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This paper presents a comparison on cycling strategies conducted on an experimental study on an NMC lithium-
ion battery. The investigation focused on examining the capacity degradation on batteries subjected to two
cycling protocols, conducted at an ambient temperature of 0 °C and stress factors that depend on actual capacity
instead of nominal capacity. The capacity losses were evaluated post-cycling, revealing a degradation of 28.63 %
and 25.5 % for cells subjected to Protocol 1, whereas cells cycled under Protocol 2 exhibited lower capacity losses

of 21.58 % and 20.73 %.This paper also presents the impact of the discharging current and the depth of discharge
on capacity utilization to support the development of optimized cycling protocols for practical applications.

1. Introduction

The lifespan of the battery depends on the conditions of use. Hence
an accelerated aging test is possible instead of a real use profile because
it would take too much time. Accelerated aging serves as a cost-effective
and efficient approach, providing cycling data in a short timeframe
(days to months). This capability allows the prediction of the lifespan of
Lithium-ion Batteries (LIBs) under diverse operational stresses. During
accelerated aging tests, it is crucial to analyse the aging mechanisms of
the battery, our objective is to focus on a specific degradation mecha-
nism, as lithium plating, and to develop a dedicated accelerated aging
tests to address it.

Lithium plating refers to the reduction of dissolved Li* ions in the
electrolyte to form metallic lithium on the surface of the anode's active
material. This reaction occurs instead of the usual intercalation of
lithium into the lattice structure of the active material [1]. Lithium
plating occurs when the negative electrode potential (NEP) drops below
0 V vs Li/Li". This phenomenon is influenced by several factors during
charging: the NEP decreases with increasing state of charge (SOC),
higher charging currents, and lower operating temperatures [2].

In lithium-ion batteries, the conversion between electrical energy
and chemical energy is achieved through repeated lithium ions inter-
calation and deintercalation. Side chemical reactions can cause irre-
versible losses of electrolyte, active electrode materials, and lithium
inventory; therefore, the capacity decreases over cycles [3].

Studies have shown that the build-up of solid electrolyte interphase
(SEI) passive film layers and lithium-plating on the anode electrode
occur due to the depletion of cyclable lithium ions [4,5]. The formation
of a thick, uneven passive film on the material's surface decreases
electrode porosity and blocks the flow of lithium ions, leading to
increased resistance and reduced capacity over time [6]. The deposited
lithium occupies the interstitial sites in the graphite lattice, the surface
can become saturated [7], which reduce the active surface of the
negative electrode and then increase the local current density. There-
fore, any cycling procedure for lithium-ion batteries must consider these
underlying limitations to ensure safe operation and an extended cycle
life. Hence, subjecting the battery to a fixed stress factor relative to its
nominal capacity may create the illusion of maintaining an iso-
constraint. However, as the battery ages, it is crucial to recognize that
in order to sustain an iso-constraint, the cycling must instead be adjusted
according to a stress factor relative to the actual capacity, which
decrease with aging.

For ease of use, the accelerated stress factors typically employed
include ambient temperature (T), current rates (C-rate), state of charge
(SOCQ), and depth of discharge (DOD). The C-rate is a normalized metric
that specifies the constant-current charge or discharge rate of a cell in
relation to its capacity, expressed as xC [8]. This value is calculated
based on the nominal ampere-hour capacity Q, also known as the
commercial capacity. For instance, a cell with a nominal capacity of Q,
= 10 Ah, when discharged at a rate of 10C,, would deliver energy at a
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current of 10*Q, = 100 A, completing a full discharge within approxi-
mately 0.1 h (6 min), assuming the cell's chemistry supports such a high
discharge rate. Conversely, discharging at a 0.1C, rate would corre-
spond to a current of 0.1*Q, = 1 A, resulting in a discharge time of
approximately 10 h. It is important to note that the relationship between
C-rate and discharge duration is not perfectly linear; at 10C,, a cell may
reach its minimum operational voltage before the expected 6 min, while
at 0.1C,, the discharge time could exceed 10 h. This non-linear behav-
iour emphasizes the complexities of battery performance under different
C-rates and the significant impact of electrochemical factors on
discharge capacity. In this study, the C-rate C, is referenced to the
nominal capacity Qp, whereas the C-rate C, is based on the actual ca-
pacity Q. This differentiation is essential for accurately evaluating
battery performance and examining how capacity degradation affects
discharge behaviour.

Eddahech et al. [9] proposed an equivalent-circuit model for the
impedance of the battery, in order to identify the main stress factors of
aging, the authors considered the C-rate, SOC and the cell temperature
as the main stress factors of aging in the case of power cycling. Vries et al
[10] considered depths of discharge, with up to four series of charge
discharge experiments. The authors found that the cycle life increases as
the DOD is reduced or as the same amount of charge is extracted from a
lower SOC. Maures et al. [11] developed a state of health (SoH) esti-
mator utilizing data obtained from cycling cells under varying temper-
atures and charge/discharge rates (C-rates).

Despite the variety of publications detailing cycling lithium-ion
batteries under diverse conditions, there is limited information avail-
able on how degradation processes evolve when discharge rates are
linked to the actual capacity. In other words, most existing degradation
models are only validated after cycling the battery under nominal
discharge currents.

Nevertheless, up to now, there were very few interests, if any, in
examining how the performance parameters of the battery are influ-
enced by the operational conditions associated with the real state of the
battery, rather than its nominal state. Therefore, in this study, we pre-
sent a comparison of the battery performance and its reliance on the
operational conditions at two distinct aging protocols. This comparison
follows extensive aging tests, where the discharge current rate and depth
of discharge depend on the actual capacity of the battery, instead of the
nominal capacity.

2. Experimental
2.1. Lithium-ion cell characteristics

The cells evaluated in this study are identical to those previously
analysed in [12]. These are lithium-ion NMC cells in a standardized
21,700 cylindrical format. Their key specifications are provided in
Table 1.

2.2. Test procedure

The experimental tests were carried out using a Biologic BCS-815
electrochemical workstation, which features eight channels, each
capable of managing charge and discharge currents of up to 15 A and
Electrochemical Impedance Spectroscopy (EIS) measurements.

To cycle the cells under lithium plating conditions and to conduct
reference performance tests (RPT), a climatic chamber was employed to

Table 1

Characteristics of the tested cells.
Maximum voltage Viax 42V
Minimum voltage Viin 25V
Max charge current (25 °C) 0.3C
Max discharge current (25 °C) 1.5C
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maintain a temperature of 0 °C during cycling and 25 °C during RPT. To
charge the cells, a constant current (CC) of 0.3C, is applied to the cell
until it reaches a maximum voltage of 4.2 V. Following this, a constant
voltage (CV) is maintained until the charge current drops to 0.02Cy,. This
two-step charging process ensures that the cell is fully charged while
preventing overvoltage. The RPT were conducted at the beginning of
cycling, and subsequently repeated every 90 cycles to evaluate both
capacity and internal resistance. Capacity measurements were per-
formed at 25 °C using a complete discharge with a constant current of
0.2C,. Internal resistance (Rqgch) was assessed through high-power pulse
characterization (HPPC). Specifically, following the capacity measure-
ment at 25 °C, the cell was charged to SOC 50 % and then subjected to a
discharge pulse of 1C, for a duration of 10 s. The internal discharge
resistance was subsequently calculated using Ohm's law. Electro-
chemical Impedance Spectroscopy (EIS) measurements are conducted at
the start and end of cycling tests at 25 °C and SOC 50 %, also during
cycling at 0 °C and SOC 50 % every 30 cycles to monitor changes in
internal resistances. These measurements involve potentiostatic mea-
surement taken across a frequency range of 2 kHz to 100 mHz. The
excitation voltage used is V,c = 10 mV.

2.3. Aging protocols

Four cells were cycled at 0 °C using two distinct protocols, with C#1
and C#2 cells assigned to P1, C#3 and C4 assigned to P2. Fig. 1 shows
the evolution of the cycling current of C#1 and C#3, one current cycle
begins with a 30-min rest period, followed by a CCCV charging phase,
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Fig. 1. The evolution of current for (a) cell#1 (b) cell#3.
Cycled under P1 and P2 respectively.
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and concludes with a constant-current discharge phase at I4c, until a
specified discharge quantity Qqch, is reached. For P1, I4cp, = 0.5 C;, and
Qdch = 0.5 Q,, with Qqcn adjusted every 30 cycles based on measure-
ments of Q.. P2 set Igch = 0.5 C; and Qgch = 0.5 Qa, with both I, and
Qdch adjusted every 30 cycles after measuring Q,. Actual capacity was
evaluated in situ every 30 cycles at 0 °C using a full discharge at a
constant current of 0.2C,. This systematic approach provides a detailed
assessment of the effects of different cycling protocols on battery per-
formance in low-temperature conditions.

3. Results and discussion
3.1. Evolution of the performance indicators

The energy and power performance of a battery are linked to its
capacity (Q) and internal resistance (R), respectively. To study the
evolution of these two quantities with aging, Q and R, are determined
periodically at 25 °C ambient temperature. The evolution of these per-
formance indicators is represented in Figs. 2 and 3, as a function of the
discharge capacity throughput, which corresponds to the cumulated
charge passing through the cell during the discharge. These results
highlight a two-step performance degradation both on the capacity loss
and on the resistance growth. Up to a discharged capacity throughput of
800 Ah, the degradation rate of the two indicators remains almost
constant and equal for all cells. Then, this degradation rate increases
significantly for cells cycled under P1 1, leading to a divergence on the
evolution of both the capacity and the resistance with aging.

Cells cycled under P1 exhibited rapid degradation, retaining only
71.37 % and 74.50 % of their initial capacities for C#1 and C#2,
respectively, at a discharged capacity throughput of approximately
1500 Ah. This degradation was accompanied by a significant increase in
resistance, reaching 130.65 % and 141.50 % of the initial values. In
contrast, cells subjected to P2 demonstrated a slower degradation rate,
maintaining 78.42 % and 79.27 % of their initial capacities for C#3 and
C#4, respectively, at a slightly higher throughput of approximately
1540 Ah. Furthermore, the resistance increase under P2 was compara-
tively lower, reaching 122 % and 120 %.

3.2. Electrochemical impedance spectroscopy

Fig. 4a presents the impedance spectrum at 0 °C and at SOC of 50 %,
measured across a frequency range from 2 kHz to 100 mHz. The spec-
trum can be divided into three distinct regions [13]: the high-frequency
region, the mid-frequency region, and the low-frequency region. In the
high-frequency region, up to frequency f,, impedance is mainly due to
ionic conduction within the electrolyte and electronic conduction
through the current collectors. This region displays a distorted semi-
circle, characteristic of these processes. In the mid-frequency region,
spanning from fy to the transition frequency fiansition, impedance is
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Fig. 2. Comparison of the capacity loss versus discharged Ah throughput, for
the two cycling protocols.
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Fig. 3. Comparison of Ry, increase versus discharged.

associated with charge-transfer limitations at the electrode-electrolyte
interfaces and ion migration through the solid electrolyte interphase
(SEI) layer. Variations in the size of the mid-frequency semicircle,
particularly in porous electrodes, indicate differences in interfacial
properties, likely due to changes in SEI composition and structure. The
low-frequency region, characterized by a 45° slope, reflects solid-state
diffusion limitations within the electrodes.

Fig. 4b and c presents the impedance spectra at 0 °C and SOC 50 %,
recorded every 30 cycles for Cell #1 and Cell #4, respectively. Over the
course of aging, the impedance in the mid-frequency range exhibits a
comparable rate of variation for both cycling protocols. Since charge
transfer and ion migration through the solid electrolyte interphase (SEI)
layer predominantly influence this frequency range, and given the well-
established correlation between SEI thickness and aging, the observed
mid-frequency impedance variations can be attributed to SEI evolution.
Notably, as shown in Fig. 4b and c, Cell #4, cycled under protocol P2,
demonstrates reduced SEI evolution compared to Cell #1.

Fig. 4d specifically depicts the ohmic component of the impedance,
where the real part Ry represents purely resistive behaviour, influenced
by electrolyte conductivity and metal conductor resistances. Ry is
calculated by interpolating between the frequency points above and
below the Re-axis. Degradation of the electrolyte affects ionic conduc-
tion, leading to an increase in Ry, whereas degradation of the current
collectors is typically negligible. Both protocols exhibit a similar rate of
Ry increase until a discharged capacity of 500 Ah, where a slight
degradation emerges for cells cycled under P1.

Fig. 5 displays impedance spectra at 25 °C and SOC 50 %, comparing
the initial measurements with those taken after cycling under aging
conditions. In contrast to the spectra at 0 °C, the effects of the cycling
protocols on SEI contributions are more separated from other contri-
butions at 25 °C. Cells cycled under P2, in particular, shows reduced SEI
formation and, consequently, a smaller extent of degradation, indicating
that P2 contributes to less SEI build-up and thereby mitigates overall
degradation in comparison to the other protocol.

3.3. Resistance increase

As lithium-ion cells age, an increase in internal resistance is often
observed due to the accumulation of side reaction products on the
electrode particles, particularly at the electrolyte-electrode interfaces.
This phenomenon, commonly driven by processes like the growth of the
solid electrolyte interphase (SEI) layer and lithium plating, contributes
to the gradual loss of active material and electrolyte over time. Conse-
quently, under constant current conditions, this additional resistance
generates a higher overpotential, causing the cell to reach its voltage
cut-off more quickly when discharged, as illustrated in Fig. 6. This
shortened voltage window per cycle reduces the usable capacity, energy,
and power output with each successive cycle, highlighting the impact of
internal resistance on cell performance and longevity. Moreover, as
shown in Fig. 7, the energy delivered by the cell is further influenced by
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Fig. 4. Cell impedance at 0 °C: a) EIS plot at 50 % SOC, b) evolution of cell#1 impedance under P1, c) evolution of cell#4 impedance under P2, d) evolution of

ohmic resistance.
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Fig. 5. EIS spectra of fresh and cycled cells (a), (b) under P1 and (c), (d) under P2 at 25 °C and SOC50%, ranging from 2 kHz to 100 mHz.

temperature increase. Temperature changes affect the reaction kinetics
within the cell, which can either exacerbate or mitigate the effects of
internal resistance on overpotential. Elevated temperatures, for
instance, tend to reduce internal resistance temporarily due to increased
ionic conductivity. However, repeated exposure to high temperatures
can accelerate degradation mechanisms, thereby increasing resistance
over the long term. The rate at which overpotential grows is determined

by both the rate of resistance increase and the magnitude of the applied
current. Higher discharge currents amplify the effects of internal resis-
tance, accelerating the cell's approach to the cut-off voltage, especially
at higher depths of discharge (DOD). As shown in Fig. 7 our comparison
of protocol 1 and protocol 2, decreasing the discharge current and
limiting the DOD led to a more stable temperature profile for cell#3 and
cell#4, indicating a more favourable condition for prolonging cycle life.
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Fig. 6. Evolution of the discharge cut-off voltage vs total discharged capac-
ity throughput.
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Fig. 7. Evolution of the cell temperature vs total discharged capac-
ity throughput.

The reduction in current load minimizes heat generation, while the
restricted DOD limits the extent of lithium plating and structural strain
on the electrodes. In lithium-ion batteries, the voltage-capacity profiles
exhibit relatively flat slopes at higher SOC or voltages, while lower SOCs
and voltages correspond to steeper slopes. This difference in slope
directly affects the cell's sensitivity to resistance changes: at high SOCs,
the flat slope allows for smaller voltage changes in response to resistance
increases, making the charge capacity highly sensitive to even small
resistance growth. In contrast, at lower SOCs with steeper slopes, the
discharge capacity initially remains relatively stable despite moderate
resistance increases. However, once the cell reaches the inflection point
on the voltage-capacity curve, the discharge capacity becomes increas-
ingly sensitive to additional resistance and overpotential. This sensi-
tivity leads to a sharp decline in deliverable capacity, energy, and
power, as overpotential quickly drives the voltage to the cut-off limit. In
summary, the interplay between internal resistance, applied current,
and SOC significantly influences the aging behaviour and capacity fade
of lithium-ion batteries. Managing discharge current and DOD is
essential in reducing temperature growth and mitigating resistance
growth, which in turn extends battery life. Understanding these complex
interactions provides a foundation for optimizing battery management
strategies, thereby improving the reliability and efficiency of lithium-ion
batteries in practical applications.

4. Conclusion

This investigation into the cycling protocols of lithium-ion batteries
reveals the substantial impact of discharge conditions on battery
degradation and aging patterns. Protocol 2, which maintains a constant
DOD and C-rate adapted to the actual capacity, demonstrated a slower
degradation rate and less capacity decay compared to Protocol 1. Spe-
cifically, the study found that adjustments of discharge current and DOD
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contribute significantly to delaying the increase in internal resistance
and capacity fade. These factors are crucial in minimizing overpotential
effects, as evidenced by the greater stability in capacity and energy
output under Protocol 2. Additionally, adaptation of the stress factor to
the actual capacity plays a critical role in mitigating degradation and
controlling temperature rise, thereby enhancing system stability and
longevity during the aging process. This work supports the development
of optimized cycling protocols that prioritize discharge current and DOD
adjustments according to the actual capacity, in order to extend battery
life. These results provide a foundation for further research on adaptive
battery management strategies aimed at sustaining high performance
and longevity under various operational stresses.

5. Future works

Future research can further refine cycling strategies by incorporating
adaptive algorithms that dynamically adjust discharge currents and
depth of discharge based on real-time battery health monitoring.
Furthermore, testing these optimized cycling protocols in practical ap-
plications such as grid storage can validate their effectiveness in
improving battery longevity under real-world operating conditions. By
exploring how similar cycling protocols affect other lithium-ion chem-
istries, such as LFP (Lithium Iron Phosphate) or NCA (Nickel Cobalt
Aluminum), would broaden the applicability of the findings.
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