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HIGHLIGHTS

o Accelerated cycle aging test on lithium cobalt oxide batteries.

o Dual-temperature method balances SEI growth and lithium plating stress.
o Achieved over 5 x acceleration without altering aging mechanisms.

e Validated by comparison with a non-accelerated test on the same battery.
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Lithium-ion batteries (LiBs) are essential for diverse applications, but their degradation—driven by aging
mechanisms such as solid electrolyte interface (SEI) formation, lithium plating, and electrode particle crack-
ing—limits their performance and lifespan. These mechanisms result in degradation modes such as lithium in-
ventory loss and active material depletion. Understanding these processes requires extensive aging tests, which
are time-consuming and costly. Accelerated aging tests aim to expedite this process while preserving the same
aging mechanisms observed under normal conditions. Among stress factors, temperature is widely used, as
higher temperatures accelerate SEI growth, while lower temperatures promote lithium plating. However, con-
ventional accelerated tests often achieve limited acceleration or unintentionally alter aging mechanisms. To
address this, we propose a novel accelerated cycle aging procedure using dual-temperature conditions—charging
at 20 °C and discharging at 40 °C. This approach balances SEI growth and lithium plating stress, replicating
normal aging at 25 °C while achieving an acceleration factor of more than 5 or even 8. The method was validated
through experiments comparing the proposed test with a reference non-accelerated aging test on identical
batteries. The results suggest that this approach effectively preserves aging mechanisms, offering a reliable and
efficient pathway for battery aging studies.

1. Introduction

Among energy storage systems, lithium-ion batteries (LiBs) are the
most widely used in manifold applications. Thanks to their high energy
density, high power density, high efficiency, low self-discharge, and lack
of memory effects, they represent a highly promising storage solution for
both stationary and mobile applications. Furthermore, climate change,
the shortage of fossil fuels, and concerns regarding environmental
pollution are driving the transition toward green energy and sustainable
mobility. As a result, LiBs are widely used as storage systems integrated
with renewable energy sources or as power sources in various mobile
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devices, ranging from small electronics such as laptop, smartphones, and
medical tools to larger applications such as electric vehicles [1].

LiBs come in various compositions, depending on the type of elec-
trodes and electrolytes. In particular, their anodes are mostly carbon/
graphite-based, though materials such as lithium titanate oxide (LTO)
and silicon-based materials are also used [2]. Cathode materials vary,
including lithium iron phosphate (LFP) and several lithium metal oxides
such as lithium cobalt oxide (LCO), lithium manganese oxide (LMO),
lithium nickel manganese cobalt oxide (NMC), and lithium nickel cobalt
aluminum oxide (NCA). Typically, LiBs with carbon/graphite-based
anodes are named according to their cathode material. The electrolyte
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used in LiBs consists of an inorganic lithium salt dissolved in organic
carbonate-based solvents. Often, LiPFg serves as the solute, while the
solvent is a blend of ethylene carbonate, dimethyl carbonate, diethyl
carbonate, and methyl ethyl carbonate in various ratios [3]. Ongoing
research aims to explore alternative materials and combinations for
electrodes and electrolytes to enhance battery performance further [4,
5]. Additionally, LiBs are available in different shapes and sizes, each
with distinct advantages and drawbacks in terms of energy density,
power density, lifespan, safety, and cost. The selection of a specific LiB
type depends on its intended application and operating conditions.

Focusing on LiBs with carbon/graphite-based anodes, these batteries
undergo various aging mechanisms, such as solid electrolyte interface
(SEI) growth, lithium plating, metal dissolution, gas evolution, electrode
particle cracking, current collector corrosion, and electrolyte decom-
position. These processes can occur when LiBs are not used, based on
storage conditions (calendar aging), and/or when they are operating,
based on the working conditions (cycle aging). Such aging mechanisms
result in degradation modes such as loss of lithium inventory (LLI), loss
of active materials (LAM), loss of electrolyte (LE), and conductivity loss
(CL) [6]. These aging mechanisms and modes are illustrated in Fig. 1.

LLI refers to the depletion of active lithium available for intercala-
tion/deintercalation chemical reactions and encompasses various pro-
cesses, including the formation, growth, cracking, and reformation of
the SEL In the early stages of the lifecycle of a LiB, the establishment of a
stable SEI leads to significant LLI, which gradually diminishes over time.
Lithium plating, which refers to the deposition of metallic lithium on the
surface of the anode of LiBs during charging, especially at low temper-
atures, is another important aging mechanism leading to LLI [7].
Actually, from a theoretical standpoint, lithium plating is a reversible
process. Specifically, some plated lithium can be re-intercalated into the
anode during the constant voltage phase or relaxation time, while some
may dissolve during discharge, releasing extra lithium ions in a process
known as lithium stripping [8]. However, it is important to note that a
portion of the plated lithium may undergo other chemical reactions with
the electrolyte, contributing to the formation of additional SEI, or lose
electrical contact with the anode, which results in what is commonly
referred to as dead lithium.

LAM is related to the loss of electrode particles that can host lithium
and is attributed to different aging mechanisms, including metal disso-
lution, electrode particle cracking, and graphite exfoliation. LE and CL
are two degradation modes that occur alongside LLI and LAM. In fact,
SEI formation and graphite exfoliation consume electrolyte, contrib-
uting to LE, while CL, which is related to the loss of conductivity, arises
from LE, current collector corrosion, or binder decomposition.

Consequently, LiBs experience a reduction in the total energy they
can store (capacity fade) and the maximum power they can deliver
(power fade) [9]. For this reason, in the literature, the state of health
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(SOH) of a battery is typically assessed using one of these two indicators.
Specifically, capacity fade is primarily caused by the decrease in avail-
able lithium ions, i.e., LLI. Additionally, LAM can contribute to capacity
fade due to the delocalization of lithium ions [10]. Power fade, on the
other hand, is mainly attributed to CL. Finally, LE contributes to both
capacity and power fade by reducing the number of lithium ions and
compromising the electrolyte’s ability to effectively wet or penetrate the
porous structure of the electrodes.

Battery degradation can be reduced, and its efficiency and lifespan
increased through two main approaches: enhancing its chemical and
physical construction and ensuring that LiBs operate under optimal
conditions. In fact, battery aging mechanisms and degradation modes
can be either accelerated or slowed by various stress factors, such as
temperature, state of charge (SOC), voltage limits, and current rate.
However, understanding which factors have the most significant impact
and how they affect battery degradation is still debated, often leading to
discordant results. This can be due to the different chemistries of LiBs or
the lack of clearly defined test conditions. Nevertheless, there are some
common and validated results in the literature.

Particularly for calendar aging, it is well established that it mainly
depends on the SOC and temperature at which LiBs are stored, and that,
within certain limits, higher temperatures generally lead to faster
degradation according to the Arrhenius law [11]. In fact, as mentioned
in Ref. [12], storage temperatures exceeding 65 °C can trigger other
aging mechanisms, deviating from the exponential behavior predicted
by the Arrhenius law. The SOC dependency is slightly different, as it
depends on the materials composing the electrodes. In any case, for most
LiBs, higher SOCs result in faster degradation [13].

On the other hand, understanding how cycle aging affects LiB
degradation is more challenging, and in some cases, the results are
contradictory. Nevertheless, many researchers agree that cycle aging
depends on factors such as the cycling SOC range, temperature, oper-
ating voltage limits, and current rates. Different or even opposite results
can be found, particularly regarding the cycling SOC range and current
rate. Regarding the cycling SOC range, there are some works [14-20] in
the literature that examined its impact on the cycle aging of LiBs,
yielding conflicting findings. In Refs. [14,15], researchers cycled
different NMC batteries across various SOC ranges at consistent tem-
perature and current rates, revealing that batteries aged more rapidly at
higher SOC ranges for the same number of cycles. Similar conclusions
were drawn in Ref. [16] for LMO/NMC batteries and in Refs. [20,21] for
LCO batteries. Conversely, studies in Ref. [17] for LMO/NMC batteries
and [18] for NMC batteries demonstrated that, under identical tem-
perature and current rate conditions, batteries aged more quickly at both
low and high SOC ranges, with minimal degradation observed when the
battery was cycled around 50 % of SOC. On the contrary, in Ref. [19], it
was demonstrated that for NCA batteries, the aging rate became faster as
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the SOC regions shifted towards higher values, reaching its peak in the
medium/high SOC ranges (65-85 % of SOC). However, beyond this
threshold, the aging rate declined once more. Regarding the current
rate, in Ref. [22], the authors found that for LCO batteries, the capacity
fade at different discharge current rates was the same as a function of the
number of cycles. Similarly, in Ref. [23], the authors demonstrated that
LCO batteries, under symmetrical charging/discharging cycles at
different current rates, showed the same capacity fade as a function of
the total moved charge. Conversely, in Refs. [24-26], for LCO and LFP
batteries respectively, significant effects of the current rate on battery
aging were reported. On the other hand, researchers agree with the
general trend of how temperature affects cycle aging, which is consistent
even for different battery chemistries [27,28]. This trend usually follows
the well-known V-shaped Arrhenius behavior in terms of the aging rate,
which identifies the temperature where the aging rate is minimized
[11]. This temperature, which is considered the crossover point between
the two dominant aging mechanisms, namely SEI growth and lithium
plating, can change with battery chemistry and current rates. However,
for most LiBs cycled at medium current rates, this temperature is around
25°C [11,29]. Specifically, for temperatures typically higher than 25 °C,
the aging trend follows an Arrhenius like-behavior, where the rate of
aging increases as the temperature rises, mainly attributed to SEI growth
[12,30-33]. Like for calendar aging, this is only true within specific
temperature intervals. When cycling the battery at elevated tempera-
tures, the aging mechanisms become more complex due to increased
heat generation [6]. Furthermore, when temperatures exceed a certain
threshold, additional heat generation may occur, potentially leading to
thermal runaway [34]. In contrast, for temperatures lower than about
25 °C, the aging rate follows the reverse trend of the Arrhenius
like-behavior, with higher degradation for lower temperatures, mainly
due to lithium plating.

In light of the above, the study of battery aging is currently highly
challenging and deeply investigated. The main issue lies in the para-
doxical nature of aging analysis itself. While LiBs are designed to last as
long as possible, analyzing their aging requires a significant amount of
time to reach predetermined degradation conditions. Therefore, well-
established accelerated aging tests are being investigated to speed up
the aging process while ensuring that the primary aging mechanisms
under study remain unaltered [6,35]. The acceleration is typically
achieved by exposing LiBs to more severe operating conditions than
those encountered during regular use, with the aim of determining the
threshold values of stress factors at which the dominant aging mecha-
nisms undergo significant changes. The results obtained from these tests
could facilitate the development of analytical models that align with
capacity or power fade curves within predefined stress factor ranges,
thereby contributing to the creation of an accelerated aging-based life-
time prediction model. It is worth highlighting that the concept behind
accelerated aging tests is based on the observation that certain aging
mechanisms in LiBs stem from similar underlying physicochemical
phenomena, which establish relationships with associated stress factors
at the microscopic level. Therefore, within stress factor ranges where the
dominant aging mechanisms remain largely unchanged, the proposed
aging test procedure should ensure that the aging mechanisms experi-
enced by LiBs are consistent under both non-accelerated and accelerated
conditions. On one hand, this approach allows the derivation of a reli-
able lifetime prediction model. On the other hand, from a physico-
chemical standpoint, the evolution of battery degradation under
accelerated conditions can be considered to follow the same trend as
under non-accelerated conditions.

These accelerated aging tests are typically performed by subjecting
the battery to thermal, electrical, or mechanical stresses [6,35-37].
Thermal stress involves varying the ambient temperature or directly
cooling or heating the battery while it is stored or in operation. Electrical
stress generally includes storing the LiB at different SOC levels or cycling
it within different voltage or SOC ranges and current rates. Mechanical
stress exposes LiBs to various forces and vibrations. In any case,
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commonly used accelerated stress factors include battery temperature,
charging/discharging current rates, voltage limits, and SOC lev-
els/ranges. During these tests, various aging mechanisms should be
analyzed. Typically, this analysis can be conducted through electrical
characterization or post-mortem analysis [6,38].

In the present work, the focus is on temperature, which, among the
stress factors for both calendar and cycle aging, stands out as a critical
factor impacting battery lifespan. Both elevated and reduced tempera-
tures accelerate battery degradation through different aging mecha-
nisms. Therefore, the use of temperature as a stress factor must be
carefully managed to prevent multiple aging mechanisms concur. First,
it is essential to determine the dominant aging mechanism to be
analyzed. Once identified, the appropriate application of the stress
factor can be assessed. In the next section, a literature review on the
effect of temperature in accelerating battery aging is presented and
compared.

Based on the results, this study introduces a novel accelerated cycle
aging test procedure, applied to LCO battery chemistry, that charges and
discharges the battery at two different temperatures to expedite battery
degradation in terms of capacity fade, along with a related analytical
model. Specifically, by charging the battery at a low temperature and
discharging at a higher temperature, the two main aging mecha-
nisms—SEI growth and lithium plating—can be stressed in a balanced
manner. This approach replicates normal aging tests performed at the
reference room temperature of 25 °C and can potentially achieve an
acceleration factor exceeding 5 without altering the aging mechanisms
compared to normal operating conditions. Finally, the proposed accel-
erated cycle aging test was experimentally validated by comparing its
results with those of a reference non-accelerated cycle aging test con-
ducted on the same battery type.

Although the proposed accelerated cycle aging test procedure was
conducted on a specific battery chemistry, LCO, future research could
explore its applicability to other chemistries to determine whether the
procedure can be extended.

2. Temperature effect on battery aging

In the literature, many studies used temperatures higher than room
temperature (20-25 °C) to accelerate aging tests and develop models
that are suitable for room temperature conditions. These models aim to
predict SEI growth, which, as previously mentioned, is the dominant
aging mechanism for most LiBs within the temperature range of
approximately 20-25 °C-40 °C. In fact, only slightly elevated temper-
atures merely expedite the SEI growth process without introducing any
other dominant mechanisms. The SEI is empirically found to growth as a
function of the square root of time or the number of cycles [31,39-41].
The SEI is of paramount importance in stabilizing the battery and pre-
venting further LLI and LE. Specifically, during the first cycles, SEI for-
mation is rapid, leading to the depletion of around 10 % of the active
lithium and increased battery resistance. Subsequently, as the battery
undergoes further cycles, although the process occurs gradually, the
electrolyte and active lithium continue to be consumed, resulting in the
thickening of the SEI layer. This constitutes the primary mechanism
behind the long-term aging of LIBs.

With rising temperatures, other side chemical reactions may emerge,
leading to a change in the composition of the SEI. In this regard, many
research works indicate that at elevated temperatures, the quantity of
inorganic salts diminishes while organic content increases, thereby
reducing the protection provided by the SEI on electrode active mate-
rials [42]. Moreover, at high temperatures, the electrolyte accelerates its
decomposition, and gas generation increases as well. Consequently,
battery expansion can occur, and the contact between current collectors
and electrodes may weaken. This ultimately results in a significant in-
crease in internal resistance [43]. Finally, at elevated temperature, cycle
aging can also lead to particle cracking in the graphite electrode and
dissolution of metal in electrodes [44]. Therefore, all these phenomena
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contribute to a faster decline in battery performance, leading to a
distinct point on the capacity fade curve. This point, known as the
knee-point, marks the transition between low and high aging rates [45].
In light of the above, it is possible to claim that SEI growth is the primary
factor behind the linear aging behavior in a moderate temperature
range, as supported by many authors [17,46-50].

At low temperatures, lithium-ion diffusion slows down, along with
the intercalation/deintercalation reactions, which leads to lithium
deposition (lithium plating) on the anode electrode made of carbon-
based materials, particularly during fast charging [34,35]. The
increased battery resistance contributes to the gradual buildup of
lithium deposition on the negative electrode surface, which can lead to
the formation of dendrites. These dendrites can eventually detach,
becoming inactive lithium (dead lithium), causing irreversible LLI.
Additionally, these dendrites can penetrate the separator, resulting in
internal short circuits. It is commonly recognized that lithium plating
manifests as an anomalous aging phenomenon, resulting in a sudden
decline in battery capacity, typically characterized by a distinct
knee-point on capacity fade curve.

Therefore, the main aging mechanisms contributing to the well-
known knee-point on the capacity fade curve include lithium plating
at low temperatures and high charging rates, as well as particle cracking
and metal dissolution within the electrodes at high temperatures.

In the authors’ opinion, although the proposed models in the liter-
ature appear to predict the aging behavior of LiBs, in many cases, the
aging mechanisms undergo changes. When focusing on cycle aging with
batteries cycled at fixed rated currents and SOC ranges, this variation
can be observed through the empirical correlation between capacity
fade or power fade and cycle time, number of cycles, or moved charge. In
the present work, the focus is on capacity fade. Additionally, for a fair
comparison, 25 °C can be taken as the reference temperature for non-
accelerated aging. For instance, in Ref. [51], the authors conducted
tests on LCO batteries, cycling them at three different temperatures
(25 °C, 35 °C, and 45 °C) with constant currents of 0.6C and 0.9C. They
proposed a model based on the Arrhenius law, where the capacity
reduction varies according to temperature and as a function of the
number of cycles raised to the power of 0.74 for both currents. They
indicated that the proposed model is highly accurate only between 25 °C
and 35 °C. However, for temperatures above 35 °C, it deviates, sug-
gesting that a change in the aging mechanism might be the cause, as also
reported in Ref. [46]. In any case, at a temperature of 35 °C, they ach-
ieved an acceleration factor of about 1.5 compared to 25 °C. Similar
results were reported in Ref. [29], where the authors tested NMC bat-
teries at various temperatures ranging from —20 °C to 70 °C, using a
constant charge/discharge current of 1C. When considering the capacity
fade obtained at 25 °C and 50 °C, it was observed that the aging
mechanism changed. However, the acceleration factor was about 1.4. In
Ref. [25], the authors conducted different tests on LFP batteries at
distinct temperatures (0 °C, 15 °C, 45 °C, and 60 °C) and proposed an
aging model for the capacity fade based on the Arrhenius law for tem-
peratures between 15 °C and 60 °C. They excluded the test performed at
0 °C because the trend was completely different. In this case, instead of
using the number of cycles, they employed the total moved charge raised
to a fixed number, which in turn was a function of the current rate (C/2,
2C, 6C, and 10C) used during cycling. Nevertheless, the exponential
term raising the moved charge was approximately fixed at about 0.55 for
all current rates. From the results, it is evident that at a temperature of
45 °C and, even more at 60 °C, the experimental data deviated from the
empirical relationship, indicating the occurrence of other aging mech-
anisms. Different results were obtained in Ref. [52], where the authors
cycled various LFP batteries at temperatures of 25 °C, 35 °C, 45 °C, and
55 °C, with a constant charge/discharge current of C/3, using an
Arrhenius-like behavior relationship as a function of cycle time. They
demonstrated that the term elevating the cycle time was 0.5, 0.52, 0.7,
and 0.89, respectively. As they stated, for 25 °C and 35 °C, the curves
exhibited the same behavior, with the exponential term being
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approximately 0.5, and the acceleration factor was about 1.5. They
suggested that the capacity fade was attributed to SEI growth, while for
temperatures of 45 °C and 55 °C, the trend changed due to different
aging mechanisms. On the other hand, in Ref. [53], for LFP batteries, the
authors performed different cycle aging tests at temperatures of 40 °C,
47.5 °C, and 55 °C, from which they developed an accelerated model
later validated at 25 °C. Specifically, considering the capacity fade, the
test data performed at 50 °C were not well estimated by the proposed
model based on the Arrhenius law. In any case, a comparison between
the test conducted at 40 °C and the one at 25 °C revealed an acceleration
factor of approximately 2. In all cases, an Arrhenius-like behavior rela-
tionship as a function of number of cycles, cycle time, or moved charge
was used. It is worth noting that such a function is not able to predict the
knee-point after which the capacity fade abruptly accelerates.

It may be interesting to ask whether it is suitable to focus solely on
one predominant aging mechanism or to consider the occurrence of
multiple aging mechanisms simultaneously, but at different times. In
this regard, several studies [17,41,47,54] suggested that lithium plating
may occur even under moderate temperatures and charging rates. This
phenomenon is attributed to a significant decline in ionic kinetics and
loss of active material in graphite electrodes. Furthermore, as stated in
the introduction, part of the plated lithium may react with electrolyte,
promoting additional SEI growth, which leads to further degradation.
This, in turn, exacerbates the occurrence of lithium plating, potentially
initiating a cyclic process. This self-reinforcing mechanism was previ-
ously documented in Refs. [41,55]. This is a very intriguing observation
because it suggests that even when cycling LiBs under favorable tem-
peratures and current rates —where the primary aging mechanism is
slow SEI growth—Ilithium plating may still occur after a certain point.
Therefore, the authors believe that it is not only important to identify the
dominant aging mechanisms under specific conditions, but also to un-
derstand the overall aging path that LiBs experience, even when
different aging mechanisms occur at different times or cycling levels.
Consequently, an accelerated aging test procedure should be capable of
replicating the same aging path of the battery, but in a faster manner.

In any case, we expect that if the battery subjected to accelerated
cycle aging tests experiences the same aging mechanisms and follows a
similar degradation path as in non-accelerated tests, the normalized
capacity trend versus moved charge, number of equivalent full cycles
(EFC), or cycle time should align with that of the accelerated tests when
the x-axis is scaled by a factor k. This behavior is consistent with the
validity of Arrhenius-like models commonly used in the literature,
where a change in temperature effectively corresponds to scaling the x-
axis by a specific factor. However, from a theoretical perspective, the
reverse is not necessarily true. It is possible for different aging mecha-
nisms or degradation paths to result in similar scaled trends. Therefore,
to fully validate the aging behavior from a chemical and physical
standpoint, post-mortem analysis would be necessary. Nevertheless,
since such coincidences are statistically unlikely, we believe that if the
proposed analytical model is x-scalable, it is a strong indication that the
same aging mechanisms are likely at play, albeit occurring over different
time scales.

In light of the above, and as stated in introduction, this study pre-
sents a novel accelerated cycle aging test procedure for LCO batteries.
This procedure uses temperature as a stress factor to hasten battery
degradation related to capacity fade and includes a corresponding
analytical model. The chosen temperature range falls within the dis-
cussed limits (20-40 °C), where SEI growth can be considered the
dominant aging mechanism, particularly in the linear part of the aging
curve. Specifically, the proposed test procedure employs a dual-
temperature approach, which seeks to evenly stress the two main
aging mechanisms—SEI growth and lithium plating—to replicate the
same aging path that LiBs would experience under normal aging con-
ditions at the reference temperature of 25 °C. This temperature can be
considered the standard room temperature and, as mentioned above,
may correspond to the crossover temperature. This approach has the



S. Barcellona et al.

potential to achieve a theoretical acceleration much greater than that
reported in the literature, without altering the battery aging mecha-
nisms compared to what occurs under non-accelerated conditions.
Additionally, the proposed cycle aging model is capable of accurately
modeling the knee-point in the capacity fade trend. Specifically, two
tests were performed on two battery cells of the same type and batch:
one using the proposed accelerated cycle aging test and the other using a
non-accelerated cycle aging test for comparison.

3. Experimental setup

The battery cells employed for the tests were 10 Ah LCO pouch
batteries (8773160 K), manufactured by General Electronics Co. Ltd.,
with their parameters listed in Table 1.

Tests were performed using a potentiostat (SP-150) connected to a
booster (VMP3B-100), both from BioLogic Science Instrument, and
controlled by EC-Lab software installed on a PC connected to the devices
via Ethernet. Table 2 provides their specifications.

Battery temperature is typically regulated using a climate chamber;
however, this approach may result in temperature fluctuations during
charge/discharge due to self-heating. To address this issue, the tem-
perature of the battery cells was controlled in an open space using three
Peltier cells, placed underneath the battery cell under test and above a
heatsink with two fans. The Peltier cells were connected in series be-
tween two legs of a full bridge converter (BOOSTXL-DRV8323RX). The
current in the Peltier cells was controlled by a microcontroller
(F28069M), which acquired measurements from a temperature probe
(Pt100) placed on the top side of the battery, compared them with a
reference temperature, T and, through a proportional-integral
controller and pulse-width modulation, determined the duty cycle for
the converter switches. It is worth noting that the battery temperature
was measured on the face opposite the Peltier cells. This method is
effective because the battery cells are very thin, allowing the tempera-
ture to be considered uniform across that dimension. An overview of the
test setup is shown in Fig. 2a, while the schematic of the temperature
controller is presented in Fig. 2b. Finally, Table 3 reports the specifi-
cations for temperature control.

4. Test procedure

As mentioned in the introduction, this work assesses battery degra-
dation in terms of capacity fade. Therefore, the SOH can be defined as
follows:

Cc
SOH = o €y
where C is the actual battery capacity, i.e., the amount of charge the
battery can deliver during discharge, and C;, is the capacity of the fresh
cell.

To demonstrate that the proposed test procedure effectively accel-
erates battery aging, two battery cells of the same type were aged: one
using the proposed accelerated cycle aging procedure and the other
using a non-accelerated cycle aging procedure. In both cases, the pro-
cedure was divided into two phases: the characterization phase and the

Table 1

Battery specifications.
Rated Capacity 10 Ah
Rated Voltage 3.7V
Standard Charge Current 0.2C
Max Charge Current 1C
Charge cut-off Voltage 4.2V

Discharge Current Continuously: 10C; Max: 15C

Discharge cut-off Voltage 275V
Cell Voltage 3.7-39V
Impedance <12 mQ
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Table 2

Potentiostat and booster specifications.
SP-150
Voltage Range +10V
Current Range +0.8 A
Voltage Measurement Accuracy <10 mV
Current Measurement Accuracy <0.8 mA
VMP3B-100
Voltage Range 0-5V
Current Range +100 A
Voltage Measurement Accuracy <10 mV

Current Measurement Accuracy 1A
Impedance Measurement Accuracy 1 %,1°

cycle aging phase.

4.1. Characterization phase

The characterization phase aimed to evaluate the capacity of the
battery and was identical for both cells. It consisted of a full charge and
full discharge performed at 25 °C using the constant current-constant
voltage (CC-CV) method. In particular, the battery was first charged
with a constant current of 10 A (1C) until the battery voltage reached the
maximum cut-off voltage of 4.2 V. Then, the same voltage was applied
until the battery current, I, dropped below 300 mA (0.03C). At this
stage, the battery was considered fully charged, and the discharge phase
could start. The battery was then discharged with a constant current of
10 A (1C) until the minimum cut-off voltage of 2.75 V was reached.
Following this, the cut-off voltage was maintained until the battery
current dropped below 300 mA (0.03C). The capacity, expressed in Ah,
was evaluated by integrating the battery current during the discharge
phase tg, as follows:

tq

1
C:m /Ib(r)dr. 2
)

4.2. Cycle aging phase

As done in Ref. [23], instead of expressing capacity fade as a function
of the number of EFCs, the total moved charge, Q, exchanged with the
battery, was used. It is defined as follows:

1 t
Q:m /|I;,(T)\df. 3)
0

The main idea behind the proposed accelerated cycle aging proced-
ure is to stress the two primary aging mechanisms—SEI growth and
lithium plating—in a balanced manner, in order to replicate normal
aging tests. As described in the introduction and Section II, when the
battery is cycled at temperatures between about 25 °C and 40 °C, SEI
growth is the dominant aging mechanism. However, lithium plating also
occurs, and the two mechanisms can reinforce each other. This inter-
action is reflected in the aging curve: the linear part corresponds to SEI
growth, while the segment after the knee-point is associated with
lithium plating, which is exacerbated by the SEI through a self-
reinforcement mechanism. In contrast, cycling the battery—particu-
larly charging it at temperatures lower than 25 °C, which can be
considered the crossover temperature—results in lithium plating
becoming the dominant aging mechanism.

To achieve this, the accelerated cycle aging procedure involved
charging the battery at 20 °C and discharging it at 40 °C. This approach
avoided prolonged exposure to both 20 °C and 40 °C, thereby mitigating
the aging phenomena associated with these conditions. The decision to
discharge the battery at 40 °C was made because this temperature rep-
resents the upper limit, beyond which additional aging mechanisms,
such as electrolyte dissolution, gas generation, and particle cracking, are
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Fig. 2. a) Overview of the test setup; b) Schematic of the temperature controller.

Table 3
Temperature control specifications.

Temperature probe

Type WZP Pt100 Platinum resistor
Class B
Validity range —20 4250 °C
Limit deviation +(0.3 + 0.005:T)
Microcontroller
Type F28069M
CPU C28x 32-Bit Real Time Microcontroller, 90 MHz,
ROM 256 KB Flash
RAM 96 KB
ADC 12-bit
Converter
Type BOOSTXL-DRV8323RX
Operating voltage 6 V-54V
Current 15 A (continuous)
20 A (peak)
Temperature controller
Type Closed-loop PI
Response time 8 min
Settling time 15 min
Maximum overshoot +2°C

significantly accelerated. Conversely, charging the battery at 20 °C was
chosen to induce lithium plating at a rate comparable to that observed at
40 °C. According to Ref. [29], these two temperatures correspond to
nearly identical aging rates in the V-shaped Arrhenius law. Thus, dis-
charging the battery at a maximum of 40 °C may primarily accelerate
SEI growth, while charging at 20 °C may enhance lithium plating.

This dual-temperature approach may effectively accelerate both
aging mechanisms in a balanced manner. More in detail, the procedure
was as follows: after the characterization phase, the battery was charged
at a constant current of 10 A (1C) until the voltage reached 3 V. The
temperature reference was then changed to 20 °C, and the battery was
allowed to rest for 15 min until it reached the thermal steady state. Next,
the battery was charged at a constant current of 20 A (2C) until the
voltage reached 4 V. Once this voltage level was reached, the temper-
ature reference was switched to 40 °C, and the battery rested for another
15 min to achieve thermal steady state. Subsequently, the battery was
discharged with a current of 20 A (2C) until the voltage reached 3 V. At
this point, the temperature reference was switched back to 20 °C, and
after the battery reached thermal steady state, it was charged again at 20
A (2Q). This procedure was repeated until the total moved charge during
the cycle aging phase, Q.y, reached approximately 500 Ah. Afterwards, a
characterization phase was performed again to assess the battery ca-
pacity. The temperature was adjusted automatically by the microcon-
troller, which measured the battery voltage and adjusted the
temperature reference accordingly. The voltage and temperature of the
battery during one aging phase are reported in Fig. 3a. Additionally,
Fig. 3b illustrates the spatial temperature distribution on the top side of

the battery under steady-state conditions for both 20 °C and 40 °C.

As shown in Fig. 3a, due to the voltage drop during relaxation times
and the different ohmic drop at the two temperatures, the battery was
cycled between about 3.2 V and 3.6 V, which corresponds to the low
SOC area. Despite varying results in the literature [21], indicates that
this SOC range causes the least battery aging for this type of battery.
Therefore, we can attribute the accelerated degradation to the different
temperatures during charge and discharge phases.

For a fair comparison, the battery undergoing non-accelerated cycle
aging should be cycled within the same low SOC range. During the non-
accelerated cycle aging, the battery temperature was maintained at a
constant reference room temperature of 25 °C. Initially, after the char-
acterization phase, the battery was charged at 10 A (1C), moving 1 Ah,
which corresponds to 10 % of its nominal capacity. Subsequently, the
battery was discharged at 20 A (2C) until the moved charge reached 0.4
Ah (4 % of the nominal capacity), or the battery voltage dropped to 2.75
V. The battery was then charged again at 20 A (2C) until the moved
charge reached 0.4 Ah (4 % of the nominal capacity), or the battery
voltage reached 3.65 V. In this way, the battery charge and discharge
were limited to a range between —0.4 Ah and 0.4 Ah (£4 % of the
nominal capacity), and between 2.75 V and 3.65 V, cycling around a
mean SOC of 8 % of the nominal capacity. This procedure was repeated
until approximately Q., = 1000 Ah, after which another characteriza-
tion phase was performed to assess the battery capacity. The testing
procedure for both the accelerated and non-accelerated cycles is re-
ported in Fig. 4.

The decision to cycle the battery at a 2C current was made to
expedite the testing process without compromising the comparison, as
the battery is designed for high-power applications.

5. Experimental results

The capacity results for the battery undergoing non-accelerated cycle
aging are reported in Fig. 5a, while the results for the battery undergoing
the proposed accelerated cycle aging are presented in Fig. 5b. As seen
from the figures, the capacity reduction for Q = 97 kAh (4850 EFC) is
around 8 % for the non-accelerated test. In contrast, for the accelerated
test, the battery experiences a 20 % reduction after less than 4 kAh of
moved charge (200 EFC).

However, to determine whether the proposed accelerated procedure
accelerates the same aging mechanisms in a consistent manner—with-
out stimulating other mechanisms or altering the proportion of the
existing ones—the capacity fade trend should remain consistent. Since
in the accelerated test, the capacity reduction exceeded the knee-point
(the point after which degradation accelerates abruptly), the fitting
procedure was initiated using the results of the accelerated test. Starting
with capacity fade expression proposed in Ref. [23], the function was
adjusted to accurately reflect the capacity behavior around the
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Fig. 3. a) Battery voltage and temperature during the cycle aging phase; b) Spatial temperature distribution on the top side of the battery.

knee-point. The proposed fitting function is:

CQ=Ci+pVQ+pQ+p:Q. @
where C; is the initial capacity of the fitting function, and p1, p2, and p3
are the cycle aging coefficients. It is worth to note that the root and
linear terms are the same as those in Ref. [23], while the seventh-degree
term replaces the second-degree term of [23].

Using linear least squares minimization, the experimental data from
the accelerated test were fitted using (4). Fig. 6a shows the experimental
data along with their fitting function, while Table 4 presents the values
of the fitting parameters, labeled as Ciq, p1,a, P2,a» and psq for the
accelerated test. From Fig. 6a, it is evident that the fitting function aligns
closely with the experimental data. This result is further supported by
the coefficient of determination (RZ), which is 0.9976.

To make the results of the two tests comparable, the battery capacity
must be normalized. Instead of using the experimental value of the fresh
battery capacity, Ci,, the normalization was performed with respect to
the initial value of the fitting function capacity, C;, This approach
mitigates the uncertainty in the experimental value. Therefore,

according to (1), the SOH for the accelerated test is obtained:

SOH,(Q) =1+ p11V/Q +P2aQ +P3nQ )
where pi n, p2n, and p3n, are the normalized cycle aging coefficients,
which are reported in Table 5.

Now, considering the results of the non-accelerated cycle aging test
and in line with the hypothesis presented in Section I, if the accelerated
test truly accelerates the same aging mechanisms in the same manner as
the non-accelerated test, then the trend of the normalized capacity with
the moved charge (i.e., the SOH of the non-accelerated test) should
match the trend of the SOH for the accelerated test when scaled on the x-
axis by a factor k:

SOH,,4(Q) =SOH, (k- Q). 6

On the other hand, the normalization factor, Cj,q, for the non-
accelerated test, which represents the initial capacity of the fitting
function, must also be found. Therefore, by multiplying the term on the
right-hand side of (6) by the factor C;,, the capacity fade for the non-
accelerated test can be expressed as follows:
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Cra(Q) = Cina (1 +P1aV/kQ + Pan(k-Q) +Psn(k-Q) ). %)

Therefore, the experimental data of the non-accelerated test were
fitted using (7) with nonlinear least squares minimization. The results of
this fitting are reported in Fig. 6b, along with the corresponding
experimental data. The values of C; ., and k obtained from the fitting are
9.812 and 0.03165, respectively. Similarly, the proposed fitting function
provides a good match to the data, with an R? value of 0.9846. This
indicates that the proposed accelerated cycle aging procedure likely
accelerates battery degradation while maintaining the same aging

behavior as the non-accelerated test, with an acceleration factor equal to
1/k.

Finally, the data from the non-accelerated test can also be normal-
ized using the initial value of the corresponding fitting function. The
results of the two normalized capacities, along with their respective
fitting functions, are shown in Fig. 7.

According to the acceleration factor, the proposed procedure theo-
retically accelerates degradation by about 30 times. However, this
estimation holds true solely when considering the difference in Ah
moved to achieve the same capacity fade. When accounting for time as
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Fig. 6. Results of the capacity fade for: a) accelerated test with fitting function; b) non-accelerated test with fitting function.

an indicator, the duration for transitioning between temperatures (from
20 °C to 40 °C and vice versa) is limited to 15 min due to constraints in
the test setup’s heating and cooling capabilities. Consequently,
approximately 1200 h are required to reach 80 % of the initial capacity.

Examining the fitting function of the non-accelerated test reveals
that reaching an 80 % capacity loss corresponds to moving approxi-
mately 121 kAh. This implies a total time of about 6050 h, assuming
continuous operation and cycling at a current of 20 A. From a temporal
standpoint, this suggests that the proposed procedure accelerates
degradation by approximately 5 times, representing a significant
improvement compared to results reported in the literature. However,
with a more efficient test setup capable of achieving temperature steady

Table 4
Fitting parameters of the accelerated cycle aging test.
Ciq [AR] DP1a [AR'/?] P2,a P3.a [AR7°]
9.845 -3.690-107° ~5.565107° -1.266107%°
Table 5
Normalized fitting parameters of the accelerated cycle aging test.
p1,n [ARY?] DP2n p3n [AR7°]
-3.748107* ~5.652:107° ~1.286:1072¢

states in 8 min instead of 15, the total time required could potentially be
reduced to 700 h. This improvement would further accelerate degra-
dation by more than 8 times compared to the current setup. Finally,
Fig. 8 displays the fitting function of the SOH of the non-accelerated test,
alongside its experimental data, as well as the results of the accelerated
test scaled on the x-axis by the acceleration factor 1/k. As shown, the

0.95F 1
s
o 09} J
195}
® Experimental data accelerated
X Experimental data non-accelerated
0.85t e . 1
— Fitting function accelerated
— Fitting function non-accelerated

0.8
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Fig. 7. Normalized capacity (SOH) results.
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Fig. 8. Results of the non-accelerated cycle aging test and accelerated cycle
aging test scaled on x-axis.

two curves overlap almost perfectly.
6. Conclusion

This study proposed and validated a novel accelerated cycle aging
test procedure focusing on capacity fade, based on a dual-temperature
approach that uses battery temperature as a stress factor. Unlike previ-
ous literature, which typically achieves an acceleration factor of less
than 2 by considering temperatures of 35-50 °C with respect to 25 °C, or
by altering battery aging mechanisms, the proposed method aims to
achieve a significantly higher acceleration factor than those reported in
the literature while preserving the original aging path observed under
normal conditions.

The proposed accelerated cycle aging method assumes that under
typical operational temperatures between 20 °C and 40 °C, the primary
aging mechanisms are SEI growth during the linear phase of capacity
fade, with both SEI growth and lithium plating occurring after the knee-
point, where self-reinforcement takes place. By charging the battery at
20 °C and discharging it at 40 °C, we aim to consistently accelerate these
mechanisms in a way that reflects the non-accelerated aging process.

Analytically, this implies that the accelerated capacity fade trend
should closely align with the non-accelerated trend when the x-axis,
representing the moved charge, is properly scaled by the acceleration
factor. The reported results demonstrate that achieving an acceleration
factor approximately 5 times higher than the non-accelerated test is
feasible. Furthermore, with enhancements to the heating/cooling sys-
tem, an acceleration factor greater than 8 could potentially be achieved.

These findings represent significant advancements compared to
existing literature, promising accelerated aging factors that can ensure
the preservation of consistent aging mechanisms throughout the accel-
erated testing process. Moreover, the proposed accelerated cycle aging
procedure requires only a simple temperature control system capable of
heating or cooling the battery under test. Specifically, a low-cost hard-
ware setup was employed, consisting of an F28069M microcontroller
paired with the BOOSTXL-DRV8323RX converter, both manufactured
by Texas Instruments, along with a Pt100 temperature probe.

Although the proposed accelerated cycle aging procedure was con-
ducted on an LCO battery, different battery chemistries may result in
varying crossover temperatures at which SEI growth or lithium plating
becomes the dominant aging mechanism. However, in the authors’
opinion, cobalt-based lithium-ion batteries, such as NMC and NCA, may
exhibit similar behaviors, allowing for the use of the same charging and
discharging temperatures. For chemistries like LFP, different tempera-
ture values may be required, although the overall methodology would
remain applicable. Extending the proposed accelerated cycle aging
procedure to other battery chemistries is planned for future research.
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