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Abstract

Significant research efforts are being made to understand, and ultimately mitigate, the
degradation of Li-ion batteries upon usage. Currently, battery ageing models are used in
order to optimise the battery usage and to achieve robust battery solutions. The purpose
with this work is to obtain deeper understanding of the ageing factors for high-power
graphite || LiFePOy cells and to develop a semi-empirical ageing model suitable for use

in the full-vehicle simulations.

Extensive laboratory tests of commercially available graphite || LiFePO, cells were
conducted with special focus on high charge and discharge rates at temperatures
between +23 °C and +53 °C. Furthermore, cells were aged according to measured and
simulated load profiles from heavy-duty HEVs and PHEVs. The results were analysed
using ex situ techniques such as incremental analysis and fitted towards half-cells
voltage profiles. Specifically, ageing tests with 4 C-rate charge rate in combination with
1 C-rate discharge, and cycles with pauses between steps, were found to degrade the
cells significantly faster than cycles with 4 C-rate in both charge and discharge. This
behaviour was also observed for the PHEV cycles with charging at 4 C-rate. In addition,
post mortem analyses were performed on selected cells, both on electrodes and

electrolytes, suggesting that the electrode degradation is unevenly distributed.

A segmented 1D semi-empirical lumped-circuit cell model was designed and coupled to
a state-of-health ageing algorithm based on the test results. This model was
subsequently used to forecast ageing rates and showed promising results for HEV load
cycles, indicating that the cell degradation is unevenly distributed with the most severe
ageing occurring close to the separator. In contrast, the model could not forecast the
ageing accurately for some specific cases with high charge rates combined with low
discharge rates, indicating that additional ageing mechanisms must be included to

model the ageing at such severe load conditions.

Index Terms: State-of-health, battery model, lithium-ion battery, cycle life test, battery testing, HEV, PHEV, EV, ICA, DVA,
impedance spectroscopy



“The most exciting phrase to hear in science, the one that heralds new discoveries, is

not 'Eureka!’ but 'That's funny..." ”

Isaac Asimov
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Preface

In 2008, AB Volvo, Scania CV AB, the Royal Institute of Technology (KTH), Uppsala
University (UU) and Chalmers University of Technology started a joint research cluster
that aims to understand the ageing mechanisms of a Li-ion battery systems used in
heavy-duty HEV powertrains. The cluster is co-funded by the Swedish Energy Agency

and the two industrial partners.

The investigation focuses on finding the correlation between operating conditions in a
real application and the fundamental ageing processes in the battery cell. Research is
made on several levels; from in situ measurements on electrode materials and research
cells made by KTH and UU to applied tests of commercially available Li-ion cells in
laboratory and field applications performed by Volvo and Scania. More specifically

Volvo focuses on the development of models for the ageing mechanisms.

The first part of research project at Volvo and Chalmers was concentrated around test
and analysis methods and was concluded with the licentiate thesis “State-of-Health
Estimation of Li-ion Batteries: Cycle Life Test Methods” [1] 2012 to be followed by the
work summarised in this thesis, covering new test results and State-of-Health

modelling.
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Chapter 1 Introduction

Chapter 1 Introduction

Over the past decade vehicles with electrified powertrains have progressed from small-
series demonstration fleets or niche products to an established variant of both passenger
cars and heavy-duty commercial vehicles. Despite this strong industrialisation trend the
energy storage system, most often in a form of a Lithium-ion (Li-ion) battery, is still a
comparably expensive component with an uncertain or short lifetime. At the same time,
significant research effort is made to both enhance the existing Li-ion battery family and
to find its successor. Although a significant increase in performance, lifetime and cost
has been achieved there is still an increasing demand from the automotive sector to
obtain better understanding of performance limitations in general and ageing

characteristics in particular.

The battery in an xEV is often deeply integrated into the drivetrain with limitations
affecting drivability, vehicle performance and vehicle economics. Hence, an accurate
prediction of its performance over time and as a function of usage patterns is vital to
assure reliable vehicle performance and sufficient end-user economy. A multitude of
different ageing models have been proposed and used, ranging from simplified and
entirely empirical models to advanced first-principles models of the electrochemical
processes. Whereas the former may lack sufficient accuracy, the latter ones are usually
inflexible and require deep knowledge of the cell’s constituents or extensive in situ cell
characterisation. Consequently, the use of physical first-principles models is not
practically possible for screening a multitude of cells for use in the automotive sector
and suitable, simplified models, have to the authors knowledge not been presented in
literature. Thus, the challenge from the automotive point of view is to find or develop a
model accurate enough to enable sufficiently good estimate of battery service life, and

flexible enough allow rapid product development.

Considering the fast technical development, testing and validation of batteries are
profound. Naturally, this applies both for performance and for model development. Due
to the nature of battery design, where ageing mechanisms are known to be non-linear
and interdependent, accelerated testing of cycle life has proved to be very difficult. One

consequence of this is that most cell manufacturers rely on simplified load cycles and
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standardised operating conditions to be able to evaluate product generations and cells
from competitors. In contrast, automotive OEMs often use specific sets of load
conditions to target the actual application in order to verify performance and lifetime.
Consequently, it is still difficult to use supplier data to estimate battery lifetime in a
given application, or to base the cycle life estimate of a new cell on previous experience

with a particular battery in a particular application.

1.1 Ageing Mechanisms & Characterisation of Ageing

All secondary batteries degrade over time and with usage (cycling). This degradation is
manifested as a loss of available capacity, energy and/or an increase in impedance, i.e.
reduction of power and efficiency. Due to their comparably high cost, the degradation
of Li-ion batteries has been extensively studied over the past two decades. A summary
of the most commonly discussed ageing mechanisms are given in the following section,

with focus on graphite || LiFePOj cells.

Although the ageing mechanisms undoubtedly are complex and with rates strongly
related to operating conditions [2]-[6], they can be divided into a few categories:

e Loss of active and accessible electrode material of anode and/or cathode

e Loss of cyclable lithium

e Loss of conductivity in electrodes or electrolyte

An overview of the most commonly studied ageing mechanisms on electrode level, to

large extent based on the review made by Vetter et.al [5], is presented in Figure 1.1.

Depending on the combinations of operating conditions one or a few ageing
mechanisms may dominate the overall degradation, e.g. at elevated temperatures [2] and

high charge rates [7].

The loss of cyclable lithium in cells with graphite anodes is often dominating the total
cell capacity loss [8]-[11] and may be directly linked to surface film formation, mainly
to the solid electrolyte interphase (SEI). This was also confirmed by the post mortem
analysis presented in Paper IV. Other side reactions, such as Li-plating and corrosion,

may also consume cyclable lithium [12]-[14].
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Figure 1.1 Overview of ageing mechanisms in Li-ion batteries with graphite anodes

Several studies have concluded that loss of cell capacity also can be attributed to loss of
active surface area on the graphite electrode [8], [10]-[15], and that the structure of the
surface in terms of porosity and tortuosity may change significantly upon cell cycling

[16], [17]-[19].

Naturally, the electrolyte is also involved in the cell degradation, directly or indirectly.
Several different additives are used in all commercially used electrolytes to mitigate
specific degradation mechanisms, improve performance or to improve cell safety.
Although important, in most cases the ageing is still dominated by loss of cyclable
lithium and loss of active electrode material. Paper VII includes a post mortem study of
the electrolyte of some of the cells tested in the present work and concludes that
although there are specific signs of electrolyte degradation, the estimated impact on the

cell performance is relatively low.

In summary, a Li-ion cell experiences ageing upon cycling and storage in terms of
capacity loss or impedance growth due to side reactions consuming cyclable lithium,

reducing the accessible electrode area or by changing the electrode structure.
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1.2 Cell Degradation Models

Numerous methods to model the degradation of Li-ion batteries have been presented,
ranging from complex physical first-principles models to purely empirical models only
valid for a specific set of operating conditions. While first-principle physical models
generally offer the highest accuracy and also a direct insight to the interaction between
the different chemical reactions and multi-domain dependence, empirical models are
considerably easier to parameterise and less computationally demanding. In some cases,
especially when simulating complete vehicles with energy storage systems comprising
hundreds of cells, physical first-principle models are simply too complex and

demanding.

1.2.1 Physical First-Principles Models

Indeed, physical models can be designed at infinite levels of complexity, from
simplified 1D-models solely considering the main electrochemical reactions to 3D
multi-domain models incorporating thermal models, parasitic reactions, complex
surface structures and the mechanical cell design. While [20] combined a physical
model for the electrochemical domain, an empirical relation was used for the actual
ageing, [15] concentrated on the degradation of graphite and LiFePO4 (LFP) electrodes
characterised mainly by electrochemical impedance spectroscopy (EIS). A complete cell
model was also presented by [21] and [22] where a complex cell model was combined
with extensive experimental data to forecast capacity fade and impedance rise for
commercial LFP cells. Similar models were also developed for cells with LiCoO;
(LCO) cathodes by [23], [24] and [25]. To sum up, complex first-principles physical
models can undoubtedly provide both accuracy and very detailed simulation results for

the specific cell modelled to the cost of computational effort and parameterisation work.

1.2.2 Empirical Models

In contrast to physical models, empirical models can be parameterised without detailed
knowledge of the electrochemical cell design, albeit the accuracy may be improved by
including some relations for the electrochemical reactions. Models can also be
developed based on statistical and mathematical sub-models [26]-[28] or as semi-
empirical models with a combination of empirical relations and electrochemical models
[29]-[30]. Also, significant effort has been done to model specific ageing mechanisms

such as SEI growth [31]-[32]. However, from a complete vehicle perspective, complete



Chapter 1 Introduction

degradation models are desired; preferably optimised for accuracy still while still
relying on a minimum of cell knowledge and experimental validation data. In the area
of large-scale energy storages for grid operation, several ageing models for LFP cells
based on equivalent circuits were designed [33] and [34]. These models were validated
using experimental data from simple charge/discharge cycles at various temperatures,
SOC levels and current rates but did not treat complex load cycles or combinations of
slow discharge and rapid charge. Also, impedance spectroscopy [35] was found to be an
especially useful characterisation technique for analysing cell degradation. Furthermore,

the calendar ageing, important for light duty vehicles, was treated separately by [36].

A useful empirical ageing model is given in [37] where various ageing factors are
composed into one ageing expression based on extensive laboratory tests. The derived
ageing model was, however, only validated towards simplified load cycles and the cell
current was assumed to be evenly distributed in the cell. In contrast, the work by [15],
[25], and [38] suggests that the current in a typical Li-ion cell is unevenly distributed
both in liquid and solid phase, i.e. both over the thickness of the electrodes and the

current collector area.

Despite the extensive research made in the field of ageing models, some areas have not
been successfully covered yet; simple empirical models for non-accelerated operating
conditions like elevated temperatures, still valid for complex load cycles for vehicles
where high-rate charging is combined with charge-depleting HEV operation, have not

yet been presented.

1.3 Purpose, Scope & Main Contribution

The purpose with the work covered by this thesis is to obtain deeper understanding of
the ageing mechanisms in power-optimised graphite || LiFePOj cells suitable for heavy-
duty XxEV applications and to develop a semi-empirical ageing model. This model shall
be a compromise between complexity and robustness and based on extensive laboratory
tests of cycle life for the selected cell type. Neither entirely electrochemical models nor
pure mathematical black-box empirical models are considered in order to find a
sufficiently robust model structure suitable for further development. Furthermore, the

model must cover a wide range of current rates, SOC ranges and temperatures.
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Some specific scientific contributions made during the work presented in this thesis are:

Quantification of cycle life ageing of commercially available graphite || LiFePO4
cells using realistic and synthetic load profiles, with operating conditions
ranging from narrow to wide SOC windows, low to high current rates and from
medium to high temperatures.

The specific characterisation of ageing, found empirically, when high charge
currents are combined with low discharge currents and when pauses are
introduced within high-rate cycling, both types resulted in drastically reduced
cycle life.

Comparison of ageing at synthetic and / or simplified load cycles to simplified,
standardised constant current cycles.

Assessment and development of non-invasive, ex situ characterisation methods.
Further developed a segmented semi-empirical lumped-circuit electrode model

used to estimate cycle life based on operating conditions.

1.4 Outline

Chapter 2 covers the performed cycle life tests, including the experimental setup, choice

of load cycles and characterisation techniques. This chapter is followed by an overview

of the cycle life test results in Chapter 3 where key properties such as capacity fade and

impedance increase is presented. Then, the degradation is analysed and characterised in

Chapter 4, focusing on loss of cyclable lithium and active anode material. The results

are used as input to the model design presented in Chapter 5 where a selection of

simulation results is also given, followed by concluding remarks and suggestions to

future work in Chapter 6 and Chapter 7 respectively.
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Chapter 2  Cycle Life Tests

In Chapter 1 an overview of the most important ageing mechanisms of Li-ion batteries
was given. Based on this literature review and results previously published [1] a
comparably extensive test matrix was set up to assess the impact of various ageing
factors. To large extent the test procedure was identical as previously presented with a
few minor modifications, first and foremost for the reference test procedure (RPT). This
chapter includes a brief overview of the test procedure, the test matrix and the load

cycles, followed by a description of the experimental set-up.

2.1 Test Sequence

Each cycle life test was performed on two cells in parallel on two independent test
channels to be able to track cell-to-cell variations, thereby providing a rudimentary
statistical average of the results. In addition, this served as input to verify that the test
and the test equipment performed according to the intended scope. An overview of the

test sequence is presented in Figure 2.1.

. EIS at RPT at
BOL Formation P 5oL > BOL

Run Cycle Life Test: YES

1. Load Cycle
2. SOC adjust

SOC
reset

Scheduled
RPT?

YES

Scheduled
EIS?

EOL
Reached?

EIS | | | RPT

Figure 2.1 Test sequence overview

Initially, all cells were subjected to approx. four complete charge/discharge cycles at

1 C-rate in a formation test. No specific data from this test is used for further analysis;
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instead it served as method to verify that the tested cells were performing according to
specification and showed stable performance in terms of capacity. Following the
formation test an initial RPT was conducted as well as an electrochemical impedance
spectroscopy (EIS) measurement, together serving as the complete performance
characteristics at beginning of life (BOL). The actual cycle life test, consisting of a
specified number of load cycles with RPTs and EIS performed on a regular basis, was
then started and run until the cell reached end of life (EOL) arbitrary defined as the
point when the cell capacity at 1 C-rate had reached 80% of the initial capacity. For
some cases testing was continued further to evaluate the performance at severe ageing.
However, all comparisons in between test cases are solely based on performance at or
close to the defined EOL. For cycles operating at partial SOC, a separate SOC
adjustment procedure was conducted regularly. Here, special routines were developed to

enable sufficient SOC control without complete charge or complete discharge.

2.2 Reference Performance Test & EIS

The design of an RPT is generally a compromise between the quality of the measured
characteristics and the additional ageing the RPT itself may cause as discussed in [1]
and Paper II. In addition, the test time needed for each RPT must be kept sufficiently
short in order to keep the load conditions of the cell under test sufficiently uniform and
constant. For the purpose of the present work and experience from previous tests, the
RPT in this work was designed to measure the following cell properties, referring to the
overview presented in Figure 2.2:

e Capacity and energy at 1 C-rate (Step 2) and C/10 C-rate (Step 3) during
constant current / constant voltage (CCCV) charge and constant current (CC)
discharge. An additional discharge at C/10 was performed before and after each
1 C-rate charge and discharge step to ensure a stable SOC 0% reference point.

e Charge power (Step 4) at 10 C-rate, 18s, CCCV, at maximum rated voltage, for
initial SOC=[30 50 70]%. Interpolated values at 50% are mainly used for inter-
cell comparisons.

e Discharge power (Step 5) at 10 C-rate, 18s, CCCV, at minimum rated voltage,
for initial SOC~[40 60 80]%. Interpolated values at 50% are mainly used for
inter-cell comparisons.

e DC impedance (relaxation) measured after each charge/discharge power pulse;

ohmic (<0.1 s) and total impedance after 10 s and 600 s respectively (method
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described in Paper II). Interpolated values at 50% are mainly used for inter-cell

comparisons.

T T
Step 2 Step 3 Step4  Step 5

. _.ﬁ._T_._
|
|

) 3 Voltage B
= —— - Step limit
3 —————- Voltage limit ‘
>
| ,
IR S N . ,
| | | | | | |
0 5 10 15 20 25 30 35 40
Time [h]
Figure 2.2 Overview of cell voltage during an RPT

The fundamental cell states SOC=0% and 100% were defined as the cell state after
being discharged with C/10 C-rate to the rated minimum discharge voltage 2.0 V and
after being charged with CCCV using the rated maximum voltage 3.6 V until / < C/20

C-rate respectively.

Regularly, at every other RPT and at BOL and EOL, a standard EIS was performed
using potentiostatic mode, 10 mV AC, no DC polarisation, 50 kHz...10 mHz, 11 points
per decade, at SOC~=[20 40 60] %. Interpolated spectrums at 50% SOC related to actual

cell capacity were used for further analysis.

2.3 Temperature Control

All cycle life test and RPTs in the second phase of the work (see Table 1) were
performed with forced convection, either in +22 °C air controlled laboratory
environment or in climate chambers with internal forced convection. Although forced
air convection was not used for the tests at +22 °C during the first test phase, each cell

was monitored using a surface-mounted thermocouple thermally isolated from
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surrounding air and thermal limits were set in the test program to ensure that the cells

were operated and tested in the desired temperature.

2.4 Test Matrix

During the first phase of the present work, thoroughly presented in [1], a series of cycle

life tests were performed according to simulated, measured and synthetic HEV and

PHEYV load cycles (see Section 2.6). These tests, presented in the upper section of Table

1, were designed and performed in order to identify and screen important ageing factors

relevant for the considered target application.

Table 1 Test matrix
. Max. charge Max. dis- Average Capacity
Phase Cell ID Cycle t;:l;;zn]t current charge current A[SOZ)]C SOC throughput
[C-rate] [C-rate] [%] [C-rate / cycle]
8&9 A, HEV +23 17.3 22.3 ~20 =35 2.02
10 & 11 B,HEV +23 15.1 23.2 ~20 =35 2.05
16 & 17 A, HEV +32 17.3 223 20 ~35 2.05
I 14 & 15 C, +4/-4C +23 3.75 3.75 100 50 0.95
18& 19 C, +4/-4C +32 3.75 3.75 100 50 0.96
20 & 21 E,PHEV 2C +32 3.81 4.78 ~90> ~60 1.00
22 & 23" F,PHEV 4C +23 4.00 4.78 ~90? =60 0.99
101 & 102_| G, Calendar +23° 0 0 0 30° 0.00
123 & 124 | M, +1/-1C +23 1 1 100 50 0.96
127 & 128 | N, +2/-2C +23 2 2 100 50 0.97
107 & 108 | C,+4/-4C +23 3.75 3.75 100 50 0.96
119 & 120 | M, +1/-1C +32 1 1 100 50 0.97
125 & 126 | N, +2/-2C +32 2 2 100 50 0.98
132¢ N, +2/-2C +45 2 2 100 50 0.98
131° C, +4/-4C +45 3.75 3.75 100 50 0.98
111 & 112 | J, +4*/-4%C° +23 3.75 3.75 100 50 0.97
Jii 109 & 110 || J, +4*/-4*C° +32 3.75 3.75 100 50 0.96
12& 13" | D, +4/-4C +23 3.75 3.75 17° 34° 2.12
117 & 118 || K, +4/-4C +23 3.75 3.75 17 10 2.03
121 & 122 | L, +4/-4C +23 3.75 3.75 17 90 2.03
103 & 104 | H, +4/-1C +23 3.75 1 100 50 0.98
105 & 106 | 1, +1/-4C +23 1 3.75 100 50 0.96
113 & 114 | H, +4/-1C +32 3.75 1 100 50 1.00
115& 116 | 1, +1/-4C +32 1 3.75 100 50 0.99
129* H, +4/-1C +45 3.75 1 100 50 1.00
130* 1,+1/-4C +45 1 3.75 100 50 0.99
1.  Test initiated during first project phase and finalised during the second phase
2.  Average during complete cycle life test, SOC window expands due to capacity fade
3. Cells stored at +22 °C controlled laboratory temperature and 30% SOC
4.  Only one cell tested per case due to resource limitations
5. Pause of approx. 15 min between each step to allow for thermal relaxation
6.  Approximate values. The average SOC over the complete cycle life test was 34%

In addition, a few tests using CCCV tests at 3.75 C-rate were performed to investigate

the ageing at full SOC range. To large extent these tests were used to test and validate

the ageing model presented in Chapter 5.
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For the second phase of this research project a new batch of graphite || LiFePO, cells
were put under test. Here, the scope was set to characterise specific ageing factors such
as charge rate, discharge rate, temperature, pauses, and SOC range. An overview of the

cycle properties is given in Table 1 with specific properties presented in Chapter 3.

2.5 Experimental Setup

All tests were performed using the same test equipment and two climate chambers.
Whereas the tests performed during the first phase, with cells 8-23, were performed
without forced air-cooling at +22 °C, the remainder of the tests were performed with
either forced air convection in ambient air in a custom built cell holder (Figure 2.3) or
inside climate chambers with circulation fans. Hence, the temperature control during the

second phase was greatly improved.

S e Py - S— s

Figure 2.3 A123 ANR26650M1A cells mounted in custom-made cell holder with fans

Two batches of cells, delivered 2010 and 2012 respectively, were used. All cells within
each batch had the same manufacturing date and specification according to the supplier

and should therefore be considered to have uniform performance. Details are given in

Table 2 below.
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Table 2 Cell specification of A132 ANR26650M1A [39] & [40]
Component / property Description / value

Cathode LiFePO,

Anode Graphite

Electrolyte LiPFs in unspecified solvent
Separator Unspecified

Capacity 2.3 Ah

Nominal voltage 33V

Maximum discharge current Approximately 70 A continuous
Maximum charge current Approximately 10 A continuous
Weight 70¢g

Type Cylindrical

2.5.1 Test Equipment

A programmable multi-channel battery test equipment from MACCOR® [41] was used

for all cycle life tests, see specification below.

MACCOR® Series S4000 [41]

Current Range: -60...+60 A
Voltage Range: 0.5V

Voltage Accuracy: 0.01% + 1 digit
Current Accuracy: 0.02% + 1 digit
Temperature Accuracy: +0.5 °C

Impedance spectroscopy were performed using a programmable potentiostat /
impedance spectrometer from GAMRY® [42] with specification below and an accuracy

plot presented in Figure 2.4.

GAMRY® Reference 3000 [42]

Current Range: 3.3 A

Voltage Range: 0.5V

Voltage Accuracy: + 1 mV £0.3% of reading
Current Accuracy: +0.3% range + 10 pA
Current Ranges: 11 (300 pA-3 A)
Impedance Range: 0.1 mOhm-1 TOhm

12
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17Q

16Q
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g Reference 3000
g 1k Accuracy Contour Plot
E Voltage <10 mV,,
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Frequency
Figure 2.4 Accuracy for GAMRY® Reference 3000 [42]

A small programmable climate chamber from MACCOR® was used to control the
temperature of cells cycled at +32 °C ambient temperature and second chamber from
WEISS® was used for tests at +45 °C. Both chambers have a specified temperature

uniformity and accuracy of 0.5 °C.

2.6 Load Cycle Overview

All constant current, full SOC range cycles (C, M, N, H, I & J, see Table 1) were used
within the cell’s full operational window, i.e. charged to 3.6 V with CCCV until I <
C/20 and discharged with CC to 2.0 V. No pauses between steps were included except
for Cycle J in which an approx. 15 min rest period was integrated to allow cell
relaxation and temperature equalisation. Most of the test results, and a more detailed
description, are given in Paper V, with typical SOC profiles for the first 120 min
presented in Figure 2.5 to Figure 2.10.

100

80 —
g 60 —
9)
2 40 -

20 —

0 | | . | |
0 20 40 60 80 100 120
Time [min]

Figure 2.5 SOC overview of Cycle M; 1C charge and 1C discharge
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Figure 2.6 SOC overview of Cycle N; 2C charge and 2C discharge
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Figure 2.7 SOC overview of Cycle C; 4C charge and 4C discharge
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Figure 2.8 SOC overview of Cycle J; 4C charge and 4C discharge with pause in between steps

None of the wide SOC, constant current cycles can be regarded as representative for
heavy-duty xEVs but they do serve as valid reference cycles for validation of ageing
models and to correlate the ageing of complex cycles to that of the more established
simplified cycles. In addition, Cycle H and I were designed to target the specific ageing

occurring when very different current rates and cycling patterns are combined.
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Figure 2.9 SOC overview of Cycle H; 4C charge and 1C discharge
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Figure 2.10 SOC overview of Cycle I; 1C charge and 4C discharge

The three cycles operating in a narrow SOC range, Cycle D, K & L, were all cycled with
4 C-rate in a SOC window of approx. 17% at either low SOC (0-20%, Cycle K), HEV
target SOC (20-40%, Cycle D) or high SOC (80-100%, Cycle L), see Figure 2.11.
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Figure 2.11 SOC overview of Cycle D, K & L; 4C charge and 4C discharge within 20% ASOC

These three cycles were specifically designed to isolate the ageing factors related to

SOC regions.
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The HEV cycles were based on measured or simulated load profiles from heavy-duty
vehicles and are described in full in [1]. A key difference between the two cycles is that
the simulated load cycle is based on a statistical model, fully presented in Paper I.
These cycles were included in the cycle life test matrix for two reasons. Firstly, to serve
as validation cycles of the ageing model and secondly, to take into consideration the
possible additional stress that transient operation may introduce as also discussed in

Paper I11.

Both HEV cycles operate in a narrow SOC range of approx. 20-45% (Figure 2.12 &
Figure 2.13).
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40
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20
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Figure 2.12 SOC overview of Cycle A; logged HEV cycle
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Figure 2.13 SOC overview of Cycle B; synthetic HEV cycle

The two PHEV cycles utilise almost the entire SOC range (Figure 2.14 & Figure 2.15).
This is arguably more similar to the battery load cycles seen in pure EV applications but
with one main difference; the re-charge rate (2 and 4 C-rate) that is considerably higher

than for typical passenger car applications.
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Figure 2.14 SOC overview of Cycle E; simulated PHEV cycle with 2 C-rate recharge
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Figure 2.15 SOC overview of Cycle F; simulated PHEV cycle with 4 C-rate recharge

The ageing of Li-ion cells for demanding PHEV passenger car applications was treated

separately in a related project and presented in Paper V1.
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Chapter 3 Ageing Test Results

The cycle life of any battery is, naturally, best defined from an application point of
view. That is, the end-of-life is defined when the battery fails to fulfil the application
requirements. In vehicles, the EOL is often defined as the point at which the battery
shows a certain capacity fade or power fade; for EVs the capacity is often the most
critical performance property and in a HEV the maximum power and the power
efficiency has a direct impact on fuel consumption. However, the vast majority of
published research uses the capacity criteria rather than a definition based in power.
Hence, in order to compare results in a straight-forward manner, the EOL for the cells in
the present work is arbitrary defined as the point in time (or number of cycles) when the

capacity fade is 20% in relation to the initial capacity.

This chapter includes an overview of test results for all studied cells in terms of capacity
and power. Since RPTs are performed at a regular basis with a fixed interval,
measurements may be taken just before, or after, the defined EOL is reached. To
facilitate a fair comparison between test cases, key parameters are interpolated to the
point of exactly 20% capacity fade. In addition, a section presenting the calendar ageing
tests is included at the end of this chapter. Further analysis of test results and ageing

mechanisms are presented in Chapter 4.

Table 3 summarises the load conditions and selected test results for all treated test cases.
Here, the EOL capacity throughput is defined as

te 1
= \dtf ————M 1
CTP I |l|df QRef 36002 (3.1)

where Qs is the nominal cell capacity. This definition of Crp represents a normalised
value, where one Crp is equal to one full cycle including both charge and discharge. The
EOL test time indicated in the table represents the complete duration of the cycle life
test, from start of test to end of test, based on calendar time. That is, rest periods in

between tests and RPTs are included in this value.
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Table 3 Test Results Overview
LOAD CONDITIONS TEST RESULTS
Average Min. Max. EOL EOL EOL EOL
Phase Cell ID Cycle tempg SOC SOC Cap. TP Test Time | Ohmic R 10mHz
[°C] [%] [%] [cycles] [days] [%] 1Z] [%]
8&9 A, HEV 31.5 =25 =50 8417 437 110 116
10& 11 B, HEV 35.7 =25 ~50 7108 298 103 114
16 & 17 A, HEV 38.7 =25 =50 10033 423 123 118
1 14 & 15 C, +4/-4C 35.6 0 100 1444 49 108 111
18 & 19 C, +4/-4C 40.3 0 100 1451 43 116 111
20 & 21 E,PHEV 2C 35.2 10? 100 2580 229 102 102
22 & 23! F,PHEV 4C 30.4 10* 100 543 45 103 111
101 & 102 | G, Calendar 22} 30° 30° - >1000 - -
123 & 124 M, +1/-1C 23.5 0 100 4286 383 118 106
127 & 128 N, +2/-2C 26.1 0 100 2943 136 114 106
107 & 108 C, +4/-4C 29.2 0 100 2196 88 108 102
119 & 120 M, +1/-1C 32.0 0 100 3896 370 115 108
125 & 126 N, +2/-2C 34.4 0 100 2270 106 113 104
1324 N, +2/-2C 46.9 0 100 1687 85 117 109
1314 C, +4/-4C 52.8 0 100 1061 29 114 110
111 & 112 J, +4%/-4%C5 27.1 0 100 740 45 108 102
Jii 109 & 110 J, +4*/-4*C° 35.2 0 100 853 55 107 103
12 & 13! D, +4/-4C 29.2 ~20° =456 16740 600 100 117
117 & 118 K, +4/-4C 30.5 0 20 2147 69 134 148
121 & 122 L, +4/-4C 29.5 80 100 6103 242 109 104
103 & 104 H,+4/-1C 23.3 0 100 517 29 116 122
105 & 106 1, +1/-4C 25.0 0 100 1537 92 96 101
113& 114 H, +4/-1C 33.5 0 100 759 50 99 113
115& 116 I, +1/-4C 34.1 0 100 2488 169 101 98
1294 H, +4/-1C 46.7 0 100 634 39 108 116
130* 1, +1/-4C 46.6 0 100 1989 138 113 110
1.  Test initiated during first project phase and finalised during the second phase
2.  Average during complete cycle life test, SOC window expands due to capacity fade
3. Cells stored at +22 °C controlled laboratory temperature and 30% SOC
4.  Only one cell tested per case due to resource limitations
5. Pause of approx. 15 min between each step to allow for thermal relaxation
6.  Approximate values. The average SOC over the complete cycle life test was 34%

The cell impedance is here represented by two values, ohmic resistance and 10 mHz

impedance, extracted from an interpolated EIS measurement at EOL and fitted towards

the impedance model presented in Figure 3.1.
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Figure 3.1
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In this model, both Cp;, and the Warburg impedance W are modelled with CPEs

(constant phase elements) with transfer function

1
Zepr = e (3.2)
C-(jo)
and the inductance L” is multiplied with a correction factor according to
Z,=L-(jo) (3.3)

to compensate for measurement inaccuracies resulting from stray inductance and skin

effect of instrument cabling.

Firstly, it can be noted that the test duration in terms of test time and capacity
throughput varies significantly; ranging from about one month and 500 cycles to over
two years and almost 17 000 cycles. Secondly, there are noteworthy differences in cycle

life between cycles with comparably similar load conditions and cycle properties.

3.1 Capacity Fade

Cycle M, N & C represent three variants of standardised cycles at full SOC range,
designed for simple and short-duration tests and commonly used by cell manufactures.
The capacity fades for these cycles are presented in Figure 3.2 and Figure 3.3 for
temperatures ranging from +24 °C to +53 °C. In general, the ageing trends are quite
clear for these cycles; an increase in temperature or current rate leads to accelerated

ageing with the current rate being the strongest factor.
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Figure 3.2 Capacity retention for Cycle M, N & C at +24...429 °C. Markers indicate the

measurements of individual cells and the lines indicate the average.
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Figure 3.3 Capacity retention for Cycle M, N & C at +32...+53 °C. Markers indicate the

measurements of individual cells and the lines indicate the average.

In strong contrast to the results for Cycle M, N & C, the results with Cycle J which
includes rest periods of approx. 15 min in between steps show a drastically increased
ageing rate (Figure 3.4) despite similar temperatures and identical current rate for

charge and discharge compared to Cycle C.
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Figure 3.4 Capacity retention for Cycle C & J at +27...4+35 °C. Markers indicate the measurements

of individual cells and the lines indicate the average.

Two tests were performed using Cycle J, with temperatures below and above the
reference case with Cycle C, and both tests yielded very short cycle life. This test can
also be seen as an illustrative example of the complexity and non-linearity of Li-ion cell

ageing. Further analysis of this case is given in Chapter 4.
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Similarly to the result with Cycle J, Cycles D, K & L (Figure 3.5) show a significant
spread in cycle life with the only cycle difference being the SOC range; low SOC for
Cycle K, medium SOC for Cycle D and high SOC for Cycle L. In addition to the vast
difference in cycle life, it shall also be noted that the ageing characteristics in terms of
fade rate are very different; whereas Cycle D leads to a slow and almost linear fade rate
until EOL, Cycle K causes a very rapid initial fade followed by slower and linear fade
and Cycle L is characterised by the opposite behaviour compared to Cycle K. Another
observation is that the spread in degradation rate between the two cells cycled at

Cycle L is significant close to EOL.

Further differences between these cycles, and a possible explanation to the sudden drop

in capacity observed for Cycle D after approx. 7000 capacity throughputs, is given in

Section 4.2.
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Figure 3.5 Capacity retention for Cycle D, K & L at +29...31 °C. Markers indicate the

measurements of individual cells and the lines indicate the average.

Cycles H & I show yet another difference to the symmetric Cycle M, N & C; at low
temperatures, the combination of low discharge rate and high charge rate in Cycle H
leads to an exceptionally fast ageing (Figure 3.6), significantly faster than all other

cycles, including Cycle C that has the same charge current but a higher discharge rate.
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Figure 3.6 Capacity retention for Cycle H, [ & C at +23...+29 °C. Markers indicate the

measurements of individual cells and the lines indicate the average.

The average temperature differs between the two tests but when the same test cases at
higher temperatures (Figure 3.7 & Figure 3.8) are studied, the same relation between

Cycle H & C is shown, indicating that the temperature in itself cannot explain the

differences.
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Figure 3.7 Capacity retention for Cycle H, [ & C at +29...+34 °C. Markers indicate the

measurements of individual cells and the lines indicate the average.

Furthermore, Cycle I with its lower charge rate compared to Cycle C does not lead to a
noteworthy increase in cycle life, in sharp contrast to what is generally regarded as
battery life-extending method, except for at very high temperatures (Figure 3.8) where
the cycle life for Cycle I is almost twice that of Cycle C.
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Figure 3.8 Capacity retention for Cycle H, I & C at +47...+53 °C. Markers indicate the

measurements of individual cells and the lines indicate the average.

3.2 Impedance Growth

In general, merely marginal power fade at discharge was measured despite a noteworthy
impedance growth. In contrast, the charge power was significantly affected for most
cases, although not to the extent that cycle performance was reduced. Despite the
comparably small decrease in maximum power, an impedance growth may reduce the
power efficiency considerably, in turn reducing the potential fuel saving when used in
HEVs and PHEVs. Furthermore, increased losses lead to an increase in cell
temperature, in turn accelerating the degradation or requiring a more efficient cooling

system.

Interestingly, an initial decrease in impedance, and corresponding increase in power,
was measured for some cases, well in-line with a reduced charge transfer impedance
(see Chapter 4). This was also observed in Paper VI for a different Li-ion cell type.
Although this has a positive effect on vehicle performance, it may also be regarded as a

sign of fast ageing as it was primarily observed for test cases with short cycle life.

At temperatures below +30 °C, Cycles N & C show similar trends for the growth of
ohmic impedance (Figure 3.9) and charge transfer impedance (Figure 3.10); an initial
decrease of ohmic impedance followed by an increase towards EOL. The charge

transfer impedance growth shows a more linear and monotonically increasing trend with
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significant increase at EOL. In contrast, Cycle M results in a very moderate increase in

both ohmic and charge transfer impedance.
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Figure 3.9 Normalised ohmic impedance for Cycle M, N & C at +24...+29 °C. Large circles: EOL;
g p 84 g
Other markers: measurements of individual cells; Lines: average.
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Figure 3.10 Normalised charge transfer impedance for Cycle M, N & C at +24...+29 °C. Large

circles: EOL; Other markers: measurements of individual cells; Lines: average.

At medium to high temperatures only Cycle N shows an initial decrease of ohmic
impedance and low growth at EOL (Figure 3.11). The increase in ohmic and charge
transfer impedance (Figure 3.12) observed for Cycle M at +32 °C is almost identical to
that of +24 °C. Another surprising observation is that for Cycle N & C, the ohmic
impedance growth is higher at higher temperatures, but the opposite is seen for the

charge transfer impedance.
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Figure 3.11 Normalised ohmic impedance for Cycle M, N & C at +32...+53 °C. Large circles: EOL;

Other markers: measurements of individual cells; Lines: average.
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Figure 3.12 Normalised charge transfer impedance for Cycle M, N & C at +32...+53 °C. Large

circles: EOL; Other markers: measurements of individual cells; Lines: average.

Despite the rapid capacity fade for Cycle J compared to Cycle C, the growth in ohmic
(Figure 3.13) and charge transfer (Figure 3.14) impedance is similar except for at
+35 °C where slightly higher charge transfer impedance is observed. Also, Cycle J at
+27 °C results in an initial drop in charge transfer impedance not observed for higher

temperatures or for Cycle C.
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Figure 3.13 Normalised ohmic impedance for Cycle J & C at +27...+35 °C. Large circles: EOL;

Other markers: measurements of individual cells; Lines: average.
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Figure 3.14 Normalised charge transfer impedance for Cycle J & C at +27...+35 °C. Large circles:

EOL; Other markers: measurements of individual cells; Lines: average.

Cycle K, D & L show very different ageing patterns in terms of impedance growth,
however similar to the differences in capacity fade. Whereas Cycle K yields a very large
increase initially of both ohmic (Figure 3.15) and charge transfer impedance (Figure
3.16) followed by a linear growth, Cycle D & L show a much slower growth. In
addition, Cycle L results in an initial decrease of charge transfer impedance. At EOL,

only Cycle K shows significant growth.
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Figure 3.15 Normalised ohmic impedance for Cycle D, K & L at +29...+31 °C. Large circles: EOL;

Other markers: measurements of individual cells; Lines: average.
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Figure 3.16 Normalised charge transfer impedance for Cycle D, K & L at +29...431 °C. Large

circles: EOL; Other markers: measurements of individual cells; Lines: average.

In terms of impedance growth Cycle I, H & C show very different trends for low
(Figure 3.17 and Figure 3.18) to medium (Figure 3.19 and Figure 3.20) temperatures.
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Figure 3.17 Normalised ohmic impedance for Cycle H, [ & C at +23...+29 °C. Large circles: EOL;

Other markers: measurements of individual cells; Lines: average.

Cycle I generally shows the least significant impedance growth and the behaviour of

Cycle H can possibly be regarded as an acceleration of what can be seen for Cycle C.
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Figure 3.18 Normalised charge transfer impedance for Cycle H, I & C at +23...+29 °C. Large

circles: EOL; Other markers: measurements of individual cells; Lines: average.
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Figure 3.19 Normalised ohmic impedance for Cycle H, I & C at +29...4+34 °C. Large circles: EOL;

Other markers: measurements of individual cells; Lines: average.
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Figure 3.20 Normalised charge transfer impedance for Cycle H, I & C at +29...+34 °C. Large

circles: EOL; Other markers: measurements of individual cells; Lines: average.

Furthermore, the differences between the trends are most apparent at low to medium
temperatures, i.e. at high temperatures (Figure 3.21 and Figure 3.22) it is difficult to
observe fundamentally different trends between the cycles except the average growth

rate.
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Figure 3.21 Normalised ohmic impedance for Cycle H, [ & C at +47...+53 °C. Large circles: EOL;
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Figure 3.22 Normalised charge transfer impedance for Cycle H, I & C at +47...+53 °C. Large

circles: EOL; Other markers: measurements of individual cells; Lines: average.

3.3 Calendar Ageing

High-power applications such as heavy-duty xEVs are normally used extensively with
none or very short periods of rest. Consequently, the battery ageing is most likely
caused by the cycling itself rather than storage / calendar ageing. Nevertheless, the

calendar ageing must still be considered as a factor, at least in a general sense.

Two cells were stored at 30% SOC and +22 °C (here denoted Cycle G) for about 2.5
years with RPTs performed on a regular basis. The capacity fade (Figure 3.23) is
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marginal and slow, less than 5% after two years of storage, indicating that the calendar

ageing effect is marginal compared to all cycle life tests performed in the present work.
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Figure 3.23 Capacity retention for calendar aged cells at +22 °C and 30% SOC. Markers indicate the

measurements of individual cells and the lines indicate the average.

Interestingly, the ohmic impedance (Figure 3.24) and the charge transfer impedance
(Figure 3.25) are actually decreasing for the calendar aged cells. It is very likely,
however, that this decrease will be followed by an increase after further storage time,
and such trend is also seen for the charge transfer impedance. It shall, however, be noted
that the changes in impedance are small and therefore difficult to determine with

certainty.
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Figure 3.24 Normalised ohmic impedance of calendar aged cells at +22 °C and 30% SOC. Markers

indicate the measurements of individual cells and the lines indicate the average.

33



Chapter 3 Ageing Test Results

[9%] eouepadw] 19jsuer] d931ey)

800

400 500

Test Time [days]

300

Normalised charge transfer impedance of calendar aged cells at +22 °C and 30% SOC.

Figure 3.25

Markers indicate the measurements of individual cells and the lines indicate the

average.
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Chapter 4 Cell Degradation Analysis

As previously reviewed in Chapter 1, there are several ageing mechanisms that lead to a
decrease in available cell capacity. Incremental capacity analysis (ICA) [43] and
differential voltage analysis (DVA) [44]-[47] have successfully been demonstrated as
valuable tools to quantify and distinguish between some of these mechanisms. These
methods were also presented in previous work [1] together with a case study with
simulated responses for some of the most important ageing mechanisms such as loss of

cyclable lithium and loss of active electrode material.

This chapter presents a refined cell response model based on half-cells built from
disassembled Li-ion cells after being aged, discussed in detail in Paper IV. Also, ICA
profiles are presented to enable a qualitative analysis of the dominating ageing

Processces.

4.1 Identification of Capacity Fade Mechanisms

A simple half-cell model was used to simulate and estimate electrode capacities and loss
of cyclable lithium corresponding to the observed ageing of the tested cells. Electrode
parameters (Table 4) for this model was retrieved from [21] and measured half-cell
voltages from the work behind Paper IV enabled a full-cell simulation and optimisation

to fit the model to the performance of tested cells, thereby identifying capacity fade

mechanisms.

Table 4 Electrode parameters for half/full cell model [21]
Component / property Symbol Value Unit
Active material volume fraction, cathode [ 0.374 -
Active material volume fraction, anode e, 0.580 -
Electrode thickness, cathode d, 8.0e-5 m
Electrode thickness, anode d, 3.4e-5 m
Electrode area, cathode A, 1.8e-1 m>
Electrode area, anode A, 1.8e-1 m’
Maximum solid phase concentration, cathode [G\ 22806 mol/m’
Maximum solid phase concentration, anode CSpaxa 30555 mol/m’
Stoechimetry at 100% SOC, cathode Oc.100 1! -
Stoechimetry at 100% SOC, anode 0y, 100 0.7978" -
Stoechimetry at 0% SOC, cathode Oc0 0.2950" -
Stoechimetry at 0% SOC, anode 00 0! -
Electrode capacity, cathode 0. 3.29° Ah
Electrode capacity, anode 0. 2.91° Ah
Cell capacity Ocetre ! Oeelta 2327 Ah
Offset Oofet 0.97 Ah

1.  Adjusted value to fit measured BOL voltage profile
2.  Valid for a typical cell at BOL
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The initial electrode capacities are calculated using

Q.=e.t-d 4.CS,,, (4.1)
and

0,=e, F-d,4,CS,,, (4.2)
with the available cell capacity according to

Oene =0. (ac,lo() Qe ) (4.3)
and

Orena =9, (aa,IOO - aa,O) (4.4)
Subsequently, the electrode mismatch offset is calculated using

Qoﬁ’set =0.a.,=0,-0... (4.5)

Based on these simple relations the characteristic voltage profile for a full cell with any
combination of electrode capacities and loss of lithium can be simulated by adjusting
the three parameters Q., O, and Qe and the use of look-up tables V. and V, for the

cathode and anode potential vs. Li/Li" respectively, according to

U, =v.(soc,,..1)-v,(SOC,,,.I)+U

c cell,c* cell,a> drop (46)
where Uy, 1s added to compensate for small changes in cell impedance. V. and V, are

derived from half-cell measurements on electrodes from disassembled cells.

Then, depending on the sign of Q. the two different sets of relations

QL’ell = chll < onﬁet

SOCcell,c = (SOCC - anﬁet /Qc ) Qc /chll qu}‘.'vet > O (47)
SOCcell,a = SOCa ’ Qa /chll

and

chll = chll,c
SOCcell,c = SOCc : Qc /chll Quﬁﬁ'et < 0 (48)
SOCcell,a = (SOCa + onf&et/Qa ) Qa /chll

are used to calculate the SOC ranges of the electrodes for the resulting cell SOC as a

function of the three variables Qgier, Oc and Q,,.
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This simulation will however only be valid for full charge / discharge cycles at
comparably low current rates since the electrochemical reactions are not taken into

consideration.

Figure 4.1 shows the typical cell voltage profile at BOL and the corresponding half-cell
potentials for the graphite anode and the LiFePO,4 cathode as a function of capacity.
This typical case is valid for the cell studied in the present work and is calculated using

the electrode data presented in Table 4 and equations (4.1) to (4.8).

****** Positive

Negative
Cell

2.5F

1.5¢

Potential / Voltage [V]
)

Anode Capacity
1t < >

0.5

Capacity [Ah]

Figure 4.1 Cell capacity and cell potential vs. SOC together with half-cell potential profiles

Here, both electrodes have a capacity of approx. 3Ah and the irreversible capacity loss

QOofser due to 1nitial SEI-formation is roughly 1Ah denoted as “Offser” in the figure.

Generally, (see Section 1.1), the capacity fade mechanisms can be categorised into two
different groups: loss of cyclable lithium and loss of active electrode capacity, where the
latter can be divided into four sub groups depending on electrode and charge state. Each
of these five groups is presented with simulated cell response in the following Section

4.1.1 and 4.1.2.
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4.1.1 Loss of Cyclable Lithium

Typically, loss of cyclable lithium is caused by parasitic reactions such as surface film
formation, primarily on the anode. Regardless of the dominating reaction, any Li-ion
that is released from electrode to the electrolyte but not reversibly inserted into the

opposing electrode will lead to an increase in the electrode offset Qe With no change

in Q, or Q., as shown in Figure 4.2.
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Figure 4.2 Simulated [0:10:30]% loss of cyclable lithium in addition to initial loss

At a cell level an increasing loss of cyclable lithium can be observed as a shortening, or

disappearing, of the last voltage plateau in the cell voltage profile close to SOC 100%.

4.1.2 Loss of Active Electrode Area

Loss of active electrode area or mass may be caused by a large number of reactions,

either by reducing the apparent electrode / electrolyte interface, by electrically isolating
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electrode particles or by consuming electrode particles in unwanted reactions.
Depending on the electrode charge level and the current direction these reactions result

in different changes in active electrode material O, and Q. and the offset Qyer.

Loss of active anode material, from 100% SOC (LAAM;q)

Since the cathode generally limits cell capacity at high SOC (100% FePO,), LAAM
will not affect available cell capacity until the total anode capacity is lower than the cell
capacity. In such severe cases lithium plating may occur at cell SOC close to 100%, as
is shown in Figure 4.3 where a 30% loss of anode material results in a new cell voltage
plateau at about 3.4V corresponding to the difference between LiFePO4/FePO4 and

Li/Li". Loss of anode material and lithium plating are generally comparably

straightforward to detect using ICA or DVA.
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Figure 4.3 Simulated [0:10:30]% loss of active anode material from cell 100% SOC, LAAM
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Loss of active anode material, from 0% SOC (LAAM,)
When anode capacity is lost with reference to cell SOC 0% (fully de-lithiated graphite),

the effect on cell capacity is pronounced and direct and will also increase the

anode/cathode mismatch offset (Figure 4.4).
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Figure 4.4 Simulated [0:10:30]% loss of active anode material from cell 0% SOC, LAAM,
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Loss of active cathode material, from 100% SOC (LACM;¢)

Likewise to LAAMy, loss of cathode material from cell SOC 100% will immediately

cause cell capacity fade, but without affecting the electrode offset (Figure 4.5). In some

cases LACMy is possible to detect using ICA or DVA, but since its signature is very

similar to that of Li-loss (Figure 4.2) it is not straightforward and may also be

complicated by an associated increase in cell impedance.
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Figure 4.5 Simulated [0:10:30]% loss of active cathode material from cell 100% SOC, LACM;
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Loss of active cathode material, from 0% SOC (LACM,)

The anode normally limits the cell capacity as the anode potential rises quickly towards
the fully de-lithiated state. Hence, a loss of cathode material in this region will not limit
cell capacity until the cathode capacity is lower than the initial cell capacity,
analogously to the case of LAAM;g. As can be seen in Figure 4.6, the signature of

LACM, in cell voltage is not pronounced unless for severe cases.
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Figure 4.6 Simulated [0:10:30]% loss of active cathode material from cell 100% SOC, LACM,

In summary, loss of cyclable lithium and LAAM, always lead to loss of cell capacity
and an increase in Qg In contrast, LAAM;oo and LACM;¢o do not affect Qyper, and
where LACM (o immediately leads to capacity loss, LAAM; will only affect cell
capacity in severe cases. Lastly, LACM, only leads to capacity fade in severe cases but
will always lead to a decrease in Q. The above summary can be used as a qualitative

analysis tool when analysing cell voltage profiles. However, LACM, has very small
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effect on the cell voltage profile and LACM, o may be difficult to distinguish from loss
of lithium, hence cathode ageing is generally challenging to characterise without the use
of very low current rates or by performing a post mortem analysis similar to what was

done in Paper IV.

4.2 Characterisation of Capacity Fade

In the previous section a method for simulating various types of capacity fade was
presented. This method, together with the use of ICA and DVA, was applied for all
tested cells to enable a mapping of ageing modes to the load cycle conditions. Despite
the application of C/10 charge and discharge cycles to obtain a detailed cell response,
the aforementioned difficulties to distinguish between especially loss of cathode

material and cyclable lithium forced a number of assumptions to be made:

o LAAM,y was assumed to dominate the anode fading as indicated by previous
work [9] and the confirmed occurrence of lithium plating for some cases.

e The cathode loss was not separated from loss of cyclable lithium. Instead, Qe
and Q, are used to characterise ageing with a fixed cathode capacity of 3Ah.
This assumption is supported by the post mortem studies in Paper IV where no

signs of significant loss of active cathode material were found.
These assumptions enabled a quantitative estimation of anode capacity for each RPT

and test case. A few examples, showing the retention of cell capacity and estimated

anode capacity vs. capacity throughput, are presented in Figure 4.7-Figure 4.9.
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Figure 4.7 Retention of cell and anode capacity for Cycle M, N & C at temperatures below +30 °C

In contrast, Cycle K shows dramatic loss of anode capacity as can be seen in Figure 4.8

where this loss is compared to Cycle D & L.
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Figure 4.8 Retention of cell and anode capacity for Cycle D, K & L at temperatures below +31 °C
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Likewise, there is a significant difference between Cycle H, I & C in terms of LAAM
(Figure 4.9); whereas Cycle C and / show a slow degradation of the anode until the end
of the cycle life test, Cycle H degrades the anode quicker than the cell capacity on a

normalised scale.
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Figure 4.9 Retention of cell and anode capacity for Cycle H, I & C at temperatures below +30 °C

A selection of the results for all cycles is presented in Figure 4.10 for two middle-of-life
(MOL) values (1/3 and 2/3 of EOL cycles) and EOL. Further details, such as measured
and simulated voltage profiles as well as measured ICA, are given for some test cases in

Section 4.2.1.
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Figure 4.10 Estimated anode loss at MOL and EOL

Generally, all test cases show a marginal loss of anode capacity at MOL 1/3 except
Cycle K that causes more anode loss at MOL 1/3 than most other cases show at EOL. In

addition, the anode loss at EOL is higher than for all other test cases except Cycle D.

However, the anode loss observed for Cycle D may be caused by an undesired, and
temporary, cycling at low SOC at approx. 50% of the EOL cycles (see Figure 4.11).
Hence, the anode loss at MOL 2/3 and EOL for Cycle D would most probably be
significantly lower if cycled with a better SOC control.
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Figure 4.11 Average SOC and anode capacity for Cycle D

HEV Cycle A and HEV Cycle B show similar anode ageing figures as Cycle C, but there
is a notable difference between the two; Cycle B causes a more substantial loss of anode
material at MOL 2/3. Likewise, the PHEV Cycle F also shows a higher anode loss
throughout the test than the similar PHEV Cycle E.

Moreover, all test cases show an acceleration of anode loss towards EOL. Yet, the
anode loss at EOL is lower or equal to the total capacity loss (20%) for most cases, i.e.
although the anode may affect the cell capacity, it is not limiting factor if LAAM o is
assumed to dominate the anode ageing. Here, Cycle D & K represent exceptions with
very high anode loss at EOL, indicating that Li-plating is likely to occur as the cell
capacity is larger than the anode capacity. This was confirmed by the voltage profiles
and the ICA/DVA signatures. There is also a small, but notable, correlation between

anode loss and temperature for symmetric cycles.
In summary, the key ageing factors related to loss of both anode material and cyclable

lithium seem to be operation at SOC below 30%, with high charging currents and at

high temperatures.
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4.2.1 Voltage & ICA Profiles

Cycle M, N, C and the calendar aged cells (Cycle G) all show similar ICA profiles at
BOL and EOL (Figure 4.12). First and foremost the second capacity peak around
3.37 V for charge and 3.33 V for discharge is reduced, indicating loss of cyclable
lithium as primary ageing mechanism. There is, however, also a reduction of other

peaks, especially for Cycle N & C, also pointing at loss of active anode material.
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Figure 4.12 ICA profiles at BOL and EOL for Cycle G, M, N & C at temperatures below +30 °C.
Dashed lines denote BOL and red lines denote EOL.

This is also indicated by the voltage profile model presented in Section 4.1 with
simulation result presented in Figure 4.13 where a shortening of the last voltage plateau

together with a slight compression of the curves can be seen for all cycles except Cycle
G.
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Voltage profiles at BOL and EOL for Cycle G, M, N & C at temperatures below +30 °C.
Dashed lines denote BOL and red lines denote EOL.

In contrast to Cycle M, N & C, Cycle H causes significantly higher anode loss than all

symmetric cycles and Cycle I, regardless of temperature. The opposite is apparent for

Cycle 1, with the lowest anode loss at EOL. The ICA of these two special cases is

showed in Figure 4.14.
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Chapter 5 Ageing Model

Chapter S Ageing Model

As previously discussed in this thesis there exists a wide variety of ageing models in
literature ranging from complex first-principles models to empirical models. A
simplified 1D lumped parameter model of electrode and electrolyte was designed in
MATLAB®Simulink® to investigate and quantify the distribution of currents, SOC and
subsequently SOH in this comparably simple model structure. All parameter values
were determined by a combination of data sets found in literature and parameter fitting
based on measured cell behaviour. The purpose was to find a compromise with enough
accuracy to reflect actual full cell performance at a complexity level that permits

integration into full vehicle simulation models.

5.1 Design

At the top level the cell was modelled as three separate and independent parts: cathode,

separator and anode; in turn consisting of both solid and liquid phases (see Figure 5.1).

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5

Reo

° Rsp Rsp Rsp Rsp Rsp
e
RSep

[ |Current Collector
[ ]Solid phase, electrode
[ Liquid phase, electrolyte
[ Liquid phase, electrolyte / separator
| _Reaction Kinetics / Double Layer / OCV

Figure 5.1 Overview of electrode / electrolyte sub-model. Top: Physical model.

Bottom: 5-segment lumped parameter model
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At this second level each electrode consists of five identical parts (see Figure 5.1) very
similar to the simplified electrode and cell models developed by [48] and [38]. Here,
each part is modelled as a simple network of linear electrical components forming the
third, and lowest, level of the model. Although the electrodes and the separator are
modelled and simulated separately, they are directly dependent as the same current

flows in all three models.

In principle, the electrodes in this model design can be divided in any number of
segments. Initial tests indicated that five segments represented a good compromise

between accuracy and computational effort.

The solid phase of the electrode is modelled as a constant and ideal resistance connected
both to adjacent electrode sections and to a circuit network representing the actual
electrochemical reaction. This simplified reaction is defined with a minimum of

parameters (Table 5) and described further in the following sub-sections.

Table 5 Electrode model parameters (origin given in table foot note)
Component / property Label Description / value Dependencies
Open circuit voltage ocy Equilibrium voltage vs. Li/Li" SOC (local)
Current collector resistance Reol Collector & tab conductivity -
Electrode ohmic resistance R Solid phase conductivity Temperature
Double layer capacitance Co’ Reaction kinetics; time constant Temperature
Charge transfer resistance Rer Reaction kinetics; magnitude SOC (local) & Temperature
Electrolyte ohmic resistance Rop Solid phase conductivity Temperature
Electrolyte polarisation resistance Cpoi® Polarisation; time constant Fixed
Electrolyte polarisation resistance | Rp, Polarisation; magnitude Temperature
Electrolyte bulk resistance Rsep’ Free electrolyte / separator conductivity | Temperature
State-of-Charge soc* Local electrode segment SOC Current (local)
State-of-Health SOH® Local electrode segment SOH Current & SOC (local)

1.  Half-cell measurement

2 Assumption / fitting towards measured full cell voltage response

3 Fitting towards galvanostatic intermittent titration technique (GITT) tests
4. Integration of local segment current
5

Separate SOH algorithm described in the following sections

5.2 Parameterisation

Ideally, all parameters described in Section 5.1 should be either given by material
properties or measured directly for the studied cell. This is however not possible as it
would require a full cell specification and extensive sub-electrode disassembly and
characterisation. Instead, a combination of half-cell measurements, full-cell
characterisations, literature data and parameter fitting was used to optimise the cell

model performance in a relatively limited operating range. The aim of this method was
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not to optimise cell performance for a specific cycle, rather to enable sufficient accuracy
for all studied cases, in turn providing insight to the current, SOC and SOH distribution
within each electrode.

The following sub-sections provide a brief description of each of the model parameters

in Table 5.

5.2.1 Open Circuit Voltage

The OCV of each electrode segment was modelled with a 1D look-up table based on a
close-to-equilibrium OCV at C/10 measured on half-cells built from a mildly calendar
aged sample cell (Paper IV). This OCV is presented in Section 4.1 where it is used to

quantify the overall cell ageing.

5.2.2 Cell Impedance

Whereas the conductivity in the solid phase and the collector were modelled using
temperature dependent resistances Rsp and R¢,; a slightly more complex relation based

directly on the Butler-Volmer relation

By _Bn
i:é(eagﬂ_e_(l_a)B”): a:l :é 62 —e 2 ZASinh ﬂ
2 2 2 2

5.1
was used for the charge transfer resistance
» 2 sinh_l%)
cr(pCc) — . T ’ .
i AB l
/4 (5.2)
2 1
R e R
CT(AC) AB i >
1+ (j
A
(5.3)

where constants 4 and B are electrode specific and in turn depending on SOC and
temperature through a look-up table and polynomial fit respectively. These parameters

were calculated using
RX =f (RCOI’RSP’ROhm’RPol’RSep ) (5.4)

and

ZTot = RCT +RX (5.5)

and through fitting towards cell measurements using galvanostatic intermittent titration

technique (GITT) at three current rates: 1, 5 and 10 C-rates respectively, presented with
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voltage vs. SOC in Figure 5.2. Note that although the charge current is reduced below
the respective set value for a wide SOC range, the polarisation of the cell is still large,

and hence so also the total measured impedance.
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H“ 10C
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SOC [%]
Figure 5.2 Voltage vs. SOC for the GITT tests at 1, 5 and 10 C-rate at +22 °C

Here, all the equivalent cell resistance components except Rcr were treated as a single
fixed value Ry (5.4), in turn calculated using a least-square fitting to minimize the error
between the simulated R¢r according to (5.2) and the GITT measurements. Once Rcr
was calculated, the individual components of Ry were calculated or estimated as
described later in this section. GITT measurements at charge and discharge currents
were taken separately and combined to form a single current direction independent
impedance vector, only depending on current rate and Li-content in each electrode. In
other words, the high impedance observed for high or low cell SOC was assumed to be
symmetric with respect to SOC, and directly related to low Li-content X in either the
anode (LixCs) or cathode (LixFePO,). Thus, high impedance will be observed at high
cell SOC since the Li-content in the cathode is low, and likewise for low cell SOC
where the Li-content in the anode is low. This method does also to some extent
compensate for the lack of true measurement of charge impedance at high current rates

(current limitation due to CCCV operation).

The relation between cell SOC and electrode Li-content was calculated using the
electrode capacities and offset at BOL presented in Section 4.2. Both anode and cathode
were assumed to have the same charge transfer impedance at BOL as indicated in Paper

V.
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The resulting parameter values of 4 and B are presented in Figure 5.3 and the resulting

total cell impedance according to (5.2, 5.4 & 5.5) is shown in Figure 5.4 together with

the measured values.
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Figure 5.4 Measured cell impedance from GITT experiments using 1, 5 and 10 C-rate together

with model response using fitted values for 4, B, and Ry
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Note that the parameter values were extrapolated using end values to regions outside the
cell’s operational range in terms of individual electrode SOC values to at least allow
simulation in this range, since an expanded range is expected at severe cell degradation.
In general, a good agreement between measurements and simulated impedance was
achieved for low to medium SOC. This is expected since mass transport in the solid
phase is not accounted for in this model. In summary, sufficient accuracy is achieved in

the normal operating range at BOL.

The double-layer capacitance was initially modelled as a constant and linear
capacitance, but simulations showed that its effect on overall cell model behaviour at
the studied operating conditions was relatively small; as expected, accuracy was merely
improved during transient operation since the time constant is comparably short. Hence,
a simplified model without double layer capacitance was used for the majority of the
test cases to enable shorter computational times. On the other hand, since the surface
properties of the electrodes, especially for the graphite anode, changes with degradation,
the double-layer should ideally be included in the model to the cost of computational

complexity.

Polarisation Resistance

The use of a resistance-capacitance couple is commonly used in battery equivalent
circuits to model the overall time dependence and to some extent the limited mass
transport. Several RC-couples can be used to capture dynamics with different time
constants and the parameterisation is relatively straight-forward. Naturally, the actual
cell resistance due to polarisation is significantly more complex; different polarisation is
apparent in different parts of the cell and strongly depending on cell design, local
concentration gradients, distribution of current and temperature as well as ageing.
Nonetheless, accurate modelling at such low level requires both a complex model and
precise knowledge of the electrolyte which generally is not available for commercial
cells. Moreover and as already discussed in the scope of this work, a complex low level
model does not permit fast operation in full vehicle simulations. Hence, a model with
two time constants was considered to be adequate to model concentration polarisation
Rpy in the liquid phase. While the two time constants were fixed and selected using
fitting towards the GITT measurements, the polarisation resistance Rp,; was made

temperature dependent based on EIS measurements performed at three temperatures.
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Ohmic Resistances

All ohmic resistances (5.4) were modelled as temperature dependent only, i.e. with no
dependence on time, local SOC or other internal states. Since no detailed data were
available on the relation between them, fitting towards measured cell data and
assumptions were used to find relevant parameter values. The following assumptions
were made and used in the subsequent fitting algorithms:

Rc,: small contribution to overall cell impedance, therefore assumed to be zero.

Rsp:  fixed value, temperature dependence

Rsep:  fixed value, temperature dependence, magnitude same as Rgp

Romm:  fixed value, temperature dependence, magnitude same as Rgp

Rpy: fixed value, temperature dependence, magnitude significantly larger than Rgp

Table 6 Fitted values of model parameters
Parameter Value Description / value Estimation principle | Dependencies
Rcol 0mQ Collector & tab conductivity Assumption / fitting | -
Rsp 1.5 mQ Solid phase conductivity Assumption / fitting | Temperature
Chr - Reaction kinetics; time constant - Temperature
Rer ~4-32mQ Reaction kinetics; magnitude Based on GITT SOC (local) & Temperature
Rowm 1 mQ Solid phase conductivity Assumption / fitting | Temperature
Tpol 10s & 200s Polarisation; time constant Assumption / fitting Fixed
Rpor 3.5mQ Polarisation; magnitude Assumption / fitting | Temperature
Rs., 1.5 mQ Free electrolyte / separator conductivity | Assumption / fitting | Temperature

Temperature Dependence

The temperature dependence was determined based on EIS performed on a sample cell
at various SOC levels and three temperatures: +22 °C, +33 °C and +41 °C. Typical
spectra (Figure 5.5) at 40-60% SOC were fitted towards the impedance model described
in Chapter 3 and in [1] and the resulting values in turn fitted to a low-order polynomial
relation for the three different temperatures. In this equivalent circuit model the
polarisation impedance is represented by a constant phase element with a complex and
frequency dependent impedance, here denoted as the Warburg impedance. To extract a
relevant value for the polarisation resistance R, for the use with the electrode model in

the present work, the real part of the Warburg impedance at 10Mhz was used.
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Figure 5.5 Typical EIS spectrums for three different temperatures

The polynomial expressions, with results shown in Figure 5.6, were then applied as
weight factors for model parameters; all ohmic resistances (Rsp, Romm, Rsep) With the
relation for R,;,, parameters 4 and B for charge transfer impedance according to Rcr

and polarisation resistance according to Rp,;.
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Figure 5.6 Fitted values with polynomial temperatures dependence
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The relations in Figure 5.6 show several important characteristics of the studied cell:
Firstly, all resistances show noteworthy temperature dependence which hence must be
included in the electrode model. Secondly, the most pronounced temperature
dependence is seen for the charge transfer impedance, followed in magnitude by the
polarisation resistance. These two parameters, together with the choice of cell design,

directly affect the current distribution in the cell and thereby performance.

As previously presented in Chapter 3 and Paper V all these impedance values change as
the cell is degrading. Unfortunately, each parameter undergoes different ageing trends
although the fundamental change most frequently is an increase over time and/or
number of cycles. Hence, several simplifications to these relations were made in order
to enable model simulation at different states of degradation. Generally, the average
values of the observed trends were used together with empirical findings as described

below.

In general, the total ohmic resistance R,;, of the cell was found to be approximately
proportional to the inverse capacity loss. However, an assumption was made that the
resistance growth mainly occurred at the electrode surface rather than in the electrolyte,
therefore a stronger relation for the solid phase resistance Rsp was used in the model.
Likewise, the charge transfer impedance was assumed to follow the inverse of the cell
SOH, and the polarisation resistance the inverse square root of the SOH. All these
relations are presented schematically vs. cell SOH in Figure 5.7.
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Figure 5.7 Schematic representation of the relations between resistances and cell SOH
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5.2.3 State-of-Charge and State-of-Health

Each segment of the electrode contains a rudimentary SOC calculation algorithm solely
based on local current integration and an ideal columbic efficiency of 100%. The SOH
algorithm on the other hand is more complex, although still comparably simple to avoid

stretching the algorithm into a purely empirical design.

Since the idea behind the segmented electrode model is to capture, and characterise, the
uneven current/SOC distribution it was considered to be of great importance to keep the
actual SOH algorithm as simple as possible, relying on the model structure itself to
indicate how different parts of the electrode(s) are likely to age at different conditions.
Nevertheless, since the SOH of the segments, and subsequently the electrode and the
full cell, changes very slowly compared to current distribution and SOC, the SOH
expressed as degradation rate was calculated offline using the simulated segment SOH
and currents. In this way, a further development of the SOH algorithm is possible
without changing the model. Also, the model may be initialised with different SOH in
different segments to study behaviour at various stages of ageing and with different
distribution. Nevertheless, a semi-continuous simulation of SOH during a cycle life test
was still simulated in a step-wise manner where the estimated degradation over a small
part of the cycle life is used to re-initialise the model and to re-estimate degradation. In
other words, complete cycle life simulations were split up in a low number of
simulations where the degradation rate is estimated. The estimated degradation after a
defined number of cycles in terms of capacity retention and impedance change per
electrode segment was then used to re-initialise the model and to estimate a new

degradation rate as presented schematically in Figure 5.8.
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Figure 5.8 Schematic representation of a step-wise method for simulation a complete cycle life test

based on five steps. Circles mark re-initialisation and start of simulation.
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This step-wise method was used in the test and validation of the ageing model, see

Section 5.4.

The general ageing model is based on the cumulative loss function
CT
C=Cyp, (1 - KLoss,A/L) (5.6)

where C is the cell or anode capacity, Cpoy. is the capacity at BOL, x4/ 1S the LAAM
(loss of anode material see Section 4.1.2) or cyclable lithium loss per complete capacity

throughput and CT is the total capacity throughput.

The loss function x;,s 4/ 1S in turn consisting of the base function

K a0 =f(T.1) (5.7)
with weight functions

Ksoc.ar =S (SOCSOI), (5.8)

Ksoracen = S (SOH yycon) (5.9)
and

K.r = f(Capacity throughpui) (5.10)

according to

Krossail = Krrair  Ksocarr " Ker * Ksom,ascei (5-11)
The aim of this choice of ageing function is to account for the general ageing observed
for simplified cycles such as M, N and C over the complete temperature range, the
specific ageing observed for partial SOC, i.e. with cycles D, K and L, and the

distribution of total capacity throughput between segments.

Firstly, the base function for ageing is similar to the empirical cycle life model
presented in Paper V, but instead of an exponential function a two-dimensional second-

order polynomial function

Krpan = kl,A/L +k2,A/L 'T+k3,A/L v +k4,A/L 'T2 +k5,A/L T-1 +k6,A/L '12 (5-12)
with parameter values k;.4 4, based on a least-square fitting towards measured anode
loss and cell capacity loss for cycles M, N and C. This relation was found to provide a

reasonably good fit for both LAAM (Figure 5.9) and loss of cyclable lithium (Figure
5.10).
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Figure 5.10 Ageing functions x7;; and measured values calculated for Cycle M, N & C

Here, both measurements and functions x7;4;, suggest a rather strong correlation
between current rate and loss per cycle. Also, the loss of cyclable lithium has an almost
linear dependence towards temperature whereas the LAAM shows a more progressive
relation. It should however be pointed out that several more measurement points are
needed to fully parameterise the two relations, especially for Cycle M at higher

temperatures and in general for cycles with higher currents than 4 C-rate.
Secondly, the weight function xsoc4s for SOC range was calculated as a simple

function of SOC based on the estimated LAAM and loss of lithium for the Cycles D, K

& L, all operating in different SOC ranges. These three cycles were tested in a narrow
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temperature range and with almost identical load cycles and a SOC window of
approximately 20%. Hence, most of the resulting difference in degradation rate was
assumed to be attributed to the SOC range. The resulting values of xsoc4. was here

empirically found to follow the exponential relation
Ksoca = ke 50 -k, (5.13)
for the anode loss and

Ksocr = kloe_k”'s oc 4 klze_k”'soc +k, (5.14)

for the total loss of cyclable lithium.

In order to use these two functions as scale factors they were normalised so that the
cumulative value over one complete cycle is equal to 1. That is, the function xsoc.r
will, when multiplied with the other loss functions, scale the degradation rate depending
on actual SOC range. Both SOC weight functions are presented in Figure 5.11 together

with the measured values (normalised).
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Figure 5.11 Ageing weight functions «soc 4, and measured values calculated for Cycle D, K & L

Again, additional measurements would undoubtedly increase the accuracy of the

relations, especially for very low and very high SOC levels.

Thirdly, the total degradation is a direct function of capacity throughput and this
property varies over the electrode surface as supported by Paper IV. In the presented
model, the capacity throughput is distributed over the different electrode segments and a

separate weight function
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Ker = CT, / (T,

segment (5 . 1 5)
is used where CTegmen: 1S normalised according to
CI;egment = 5 : J. Isegment dl‘/2 ' Qref,cell
0 (5.16)
and
tend
CTcell = J-] cell dt /2 ) Qref cell
0 (5.17)

and where Qs cir1s the total cell capacity in As.

In other words, x¢r is one for a cell with perfectly uniform capacity throughput. Note
that no additional weight functions are used here, thus a non-uniform distribution will

yield a linear degradation effect which may be an underestimation of actual degradation.

Lastly, an empiric relation was added to account for the acceleration of degradation
observed over the complete duration of any cycle life test, i.e. the ageing rate increases
for the vast majority of cycle life tests more than what can be expected from the linearly

increasing current rate due to reduced capacity. It was found that the simple empirical

relation

Ksonuvcan =1/ (SOH 4y cor (5.18)
where SOH 4 1s the state-of-health of the anode defined as

SOH ; = O 0de/ Qunode.or (5.19)
and SOHc.y; is the state-of-health of the cell defined as

SOH, Cell = QCell / QCell,BOL (5.20)

provided a reasonably good fit to the experimentally observed acceleration of ageing
rate with decreasing SOH. These two relations have a minor effect on the ageing rate
until the overall ageing is already severe (e.g. a 23% increase at 90% capacity retention

of anode or cell).

All ageing functions except xcr and xsop 4/cenr are continuously calculated to form a time
dependent function that can be applied on the model output. These functions are
subsequently used to calculate an average value per segment using the capacity as base
instead of time since it was assumed that utilised capacity was more important than

time. That is, it is more important to consider the capacity throughput at a certain SOC
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or temperature than the test time. Hence, the average of the weight factors x7; 4, and

Ksoc.4u wWere calculated using

Oena
_[(KTI,A/L )dQ
Krran = ()QeIT ) (5.21)
Oena
I(k7e—kg.soc K, )dQ
Ksoca = 0 s (5.22)

Qelectrade

and

—ky-SOC —ki3-SOC
j(m SO 4 e 1 g O

Ksoc. = : o (5.23)

where Q.. 1s a monotonically increasing absolute capacity vector according to

1,

end

Oens = _HI segment dt
‘ > (5.24)

Qelectrode 18 the actual electrode capacity and egmen: 1 the segment current.

In order to reduce the risk for overestimating degradation, the input values for the

ageing functions xry 4, were limited; to 1...10 C-rate and to +25...+55 °C respectively.

With the complete ageing factors parameterised, the expression

In(0.8)

ln 1 KLoss A/L

EOLest,A/L (525)

was used to provide an estimated cycle life considering LAAM; and loss of lithium
and defining EOL at 80% capacity retention. Note that this relation is true only when

starting from BOL.
All fitted coefficients for the ageing functions are given in Table 7. Note that the value

for xsoc 4 1s scaled for the lithium intercalation ratio SOI (state of intercalation) of the

anode rather than the cell SOC.
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Table 7 Ageing function coefficients obtained through fitting
Parameter Value Unit Ageing Function Cycles used for
parameterisation

kia 4.78*10° - k.4 - current rate / T ageing function for LAAM M, N & C at+23.5...+53 °C
ko -3.14*10° °oC’! fer4 : current rate / T ageing function for LAAM M, N & Cat+23.5...+53 °C
k3.4 -1.55*10° Al K4 : current rate / T ageing function for LAAM M, N& Cat+23.5...+53 °C
kya 5.58*10° °C? k.4 - current rate / T ageing function for LAAM M, N& Cat+23.5...+53 °C
ks 8.65%107 [°CAT" | k74 : current rate / T ageing function for LAAM M, N & Cat+23.5...+53 °C
koa 4.86%107 A? k.4 : current rate / T ageing function for LAAM M, N & Cat+23.5...+53°C
ki 3.40%10° - Ky : current rate / T ageing function for Li loss M, N & Cat+23.5...+53 °C
koo -3.31*%107 oC! k. - current rate / T ageing function for Li loss M, N& Cat+23.5...+53 °C
ks -2.53%10° Al k. - current rate / T ageing function for Li loss M, N& Cat+23.5...+53 °C
k1 -3.45%10” °C? k. - current rate / T ageing function for Li loss M, N& Cat+23.5...+53 °C
ks1 9.85%10” [°CA]" | k7. : current rate / T ageing function for Li loss M, N& Cat+23.5...453 °C
ko1 2.06%10° A Ky, : current rate / T ageing function for Li loss M, N & C at+23.5...+53 °C
k; 17.4 - ksoc.4 : SOC region scale factor for anode loss D, K & L at approx. +30 °C
ks 20.7 SOI! Ksoc4 - SOC region scale factor for anode loss D, K & L at approx. +30 °C
ko 0.206 - Ksoc.4 : SOC region scale factor for anode loss D, K & L at approx. +30 °C
ko 10.8 - ksoc.t : SOC region scale factor for lithium loss D, K & L at approx. +30 °C
ki 14.7 SOC! Ksoct : SOC region scale factor for lithium loss D, K & L at approx. +30 °C
k> 1.35%10° - ksoc.t : SOC region scale factor for lithium loss D, K & L at approx. +30 °C
ki3 -6.37 sSocC! ksoc. - SOC region scale factor for lithium loss D, K & L at approx. +30 °C
k4 0.141 - ksoc.t : SOC region scale factor for lithium loss D, K & L at approx. +30 °C

In summary, the SOH function described in this section consists of a collection of
simple relations comprising five ageing factors; average cell temperature, local current,
local SOC, local capacity throughput and local SOH. Note specifically that no specific
ageing factor is included for operation at partial SOC or narrow SOC widows, often
reported in literature as a general ageing factor for capacity or power fade [49] and [50].
Although other ageing mechanisms, such as cathode material loss (LACM), can be
estimated in a similar way, the lack of stable characterisation techniques for these
ageing mechanisms (see Section 4.1) prohibited sufficient validation. Here, similar
relations as those used for the anode ageing (5.6-5.25) may be used for the cathode as
well, assuming full symmetry between electrodes. Nevertheless, the profound
differences in material properties and ageing characteristics will in such case introduce
uncertainties and significant lack of validation. Consequently, the ageing estimation
treated in the remainder of this chapter will only treat anode aging resolved on segment

level and cell capacity loss expressed as an average value of cyclable lithium loss.

5.3 Implementation

The focus in this section is to describe the background to and the design of the lumped
parameter model. Therefore, a detailed description of the actual implementation in
MATLAB®Simulink® will not be presented here. However, a brief description with key
properties of the implementation and the simulation settings are given to aid further

development. It shall be noted that this model environment is not intended for
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simulation of physical systems with mixed time constants since they often contain

several algebraic loops.

5.3.1 Electrode Model

Each electrode was modelled according to Figure 5.1 with five subsystems for each
segment. These segments are identical from an algorithm point of view, but their
internal implementation differs between middle segments and the end segment closest
to the current collection in order to mitigate issues with the inherent algebraic loops. All
segments are connected to each other with both inputs and outputs — potentials and
currents — to create a fully dependent system where each segment will affect the system
response immediately. Again, the algebraic loops that this design includes will
inherently result in stability issues. However, these issues can be handled by carefully
choosing feedback paths for the signals between the segments, disabling zero-crossing
detection and reducing the tolerance of the solver to create a semi-stable model capable
of working for all studied cases. In other words, feedback signals must be chosen so that
they do not have an immediate effect on the receiving block, or being the output of a

state function such as an integrator or filter with initial output.

An overview of the electrode model is presented in Figure 5.12 where the signal paths
are highlighted to show the interconnections between segments. Note that all internal
signals in the model are removed in this figure to enhance visibility. The main input is
the current to/from the current collector. This current is distributed between the five
segments directly depending on the internal states of the segments and the electrical
network that connects them. Further details, with naming conventions and reference

directions for each segment, are given in Figure 5.13.
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Figure 5.12 Electrode model in MATLAB®Simulink® showing the five segments.

Note: this figure only shows the interconnections between segments, neither all inputs

nor outputs to the electrode model are included
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Figure 5.13 Electrode segment overview with signal interface

Naturally, all internal states and signal such as SOC, current and potentials can be
extracted from the model and treated offline, enabling a qualitative analysis of the

performance from an ageing perspective, as is described in the following section.

5.4 Simulation Results — Cycle Life Tests

This section presents simulation results for a collection of the studied test cases at BOL,
focusing on distribution of SOC and current in each electrode. In the first part, the
model output for some reference cases are discussed to provide an overview of the
model functionality and performance. In the last part, the model is used to simulate the
cell behaviour during the tested HEV and PHEV cycles as well as some specific test

cases of interest.

5.4.1 Model Performance at Symmetric Cycle with Low Current Rate

The +1C/-1C symmetric Cycle M served as a reference cycle life test and was also
partly used for parameterisation of the ageing model in the present work. When
studying the current distribution (Figure 5.14 & Figure 5.15) it can be concluded that
the model, with its present parameterisation, suggests a surprisingly uneven distribution
with significantly higher current in the electrode segments closest to the separator
(segment no. 5). In all figures with representation of current distributions, the segment
currents are scaled to C-rates, i.e. the average of the five curves is exactly equal to the

total cell current (also plotted in C-rate) for every given point in time.
In addition, it is shown that the high initial current is reduced as the SOC of these

segments are reduced, in turn leading to a more even current distribution towards the

end of charge and end of discharge. In addition, it can be concluded that an initially high
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current in one segment is strongly related to the OCV of the electrode; in areas where
the OCV is flat (low SOC for cathode, high SOC for anode) the distribution of segment
currents is wide. This is expected since the electrolyte impedance is larger than the
electrode impedance, thus favouring high currents at the surface as long as the change in
OCYV with SOC is smaller than the voltage drop over the segments.
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Figure 5.14 Cathode segment current and total cell current vs. time for Cycle M at +24 °C
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Figure 5.15 Anode segment current and total cell current vs. time for Cycle M at +24 °C

In addition to the electrode current distribution, the SOC distribution also reveals
interesting differences between segments and electrodes. Naturally, this is directly a
function of the current distribution as the SOC reflects the integrated current over time.
In general, this distribution of currents and local SOC shows the same characteristics as

the more advanced models presented by [15] and [25].
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Figure 5.16 Electrode SOC distribution scaled to cell SOC vs. time during a complete discharge at
1 C-rate and +24 °C. The upper thick solid lines mark the start of discharge and the
thick dashed lines mark the end of discharge. Thin lines represent the segment SOC at

fixed time intervals between start and end of discharge.

Firstly, during the discharge at 1 C-rate (Figure 5.16), both segments close to the
separator show SOC ranges significantly larger than the average cell SOC of each
electrode. However, since the electrodes are larger in absolute capacity, the segment
SOC stays within the valid operational area of each electrode. Also, since the current is
gradually re-distributed to other segments towards end of discharge, there is no apparent

risk of over-discharge.

Secondly, anode and cathode here show quite different behaviour, again directly due to
the difference in OCV; whereas the cathode has a flat curve, permitting large imbalance

in SOC (difference between segment SOC and average electrode SOC), the gradually
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increasing anode potential results in an overall less imbalance. Also, note that the result
in Figure 5.16 was recorded in the middle of a longer simulation. Thus, the cell did not

start at equilibrium and the initial SOC distribution is therefore not even.
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Figure 5.17 Electrode SOC distribution scaled to cell SOC vs. time during one complete charge at
1 C-rate and +24 °C. The lower thick solid lines mark the start of charge and the thick
dashed lines mark the end of charge. Thin lines represent the segment SOC at fixed time

intervals between start and end of charge.

Similar behaviour as for the discharge can be seen for the charge step shown in Figure
5.17. Here, the cell starts at 0% SOC and most of the electrode current is carried by the
segments closest to the separator, effectively equalising the SOC imbalance. However,
the imbalance (see Figure 5.18), here defined as the difference between maximum and
minimum segment SOC, is not levelled out completely except for the cathode towards
end of charge, again indicating that segment five experiences the largest SOC range in

this cycle.
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Figure 5.18 Segment imbalance in per cent vs. cell SOC, Cycle M at +24 °C.

The uneven current distribution can also be quantified as differences in capacity
throughput per segment as shown in Figure 5.19. The largest differences are again
shown for the cathode, where the two segments closest to the separator show
significantly higher throughput than the other segments. As previously discussed, this is
due to the flat OCV curve of LiFePO* vs. Li/Li".
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Figure 5.19 Capacity throughput per segment for Cycle M normalised to cell capacity throughput at

+24 °C

A consequence of the distribution of currents and capacity throughput is that the
resulting ageing factors xz4r (5.12) and xcr (5.15) are slightly different for the

electrode segments, which in turn affects the cycle life. These ageing factors are,
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however, changing over the cycle life of the cell as localised degradation affects the
impedance and thus the current distribution. A stepwise simulation shows that although
the ageing is uneven at BOL, the changing impedance of the segments yields a
comparably flat and even ageing at EOL. This is presented in Figure 5.20 where the

ageing factor for loss of cyclable lithium (k. ) is shown as a function of SOH.
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Figure 5.20 Normalised ageing factor x;,; at the anode from BOL to EOL for Cycle M at +24 °C.

Thin lines represent values between BOL and EOL at fixed interval.

The estimated cycle life for Cycle M (Figure 5.21) reflects the above presented
distributions and corresponds well to the measured cycle life. Yet, it overestimates the
ageing at the first stages of ageing and underestimates the ageing close to EOL.
Nevertheless, this estimation is, as discussed previously, based on the assumption that

the loss of cyclable lithium dominates the overall ageing.
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Figure 5.21 Estimated and measured cycle life of anode and cell for Cycle M at +24 °C
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At higher temperatures the behaviour is almost identical to the reference case at +24 °C.
However, the lowered charge transfer impedance results in a slightly larger maximum
segment current and also a larger spread in SOC and current distribution. On the other
hand, this is to some extent counteracted by the lower polarisation resistance. To sum
up, the ageing rate in this cycle is mostly influenced by the temperature as a general
ageing factor resulting in the lowered overall cycle life indicated in Figure 5.22,

providing reasonably good estimation accuracy.
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Figure 5.22 Estimated and measured cycle life of anode and cell for Cycle M at +32 °C

5.4.2 Model Performance at Symmetric Cycles with High Current Rates

When Cycle N with 2 C-rate is simulated the SOC segment imbalance (Figure 5.23)

increases compared to the Cycle M with 1 C-rate, especially for the anode.
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Figure 5.23 Segment imbalance in per cent vs. cell SOC, Cycle N at +26 °C
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In addition, the capacity throughput for the anode segments (Figure 5.24) shows a
broader distribution. In other words, segments closer to the separator are cycled

significantly more than those close to the current collector.
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Figure 5.24 Capacity throughput per segment for Cycle N normalised to cell capacity throughput at

+26 °C

The resulting ageing factors (Figure 5.25) are also less evenly distributed over the

segments compared to the simulation of Cycle M.
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Figure 5.25 Normalised ageing factor x,; at the anode from BOL to EOL for Cycle N at +26 °C.

Thin lines represent values between BOL and EOL at fixed interval.

This is also reflected in the estimation of cycle life (Figure 5.26) that indicates a shorter

cycle life than for Cycle M with 1 C-rate.
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Figure 5.26 Estimated and measured cycle life of anode and cell for Cycle N at +26 °C

At higher temperatures; +34 °C (Figure 5.27) and +47 °C (Figure 5.28), the distribution
of currents and SOC becomes more uniform, partly due to reduced charge transfer
impedance, but the ageing factor of the increased temperature clearly dominates the
overall ageing rate, resulting in a noteworthy reduction in cycle life as is also observed

experimentally.
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Figure 5.27 Estimated and measured cycle life of anode and cell for Cycle N at +34 °C
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At 4 C-rate the model indicates that the imbalance between segments is severe (Figure
5.29); up to 40% for the anode and almost 60% for the cathode. Despite that these
values are the result of a model parameterised solely on parameter fitting and
assumptions, it is still likely that the imbalance at high current rates is increasing

significantly, and thus, accelerating ageing.
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Figure 5.29 Segment imbalance in per cent vs. cell SOC, Cycle C at +29 °C

The segment imbalance is also clearly shown in the distribution of capacity throughput

(Figure 5.30) where the segments of especially the cathode see very different
throughput.
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+29 °C

The distribution of capacity throughput is directly correlated to the distribution of
currents, here shown for the anode in Figure 5.31. The peak current is especially high
during discharge, most probably due to the flat voltage profile of the anode at high cell
SOC.
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Figure 5.31 Anode segment current and total cell current vs. time for Cycle C at +29 °C

Furthermore, the actual SOC range of the electrodes have increased to almost 100% for
both electrodes as can be seen in Figure 5.32, where the segments close to the separator
at both cathode and anode are utilised to their full capacity whereas segments close to

the current collectors merely are used to about 50%.

78



Chapter 5 Ageing Model

100
90| |
80
70
~
S S
N “ S
60 'S S N
< S S 2T
S S 12
Q
3 5 g 13
ﬁ 50 9 “Q N
] Q =
<} = - y -
=] Q ~ )
B e 8
= |8 I
40 | / o — [
// ~ - )
Ny —
— ~
/// / . -
30 s ~
-
S
yayd ’ .
20 e
e B
10 - —_—
0 | e ———
Cathode Anode
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at 4 C-rate and +29 °C. The upper thick solid lines mark the start of discharge and the
thick dashed lines mark the end of discharge. Thin lines represent the segment SOC at

fixed time intervals between start and end of discharge.

The increase in current, and the segment imbalance in terms of SOC and capacity
throughput, result in severely unevenly distributed ageing factors (Figure 5.33). The
imbalance is nevertheless levelled out towards EOL where the increased impedance of

the most degraded segments counteracts further degradation.
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Figure 5.33 Normalised ageing factor x;,; at the anode from BOL to EOL for Cycle C at +29 °C.

Thin lines represent values between BOL and EOL at fixed interval.

The estimated cycle life (Figure 5.34) is underestimated but at least in line with

measured values.
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Figure 5.34 Estimated and measured cycle life of anode and cell for Cycle C at +29 °C

5.4.3 Model Performance at Asymmetric Cycles with High Current Rates

None of the asymmetric cycles were used in the parameterisation of the ageing model
and the asymmetric Cycle H, with high charge rate and low discharge rate, resulted in a
surprisingly low cycle life compared to Cycle C. This can neither be explained by the
anode segment current (Figure 5.35) nor an increase in SOC imbalance (Figure 5.36);
both figures show very similar characteristics compared to Cycle C. Clearly, further

work to isolate or combine different ageing factors is needed to obtain better accuracy.
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Figure 5.36 Segment imbalance in per cent vs. cell SOC, Cycle H at +23 °C

The resulting ageing factors do show severely uneven distribution (Figure 5.37), but
still similar to that of the symmetrical cycles at the same current rate. Slight differences
are observed but not significant, and in a direct comparison to Cycle C at +29 °C the

temperature itself appears to be the most important factor causing the differences.
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Figure 5.37 Normalised ageing factor x;,; at the anode from BOL to EOL for Cycle H at +34 °C.

Thin lines represent values between BOL and EOL at fixed interval.

Not surprisingly, the estimated cycle life of Cycle H (Figure 5.38) is far from accurate;
in turn indicating that the model fails to capture, or to estimate, the ageing factors
correctly for this cycle. Possibly, further laboratory tests may be utilised to characterise

the cause of this rapid degradation.
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Figure 5.38 Estimated and measured cycle life of anode and cell for Cycle H at +34 °C

All tests with Cycle H, regardless of temperature, show the same results; a rapid

degradation that the SOH function in the model cannot forecast.

82



Chapter 5 Ageing Model

In comparison with Cycle H & C, the asymmetric Cycle I with low charge rate and high
discharge rate should, based on general guidelines, result in a longer cycle life. As
already reviewed in Chapter 3, this is not the case at lower temperatures where Cycle [
results in a shorter cycle life than both Cycle H & C. The ageing factors for Cycle I
(Figure 5.39) are also rather evenly distributed.
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Figure 5.39 Normalised ageing factor xy, at the anode from BOL to EOL for Cycle I at +34 °C.

Thin lines represent values between BOL and EOL at fixed interval.

Consequently, this results in a significantly longer estimated cycle life (Figure 5.40)
than for Cycle H but still lower than the measured cycle life. Likewise to the reasoning
for the other asymmetrical cycles this may indicate a need for an improved SOH

function, especially for the initial ageing rate.
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Figure 5.40 Estimated and measured cycle life of anode and cell for Cycle I at +34 °C
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Lastly, Cycle J, a symmetric cycle with 4 C-rate and pauses introduced between steps,
showed a very rapid ageing in laboratory tests compared to Cycle C regardless of
temperature (see Figure 3.4). The ageing factors (Figure 5.41) are less uniform but this
may in part be explained by the different average temperature, here the results from

+35 °C are presented whereas Cycle C is measured at +29 °C.
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Figure 5.41 Normalised ageing factor x;,,,; at the anode from BOL to EOL for Cycle J at +35 °C.

Thin lines represent values between BOL and EOL at fixed interval.

Despite a shorter estimated cycle life (Figure 5.42) than for Cycle C, the accuracy of the
model is not sufficient although a part of the additional stress Cycle J evidently causes

is forecasted.
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Figure 5.42 Estimated and measured cycle life of anode and cell for Cycle J at +35 °C
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5.4.4 Model Performance at HEV and PHEYV Cycles

Several HEV and PHEV cycles were designed and used in cycle life tests in the present
work (see Section 2.6). The first one, Cycle 4, is based on a logged load cycle for a
HEV city-bus. The average current is approx. 4 C-rate with frequent transients up to 20

C-rates and the target SOC range is approx. 30-50% SOC.

Cycle B is a synthetic version of Cycle A that resulted in a slightly lower cycle life (see
Table 3) than Cycle 4 and its degradation also followed another trend with relatively
rapid initial loss of anode material and signs of lithium plating at MOL [1]. In contrast,
when Cycle A was tested at a higher temperature, +39 °C, a longer cycle life was

observed compared to the test with Cycle A at +32 °C.

The cycle life tests with these load profiles were conducted without forced air cooling.
Therefore, the cell temperature varied over time and increased significantly as the
impedance of the cells grew. A consequence of this is that it is difficult to find a good
average value of the temperature to be used in the simulation of the ageing model,
especially knowing that the temperature effect on the ageing is non-linear and path-
dependent [51]. Despite this, an attempt to simulate the ageing was made, using the

average temperature and SOC range for each case.

Likewise, the SOC control at medium SOC is generally difficult for LFP-cells since the
OCV profile is comparably flat in the target SOC range (30-50%). In addition, complete
charge and discharge was avoided in the cycle life test to prevent additional ageing.
Hence, the actual SOC during the cycle life test may have varied, possibly causing
increased degradation. Similarly to the temperature, an average value for the SOC range

was used in the simulation.

The model responses to both cycles are similar; first and foremost the current
distribution is highly non-uniform at BOL with significantly higher currents at the
segments close to the separator and the current collectors, here expressed by significant
differences in ageing factors (Figure 5.43) for Cycle A. This non-uniformity is to some
extent reduced at later stages of the ageing since the degradation of the outer and inner

segments of the anode leads to higher impedance in these segments, in turn shifting
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currents to the segments in the middle. The non-uniformity is nevertheless surprisingly

severe over the complete simulation and the trends are similar for Cycle B.
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Figure 5.43 Normalised ageing factor x,; at the anode from BOL to EOL for Cycle A +32 °C.

Thin lines represent values between BOL and EOL at fixed interval.

On the other hand, according to the model all segments operated within a narrow SOC

range, well outside the area where cycle life is severely affected.

Consequently, the estimated cycle life is similar for the two HEV cycles, but with an
average value close to the actual measurement (Figure 5.44). The loss of anode material
is similar for both cycles and it follows the same trend as the estimated total cell
capacity loss, but the model fails to predict the faster anode loss experimentally
observed for Cycle B. This may, however, be influenced by the lack of precise
temperature and SOC control in the laboratory test, causing HEV Cycle B to age the
tested cells slightly faster than for HEV Cycle A.

86



Chapter 5 Ageing Model

100 . —&— HEV A, +32°C, cell, sim
\ ==©== HEV A, +32°C, anode, sim
\ HEV A, +32°C, cell, meas
95 HEV A, +32°C, anode, meas
HEV B, +36°C, cell, sim
HEV B, +36°C, anode, sim
90 L —— — HEVB, +36°C, cell, meas
X — B
= —— — HEVB, +36°C, anode, meas
\
E N\ :
= ™
ﬁ 85 - N § —
b N\
.g N N
= \ —
S 8ol EOL \ \ .
. \\
75 - N\ -
\\\ \
\ \
\
70 | | | | |
0 2000 4000 6000 8000 10000 12000

Capacity Throughput [No. of full cycles]

Figure 5.44 Estimated and measured cycle life of anode and cathode for HEV Cycle 4 at +32 °C
compared to HEV Cycle B at +36 °C

Still, the model fails to capture the fast degradation at the first stages of ageing and the
plateau at MOL often seen in this type of cycling.

The PHEV Cycle E & F are not based on logged data but were simulated in a full-
vehicle simulation. Both consist of a charge depleting load cycle starting at full SOC for
approx. lh followed by a rapid re-charge at constant current, 2 C-rate for Cycle E and

4 C-rate for Cycle F. Further descriptions of these load cycles are given in Section 2.6
and in [1].

The simulated ageing factors per segment (Figure 5.45 & Figure 5.46) are noteworthy
different for the two cycles with a more uniform distribution for PHEV Cycle E. In
addition, the ageing accelerates dramatically towards EOL, more than for any other

cycles.
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Figure 5.45 Normalised ageing factor x, ; at the anode from BOL to EOL for Cycle E +35 °C.

Thin lines represent values between BOL and EOL at fixed interval.
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Figure 5.46 Normalised ageing factor x,; at the anode from BOL to EOL for Cycle F +30 °C.

Thin lines represent values between BOL and EOL at fixed interval.

On the other hand, the model does not capture the overall ageing rate well for PHEV
Cycle F since the discrepancy between laboratory data and estimation is profound,
similarly to that of Cycle H that also contains a combination of slow discharge and fast

charge.

88



Chapter 5 Ageing Model

—&@— PHEVE, +35°C, cell, sim
==©-= PHEVE, +35°C, anode, sim
|\ PHEVE, +35°C, cell, meas
70 ‘:‘ PHEVE, +35°C, anode, meas b
|\ PHEV F, +30°C, cell, sim
PHEVF, +30°C, anode, sim

75 -

Capacity Retention [%]

65 - ——= — PHEVF, +30°C, cell, meas 7
——= — PHEVF, +30°C, anode, meas
60 \ \ \ \ \ \ \
0 500 1000 1500 2000 2500 3000 3500 4000

Capacity Throughput [No. of full cycles]

Figure 5.47 Estimated and measured cycle life of anode and cell for PHEV Cycle E at +35 °C and
PHEV Cycle F at +30 °C

5.5 Validation Summary

The results suggest that the temperature indeed can be seen as a general ageing factor,
i.e. an independent factor provided that the effect the temperature has on cell
performance is taken into account. Likewise, the capacity throughput in different parts

of the electrode appears to act as an independent factor.

On the other hand, the SOC has a profound effect on the degradation rate but in contrast
to the temperature and the capacity throughput this ageing factor does not appear to be
fully independent. That is, the ageing rate depending on the cell SOC may also be
depending on other factors such as time, capacity throughput and local current density.
Also, the test results suggest that it is highly non-linear. Hence, carefully measured
degradation rates are required to derive relevant and accurate empirical relations,

possibly also depending on other ageing factors.

Although the current rate at charge and discharge indeed can be treated as an ageing

factor, the effect on cycle life is definitely depending on how charge and discharge steps
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are combined; the average current is a poor approximation that is invalid for cycles with
large differences in charge and discharge current. Also, when pauses are introduced
other ageing effects must be considered. Possibly the time the cell spent at high or low
SOC has an effect on the ageing rate in such cases, an effect not observed for any other

cases treated in the present work.

In summary, the presented model and the resulting simulations show a fair accuracy for
symmetrical cycles and for complex cycles operated at partial SOC, but lack accuracy
for asymmetrical cycles, in particular cycles with low average discharge current and
high average charge current or for cycles with pauses in between steps. Thus, the
proposed model may be regarded as a first step towards a model with low complexity

and sufficiently high accuracy.
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Chapter 6 Concluding Remarks

Whereas some ageing mechanisms such as loss of active anode material, can be isolated
from other mechanisms and characterised in terms of average loss ex sifu using
incremental capacity analysis, differential voltage analysis and fitting towards half-cell
voltage profiles, it is often difficult to distinguish between loss of cyclable lithium and
loss of active cathode material. Although detailed measurements at C/10 were
performed for both charge and discharge, none of the above mentioned methods proved
to be able to isolate the loss of active cathode material robustly. Possibly, voltage
profiles at C/20 or even lower current rates, or using more sensitive test equipment,

could enable a more stable estimation.

The high power graphite || LiFePO4 cells studied in the present work show an
interesting ageing behaviour when either high current rates are combined with low
current rates or rest periods. In particular, cells cycled with 4 C-rate charge and 1 C-rate
discharge over a wide SOC window showed rapid aging and loss of active anode
material compared to symmetric cycling with 4 C-rate, regardless of temperature. This
behaviour was also observed for the PHEV cycle that operated in a slightly reduced
SOC region. Thus, fast charging of batteries used in PHEVs and EVs may induce
substantial and additional stress to the battery, at least if the cells are operated in a
comparably wide SOC region. Still, this has to be verified and characterised with
additional tests. Also, this conclusion may not be valid for other cell types or designs.
Furthermore, rapid and unexpected degradation was also observed when comparably
short rest periods are introduced in between charge and discharge steps at 4 C-rate. This
test resulted in short cycle life and rapid loss of active anode material. In contrast, when
cells are cycled in a small SOC-window, the cycle life is significantly increased even
though the peak currents are relatively high, up to 20 C-rates. Consequently, more
research is needed to explain this behaviour, preferably using a combination of

extensive testing and post mortem analysis.

The cycle life of cells cycled with simplified and symmetric load cycles with wide SOC
range can relatively easy be estimated using empirical relations, at least within the

investigated temperature and current rate, provided that sufficient experimental data is
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available for validation. In addition, fairly simple relations for SOC range dependence
can be utilised to estimate the cycle life of cells cycled in narrow SOC ranges and with
simple cycles. Nevertheless, more complex models are needed in order to accurately
forecast end of life for cells cycled with real load cycles, particularly if fast-charging is

considered.

The lumped parameter model presented in this thesis demonstrated an ability to estimate
the distribution of currents, SOC and hence ageing rates within the cross section of a Li-
ion cell. Despite the lack of low-level validation, the model shows similar response as
more complex first-principles physical models and the distribution of cycle life between
segments also show similar trends as the post mortem analysis showed (Paper IV);
uneven degradation. Furthermore, the parameterisation of the model proved to be
reasonably simple with most effort needed to find relevant ageing functions, again

indicating that extensive laboratory testing is still needed to validate ageing models.
Consequently, with a model complexity acceptable for use in full vehicle and/or energy

storage simulations, the model showed promising results, especially when performing a

step-wise simulation over the cycle life of cells aged with an HEV cycle.
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Chapter 7 Future Work

Firstly, a larger test matrix for characterising ageing is needed, in particular to study the
effect of rapid charging in combination with moderate, or mixed, discharging. Such a
test matrix should not only rely on classical design of experiment (DOE) methods, but
also rely on electrochemical analysis of sample cells to effectively target the specific
load conditions believed to cause rapid degradation. Furthermore, post mortem analysis

should be done on selected cells at EOL to validate ex situ characterisation techniques.

Secondly, when testing cells with the aim to not only characterise ageing, but also
parameterise ageing models, it is of uttermost importance to control all possible ageing
factors precisely. Hence, special efforts should be made to improve non-destructive
characterisation techniques described in this thesis further and to keep known ageing
factors such as temperature and SOC range as stable as possible throughout a cycle life
test. Also, half-cell experiments would improve the quality of the parameter fitting and

enable a complete separation of anode and cathode behaviour.

Lastly, the model presented here may serve as a first step towards a semi-empirical
ageing model with acceptable overall accuracy, hence important improvements are
likely if additional ageing functions are included and validated, especially for electrode
degradation, physical modelling of SEI growth and for transient operation at high
current rates. In addition, the path-dependence of the degradation should be included as
well as the effect of calendar / time dependent aging. Also, a closed loop simulation
should be performed were not only the estimated ageing directly affects the cell model
parameters, but also the temperature and the state-of-health of the cell, thus
continuously changing the ageing rate. Furthermore, other Li-ion cell types should be
considered to expand the feasibility of the model and to further verify its validity as

being a compromise between accuracy and computational effort.

93






Chapter 8 References

Chapter 8 References

(1]

J. Groot, “State-of-Health Estimation of li-ion Batteries: Cycle Life Test Methods”,
Licentiate Thesis, Chalmers University of Technology, (2012).

K. Amine, C.H. Chen, J. Liu, M. Hammond, A. Jansen, D. Dees, 1. Bloom, D. Vissers,
G. Henriksen, "Factors responsible for impedance rise in high power lithium ion

batteries”, Journal of Power Sources 97-98 (2001) 684-687.

I. Bloom, B.W. Cole, J.J Sohn, S.A. Jones, E.G. Polzin, V.S. Battaglia, G.L. Henriksen,
C. Motlach, R. Richardson, T. Unkelhaeuser, D. Ingersoll, H.L. Case, “An accelerated
calendar and cycle life study of Li-ion cells”, Journal of Power Sources 101 (2001) 238-
247.

M. Broussely, Ph. Biensan, F. Bonhomme, Ph. Blanchard, S. Herreyre, K. Nechev, R.J.
Staniewicz, “Main aging mechanisms in Li ion batteries”, Journal of Power Sources

146 (2005) 90-96.

J. Vetter, P. Novak, M.R. Wagner, C. Veit, K-C. Méller, J.O. Besenhard, M. Winter, M.
Wohlfahrt-Mehrens, C. Vogler, A. Hammouche, "Ageing mechanisms in lithium-ion
batteries”, Journal of Power Sources 147 (2005) 269-281.

D.P. Abraham, E.M. Reynolds, E. Sammann, A.N. Jansen, D.W. Dees, “Aging
characteristics of high-power lithium-ion cells with LiNij3Coy 5Alp.0sO> and Liy;Tis;04
electrodes”, Electrochimica Acta 51 (2005) 502-510.

J. Li, E. Murphy, J. Winnick, P.A. Kohl, “Studies on the cycle life of commercial
lithium ion batteries during rapid charge—discharge cycling”, Journal of Power Sources

102 (2001) 294-301 .

M. Safari, C. Delacourt, “Aging of a Commercial Graphite/LiFePO, Cell”, Journal of
The Electrochemical Society 158 (10) (2011) A1123-A1135

M. Dubarry, B.Y. Liaw, “Identify capacity fading mechanism in a commercial LiFePO,
cell”, Journal of Power Sources 194 (2009) 541-549.

P. Liu, J. Wang, J. Hicks-Garner, E. Sherman, S. Soukiazian, M. Verbrugge, H. Tataria,
J. Musser, P. Finamore, “Ageing Mechanisms of LiFePO, Batteries Deduced by
Electrochemical and Structural Analyses”, Journal of The Electrochemical Society 157

(4) (2010), A499-A507.

95



Chapter 8 References

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

96

K. Amine, J. Liu, I. Belharouak, "High-temperature storage and cycling of C-
LiFePO /graphite Li-ion cells”, Electrochemistry Communications 7 (2005) 669-673 .

M. Dubarry, B.Y. Liaw, M-S. Chen, S-S. Chyan, K-C. Han, W-T. Sie, S-H. Wu,
“Identifying battery aging mechanisms in large format Liion cells”, Journal of Power

Sources 196 (2011) 3420-3425.

Y. Zhang, C-Y. Wang, X. Tang, “Cycling degradation of an automotive LiFePO,
lithium-ion battery”, Journal of Power Sources 196 (2011) 1513-1520.

K.A. Striebel, J. Shim, “Cycling performance of low-cost lithium ion batteries with
natural graphite and LiFePQ,”, Journal of Power Sources 119-121 (2003), 955-958.

T.G. Zavalis, M. Klett, M.H. Kjell, M. Behm, R.W. Lindstrém, G. Lindbergh, “Aging in
lithium-ion batteries: Model and experimental investigation of harvested LiFePO, and

mesocarbon microbead graphite electrodes”, Electrochimica Acta 110 (2013) 335-348.

D.P. Abraham, S.D. Poppen, A.N. Jansen, J. Liu, D.W. Dees, "Application of a lithium—
tin reference electrode to determine electrode contributions to impedance rise in high-

power lithium-ion cells”, Electrochimica Acta 49 (2004) 4763-4775.

S.C. Nagpure, R. Dinwiddie, S.S. Babu, G. Rizzoni, B. Bhushan, T. Frech, “Thermal
diffusivity study of aged Li-ion batteries using flash method”, Journal of Power Sources
195 (2010) 872-876.

S.C. Nagpure, B. Bhushan, S.S. Babu, “Multi-Scale Characterization Studies of Aged
Li-lIon Large Format Cells for Improved Performance: An Overview “, Journal of The

Electrochemical Society 160 (11) (2013) A2111-A2154.

S.C. Nagpure, B. Bhushan, S. Babu, G. Rizzoni, “Scanning spreading resistance
characterization of aged Li-ion batteries using atomic force microscopy”, Scripta

Materialia 60 (2009) 933-936.

P. Ramadass, B. Haran, R. White, B.N. Popov, "Mathematical modeling of the capacity
fade of Li-ion cells”, Journal of Power Sources 123 (2003) 230-240.

E. Prada, D. Di Domenico, Y. Creff, J. Bernard, V. Sauvant-Moynot, F. Huet,
“Simplified Electrochemical and Thermal Model of LiFePO,Graphite Li-Ion Batteries
for Fast Charge Applications”, Journal of Power Sources 159 (9) (2012) A1508-A1519

E. Prada, D. Di Domenico, Y. Creff, J. Bernard, V. Sauvant-Moynot, F. Huet, “4
Simplified Electrochemical and Thermal Aging Model of LiFePO,-Graphite Li-ion
Batteries: Power and Capacity Fade Simulations”, Journal of Power Sources 160 (4)

(2013) A616-A628



[24]

[25]

[26]

[27]

(28]

[30]

[31]

[32]

[33]

Chapter 8 References

G. Ning, R.E. White, B.N. Popov, "4 generalized cycle life model of rechargeable Li-
ion batteries”, Electrochimica Acta 51 (2006) 2012-2022.

G. Ning, B.N. Popov, “Cycle Life Modeling of lithium-Ion Batteries”, Journal of the
Electrochemical Society 151 (10) (2004) A1584-A1591.

K.A. Smith, C. D. Rahn, C-Y. Wang, “Control oriented 1D electrochemical model of
lithium ion battery”, Energy Conversion and Management 48 (2007) 2565-2578.

P. Singh, R. Vinjamuri, X. Wang, D. Reisner, "Fuzzy logic modeling of EIS

measurements on lithium-ion batteries”, Electrochimica Acta 51 (2006) 1673—1679.

P. Singh, R. Vinjamuri, X. Wang, D. Reisner, ”Design and implementation of a fuzzy
logic-based state-of-charge meter for Li-ion batteries used in portable defibrillators”,

Journal of Power Sources 162 (2006) 829-836.

R. Spotnitz, “Simulation of capacity fade in lithium ion batteries”, Journal of Power

Sources 113 (2003) 72-80.

V. Pop, H.J. Bergveld, P.H.L. Notten, J.H.G. Op het Veld, P.P.L. Regtien, “Accuracy
analysis of the State-of-Charge and remaining run-time determination for lithium-ion

batteries”’, Measurement 42 (2009) 1131-1138.

A.T. Stamps, C.E. Holland, R.E. White, E.P. Gatzke, “Analysis of capacity fade in a
lithium ion battery”, Journal of Power Sources 150 (2005) 229-239.

M. Safari, M. Morcrette, A. Teyssot, C. Delacourt, “Multimodal Physics-Based Aging
Model for Life Prediction of Li-lon Batteries”’, Journal of The Electrochemical Society
156 (3) (2009) A145-A153.

J-W. Lee, Y K. Anguchamy, B.N. Popov, “Simulation of charge—discharge cycling of
lithium-ion batteries under low-earth-orbit conditions”, Journal of Power Sources 162

(2006) 1395-1400.

M. Swierczynski, “Lithium ion battery energy storage system for augmented wind

power plants”, PhD Thesis, Aalborg University (2013)

M. Swierczynski, D.I. Stroe, A.L. Stan, R. Teodorescu, H. Vikelgaard, “Selection and
impedance based model of a lithium ion battery technology for integration with virtual

power plant”, 15" European Conference on In Power Electronics and Applications

(EPE) (2013), p1-10.

97



Chapter 8 References

[35]

[37]

[38]

[40]

[41]

[42]

[43]

[46]

98

D.-1. Stroe, M. Swierczynski, A.-I. Stan, V. Knap, R. Teodorescu, S.J. Andreasen,
“Diagnosis of lithium-ion batteries state-of-health based on electrochemical impedance
spectroscopy technique”, Energy Conversion Congress and Exposition (ECCE), (2014)
IEEE, 2014, in press.

M. Kassem, J. Bernard, R. Revel, S. Pélissier, F. Duclaud, C. Delacourt, “Calendar
aging of a graphite/LiFePO, cell”, Journal of Power Sources 208 (2012) 296-305

J. Wang, P. Liu, J. Hicks-Garner, E. Sherman, S. Soukiazian, M. Verbrugge, H. Tataria,
J. Musser, P. Finamore, “Cycle-life model for graphite-LiFePO, cells”, Journal of
Power Sources 196 (2011) 3942-3948

M. Fleckenstein, O. Bohlen, M.A. Roscher, B. Baker, “Current density and state of
charge inhomogeneities in Li-ion battery cells with LiFePO, as cathode material due to

temperature gradients”, Journal of Power Sources 196 (2011) 4769-4778

A123 Systems, Inc., “High Power Lithium Ion ANR26650M1A4”, Document No.
MD100001-02, April 2009

A123 Systems, Inc., “SAFETY DATA SHEET, High Power Lithium Ion Cell,
Phosphate-Based”, Document No. SF000003_16, Revised 2009-10-13

“Series 4000 - Industry Standard Automated Cell and Battery Test System”,
http://www.maccor.com/series4000.php, accessed 2011-12-28.

“Reference 3000 Potentiostat » Gamry Instruments”,

http://www.gamry.com/products/potentiostats/reference-3000, accessed 2011-12-28.

M. Dubarry, V. Svoboda, R. Hwu, B.Y. Liaw, “Incremental Capacity Analysis and
Close-to-Equilibrium OCV Measurements to Quantify Capacity Fade in Commercial
Rechargeable lithium Batteries”, Electrochemical and Solid-State Letters 9 (10) (2006)
A454-A457.

I. Bloom, A.N. Jansen, D.P. Abraham, J. Knuth, S.A. Jones, V.S. Battaglia, G.L.
Henriksen, “Differential voltage analyses of high-power, lithium-ion cells 1. Technique

and application”, Journal of Power Sources 139 (2005) 295-303.

L. Bloom, J. Christophersen, K. Gering, “Differential voltage analyses of high-power
lithium-ion cells 2. Applications”, Journal of Power Sources 139 (2005) 304-313.

L. Bloom, J.P. Christophersen, D.P. Abraham, K.L. Gering, “Differential voltage
analyses of high-power lithium-ion cells 3. Another anode phenomenon”, Journal of

Power Sources 157 (2006) 537-542.



[49]

[50]

Chapter 8 References

I. Bloom, L.K. Walker, J.K. Basco, D.P. Abraham, J.P. Christophersen, C. D.
Ho,”Differential voltage analyses of high-power lithium-ion cells. 4. Cells containing
NMC”, Journal of Power Sources 195 (2010) 877—-882.

F. La Mantia, J. Vetter, P. Novak, “Impedance spectroscopy on porous materials: A
general model and application to graphite electrodes of lithium-ion batteries”,

Electrochimica Acta 53 (2008) 4109—4121.

W. Prochazka, G. Pregartner, M. Cifrain, “Design-of-Experiment and Statistical
Modeling of a Large Scale Aging Experiment for Two Popular Lithium lon Cell
Chemistries”, Journal of Power Sources 160(8) (2013) A1039-A1051

J.R. Belt, C.D. Ho, C.G. Motloch, T.J. Miller, T.Q. Duong, “4 capacity and power fade
study of Li-ion cells during life cycle testing”, Journal of Power Sources 123 (2003)
241-246

K. L. Gering, S.V. Sazhin, D. K. Jamison, C. J. Michelbacher, B. Y. Liaw, M. Dubarry,
M. Cugnet, “Investigation of path dependence in commercial lithium-ion cells chosen
for plug-in hybrid vehicle duty cycle protocol”, Journal of Power Sources 196 (2011)
3395-3403.

99






	Tom sida
	Tom sida
	Paper_IV.pdf
	Non-uniform aging of cycled commercial LiFePO4//graphite cylindrical cells revealed by post-mortem analysis
	1 Introduction
	2 Experimental
	2.1 Cycling/aging of commercial cells
	2.2 Electrochemical characterization of harvested electrodes
	2.3 Morphology and structure characterization

	3 Results
	3.1 Full-cell cycling and aging
	3.2 Visual and morphological observations
	3.3 Properties of the graphite negative electrode
	3.3.1 Electrochemical evaluation: capacity and EIS
	3.3.2 Composition of the graphite by EDX and XPS/HAXPES

	3.4 Properties and utilization of the LiFePO4 positive electrode
	3.4.1 Electrochemical evaluation: capacity and EIS
	3.4.2 Bulk composition by XRD


	4 Discussion
	4.1 Constant current aging
	4.2 HEVC aging

	5 Conclusion
	Acknowledgment
	References


	Tom sida
	Tom sida


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




