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HIGHLIGHTS

e Battery aging knee can be avoided by improving the operating conditions.
e The second life window after the knee point is 75 %~50 % SOH.

o The estimated second life is 4000~6000 cycles and 11-16 years.

e The graphite exfoliation on the anode is the reason of aging knee.
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Aging knee may induce rapid degradation of lithium-ion batteries (LIBs) and pose safety risks. It is crucial to
study the battery aging knee and find solutions to address it. In this light, this study focuses on the compre-
hensive aging characterizations of the Nissan Leaf third generation (Gen3) LIBs to elucidate their aging trajec-
tories. Twenty-four battery cells were divided into six groups and cycled at different working conditions, i.e.,
voltage, current, and temperatures. The test result shows that the batteries tend to reach the aging knee around
75 % state of health (SOH). Then, we improved the working conditions after the knee point to mimic second-life
operation. Key findings show that the aging knee can be stopped by improving the working conditions. The
battery capacity degradation slowed down to about 4 % per 1000 cycles, projecting a second-life potential of
4000-6000 cycles between 75 % and 50 % SOH. Post-mortem analysis indicated that negative electrode failure is
the cause of aging knee and gas generation. The impact of working conditions on the battery aging is analyzed.
Based on the analysis, we propose strategies for both the first and second life operations of LIBs to improve
battery life and avoid the aging knee.

1. Introduction

[2,5,6].
However, there are many challenges and uncertainties facing

The penetration of electric vehicles (EVs) has been increasing fast in
recent years. More than 14 million EVs and plug-in hybrid vehicles
(PHEVs) were sold globally in 2023, representing 16 % of the market
share of all vehicles sold. The predicted EV and PHEV sales in 2035 is 60
million [1]. Tens of millions of EV battery packs (hundreds of GWh) will
be retired every year after 8-15 years of operation [2-4]. Second-life
utilization of these batteries is believed to be the most economical and
environmentally friendly solution compared to direct material recycling
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second-life batteries (SLBs) [7]. How long can second-life batteries last
in battery energy storage systems (BESS) is unknown. The second-life
aging trajectory, optimal working conditions, and safety risks are also
unclear. Especially with the development of high-nickel [8,9],
cobalt-free [10], and silicon/carbon anode LIBs [11], the risk of aging
knee and gas generation is higher [12,13], which further increases the
uncertainty of SLB utilization.

Aging knee is one of the biggest concerns in using SLBs, after which
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batteries exhibit rapid, nonlinear degradation and then die quickly [14].
Some authors claimed that the batteries should not be used after the
knee point for safety concerns [2,15]. Under this assumption, a large
number of retired EV battery packs with aging knee issues have no
second-life value. However, on the contrary, if the aging knee can be
prevented or stopped, then tens of millions of retired EV battery packs
could be used for a second life, thus providing substantial economic and
environmental benefits. Therefore, it is crucial to study the battery aging
knee and figure out whether it can be prevented or stopped, and how to
realize it.

Recent literature has studied the mechanism of LIB aging knee. Attia
et al. [14] summarized six pathways that can cause aging knee: lithium
plating, electrode saturation, resistance growth, electrolyte and additive
depletion, percolation-limited connectivity, and mechanical deforma-
tion. The aging knee was observed on batteries of various positive
electrode chemistries, including LiNi;,3Mn;,3C01,302 (NMC111) [16,
171, LiNig ¢Mng 2-Cog 202 (NMC622) [18], LiFePO4 [19], LiCoO, [20],
and LiMny04/NMC111 blend [21]. Yang et al. [4] claimed that the aging
knee is attributed to the sharp rise of lithium plating caused by solid
electrolyte interphase (SEI) growth. Schuster et al. [16] found the aging
knee may originate from SEI growth and graphite material loss. Scan-
ning electron microscopy (SEM) images showed thick films on the
negative electrode, while no obvious change on the positive electrode.
Some literature also observed a large amount of metallic lithium on the
negative electrode [22]. Therefore, the studies suggest that the aging
knee is related to negative electrode material failure.

Some literature proposed algorithms to predict the aging knee [4,
23-28], aiming to remind the user to replace the battery to reduce safety
risks [15]. Few studies have attempted to find ways to avoid the aging
knee to prolong battery life. Schuster et al. [16] claimed that an opti-
mized operational strategy, i.e., 0.2C current, 0.94V voltage range, and
35 °C temperature, may retard the knee. However, this study did not
explain how long the batteries can last for a second life, and the 35 °C
optimal temperature disagrees with other studies, which found the
optimal temperature to be 20 °C-25 °C [2,13,29-31].

The mechanism of LIB gas generation has been studied [32-35].
Literature shows that CO, Hy, and CyH4 evolution are related to elec-
trolyte decomposition on the negative electrode, while CO2 comes from
positive electrode decomposition [32]. However, most studies focused
on the gas composition and generation [33,35-37] instead of finding
solutions to avoid it.

Nissan Leaf was one of the first mass-produced EVs using LIBs. The
first generation (Genl) LiM,O4 batteries show a linear aging trajectory
until the capacity degrades to 40 % [3,38,39]. However, with the in-
crease of energy density, premature failure, and swelling issues were
reported for the 40 kWh and 62 kWh Gen3 battery packs [40]. To study
the battery aging knee and find solutions to address it, this study con-
ducted a comprehensive aging test on 24 Nissan Leaf Gen3 batteries. The
primary goal is to investigate if the aging knee can be avoided or
stopped, and if so, how to achieve it. Then, the battery aging trajectory is
illustrated, which provides a clear second-life evaluation. The impact of
working conditions on battery aging is studied. Based on the analysis, we
propose guidelines for both the first life EV operation and second life
BESS operations of LIB to improve battery life. This study provides
valuable suggestions for Nissan and other EV manufacturers to avoid
battery premature degradation. It also clarifies the prospect of
second-life utilization of LIBs with aging knee issues.

The remainder of this paper is organized as follows: In Section 2, the
battery aging test is introduced. In Section 3, the particle swarm opti-
mization (PSO) based battery parameter identification is described. In
Section 4, the battery post-mortem analysis is demonstrated. In Section
5, the battery aging trajectory, second life evaluation, optimal working
condition, gas generation, etc., are analyzed. Conclusions are drawn in
Section 6.

Journal of Power Sources 613 (2024) 234884

2. Experimental setup
2.1. Specification of the Nissan Leaf e + batteries

Nissan Leaf e+ was introduced to the market in 2019. It was
equipped with a 62 kWh battery pack (59 kWh useable), which is the
third generation (Gen3) LIB designed by Nissan. The EPA mile range is
364 km (226 miles). The peak power of the electric motor is 160 kW
(2.7C discharge), while the DC fast charging can reach 70 kW-100 kW
(1C-1.7Q).

The positive electrode material is LINMC and the negative electrode
material is graphite. The specifications are listed in Table 1 [41].
Compared to its 24 kWh and 30 kWh predecessors [3], the battery cell
energy density increased from 157 Wh/kg and 188 Wh/kg to 224
Wh/kg, while the pack energy density increased from 81.6 Wh/kg and
95.2 Wh/kg to 143.9 Wh/kg. The battery pack consists of 288 battery
cells, with three connected in parallel and 96 in series (3P-96S). A
retried battery module (3P-9S) was sourced from Nissan, as shown in
Fig. 4(a), and it was disassembled into 27 battery cells for the battery
aging test. The initial SOH was about 89 %. A battery’s SOH usually
includes capacity degradation and impedance increase. For ease of dis-
cussion, in this paper, SOH is defined as the ratio of current battery
capacity Cg to its nominal capacity Cy, while the ohmic resistance Ry and
diffusion resistance R; are used to represent battery impedance.

2.2. Battery testing systems

Fig. 1 shows the battery aging test system. A Chroma 17010 battery
cell tester with 24 channels was used for the battery aging test. The test
voltage of each channel is 0V~5V, and the maximum current is 100A. A
CSZ Plus 8 and a THERMOTRON thermal chamber were used to test the
batteries at 35 °C and 10 °C, respectively. It is well known that
20 °C-25 °Cis ideal for battery operation [13,29]. Subzero temperatures
should be avoided because they can induce lithium plating. Therefore,
the 0 °C-20 °C temperature range is worthy of study. Here, 10 °C was
chosen for the low temperature test to observe its impact on battery

aging.
2.3. Battery aging test procedure

The battery aging test consists of four stages, as listed in Table 2. All
the batteries were cycled at the same test conditions in the first 240
cycles to validate their performance consistency. In Stage 2, the 24
batteries were divided into six groups and cycled at different test con-
ditions until the aging knee appeared. Then, the batteries were trans-
ferred to improved test conditions to mimic second life operation in
Stages 3 and 4.

Fig. 2 shows the battery aging test data at different stages. Each aging
test process consists of N aging cycles at the specified test conditions
followed by four characteristic test cycles. The aging cycle number N
would be changed accordingly. For example, considering the fast ca-
pacity degradation at the beginning of the aging test, N was set to six to
shorten the characteristic test interval. Then, N was increased to 56 after
the battery aging speed was stabilized. The cycling data was recorded at
a 5 s time step.

The four characteristics test cycles are used to evaluate the battery

Table 1
Specification of the Nissan Leaf Gen 3 battery cell.

Capacity 56.3Ah

Voltage Range 2.8V-4.2V (3.65V Nominal)
Weight 914g

Cell Energy Density 460 Wh/L

Cell Specific Energy 224 Wh/kg

Pack Specific Energy 59 kWh/410 kg = 143.9 Wh/kg
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CSz Chroma 17010
Thermal Chamber

Computer

35°C High Temperature
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Fig. 1. Battery cell aging test system.

Table 2

The four stages of the battery cell aging test.
Group Stage 1 Stage 2 Stage 3 Stage 4
No.

° Initial Aging at different Early Stage of  Late Stage of
Aging Test working conditions Second Life Second Life
1~240
cycles

90 %-81% To 600 To 75 %-60 % 60 %-50 %

SOH cycles aging SOH SOH
51Ah to knee 42Ah~34Ah 34Ah~28Ah
46Ah
Groupl 100 % DoD 80 % DoD 80 % DoD 67 % DoD
Cell 2.8V-4.2V (3.0V-4.05V) 3.0V-4.05V 3.0V-4.05V
01~06 1C/1C 1C/1C (45A) 0.3C/0.3C 0.3C/0.3C
Group2 (54A) 80 % 80 % (12A) (8A)
Cell DoD DoD
07~09 0.5C/ 0.5C/
0.5C 0.5C
Group3 (22.5A) 80 %
Cell DoD
10~12 0.5C/
1C
Group4 100 % 100 %
Cell DoD DoD
13~15 0.5C/ 0.5C/
0.5C 0.5C
Group5 100 %
Cell DoD
16~18 0.5C/
1C
Group6 100 % DoD
Cell (2.8V-4.2V)
19~24 1C/1C (45A)

capacity and impedance after the N aging cycles, which include a 0.2C
capacity test, two 1C capacity tests, and a Hybrid Pulse Power Charac-
terization (HPPC) test to calculate the battery impedance. The charac-
teristic tests were conducted at 22 °C-25 °C room temperature. If the N

aging cycles were conducted at 10 °C or 35 °C, the thermal chamber
would be tuned to 22 °C and rest for 8 h before the characteristic test.
The test conditions were not changed inside each test stage for consistent
battery parameter evaluation, but they were changed between stages
due to significantly degraded battery capacity and impedance. The 0.2C
capacity is regarded as battery capacity. The HPPC test data was
recorded at a 1-s time step for battery parameter calculation.

2.3.1. Stage 1: 240 cycles initial aging test

At the beginning of the aging process, all 24 batteries were cycled at
the same test conditions to verify their performance consistency. In
other words, we need to confirm that all the batteries degrade consis-
tently under the same test conditions. Thus, the aging speed difference
among the batteries in the later tests can be attributed to the working
conditions instead of battery variance. The cycling current was 1C (54A)
charging and discharging, 100 % depth of discharge (DoD), i.e.,
2.8V-4.2V, and 22 °C-25 °C room temperature, as shown in Fig. 2(a).
The battery surface temperature was about 32 °C, with a 10 °C tem-
perature-rise.

The current of the 0.2C capacity test was 10.8A, and the voltage
range of the four characteristics test cycles was 2.8V-4.2V.

2.3.2. Stage 2: Battery aging test at different working conditions

The 24 battery cells were divided into four groups after the first 240
aging cycles to test the battery aging at different DoD and current, as
shown in Table 2. To distinguish the influence of 1C high current
charging and discharging on the battery aging speed, they were further
divided into six groups after 600 cycles. The 0.5C/1C means 0.5C
charging and 1C discharging current. Because the batteries’ capacity
had already degraded to about 45Ah, 1C current was set to 45A, and
0.5C was set to 22.5A. The voltage range of 80 % DoD was set to
3.0V-4.05V, which was correspond to 3 %~85 % state of charge (SOC).
The cycling was conducted at 22 °C-25 °C room temperature.

The high and low-temperature aging test started after 1080 cycles, as
shown in Fig. 6. Cells 03, 04, 07, and 11 were moved to the 35 °C
thermal chamber, while Cells 05, 06, 09, and 12 were moved to the 10 °C
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Fig. 2. Battery cell aging test data. (a) Stage 1: Initial aging test. Cell 03 after 50 cycles; (b) Stage 3: Early stage of second life. Cell 03 after 4060 cycles; (c) Stage 4:
End of second life. Cell 22 after 4780 cycles.

thermal chamber, as shown in Fig. 1.
Some batteries, like Cells 04, 14, and 18, died directly in Stage 2 due

trajectories where the rapidly declining capacity curves leveled off.

to the fast degradation after the aging knee. Other batteries were
transferred to improved working conditions at different stages of the
aging knee to mimic second life operation, as listed in Table 3. The
corresponding moments can also be found in the battery aging

Table 3
The time when the batteries were transferred to improved working conditions.

SOH Battery Cells Second Life
Range Value
Beginning of aging 78 %-75 09,12, 21 >6000 cycles
knee %
Early stage of aging 75 %-60 02, 03, 07, 08, 11 2000~6000
knee % cycles
Late stage of aging 60 %-50 05, 06,13, 15,16,17,19, 0~2000 cycles
knee % 22,23
Unstable zone 50 %-45 01, 10 0
%
Died <35 % 04, 14, 18, 20, 24 0

2.3.3. Stage 3: Early stage of second life — improved working conditions

The test conditions were improved to stop the aging knee. The DoD
was set to 80 %, and the corresponding voltage was 3.0V-4.05V. The
voltage range of Cells 03, 12, 13, and 22 was set to 2.8V-4.05V to see the
impact of discharging to 0 % SOC. The current was reduced from 45A
(1C) and 22.5A (0.5C) to 12A (0.3C), as shown in Fig. 2(b). The eight
batteries cycled at high and low temperatures were still cycled under the
specified temperatures to see the impact of temperature on the battery
aging after the knee point.

The current of the 0.2C capacity test was reduced from 10.8A to 6A,
and the voltage was still 2.8V-4.2V. The batteries’ stability was poor
after the knee point, and fully charging would induce fast degradation.
Therefore, to avoid damage to the batteries, the two 1C capacity test
cycles was changed to normal cycles with lower current and DoD. The
current of the HPPC test cycle was also reduced to accommodate the
significantly increased battery impedance.
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2.3.4. Stage 4: Late stage of second life — further improved working
conditions

The stabilities of the batteries further deteriorated after the SOH
dropped below 60 % (34Ah). The cycling current was further reduced to
8A (0.25C-0.3C), and the voltage range was reduced to 3.0V-4.0V to
maintain a slow and linear degradation, as shown in Fig. 2(c). The
current of the 0.2C capacity test was reduced to 4A.

3. Battery impedance calculation

The battery capacity and impedance were tracked during the aging
process. The discharging capacity at 0.2C is regarded as the battery
capacity, and the HPPC test cycle is used to calculate the battery
impedance. The 1-RC equivalent circuit model is used to simulate the
battery dynamics [42,43]. The model consists of a voltage source, which
is depicted by an open circuit voltage (OCV)-Ah curve, an ohmic resis-
tance Ry, and an RC (diffusion resistance R; and capacitor C;) network.
Therefore, the battery impedance can be depicted with Ry and R;. The
1-RC model is:

1 1
RGU TG W
Ui = Uoc — Uy — IRy

Ulz

where Uj is the voltage across the RC network, I is the current load of
the battery, Ugc is the OCV, and Uy is the terminal voltage. Its discrete-
time format can be written as:

Ui ki1 = exp(— At/R1Cy) x Urg + [1 — exp( — At/R1Cy)| X xRy
Ui = Uoc — U1 — iRy
D; = exp(— At/RCy)

(2

where k is the step, At is the time interval, which is 1 S in this study, Uy,
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k+1 is the value of Uy at time step k+1, I  is the value of I; at time step k,
and D is the time constant.

In this model, I is the input and Uy is the output, which are both
measurable in the physical system. Ugc, Ro, R1, and D; are the unknown
model parameters. The particle swarm optimization (PSO) algorithm is
used to calculate the battery parameters based on the HPPC test data.
Due to the nonlinear nature of the battery parameters in the whole SOC
range, the HPPC cycle is cut into 15 small pieces, as shown in Fig. 2(b),
and the battery parameters are calculated on each data piece individu-
ally. The parameter vector under estimation for each data piece is:

X = [Uoc1, Uocz: Ro, R1, D1, Ut jnit 3

where Upci and Ugcy are the OCV on the two terminals of each data
piece, and Uy nit is the initial voltage of the RC network. After thousands
of iterations, all the particles converge to one point, and the optimal
parameter vector is identified. Then, the calculated battery parameters
of the 15 data pieces are connected into parameter-Ah curves, as shown
in Fig. 3(c)-(d). The values of Ry and R; at about 75 % SOC, labeled as
red triangular, are used to plot the battery aging trajectories in Figs. 6-8.
The validation of data pieces 04 and 15 is illustrated in Fig. 3(a)—(b),
where the model simulated voltage curves almost perfectly overlap with
the measured voltage curves, proving the accuracy of the 1-RC model
and parameters. The details of the algorithm were elaborated in
Ref. [44]. Thus, it is not duplicated here.

4. Gas chromatography (GC) and morphology characterization

Nine of the 24 batteries died in the aging test, and four dead batteries
swelled. Cell 04 and Cell 20 swelled during the battery cycling. How-
ever, Cell 14 and Cell 18 did not swell when they were dead, but swelled
about one month after the batteries died, suggesting the decomposition
of electrolyte continued after the test was finished. Fig. 4(b) shows two
swelled batteries Cell 04, Cell 14, and a non-swelled dead battery Cell 19
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Fig. 3. The PSO-based battery parameter calculation for Cell 03 after 4060 aging cycles. (a) Validation of section 04; (b) Validation of section 15; (c) The connected

OCV-Ah curve; (d) The battery impedance-Ah curves.
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Fig. 4. (a) The 3P-9S battery module before the aging test; (b) The dead batteries; (c) GC analysis.

for comparison.

To study the gas composition of the swelled batteries, the gas of Cell
20 was collected using a syringe. GC was performed using a Shimadzu
GC-2010 gas chromatograph equipped with a BID detector using helium
as the carrier gas. The gas products were identified by comparing the
observed retention times to those taken from the supplementary infor-
mation of [45].

Fig. 4(c) shows the GC analysis result, where Hy, O3, CH4, and CO are
detected. The concentrations were determined using the calibration
curves from Ref. [45], which was developed using the same instrument
under identical test conditions. The concentrations of H2, CO, and CH4
were determined to be 276140.5, 2225.0, and 94653.7 ppm, respec-
tively. The presence of a large amount of H, indicates electrolyte
decomposition occurred on the negative electrode [32].

The dead battery Cells 10, 20, and 24 were disassembled in a glove
box protected by argon for material analysis. To investigate the material
morphology on pm-level, a QUANTA FEG 450 scanning electron mi-
croscope (SEM) was used with an accelerating voltage of 20 kV. The SEM
imaging was carried out in vacuum. Fig. 5 (a)-(b) show the positive
electrode and negative electrode material of Cell 20. It is obvious that
the negative electrode material structure already collapsed, and a large
amount of graphite exfoliated. The positive electrode material looks
undamaged. Fig. 5(c) presents the SEM image of the NMC positive
electrode. The surface of the positive electrode seems unmodified and
undamaged as no micro cracks or surface films are detected. Fig. 5(d)
shows the SEM image of the graphite negative electrode. The single
graphite particles of 10 um size are clearly visible, but a large area of the
graphite surface is covered by flocculent sludge, which is evidence of
electrolyte decomposition on the negative electrode surface. These
findings agree with the study in the literature [16]. Post-mortem study
of the non-swelled battery Cell 10 and Cell 24 shows identical results as
the swelled Cell 20.

Based on the above observations, all the evidence indicates that the
battery aging knee is related to the large-scale failure of the negative

B

Cathode

Fig. 5. Post-mortem analysis of Cell 20 (a) The positive electrode material; (b)
The negative electrode graphite exfoliation; (c) SEM image of the NMC positive
electrode; (d) SEM image of the graphite negative electrode.

electrode material. When fresh graphite and lithium were exposed to
electrolyte after the negative electrode structure collapsed, violent side
reactions would occur between the lithium and electrolyte without the
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protection of SEI, consequently, resulting in aging knee and gas gener-
ation. Elevated temperature, high current and voltage would aggravate
the side reactions.

5. Results and discussion
5.1. Battery aging before the knee point- first life operation

Fig. 6 presents the aging trajectories of the 24 battery cells before the
aging knee. The initial characteristics test shows that the capacity of the
24 batteries was between 49.01Ah and 50.58Ah (87.1 %~89.8 % SOH),
with a 2.8 % difference. Ry was between 0.9 and 1.0 mQ, and R; was
between 1.0 and 1.1 mQ. The batteries had a good consistency before
the aging test.

5.1.1. Battery fast degradation and consistency evaluation in the initial 240
aging cycles

Fig. 6 shows that the batteries exhibited a fast capacity degradation
in the first 240 aging cycles. The capacity degraded from approximately
50Ah to 46Ah (88.8 %~81.7 % SOH), and the capacity degradation rate
is 29.6 % per 1000 cycles, or 1 % per 3.4 cycles, which is much higher
than the normal value. The battery impedance Ry and R; decreased
about 10 % during this process. This is clear evidence that the SEI film or
graphite particles on the negative electrode cracked because of the 1C-
rate and 100 % DoD charging cycles.

Journal of Power Sources 613 (2024) 234884

The batteries were rested for months before the aging test, during
which period, the SEI film on the graphite grew and lost porosity and
activity. Thus, the impedance would increase about 10 %-20 %. When
the batteries are back in use again, usually the impedance would
decrease gradually to a normal level after dozens of charging cycles, and
the porosity and activity of the SEI films are recovered. However, high
current and fully charging during this process would impose too much
stress on the SEI, combined with the 10 % volume change on the
negative electrode during cycling, the SEI film could be damaged instead
of activated. In this scenario, fresh graphite would be exposed to elec-
trolyte, and the SEI film would reform on the negative electrode, which
consumes a large amount of lithium-ion and graphite. This is the reason
for the fast capacity degradation.

The SEI film rebuild process is similar to the “formation & aging”
process in new battery manufacturing [13]. It requires a low current, e.
g., 1/20 C-rate for the first charging, to form a stable SEI film. If the
current is too large or the voltage is too high, violent side reactions
would occur without the protection of stable SEI film, which would
further induce negative electrode structure collapse, more side re-
actions, and fast capacity degradation.

Therefore, after a long time resting of LIBs, it is suggested to use the
batteries mildly, e.g., use slow charging and charge to 80 %, for at least a
couple of charging cycles to properly re-activate the battery material.

Despite the fast capacity degradation, the 24 batteries degrade uni-
formly in the first 240 aging cycles. As shown in Fig. 6., the capacity
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degraded to 46.6Ah~45.8Ah (82.8 %~81.3 % SOH), with a 1.5 % dif-
ference. Furthermore, Fig. 6(e) compares the dQ/dV curves of the 24
batteries before and after the initial 240 test cycles. The curves of the 24
batteries are almost perfectly overlapped. These results together prove
the consistency of the batteries, and they have consistent degradation
behaviors during the initial 240 cycles.

5.1.2. Battery aging speed under different working conditions

The aging test was stopped for about three weeks after the initial 240
aging cycles for equipment maintenance. Fig. 6 shows that the fast
degradation slowed down after the rest, and the impedance increased
back to about 1m® and then stabilized. It suggests that reformed SEI film
was built, and the battery aging was stabilized again.

Fig. 6 shows that the batteries degraded linearly in Stage 2 before the
aging knee. The mean aging speed of the six groups from 600 to 1080
cycles is compared in Table 4, which is sorted from low to high. The
“Aging/1000 cycles” is the capacity loss per 1000 cycles. Due to the
variance in battery capacity and test DoD, it is also necessary to compare
the battery aging speed with throughput ampere-hour. Therefore,
“Aging/1000 E_Cycles” is compared in Table 4, where 50Ah throughput
ampere-hour is regarded as one Equivalent Aging Cycle (E_Cycle). The
result shows that although the aging speed difference among the six
groups narrowed, the order remains unchanged. The aging speed of all
batteries in Stage 2 is much lower than that in Stage 1 (29.6 %/1000
cycles).

5.1.3. The influence of DoD on battery aging speed

Table 4 and Fig. 6 show that all three groups of batteries cycled at 80
% DoD degrade slower than the batteries cycled at 100 % DoD. The
aging speed can be reduced by approximately 2.2 % per 1000 cycles by
reducing the charging cut-off voltage from 4.2V to 4.05V.

100 % DoD increases the risk of early aging knee. Cell 14 and Cell 20
entered the aging knee after 960 cycles, while other batteries cycled at
100 % DoD entered the aging knee between 1200 and 1300 cycles. Most
batteries cycled at 80 % DoD (excluding the ones cycled at 35 °C)
entered the aging knee between 1400 and 1500 cycles. This means the
aging knee could be postponed by 200 cycles by reducing the charging
cut-off voltage. Considering the aging test at different DoD started from
82 % SOH, the battery life improvement could be more significant if
fully charging can be avoided from 100 % SOH.

5.1.4. The influence of C-rate on battery aging speed

The battery aging speed of Group 3 (0.5C/1C) and Group 1 (1C/1C)
is 0.38 % and 0.70 % higher than that of Group 2 (0.5C/0.5C), respec-
tively. The battery aging speed of Group 4 (0.5C/1C) and Group 6 (1C/
1C) is 0.26 % and 0.53 % higher than that of Group 5 (0.5C/0.5C),
respectively. This indicates both 1C high current charging and dis-
charging would slightly increase the battery aging speed, and the impact
is similar. Compared to the 2.2 % aging speed increase caused by 100 %
DoD, the impact of 1C high current is much smaller.

In theory, high current charging is more likely to increase the battery

Table 4
Battery aging speed comparison of 600~1080 cycles.
Group Group Group Group 5 Group 4 Group 6
2 3 1 Cell 18 Cell 13 Cell 23
Cell 08 Cell 12 Cell 06
0.5C/ 0.5C/ 1C/1C 0.5C/ 0.5C/ 1C/1C
0.5C 1C 80 % 0.5C 1C 100 %
80 % 80 % DoD 100 % 100 % DoD
DoD DoD DoD DoD
Capacity 1.56 % 1.74 % 1.90 % 2.69 % 2.81 % 2.94 %
Loss (%)
Aging/1000 3.25% 3.63 % 3.95 % 5.59 % 5.85 % 6.12 %
cycles
Aging/1000 4.42 % 4.91 % 5.41 % 6.51 % 6.78 % 7.11 %
E_Cycles
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aging speed than high current discharge because of the potential of
lithium-ion plating. However, a similar impact indicates that the
increased battery aging speed could be caused by other reasons, e.g.,
internal heat generation, instead of lithium-ion plating.

5.1.5. The influence of temperature on battery aging speed

Cells 03, 04, 07, and 11 were moved to the 35 °C thermal chamber
after 1080 aging cycles. Fig. 6 shows that the aging speed of all four
batteries increased instantly after that point. For example, the aging
speed of Cell 11 increased to 13.9 % per 1000 cycles between 1080 and
1500 aging cycles, which is much higher than the previous value of 3.63
%.

Cells 05, 06, 09, and 12 were moved to the 10 °C thermal chamber
after 1080 aging cycles. Fig. 6 shows that all four batteries reached the
aging knee at about 1800 aging cycles, which means they survived 300
to 400 more cycles before the aging knee. The impedance of Cell 05 and
Cell 06 increased by 10 %-15 %. However, the impedance of Cell 09 and
Cell 12 (with 0.5C charging current) did not increase.

Therefore, the conclusion is that 15 °C-25 °C is ideal for battery
operation. 10 °C low temperature would help improve battery life
compared to 20 °C. However, the charging current has to be limited, e.
g., below 0.3C, to avoid internal resistance increase and achieve a higher
energy efficiency. This means the batteries of EVs and BESSs operating
in cold climate areas only need to be heated up to 10 °C instead of 20 °C
for slow charging, thus saving the cost of heating the batteries. However,
if fast charging is applied, it is better to heat up the batteries to 15 °C to
avoid lithium plating. The optimal temperature of the Nissan Leaf Gen 3
battery can be extended to 10 °C-25 °C with conditions.

5.1.6. Detection of aging knee

Fig. 6 shows that all the batteries tend to reach the aging knee when
the capacity degraded to 44Ah~42Ah (78 %~75 % SOH), regardless of
the working conditions and aging cycles-

The battery impedance barely increased before the aging knee. It
only increased by about 5 % compared to a new battery, which can be
hardly detected because it is within the noise range. However, the
impedance started to increase quickly after the knee point. If the
impedance is detected 50 % higher than the normal value, then it is very
confident to declare that the battery entered the aging knee.

The BMS usually has built-in algorithms to detect the battery pack
capacity and battery cell impedance. For example, the capacity can be
evaluated with a deep discharge and fully charging process. The battery
impedance can be calculated online using Extended Kalman Filter (EKF)
or Recursive Least Squares (RLS) algorithm. Therefore, the battery ca-
pacity and impedance can be used as indicators to detect the aging knee.
When the battery capacity degrades to 80 % or impedance increases by
20 %, the BMS should give a warning of the high risk of the occurrence of
the aging knee. Then, some measures must be taken, e.g., only allowed
to charge to 80 % SOC and reduce the DC charging current, to prolong
the battery life. When the battery capacity degrades to 75 % and
impedance increases by 50 %, which shows clear evidence of aging knee,
the battery pack is unsuitable for vehicle use and should be repurposed
right away to maximize its second life value.

5.1.7. The proposed strategies to extend the life of Nissan Leaf e + batteries

According to the aging test analysis, fully charging, 1C high current,
and 35 °C high temperature would accelerate battery degradation. Fully
charging brings more damage to the battery life compared to 1C high
current. If two or three factors occur simultaneously, it will further
accelerate battery aging and induce early aging knee. Hence, the
following recommendations are suggested for operating the Nissan Leaf
e+.

First, drivers should be given the option to set the charging cut-off
SOC, just like Tesla does, and the default value should be set to 80 %.
Drivers need to be educated that fully charging the battery would reduce
battery life, while deep discharge to 0 % SOC would not. Some people
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still believe that the battery should stay in a fully charged state and
should not be fully discharged. This is the rule applicable to lead-acid
batteries but not to LIBs. Some taxi drivers would like to charge the
battery to 100 % twice a day using fast charging [41,46], which is
stressing the batteries. If the working SOC window can be moved down
from 50 %~100 %-30 %~80 %, the battery degradation could be much
slower, and the risk of battery swelling would also decrease.

Secondly, slow charging should be used as much as possible instead
of fast charging.

Thirdly, park the car in a cool area to avoid high temperatures.
Elevated temperatures and a fully charging can not only accelerate
battery degradation while driving, but also increase calendar aging
while resting [30,47]. When the temperature is high, the BMS should
limit the charging current and charging cut-off voltage. A liquid cooling
system is a better solution for the next generation of Nissan battery pack
design to avoid high temperatures.

Fourthly, when the BMS detects that the battery capacity has
degraded to 80 %, or impedance increased by 20 %, some limitations
should be applied to extend battery life. For example, prohibit fast
charging, and limit the charging voltage to 4.05V or 80 % SOC.

Finally, the battery pack shall be replaced when its capacity drops to
75 % and impedance increases by 50 %. This is the best time to repur-
pose the battery pack to maximize both its first and second life value.

The real-world EV battery aging speed is believed to be about 12 %
per 1000 cycles. For example, Tesla declared that the mean battery
degradation is about 12 % after 200,000 miles [48]. Assuming the
driving distance is 200 miles per charge, 200,000 miles equals 1000
cycles. The EV battery aging speed is much higher than the 3.15 %
~6.12 % battery aging speed in Table 4. That is because fully charging,
high current, high temperature, and calendar aging cannot be totally
avoided in real-life operations. In other words, if the driver takes good
care of the car, the battery degradation speed could be reduced by half,
thus doubling the battery life.

5.2. Battery aging test after the knee point — second life operation

To study the aging performance of the EV batteries after the aging
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knee and explore the second life potential, we tried to improve the
operating conditions to stop the aging knee and extend the battery life.
Different DoD and current configurations were tested on Cell 20 and Cell
19 after the knee point, and finally, we found that if the current is
reduced to 12A (<0.4C) and the voltage is between 3.0V and 4.05V (80
% DoD), the aging knee can be stopped. Then, some of the batteries were
transferred to the improved test conditions at different stages of the
aging knee, which is listed in Table 3. Fig. 7 shows the battery aging
trajectories after the aging knee was stopped. The test conditions are
described in Section 2.3.3, and the test data is illustrated in Fig. 2(b).

When the battery capacity dropped to below 34Ah (60 % SOH), its
material stability further deteriorated. The cycling current was further
reduced to 8A, and the voltage range was reduced to 3.0V-4.0V (70 %
DoD) to accommodate further reduced capacity and maintain a stable
degradation. The test conditions are described in Section 2.3.4, and the
test data is illustrated in Fig. 2(c).

Therefore, the 75 %~60 % SOH is defined as the early stage of
second life of the EV batteries, while the 60 %~50 % SOH is defined as
the late stage of second life. The second life window is labeled with
colored backgrounds in Fig. 7. Although Cell 01 and Cell 10 survived
3000 and 2000 aging cycles below 50 % SOH, respectively, they are not
useable due to very low cyclable capacity, high impedance, low current,
and low energy efficiency.

5.2.1. The battery aging speed in the second-life window

Table 5 shows the battery aging speed in the second-life window. Cell
03 and Cell 08 represent the early stages of their second life. The aging
speed is about 2.08 %-3.18 % per 1000 cycles. Cell 15 and Cell 23
represent the late stage of second life. The aging speed is 3.75 % and
4.64 %, respectively. The result shows that the battery aging speed is as
low as the first life before the aging knee. The aging speed with E_Cycle
is between 3.4 % and 10.41 %, where 50Ah throughput ampere-hour is
regarded as one E_Cycle. The aging speed is also at a low level.

The test proves that the battery aging knee can be stopped at any
stage after the knee point, as long as the capacity is above 50 % nominal.
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Table 5
Battery aging speed of second life.
Cell 03 Cell 08 Cell 11 Cell 15 Cell 23
Early Stage Early Stage 35°C Late Stage Late Stage
Cycle Range 2080-4360 2090-4250 1171-2606 2280-3840 2280-4180
Capacity Loss (%) 4.73 % 6.87 % 19.27 % 7.20 % 8.82 %
Aging/1000 cycles 2.08 % 3.18% 13.43 % 3.75% 4.64 %
Aging/1000 E_Cycles 3.40 % 5.06 % 21.14 % 8.35% 10.41 %

5.2.2. Second life evaluation of the Nissan Leaf Gen 3 batteries

If the battery pack is repurposed at 75 % SOH, then the second life
window is 75 %~50 % SOH. The mean battery aging speed is about 4 %
per 1000 cycles according to Table 5. Therefore, the estimated second
life is at least 6000 cycles. If the battery pack is charged once a day, the
service time can reach 16 years. Table 6 compares the battery perfor-
mance at different aging states. The battery pack’s maximum power is
reduced from 160 kW to 15 kW and 9.6 kW after it is repurposed for

Table 6
Nissan Leaf Gen 3 battery pack performance at different aging states.

Second Life —
Late Stage

Second Life —
Early Stage

First Life - EV

SOH (%)

Energy Capacity
(kWh)/

Pack Energy Density
(Wh/kg)

Current (A)/Power
(kW)/C-rate

Energy Efficiency at
0.2C (%)

Aging Cycles

Service Time (year)

Impedance Ry (mQ)

Aging/1000 cycles

Aging/1000 E_cycles
(50Ah)

Aging/year

100 % ~ 75 %
59-44 kWh

143.9-107.9

400A/160kW/
2.7C
>98 %

1500-2500
10-15 years
1ImQ

6 %-12 %

6 %-12 %

1.5% ~25%

75 % ~ 60 %
44-35 kWh

107.9-86.3
36A/15kW/0.3C
98 %-95 %
4000

11 years
1.5-3.0 mQ

4%

5%

1.5%

60 % ~ 50 %
35-29 kWh

86.3-72.0

24A/9.6kW/
0.25C
95 %-93 %

2000

5 years
3.0-4.5 mQ
5%

10 %

2.0 %

10

BESS.

The batteries have a superior performance in the first 4000 cycles of
second life before the SOH drops to 60 %, equivalent to 11 years of
operation. Afterward, the power, energy efficiency, and stability of the
batteries started to worsen. For example, the 0.2C energy efficiency
decreased from 95 % to 93 %, as shown in Fig. 2(b)-(c). Nevertheless,
the battery is still useable until 50 % SOH with well-controlled working
conditions.

5.2.3. The impact of working conditions on the second life

Although the battery aging knee can be stopped or avoided by
improving the working conditions, the batteries are very unstable after
the knee point (75 % SOH). If the working conditions are not well
controlled, the battery could die quickly.

High temperature would significantly shorten the second life. Fig. 7
shows that Cell 07 and Cell 11 were switched to improved working
conditions but still in the 35 °C environment. The aging speed of the two
batteries was about 13 %-14 % per 1000 cycles, and they only survived
700 s-life cycles before dying. For comparison, Cell 08 working at
22 °C-25 °C survived more than 2000 cycles, and it is still working now.

A low temperature of 10 °C could also induce fast degradation for
aged LIBs. For example, Cell 05 and Cell 06 experienced a capacity drop
at 3600 aging cycles. While Cell 09 and Cell 12 experienced a capacity
drop between 2700 and 3000 aging cycles. By reducing the charging
current from 12A to 6A and 8A, respectively, the fast degradation can be
avoided. Therefore, the solution is either to heat up the battery to
15 °C-20 °C or maintain a 10 °C low temperature while reducing the
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current and charging cut-off voltage to prevent fast degradation.

Charging to a higher voltage could also kill the battery instantly. The
charging voltage of Cell 19 was intentionally increased from 4.05V to
4.15V at 2700 aging cycles. Then, it died in the following 20 cycles. For
comparison, Cell 22 and Cell 23 survived a much longer second life.

It should be noted that deep discharge to 2.8V low cut-off voltage
(not over-discharge) did not hurt the batteries. Cells 03, 12, 13, and 22
were all cycled between 2.8V and 4.05V, and no fast degradation
occurred.

5.2.4. The strategies to extend battery second life

First, the operational voltage range should be set to 3.0V-4.05V (80
% DoD). When the SOH drops below 60 %, the voltage range should be
further reduced to 3.0V-4.0V (70 % DoD).

Secondly, the battery temperature should be strictly controlled
below 30 °C, and 15 °C-25 °C is preferable. The battery can work at
10 °C low temperature, however, the current and charging voltage
should be further reduced to prevent lithium plating.

Thirdly, the optimal current is 0.2C or below, and the peak current
should be no more than 0.3C.

Fourthly, the batteries should operate every day to maintain their
material activity. Long-time resting (months) of the batteries should be
avoided to mitigate the loss of material activity and calendar aging.
Additionally, managing the SoC and storage conditions during pro-
longed periods of non-use can also mitigate the effects of calendar aging.

5.3. Battery impedance and dQ/dV analysis

Figs. 6 and 7 show that the impedance of the batteries did not have
noticeable change until 80 % SOH. Then, the battery impedance
increased linearly with battery capacity degradation. In order to draw a
clear relationship between the battery impedance and capacity, Fig. 8
(a) and (b) plots the Ry-SOH and R;-SOH relationships. The blue dots
represent the batteries in the early stage of second life. The green dots
represent the batteries in the late stage of second life. The red dots
represent the dead batteries.

The values of Ry and R; did not change obviously between 90 % and
80 % SOH. However, Ry and R; (blue and green) show a clear linear
relationship with SOH in the 75 %-50 % second life window. Therefore,
both capacity and impedance can be used to evaluate the state of bat-
teries during their second life. The red dots are scattered out of the
mainstream, indicating a violent battery characteristic change during
the aging knee.

Incremental capacity analysis (ICA) can be used to identify battery
degradation modes [49,50]. Fig. 8(c) shows the dQ/dV curves of Cell 10.
Two peaks (P1 and P2) and one shoulder area (S3) are observed in the
ICA curves. Intensity variation and position shift of these features are
correlated with mixed degradation modes: the Loss of Lithium Inventory
(LLI), the loss of active material (LAM) at the negative electrode, and
LAM at the positive electrode [51].

The position of P1 shifts to the higher voltage and its intensity de-
creases monotonously during the whole aging process. LLI induces ca-
pacity loss at the early stages. The decrease in S3 intensity indicates the
LAM at the positive electrode. Initially, the subtle change in P2 indicates
LAM at the positive electrode, alongside LLI. After the aging knee, P2
decreases significantly and shifts rapidly to high voltages, eventually
disappearing. This implies that the major battery degradation mecha-
nism after the aging knee shifts to LLI and LAM at the negative electrode
[14]. This agrees with the post-mortem analysis, which shows a large
amount of graphite exfoliated from the negative electrode.

5.4. Gas generation
5.4.1. The causes of gas generation

Only four of the nine dead batteries swelled. It is very important to
study what working conditions would induce battery swelling, and why
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other batteries did not swell. Three factors can induce battery swelling, i.
e., fully charging, 1C fast charging, and elevated temperatures. All the
nine dead batteries are compared in Table 7. The “Violent Aging” in the
table means the battery experienced continuous aging knee until it was
dead. On the contrary, other batteries experienced slow degradation or
switched to improved working conditions.

Table 7 shows that all four swelled batteries encountered two or
three trigger factors, while most not-swelled batteries only encountered
one or no trigger factors. Cell 24 did not swell because it was dis-
assembled right away after it died for material analysis. In other words,
Cell 24 might also swell one month after death if it was not
disassembled.

Obviously, the more trigger factors encountered, the more risk of
battery gas generation and swelling. One factor alone would not induce
gas generation. In other words, if the four trigger factors can be
removed, the battery gas generation and swelling could be avoided.

5.4.2. The safety risk of gas generation

As discussed in Section 5.2.4, the suggested SLB working conditions
include: 3.0V-4.05V (80 % DoD) voltage, 0.2C-0.3C current rate, and
15 °C-25 °C temperature. Obviously, the first three trigger factors for
gas generation are totally ruled out. In this condition, violent aging
would also not happen. Therefore, we are confident that the risk of gas
generation and swelling during the second life application of Nissan Leaf
Gen 3 batteries is almost zero if the recommendations proposed in this
paper are followed.

For the first life operations in EVs, the gas generation of the batteries
can also be avoided by charging to 80 % SOC, using slow charging, and
keeping the car in a cool environment. If some factor cannot be avoided,
the driver should try to avoid two or more trigger factors occurring
simultaneously. For example, if elevated temperature cannot be avoi-
ded, then only use slow charging, and charge to 80 % SOC.

6. Conclusions

This paper conducted a comprehensive aging study on Nissan Leaf
Gen 3 batteries, aiming to develop solutions to address the aging knee
and gas generation issues and evaluate their second-life potential and
safety risks. The key findings of this study include:

1. The battery aging knee can be prevented or stopped by improving the
working conditions. The recommended strategies include:
3.0V-4.05V voltage range (80 % DoD), 0.2C-0.3C current, and
15 °C-25 °C temperature. The battery aging speed can be reduced to
4 % per 1000 cycles.

2. The batteries tend to reach the aging knee when the capacity drops to
78 %~75 %. Their second life window is 75 %~50 % SOH. The
estimated second life is 4000-6000 cycles or 11-16 years if the
working conditions of the batteries can be well controlled.

3. The optimal time to retire and repurpose the battery pack from the
EV is when the capacity drops to 75 % and the impedance increases
by 50 %.

The impact of different working conditions on the battery aging was
studied. The result shows that fully charging the batteries would induce
fast degradation and early aging knee, while deep discharge to 0 % SOC
imposes no harm to the batteries. Both 1C charging and discharge would
accelerate battery aging. An elevated temperature of 35 °C would induce
fast degradation, but a 10 °C low temperature can extend the battery life.

Based on the analysis, recommendations are proposed to the EV
drivers to extend battery life which include: avoiding fully charging if
not necessary (charge to 80 % SOC); using slow charging as much as
possible; and parking the vehicle in a cool environment. It is also sug-
gested that the EV manufacturer shall give the driver the option to set
the charging cut-off SOC, and liquid cooling is recommended.

The battery swelling issue was studied. Gas generation can only be
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Table 7
Battery swelling comparison.
Cell 04 Cell 14 Cell 20 Cell 18 Cell 07 Cell 10 Cell 11 Cell 19 Cell 24
Fully Charging o o o ) o
1C Charging o o
35°C o ) o
Violent Aging o o o o o
Swelled 000 00 oo o

triggered by multiple factors working together. If the second life utili-
zation follows the proposed strategies listed above, all four trigger fac-
tors can be ruled out. Thus, the risk of battery swelling can be
eliminated.

Post-mortem analysis on three dead batteries shows large-scale
graphite exfoliation on the negative electrode. GC analysis and SEM
image also indicate negative electrode material failure, while the NMC
positive electrode material is in good condition. Therefore, the battery
aging knee and gas generation are both related to the negative electrode
failure.

In summary, this study clarified the prospect of the second life uti-
lization of LIBs with aging knee issues, and proposed strategies to ensure
the long second life. The safety concerns regarding gas generation can
also be eliminated. It provides valuable recommendations for both the
first life and second life operation of EV batteries.
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