurements. (b) Schematic model cell
geometry. Dashed horizontal line indicates the axisymmetric system solved for.
Notations: rsep is the radius of the separator and rfiber the radius of the carbon fiber.
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The details of the components within the model geometry are summarized in
table 4.7. As observed in the table, cylindrical properties are assumed with
only the diameter differing between the unsized and sized fibers. Aside from
using cylindrical coordinates, no electronic resistance along the radius of the
fiber was assumed to exist and specific boundary conditions were set up.
Table 4.7. Microelectrode system components.
Carbon fiber

IMS65 unsized and sized
Radius: rfiber = 5.15.10-6 (unsized) or 5.20.10-6 (sized)
Length: Lz=2.10-2 m

Separator

Two Whatman GF/A micro fiber filters
Electrolyte volume fraction (porosity): εL =0.90
Radius: rsep =440.10-6 m

Electrolyte

1.0 M LiPF6, EC:DEC (1:1 by volume), Merck (LP40)

The boundary conditions are shown in table 4.8. The microelectrode set-up
places an electrochemical reaction to take place at a single location at the fiber
surface and the half-cell characteristics set the anion flux to zero at the lithium
foil.
Table 4.8. Boundary conditions for the microelectrode system.
Dependent
variable

ϕS
ϕL

cL

Boundary settings
Boundary Expression
~
r=rfiber
ϕ~cc = 0 , ϕ~S = ϕ~cc − icell R cc
r=rfiber

~ ~ surf ~ ~
iL = iL = iF + idl

r=rfiber+rsep

~
~
iL ( r = r fiber + rsep ) = icell

r=rfiber
and
r=rfiber+rsep

(ε L )

r=0

d c~ S
=0
dr

r=rfiber

DS

cS

βL

0

 ∂ ln f ±
DL 0 1 +
 ∂ ln c L

  c L ,tot
 
 0  c solv

~
 dc~L 
 iL
Li +

 dr + 1 − t solv 0  F = 0
0

dc~S ~ surf ~ 1
= iL − idl ⋅
F
dr

(

)

51

The fitting of the EIS model to the measurements (chapter 3.2) was
significantly facilitated by the chosen microelectrode approach that reduced
the number of fitted parameters. The model could be very well fitted to the
experimental data to determine any SOC dependency in mass transport and
kinetics, and to evaluate the impact of sizing. Examples of fitted and
experimental spectra are shown in figure 4.20.
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Figure 4.20. Impedance spectra for frequencies between 1 kHz and 2 mHz for 5, 40,
and 100 % SOC for the unsized carbon fiber. Notations: (+) experimental and (⦁) fitted
simulated. Colors: gray- 40 % SOC, and black- 100 % SOC.

The fitted parameters show, as displayed in figure 4.21, that both the diffusion
coefficient and the exchange current density of the fiber are strongly
dependent on SOC; the diffusion coefficient and exchange current density
decreased significantly with SOC. This indicates considerably worse mass
transport and intercalation kinetics at lower SOCs. It is also observed that no
striking difference between the unsized and sized fiber exists.
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Figure 4.21. Fitted (a) diffusion coefficient and (b) exchange current density for
unsized and sized IMS65. Notations: (o) unsized IMS65 and (*) sized IMS65.
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The values describing the mass transport and intercalation kinetics display
that the single fiber seem to have beneficial electrochemical properties
compared to other carbon materials investigated with the same method. For
instance, compared to MCMB graphite (paper III) and MAG-10 graphite (81)
the diffusion coefficient is several orders of magnitude higher for the fiber.
Consequently, the single fibers have the possibility to have a very little
contribution to polarization if utilized as electrode material, and could thus be
used to improve the performance of a battery system.

4.5

Final remarks

The results highlight the power of using physics-based models to investigate
and characterize lithium-ion batteries. The implementation of these types of
models is sometimes tedious, but is repeatedly shown to be crucial for the
studies and together with a clear strategy of investigation to be powerful
analytical tools. It is my belief that the knowledge obtained from this work
gives input to better utilization of the lithium-ion battery technology and to
ideas on how characterizations can be performed.
The level of detail in the models in papers I-III is quite high. It would be
difficult to simplify the problems for the investigations in this thesis as even
local behavior in a single variable is sometimes shown to be important. From a
characterization point-of-view, a lithium-ion battery system in the form of a
microelectrode system (chapter 4.4) represents an ideal situation. Such a setup enables a much more facilitated extraction of the electrochemical
properties of e.g. an electrode material. It should be noted, however, that it
seldom can be used in other aspects than electrode material characterization.
Ιn the aging investigation (chapter 4.3), although a simpler system might be
sought which could reduce the number of additional experimental
measurements and extracted parameters, porous properties were subject to
degradation and needed to be accounted for.
The electrolyte as a main contributor to an investigated behavior is
reoccurring in this thesis. By focusing research efforts on the electrolyte part of
the battery cell there is a lot to be gained. The performance and the time-scale
for reaching thermal runway are both shown to be dependent on the
electrolyte. In order to improve performance and safety, it can be essential to
optimize the effective electrolyte mass transport properties after both these
aspects. This will ultimately mean that at the same time as these properties are
enhanced at normal operation, these should be suppressed at higher
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temperatures. Accordingly, performance can be enhanced by exchanging the
electrolyte or altering the porous structures, and safety can be partly improved
by e.g. the introduction of a separator that melts at elevated temperatures (6)
and limits the electrolyte mass transport. However, as the temperature
increase from the electrochemical processes alone is shown to be sufficient to
raise temperature to dangerous levels at several parts of a short-circuited cell,
other safety precautions are also necessary. Additives (100, 101), a less
flammable electrolyte, and valves venting gaseous compounds formed within
the cell at elevated temperature (6) could be critical as well. It is likewise
important to cool or isolate the short-circuited cell to avoid the heat to spread
e.g. to other cells if situated in a battery pack. The electrolyte was shown to
contribute to the aging as well. Increased impedance and capacity loss are
partly related to the electrolyte decomposition at the electrodes, especially
when the cell is cycled. However, it is a bit more unclear whether it is only the
electrolyte or the electrode materials or both that initiates electrolyte
decomposition. The temperature is most likely affecting the decomposition,
emphasizing the need for always keeping the temperature down during
battery operation with e.g. cooling. It is recognized that at temperatures 25-50
°C above room temperature, processes associated with aging have been proven
to accelerate considerably and reduce battery life (31, 33, 102-105). However,
the temperature behavior of the electrolyte decomposition, and other
degradation processes, in the battery cell in paper III still needs to be
investigated.
There are several other issues to be resolved and that could be studied with
this type of modeling. Performance and aging of other battery chemistries and
additional short-circuit situations are some areas that could give valuable
input to improve the lithium-ion battery technology. Lifetime prediction using
the contribution of the electrochemical processes is very important as well,
and should be addressed in order to be able to create more reliable batteries.
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Chapter 5
Conclusions
Issues related to lithium-ion battery performance, safety, and aging have been
successfully investigated using mathematical models based on the behavior of
the electrochemical processes.

Performance – The performance in terms of polarization was examined and
validated for a power-optimized battery cell operated with a HPPC-test cycle
according to EUCAR. This was done with the aid of a physics-based model
solved at isothermal conditions and a method that was developed to quantify
the contributions of the electrochemical processes to the cell polarization.
The method was able to split up the polarization into parts associated with
activation of the electrochemical reactions, mass transport and inadequate
contact between materials in either the electrodes or in the separator. It was
found that the cycle-averaged polarization arose mainly in the porous
electrodes. All processes except for the ohmic potential drop in the solid phase
contributed significantly to the polarization of the cell. The contact resistance
and the ohmic potential drop in the electolyte accounted together for more
than half of the polarization over the cycle. However, the limitations related to
the electrolyte alone (i.e. ohmic potential drop and diffusion polarization) were
considerable. When the polarization was studied as a snap-shot in time, the
increase of the polarization during a constant current load was found to be
mainly attributed to the increase of the diffusion polarizations if the current
load was high (~10C) and to the OCP of the active electrode materials for low
loads. It was also shown that the diffusion polarization especially in the
electrolyte became more significant when the cell was used with other cycles
containing high current loads during long times, such as the ISO-energy cycle.
The polarization displayed changes with SOC and thus battery design, pointing
out that small changes in electrochemical properties may shift the impact of
the processes on polarization and the size of the polarization significantly.
Better electrolyte mass transport conditions by exchanging it or improving its
effective properties should improve performance considerably. Additionally,
aside from normal power-optimized design features, exchange of the negative
electrode material to the characterized PAN-based fibers could in theory
diminish some of the negative electrode’s effect on polarization.

55

Safety – Short-circuited batteries were investigated to get a better
understanding of their safety. A prismatic lithium-ion battery cell with a wellknown chemistry was studied when short-circuited by an external short circuit
(scenario 1), a nail penetration (scenario 2), or an impurity-induced short
circuit in the separator (scenario 3). A coupled electrochemical-thermal model
served as the tool for the investigation. The work focused on investigating the
events from when short circuit occurs until exothermic side reactions initiate
thermal runaway, defined as the time it takes for temperature to reach 120 °C
somewhere within the layer.
The model simulations allowed for a detailed local study of the interrelated
behavior of the electrochemical processes and thermal properties of the cell
layer for the selected events and short-circuit scenarios. It was shown that the
electrochemical processes alone generated a sufficient amount of heat to
initiate thermal runaway in all scenarios. Cooling was tested as a possible
safety precaution, but the temperature distribution showed it to be an
unrealistic method for preventing thermal runaway. The behavior of the
current over time was seen to be similar in all three scenarios, and showed
that the rate of the temperature increase in all scenarios was primarily
determined by the limitations in the mass transport of lithium ions in the
electrolyte. Small but evident distinctions in the magnitudes of current
between the scenarios were observed, and were found to depend on differing
electric resistances related to the location of the short circuit. Scenario 3, not
having the direct connection between the current collectors, was shown to be
severely limited by the electric resistance of the porous electrodes and
consequently had the lowest current production. Differences were observed
between the scenarios in the times to reach thermal runaway on the current
density distributions and the heat transfer abilities in each scenario.
Specifically in scenario 3 a pronounced local temperature peak, a hot spot, was
observed close to the short circuit. This hot spot was found to be the reason for
scenario 3 having a relatively quick rise in temperature to 120 °C despite it
having a lower current.

Aging - Electrode degradation at 22 °C within cycle- and calendar-aged
LiFePO4/MCMB graphite pouch full cells was examined. The study constitutes
an important part of understanding aging in lithium-ion batteries, as the aging
conditions can be considered as realistic and the chemistry is commonly used
in batteries today.
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The electrode degradation was identified with a physics-based electrochemical
impedance spectroscopy (EIS) model that was fitted to three-electrode EIS
measurements of electrodes harvested from the pouch cells, according to a
developed methodology. The fitting utilized input from SEM and measured
0.1C discharge capacity. The methodology enabled an extensive examination of
both positive (LiFePO4) and negative (MCMB graphite) electrode degradation
by investigation of the change in aging-dependent parameters from BOL to
EOL.
No significant aging was observed in the calendar-aged electrodes. Conversely,
for the cycled-aged electrodes, the increase in impedance, decrease in 0.1C
discharge capacity (i.e. active electrode material loss), and SEM evaluation,
resulted in parameters signaling the presence of quite severe electrode
degradation. In the cycle-aged LiFePO4, the impedance increase was mainly
due to deposit of electrolyte decomposition products in the pores of the
electrode and loss of active electrode material. The loss seemed to be linked to
electronic isolation of active electrode material due to particle cracking. In the
cycle-aged MCMB graphite, the impedance increase was mainly due to resistive
film formation on cracked surfaces of the active electrode material and loss of
active electrode material. The loss was likely caused by the film isolating active
material particles. The full cell impedance increase, mainly seen in the cycledaged cell, showed more contributions from the degradation in LiFePO4 than in
MCMB graphite. The loss in full cell capacity seemed to be related to the
electrolyte degradation on the active electrode materials.
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List of symbols
a

specific material surface area

[m-1]

acS ⋅ c dl ,cS

the double-layer capacitance per unit volume electronically
conductive additive (specific electronically conductive additive
surface area . double-layer capacitance per electronically
conductive additive area)
[F m-3]

c

concentration

[mol m-3]

Cdl

double-layer capacitance per area

[F m-2]

Cdl,cc

double-layer capacitance per geometric area

[F m-2]

Cdl,S

double-layer capacitance per active electrode material area
[F m-2]

DL

diffusion coefficient with respect to the thermodynamic driving
force in the electrolyte

[m2 s-1]

DS

diffusion coefficient in active electrode material

[m2 s-1]

Ea

activation energy

[J mol-1]

Eave

open-circuit potential at infinitely long time after current
interruption
[V]

EOCP

open-circuit potential at active material surface

[V]

dEOCP/dT

reversible entropy of active electrode material

[V K-1]

F

Faraday’s constant, 96487

[As mol-1]

i

current per active material surface area

[A m-2]

i0

exchange current per active material surface area

[A m-2]

icell

total current density in the three-electrode cell per geometric
area
[A m-2]

iF

faradaic current per active material surface area

[A m-2]

IV

current per cell-layer (geometric) volume

[A m-3]

j

imaginary unit,
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−1

JF

pore-wall flux density for electrochemical reaction [molm-2.s-1]

Jn

pore-wall flux density to electrolyte interface

[molm-2.s-1]

k

thermal conductivity

[W m-1 K-1]

L

length (domain thickness)

[m]

m

arbitrary parameter

p

arbitrary effective electrochemical property

R

universal gas constant, 8.3143

Re

real operator

Rcc

resistance between the current collector and the porous
electrode per geometric area
[Ω m2]

Rloc

local resistance; resistance per active electrode material area
due to resistive film on the surface of the active material and
poor contact between active material and electronically
conductive additive
[Ω m2]

+

[J mol-1 K-1]

Li
tsolv

transport number of Li+ with solvent as reference

[-]

T

temperature

[K]

VmLiPF6

molar volume lithium hexafluorophosphate salt

[m3 mol-1]

Z

impedance

[Ω m2]

1 + ln f ± / ln c L thermodynamic enhancement factor

α

transfer coefficient

[-]

β

Bruggeman constant

[-]

ε

volume fraction

[-]

ηave

polarization averaged over a domain

[V]

ηloc

local polarization

[V]

θ

temperature-corrected parameter

κ

ionic conductivity of the liquid (electrolyte) phase

[S m-1]
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σ

electronic conductivity

[S m-1]

φ

electric potential

[V]

ω

angular frequency

[rad s-1]

Subscripts

a

anodic

c

cathodic

cell

cell

cc

current collector

cS

electronically conductive additive

dl

double layer

exp

experimental

L

liquid (electrolyte) phase

sim

simulated

solv

solvent

S

active electrode material phase

tot

total

WE

working electrode

ν

at the electrolyte active electrode material interface
0

at equilibrium (i.e. not perturbed)

Superscripts

s

separator

surf

at the surface of active electrode material

+

positive electrode

-

negative electrode
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