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Abstract: Upon reaching certain limits, electric vehicle batteries are replaced and may find a second
life in various applications. However, the state of such batteries in terms of aging and safety remains
uncertain when they enter the second-life market. The aging mechanisms within these batteries
involve a combination of processes, impacting their safety and performance. Presently, direct health
indicators (HIs) like state of health (SOH) and internal resistance increase are utilized to assess battery
aging, but they do not always provide accurate indications of the battery’s health state. This study
focuses on analyzing various HIs obtained through a basic charging-discharging cycle and assessing
their sensitivity to aging. Commercial 50 Ah pouch cells with different aging histories were tested,
and the HIs were evaluated. Thirteen HIs out of 31 proved to be highly aging-sensitive, and thus good
indicators. Namely, SOH upon charging and discharging, Coulombic efficiency, constant current
discharge time, voltage relaxation profile trend, voltage—charge area upon discharging, hysteresis
open circuit voltage Hls, and temperature difference between the tabs upon charging. The findings
offer valuable insights for developing robust qualification algorithms and reliable battery health
monitoring systems for second-life batteries, ensuring safe and efficient battery operation in diverse
second-life applications.

Keywords: electric vehicles; aged cells; pouch batteries; mobility; safety; reuse; repurpose; circular
economy; state of safety; monitoring

1. Introduction

Lithium-ion batteries are widely used in electric vehicles (EVs), due to their lifetime,
performance, and high energy density [1]. The EV’s battery is replaced from the vehicle
once certain limits are reached, e.g., 80% capacity retention [2,3]. The removed battery
can be repurposed for a second-life application [4]. However, accurately determining the
aging and safety state of these batteries upon arrival at refurbishing companies remains a
challenge. The aging of lithium-ion batteries is a complex phenomenon influenced by a
combination of physical and chemical mechanisms typically summarized by the scientific
literature in three categories, i.e., loss of active material (LAM), loss of lithium inventory
(LLI), and internal resistance increase (IRI) [5-9]. The aging occurring within the cell may
pose serious safety risks, e.g., thermal runaway is triggered at lower temperatures [10-12]
and the increased plated lithium may more likely lead to an internal short-circuit [13,14]. In
addition, the legal framework of second-life batteries is still undefined [15]. Consequently,
the development of a standardized procedure to identify the state, especially in terms of
safety, of these second-life batteries becomes imperative.

Typically, direct health indicators (HIs), i.e., state of health (SOH) and IRI, are used to
assess the battery’s aging status [16]. However, these indicators merely provide information
on the available capacity of the battery, but not an accurate indication of the battery’s aging
or safety state [7]. In fact, a degradation mechanism is not always correlated with the
capacity fade of the cell. For example, there may be LAM in the absence of LLI and without
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capacity fade being observed in the cell [17-19]. Nonetheless, other HIs are sensitive to
aging and can give additional information on the battery state.

To address the aforementioned limitations and gain deeper insights into battery aging,
this paper introduces a novel comprehensive assessment of Hls derived through a basic
charging—discharging cycle, evaluating their sensitivity to aging. The selection of Hls is
based on existing literature and focuses on HIs based on quantities typically measured
in battery packs, namely, current, voltage, and temperature. Aging affects the electro-
thermal behavior of the cell, for example, noticeable changes occur in the voltage-time
curve. Aged NMC cells charged in a constant current (CC) reach the constant-voltage (CV)
phase more rapidly [20,21] and increase the duration of the CV phase [22]. Furthermore,
with aging, the extracted charge compared to the inserted charge is reduced [23]. This
shorter CV phase also affects the current-time curve, resulting in a steeper current decrease
in fresh cells [24]. Aging also influences the voltage relaxation profile (VRP), which is
extracted during the relaxation time after charging. Aged cells require more time to
reach a relaxed voltage, which is lower compared to fresh cells [25,26]. Similarly, the
voltage—charge behavior is affected by aging, with aged cells showing a reduced area below
the voltage—charge curve [18]. The open circuit voltage (OCV) curve is also impacted by
aging, leading to steeper curves and higher voltages [27]. Finally, aged cells generate more
heat [28] and display greater thermal heterogeneities across the cell [29]. Thus, considering
the input from the literature, the analysis is based on seven curves extracted during the
basic charging—discharging cycle. These curves yield a catalog of 31 distinct HlIs listed in
Table 1. The HIs and how they are computed are described in more detail in Section 2.

Table 1. List of considered HIs.

Reference Curve

Health Indicator Description

Voltage-time behavior upon charging Constant current charge time (CCCT)

[20-22]

Ratio of the remaining useful capacity

State of Health (SOH) upon charging over the nominal capacity

Time needed by the battery to reach the
CV phase upon charging

Time spent by the battery in the CV phase

Constant voltage charge time (CVCT) upon charging

Ratio CVCT/CCCT Ratio between CVCT and CCCT

Voltage-time behavior upon discharging Coulomb efficiency (CE)

[20,21,23]

Ratio of the remaining useful capacity

State of health (SOH) upon discharging over the nominal capacity

Ratio of the charged over the discharged
capacity

Time spent by the battery in the CC phase

Constant current discharge time (CCDT) upon discharging

Current-time behavior during the CV

charging phase
[24]

Constant voltage current profile Coefficients al of the CVCP profile, see
(CVCP)-al Equation (3)

Constant voltage current profile Coefficients a2 of the CVCP profile, see
(CVCP)-a2 Equation (3)

Constant voltage current profile Coefficient of determination of the CVCP

(CVCP)-R2 profile, see Equation (3)
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Table 1. Cont.
Reference Curve Health Indicator Description
Area VdQ charging Integral of the voltage over the charge
Area VdQ discharging Integral of the voltage over the charge

Voltage—charge behavior upon cycling

[18,27,30]

Voltage measured at 15 Ah considering

OCVatl15 Ah the hysteresis OCV curve

Voltage measured at 25 Ah considering

OCVat25 Ah the hysteresis OCV curve

Voltage measured at 35 Ah considering

OCVat35 Ah the hysteresis OCV curve

Rate of voltage change over the charge
OCYV slope between 15-25 Ah between 15 and 25 Ah in the hysteresis
OCV curve

Rate of voltage change over the charge
OCYV slope between 25-35 Ah between 25 and 35 Ah in the hysteresis
OCV curve

Highest absolute temperature recorded

Max T negative tab on the negative tab

Highest absolute temperature recorded

Max T positive tab o
ax @ postveta on the positive tab

Maximum absolute temperature minus
T rise negative tab the minimum absolute temperature

Thermal evolution upon charging and measured on the negative tab

discharging
[28,29]

Maximum absolute temperature minus
T rise positive tab the minimum absolute temperature
measured on the positive tab

Average temperature difference

Average T difference measured between the tabs of the cell

Maximum temperature difference

Maximum T difference measured between the tabs of the cell

The findings gained from these sensitive HIs hold valuable implications for the
development of qualification algorithms, particularly for second-life batteries. Further-
more, the simplicity of the evaluation procedure facilitates its replicability with other
cells, enhancing its practicality and potential for widespread application in the field of
battery-aging research.

2. Materials and Methods

The tested battery cells were commercial 50 Ah pouch cells with nickel-manganese—
cobalt oxide cathode (NMC111), graphite anode, and SEPARION® separator [31], intended
for use in an EV module. The cell has a nominal voltage of 3.65 V and a specific energy of
147 Wh/kg. For the analysis, cells with different aging histories were tested: F1, F2, Al,
and A2, see Table 2. Cells F1 and F2 were nearly not electrically cycled while A1 and A2
were electrically cycled inside commercial vehicles. This selection enabled us to have two
distinct non-electrically aged cells (F1 and F2) as references to be compared with the two
differently electrically aged cells (A1 and A2) to see how the different aging affects the
investigated Hls.
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Table 2. Aging history of tested cells.

Aging
History

Calendar
Aging

Average
Tempera-
ture

Average Max Avg Dis- Max Dis-
Charging Charging charging charging
Current Current Current Current

Cycling
Time

Temperature
Range

[Years]

[h] [°C] [°Cl [A] [A] [A] [A]

F1
F2
Al
A2

7
10
8
7

0 27 10-35 38 >50 19 <—150
8 20 —40-45 10 >50 75 <—150
1239 21 040 36 >50 17 <—150
613 27 10-35 38 >50 19 <—150

Voltage [V]

One cell from each aging history was tested (F1, F2, A1, A2), except for F2, where three
cells extracted from different positions in the module were tested (F2_C1, F2_C2, F2_C3),
and the test on one of the cells of F2 was repeated 3 times to check the repeatability of
the measurement.

The cells were charged with CC-CV (constant-current—constant-voltage) from 0% state
of charge (SOC) to 100% SOC with constant-current (CC) of 25 A (C/2) until the upper
cut-off voltage of 4.2 V. Once the cut-off voltage is reached, the cells were charged in CV
with a cut-off current of 2.5 A (C/20). Then, after 2 h of waiting time during which the VRP
was obtained, the cells were discharged with a CC of 25 A (C/2) until the lower cut-off
voltage of 3.0 V. During cycling, the temperature was measured using thermocouples
near the tabs. The cells were charged and discharged using a bi-directional power supply
(EA-PSB 9060-120 3U), which was also employed for measuring the current. The voltage
was measured using a sense cable via the NI9229 Module, while the temperature values
were obtained using K-type thermocouples via the N19213 Module. Both NI modules were
controlled through the NI Compact-DAQ-9178.

2.1. Voltage-Time Behavior upon Cycling

In the voltage-time curves, the following HIs are measured: SOH upon charging and
discharging, Coulombic Efficiency (CE), Constant Current Charge Time (CCCT), Constant
Voltage Charge Time (CVCT), CVCT/CCCT, and Constant Current Discharge time (CCDT).
The measured HIs are shown in Figure 1.

(a) (b)
cccr CVCT ccoT

4.204

3.90 1

3.60 1

3.30 1

\ 4

4.20

3.90 1

Voltage [V]

3.60 1

Cona 3.30-

3.00

30

. »3.00 - . . :
60 90 120 150 0 30 60 90 120 150

Time [min] Time [min]
Figure 1. Voltage-time curve upon (a) charging and (b) discharging with extracted HIs.

There are several techniques for estimating SOH, yet due to its simplicity, one of the
most widely used methods is coulomb counting [32]. The coulomb counting method is
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based on the integration of the current I over time ¢t during a full charge or discharge to
estimate the inserted or extracted capacity from the battery. The SOH is the ratio of the
inserted or extracted charge (depending if it is measured upon charging or discharging)
over the rated capacity of the cell Crarep, see Equation (1).

1
SOH — / It (1)
CRATED
CE compares the charge inserted during battery charging Ccar with the charge
extracted during discharging Cpys in order to depict the completeness of the process [23],
as shown in Equation (2).

CE— CcHAR o)

Cprs

The CCCT refers to the time needed to reach the CV phase upon charging. Similarly,
CCDT consists in the time taken during discharge to reach the lower cut-off voltage. The
CVCT is the time spent during charging in the CV phase, see Figure 1.

2.2. Current-Time Behavior during the CV Charging Phase

From the CV phase upon charging, it is possible also to extract the Constant Voltage
Current Profile (CVCP), shown in Figure 2.

N
()}
)

— Measured current
—--Regression line

Current [A]

0 5 10 15 20 25
Time [min]

Figure 2. Current-time during CV reference curve. The red line refers to the real data and the black
line to the exponential regression function.

During the CV phase, the current decreases following an exponential trend with
time. The coefficients a1l and a2 of the regression function shown in Equation (3) can be
calculated and compared. The precision of the regression is assessed through the coefficient
of determination R2, calculated using the Residual Sum of Squares (RSS) and the Total Sum
of Squares (TSS).

RSS

_ a2t —1_
Icv(t) =al-e™", R2 1 TSS (3)

2.3. Voltage-Time Behavior at the End of Charging While Waiting-Voltage Relaxation
Profile (VRP)

The VRP is the voltage trend during the waiting time at the end of charging, shown in
Figure 3.
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Figure 3. VRP from which the relaxed voltage and the voltage slope Hls are extracted.

The VRP yields two extracted Hls: the relaxed voltage, measured after a two-hour
waiting period at the end of charging, and the VRP slope, representing the voltage trend
between the first and second hour, calculated with Equation (4).

Veo — Vioo @)

Voltage slope = 3600

2.4. Voltage-Charge Behavior upon Cycling

The voltage—charge curves are shown in Figure 4, with the extracted Hls.

(a) (b)

— 4.20- — 4.20-
e e
(0] [0)]
()] ()]
£ 390 £ 3.90
(@] (@}
> >
3.60- 3.60-
3.30+ AK 3.30+ Avo, o
3.00 . : . . 3.00 . . . .
0 15 30 45 60 -60 -45 -30 -15 0
Charge [Ah] Charge [Ah]

Figure 4. Voltage—charge curves during (a) charging and (b) discharging with the extracted Hls.

The considered HIs refer to the area under the voltage—charge curve Ay . The area is
computed using Equation (5). with V as voltage and Q as capacity.

Avg = / VdQ ®)
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2.5. Hysteresis Voltage Profile—~Open Circuit Voltage (OCV) Approximation

Two techniques are commonly used for measuring the OCV curve. The first is “step-
wise OCV”, which consists of charging up to a certain SOC and then measuring the voltage
after a suitable relaxation time [30,33]. The second is “low-current OCV”, which consists of
charging the battery with a very low current (i.e., <0.1 C) and considering the battery voltage
in a state of quasi-equilibrium. Both of these techniques, however, are time-consuming.
An alternative that requires less time is “hysteresis OCV”, which consists of averaging the
charge and discharge voltage profile over the capacity [34-36] while using higher C-rates
and no waiting time. The voltage hysteresis is affected by C-rate, particle size, and electrode
thickness [37].

For the OCV approximation, the voltage versus capacity curve during charging is
averaged with the curve obtained during discharging (black lines), as shown in Figure 5.

— 4.20 -
>, — Measured voltage
Q J| — Averaged voltage
o
o
S 3.904
3.60
gl B 10
OPE25715 = Wyean—Visan)
3.30 1 Vssan
Viean Vasan g 10
Opess_y5 =
Pess-25 (V3san —Vasan)
3.00

0 5 10 15 20 25 30 35 40 45 50 55 60
Charge [Ah]

Figure 5. Hysteresis OCV: charging and discharging curve, averaged curve, and HIs extracted.

From the hysteresis OCV curve, five Hls are extracted. Namely the voltage at 15 Ah
(30% SOC), 25 Ah (50% SOC), 25 Ah (70% SOC), the slope (i.e., the change in charge per
voltage) between 15 and 25 Ah, and between 25 and 35 Ah. The slope is computed using
Equation (6).

AQX*]/

Slopexfy = AVi, (6)

2.6. Thermal Evolution upon Cycling

The thermal behavior of the cell is also investigated. As shown in Figure 6 the HIs
considered are the maximum absolute temperature reached and the temperature rise, i.e.,
the maximum minus the minimum temperature measured on either the positive or the
negative tab of the cell.
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— 301
© — Negative tab
o — Positive tab
2 29 1 A Tabs
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Figure 6. Thermal evolution on the cell. The exemplary thermal rise Tyg in this case is referred to
the negative tab, a similar procedure is followed for the positive tab.

Additionally, the maximum and the average temperature differences over time be-
tween the temperature measured on the positive tab and the negative tab are considered.

2.7. Repeatability, Sensitivity, and Monotonicity Assessment

In order to be considered valid HIs, the parameters under investigation must meet
certain requirements, namely, independence of starting point, and the possibility of absolute
number extraction. It is important to guarantee the independence of starting point since
the method is designed for second-life batteries, additionally, the scenario in which no
information is available on the state of the battery at the beginning (and during) its first life
must be considered. The only information available is the basic information contained in
each battery datasheet such as the nominal capacity and the upper and lower voltage limit.

On the other hand, the ability to extract absolute numbers offers a simplified approach
to comparing cells by utilizing a single absolute number as a reference. This, in turn,
simplifies the implementation of the parameter within algorithms or models.

Furthermore, an evaluation of the HIs is carried out considering repeatability, sensitiv-
ity, and monotonicity.

Repeatability refers to the consistency of the HI measurements. A HI with good
repeatability will produce consistent results when measured multiple times under the same
conditions. Hence, the same HI measured under the same conditions must not spread.
Repeatability is defined by Equation (7).

o (cyclespy c5)
o(moduler;)

Repeatabiliy = (7)
With o referring to standard deviation, the numerator refers to the repetitions con-
ducted on the cell F2_C3 (see Table 2), and the denominator to all the measurements
conducted on the cells extracted from F2 (see Table 2). The standard deviation is calculated
using Equation (8).
L(xi — %)

o= EHE (8)

In the formula, x; refers to each data point, x is the dataset average and N is the
population size, i.e., the number of measurements included in the dataset.

A lower Repeatability value corresponds to a smaller spread of the values obtained
by measuring the same cell under the same conditions than the values measured within
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the module itself, and thus to a higher score. The application is evaluated for Repeatability
according to the evaluation scheme shown in Table 3.

Table 3. Corresponding Repeatability and Sensitivity scores.

Value Evaluation Scoring

Repeatability / Sensitivity < 0.25
0.25 < Repeatability / Sensitivity < 0.50
0.50 < Repeatability/ Sensitivity < 0.75
0.75 < Repeatability / Sensitivity < 1.00

Repeatability/Sensitivity > 1.00

O R, N Wk

Sensitivity is a measure of how well a HI can reflect changes in battery aging. The
difference between the HI measured for the aged cells and for the non-electrically aged cells
must be greater than the spread of the measurements found for the cells extracted from the
module containing non-electrically aged cells F2. Sensitivity is defined by Equation (9).

o(moduler;)

Sensitivity = o (dataset)

©)

The denominator refers to the standard deviation of the whole dataset. A lower
Sensitivity value corresponds to a lower spread of the values obtained by measuring the
cells in the same non-electrically aged module compared to the values measured in the
whole dataset, indicative of a change of the HI with aging, and thus to a better score. The
application is evaluated for repeatability according to the evaluation scheme shown in
Table 3.

Monotonicity refers to a HI’s consistent increase or decrease with changes in battery
aging. In other words, as batteries age, the measured HI should consistently move in the
same direction, either increasing or decreasing, compared to non-electrically aged cells.
Monotonicity is defined by Equation (10).

Monotonicity = (F1 — A1)(F1 — A2) (10)

F1, A1, and A2 refer to the absolute value of the HI measured on the cell extracted
from the corresponding cell ID (see Table 2). If the value of Monotonicity is less than zero, it
implies that the criterion is not met and the HI is not considered appropriate as HI and the
score will be zero as shown in Table 4.

Table 4. Corresponding Monotonicity scores.

Value Evaluation Scoring
Monotonicity > 0 1
Monotonicity <0 0

An example showing the approach for the extrapolation of Repeatability, Sensitivity,
and Monotonicity is provided in Appendix A.

Multiplying the values of Repeatability, Sensitivity, and Monotonicity gives the overall
score of the HI under analysis, as shown in Equation (11).

Final score = ScoreRepeatubility'ScoreSensitivity'ScoreMonotonicity (11)

This allows the ranking of the HIs under investigation. All HIs with values that are at
or above the upper quartile value will be considered good aging-sensitivity Hls, and the
remaining poor aging-sensitivity Hls.
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Voltage [V]

3. Results and Discussion
3.1. Voltage-Time Behavior upon Cycling

The SOH is measured during both the charging and discharging of the cell using
Equation (1). The voltage over time charging and discharging curves are shown in Figure 7.

(a) (b)
4.20 — 4.20-
2
()
()}
3.901 = 3.901
O
>
3.60 3.60
—F1
—F2
3.301 F2 C3 3.301
— A1
— A2
3.00 . . . . » 3.00 : : . . .
0 30 60 90 120 150 0 30 60 90 120 150
Time [min] Time [min]

Figure 7. Voltage—time curves during (a) charging and (b) discharging.

The SOH values measured upon charging and discharging follow a similar pattern, the
absolute measured values are shown in Table 5. The table in the “Average” column presents
the arithmetic mean of all cells with the same aging history. For F1, A1, and A2, where only
one measurement was taken, the average corresponds to that specific measurement. In
the case of F2, the average is calculated from the six measurements in the table. The same
approach was consistently applied in subsequent tables.

Table 5. Absolute values obtained through the different tests of the HIs: SOH charging, SOH
discharging, and Coulombic efficiency.

Cell SOH Charging [%] SOH Discharging [%] Coulombic Efficiency [%]
ID Cell Average Cell Average Cell Average
F1 99.70 99.70 99.19 99.19 99.48 99.48

F2_C1 98.36 98.27 99.90
F2_C2 98.17 97.28 99.09

99.84 99.28 98.54 98.27 98.70 98.99
F2_C3 99.92 98.48 98.56

100.10 98.81 98.71

Al 81.00 81.00 80.03 80.03 98.80 98.80
A2 97.53 97.53 92.90 92.90 95.26 95.26

The SOH is an indicator of the cell’s capacity retention. The capacity of a cell fades
with aging mainly due to LAM and LLI [38,39]. F1 and F2 exhibit the highest and very
similar capacity retention, in both cases higher than 98%. A2 shows slightly lower capacity
retention, while A1 has much lower capacity retention, close to 80%, suggesting a more
prominent presence of LAM and LLI within the cell.

The results show that the SOH measured during charging is consistently higher than
during discharging for all batteries (F1, F2, A1, and A2). The CE values, listed in Table 5,
indicate that F1, F2, and A1l have similar average CE values near 99%. In contrast, A2 has a
lower CE of almost 95%. Typically, CE is characterized by three phases [23,40-42]. In the
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first cycles, there is a sharp increase in CE mainly due to the formation and growth of the
solid electrolyte interphase (SEI). Afterward, the CE stabilizes around 100% and reaches
the stable phase, which is maintained for hundreds of cycles. Finally, the third phase is
characterized by a decrease in CE due to a sudden increase in chemical processes within
the cell that cause LAM and LLI. The decreasing phase coincides with the capacity “knee”
point [43]. Thus, CE is an indicator of the side reactions taking place within the battery [44].
In addition, it can give an indication of the capacity fade except when applied in the early
stages; however, this is not a concern when considering second-life batteries that already
have an aging history. From the obtained result, it emerges that A2, even if it has higher
capacity retention than Al, may be more prone to degradation due to increased chemical
side reactions occurring while electrochemically cycling. The different behavior can be
attributed to the different aging paths followed by the two cells. This result indicates that
Al is in the stable phase like F1 and F2, while A2, due to the greater side reactions, might
experience a more rapid decline in capacity retention after multiple cycles.

The charging and discharging times, used for measuring CCCT, CCDT, CVCT, and
the ratio between CVCT and CCCT, are represented in Figure 7. The values for the afore-
mentioned Hls are listed in Table 6.

Table 6. Absolute values obtained through the different tests of the HIs: CCCT, CVCT, CVCT/CCCT,
and CCDT.

Cell ID CCCT [s] CVCT [s] CVCT [9] CCDT [s]
Cell Average Cell Average Cell Average Cell Average
F1 6899 6899 1285 1285 18.63 18.63 7313 7313
F2_C1 6819 1206 17.69 7245
F2_C2 6775 1292 19.07 7172
6870 6850 1391 1324 20.25 19.32 7265 7246
F2_C3 6864 1433 20.87 7262
6924 1297 18.74 7286
Al 5760 5760 1081 1081 18.77 18.77 6071 6071
A2 6920 6920 1363 1363 19.69 19.69 7046 7046

The measured CCCT is similar for F1, F2, and A2 close to 6900 s, while it is lower for
Al with a value of 5760 s. On the other hand, the CCDT is lower for the electrically aged
cells (A1, A2) compared to the non-electrically aged cells (F1, F2). The CCCT and CCDT
decrease with aging [20,21,45,46], which is due to both IRI, which leads to an increase in
the polarization of the cell upon charging [44], reaching higher voltages faster, and LAM,
which contributes to reach the cell cut-off voltage faster [20,21]. From the results obtained,
therefore, it can be assumed that Al and A2 are characterized by higher LAM and IRL

Similarly to CCCT, CVCT follows a similar trend, with higher values for F1, F2, and A2
compared to Al. The CVCT-based HI indicator bases its idea on the time required, which
increases with aging due to the deceleration of charge transfer caused by the combination
of the diffusion time slowdown, porosity changes, and electrolyte conductivity degradation
over aging [22,45,47]. Contrary to what is expected, the CV-phase time is lower for the
aged cell Al. This may be attributed to higher LLI than LAM for Al, resulting in reduced
ions accumulation at the anode interface upon charging and allowing more effective
intercalation in the active material.

Nonetheless, CVCT is sometimes considered an unreliable HI [21]. An alternative is
to consider the percentage of time spent charging in CC compared to the total charging
time. The ratio between CCCT and CVCT is lowest for F1 and highest for A2. However, in
this case, the results do not appear to be directly related to aging, so no conclusions can be
drawn about cell degradation.
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3.2. Current-Time Behavior during the CV Charging Phase

The current trend over time during the CV phase is shown in Figure 8.

— 251
< —F1
= —F2
S 20 F2 C3
3 — A1
— A2
15
101
5_
0 T T T T 1
0 5 10 15 20 25

Time [min]
Figure 8. Current-time curve at the end of the CC charging, during the CV phase.

The approximating regression function, which contains coefficients al and a2, as well
as the coefficient of determination, is based on Equation (3), and the obtained values are
summarized in Table 7.

Table 7. Absolute values obtained through the different tests of the CVCP Hls.

Coefficient of
3
Cell ID a a2 [>107 Determination [%]
Cell Average Cell Average Cell Average
F1 22.49 22.49 —1.83837 —1.84 99.57 99.57
F2_C1 2281 —1.94976 99.73
F2_C2 22.49 —1.82381 99.60
22.49 22.57 —1.68784 -1.78 99.63 99.64
F2_C3 2251 —1.64915 99.60
22.54 —1.81335 99.63
Al 22.83 22.83 —2.21677 —2.22 99.69 99.69
A2 22.75 22.75 —1.77636 -1.78 99.60 99.60

The results reveal that the coefficient al of the CVCP is higher for Al and A2 compared
to F1 and F2. On the other hand, the coefficient a2 is smaller for A1 compared to the other
cells. As additional information, the coefficient of determination is higher for A1 compared
to F1, F2, and A2.

As mentioned above, aging affects the CV phase [24]. In particular, the time spent
during CV-charging increases with aging [22]. Thus by analyzing the CVCP, a steeper
current decrease (higher coefficient al and lower coefficient a2) is expected for the non-
electrically aged cells (F1, F2). The findings are in line with the CVCT findings, Al has a
higher coefficient al, and a lower coefficient a2. This behavior can again be explained by a
higher LLI than LAM for cell Al.

3.3. Voltage-Time Behavior at the End of Charging while Waiting-Voltage Relaxation Profile (VRP)

The voltage trend over time at the end of the charge is shown in Figure 9.
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Figure 9. Voltage trends over time (i.e., VRP) at the end of the CC-CV charge.

For each tested cell the voltage measured at the tabs after two hours and the voltage
slope with respect to the time between the first and second hour are measured, and the
obtained values are shown in Table 8.

Table 8. Absolute values obtained through the different tests of the VRP His.

Relaxed Voltage [V] Voltage Trend [V x 106/s]
Cell ID
Cell Average Cell Average
F1 4.176 4.176 —0.040 —0.040
F2_C1 4178 —0.032
F2_C2 4.174 —0.051
4.175 4175 —0.042 —0.040
F2_C3 4.175 —0.039
4.176 —0.039
Al 4.168 4.168 —0.165 —0.165
A2 4.163 4.163 —0.213 —0.213

From the VRP, it is shown that aged cells A1l and A2 relaxed to a lower voltage (below
4.17 V) value compared to cells F1 and F2 (above 4.17 V). A difference between Al and A2
and F1 and F2 emerges also in the VRP slope and, in the last hour, the voltage of Al and
A2 drops faster compared to F1 and F2.

The VRP at the end of charging is correlated with aging. Aged cells’ voltage tends
to relax to a lower voltage and requires more time to reach an equilibrium point [25,26].
The aging-related change in behavior is related to LLI and LAM, both of which reduce the
amount of intercalable ions in the anode. In addition, LAM leads to a change in the crystal
structure, which intrinsically affects the voltage measured at the battery electrodes [26,48].
Thus, considering the obtained results, worse behavior in both electrically aged cells A1l
and A2 was found. Considering the results, both electrically aged cells Al and A2 exhibit
worse behavior, suggesting the presence of LAM and LLI as a degradation mechanism for
both cells.

3.4. Voltage—Charge Behavior upon Cycling

The values of the area contained under the voltage—capacity curve during charging
and discharging are shown in Figure 10.
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Figure 10. Voltage—charge curves during (a) charging and (b) discharging.

The voltage—capacity curve area values are summarized in Table 9.

Table 9. Absolute values obtained through the different tests of the voltage—capacity curve area upon
charging and upon discharging.

Voltage—Capacity Curve Area upon Voltage-Capacity Curve Area upon

Cell ID Charging [VAh] Discharging [VAh]
Cell Average Cell Average

F1 196.47 196.47 185.06 185.06
F2_C1 194.00 183.36
F2_C2 193.32 181.25

197.00 195.71 183.39 183.05
F2_C3 197.11 183.18
197.13 184.05

Al 165.03 165.03 154.44 154.44

A2 198.84 198.84 177.44 177.44

Similarly to the SOH, during aging there is a gradual shrinking of the area under the
voltage—capacity curve. The shrinking of the area can be related to various degradation
mechanisms and in particular to LLI and LAM [18]. During charging there is a lower value
for A1, but similar values for F1, F2, and A2. During discharging, the values of Al and
A2 are lower than the values calculated for F1 and F2, suggesting LLI and LAM for the
electrically aged cells.

3.5. Hysteresis Voltage Profile-Open Circuit Voltage (OCV) Approximation
The hysteresis OCV curves for all cells tested are shown in Figure 11.



Batteries 2023, 9, 542

15 of 24

— 4.20 -
=
[0]
(e)]
8
S 3.901
3.60
—F1
3.30 —F2
F2 C3
— A1
— A2
3.004 . . ; .
0 15 30 45 60

Charge [Ah]
Figure 11. Hysteresis voltage profile results.

The voltage values at 15 Ah, 25 Ah, and 35 Ah, as well as the slopes between 15 Ah
and 25 Ah, and between 25 Ah and 35 Ah are considered as HIs, the measured values are
shown in Table 10.

Table 10. Absolute values obtained through the different tests of hysteresis OCV curve Hls.

Voltage Change Voltage Change
Cell ID Voltage (35 Ah) [V] Voltage (25 Ah) [V] Voltage (15 Ah) [V] (35-25 Ah) [Ah/V] (25-15 Ah) [AR/V]
Cell Average Cell Average Cell Average Cell Average Cell Average
F1 3.81 3.81 3.68 3.68 3.60 3.60 75.29 75.29 117.73 117.73
F2_C1 3.82 3.68 3.60 72.44 115.67
F2_C2 3.83 3.69 3.59 70.25 109.74
3.81 3.82 3.68 3.68 3.59 3.59 74.77 73.36 116.69 115.05
F2_C3 3.81 3.68 3.59 74.40 115.95
3.81 3.68 3.59 74.93 117.19
Al 3.98 3.98 3.78 3.78 3.64 3.064 50.37 50.37 72.54 72.54
A2 3.83 3.83 3.69 3.69 3.60 3.60 68.62 68.62 110.05 110.05

Generally, both at 35 Ah and 25 Ah and 15 Ah, cells A1 and A2 exhibit higher voltages
than F1 and F2 for the same capacity. Additionally, both capacity—voltage slopes between
the considered capacities are lower for A1 and A2 cells compared to F1 and F2.

For all five Hls extracted from the hysteresis OCV curve, a worse behavior for the
electrically aged cells emerged. In general, the OCV curve is influenced by LAM, LLI, and
IRI, thus it cannot be used to detect a specific degradation mechanism and it can be used to
detect multiple degradation mechanisms [27], providing an overall idea of the aging state
of the battery.

3.6. Thermal Evolution upon Cycling

The graphs in Figure 12 show the temperature evolution at different positions on the
cell (i.e., near the negative tab and the positive tab) during charging and discharging. The
absolute maximum temperature and the temperature rise are measured.
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Figure 12. Temperature evolution during charging (a) and discharging (b) measured close to the
negative tab and during charging (c) and discharging (d) measured close to the positive tab.
The thermal values measured during charging are shown in Table 11.
Table 11. Absolute values obtained through the different tests of the following thermal HIs: maximum
absolute temperature on the positive and negative tab upon charging and discharging.
Max T Negative Tab Max T Negative Tab Max T Positive Tab upon = Max T Positive Tab upon
Cell ID upon Charging [°C] upon Discharging [°C] Charging [°C] Discharging [°C]
Cell Average Cell Average Cell Average Cell Average
F1 26.83 26.83 28.04 28.04 26.18 26.18 27.04 27.04
F2_C1 27.22 29.09 27.07 28.80
F2_C2 25.80 26.59 25.54 26.17
23.44 24.73 24.14 25.63 24.04 25.02 2491 25.93
F2_C3 2292 23.85 23.57 24.60
24.27 24.47 24.88 25.17
Al 25.79 25.79 26.64 26.64 26.73 26.73 27.47 27.47
A2 25.15 25.15 24.57 24.57 29.47 29.47 26.01 26.01
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The maximum absolute temperatures on the negative tab ranged from 24.73 °C to
26.83 °C, with F2 exhibiting the highest temperature and F2 showing the lowest. On the
positive tab, the maximum absolute temperatures during charging varied from 25.02 °C to
29.47 °C, with A2 displaying the highest value. The temperature rise on the negative tab
upon charging was found to be in the range of 1.72 °C to 3.93 °C, with A2 experiencing the
most significant temperature rise and F1 showing the smallest increase. On the positive
tab, the temperature rise during charging ranged from 1.44 °C to 8.32 °C, again with A2
showing the highest temperature rise.

The thermal values measured during discharging are shown in Table 12.

Table 12. Absolute values obtained through the different tests of the following thermal HIs: absolute
temperature rise on the positive and negative tab upon charging and discharging.

T Rise Negative Tab T Rise Negative Tab T Rise Positive Tab upon T Rise Positive Tab upon
Cell ID upon Charging [°C] upon Discharging [°C] Charging [°C] Discharging [°C]
Cell Average Cell Average Cell Average Cell Average
F1 1.84 1.84 413 413 1.44 1.44 3.24 3.24
F2_C1 2.53 3.91 2.56 3.71
F2_C2 1.12 2.68 1.03 2.39
2.28 2.25 3.30 3.31 2.98 2.67 4.16 3.70
F2_C3 2.32 3.55 3.06 4.38
2.98 3.10 3.70 3.88
Al 1.72 1.72 2.67 2.67 2.61 2.61 297 2.97
A2 3.93 3.93 2.84 2.84 8.32 8.32 413 4.13

The maximum absolute temperatures on the negative tab ranged from 24.57 °C to
28.04 °C, with F1 having the highest value and A2 having the lowest. On the positive tab,
the maximum absolute temperatures during discharging varied from 25.93 °C to 27.47 °C,
with A1 exhibiting the highest temperature. The temperature rise on the negative tab upon
discharging was observed to be in the range of 2.67 °C to 4.13 °C, with F1 experiencing
the highest temperature rise. On the positive tab, the temperature rise during discharging
ranged from 2.97 °C to 4.13 °C, with Cell A2 demonstrating the highest temperature rise.

The temperature generated during charging or discharging, due to the ohmic effect, is
correlated with the internal resistance of the battery [28,29,49,50]. Due to IRI, aged cells are
expected to have a higher temperature rise. In general, cell A2 presented a worse thermal
behavior with higher heat generation, which can be related to a greater IRI compared to
the other cells.

The evolution of the temperature difference between the positive and negative tab
during cell charging and discharging is shown in Figure 13.

The average and maximum temperature difference during charging and discharging
are measured and listed in Table 13.

In general, higher values are observed on A2 than on F1, F2, and A1l. Upon charging,
the average temperature differences for the cells ranged from 0.37 °C (F2) to 1.87 °C (A2),
while the maximum temperature differences varied from 0.41 °C (F2) to 1.30 °C (A2).
Similarly, during discharging, the average temperature differences ranged from 0.55 °C
(F2) to 4.47 °C (A2), with the maximum temperature differences ranging from 0.68 °C (F2)
to 1.62 °C (A2). These findings indicate notable variations in the thermal behavior of the
cells during charge and discharge cycles, with Cell A2 consistently displaying the most
significant temperature differences, both in terms of average and maximum values. This
behavior can be because aging leads to heterogeneous cell behavior [51]. At the thermal
level, this is mainly related to IRI, which leads to increased heat generation [28,29,49,50]
and to local lithium plating, i.e., LLI, which results in inhomogeneous current densities and
thus inhomogeneous temperature distribution upon cycling [52,53].
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Figure 13. Temperature difference during charging (a) and discharging (b) between the measurement

taken close to the negative tab and the positive tab.

Table 13. Absolute values obtained through the different tests of the following thermal HIs: average

and maximum temperature difference between tabs upon charging and discharging.

Average T Difference

Average T Difference

Maximum T Difference

Maximum T Difference

Cell ID upon Charging [°C] upon Discharging [°C] upon Charging [°C] upon Discharging [°C]
Cell Average Cell Average Cell Average Cell Average
F1 0.56 0.56 0.74 0.74 0.87 0.87 1.19 1.19
F2_C1 0.18 0.27 0.21 0.39
F2_C2 0.22 0.30 0.29 0.49
0.47 0.37 0.71 0.55 0.51 0.41 0.85 0.68
F2_C3 0.50 0.74 0.52 0.82
0.48 0.74 0.51 0.86
Al 0.60 0.60 1.02 1.02 0.75 0.75 0.90 0.90
A2 1.87 1.87 4.47 4.47 1.30 1.30 1.62 1.62

3.7. Repeatability, Sensitivity, and Monotonicity Assessment

Once all absolute HI values have been extracted and/or calculated, Repeatability,
Sensitivity, and Monotonicity are calculated. Table 14 summarizes the values for all the
HIs considered in the analysis, with the Final score in the last column computed using
Equation (11).

Table 14. Repeatability, Sensitivity, and Monotonicity values and final score for the investigated HIs.

Health Indicator Repeatability Sensitivity Monotonicity Final Score
Value Score Value Score Value Score

SOH charging 0.13 4 0.14 4 4.10 x 10! 1 16
OCV-35 Ah 0.22 4 0.13 4 3.20 x 1073 1 16
OCV-Slope (15—25 Ah) 0.19 4 0.19 4 3.50 x 102 1 16
OCV-Slope (25—35 Ah) 0.12 4 0.23 4 1.70 x 102 1 16
Max T difference charging 0.07 4 0.17 4 1.10 x 109 1 16
SOH discharging 0.27 3 0.09 4 1.20 x 10? 1 12
Coulombic efficiency 0.14 4 0.37 3 2.90 x 100 1 12
CCDT 0.27 3 0.10 4 3.30 x 10° 1 12
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Table 14. Cont.

R tabilit; Sensitivit Monotonicit
Health Indicator epearamty ensrvonty onoronierty Final Score
Value Score Value Score Value Score

VdQ discharging 0.39 3 0.10 4 2.30 x 107 1 12

VRP-V trend 0.27 3 0.09 4 2.20 x 1072 1 12

OCV-15 Ah 0.47 3 0.18 4 4.70 x 1072 1 12

OCV-25 Ah 0.36 3 0.12 4 6.80 x 107* 1 12

Average T difference charging 0.10 4 0.28 3 5.70 x 1072 1 12

VRP-Relaxed V 0.47 3 0.28 3 1.20 x 1074 1 9

T rise positive tab charging 0.36 3 0.43 3 8.10 x 10° 1 9

Peak T positive tab charging 0.44 3 0.70 2 1.80 x 10° 1 6

CVCP-al 0.16 4 0.85 1 9.00 x 10~2 1 4

CVCP-R2 0.30 3 0.94 1 4.80 x 1077 1 3

Trise negative tab 0.45 3 0.80 1 1.90 x 109 1 3
discharging

CCCT 0.53 2 0.14 4 —2.40 x 10* 0 0

CVCT 0.71 2 0.77 1 —1.60 x 10* 0 0

CVCT/CCCT 0.80 1 1.19 0 1.60 x 10~1 1 0

CVCP-a2 0.65 2 0.65 2 —230x 1078 0 0

VdQ charging 0.03 4 0.16 4 —7.40 x 10! 0 0

Peak T negative tab charging 0.35 3 1.10 0 1.80 x 10° 1 0

Peak T negative tab 0.13 4 1.08 0 4.80 x 10° 1 0
discharging

Peak T positive tab 0.15 4 1.14 0 —450 x 1071 0 0
discharging

T rise negative tab charging 0.52 2 0.77 1 —2.70 x 107! 0 0

T rise positive tab discharging 0.29 3 1.09 0 —2.30 x 107! 0 0

Average T difference 0.02 4 0.40 3 —5.20 x 1072 0 0
discharging

Max T difference discharging 0.09 4 0.56 2 —1.20 x 107! 0 0

Comparing the Final score of the 31 HIs shows that some of them score higher than
the others given considering Repeatability, Sensitivity, and Monotonicity scores. This allows
a ranking to be made. All HIs that scored 12 or higher (upper-quartile) are considered to
have good aging-sensitivity. All HIs between one and nine are considered to have lower
aging-sensitivity and thus have less weight in the analysis. Finally, Hls with zero scores are
not considered robust HIs and therefore are not considered in the analysis.

Additionally, the monotonicity criterion applied in this study played a crucial role in
assessing the changes in HI values for aged cells compared to the non-electrically aged
cells. The criterion ensured that the Hls exhibited consistent behavior in the same direction
as the cells aged. Interestingly, when the monotonicity criterion was met, two distinct
scenarios emerged: Al exhibited worse behavior than A2 in some cases, while in other
instances, the opposite trend was observed, with A2 showing more significant degradation
than Al. These contrasting outcomes underscore the influence of different aging histories
on the degradation mechanisms experienced by individual cells. It highlights that different
degradation processes can be involved, depending on the unique aging conditions expe-
rienced by each cell. As a result, the identification of highly sensitive Hls that meet the
monotonicity criterion offers a valuable tool to discern and spot the diverse degradation
mechanisms that can occur in lithium-ion batteries during their operational lifetime.

Table 15 summarizes the HIs considered and their associated degradation mechanisms
and the respective cell with the most critical score.
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Table 15. Aging-sensitive HI list with corresponding degradation mechanism and the electrically
aged cell where it has shown worse behavior.

Main Degradation

Health Indicator Mechanism Electrically Aged Cell
SOH charging LAM, LLI Al
OCV-35 Ah LAM, LLI Al
OCV-Slope (15-25 Ah) LAM, LLI, IRT Al
OCV-Slope (25-35 Ah) LAM, LLI IRI Al
Max T difference charging LLI, IRI A2
SOH discharging LAM, IRI Al
Coulombic efficiency LAM, LLI A2
CCDT LAM, LLI Al
VdQ discharging LAM, LLI Al
VRP-V trend LAM A2
OCV-15 Ah LAM, LLIL IRI Al
OCV-25 Ah LAM, LLI, IRT Al
Average T difference charging LLI, IRI A2
VRP-Relaxed V LAM A2
T rise positive tab charging IRI Al
Peak T positive tab charging IRI Al
CVCP-al LLI Al
CVCP-R2 - Al
T rise negative tab discharging IRI A2

In summary, based on the experimental data of the HIs with scores greater than zero
and on the monotonicity study, it can be concluded that cell Al exhibits a predominant
degradation mechanism of LLI, followed by LAM. On the other hand, for cell A2, the
primary degradation mechanism is LAM, with IRI also playing a significant role.

This investigation’s limitations stem from the limited number of cells tested and the
restriction to a single type per chemistry and shape.

4. Conclusions

Several HIs found in the scientific literature, which can be measured through standard
onboard sensors during a basic charging-discharging cycle, were evaluated through a
series of tests performed on 50 Ah commercial pouch cells. The aim was to obtain the
most suitable HIs for qualifying second-life batteries considering their aging-sensitivity.
The aging-sensitivity assessment was performed considering three criteria: repeatability,
sensitivity, and monotonicity. The tests were conducted on four cells with different aging
histories (F1, F2, A1, A2). In particular, two (Al and A2) were electrically aged. The study
showed that of the 31 HI:

e  Thirteen have good aging-sensitivity (i.e., SOH measured upon charging and discharg-
ing, the CE, the CCDT, the voltage trend extracted from the VRP, VdQ measured upon
discharging, all the values extracted from the OCV curve, the maximum and average
temperature difference between the tabs measured upon charging);

e Six have poor aging-sensitivity (i.e., temperature rise measured on the positive tab
upon charging, the relaxed voltage at the end of the VRP, the absolute peak tempera-
ture measured on the positive tab upon charging, al coefficient from the CVCP, R2
coefficient from the CVCP, and the temperature rise measured on the negative tab
upon discharging);

o  Twelve failed to meet one of the criteria for sensitivity, repeatability, or monotonicity
and thus are not suitable for battery qualification.

From the obtained results, it emerged that the behavior of some HIs differed when
comparing the electrically aged cells, indicating that different aging histories can affect
degradation phenomena differently within the cell. Specifically, cell Al displayed a predom-
inant degradation mechanism of LLL, followed by LAM, while A2 predominantly showed



Batteries 2023, 9, 542

21 of 24

IRI and LAM. This highlights the need to consider multiple HIs for battery qualification, as
different aging conditions may impact degradation differently.

The implications of these findings are significant for battery health monitoring systems,
ensuring safe and efficient battery operation across various applications. By identifying
and monitoring these sensitive Hls, more accurate assessments of battery aging and health
can be achieved, enabling proactive maintenance and safety measures. Furthermore, the
knowledge gained from this study is valuable for the evaluation of second-life batteries,
assisting in the determination of their suitability for reuse and repurposing.

However, it is important to acknowledge that the study focused on aging-sensitivity,
and the next step involves narrowing down the knowledge to address safety sensitivity
specifically. Delving deeper into safety-related parameters during battery aging will fa-
cilitate the development of targeted safety assessment methodologies, further enhancing
battery safety.
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Appendix A

Figure Al illustrates the evaluation of the three criteria applied to the VRP data. For
Repeatability, the spread of repeated cycle results on the same cell (F2_C3) is compared to
the spread of cells with the same aging history (F2), and this criterion is used to validate
the repeatability of the measurement. For Sensitivity, the spread of the non-electrically aged
cells (F2) is compared to the spread of the entire dataset, and this criterion is used to ensure
that there is a substantial difference between the non-electrically aged and electrically aged
cells. Finally, Monotonicity is assessed by verifying that both electrically aged cells (A1 and
A2) have changed in the same direction with respect to F1. In the shown example, the
criterion is satisfied as both A1 and A2 are lower than F1, with A2 diverging further from
F1 than Al. Thus, it emerged that A2’s aging has impacted the VRP relaxed voltage more
than Al’s aging.
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Figure A1. Illustrative example of the evaluation of the criteria used to rank the HIs applied to the
VRP relaxed voltage results.
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