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ABSTRACT - Understanding the aging behavior of lithium-ion
battery packs is essential for optimizing system sizing and improv-
ing performance, particularly in applications involving second-life
use. This study presents aging data from an accelerated cycling
campaign on battery packs equipped with Battery Management
Systems (BMS) featuring cell balancing functionality. A detailed
analysis is conducted to quantify the impact of intercell hetero-
geneity, specifically capacity and resistance dispersion, on the
activation of balancing circuits. The results show that increased
capacity spread leads to significantly higher balancing activity
and reduced available energy, emphasizing the importance of
monitoring cell degradation for effective BMS design and pack
utilization.

Keywords — Li-ion, Battery, Aging, Dispersion, Heterogeneity,
BMS, Balancing, Second life.

1. INTRODUCTION

The subject of second-life Li-ion batteries has gained increas-
ing attention in recent years, as they reach the end of their ser-
vice life in electric vehicles and as more academic and indus-
trial initiatives emerge [1]. Studies have shown that these bat-
teries often retain sufficient capacity for use in less demand-
ing applications, such as stationary microgrids coupled with de-
centralized energy production technologies [2]. In this context,
the B2LIVE project [3] was launched to investigate the techno-
economic feasibility of repurposing a specific used Li-ion bat-
tery module for microgrid applications. The project’s objectives
include the development of aging models for integration into mi-
crogrid simulation tools, as well as diagnostic tools for selecting
suitable second-life batteries. To support this, a dedicated bat-
tery aging test bench was designed and built to evaluate and age
battery packs intended for use in such applications.

This paper presents the battery aging test bench developed
for the project, along with the aging test procedure applied to
several batteries. Subsequently, the observed aging trends from
the testing campaign are analyzed, with particular attention to
the heterogeneous aging behavior seen in some modules. Fi-
nally, due to capacity dispersion among the modules, the Bat-
tery Management System (BMS) balancing circuit is frequently
activated. Its behavior is examined and correlated with the aging
of individual cells within a module.

2. AGING TEST BENCH AND PROTOCOL
2.1.  The battery aging test bench

Developing an aging test bench capable of testing multiple
battery packs in parallel is a complex task, as it requires moni-
toring numerous parameters. Moreover, continuously aging bat-
tery packs is more challenging than cell-level studies due to in-
creased system complexity. Despite these challenges, the aging
test bench developed at the LAPLACE laboratory is equipped
with five DC buses, allowing the connection of batteries rated up
to 400 V and 250 A. The environmental temperature of the bat-
teries is regulated using two thermal chambers. The test bench
is managed by a dSPACE supervisor, as well as the power sup-
plies and electronic loads connected to the batteries [5]. To mit-

igate risks associated with lithium-ion batteries, a gas detection
system is installed in each thermal chamber. The test bench
includes three layers of safety, capable of shutting down indi-
vidual buses, the entire system in the event of a critical issue, or
injecting argon gas in case of fire.

Fig. 1 shows the battery aging test bench along with the two
climate chambers, named "ETU" and "ENC", as well as an ex-
ample of a battery pack. The aging campaign began in Novem-
ber 2023 and has been ongoing since then.

Figure 1. Battery aging test bench, battery pack and the two climate chambers.

The battery modules aged during the campaign were
sourced from hybrid electric vehicles and consist of 14S
NMC622/graphite pouch cells, each with a nominal capacity of
38.5 Ah. Prior to the aging campaign, a broad selection of mod-
ules was characterized to ensure the selection of similarly aged
batteries for pack assembly. Fig. 2 shows the total module num-
ber as a function of median cell capacity. Since the goal was
to assemble five packs with homogeneous capacities, ten mod-
ules with median capacities close to 38 Ah were selected for
the study. In this configuration, two modules were connected
in parallel to form 14S2P battery packs, as illustrated in Fig. 3,
resulting in a total nominal capacity of 77 Ah. Each pack is
equipped with a BMS to enhance safety and ensure proper cell
balancing.

In this study, since the parallel-connected cells share the same
voltage, each pair is treated as a single equivalent cell in the
analysis. This is only valid if the currents in each of the module
branches are equal, which has been monitored during the aging
campaign. Periodic tests were conducted by disconnecting the
parallel modules and ensuring the equilibrium of the currents.

2.2.  BMS and Cell balancing

All cells are connected in parallel with their counterparts from
the neighboring module and linked to a passive cell balancing
board controlled by the BMS. This setup ensures uniform state
of charge (SoC) across all 14 series-connected cell pairs and
helps minimize capacity variability.
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Figure 2. Battery module capacity frequency. Red start represent the mean cell
capacity standard deviation (STD) of the tested modules.
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Figure 3. Battery pack, BMS and cell balancing circuit schematics.

The cell balancing board actively discharges cell pairs to
equalize voltage differences between series-connected units.
Each balancing pulse lasts for 10 seconds and the balancing
mechanism is triggered when three conditions are met:

¢ Cell voltage exceeds 3.8 V.
* Current below 300 mA per cell.

* Voltage difference between any two cells exceeds 5 mV.

2.3.  The aging test procedure

The battery packs were divided into two groups: two batter-
ies in the ENC group, aged at 40°C, and three in the ETU group,
aged at 25°C. Table | summarizes the aging test procedure. Ini-
tially, most of the packs began their aging profiles with an 80%
Depth of Discharge (DoD), except for ENC-A, which started at
100% DoD to accelerate its degradation. Once it reached 80%
State of Health (SoH), its DoD was reduced to 80%. Another
variable in the aging process was the Current Rate (C-rate) ap-
plied to the batteries, which was set to 0.5C or 1C. The last bat-
tery, ETU-C, underwent aging with a self-consumption profile
featuring a variable C-rate. Additionally, a 30-minute pause was
imposed between each discharge and charge cycle for all batter-
ies, except for ETU-C, which operated without any pauses. Dur-

ing these pauses, the BMS activates its cell balancing circuit, if
necessary.

Table 1. Operating conditions of packs at different temperatures.

Temp. Pack SoH (%) Profile DoD (%) | C-rate
ENC-A 100-80 Ch. - Dch. (CC) 100 1C
40°C 80-40 Ch. - Dch. (CC) 80 1C
ENC-B 100-40 Ch. - Dch. (CC) 80 0.5C
ETU-A 100-40 Ch. - Dch. (CC) 80 1C

25°C ETU-B 100-92 Ch. - Dch. (CC) 80 0.5C
92-40 Ch. - Dch. (CC) 50 1C

ETU-C 100-40 Self-cons. 80 0-1.2C

As observed, the profile of ETU-B was adjusted upon reach-
ing 92% SoH. This modification was implemented due to its ag-
ing trajectory being similar to that of other batteries in the study.
The change was made during the campaign to obtain data under
a different DoD.

2.4.  Characterization profile

The batteries were periodically subjected to characterization
profiles conducted at 25°C. Each profile consists of a capacity
measurement using successive C/2 charge-discharge cycles, fol-
lowed by a C/20 discharge-charge cycle to determine the pseudo
Open Circuit Voltage (pOCV), and a pulse test at various C-rates
ranging from C/5 to C for 30 seconds, performed at 50% SoC.
The complete characterization profile is seen in Fig. 4.
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Figure 4. Characterization profile divided into three parts.

The metrics selected in this study are the SoH, degrada-
tion rate (DR), 10-second resistance, and charge-discharge ef-
ficiency. The SoH is defined as the ratio between the measured
discharged capacity and the nominal capacity at C/2:

SoH(%) = Ceasured 1 (1

CVnominal

The degradation rate (DR) is calculated as the derivative of the
SoH with respect to the ampere-hour throughput (in kAh):

DR ( %SOH> ASoH

kAh - AIAhthroughput

The 10-second resistance is calculated from the voltage drop
during a 1C current pulse:
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where V. is the voltage before the pulse, V7 is the voltage af-
ter 10 seconds under current I, and the absolute value accounts
for both charge and discharge pulses. The efficiency is calcu-
lated as the ratio of discharged to charged energy during the C/2
charge and discharge:

E ischarge
n(%) = = 100 @)
charge

3. AGING CAMPAIGN RESULTS
3.1.  Battery pack level

As a battery pack ages, the apparent measured capacity re-
flects the most degraded cell, which limits all other cells from
reaching their minimum and maximum voltages. As shown in
Fig. 5A, the aging characteristics of the five battery packs indi-
cate that, except for ENC-A, all batteries exhibited similar aging
trends. Under the selected aging conditions, neither tempera-
ture nor C-rate had a significant impact on aging, only the DoD
showed a visible influence on capacity loss.
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Figure 5. (A) Battery pack SoH, (B) DR and (C) efficiency 7.

ENC-A exhibited its highest DR under the 100% DoD cycling
profile as seen in Fig. 5B. This acceleration continued until the
profile was modified, after which the pack showed a slight re-
covery in capacity before aligning with the degradation trends
of the other batteries at the same DoD. For ETU-B, switching to
a 50% DoD did not cause a notable change in its DR, and this
behavior is going to be monitored as aging progresses.

The slight capacity recovery observed in ENC-A after switch-
ing from a more severe aging profile to a milder one has also
been documented in the literature. For example, Gao ef al.
[6] tested multiple Nissan Leaf Gen 3 NMC cells under vari-
ous aging conditions and found that aging knee effects could be
reduced by limiting operating conditions, such as capping the

maximum cell voltage at 4.05 V (around 80% SoC). Such slight
capacity gains after profile changes have also been observed in
our study.

For the other batteries, it can be observed that their DRs start
off high and then quickly stabilize. This behavior can be at-
tributed to their higher initial SoH compared to ENC-A, sug-
gesting that their Solid Electrolyte Interphase (SEI) layers may
still have been forming during the early cycles, consuming Li-
ions.

Regarding energy efficiency, all batteries exhibit similar
trends as seen in Fig. 5C. ENC-A initially started at a higher ef-
ficiency but rapidly converged to values comparable to the other
batteries. A slight decrease in efficiency is observed with aging,
however, the loss remains minimal at this stage.

3.2. Cell level
3.2.1.

Unbalanced battery cells are known to negatively impact the
total available energy within a battery pack [7]. Such imbal-
ances may stem from various factors, including differences in
cell manufacturing, temperature variations, and inconsistencies
in bus bar resistance. When the SoC among cells in a pack be-
comes uneven, the pack’s usable energy is constrained by the
cells with the highest and lowest charge levels. To mitigate this,
BMS have been designed to balance cell SoCs. These systems
employ either passive balancing, in which excess energy is dis-
sipated as heat via resistors, or active balancing, which transfers
energy between cells and offers greater efficiency.

However, as battery packs age, the capacities and resistances
of individual cells can diverge depending on the specific aging
conditions. A recent study by M. Hassini [4] demonstrated that,
for second-life batteries, a capacity variation of just 2% led to a
20% reduction in the pack’s available energy. Moreover, varia-
tions in cell resistance were found to affect the battery’s power
output by up to 15%. These findings highlight the significant
negative impact that cell heterogeneity can have on the overall
performance of second-life battery modules.

As the battery pack becomes more heterogeneous, even if
the BMS aligns the cells to the same SoC, the usable energy
is still constrained by the most degraded cell. This effect is il-
lustrated in Fig. 6, where the weakest cell limits the pack’s ca-
pacity at both the upper and lower voltage thresholds. Due to
its lower capacity, this cell undergoes larger SoC swings for the
same Ah throughput, while the remaining cells operate over nar-
rower DoDs, progressively increasing the disparity within the
pack over time.
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Figure 6. Heterogeneous cell capacity in a module and impact on the overall
available energy. Figure inspired from [7].

To assess capacity dispersion during the aging campaign, a
straightforward estimation method was applied, as shown in
Fig. 7A. At the end of each discharge cycle, once the first cell
dropped to 2.7 V, the remaining cells exhibit higher terminal
voltages. The approach involves projecting these voltages onto
the characteristic discharge curve of the limiting cell, which is
the first to reach the cutoff threshold. By assuming the voltage
decline of the other cells follows a similar trend, the time offset
At is determined as the duration it would take for the limiting
cell to drop from the higher voltage of each remaining cell down
to 2.7 V.
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Figure 7. (A) Voltage extrapolation method and (B) individual cell capacities in
the pack using the method.

Using the value of At, the voltage profile of each cell is ex-
tended along the time axis by the corresponding At, represent-
ing the time it would take for each cell to reach the cutoff volt-
age of 2.7 V. This mirrored projection allows for estimating the
additional capacity each cell could have delivered. The extra
capacity is then obtained by multiplying the average discharge
current by At (Fig. 7).

For the batteries analyzed in this project, Fig. 8 illustrates the
evolution of capacity and resistance dispersion across the dif-
ferent packs during the aging campaign. Among all the packs,
only ENC-A exhibited significant capacity heterogeneity, with a
spread of 3.4 Ah between the highest and lowest capacity cells
toward the end of the test period. Notably, the capacity disper-
sion in ENC-A increased more sharply after reaching approxi-
mately 100 kAh of throughput. Even at similar median capacity
levels, ENC-A showed greater variation compared to the other
packs. Regarding the 10-second resistance measurements, only
ENC-A demonstrated a marked increase in resistance, likely at-
tributed to lithium consumption and SEI layer growth. Never-
theless, resistance dispersion remained relatively stable across
all the tested battery packs.

3.2.2.  Impact of Capacity Dispersion on BMS Balancing Be-
havior

To assess the impact of capacity dispersion on BMS opera-
tion, the number of balancing pulses during pause phases was
counted over the course of the aging campaign for each battery.
An example of these pulses is shown in the inset of Fig. 9A. As
illustrated, the BMS of ENC-A exhibited a significantly higher
number of balancing pulses compared to the other packs. Once
the median SoH dropped to around 85% and the maximum SoH
deviation between cells reached 3.8%, the balancing circuit be-
gan to activate more frequently, resulting in a sharp increase in
pulse count up to the point of the profile change.

Following the profile change, the number of pulses increased
slightly, driven by the higher voltage spread between cells at the
new upper charge limit (around 4.0 V for 90% SoC compared to
4.2 V at 100% SoC). However, since the overall battery capac-
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Figure 8. (A) Capacity dispersion in packs and (B) cell 10 s resistances at C/2
in module. The lines represent the medians and the paler zones the maximum
and minimal limits.

ity remained relatively stable after this change, the increase in
pulses progressed more gradually than it did under the original
100% DoD profile. In contrast, the BMS balancing activity in
most of the other batteries remained low and largely unchanged
throughout the campaign, intervening only to correct minor SoC
imbalances.

For ETU-A, throughout the entire campaign, it experienced
slightly more balancing during pauses compared to the other
batteries (excluding ENC-A), as expected due to its higher ca-
pacity dispersion. However, around the 250 kAh mark, it un-
derwent an abrupt increase in the number of balancing pulses.
This occurred immediately after it reached its peak SoH disper-
sion of 1.38%. Nevertheless, this is not believed to be the root
cause of the rise in pulse count, as the capacity dispersion did
not increase afterward. The increase is instead attributed to a
traditional SoC imbalance following a complete characteriza-
tion profile during which both individual modules were discon-
nected.

Analyzing the distribution of balancing pulses per cell for
ENC-A reveals an interesting pattern: the most degraded cells
tend to be balanced less frequently, as illustrated in Fig. 10.
Specifically, the S5th and 6th cells, which have the lowest capac-
ities, are among the least frequently balanced, ranking first and
third from the bottom, respectively (Fig. 10B). In contrast, the
outermost cells, such as the 14th, which exhibit higher capac-
ities, undergo significantly more balancing. For instance, the
14th cell experienced 14 times more balancing pulses than the
Sth.

To better interpret the number of balancing pulses, it is useful
to track the voltage of the limiting cell during cycling. Fig. 1A
shows which cells limited the charge cycles throughout aging.
The first position, shown in red, indicates the cell that reached
the upper voltage threshold first, while the 14th position corre-
sponds to the cell that remained furthest from the threshold at
the end of each charge cycle (lowest voltage). It is evident that
towards the end of the campaign, the most and least limiting
cells remain stable. The 6th cell most frequently reached the
voltage limit first, indicating it was the most limiting. This cell
also had one of the lowest capacities and highest resistance val-
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Figure 10. (A) Number of balancing pulses during the 30-minute pause for the
cells in ENC-A and (B) cumulative number of balancing pulses per cell with
respect to the SoH.

ues, as shown in Fig. 12. In contrast, the 13th cell, often the
least limiting, showed one of the highest capacities and lowest
resistance values by the end of the test.

Although the 6th cell was typically the first to reach the volt-
age threshold during charging, effectively acting as the limiting
cell, its higher resistance led to a significant voltage drop during
the relaxation phase. As a result, its post-relaxation voltage was
often lower than that of other cells, meaning it required little
balancing despite limiting the charge process.

Moreover, as seen in Fig. 11B, the end-of-charge voltage dif-
ference at the beginning of the campaign started off high, until
around 100 kAh exchanged. During this period, when capacity
dispersion was not elevated, the number of balancing pulses per

pause was low and were triggered by the SoC imbalance. Be-
tween the 100 kAh mark and up to the profile change, indicated
by the black dashed line, the capacity dispersion increased and
the number of balancing pulses rose abruptly (135 kAh).

After the profile change, a sudden increase in the voltage dif-
ference AV}, between the cells and the limiting one was ob-
served. This is attributed to the inherently higher cell-to-cell
voltage differences at 80% SoC compared to a fully charged
pack. Since the battery did not experience significant degra-
dation after this change, AV};,, remained stable. However, the
number of balancing pulses stayed high. This suggests that the
imbalance detected by the BMS was due to capacity dispersion,
which cannot be resolved by the balancing strategy designed for
SoC equalization.

An interesting observation is the impact of the higher resis-
tance of the 14th cell at the beginning of the campaign. This cell
initially limited the charge cycles, as all other cells had similar
capacities but lower resistance values, as seen in Fig. 12. How-
ever, around the 130 kAh mark, capacity dispersion between the
cells increased abruptly, which activated the balancing circuits
and significantly changed the ranking of the limiting cells.
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Figure 11. (A) End-of-charge voltage ranking for ENC-A. (B) Voltage
difference AVj;y, to the limiting cell. Dashed lines: profile change (black) and
abrupt pulse increase (grey).

Fig. 12 exhibits both the 10-second resistances and the SoH
per cell in ENC-A. As seen in the figure, the SoH distribution
was homogeneous at the beginning of the campaign. However,
towards the end, the cells located in the center showed a more
pronounced capacity loss. Regarding the resistances, apart from
the outermost cells, which exhibited slightly higher values due
to the internal module harness adding to the perceived resis-
tance, all cells were initially homogeneous, similar to the capac-
ity distribution. However, over the course of the campaign, the
central cells developed slightly higher resistances than the exte-
rior ones, mirroring the capacity trend. This effect is believed to
result from the greater difficulty center cells face in dissipating
heat, causing them to operate at higher average temperatures,



surpassing 40°C.
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Figure 12. 10-second resistance and SoH heatmaps for ENC-A.

Fig. 13 shows the mean number of balancing pulses as a func-
tion of the estimated capacity difference between each cell and
the cell with the lowest capacity, measured during the discharge
phase for ENC-A. The mean was calculated using the 40 pauses
following a characterization profile. As seen in the figure, a
trend can be identified. Most cells, after having reached a 1 Ah
difference from the limiting cell, undergo an increasing number
of balancing pulses. It is noticeable, however, the abrupt change
experienced for most cells, right after the profile change from
100% DoD to 80% DoD. The region where cells exhibit a high
capacity difference relative to the limiting cell but a low mean
number of balancing pulses corresponds to data recorded before
the profile change, as highlighted in the zoomed-in plot. This
shows that for a given end of charge voltage, there could be an
expected trend for the number of balancing pulses. In the same
figure, for the region showing a homogeneous battery pack ca-
pacity (low Q differences) the cells are balanced, but most likely
to address a measured SoC variation, as originally intended by
the BMS.

4. CONCLUSIONS

Due to the technical challenges and complexity involved in
aging Li-ion batteries at the pack level, few studies provide ag-
ing data from systems that closely resemble real-world applica-
tions. In this work, a robust aging test bench was presented, and
five second-life Li-ion battery packs were aged using a BMS
with passive balancing capabilities. Our study is particularly in-
teresting because we show aging data from battery packs while
analyzing the interaction with the BMS and considering the het-
erogeneity within the packs.

One conclusion drawn from this in-depth analysis of pack dis-
persion and its influence on the BMS balancing function is that,
while the BMS visibly attempts to compensate for cell imbal-
ance, it ultimately fails to achieve its objective. This is because
the imbalance does not stem from a simple SoC dispersion but
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Figure 13. Mean number of balancing pulses with respect to the capacity
difference between a given cell and the limiting one with the lowest capacity.

rather from an inherently uncorrectable issue, capacity disper-
sion, at least within the constraints of the given BMS architec-
ture. A BMS capable of addressing capacity dispersion by se-
lectively utilizing certain cells more than others could offer a
smart solution to mitigate this issue, specially in case of second
life batteries. However, such a BMS would be more costly due
to the electronics capable of isolating certain cells.

Moreover, the observed correlation between the number of
balancing pulses and capacity dispersion presents an intriguing
idea for estimating capacity dispersion simply by tracking these
pulses throughout the battery pack’s lifespan and is a perspective
of this work. In order to develop such a method, the number of
balancing pulses should be measured at multiple end-of-charge
voltages.
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