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For the battery industry, quick determination of the ageing
behaviour of lithium-ion batteries is important both for the
evaluation of existing designs as well as for R&D on future
technologies. However, the target battery lifetime is 8-10 years,
which implies low ageing rates that lead to an unacceptably
long ageing test duration under real operation conditions.
Therefore, ageing characterisation tests need to be accelerated
to obtain ageing patterns in a period ranging from a few weeks
to a few months. Known strategies, such as increasing the
severity of stress factors, for example, temperature, current, and
taking measurements with particularly high precision, need care
in application to achieve meaningful results. We observe that

1. Introduction

Lithium-ion batteries (LIBs) have been the technology for mass-
produced battery electric vehicles in the last decade.” Long
operating times of more than 1 million miles (1.6 million km)
and over two decades® are expected to be possible with a
conservative cell design. However, the increase in energy
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this challenge does not receive enough attention in typical
ageing studies. Therefore, this review introduces the definition
and challenge of accelerated ageing along existing methods to
accelerate the characterisation of battery ageing and lifetime
modelling. We systematically discuss approaches along the
existing literature. In this context, several test conditions and
feasible acceleration strategies are highlighted, and the under-
lying modelling and statistical perspective is provided. This
makes the review valuable for all who set up ageing tests,
interpret ageing data, or rely on ageing data to predict battery
lifetime.

density is often accompanied by reduced durability, which is
why ensuring sufficient longevity is of particular interest.
Although such long lifetimes are already achieved, economic
competition demands much faster integration of new technical
developments. The usual vehicle development process from
early stages to the start of production takes about three years.”
To be compatible with those product development time frames,
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the LIB design needs to be evaluated in just a few months or
even less.”’ However, in terms of lifetime, reliable character-
isation requires up to over a year of testing or even longer. In
addition, a lifetime estimation of LIBs is necessary at an early
stage of product development to underpin design decisions
and qualify long-term application performance, especially as
the LIB accounts for the largest part of the cost® of a battery
electric vehicle. Thus, ageing characterisation requires acceler-
ation to match the different time scales of product develop-
ment, operating time and ageing rates of LIBs.

The goal of accelerated lifetime investigation can be
summarised as characterising ageing, i.e. identifying and
quantifying it, in a short period of time. In general, there are
two strategies to achieve this goal. The first is to increase the
accuracy of the measurement to quickly detect even the
smallest degradation without accelerating the ageing mecha-
nisms themselves. This is referred to as high precision measure-
ment (HPM). The second strategy is to accelerate the ageing
mechanisms and to make the degradation proceed faster by
intensifying stress factors during operation, such as temperature
or applied current. We refer to this in the following as
accelerated ageing method (AAM).

Combining these two test strategies with a model, ranging
from a simple linear extrapolation to more sophisticated
approaches, enables lifetime performance prognoses of LIBs.
Thus, the time-limiting factor, especially for industry, is the
duration of the experiments using AAM and / or HPM. This will
be addressed in this review, together with important issues to
consider during testing. Thereby, three key questions arise:

1. What is the minimum duration of a test to capture the
relevant reversible and irreversible effects with a certain
level of accuracy?

2. What are the promising test strategies, and what are the
limitations of a specific test strategy, for example extreme
stress factors?

3. How do we model the accelerated ageing aiming at reliable
and fast predictions that can be transferred to normal
operating conditions?

As the lifetime and degradation of lithium-ion batteries are
highly relevant, there is published work that addresses ageing
mechanisms and ageing effects at the cell or system level”""
and ageing-related test methods."> Furthermore, there are
reviews on specific stress factors,">'® as well as operation™
and fast charging strategies.”®*" However, to the best of our
knowledge, there is no work reviewing the literature with a
special focus on methods for accelerating the ageing character-
isation. We hereby concentrate on the cell level, while ageing
on the module or system level is out of the scope of this
review.

The review is structured as follows. In Section 2, we provide
definitions and basic terminologies of battery ageing and
accelerated ageing characterisation with respect to an unaccel-
erated reference case. In Section 3, various characterisation
methods are presented and compared. General remarks on cell
characterisation are provided in Section 3.1. Different test
strategies for calendar and cycle life tests are discussed later.
Associated methods, ranging from high-precision tests to post-
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mortem analysis, are discussed regarding their ability to achieve
a fast and reliable ageing characterisation in Sections 3.2 to 3.4.
This includes the risk assessment of accelerating ageing tests to
trigger additional ageing mechanisms and a critical analysis of
acceleration limits. In Section 3.5, the review concludes with a
modelling and statistical perspective, analysing the estimation
and prediction precision of the proposed models as a function
of the experiment duration and the number of cells tested.

2. Definitions

In the literature, there is no uniform use of terms regarding the
ageing characterisation of lithium-ion cells. In the current state-
of-the-art, many definitions are used synonymously or contra-
rily. Section 2 explains important principles and defines relevant
terms to establish a common understanding. When a new term
is introduced, it will be highlighted in bold and in italics.
Subsequently, they are accentuated in italics. Table 1 conclu-
sively summarises the introduced terminologies.

2.1. Definition of Ageing

Commonly, ageing is defined as a decrease in usable capacity
or energy and an increase in impedance, further denoted as
ageing effects. The current battery condition relative to the
pristine state is quantified by the state of health (SoH), whereby
an SoH of 100% indicates the pristine condition. During service
life, ageing is reflected by an alteration of the SoH. Once a
predefined threshold for usable capacity and resistance is
exceeded, a cell has reached its end of life (EoL). The EoL for
mobile applications, such as battery electric vehicles, is usually
defined with 70 to 80% remaining capacity®" or 150 to 200%
internal resistance,”** depending on the manufacturer and the
use case’s requirements.

During lifetime tests, ageing is typically tracked over time
and charge throughput. A standard measure for the latter is the
number of equivalent full cycles (EFCs), defined as the total
amount of charge throughput related to the initial or nominal
capacity of the cells of a complete charge and discharge cycle
under standard conditions at beginning of life (BoL). We refer to
time and charge throughput as ageing variables since they act
as a reference with the progress of battery ageing. The
observable ageing effects originate from various chemical and
physical mechanisms from the molecular to the macroscopic
level.”** These mechanisms, subsequently called ageing
mechanisms, depend on the operating conditions to which the
battery is exposed.

The operating conditions, for example, the applied current,
cell temperature, depth of discharge (DoD) or intermediate idle
periods, are denoted as stress factors. These factors affect the
cell electrically, thermally, chemically, and mechanically, thus
determining its degradation. Hence, different stress factors or
their combinations trigger different ageing mechanisms, which
occur during battery operation (cyclic ageing), as well as during
idle periods (calendar ageing). The ageing rate can be
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Table 1. Definitions related to the accelerated ageing characterisation of LIB.

Defined terms

explanations and associated variable/aspect level

stress factors
unaccelerated reference
acceleration techniques

sweet spot
the unaccelerated reference

SoC, DoD, temperature, C-rate, continuous cycling
load condition as in the application without acceleration
accelerated ageing method (AAM) high precision measurement (HPM)

highest consistent ageing rate in the accelerated test referring to

operational level

ageing mechanisms
degradation modes
ageing effects
irreversible ageing

reversible ageing
(e.g. anode overhang effect)

apparent ageing
ageing trends
ageing rate
ageing variables

reference performance test (RPT)
quantify ageing effects

lithium plating, transition metal dissolution, SEI formation
loss of lithium inventory (LLI), loss of active material (LAM)
capacity decrease, resistance increase

ageing effects due to degradation modes

reversible ageing effects that are not referred to degradation modes

superimposed reversible and irreversible ageing effects
linear or progressive curve trends

velocity or intensity of the occurring degradation
charge throughput (e.g. EFC) and time

characterisation of the cell condition during ageing test to

phenomenological level

model conception

effect modelling, model-based extrapolation, statistical modelling

modelling level

transferability

consistency

comparability of unaccelerated reference and accelerated experiment

similarity of the ageing effects and degradation modes

transmission level

interpreted as the velocity or intensity with which ageing
progresses. The impact of stress factors on ageing will be
reviewed and discussed in detail in Section 3.3.

In general, the ageing behaviour or ageing trend of a
lithium-ion cell exhibits two sequences as indicated by the blue
and red curve in Figure 1. Initially, the cells age with linear or
approximately linear behaviour. During operation, several
ageing mechanisms might act simultaneously, and thus the cell
condition could change. As a result, the dominant mechanism
can vary throughout service life, causing a transition in the
ageing trend. Hence, a sudden, strongly nonlinear degradation
might occur in the second stage. Such a transition is often

remaining capacity

test progress

Figure 1. Schematic ageing trends of lithium-ion batteries: low initial ageing
rate with an early knee point (blue), moderate initial ageing rate with no
knee point within the considered time frame (orange), high initial ageing
rate with a late knee point (red).
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called roll-over or knee point for progressive capacity fade and
elbow for progressive resistance increase.”?*=" As schematically
illustrated in Figure 1, initial degradation can occur at different
ageing rates. This degradation rate depends on the applied
stress factors and the cell chemistry examined.

Accelerated ageing characterisation aims to shorten the
experiment duration by increasing this initial ageing rate or
extrapolating the measured degradation based on a model.
Hence, the accuracy and uncertainty of such predictions
strongly depend on the progress of the test at which the
forecast is made, with early predictions being more affected by
the measurement error than later predictions. In addition, early
predictions do not allow for an estimate of the continuously
increasing ageing spread due to production-related cell-to-cell
variations.

Moreover, the initial ageing rate does not allow any
conclusions to be drawn about the potential occurrence of a
knee point or the time of its event. Although a cell might
degrade at a low or moderate speed at the beginning of its
service life, a knee point can occur earlier than for a cell
showing a higher initial ageing rate; compare the blue and red
graphs in Figure 1. Furthermore, a knee point does not
necessarily have to occur in the period under consideration, as
the orange graph in Figure 1 indicates.
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2.2. Definition of Accelerated Characterisation

Accelerated testing aims at reducing the test duration for
ageing characterisation without altering the results for lifetime
prediction under unaccelerated conditions. Therefore, an unac-
celerated reference scenario needs to be defined with respect
to the degradation progress and the necessary test time. With
respect to automotive applications, it is common to use a daily
or weekly driving pattern as a reference case,**?? as it
reasonably reflects driving habits. These tend to include
primarily short trips and thus low DoD with long resting periods
of several hours to several days in between, as shown from
mobility data analysis.®?” Consequently, the vehicle and, hence,
the battery is idling most of the time. This means that the test
duration would correspond to the service life to be demon-
strated, which is generally set to 15 to 20 years.>**** Within
the given time frames for application development of around
36 months™ and the rapid technological progress,” this is not a
viable approach.!

As described in the Introduction, we differentiate between
two main approaches to achieve the desired accelerated
characterisation and, thus, the reduction in test time: high
precision measurements HPM and accelerated ageing methods
AAM. The former intends to shorten the test time by increasing
the measurement accuracy to detect ageing mechanisms at an
early stage™®” which are not observable with ordinary equip-
ment. The measured ageing behaviour is then extrapolated
based on a dedicated model.*" Consequently, the physical
experiment can be terminated prematurely compared to the
unaccelerated reference test. In contrast, AAM strives to amplify
the ageing mechanisms that occur and thus accelerate the
ageing progress without manipulating the ageing behaviour.
For this purpose, intermediate idle periods are omitted, and/or
stress factors are intensified by, e.g. elevated currents or
temperatures, as will be discussed in the following sections.
Commonly, only one stress factor is varied at a time to isolate its
impact on ageing behaviour. Subsequently, combining several
stress factors at the same time could maximise the acceleration
of ageing.

As a fundamental prerequisite, lifetime prediction based on
experimental data always requires, implicitly or explicitly, a
model conception. Hence, ageing not only has to be tested, but
also has to be modelled to infer from a short-term experiment
to long-term ageing behaviour.

2.3. Limits of Acceleration

One of the most important considerations is how much the
ageing characterisation can be accelerated without altering the
results for lifetime prediction. This is true for both HPM and
AAM, although the limitations differ. In this context, it must be
noted that we refer only to common operating conditions in
this work. Extreme scenarios and abuse tests are not taken into
account.

The HPM, on the one hand, is limited in terms of data
accuracy. It is necessary that all occurring effects are detectable
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within the measurement data and that the model is able to
extrapolate those effects adequately. On the other hand, it is
limited to the minimum test duration required to provide
enough data for lifetime extrapolation. In this regard, a crucial
issue refers to determining the time at which sufficient data is
accessible to appropriately parameterise the chosen model and
hence reliably predict ageing. Both aspects are equally serious
challenges with respect to the strong non-linearity of the
ageing behaviour.

In contrast, the major challenge of AAM is to exactly amplify
the ageing mechanisms that occur during the unaccelerated
reference case without altering causality or causing additional
ones. Consequently, limits arise beyond which the ageing
behaviour changes, and consistency with the reference is no
longer maintained. This means that, for example, under
accelerated testing conditions, an initial linear ageing trend
becomes progressive, as the dominating ageing mechanism
switches and, therefore, might cause a knee point. Identifying
those acceleration limits poses a massive challenge due to the
highly complex cell behaviour and the partially non-linear cell
characteristics, especially under manifold load conditions.
Furthermore, those limits will not be valid across the board, but
will depend heavily on the cell chemistry, properties, and
manufacturer. Acceleration trends and limits are identifiable for
individual groups of cells, such as specific cell chemistries or
high-power and high-energy cell topologies, when comprehen-
sive experimental ageing studies are conducted and carefully
evaluated.”>*?

In addition to the difficulty of ensuring consistency in the
ageing mechanisms for the AAM method, as well as the high
requirements on data quality for the HPM method, the
challenge of transferability to the real unaccelerated application
arises with both methods of accelerated ageing character-
isation. This aspect addresses the question of how to translate
the estimated battery lifetime from a laboratory test set-up into
a real-world service life prognosis, for instance, the application-
related mileage of electric vehicles.**' For these reasons,
ageing cannot be accelerated indefinitely, and therefore stress
factors cannot be increased indefinitely. Therefore, in the next
section, optimal accelerated testing strategies will be discussed.

2.4, Optimum in Accelerated Characterisation

Accelerated ageing tests aim to find an optimal compromise
between shortening the test duration while preserving the
consistency and transferability of the test results. The optimal
acceleration points, which combine these two aspects, can be
identified with extensive test matrices to investigate the stress
factor related trends of ageing acceleration, but they are
strongly linked to the cell chemistry and cell characteristics.

For example, several studies??**%47] have discussed the
option of test acceleration by increasing charge and discharge
current rates (C-rates) and thus reaching a specified number of
cycles in a shorter period without altering the main occurring
ageing mechanisms. They showed that the degradation modes
are insensitive to the increased C-rates and therefore match the
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unaccelerated reference. On the contrary, for real-world applica-
tions, the optimal operating conditions are where the lowest
ageing effects occur. Hence, while accelerated ageing tests aim
for the highest consistent ageing rate, the objective of optimal
operational conditions in some real-world applications is the
longest possible service life and, thus, the lowest possible
ageing rate.

2.5. Disruptive Effects

During ageing tests, some effects need specific consideration,
as they hinder a straightforward interpretation of HPM and
AAM measurement data. In some way or another, they lead to
an apparent capacity loss. Apparent capacity refers to the
capacity loss that is measured during the test. However, this
might differ from the irreversible capacity fade, which is of
interest for characterising ageing if it includes a share of
reversible capacity reduction. So we need to distinguish
between the apparent capacity, including reversible effects, and
the real capacity. Such effects that impact the ageing character-
isation include the anode overhang effect and the path
dependency. They will be discussed in the following.

Anode overhang effect. Ageing results can be significantly
impaired by the anode overhang effect, which can distort the
capacity measurement.

The anode overhang is defined as the excess anode area
compared to the cathode area.”®*" The anode is designed to
be larger to allow alignment tolerance during production and
to avoid lithium plating at the edges of the anode electrode.
Additionally, if present, the double-coated anode that has no
counter-cathode on the inner or outer parts of the cell adds up
to the anode overhang. Therefore, lateral lithium ion transport
takes place mainly through the electrolyte and is composed of
diffusion due to concentration differences and migration due to
lateral voltage difference in the anode."**? The anode overhang
effect has its root cause in longer time constants of this ion
diffusion and migration compared to those of the charge and
discharge cycles. This means that the anode overhang is
(dis)charged with a time delay which might not be captured
during capacity measurement.

To understand the effect, one has to consider the state of
charge (SoC) before the test, which is typically around 20-30%
due to delivery restrictions following UN3480. In case of a lower
SoC during the ageing test, the active anode is charged by
lithium ions flowing from the anode overhang, leading to
capacity trends exceeding 100% or reducing irreversible
losses.*®#>3 |n case of a higher SoC during testing than at
delivery, the anode overhang reduces the extractable capacity
as lithium ions flow to the anode overhang. At low temper-
atures, the diffusion coefficients are reduced, causing this effect
to take several months to reach completion. A similar duration
is needed at higher SoCs as a result of the flat anode potential
curve, which leads to small voltage differences between the
active anode and the anode overhang. In contrast, at higher
temperatures and low SoCs, a few hours can be sufficient to

reach equilibrium.*? The anode overhang effect is fully
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reversible, cannot be deactivated®** and applies to all cell
chemistries with unequal electrode areas.

The anode overhang effect is most relevant at the
beginning of the test and if the SoC or average SoC is changed
during testing.”™ For full cycles, for example, the average SoC is
50% and therefore higher than the delivery SoC. In this case,
the anode overhang effect must be considered only once in the
beginning.***¥ In contrast, when performing shallow cycles
with different average SoCs or when the test includes rest
periods at another SoC, the anode overhang effect will be
triggered and therefore this effect must be considered through-
out the experiment.”” An example is given by Kabitz et al.””
shown in Figure 2, where the capacity increases when switching
to a lower average SoC (green) and decreases when switching
to a higher average SoC (red). Beyond that, Gyenes et al.*®
reported the same phenomena by means of coulombic
efficiency and visual inspections during post mortem analysis
(PMA).

Even though the quality of production nowadays is
significantly better, including low tolerance and intermittent
coating, anode overhang still significantly disturbs ageing tests,
especially accelerated ones. For tests with a low ageing rate, it
may be of the same order of magnitude as irreversible losses. In
the literature, this effect is often not considered and results
must be read carefully as conclusions might be misleading.
Similarly, a cathode overhang effect was observed for cells
comprising an LTO anode.®™ The share of silicon in a composite
with graphite will mainly influence the anode voltage curve
and, with this, the speed of equalisation currents. The cathode
materials have no significant influence on the effect.

To account for this effect during an ageing test, the
maximum error due to this effect can be estimated by
quantifying the excess anode area via cell disassembly or CT
measurements. This is usually up to a few (2-5) percentage
points of the nominal capacity. The smaller the cell, the larger
the anode overhang in relation to the cell size. Alternatively,
the introduction of a model is recommended. For equivalent
circuit modelling, the anode overhang can be approximated as
a capacitor with a long time constant depending on temper-

1,03
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1
‘A;l ——80% SOC OC
<,50,97 7 \ | 50% SOC CV
@ A, —e—~20% SOC CV
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50|80 |20 | 100 |50 |80 | 20 100 100 SOC/%
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Figure 2. Beside static calendar ageing tests at 20%, 50 % and 80% SoC, this
figure provides the curve in dashed blue varying the SoC. To highlight the
positive effect of a change to a lower SoC (green) and the negative effect of
a higher SoC (red). Reproduced from Kibitz et al.** with the permission of
Elsevier, 2023.
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ature, voltage difference, and size of the anode overhang. For
physicochemical models, one has to model not only a volume
element but also the entire morphology of the winding or
stacking. Promising model approaches are given by Azzam
et al.® Hildenbrand et al.*” Hiifner et al.*” and Fath et al.®”

For a relative comparison regarding the influence of, for
example, the current rate in a defined DoD window, the anode
overhang effect will contribute in a comparable way and the
relative change will exclude the anode overhang effect.

Finally, the anode overhang effect must be considered and
cannot be avoided after manufacturing. Its magnitude is only
defined by the SoC before and during the test, while the speed
is a function of the temperature and the difference in anode
potential. To avoid negative influences on testing, we recom-
mend performing tests without interruptions at random SoCs
and waiting until the anode overhang effect is equilibrated. In
case of fast testing, the anode overhang effect must be
modelled.

Path Dependency. In ageing studies of LIBs, calendar and
cyclic ageing conditions are commonly investigated under
isolated and constant ageing conditions. However, there is
evidence that the usage of constant conditions during the
whole test cannot adequately cover the diverse interactions of
different ageing conditions.®®? Instead, it is likely that there is a
path dependency that describes ageing patterns that are not
commutative. The history of the cell then has an influence on
the ongoing ageing mechanisms and ageing effects. Under
cyclic ageing conditions, path-dependent ageing was observed,
e.g. for continuous cycling conditions.***¥ In contrast, for
temperature, there are examples in which path dependency
was not observed in calendar ageing experiments.®>® Ageing
tests with drive cycles close to the application may induce a
more realistic combination of stress factors and lead to different
results for ageing. Even if path-dependent ageing is assumed
from the ageing effects, observations might be solely related to
a change in the corresponding ageing trajectory of the stress
factor and do not show real path dependency in ageing.”” It
should be acknowledged that a simple superimposition of
ageing effects will not always be valid. As path dependency in
ageing is complex and not well understood, clear recommenda-
tions of action cannot be given. For detailed information on
path dependency, the reader is referred to.1*®

3. Methods

Despite the need to obtain results quickly, the importance of a
thorough and holistic ageing analysis cannot be emphasised
enough. Doing so can lead to unexpected results, such as a
common inactive material (PET tape) that harms the cell® and
reveals the root causes of failure. In this section, methods are
presented to characterise calendar and cyclic ageing. It starts
with conventional reference performance test (RPT) measure-
ments that highlight critical aspects that must be considered
during testing. Then HPM and AAM are discussed, followed by
invasive methods to complement ageing tests. Their ability to
characterise ageing in a fast manner is discussed, respectively.
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The section concludes with the statistical perspective on
modelling and predicting ageing behaviour.

3.1. Cell Characterisation

In order to draw solid conclusions about the ageing phenom-
ena in LIBs, the use of standardised RPTs is of primary
importance in the execution of ageing experiments. Therefore,
we will subsequently discuss commonly examined character-
istics within a RPT and the ability to predict ageing using
extensive characterisation methods at BoL.

3.1.1. Cell Characterisation Over Ageing

The basic approach to ageing tests is to assess the SoH of a
lithium-ion cell regularly during steadily progressive ageing. By
performing an initial predefined RPT, information on the pristine
cell is retrieved, and a reference is set for any future ageing
effects. By performing a similar characterisation on a predefined
time or on a number of EFCs, the occurring ageing effects are
tracked. The repeated performance of RPT over ageing is
applied for accelerated or unaccelerated ageing tests where the
influence of a specific stress factor is investigated.

Previous work"?’*’" already provides an in-depth review of
non-invasive characterisation techniques. The most common
methods performed during an RPT for a LIB consist of three
main components:

e Capacity Measurement: A specific charge-discharge cycle
within the defined voltage limits at typically nominal C-rate
and temperature to obtain a reference capacity value, used
to estimate the SoH.

o Low-current Measurement: A specific charge-discharge cycle
at a very low C-rate (e.g., C/50) to obtain material-specific
electrode characteristics under a near equilibrium state. This
can also be used to track degradation modes using
incremental capacity analysis (ICA) or differential voltage
analysis (DVA).

o Resistance Measurement: Several direct current step pulses
in charge and discharge direction and electrochemical
impedance spectroscopy (EIS) measurements at different
SoCs to obtain information on internal impedance parame-
ters and power capability.

To obtain accurate information about occurring ageing
trends, these three elements are essential and cannot be
substituted for each other. However, some approaches use the
voltage hysteresis between charge and discharge” or the
average discharge voltage” as a proxy value for resistance rise,
which is especially interesting for silicon-based LIBs."¥ The
correlation between resistance rise and capacity fade is not
universal” but was reported for specific degradation modes. At
low ambient temperatures, the extremely shortened lifetime
can be correlated with irreversible processes leading to a strong
resistance increase.”*’® For cycling of nickel-containing cath-
odes at high temperatures, the capacity fade can be correlated
with resistance rise.”
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During the ageing test, cycling or storage is usually
interrupted to perform a RPT. These RPTs can also impact cell
ageing and alter the conclusions obtained. Furthermore, the
fact that each RPT itself can take a very long time increases the
overall test duration and impedes the feasibility of accelerated
testing procedures. Hence, for a more precise determination of
the actual available capacity under a certain investigated stress
factor, the frequency of these measurements must be chosen
carefully. The main objective is to acquire sufficient data points
throughout the progression of the ageing without unduly
disturbing it.®®"

The comparability of the values obtained from a RPT must
be ensured by fixing a single set of conditions regarding
temperature, C-rate, voltage range and cell compression. Thus,
it is not beneficial to completely omit characterisation measure-
ments for time-saving reasons and only use the capacity during
ageing cycles to evaluate the ageing trend. Although this would
reduce measurement time, comparability and precision are not
given, limiting the conclusions on ageing effects.

The manufacturer usually sets additional limitations on the
parameters in the data sheet. Taking these limitations into
account, the safety risks are minimised, and the reference
values can be obtained. For a better comparison between
different test series, it is recommended to adhere to close-to-
standard values commonly used in the literature, such as 1C or
C/3 at 25°C for the capacity measurement.”” However, since
the C-rate is not universally comparable, the energy content
must also be considered, especially when comparing high
energy and high power cells.®?

Furthermore, the duration of a RPT is determined by the C-
rates and the number of current pulses and pauses inves-
tigated. Hence, the most time-intensive step in a character-
isation test is the low-current measurement. Therefore, finding
the optimal compromise between time intensity and the
significance of the lowcurrent measurement is important when
designing characterisation routines. To do so, different low-
current measurements in an initial characterisation test can be
performed and analysed regarding the electrochemical informa-
tion contained.

The reduction in the duration and frequency of the
characterisation tests might not only lead to faster degradation
analysis and data reduction, but also result in a more precise
determination of the real available capacity under a certain
investigated combination of stress factors.

In addition to the electrochemical characterisation during
RPTs, thickness and pressure changes can serve as SoH
indicators. The irreversible thickness increase of the anode can
be linked to SElI growth and its lithium content®* This
corresponds to the cell thickness if the cathode shows only
minor changes in thickness. In contrast, Samad et al.® did not
find a linear correlation of force with capacity fade but used the
derivative of force with respect to charge similar to ICA as a
health indicator. Mohtat et al.®*® measured the change in cell
thickness under constant pressure within a cycle and cumu-
latively during cyclic ageing.

Although the irreversible expansion did not show a simple
correlation with the capacity fade, the correlation of the

Batteries & Supercaps 2024, €202300594 (7 of 37)

maximum reversible expansion with capacity fade is linear for
all of their tested ageing conditions. Because this expansion is
mainly due to the graphite expansion in the anode, the
reversible thickness change can be used as a reliable health
indicator as long as the loss of active material on the anode is
the dominant ageing mode.

While the thickness or pressure measurement during ageing
tests requires a special test rig, thickness measurement before
and after testing can be easily and inexpensively performed
with a calliper. Therefore, the authors recommend including
this simple method in every test.

3.1.2. Predictive Cell Characterisation

The RPT performed after production at BoL allows a detailed
investigation that can be used to assess initial cell quality,”®”
quantify cell-to-cell variations,®®* detect changes in cell
design,”® and identify damaged cells to discard them from
further testing. This results in a more consistent ageing
behaviour due to a lower initial variance.”” Typical components
to be assessed for cells already produced are open-circuit
voltage, capacity, weight, and resistance.”” In addition, non-
invasive imaging can be performed to detect defects and
production deviations. Examples are acoustic scanning
imaging® or computed tomography.®”** The main feature of
these methods is the short time required to provide insights.

In the initial characterisation, the starting values of quanti-
ties relevant to the degradation modes, such as usable anode
capacity, usable cathode capacity and initial electrode balanc-
ing, can be quantified by ICA and DVA using half-cell
measurements.?**! Already at BoL, this allows identifying the
potential for hidden ageing effects such as loss of lithium
inventory (LLI) compensation by an increasing delithiation of
the silicon anode material,”® cathode degradation hidden to
the overall capacity®®® or marginal ageing before triggering
severe ageing, such as lithium plating and consequential
rollover.”) Weng et al.®” showed that some of the parameters
mentioned above can already be extracted from the formation
data before starting an extensive ageing test.

Another important electrochemical metric for ageing pre-
diction is the rate capacity, in which the capacity at varying C-
rate is measured."™ The rate capability indicates the capacity
sensitivity of a given cell design to a change in C-rate. A
reduction in capacity translates into an increase in C-rate in an
ageing scenario with fixed current or power. Thus, a low
capacity decrease for increasing C-rates is an indicator of the
robustness to cyclic ageing."® As the capacity is always
measured in a fixed voltage window, the rate capability is
directly linked to a cell’'s impedance.

An advanced method to measure cell resistance or complex
impedance is EIS."™ EIS holds the potential for ageing
predictions in LIBs as it provides detailed information on the
ohmic resistances and reaction kinetics of cells and, in some
cases, the identification of the contribution of the anode and
cathode."™ As SoC and the temperature tremendously affect
the impedance of the cell™ they must be chosen and
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controlled carefully during the measurement. EIS has shown to
be a powerful tool for predicting differences in ageing
behaviour in groups of cells that seem to be identical by other
metrics, for example, 1 kHz impedance or nominal/measured
capacity.®>'®% |t has also been used in electrochemical design
studies to measure the impact of electrolyte compositions on
degradation®*’>"! or particle size distribution."® The impe-
dance measurement can even be related to the cell balancing,
as shown by Weng et al.'*

The electrical data obtained during the formation of LIBs
provides an insight into the electrochemical process of solid
electrolyte interphase (SEI) formation, more precisely the
reaction of the electrolyte components at the beginning of the
first charge, which can be quantified by the peaks in ICA.""
Quantifying the prevalence of certain reduction reactions allows
us to understand the impact of design parameters such as
electrolyte composition”""®"" on battery degradation. For
further prediction of the impact of cell design parameters and
formation protocols on battery degradation, coulombic effi-
ciency and self-discharge rate are well established metrics."”

3.2. High Precision Measurement Techniques

In this section, HPM techniques are presented where stress
factors are not increased with respect to the unaccelerated
reference. Thus, the ageing itself is not accelerated. Instead, the
acceleration in ageing characterisation is achieved merely by
measuring with high precision, which makes side reactions
detectable.

During ageing, parasitic side reactions occur that are not
part of the main reactions of reversible lithium exchange
between anode and cathode. In the following, we will clarify
the term parasitic reactions, referring to reversible and irrever-
sible shares, and discuss two promising HPM methods to assess
the ageing of LIBs. The investigated methods are float current
analysis (FCA) for calendar ageing and high precision coulom-
etry (HPC) for cyclic ageing, both based on a highprecision
current measurement.

3.2.1. Float Current Analysis

The float current analysis (FCA) is a method to determine
calendar ageing with a self-discharge experiment that measures
the current to keep the voltage constant.*® Self-discharge is
generally the voltage decay over time in idle mode.""*""¥ The
root causes of this decay can be mainly attributed to the slow
redistribution of lithium ions over the electrode area, such as
the anode overhang effect,*®%®"' to reversible shuttle reactions
leading to reversible loss of stored energy"' or to irreversible
side reactions, i.e. ageing."'”

In FCA, the voltage drop during self-discharge is converted
into a recharge current to keep the voltage constant. The
results of the open-circuit voltage and constant voltage
methods can be converted to each other using the dV/dQ value
at the respective voltage and temperature."'” After an initial
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transient period of constant voltage, both methods are equal
for lower SoCs and temperature where the voltage decay over
time is low and the recharge current is not expected to trigger
additional reactions.”*'">""”! The measurement of voltage decay
is more straightforward compared to the FCA. However, the
evaluation is more challenging as the dV/dQ value changes, on
the one hand, with temperature and SoC and, on the other
hand, with ageing. This becomes significant especially when the
voltage slope at the test SoC is very high, as is at the end of
discharge or the end of charge, especially for LFP cathodes.

In the following, we consider only moderate ageing
conditions concerning temperature and cell voltage, as are
expected for cells with a service life of more than ten years. The
measurement consists mainly of three phases as depicted by
Azzam et al.*? in Figure 3. After a transient phase of about one
month in total at 30°C, including less than one day for
polarisation (1) and up to 30days for the positive (b) or
negative (a) anode overhang effect (2), the float current of the
cell finally reaches steady-state (3). Thereby, it is reported”®"®
that the steady-state current shows a high correlation with the
capacity loss rate (Figure 4a). The origin of the capacity loss was
determined by evaluating the peak distances of anode and
cathode in dV/dQ, revealing mainly LLI and not loss of active
material (LAM). As the formation of SEI leads to LLI, the steady-
state current corresponds to the loss rate (slope: Ah/h) in the
representation of the remaining capacity over time. It increases
with higher cell voltage and temperature and follows the
Arrhenius law as exemplarily shown in Figure 4b.''®

However, Schulze et al."" showed only a relative correlation
for LFP/graphite cells with comparable trends and proposed
that SEI losses due to voltage slippery could only be measured

@ T Vol (b) A123at30°C
v oltage
i Float current <3
u/\....."'-.\ 2b..... 3 E
b 7 . ~30 days T
o 22 \\ h > 0 100
’ Time [d] Time [d]

Figure 3. (a) Three phases of float current analysis with (1) polarisation, (2a)
negative or (2b) positive anode overhang effect and (3) steady-state.

(b) An example of 30 days of floating for five voltages at 30°C for a lithium
iron phosphate (LFP)/graphite cell. The graphic is reprinted from Azzam

et al.*? under Creative Commons Attribution 4.0 license, CC BY.
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Figure 4. (a) Correlation results from capacity loss rate (RPT) and float
currents for a low, high and combined temperature profile. (b) 3D plot for
five voltages varied with temperature. The graphic is reprinted from Theiler
et al.""® under Creative Commons Attribution 4.0 license, CC BY.
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to a high extent if the slope of the anode voltage is significantly
greater than the slope of the cathode voltage curve. Lewerenz
et al.*® observed a strong counterexample where LFP/graphite
cells were held at 100% SoC. In this experiment, a reasonably
high current was measured. However, in this case, hardly any
recharge current is expected, as the voltage slope is high for
the cathode and negligible for the anode where delithiation
occurs due to SEI growth.

Jagfeld et al® demonstrated that the float current and
capacity loss increase with a higher active surface of the
electrodes, leading to higher float currents for high-power cells
compared to high-energy cell types. Thus, for calendar ageing
and float currents, the active surface and not the cell capacity is
relevant and scale, therefore, not directly with nominal capacity.

As ageing occurs on one electrode while the entire battery
is recharged, Azzam et al."*" derived a scaling factor from the
ratio of the voltage slopes of the anode to the full cell. It links
the resulting float current to the ageing of the anode and the
cathode, respectively. The authors could assign mainly anode
sidereactions from SEl growth to float currents at lower SoCs
and mainly cathode side-reactions to float currents at higher
SoCs where the anode potential is flat. The cathode ageing can
most likely be attributed to cathode lithiation caused by the
decomposition of the electrolyte at the cathode leading to an
increase in internal resistance."*? While SEI growth reduces LLI,
cathode lithiation would increase LLI and with this mask LLI
caused by SEI growth. This could explain the highest ageing
rate at about 80% SoC as reported, for example, by Rumberg
et all'

Thus, float currents represent cathodic and anodic effects
that could influence LLI positively and/or negatively. More
research is needed to assess the ageing and link the ageing
with the capacity loss rate and the specific electrodes.

In addition to the active materials, cells contain passive
materials that may lead to side reactions. For example, in cells
containing a PET tape that secures the jelly roll, a strong
shuttle-reaction was observed that significantly increases the
float current and disturbs the analysis."* Therefore, float
currents must be doublechecked for potential reversible
contributions before assigning the float currents solely to
ageing.

The reversible and irreversible nature of float currents can
be further assessed by performing a capacity test before and
after the floating experiment. As the discharge cut-off voltage is
defined solely by the anode and the charge cut-off voltage by
the cathode, one can assess the cathode, anode or coupled-
side-reactions using the end-point-slippage method. This can
be used for float currents.""”'**) Therefore, RPT tests before and
after floating are recommended once anode overhang effect is
equilibrated.

Assuming that the steady-state float current correlates with
ageing and the capacity loss rate, a fast characterisation can be
achieved by changing the temperature step-wise as shown in
Figure 4b for NCA/NMC vs. graphite/Si.

While the conventional ageing tests with regular RPT
measurements are influenced and distorted by the transient
part at every measurement point due to cycling and the anode
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overhang effect,”® FCA is influenced by transient parts only
once in the beginning after the RPT before the float
measurement.”? This leads to a higher measurement and
prediction precision, especially at the beginning of the test.
Further, compared to the conventionally used RPT-based
method with a sampling rate of typically 2 to 4 weeks at a
reference temperature, FCA assesses irreversible losses continu-
ously and directly at the test temperature, avoiding additional
ageing effects due to cycles during the RPT.

Theiler et al.""® showed for their investigated 2-3 Ah 18650
cells that the float currents are in the order of 1 to 10 pA at
10°C and rise to about 100 to 300 pA at 60°C depending on
the cell voltage (3-4.2 V). Therefore, especially for smaller cell
sizes, lower temperatures and SoC, high-precision equipment is
necessary that provides stable voltage and current over temper-
ature changes of the cells and the test device. Due to this
temperature-induced noise at the device and the cell, filtering
of the float current data becomes necessary and cannot be
simply averaged.

The increase in internal resistance does not show a
significant impact on the float currents, as Theiler etal.™®
demonstrated. A higher resistance leads only once to a higher
overpotential, while the voltage decay is measured continu-
ously. As the currents are sufficiently low, the overpotential
resulting from increased resistance is negligible compared to
the continuous voltage decay. Information about resistance
over ageing, however, can be obtained before and after the
FCA experiment in a RPT'"*""® and during the FCA using EIS at
the test voltage and the reference or test temperature. Data for
EIS at the test SoC combined with float currents have not yet
been published. EIS is beneficial as it allows the measurement
of the relative resistance change over time without changing
the SoC. However, comparing the float tests with EIS, obtained
not under reference conditions but at different SoCs and
temperatures, is challenging, as the EIS measurements reveal
strong dependencies on temperature and SoC. Thus, comparing
the results of different test conditions is more complicated and
has to be supported by a model.

For accelerated calendar ageing prediction, float currents
are a promising candidate for accelerated calendar ageing
prediction, especially for SoCs and temperatures close to an
application with a long battery life-time. However, a quantita-
tive correlation with capacity loss rate and SEI formation and
potentially cathode lithiation remains to be proven and requires
separating reversible and irreversible contributions to the float
current. Moreover, high measurement precision is necessary, as
slight deviations will lead to significant differences during
extrapolation. The duration until steady-state is reached
depends on the test SoC in the order of up to 30 days due to
the anode overhang effect for float voltages above 4V. An
appropriate model could achieve a prediction of the steady-
state before it is finally reached. This limitation will become
negligible for smaller anode overhangs due to better manufac-
turing processes. Thus, lifetime predictions should be possible
within weeks, but the literature has not yet proven this.
Moreover, FCA can help to find sweet spots with constant
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steady-state currents considering the stability of cells with
respect to the combination of voltage and temperature.

3.2.2. High Precision Coulometry

Coulometry is an essential analytical technique in electro-
chemistry that quantifies faradaic reactions by measuring the
total electric charge per cycle. With high precision coulometry
(HPC), capacity loss is quantitatively and precisely measured
over the first 20-30 cycles (3—-4 weeks) without any rest periods
and then extrapolated over the lifetime to assess the ageing
behaviour.!*

In modern cells, with typically long lifetimes, the capacity
loss during a testing time of some weeks is very low. Therefore,
a very high measurement precision is necessary. For example,
cells with cycle numbers greater than 1000 EFC before reaching
80% remaining capacity exhibit a charge loss over one cycle
(C/20) that is only <0.03%."* Thus, the precision of coulomb
counting must be better than 50 ppm to resolve the fourth
decimal digit of the coulombic efficiency with one sigma
accuracy. This is not achieved with standard but only with HPC
test benches.

During HPC, the cells are cycled at a constant and low C-
rate between set voltage boundaries that are typically the cut-
off voltages but can also be any other predefined voltage. The
effectiveness of the cell is then quantified by the coulombic
efficiency, which is determined by the ratio between the
discharge and the previous charge.*”

Generally, the discharge capacity Q4 is lower than the
charge capacity Q.. Assuming only parasitic side reactions, the
irreversible capacity loss per cycle is directly related to the
lithium consumed in the side reactions. As the cells are cycled
at low current rates, lithium loss is mainly caused by SEI
growth'?8 byt can also be related to loss of electric or ionic
contact of lithiated particles or lithium plating as a result of
high cut-off voltage or poor cell balancing.

For uniform cell behaviour, it is imperative to establish a
thermally stable environment, especially when the voltage
endpoints are reached, as temperature significantly influences
the overpotential and, therefore, the measurement of charge/
discharge capacity."**'*) Current measurement errors comprise
parts of the absolute and full-scale values. For utmost precision,
it is essential to use constant currents that are close to the full
scale values of the measuring device.'*'"'3% Thus, dynamic
profiles are, so far, beyond the scope of HPC.

For an accurate interpretation of the coulombic efficiency,
the influence of the anode overhang (see Section 2.5) should be
considered. Gyenes et al.”® showed that at the beginning of the
test, both an increase and a decrease in the coulombic
efficiency are observable (Figure 5), which they related to the
anode overhang effect. As depicted in Figure 5, all values are
higher than unity for the first 20 days, and it took 75 days to
reach a steady-state where active and passive anode have the
same SoC.

As low C-rates are used for HPC, the change in overpotential
is minimal, but the duration per cycle is comparably long and,
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Figure 5. Coulombic efficiency of aged lithium nickel manganese cobalt
oxides (NMC) pouch cells after 300 hours of open circuit storage at various
SoC at 40°C. The left panel shows full-scale data and the right panel shows a
zoomed-in view for the last 800 hours. The graphic is reproduced from
Gyenes et al.”® under Creative Commons Attribution 4.0 license, CC BY.

with this, the time for side reactions to occur. Thus, applying a
higher C-rate of C/10"%™33  compared to, e.g.
C/201058721071271281321341 may also lead to a higher coulombic
efficiency, as there is less time for side reactions. Burns et al."*?
found that doubling the C-rate from C/20 to C/10 reduced the
loss in coulombic efficiency by half. Smith et al."?” revealed the
same scaling with a reduction in the loss of coulombic
efficiency by a factor of 2.4 when increasing the current from
C/24 to C/10. Therefore, the duration of a cycle must be
considered when evaluating and comparing results for different
C-rates. A very low C-rate does not seem to improve the results,
while the results are achieved faster with C/10 compared to
C/20.

Due to the low currents, there is hardly any information on
the impedance change during ageing. Therefore, HPC is further
enhanced by adding EIS measurements. Burns et al.*” observed
that for two cells with different electrolyte additives and similar
coulombic efficiency, the one with half the charge transfer
resistance had a cycle life five times longer. This indicates that
coulombic efficiency alone is insufficient to predict cell lifetime.
However, by combining both methods, the authors improved
the lifetime prediction. With one impedance measurement in
advance, they ranked the remaining lifetime of the investigated
cells based on their coulombic efficiency.

Due to the high precision in HPC, another method called
end point slippage is reported in the literature."** This method
can attribute side reactions to the individual electrodes. There-
fore, the coulomb counting must be measured continuously for
several full cycles, and the shifts at the end of charge and
discharge are tracked. An illustration is shown in Figure 6. The
shift on the left side AD is called discharge endpoint slippage,
and on the right side AC is named charge endpoint slippage.
Discharge endpoint slippage refers to side reactions at the
anode that consume active lithium, like SEI growth or lithium
plating. In contrast, charge endpoint slippage is assigned to
side reactions at the cathode, such as electrolyte oxidation that
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Vinax | enables a qualitative prognosis of their lifetime. In combination
with impedance measurement, these predictions can be
improved. For an understanding of anodic and cathodic side
reactions as well as reversible charge losses, the evaluation of
o the endpoint slippages is suitable. Furthermore, HPC can be
g used in a RPT-based test design for evaluating the coulombic
S efficiency. Then, the precise measurement is performed only in
— Qa RPT while during the ageing phase, stress factors are increased.

—— Op1

— Qa2

Vinin 1 3.3. Accelerated Ageing Methods
0 AD Qc +AC

Capacity

Figure 6. An illustration depicting the discharge endpoint slippage and
charge endpoint slippage of a lithium-ion cell. Reproduced from Smith
et al."* with the permission of IOP Publishing.

leads to additional active lithium in the electrode at the cost of
LiPFs decomposition and increased resistance. If both effects co-
occur, coupled side reactions are present between the anode
and cathode.""""*® The separation of charge and discharge
endpoint slippage is valid only if the anode slope defines the
discharge cut-off voltage and the cathode slope determines the
charge cut-off voltage. This is generally the case for standard
cell types and full cycles. Similar results for leakage capacities
can be obtained for voltage hold and voltage decay measure-
ments, suggesting that these methods are comparable in
determining the amount of side reactions."" HPC and endpoint
slippage assessment are also valuable for confirming similar
amounts of side reactions taking place."™ The study also
indicates that endpoint slippage evaluation may not be able to
quantitatively predict calendar ageing trends, as leakage
capacity recorded during the hold may overestimate the
irreversible capacity loss, and direct extrapolation of these
methods may have limitations."" This implies that while HPC
and endpoint slippage can provide insight into degradation
mechanisms, their direct extrapolation may have limitations
and caution must be exercised when using these methods to
predict long-term battery lifetime.

Further, isothermal microcalorimetry, which measures the
heat flow of parasitic side reactions, can enhance the early
ageing characterisation. Higher parasitic heat flow can be
correlated with lower coulombic efficiency and charge end
point slippage, as well as to impedance increase and capacity
fade.''*371% Eldesoky et al."*” could even attribute the meas-
ured heat flow to the reactions that occurred on the individual
electrodes. Thus, isothermal microcalorimetry has the potential
to make predictions about battery lifetime, especially when
combined with HPC.

Overall, HPC is a suitable electrochemical method for
studying degradation modes in batteries. Detecting subtle
effects in modern, highly efficient cells requires a thermally
stable environment, precise charge measurement, and clearly
defined initial conditions. Coulombic efficiency provides infor-
mation about the ageing mechanisms at low C-rates within 3-4
weeks. Comparing the coulombic efficiency of different cells

Batteries & Supercaps 2024, 202300594 (11 of 37)

During calendar and cyclic ageing tests, different stress factors
can be applied to trigger particular ageing mechanisms and
accelerate cell ageing in a desired way. For a detailed discussion
of ageing mechanisms, their potential interaction and relation to
stress factors the reader is kindly referred to other review
articles.” ™" In this section, we discuss the stress factors SoC,
temperature, C-rates, and tests without rests for calendar and
cyclic ageing tests and how they can be used to accelerate
ageing characterisation with AAM. In this context, acceleration
compares to an application scenario in which the battery is
operated at an average SoC of around 50% with an average
DoD of 50%, a temperature of 25°C and moderate C-rates,
including many rest periods.

For each stress factor, we provide a table at the end of this
section summarising the ageing trends obtained in the
literature. It gives the cell properties and testing conditions
during ageing, the investigated stress factor, and how its
increase influences the ageing rate. This shows whether the
impact of the stress factor of interest on ageing behaviour is
consistent across the literature.

3.3.1. State of Charge

The SoC refers to the amount of capacity stored in a LIB relative
to a predetermined reference capacity; usually the nominal
capacity."™" It is directly related to the degree of lithiation and,
thus, the potential of the electrodes. Therefore, the (average)
SoC level will influence calendar ageing as well as cyclic ageing
behaviour.

In general, for graphite-based LIBs, the observable ageing
rate during calendar ageing is accelerated with increasing SoCs,
which is consistent with the observed behaviour in the
literature, as Table 2 shows. However, we must note that
occasionally the highest ageing rate is measured at 80% SoC, as
reported by Rumberg etal™ As it is not feasible to
continuously utilise LIBs at low SoCs, a trade-off must be found
between minimising accelerated ageing effects and ensuring
feasible operating conditions.

On the cathode side, particularly electrodes composed of
layered oxides contribute to the ageing effects. They display
increased degradation for storage at high cathode potential,
starting at a cell SoC of about 80%, especially in combination
with high temperatures."*® The reported ageing mechanisms
are oxygen release,"* electrolyte reaction,*? transition metal

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

U901 SUOLULLIOD BANIERIO 3|t idde aU) Ag paUBA0B 2 SIPILE WO ‘88N JO'S3INI 10§ AXRIGIT SUIIUO AB]IM UO (SUOIPUOD-PUB-SLLBYLLIOD™B | I A2Iq U UO//St1Y) SUORIPUOD PUE SWiB | 8Y1 89S *[Z202/0T/LT] U0 ARIqITaUIuO AB|IM " IMIISU| BUNS|e > Ad ¥6S00€202 T/Z00T OT/I0PALI0Y 5 | Im Azeiq) U U0 ado.ne-Ais iweyo;/sdny woiy papeoumocf'0 ‘£2299952



Batteries & Supercaps

Review

doi.org/10.1002/batt.202300594

Chemistry
Europe

European Chemical
Societies Publishing

Table 2. Ageing trends reported in the literature for increasing the storage SoC in calendar ageing tests while temperature T was constant for all tests. The
arrows " and \ indicate a faster and slower degradation with increasing SoC, respectively, while for — the change in the ageing trend is inconclusive for
the given conditions.
Reference Chemistry Form Cap n Tin°C Rest Testing SoCin % Change in
factor in at time in ageing rate
Ah days
Ecker.2012"79 NMC-C pouch 6 3 50 (35, 65) oc/ 500 20, 50, 80, 100 —
cv
Kabitz.2013% NMC-C pouch 10 2- 40,60 oc/ 400 20, 50, 80, 90, Ve
3 cv 100 — (for 50—
80%)
Hoog.20175? NMC-C pouch 20 3 (25), 35, N/A 600 20, 35, 50, 65, Ve
(45) 80, 100
Gasper.20231) NMC-C pouch 75 1 45, (55) oc 230-290 20, 50, 80, 100 Ve
Ecker.20142'7 NMC-C 18650 2.05 3 50 cv 400 0, 10, 20, 30, 50, 60, 70, 80, e
85, 90, 95, 100
Keil.2016"% NMC-C 18650  2.05 1 25, 40, oc 300 0, 5, 10, 20, 30, /' (25°C, 50-
(50) 60 %)
40, 45, 50, 55, — (25°C,
rest)
60, 65, 70, 80, /" (50°C)
90, 95, 100
Smith.2021%! NMC-C prism 50 1 (25), 45, N/A 325 10, 50, 90, 100 /" (10-90 %)
(55) \ (90-
100 %)
Lewerenz.20181 NMC-C prism 25 3- 50 v 400 9,19, 42, 65, 80 Ve
4
Belt.201112%® NMC/ 18650 1.2 5- 30 oC 290 30, 90 /
LMO-C 10
Bank.2022"? NMC-LTO pouch 10.6 1 60, 80 oC 125-275 5, 55,95 /!
Keil.2016!"%® NCA-C 18650 28 1 25, 40, 50 oC 300 0, 5,10, 20, 30, /" (25°C, 60-
70%)
40, 45, 50, 55, — (25°C,
rest)
60, 65, 70, 80, 50°C:
(50°C)
90, 95, 100
Wildfeuer.2023""*2 NCA-Si/C 18650 25 1 50 0oC 672 10, 20, 30, 40, 50, 55, 60, 65, /" (10-50%
70, 75, 80, 85, 90, 95, 100 and 70-85 %)
Keil.2016"%% LFP-C 18650 1.1 1 25, 40, oC 300 0, 5,10, 20, 30, — (25°C, 0-
(50) 40: 80-100%
40, 45, 50, 55, — (25°C,
rest)
60, 65, 70, 80, /" 50%
90, 95, 100
SarasketaZabala.2014®"  LFP-C 26650 23 1 40, (50) ocC 600 30, 70, 90 J
Schimpe.2017""#? LFP-C 26650 3 1 10, 15, 25, max. 234 0, 12.5, 25, /' (0-37.5:
35, 45,55 62.5-87.5 %)
37.5, 50, 62.5, 75, 87.5, 100 — (rest)
Kassem.20122% LFP-C cylin 8 3 30, 45, 60 150-250 30, 65, 100 — (30°0)
/" (45,60°C)
Lewerenz.2017" LFP-C cylin 8 3 25, 40, 60 150-850 20, 50, 80, 100 — (25°0)
/" (40, 60°C)
Cap - Capacity; C - graphite; prism prismatic cell; cylin — cylindrical cell; n — number of cells tested at each condition; OC - open circuit; CV - constant
voltage Conditions in brackets () mean that they were not tested in every combination.
Brackets () after the arrows give the range in which the ageing rate changes accordingly.
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- dissolution,"**! and transformation of the crystalline §i

£ £ structure.[">149 g

E g On the other hand, the graphite anode has a low electrode %

g 5 potential, which makes it thermodynamically unstable within %Ej
59 2 most common organic liquid electrolytes.™” This results in a
oE| g electrolyte reduction and lithium oxidation, forming an SEI that %

o serves as a protective passivation layer."* Increasing the cell ‘g

:Z SoC lowers the graphite potential even further in a stage-wise g

5 manner with constant voltage plateaus in each stage."* Hence, g

£ 8 % higher storage SoCs increase the amount of intercalated lithium %

g 3 § within the graphite structure. During calendar ageing, this %

8 =] © intercalated lithium reacts with electrolyte solvents diffused %

$ through the SEI, leading to gas formation and thickening of the g

. ° > SEl layer.l'®'>" §

% 3 s The addition of silicon in the anode does not fundamentally g
L. g' U é change the observed calendar ageing behaviour compared to %
J&| R 3 pure graphite anodes."* Cells comprising an LTO anode exhibit g

2 very little degradation®” i

g 5 The observed ageing trend during calendar ageing is widely :f

g é described as square root behaviour over time, with the fastest ’§

g S o capacity fade 9ccurring during the first weeks of storage based %
<E| @ 8 on the theoretical growth of SEL'*'>¥ 3

B However, Attia et al."™ challenge the unquestioned use of %

:§ the t*° dependency, as it often overestimates ageing at the g

% beginning while underestimating it in the long term. This %

& inaccurate estimation can be mainly attributed to the omission é

“é of the anode overhang effect, as described in 2.5, which greatly g

g é influences the measured capacity in the initial ageing stage. In s

B 2 particular, when cells are stored at very high or very low SoCs, ﬁ

% L:’ ;‘: an initial steep decrease or increase in capacity becomes visible, é‘

U = § which can be considered reversible. g

> The results of Kabitz et al.,® indicate that cells stored at g

”;2 SoCs within the same graphite voltage plateau display a similar g

i>,; _; ageing trend, whereas SoCs at lower voltage plateaus led to ;';:‘

3 5 stronger ageing effects. The results of Keil etal.'™ show a %

& ¢ c S similar ageing behaviour, in which cells stored at SoCs above El

E < E % 2 60% experienced an abrupt increase in ageing. However, the §

%d‘ £ g initially dominating anode overhang effect potentially strongly %

= g E influences this behaviour. g

< " -§ > S Figure 7a depicts the ageing trend for a calendar-aged cell g

> s 2 stored at 20% SoC, respectively 80% SoC extracted from Kabitz 5

< - & et al.” The cell stored at a low SoC of 20% exhibited an initial g
S| 3 ‘% £ increase in capacity, followed by an inflection point, after which gﬁ

. %d :é Ez the capacity decreases linearly. In contrast, the cell stored at é

8 % @ i 80% SoC initially experienced a sharp decrease in capacity, 3

§ 5 _i £ iév followed by a more gradual linear trend. This is explained by %
it ’ﬂi £ g the anode overhang effect, initially the primary effect influenc- =

- £ 5 2 ing capacity, leading to a sharp increase in capacity for the cell %:

_‘g g s % “é stored at 20% SoC and a rapid capacity decrease for the cell %

g d i:’ o) g @ stored at 80% SoC. As a result, an initial offset appears in the S

Y - gwg e capacity fading gradient, leading to an inflection point that 8

§ . jg% g indicates the subsequent dominance of the ageing trend by SEI g
£ ~ 5083 growth. 8
S " ﬁ ‘_é“; ; “Cﬁ Hence, neglecting the anode overhang effect leads to a g
< § o S e Sy misinterpretation of the SoC dependence for calendar ageing, %
% % % é%g ‘g as the initial reversible offset must be differentiated from €
E = - YooY irreversible ageing, especially at high and low SoCs. Taking into g
%
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Figure 7. a) Capacity loss trajectory for cells stored at 20% SoC and 80 % SoC
(Reproduced from Kébitz et al.*¥ with permission of Elsevier, 2023) b)
Calendar ageing for an NMC cell at different SoCs, indicating strong initial
offset due to the anode overhang effect. (Reproduced from Keil et al."*®
under Creative Commons Attribution 4.0 license, CC BY)

account the dominant anode overhang effect, especially in the
initial ageing stage, leads to the conclusion that a linear ageing
trend might predict the irreversible long-term ageing behaviour
during calendar ageing more precisely.

Figure 7b depicts the capacity fade for calendar-aged cells
at various storage SoCs and 25°C ambient temperature,
extracted from Keil etal™® Comparing the initial capacity
before storage with the initial capacity loss observed after
2.4 months reveals a notable difference. Especially for cells
stored above 60% SoC, the initial capacity loss is considerably
more distinguished than for cells stored below 60% SoC.
However, considering the subsequent capacity fading rate, it
becomes evident that the ageing rate decreases significantly,
particularly for cells stored above 60% SoC. This again indicates
that the initial more considerable discrepancy in capacity,
primarily stemming from the anode overhang effect, strongly
influences the early ageing stages as an offset. In contrast, the
subsequent irreversible ageing is less eye-catching.

Hence, the sweet spot of the stress factor SoC for accelerated
calendar ageing is found to be between 60% 90%. On the
contrary, accelerated cathode degradation is expected for cells

Batteries & Supercaps 2024, 202300594 (16 of 37)
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a) stored at 100% SoC™ thus altering the overall ageing
1.05 : . : behaviour. However, depending on the amount of excess
: —e—50C= 20%, T=45°C graphite active material, higher full cell storage SoCs can be
Q"' - utilised without reaching the SoC regime of highest capacity
% 14 fade, which highlights the importance of evaluating initial
~§ Ao ™ 4 battery characteristics, as mentioned in Section 3.1.1. Addition-
§ o ally, more accurate predictions on irreversible ageing effects are
g 035 possible considering the anode overhang effect and delivery
® SoC.

= Despite the increase in ageing with increasing SoC during
0.9 1 1 ' . : calendar ageing tests, continuous cycling within high and low
0 100 200 300 400 SoC windows leads to faster capacity fade. In contrast, for
Time in Days around 50% SoC, the lowest loss was reported in various
b) publications (cp. 3). Hence, during cyclic ageing, the utilised
SoC window appears to impact the occurring ageing effects
_ : immensely. For example, Jiang et al."®” found that cells cycled
— R with 100% DoD exhibited almost twice the capacity loss of cells
I P - cycled with low DoD (20% around 50% mean SoC) for an equal
%‘ : charge throughput. This effect was attributed to a higher
§ L 3\\\1_,/\ volume expansion during full cycles and more severe graphite

O | o before storage *\i" degradation-HSS]
_2 0.85[| —e—25°C 2.4 months | More precisely, the host materials undergo crystallographic
3 izzg 3 22:::: ‘\ transformation as a function of their lithiation, which is
@ 081 % »5:c 10.0 months associated with increased particle strain and particle
—*—50°C 24 months | : cracking.'®'® The volume expansion of the anode materials
0.75 1 iigg ‘;iﬁgﬂiﬂi : & leads to pronounced SEI cracking, restoring contact between
—%—50°C 10.4 months the lithiated graphite and the electrolyte. This again results in

0.7

more severe SEI growth and is accompanied by LLI and LAM on
the negative electrode.'®"

The effect of volume expansion is especially true for
negative electrodes containing silicon. Silicon exhibits a volume
expansion of up to 300% and is active at low full cell SoC. Thus,
cells cycled in low SoC regions suffer from a high loss of active
material on the anode."®*'®® This effect explains the different
ageing trend for silicon-containing cells in Table 3. As the
capacity loss of silicon highly dominates the overall capacity
fade,'* a high average SoC is beneficial for the lifetime. The
contradictory relations of materials with SoC need to be
considered when designing the test matrix to capture the
ageing behaviour comprehensively, as silicon degradation may
not be observed if no measurements are conducted in low-
average SoC."*?

At the cathode, LAM on the positive electrode is especially
prominent during cycling at high SoCs.'®™'® |n addition to
LAM, cycling at high SoCs leads to the dissolution of transition
metals and hence further accelerates SEI growth.”'®”

However, for LiFePO4/graphite cells, an opposing correla-
tion was found, as shallow cycling around 50% mean SoC led
to greater degradation due to the flat cathode voltage curve
and the voltage hysteresis of LiFePO4.['"*'¢8

Cycling within high SoC regions generally accelerates
degradation. However, this trend is not consistent throughout
the SoC range and for all results presented in the literature, as
Table 3 shows. Additionally, the DoD has an impact on the
ageing rate (cp. Table 4). In general, a higher DoD leads to a
higher capacity fade, which is more pronounced for NMC and
NCA cells than for LFP."? However, the impact of SoC on cyclic
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ageing is strongly correlated with other stress factors, which will
be discussed in more detail in the following sections.

It should be mentioned that the effect of increased calendar
ageing at high SoCs is always superimposed while performing
cyclic ageing tests. Hence, ageing models become necessary,
which aim to calculate the pure cyclic ageing effects.?*'%'7

3.3.2. Temperature

The environmental temperature condition in which a battery is
operated depends on the application and climate. However, the
internal temperature and the temperature distribution are
relevant for the cells’ ageing behaviour. This is determined not
only by external conditions but also by the cell-specific internal
heat generation and heat transport pathways toward the
thermal environment. External conditions thereby incorporate
the ambient temperature as well as the design and operating
strategy of a thermal management system, if present. In
contrast, internal heat generation depends on electrical current
and resistance as a function of SoC, SoH and temperature and is
affected by the chemistry and design of the cell. In the
following, the potential of temperature as a stress factor to
accelerate ageing is shown, first for calendar and then for cyclic

ageing, as well as the limits at which different ageing
mechanisms start to occur.

Calendar ageing is the simplest test case and shows high
reproducibility. The effect that increasing temperature acceler-
ates ageing is consistent in the literature, as Table 5 shows.
Several publications demonstrated the validity of the law of
Arrhenius for both capacity fade and resistance increase,
indicating an exponential relationship between temperature
and reaction rates.®'7°"" That means that all ageing mecha-
nisms related to parasitic side reactions and therefore ageing
itself are accelerated at higher temperatures. The most domi-
nant ageing mechanisms during calendar ageing are SEI growth
at the anode and, if combined with a high SoC, the transition
metal dissolution and electrolyte decomposition at the cathode.

This Arrhenius dependency of cell ageing on temperature
suggests the highest ageing rate at the highest possible
temperature. However, Lewerenz et al.!"'” for example, found a
massive spread in results at a testing temperature of 60°C for
cells that showed good reproducibility under normal operating
conditions. This increase in variation is one hint that a limit has
been exceeded and ageing is not accelerated in a desired
manner.

Besides accelerating the occurring ageing mechanisms, addi-
tional ones are triggered if the temperature exceeds a certain

Table 5. Ageing trends reported in the literature for increasing the temperature in calendar ageing tests while the SoC was constant for all tests. The
arrows " and Y\, indicate a faster and slower degradation with increasing temperature, respectively, while for — the change in the ageing trend is
inconclusive for the given conditions.
Reference Chemistry Form Capin n SoCin % Testing Tin°C Change in ageing
factor Ah time rate
in days
Ecker.2012""7 NMC-C pouch 6 3 50, 100 (20, 80) 500 (25), 35, 50, Ve
65
Kabitz.20135% NMC-C pouch 10 2-3 50, (100) 400 25, 40, 50, 60 /
Hoog.201752 NMC-C pouch 20 3 20, 35, 50, 65, 80, 500 25,35, 45 Ve
100
Ecker.20142'? NMC-C 18650 2.05 1-3 50 400 35, 40, 50 /!
Lewerenz.2018“ NMC-C prism 25 3-4 42 400 30, 40, 50 /
Smith.2021% NMC-C prism 50 1 30, 50, 60, 70 201-300 10, 25, 45, N\, (10-25°C)
55, 60 — (25-45°C)
/" (45°C-60)
Belt.2011%%® NMC/LMO- 18650 1.2 5- 60 320 30,40,50,60
C 10
Werner.2021%* NCA-C pouch 3 2 (20, 90) 35, 50, max. 700 40, 50, 60 Ve
65, 80, 100
Waldmann.2015b?*  NCA-C 18650 3.25 1 50 N/A 6, 23, 40, 60 \ (6-25°C)
— (above 25°C)
Wildfeuer.2023"5% NCA-Si/C 18650 25 1 10, 50, 70, 100 100-672 20, 35, 50, 60 e
Schimpe.2017"% LFP-C 26650 3 1 0, 12.5, 25, max. 234 10, 15, 25, /" (from 15)
375,50, 62.5, 35,45, 55
75,87,5,100
Kassem.2012%%%) LFP-C cylin 8 3 30, 65, 100 150-250 30, 45, 60 Ve
Lewerenz.2017"™ LFP-C cylin 8 3 50, 100 150-850 25, 40, 60 Ve
Gasper.20231*Y LFP-C prism 250 1 100 230-250 30, 45, 55 Ve
Cap - Capacity; C - graphite; prism prismatic cell; cylin - cylindrical cell; n - number of cells tested at each condition
Conditions in brackets () mean that they were not tested in every combination.
Brackets () after the arrows give the range in which the ageing rate changes accordingly.
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level. In cells containing the conductive salt lithium hexafluor-
ophosphate (LiPF;), for example, the SEl is thermally unstable at
temperatures above 60°C"” and reacts with the electrolyte or
active material."’? Independent of temperature, LTO anodes do
not exhibit significant degradation until 80 °C.>”

Looking solely at the individual components, the upper
temperature limit of LiPFg salt is 70°C and the upper temper-
ature limit for typical carbonate-based electrolyte components
is between 90°C and 120°C before they start to decompose.'?
This is in the range of the onset temperature for thermal
runaway."”® Thus, in this case, ageing is clearly inconsistent
with the unaccelerated reference and even poses safety risks.
Therefore, the maximum temperature for accelerated ageing
characterisation should be slightly lower than the temperature
at which thermal instabilities first occur but not higher to
ensure consistency and transferability. However, this upper
temperature limit depends on the exact composition of the cell.
With more stable electrolytes, such as those using LiTFSI salts,
good cycling performance is achieved even at 100°C. The
capacity fade follows the Arrhenius dependency and lifetime is
not limited by decomposition reactions, but by the permeation
of electrolytes through pouch seals."”*

The lower temperature limit with respect to ageing and
stability is defined by the melting point of the electrolyte, which
is, e.g. at —25°C for the binary EC/DMC (3:7) with 1 M LiPF,.""

Considering cyclic ageing, the Arrhenius law for parasitic
side reactions is still valid. However, it has to be taken into
account that heat is generated during operation, so that the
internal cell temperature is higher than the surface temper-
ature. Both reversible entropic heat generation and irreversible
Joule heating contribute to this effect. The latter is increasing
and becoming more dominant with a higher C-rate. Depending
on the kind of temperature control and operating conditions,
there is the risk of underestimating the internal cell temperature
and exceeding - at least in some regions - the maximum
temperature at which further ageing mechanisms are triggered.
For high C-rates and large cells, more than 10K internal
temperature differences can arise."’®

Diao et al.*” recommend 60°C for accelerated ageing tests
as capacity fade and impedance increase were highest at those
temperatures for their LCO/graphite pouch cells. The empirical
model they developed could capture the ageing behaviour for
different temperatures. However, they did not verify the ageing
conditions for consistent ageing mechanisms. Gao et al.*®
investigated the dominant ageing mode responsible for the
knee-point. They found LAM at the anode decreasing with
increasing temperature while LAM at the NMC cathode became
more dominant with rising temperatures until 45°C. However,
they did not test at temperatures higher than 45°C and
therefore did not specify a maximum temperature for accel-
eration.

Tan et al."”” found consistent ageing mechanisms for their
LFP cells even at 60°C.

Jalkanen et al."’® cycled 40 Ah pouch cells at room temper-
ature, 45°C, and 45°C/65 °C, respectively. Postmortem analysis
showed that the increased resistance and capacity fade with
higher temperature result from alterations of the graphite

177,
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anode, separator, and amount of residual electrolyte. These
effects were stronger with increasing temperature. However,
only for high-temperature cycling at 65°C, the NMC cathode
exhibited particle cracking and delamination. Thus, by trigger-
ing this additional ageing mechanism, the limit for accelerating
ageing by increasing temperature was exceeded.

Agyei Appiah et al."’? suggested using a physicochemical
model to identify the maximum temperature for cycling LMO/
graphite cells. Validated with cycling data, they found that the
maximum temperature and, therefore, the optimum temper-
ature for accelerating ageing is 45 °C. Until this temperature SEI
growth is the most dominant ageing mechanism, while
manganese dissolution becomes more dominant at elevated
temperatures.

Besides the higher ageing rate at higher temperatures,
cyclic ageing is also more severe at lower temperatures. Wang
et al."® for example, showed that a different ageing mechanism
occurs when a cell is cycled at 0°C compared to cycling at
temperatures above 15°C. This acceleration of ageing during
charging is typically associated with lithium plating due to
lower state diffusion coefficients and reaction rate constants.!'”!
An additional exponential function can describe this
behaviour.”"®""® Syperimposed with the Arrhenius law, this
leaves an optimum temperature for cyclic ageing with accel-
erated ageing at both higher and lower temperatures, as
visualised in Figure 8. The change in slope clearly marks a
transition in ageing mechanisms.'”® However, this optimum
temperature and ageing rates change with C-rate and state of
health as well as cell chemistry and designs.*? Additionally,
it was reported to be different for capacity fade and impedance
increase.'®!

Table 6 shows that the effect of increasing temperature is
consistent in the literature. However, there are a few studies in
which the cells do not exactly exhibit the behaviour mentioned
above. Instead, there are limited temperature ranges in which
the temperature does not significantly affect the ageing rate.

Additional temperature effects need to be considered
during cycling. Ruiz et al™® found different dependencies of

-3
13 ( 107
-12f ) - 1
y Ay -exp(—=B; - T) + Ay -exp(B,y - T)
-10+ \ Experimental Data |
9r Ageing function 1

ACq EFC [ %

0 12.5 25 37.5 50
Temperature / °C

Figure 8. Ageing rate depending on temperature. The graphic is reprinted
from Werner et al."® under Creative Commons Attribution 4.0 license, CC
BY.
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the ageing rate on the charging and discharging temperature
for an LFP pouch cell. The charging temperature had a greater
impact on the ageing than the discharging temperature.
Furthermore, the temperature effects on the ageing mechanisms
and ageing effects cannot be isolated, but must be considered
interdependently with electrical current and SoC. Cycling at
different temperatures, for example, results in varying over-
potentials which are lower at higher temperatures. Hence, the
same upper cut-off voltage is reached at a higher SoC, which
increases the risk of particle cracking at the cathode as an
additional ageing mechanism.®"

Furthermore, other effects lead to additional ageing mecha-
nisms and acceleration limitations. External temperature control
combined with internal heat generation inevitably leads to an
inhomogeneous temperature distribution and, therefore, to
non-uniform ageing mechanisms."® If the temperature gradient
parallels the electrode layers, the overall ageing roughly follows
the respective average temperature,”"® while a gradient
perpendicular to the layers leads to accelerated ageing.'®” For
this scenario, Fleckenstein et al."® found by simulation that the
ageing corresponds to an average internal cell temperature
plus 10% of the maximum temperature difference.

Furthermore, Carter et al."® proved on coin cells that the
directionality of a temperature gradient determines at which
electrode ageing mechanisms are dominant. A temperature
difference between the electrodes of only 2 K showed signifi-
cant effects. Moreover, they showed that lithium plating occurs
when the anode is slightly colder than the cathode, even at an
average temperature of 35°C and a current of C/5.

As mentioned above, plating is usually associated with low
temperature and high charging current. Still, temperature
transients during charging can trigger plating even at higher
temperature levels. ' This effect can be related to the inter-
electrode temperature difference when the anode has a lower
temperature than the cathode. However, these mechanisms are
highly in homogeneous and have not yet been well under-
stood.

Overall, temperature is — within certain limits and very few
exceptions - a stress factor very well suited to accelerate the
occurring ageing mechanisms. The acceleration follows expo-
nential functions, which may have different pre-exponential
coefficients and activation energies depending on the specific
cell chemistry. The possibility of temperature gradients and
transients should be considered during the test setup and data
evaluation. Especially the interdependencies with electrical
current, SoC, and heat generation have to be taken into
account.

3.3.3. Current Rates

If the LIB is operated with sufficiently low current rates, the
ageing mechanisms and ageing effects closely match the
calendar ageing at the respective temperature and average
SoC. This is especially true for high temperatures."” Then, time
is the more relevant ageing variable compared to charge
throughput. This changes gradually with higher C-rates.'®”

Batteries & Supercaps 2024, 202300594 (21 of 37)

Thus, increasing the current rate has an accelerating
momentum on the test duration. For cyclic ageing tests, the
charge throughput is commonly used as ageing variable, and
with an increased current rate, a higher charge throughput and,
thus, a higher number of EFC can be reached in the same
period of time.

For the acceleration of actual ageing, a higher C-rates
increases the mechanical stress on the active materials. They
are coupled with faster and more inhomogeneous volumetric
changes as a result of the increased intercalation rate of lithium
ions. This mechanical stress has been reported to cause
fractures, cracks, and contact loss between particles in the
electrode and binder, resulting in contact loss between particles
and current collectors."**'%'%! These processes lead to LAM and
LLI. In addition, exposure of the cracked particle surface to the
electrolyte leads to electrolyte decomposition and active
lithium consumption (LLI)."" These factors have been re-
ported to increase gradually with C-rates.

Consequently, in many studies, ageing was accelerated with
increasing C-rates, as Table 7 shows. A lifetime performance
investigation accelerated by increasing C-rates has been
reported to return results comparable to the unaccelerated
reference for lower C-rates (<1C)."" However, transferable
ageing in early stages does not exclude later ageing to be
different, for example, due to an earlier onset of the rollover
(knee point). As a potential limit, Sun et al." have found for C-
rates of 4C and higher, the dominant ageing mechanism
changing from LLI due to SEI growth to structural decay of LFP
and SEl. However, other studies did not find a clear ageing
trend with increasing C-rates. Guan et al.?*¥ found an optimum
C-rate of 1.8C for LCO by analysing the occurring ageing
mechanisms in a post-mortem analysis.

Additionally, Schuster et al."* reported slower degradation
with higher discharge currents. This is explained by reaching
the end of discharge voltage earlier due to higher over-
potentials, thus reducing the anode’s mechanical stress. Keil
et al."® obtained similar results with accelerated capacity fade
and impedance increase for lower discharging rates.

Wang et al" also observed a faster degradation when
cycling at lower current rates. When the cells were opened,
they found more lithium plating for lower currents. Higher
currents entail higher ohmic losses in the cell, leading to a
higher heating rate. At moderate or high temperatures, this
leads to faster temperature-driven degradation (cp. Sec-
tion 3.3.2.). In contrast, at low testing temperatures, the internal
cell temperature increases into a region with lower degradation
rates. Therefore, higher currents may even decelerate ageing
and increase lifetime. Thus, the impact of higher Crates strongly
depends on other stress factors, especially the test temperature.
Barcellona et al."®® tried to uncouple these effects and found
the same ageing rate with respect to capacity for their tested
discharge rates of 0.8C, 2.5C, and 5C.

High currents are also reported to foster an inhomogeneous
lithium distribution, leading to high reversible capacity
losses.”*'*¥ This must be considered to avoid attributing
reversible ageing effects to actual ageing, as described in detail
in Section 3.3.5 “Testing Without Resting”.
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° Furthermore, it has to be distinguished between the charge
§, c and discharge current as increasing the C-rate in charge
£ . 5 direction increases the risk of lithium plating for graphite
E ::E} "g anodes. This is especially true for high SoC and low temper-
é, *EE i § 2 atures. It contributes to irreversible cell degradation by
_E glog v increasing LLI and the anode resistance. Hence, a detailed
ol 1 S/N¢ _% investigation of the propensity of plating to occur, as proposed
O 3 by [81,200] is reported to be a fast method to investigate
2 £ lifetime performance, which allows isolating the single effect of
< iy £ current rates. Keil et al."™ found a different dependency for
2 ‘,;J Uy § % discharging and charging rates, as higher charging rates led to
;’j 333 U 2, a non-linear ageing trajectory. Similarly, Su et al.*” found that
U? ggg § 2 the charging C-rate has a greater impact on ageing effects than
%; the C-rate during discharge. Additionally, Attia et al.”®" found
. o % that SEI growth occurs mainly during lithiation of the carbon
é o g black in a half cell, which emphasises the asymmetry between
3 E g g charge and discharge. These findings are supported by
i d i P modelling work.[2>%°3
Ol N g When evaluating the ageing acceleration with higher C-
. _% rates, these contradicting ejffects must be considered. Further—
= § more, not only the charging current, but also the charging
9 < strategy, has a tremendous impact on lifetime.**** This shows
g 2 again the close interaction of stress factors and the challenge of
S g separating their effects on accelerated ageing.
2| R R z
& k 3.3.4. Pressure
£ o
3| s S g
el - - £ Mechanical compression of a cell affects many parameters like
. c electrode distance, porosity, and tortuosity, which mainly
§: i change the dynamic parameters of a cell."™ As the influence of
3 "~ = pressure appears primarily in cyclic tests, but not in calendar
) 3 ”;3 ageing tests, there are no contributions to calendar ageing and
5: ﬂ < = mechanical pressure in the literature. This section focusses on
|2 5 § findings for pouch cells with homogeneous pressure distribu-
H tion to understand the underlying effects.
el N E Lithium-ion pouch cells degrade significantly faster and
#8‘ perform worse if they are cycled fully uncompressed.?>2%
< K Thus, at least a certain compression in the range of 50-200 kPa
< S improves performance and lifetime. The influence of pressure
Q 0 L\ = I . . .
&l @ 9 > on performance and lifetime behaviour has been investigated
< in the literature. However, to the best of our knowledge, it has
5 3 never been used as a stress factor to accelerate ageing tests. In
E - - @ this section, we discuss the optimal pressure conditions with
% ‘é § % respect to the initial offset pressure and the stiffness of the
i e £ apparatus for accelerated cyclic ageing tests to achieve an
& optimal prognosis.
> £ Contradicting ageing trends have been reported with
'E v v s increasing initial pressures, as summarised in Table 8. Li et al.l"”
% § § %G' offer a review of various publications on the influence of
gu external pressure during ageing and performance tests. Herein,
3 _ jg\ an increment™ and a decrement®'? of internal resistance were
£ & 52 observed during performance tests with increasing initial
s .| % § g 2 pressure. Similarly, a faster,?®?®?' as well as a slower®®
~ E § E S % capacity fade was reported with increasing initial pressure. Both
% g 8 £ é % tendencies motivate the existence of an optimal initial pressure
el < Yo range for prolonging battery lifetime and the necessity of a
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deeper understanding of additional aspects regarding pressure,
like pressure distribution and pressure change during cycling.

Using more rigid apparatuses, i.e. higher pressure change
due to cell breathing, leads unambiguously to a faster capacity
loss.[205207208211-213) Dananding on the rigidity of the compression
apparatus, the change in cell volume due to lithiation can
induce pressures up to 1.6 MPa, even with an initial pressure of
only a few kPa.”'? In studies using a rigid apparatus, a higher
initial pressure will also increase the pressure change due to
cycling.”® Different elastic elements can be used to reduce the
pressure change, such as battery pads or springs.?®?"" The
higher pressure change correlates with the higher capacity loss
during cycling in these experiments. Furthermore, Holland®'
used a controlled machine to ensure a target pressure despite
cell breathing during cycling. All cycled cells had the same
capacity loss rate despite initial pressures ranging between 40
and 400 kPa, challenging the findings of previous authors and
motivating further research on the effects of the pressure
change due to breathing. The impact of pressure change during
continuous cycling will be discussed in the next section.

In summary, a certain initial pressure is considered positive.
Higher initial pressures have inconclusive results, whereas
higher stiffness of the apparatus is detrimental to lifetime and
performance. Thus, we suggest using, where possible, a flexible
setup with a pressure of 75 kPa for accelerated ageing tests.
However, no reasonable pressure can be set externally in a hard
casing as for cylindrical cells. In these cells, an uneven pressure
distribution may result in heterogeneous degradation
mechanisms.?™

3.3.5. Testing Without Resting

For a typical long-life application, such as electric vehicles,
batteries are typically used only 1-2 hours per day, resulting in
a duty cycle of less than 10%. Additionally, charge and
discharge current rates are on average less than C/5. To
accelerate the characterisation of LIB, current rates are
increased and resting periods are completely eliminated during
testing. With this increase in the duty cycle to 100%, it is
possible to achieve test results in a reasonable time frame.

In such AAM tests for hard-case (cylindrical) or externally
fixed (pouch, prismatic) cells, a not yet discussed but very
decisive effect on capacity fade was reported, which cannot be
explained by the anode overhang effect.****¥ |t appears as an
apparent capacity fade, which can be partly recovered by
including test pauses. This effect is based on the assumption
that high-current cycling leads to a successive increase in
inhomogeneous charge and discharge over the elec trode area
by local differences such as temperature, pressure, and porosity.
Eliminating the rest phases results in less time for rehomogeni-
sation of the lithium distribution within the electrode. Con-
sequently, in an RPT, this inhomogeneous lithium distribution
leads to a lower extractable capacity because the cutoff
voltages are reached earlier during cell operation.

Several authors,®*¥"'**?'¥ who added a rest period after
cycling, found that cells regain capacity, as plotted exemplarily

Batteries & Supercaps 2024, 202300594 (25 of 37)

in Figure 9 (a). At the same time, the characteristic features of
the DVA, which had flattened during cycling,**'**?'"?'¥ recov-
ered strongly after a rest period, as shown exemplarily in
Figure 9 (c). Moreover, they reported that this flattening is
observed only for the anode features, while the cathode
features did not change over cycling. Hence, inhomogeneous
lithium distribution leads to a lower coherence of anode areas
during charge and discharge, which can be visualised in the
flattening of DVA features of the anode. Comparable results for
visualisation of these inhomogeneities were found with an
alternative method that evaluated the capacity difference of
high and low currents. Authors observed a rise during
cycling®® and a decay during rest>#%81%9218 A|l of these
findings suggest that for continuous cycling, an inhomogeneity
in the lithium distribution over the anode area builds up that
needs resting time to balance and finally reach an even lithium
distribution.

Further, in shallow cycling experiments, the influence of this
effect on the pressure change over breathing (dP/dSoC), called
here pressure gradient, showed a strong impact on inhomoge-
nisation. In the case of cycling in the lower and higher SoC
ranges, where there are high pressure gradients, a more
pronounced inhomogenisation of the areal lithium distribution
was found. This is presented exemplarily as the interplay
between apparent capacity loss and pressure gradient in
Figures 9 (a) and (b). However, cycling around 50% average SoC
where dP/dSoC is flat, the DVA does not indicate significant
inhomogeneities.

Consequently, no recovery effect was observed, leading to
the assumption that pressure gradients are the key origin of
this reversible effect.”*'* Remaining in high or low pressure
gradient regions, Lewerenz et al.***'® investigated the depend-
ence of the apparent capacity fade on the C-rates 1C and 3C
and the DoD of 6% and 12%. Based on the flattening of the
DVA features, they found a higher areal inhomogenisation with
higher DoD and C-rate. Looking at the ageing rates over
average SoC in Figure 10, this inhomogeneity leads to a

(b)

10 (,.Y,C‘;"&, — R%‘\III:}T‘ . A .
s‘f
% o &
U:Q E Offset pressure 1.
o ——70 average SOC
94 —50 average SOC
—20 average SOC i
92 L S = - —
0 1 2 3 4 5 20% 50% 70%
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[©) Pristine cell ~ After cycling
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o vV L/ ¥

04k
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Figure 9. Interplay between (a) apparent capacity loss, (b) pressure gradient
over SoC, and (c) inhomogenisation of lithium distribution during accel-
erated ageing (AAM) test of an NCA/graphite + silicon 18650 cell with resting
phases. The graphic is modified from [199] under Creative Commons
Attribution 4.0 license, CC BY.
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Figure 10. Capacity loss rate over average SoC during cycling for com-
pressed (red), compressed after resting (orange)®¥ and two different
uncompressed (black) cells.?'?,

v-shaped curve (red) based on [54,213,219]. However, after
resting the cell (orange),®¥ a successive increase in ageing rates
over the average SoC is reported, which fits very well with the
results for uncompressed pouch cells (black), underlining the
contribution of pressure gradients.”*?'® The inhomogenisation
of the lithium distribution acts as a precursor for lithium
plating®®® and is, therefore, only reversible in an early stage of
AAM testing.

In addition to the pressure gradient between different areas
of the electrode, the voltage gradient over SoC is relevant for
rehomogenisation. Despite the previous results based on
layered oxide cathode materials, Spingler et al.'® found the
highest apparent capacity losses for LiFePO4-graphite cells
when cycling around 50% average SoC. In this region, firstly,
the hysteresis effect of LFP is strongest and secondly, on both
electrodes the voltage over SoC is hardly changing. Thus, the
inhomogeneities that developed during continuous cycling are
not rehomogenised. This is supported by the work of Lewerenz
et al"*??" who found higher capacity losses and lithium plating
for cycling LFP cells between 45 and 55% average SoC. Thus,
the recovery velocity is driven by the voltage difference of the
inhomogenised electrode areas and is most likely hindered by
their SoC-induced pressure difference.

Another effect related to inhomogeneities is reported for
continuous cycling. During charging, the volume of the anode
expands and pushes the electrolyte out of the pore volume into
the excess void space of the cell.??*?*® During discharge or rest
periods, the electrolyte moves back into the pore space.
However, this process might take longer than the subsequent
discharge, reducing the amount of electrolyte in some parts of
the electrode. By omitting rests during the ageing test, this
temporary electrolyte deficiency potentially causes inhomoge-
neous ageing mechanisms. To understand this effect and its
implications, further research is necessary.

In summary, AAM, with continuous cycling as a stress factor
combined with high currents in SoC windows with high
pressure gradients, triggers an inhomogeneous lithium distribu-
tion as well as a lithium salt concentration gradient and,
therefore, significantly increases the risk of plating. These effects
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do not occur during real-life applications with lower currents
and long rest periods. Hence, in that case, increasing stress
factors is not a sweet spot of acceleration, but triggers effects
that do not occur in real-life applications.

This reversible capacity effect due to continuous cycling
with high currents must be considered in AAM testing for hard
case or externally fixed cells. Therefore, recovery strategies such
as rest periods must be considered for appropriate lifetime
estimates. Considering this effect can help to evaluate the
actual influence of the initially applied offset pressure and the
pressure gradient on AAM to find a clear causal relationship
compared to the previous contradictory results. A precise
understanding of the interplay of current rate, pressure and
voltage gradients over SoC and optimised recovery strategies
must be the scope of upcoming research to use AAM for
lifetime prediction. However, if the pressure is not defined by a
hard casing but is set via an external fixture, a rather constant
pressure setup might be beneficial, as it impedes pressure
gradients.

3.4. Potential of Post-Mortem Analysis for Accelerated Ageing
Characterisation

Complementary to the previously discussed high precision
measurement and accelerated ageing methods, various analysis
techniques can offer additional insight into the chemical,
electrochemical and morphological properties and components
of a LIB. While penetrative imaging procedures, such as
computed tomogratphy,®*#* X-ray diffraction,?**** acoustic
imaging®**”! and neutron diffraction allow a non-destructive in-
operando investigation, invasive methods usually require the
opening of the tested cell in a post mortem analysis (PMA)
excluding any further use of the cell.

In this section, we do not discuss analysis techniques as
they can be found elsewhere,® but we provide case studies
from the literature that demonstrate the power and limitations
of invasive methods for accelerated ageing characterisation.

By conducting a PMA and comparing a pristine and an aged
cell, invasive methods provide information about interactions of
stress factors from AAM and HPM and the underlying ageing
mechanisms. This knowledge can also be used to design
physics-based ageing models which depict these interactions.
Furthermore, invasive methods can ensure the transferability of
accelerated ageing tests to the unaccelerated reference. The
common relations between ageing mechanisms and stress
factors are already discussed in the previous sections in
numerous exemplary studies. Some of these studies,®'"'*'78
among others, found a change in ageing mechanisms when the
stress factors are tightened and thus help identify their limits for
AAM.

The first case study by Jalkanen etal!’® did a visual
inspection of the components of pouch cells cycled at different
temperatures (room temperature, 45°C, 45°C/65°C). The alter-
ations of the graphite anode, separator, and amount of residual
electrolyte were similar but stronger with increasing temper-
ature. However, the NMC cathode exhibited particle cracking

Batteries & Supercaps 2024, 202300594 (28 of 37)

and delamination only when cycling at 65°C. Hence, an
additional ageing mechanism has been triggered for 65 °C. Here,
only PMA could reveal without a doubt that the doubling in
ageing effects for the highest temperature is not due to valid
acceleration but involved an additional ageing mechanism.

Watanabe et al.*****" used a combination of scanning
electron microscopy, high-angle annular dark-field scanning
transmission electron microscopy, tunnelling electron micro-
scopy, and X-ray photoelectron spectroscopy to investigate the
underlying processes for faster degradation of an lithium nickel
cobalt aluminium oxides (NCA) cathode material under high
DoD, high SoC and high-temperature operation. They con-
cluded that microcracks in the secondary particle of the
cathode are provoked solely by cycling with 100% DoD. For
cycling with 60% DoD microcracking occurred neither in a low
(10% to 70% SoC) nor in a high SoC regime (40% to 100%
SoC). Consequently, NiO-like layers grow on the surface area
exposed by the microcracks, leading to an isolation of the
secondary particle and, hence, to the loss of active material.
Further, they observed an increase in the growth rate of the
NiO-like passivation layer with increasing temperature. This
example shows, on the one hand, that PMA revealed an
additional ageing mechanism as the stress factor (here DoD) is
increased. On the other hand, PMA showed that the acceler-
ation through an increase in temperature is valid: exactly the
same ageing mechanism was enhanced as the thickness of the
NiO-like layer increased from 8 nm for 25°C to 25 nm for 60 °C.

In their study on the impact of porosity on the ageing of
the silicon/graphite composite electrode material, Profatilova
et al.** observed a faster capacity fade and resistance increase
for cells with lower porosity at the full cell level. However, EIS
spectra of coin cells harvested from the aged cells revealed no
major differences in impedance between the cells with different
porosities. Instead, pore-clogging of the separator caused by
lithium plating is assumed to be the origin of resistance
increase. They reasoned their findings by observing greyish
precipitations on the separator and anode surface of the aged
cells. Furthermore, X-ray photoelectron spectroscopy revealed a
higher lithium concentration in the SEI of the anode with lower
porosity compared to the one with higher porosity (57.4% vs.
38.6%) supporting the assumption of lithium plating.

Miiller et al.®?' investigated stacked pouch cells with a
NMC-811 cathode and Si/Gr blend as anode material at differ-
ent levels of pressure (uncompressed, 0.08 MPa, 0.42 MPa and
0.84 MPa) as well as under fixed and flexible compression. In
addition, an 18650 cylindrical cell with the same active material
was assembled. After 100 cycles with constant current/constant
voltage charge at C/3 and a 1C discharge, the negative
electrodes and separators harvested from the stacked pouch
cells were investigated by scanning electron microscopy. For
cells under fixed compression, an average reduction in separa-
tor thickness was observed of roughly 20% compared to the
pristine cells. Furthermore, the separator surfaces showed signs
of penetration by the active materials, most likely due to
volumetric expansions of the latter. Although pouch cells with
fixed compression had a higher impedance increase and
capacity fade than cells with flexible compression, their active
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materials showed a higher remaining specific capacity when
tested in a coin cell setup. Consequently, the authors concluded
that the pore-clogging of the separator and the linked increase
in resistance are the main reason for the observed capacity loss.
These observations could also be made at different locations of
the 18650 cylindrical jelly roll during PMA, as depicted in Figure
Figure 11. Thereby, PMA not only revealed the impact of
different pressure levels and fixation types for pouch cells, but
also supported the understanding of which compression
conditions are present at different locations in the jelly roll of
an 18650 cylindrical cell.

Local dependencies in ageing were also observed by Keil
etal," who conducted neutron diffraction experiments to
investigate the dominant phases of active material during
ageing experiments with 18650 cylindrical cells. From the
difference in capacity determined through stochiometry of the
neutron diffraction analysis and electrical analysis, they con-
cluded more severe ageing at the edges of the jelly roll. Similar
observations have been reported for pouch cells by Cai et al.,**
who also used neutron diffraction to determine the dominant
phases.

Although PMA is typically used for the analysis of aged cells,
Schmid et al.**" opened the cells at Bol, assembled coin cells,
and analysed their ageing behaviour compared to the full cell
setup. They showed that the correlation between stress factors
and coin cell ageing can be transferred with certain restrictions
to full cell ageing because the same ageing mechanisms and the
same temperature dependency in ageing were observed.
Although the coin cells degraded faster, this method is
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promising for accelerated ageing characterisation. In addition,
the assembly of half cells allows to investigate the impact of
stress factors on the each electrode individually, which is hardly
possible for pure electrical testing in the original cell. Thereby,
one could not only establish a finer granulated model but using
coin cells further helps to identify which component is
responsible for a given limitation when increasing a stress
factor. Nevertheless, results can be falsified as other conditions,
such as electrolyte composition, compression of active material,
separator material, and lithium as counter-electrode, are
present. For example, Schmid et al.>*? reported different levels
of moisture intrusion depending on the choice of material for
the sealing ring. Bridgewater etal.**' observed different
dominant ageing mechanisms for the same active material
compositions but other cell formats.

Even so, both groups concluded a qualitative transferability
between the ageing of the electrode material in the full cell and
their coin cell setup.

Similar observations have been reported by Trask et al.,!
who used the ageing of coin cells to evaluate and improve the
lifetime performance of 400 mAh pouch cells. In conclusion,
coin cell setup is a promising tool for identifying improvement
potentials for different areas of material properties.

As highlighted in the previous examples, PMA is a valuable
tool for the accelerated characterisation of ageing as a comple-
ment to electrically based HPM and AAM. The information
gained from the analyses helps to understand the ageing
mechanisms and their relationship to stress factors supporting
electrochemical modelling.
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Figure 11. Miiller et al.*'°
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! investigated a cyclically aged 18650 cell (a) at different sections of the jelly roll (b). By using scanning electron microscopy (c-e) and

GD-OES (f-h), they could observe spatially distributed ageing effects, which they ascribe to inhomogeneous compression occurring along the jelly roll. The

graphic is reproduced from Miiller et al.*'"®
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Firstly, the effects of tightening the stress factors on ageing
mechanisms can be identified by invasive methods. However,
published research and data indicate that PMA does not allow
easy conclusions about exact limits when ageing mechanisms
change. As the test matrices only cover discrete conditions, the
stress level at which another ageing mechanism occurs can
only be approximated. Nevertheless, invasive investigation can
answer whether specific ageing mechanisms have occurred or
not.

Secondly, for the prediction of ageing and electrochemical
modelling of ageing, the transfer between invasive and
electrical methods is beneficial for validating models. PMA can
provide accurate quantitative information on the ageing
mechanisms that occurred. This helps accelerate lifetime
prediction with consistent accuracy. Unfortunately, invasive
methods are rarely carried out for ageing studies focusing on
the quantitative correlation between stress factors and the
observed ageing mechanisms, but mainly on a yes/no basis, i.e.
whether specific effects occur. In addition, many references
state that ageing effects are observed at a “high” or “low” stress
factor but do not precisely define from which point a stress
factor is “high” or “low”.

As PMA or invasive analyses are usually conducted after the
LIB reaches EoL and rarely during ageing tests, those links
cannot be clearly described. Instead, the point of time for the
conduction of PMA along an ageing study can only be
estimated from literature and best knowledge. Thus, in the
current state of research, it cannot be concluded from the
literature at what time or SoH during ageing tests a PMA should
be performed to identify ageing mechanisms as early as
possible.

Assuming that the correlation of electrode properties, like
porosity, and ageing mechanisms is thoroughly studied, and
those properties are already known in advance, conclusions can
be drawn about the susceptibility of cells to different stress
factors as early as BoL.

Overall, invasive methods have great potential to link ageing
mechanisms to the conditions during ageing and therefore help
to accelerate the characterisation and prediction of ageing.
However, enormous effort is required beforehand. Through
smart design of experiment, not only the underlying ageing
mechanisms can be identified, but also the progress of ageing
in response to the stress factors.

3.5. Uncertainty in Cell Testing Methods: A Statistical
Perspective

In general, a model conception aims at linking stress factors like
temperature, current, and voltage with ageing effects, i.e.
capacity fade and resistance increase with a general mathemat-
ical description. This can range from simple empirical models to
more sophisticated physical models, statistical models, or
machine learning approaches. A model is necessary to extrap-
olate the inferential results from the accelerated ageing experi-
ments test data to normal operating conditions and to make
real-world lifetime predictions based on these data. Basic mode/
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conceptions and mathematical/statistical methods developed

for analysing the AAM experimental data are discussed in this

section, organised by their objectives, structure, and fitting
techniques, with the provided references being exemplary and
by no means complete.

With respect to their main objectives, the available LIB
research studies can be classified into one or more of the
following three general categories.

o Lifetime estimation and prediction

e Stress factors and their effect analysis

e Ageing mechanism identification

Lifetime estimation and prediction: The works in this
category aim to estimate the LIBs ageing over time (calendar
tests), under cyclic usage (cycling) or both superimposed. The
target is to approximate the ageing curve by using an ageing
variable (e.g. time) as a predictor and to give early prediction of
failure times (i.e. the time points at which the EoL criterion is
met) at fixed levels of influential stress factors. Depending on
the investigated problem, the ageing is quantified in various
ways, for example, by capacity loss*” remaining useful
lifetime,**® end of performance,**® SoH, or SoC.”*"

Stress factors and their effect analysis: Such studies try to
determine stress factors with significant influence on ageing,
such as temperature, " charge and discharge current rates,**
SoC® and DoD,'™ and specify the exact ageing trend (e.q.
capacity-stress dependence in cyclic ageing™?) among different
levels of the stress factor. Another objective is to examine the
joint effect of different factors, i.e. developing a multi-factor
ageing model.*”

Ageing mechanism identification: Another possible goal is
to identify and diagnose the degradation modes of a LIB at any
point in its life.* This approach typically models the phys-
icochemical degradation and provides a mechanistic under-
standing of  capacity-fading  processes and failure
mechanisms.”

Numerous mathematical and statistical tools have been
proposed depending on the main objective, the type of
experiment, and the available data. For the stress factors and
their effect analysis, most often nonlinear regression®*% or
analysis of variance**** models are applied, while ageing
mechanisms are usually identified with the help of linear
models“® or physico empirical hybrid methods."*® The model
structure adopted in lifetime estimation and prediction is more
complex, especially for cyclic tests, ranging from simple linear
regression®? to sigmoidal-type regression®* and penalised
regression (elastic net).”*” In general, we suggest the following
classification of the modelling procedures used in the LIB
literature:

e empirical models (e.g. a linear extrapolation method for
approximating the normalised capacity in cyclic ageing under
five stress factors”® and capacity fade in calendar ageing
modelled by a function of time, consisting of an exponential
and a linear part and with coefficients adjusted for temper-
ature and SoC level combinations®),

e physical models (e.g. use of the Arrhenius law for the ageing-
temperature dependence,® the Butler-Volmer equation for
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the electrochemical kinetics,>” the Fick’s law for the flux of
molecules™® or the Palmgren-Miner rule®*?),

¢ hybrid approaches - combining empirical and physics based
models (e.g. evolution of capacity and internal resistance
models in calendar ageing"’***” and a remaining useful life
model in cyclic ageing by fusing empirical and statistical-
based algorithms along with a relevance vector machine
(RVM)[ZGH),

e statistical models and methods (e.g. Johnen et al.*** propose
a sigmoidal model for capacity degradation in cyclic ageing,
introducing Gaussian errors and developing point and
interval estimation for the parameters of the model, provid-
ing, beyond asymptotic, bootstrap estimation and prediction
intervals for the capacity; Richardson etal.”*? adopt a
Bayesian non-parametric approach using Gaussian process
regression to predict capacity fade in calendar ageing under
different usage scenarios),

¢ machine learning or broader artificial intelligence methods
(e.g. capacity fade predictions by gradient boosting
regression,”® predictions of the remaining useful life by
artificial neural networks (ANN) in cyclic ageing,**” and a
prediction model for cycle life with no knowledge of the
ageing mechanisms but only based on a data set obtained
under a variety of fast charging conditions®*).

All of these different approaches have individual strengths
and are useful for different purposes, without one being
superior to the others. One challenge all models face is the
variability of cells. Even if one model worked perfectly for a
specific cell, it may fail for another. They all come with
uncertainties that depend on the quality and amount of data
used for fitting and parameterisa tion, as well as the objective.

In the sequel, we shall focus on statistical models since,
under certain distribution assumptions, they account for
uncertainties in estimating or predicting the ageing effect of
interest (e.g. the capacity fade) caused by variability among
LIBs in the testing sample, model adequacy, and other
experimental-related factors. Thus, in contrast to the other
methods, statistical-based approaches control the precision of
estimations and predictions, providing, e.g. prediction intervals
of a certain confidence level while allowing an assessment of
the validity of the adopted models.

In both calendar and cyclic tests, the most commonly
considered statistical approaches involve modelling the ageing
effect as a function of the ageing variable by linear or non-linear
regression. Polynomial models or models with exponential or
logistic terms are usually suggested.”®*** Such models are
fitted using maximum likelihood estimation,>* ordinary least
squares® or non-linear least squares techniques.®>'7” Notice
that procedures fitting empirical regression models by ordinary
least squares assume Gaussian errors without always stating
them.

In a parametric setup, the LIB lifetimes are modelled by
fitting distributions. For example, Harris et al.”® fit Weibull
distributions, whereas Johnen et al**¥ examined the fit of
Weibull, lognormal, and inverse Gaussian distributions, also
considering the effect of a misspecified distributional assump-
tion.

[254
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A frequently used non-parametric framework for modelling
the degradation paths in calendar®?*® and cyclic®?® tests is
that of Gaussian processes, which accounts for the large
variability in the LIB ageing paths.

Overall, special interest lies in investigating statistical
models and procedures in terms of their ability to provide
accurate predictions in the early experimental stages.?****”

The fitted models or adopted statistical procedures are
statistically validated by suitable goodness-of-fit measures and
tests, depending on their type. For instance, the coefficient of
determination (R?) is a very popular goodness-of-fit measure in
linear regression,"’®'®" tests based on F-ratio statistics are
employed in analysis of variance models,”*? while Kolmogor-
ov-Smirnov and Cramér-von-Mises goodness-of-fit tests can be
applied to test the adequacy of a fitted distribution.”*"

However, every statistical test is valid only under specific
assumptions. Thus, control of the underlying assumptions is
always crucial, e.g. for the analysis of variance testing presented
by Su et al”” Most of these tests are asymptotic, requiring a
large sample size, which is rarely available in LIB experiments.

In such cases, simulation-based procedures are convenient
alternatives (e.g. Johnen et al”¥ used bootstrap simulations).
Bayesian procedures are another attractive option since they
also allow the integration of prior information on the model
parameters, based, e.g. on previous studies or experts’ opinion,
via a prior distribution.”® The posterior distribution of the
parameters can usually not be derived explicitly, but Markov
chain Monte Carlo sampling schemes are developed to sample
from it.?%®?% Furthermore, the predictive performance of the
fitted models can be measured by cross-validation (CrossVal),
based on the root mean squared error or mean absolute
error.”>>*7 |n general, a straightforward comparison of results
and models fitted on data observed or simulated under
different experimental setups is rarely possible due to the effect
of the differences in testing conditions, stress factors, their levels
and combinations of these features. Thus, apart from using a
Bayesian framework, it is hard to directly match results from
different ageing studies and perform a statistical meta-analysis
in the context of LIB testing.

In reliability theory, AAMs are additionally classified as
accelerated life testing (ALT) or accelerated degradation testing
(ADT).?"27 The former models lifetimes with physical failures
(hard failure), while the latter considers degradation paths of an
ageing characteristic (e.g. SoH) that measures the ageing effect,
with a failure defined as the characteristic exceeding a
prespecified level of degradation (soft failure).?’* ADT exper-
imental data contain observed paths of the ageing character-
istic and are more informative than ALT data that contain only
the observed failure times. Thus, ALT methods can be directly
applied to ADT data by setting the hard failure according to a
fixed EoL criterion, while the opposite is not possible. Hence,
ADT modelling allows for flexibility in the specification of the
EolL criterion. The analysis of ALT data is usually parametric,*!
whereas ADT can also be related to parametric models,”** but
is often based on stochastic processes.2>2!

Nevertheless, in both ADT and ALT, life predictions are
based on modelling the ageing effect either as a function of
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only time (EFQ)™¥ or also incorporating additional ageing/stress
variables."®*7?>2"71 Models of the first type are encoded in the
literature as two-dimensional (2D), while the latter as kD (with
k>2).

Accelerated ageing tests are carried out under static
(constant stress) or dynamic experimental conditions (e.g., Lucu
et al.®*® consider both setups). The limitations of accelerating
battery ageing have been discussed in Section 3.3.

In the case of 2D modelling, a model (link function) is
required for the transferability of the predictions to the
unaccelerated reference. Such a link function is based on
physical models or is estimated by a regression-type model and
commonly uses the superposition principle for the ageing effect
in the dynamic setup, which might not hold in some cases. It is
especially challenging to derive an estimation of the real-world
lifetime using AAM tests with continuous cycling. This issue has
not been considered in LIB testing (in a general ALT context, s.
[279]).

In addition, it is worth mentioning that in AAMs quite often
censoring can occur, usually due to time constraints (Type-l
censoring) or by stopping the experiment when a pre-specified
number of failures is obtained (Type-ll censoring). However,
there are only a few studies in the LIB literature dealing with
Typel®” or Type-II”*! censoring. Even less attention has been
paid to the estimation procedures for experiments with
interval-monitored data, as in the case of LIB data with RPT
measurements (s. [254] for an exception).

Finally, another direction that shows the demand for further
research is the statistical experimental design of LIB tests.
Although the modelling conception does not directly accelerate
cell ageing, it complements the corresponding AAM by
producing lifetime predictions and/or extrapolating the results
to the unaccelerated reference conditions. Thus, AAM tests must
be carefully designed before being carried out to ensure the
desired accuracy of the results. For example, the sample size
determination is crucial, depends on the complexity of the
model to be fitted, and affects the precision of the predictions.
Thus, it needs to be carefully planned, e.g. Dechent et al.?’”
considered the minimal number of tested cells required to
estimate with desired precision the variability in LIB life due to
the manufacturing process.

Using a hierarchical Bayesian approach, Dechent et al.
concluded that linear ageing models with 1 or 2 parameters
require tests on at least 9 or 11 cells, respectively. In contrast, a
three-parameter model with linear and exponential part should
be fitted to measurements on at least 13 cells.

However, the stress factors, the number of their levels and
the number of cells tested in each factor combination must be
chosen appropriately. Moreover, in order to ensure model
estimability, the sample size has to be adjusted according to
the specific model structure. For example, the analysis of stress
factors and their effects is commonly associated with experi-
ments based on more testing conditions (> 10) and a few
measurements (1, 2 or 3) under each condition,”’*? while
machine learning and statistical Bayesian methods for capacity
predictions require a large number of measurements (> 100) in
a single testing setup,?**5%4 see Table 9.

[270]
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To outline the relationship between the main objective of
the experiment and the modelling conception, an overview of
the major LIB testing and modelling aspects is presented in
Table 9, where a selection of LIB studies is organised with
respect to the ageing type, main objectives, modelling quantity,
sample size and modelling approach of the studies.

4. Conclusions

In this review, we approached the superordinate question of
how fast ageing behaviour can be determined in ageing tests
and estimated over the lifetime. It is essential to distinguish
between the acceleration of the ageing characterisation and
the acceleration of the battery ageing itself. Therefore, we
separated the accelerated ageing characterisation into two
acceleration techniques, namely high precision measurement

(HPM) and accelerated ageing method (AAM). Both aim to

accelerate the ageing characterisation while battery ageing is

only accelerated by AAM.

Using HPM, the low ageing during the first cycles or storage
days without altering stress factors requires a high-precision
measurement. Moreover, a model for extrapolating the data
and compensating for reversible effects, such as the anode
overhang effect, which has a strong impact at the beginning of
the test. Therefore, the two promising methods FCA and HPC
must be carried out under ideal load and environmental
conditions, leading to higher requirements for the test hard-
ware and peripherals. Transferability to the unaccelerated
reference is generally given due to the low stress factors.

In contrast, for AAM, the accelerating momentum when
tightening the stress factors needs to be known to transfer the
results of the accelerated tests to the unaccelerated reference
and to get as close as possible to the sweet spot of acceleration.
The suitability of stress factors to accelerate ageing was
discussed for SoC, temperature, C-rate, pressure and continuous
cycling for calendar and cyclic ageing and is summarised as
follows:

e SoC: Calendar ageing is accelerated with increasing SoC with
a sweet spot between 60% 90 %. Cyclic ageing is accelerated
at high and low SoC when cycling between transition stages
of the graphite. Thus, accelerated testing should be per-
formed in a potential window containing a graphite
transition stage. At high SoC from about 80% ageing
mechanisms at the cathode are triggered.

e Temperature: The acceleration for increasing the temperature
is generally quantified by the Arrhenius relation, both for
calendar and cyclic ageing. Compared to other stress factors,
it is relatively easy to identify the limits of acceleration in this
regard. At around 45°C, the dominant ageing mechanisms
change, while the maximum temperature acceleration is
exceeded above 60°C when thermal instabilities start to
occur. For cyclic ageing and towards low temperatures, the
anode degradation is accelerated, which results in minimum
ageing at around 30°C.

e C-rate: Testing with a higher C-rate has two effects. Firstly, it
accelerates the testing as more EFC are reached in the same
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amount of time. Secondly, higher C-rates enhance the
occurring ageing mechanisms as current-induced mechanical
stresses due to (de-)intercalation processes increase. How-
ever, the interdependencies with resistance, heat generation,
temperature, and ageing must be considered as they can
cause the ageing to decelerate even at a higher C-rate.
Further, it has to be distinguished between charging and
discharging current rates.

e Testing without Resting: In order to reduce measurement
time, cells are often cycled continuously at high C-rates while
rest periods are eliminated compared to the unaccelerated
reference. In combination with pronounced pressure gra-
dients over SoC, high apparent capacity loss is observable,
which can be recovered during subsequent rest periods. This
effect is so far associated with compressed cells. The
compression cannot be avoided in most applications and has
to be considered for not overestimating the ageing com-
pared to the unaccelerated reference with long rest periods
and lower C-rates.

In contrast to AAM, predictive characterisation conducted at
BoL provides insights into potential ageing effects and degrada-
tion modes, aiding in accelerated degradation analysis without
extensive test matrices and time-consuming RPTs.

In addition to electrochemical characterisation, alternative
methods like thickness and pressure measurements or isother-
mal calorimetry are valuable tools that can support the ageing
characterisation. After cells have gone through AAM or HPM
ageing, invasive methods complement the characterisation,
since they verify the consistency in the ageing mechanisms and
thus the transferability of accelerated testing to the unaccel-
erated reference.

In addition to the discussed experimental methods, careful
data evaluation is crucial considering effects due to the
measurement itself and the reversible capacity. Furthermore, a
model conception is vital for lifetime prediction. Depending on
the sample size, test duration, and cell ageing variability,
statistical methods allow evaluating estimation precision and
prediction accuracy. Including prior knowledge of cell ageing
behaviour in such models reduces the necessary equipment
and time.

In general, much time and effort are saved when the
experimental design and the modelling approach are con-
structed based on the objective of the accelerated study (e.g.
lifetime estimation, stress effect analysis, or ageing mechanism
identification) and side effects are considered.

Overall, there is no one and only test strategy for
accelerated ageing characterisation and no universal answer to
the questions raised initially. Identified trends and limits are
rarely valid across the board. They can mainly be identified for
individual groups of cells, such as specific cell chemistries or
high-power and highenergy cells, when comprehensive exper-
imental ageing studies are conducted and evaluated carefully.
Thus, this review summarises strategies to accelerate ageing
characterisation, gives a comprehensive overview of possible
approaches along with their advantages and disadvantages,
and points out aspects that need to be considered before and
during testing as well as for data analysis. Therefore, it provides

Batteries & Supercaps 2024, 202300594 (33 of 37)

guidance for the challenges associated with the accelerated
ageing characterisation of lithium-ion batteries.
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REVIEW

Ageing characterisation of lithium-ion
batteries needs to be accelerated
compared to real-world applications
to obtain ageing patterns in a short
period of time. In this review, we
discuss characterisation of fast ageing
without triggering unintended ageing
mechanisms and the required test
duration for reliable lifetime predic-
tion.
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