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Abstract

Introduction: This paper assesses the second-life potential of end-of-life (EoL) E-ferry cells for stationary battery energy storage
systems (BESSs). Given the challenges associated with repurposing electric vehicle batteries, including heterogeneous aging profiles
and complex cell balancing, this study explores an alternative pathway using E-ferry batteries that are replaced earlier due to their
frequent usage in daily operations.

Materials and methods: Initial characterization of cells from multiple modules was carried out to evaluate capacity, energy retention,
impedance, and charging behavior, including tests under C/3, C/2, and C/1 discharge and charge rates and additional screening for
isolated outliers.

Results: Most cells exhibit consistent capacity and energy retention in the 70-80% state-of-health (SoH) range with closely clustered
impedance, while one module contains an isolated outlier with significantly lower SoH (around 68%), and the large deviations can
make bad cells easier to detect. Results further show that a lower C-rate is preferred, and the charging behavior analysis reveals that
the charging power depends on the state of charge (SoC) and changes with the applied C-rate, which can be critical for realistic power
scheduling.

Discussion: The generally uniform degradation observed across most cells, together with the SoC-dependent charging power and
efficiency characteristics, highlights the need for targeted screening while confirming the practical feasibility of using these cells in
stationary BESS applications.

Conclusions: Overall, the findings demonstrate that E-ferry cells, owing to their controlled operational history, earlier replace-
ment, and generally uniform degradation, are strong candidates for second-life stationary BESSs. With appropriate screening and
cell-matching procedures, these batteries can offer a practical and reliable pathway for repurposed energy storage.

Keywords: electric ferry, second-life battery, stationary battery energy storage, cell characterization, electrochemical impedance
spectroscopy
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1. Introduction

The global push toward net zero emissions has resulted in a
remarkable transformation in the transport sector, with electrifi-
cation emerging as a key decarbonization strategy. This transition
is particularly evident in road transportation. In 2023, almost
14 million new electric cars were registered, marking a 40% in-
crease compared to 2022 [1]. The major automotive markets have
experienced remarkable growth, with electric vehicles (EVs) com-
prising more than one-third and one-fifth of new car sales in China
and the European Union, respectively [1]. In addition to electri-
fying road transport, electric vessels are increasingly operating in
coastal waters for maritime applications. Nordic countries, known
for their extensive ferry networks, are at the forefront of maritime
electrification. As of March 2026, Norway operates 108 electric car
ferries and passenger boats across 773 connections, out of a total of
225 connections [2].

Transportation electrification has significantly accelerated the
adoption of lithium-ion batteries (LiBs). The global battery
capacity in the energy sector has more than quadrupled
from 2020, exceeding 2400 GWh in 2023. Electric vehicles
have dominated this expansion, accounting for more than
90% of battery deployment and consuming over 750 GWh
annually by 2023 [3]. However, the rapid transition to
electrification has introduced a significant challenge regarding
how to manage the growing volume of end-of-life (EoL) LiBs.
Argue [4] showed that the average annual battery degradation rate
for EVs has fallen from 2.3% in 2019 to 1.8% in 2024. According
to the transportation industry, a battery is generally considered to
have reached its EoL when its storage capacity falls to around 70%
of its original capacity, i.e., when the state of health (SoH) reaches
70% [5], which means that the battery can last approximately
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17years. Thus, only counting the EV batteries from 2023, over 750
GWh batteries will be retiring due to their inability to meet the
desired performance by 2040. This significant volume of retiring
batteries underscores the urgent need for sustainable EoL strate-
gies. Furthermore, given the highly concentrated supply chain of
battery materials, importing regions have a strategic incentive to
promote battery reuse or recycling, reducing their dependence on
external material sources [6].

Recycling is naturally one of the solutions for managing these EoL
batteries, which can recover valuable materials such as lithium,
cobalt, nickel, and manganese. However, current recycling pro-
cesses face multiple challenges, including high operational costs,
complex logistics for safe transportation, and energy-intensive
material recovery procedures [7]. These factors, combined with
fluctuating raw material prices [8], can result in recycling costs
exceeding the value of recovered materials, making it an econom-
ically unsustainable solution without subsidies or technological
advancement. For example, Lander et al. [9] showed that, in most
cases, LiB recycling currently remains uneconomical. A detailed
comparison of pyrometallurgical, hydrometallurgical, and direct-
recycling routes is beyond the scope of this study. We rely on
the comprehensive assessments already available in [7, 9] and
use these general findings to motivate the need for second-life
pathways. Challenges in recycling have prompted research into al-
ternative approaches for managing EoL batteries, with second-life
applications emerging as a promising area of focus. This approach
focuses on repurposing EoL transport batteries (which still remain
approximately 70% SoH) for stationary energy storage applica-
tions, where performance requirements differ significantly from
transport uses. Battery energy storage systems (BESSs) present
particularly suitable second-life opportunities due to their less
demanding conditions (e.g., EV applications can result in almost
4 C peak power, while BESS operations typically run at 0.2 C to
0.3 C[10]).

1.1. Related work and motivation

Second-life battery (SLB) applications have been extensively in-
vestigated in the context of EVs, and recent review papers have
laid a solid foundation for understanding the technical, economic,
and environmental aspects of repurposing these batteries for sta-
tionary energy storage applications. Martinez-Laserna et al. [11]
assessed the economic, technical, and environmental viability
of reusing EV batteries in less-demanding grid-connected en-
ergy storage applications. The paper showed that SLBs offer a
promising solution to offset the high upfront costs of LiBs with
much lower market price estimates, making them a competitive
alternative to new batteries. Profitability assessments suggest that
SLBs would be valuable for applications such as demand charge
management and time-of-use optimization. However, there are
technical challenges, particularly regarding aging mechanisms,
power and energy capabilities, and the limited availability of ex-
perimental data on long-term performance. From an environmen-
tal perspective, SLBs can significantly reduce carbon footprints
and mitigate greenhouse gas emissions. Hossain et al. [12] em-
phasized that there are different sources of SLBs. For example,
they can be batteries that reach the end of their first life due to
capacity loss but also the batteries whose vehicles retire before
reaching the end of their first life. The paper also investigated
the manufacturing steps of the second-life battery energy storage

systems (SLBESSs), including dismantling, testing, and reassem-
bly. The review showed that SLBs could be used in many appli-
cations such as being integrated into renewable energy systems
to mitigate intermittency, providing backup during maintenance
outages, and peak shaving (storing energy during off-peak hours
and releasing it during peak demand times). Even though SLBs
hold great potential, the paper also emphasized the barriers to SLB
implementation due to the lack of universal standards for battery
types and the uncertainties regarding the market value of SLBs.
Thus, for SLB businesses to thrive, SLBESS costs must remain
low. Additionally, policies supporting the recycling and reuse of
EV batteries should be established to enhance market growth. A
similar study can be found in [13], where the battery degradation
mechanism was also reviewed to provide the basis for assessing
the health level of SLBs.

Building on that macro-level understanding, a growing body of
research has focused on exploring the economic potential of
SLBs through detailed empirical studies and advanced modeling.
Deng et al. [14] investigated how to optimize the echelon use of
retired batteries that still have a capacity above 60%. The left
capacity, being converted to the left number of cycles, is incor-
porated in the optimization formulation to maximize the poten-
tial profit. Colarullo and Thakur [15] designed a tool to perform
techno-economic analysis (TEA) for local energy communities,
where different technical scenarios are considered combining PV
with BESSs in both front-of- and behind-the-meter settings. The
results showed that lowering the set up costs by utilizing SLBs
is an opportunity already feasible, which will not only improve
the energy and economic performances but also contribute to
greater sustainability and circularity. Fallah and Fitzpatrick [16]
also presented the TEA of using SLBs in different second-life
grid-based applications, where the health level of the battery
varies. The results showed that the performance of older batteries
is expected to be better when contributing to grid services while
keeping the investment value below 15% of the original battery
cell price. However, depending on the applications, it is not always
preferable to use SLBs. For example, the levelized cost of storage
modeling and simulation in [17] showed that BESSs based on
SLBs s likely more costly, and considering the uncertainties would
make it even less economic.

Apart from the economic aspect, another focus is to investi-
gate the challenges, often through detailed empirical studies.
Zhou et al. [18] proposed a three-dimensional health feature vec-
tor, including the incremental capacity (IC) curve, DC resistance,
and polarization resistance, which can be extracted from a partial
charging curve. Based on which, they proposed a sorting algorithm
that significantly improves the aging consistency of the sorted
SLBs. Reschiglian et al. [19] presented a small-scale laboratory
BESS that repurposes EoL Tesla battery modules. The system
architecture was described in detail, focusing on the key com-
ponents such as the battery management system (BMS), battery
modules, and inverter. Preliminary test protocols are outlined to
evaluate the reliability, efficiency, and energy storage capabilities,
providing insights into its feasibility for real-world applications.
Haram et al. [20] presented a comprehensive technical assess-
ment and design framework for repurposing retired EV batter-
ies for the solar-powered streetlight application, which includes
battery removal, testing, and integration into a second-life appli-
cation. It is worth noting that the average initial SoH was only
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49.17%, which dropped to 44.75% and further to 29.25% after 100
and 350 days in their application, respectively.

In parallel, numerous pilot projects have successfully deployed
second-life EV batteries in real-world settings, showcasing their
potential for applications such as grid support, renewable energy
integration, and optimal energy management. Nissan installed a
3 MW energy storage system at the Johan Cruijff Arena in the
Netherlands in 2014, using a mix of second-life and new EV batter-
ies alongside a 3 MW rooftop PV system [21]. The storage capacity
is 2.8 MWh and the system provides backup power, reduces diesel
generator use, and stabilizes the grid. Vattenfall launched a test
facility in Hamburg in 2016 using 2600 recycled battery modules
from over 100 BMW electric cars [22]. The 2.8 MWh system,
with a 2 MW power rating, primarily helps stabilize the elec-
tricity grid at 50 Hz rather than storing energy for long periods.
In 2019, Audi launched Germany’s largest multi-use second-life
battery storage unit (1.9 MWh) on the EUREF Campus in Berlin,
using lithium-ion batteries from development vehicles [23]. The
facility enables tests on intelligent energy management, including
buffering excess renewable energy, stabilizing the grid, and sup-
porting rapid EV charging. The PIONEER project supports Rome
Fiumicino Airport’s path to net-zero emissions by integrating a
30 MWp PV system with a 5 MW/10 MWh second-life battery
storage system [24]. With the repurposed EV batteries, the system
stores excess solar energy for evening peak demand and grid
stabilization. These real-world implementations provide valuable
insights into performance, economic viability, and technical chal-
lenges, helping to bridge the gap between theoretical studies and
large-scale adoption.

Based on the literature review conducted above, SLB applica-
tions have been widely explored and extensively researched in
the context of EVs, demonstrating their potential and feasibility
for stationary energy storage. Recent pilot projects and techno-
economic studies further highlight the growing opportunities for
SLB in applications such as renewable-energy buffering, peak
shaving, and backup power, reinforcing the relevance of extending
battery life before recycling. However, research on repurposing
batteries from electric ferries (E-ferries) remains limited. The
reason is that maritime battery systems are deployed in far smaller
numbers, and published research on second-life E-ferry batter-
ies is essentially absent. From a cradle-to-grave perspective, EV
batteries present challenges for second-life applications, such as
heterogeneous degradation patterns, uncertain remaining useful
life, and complex screening requirements, whereas E-ferry bat-
teries follow far more predictable EoL pathways and may offer
distinct advantages:

« Ferries and other maritime applications typically replace bat-
teries earlier, often at around 70% to 80% SoH, to maintain
the high energy capacity and power delivery required for op-
erational reliability. This creates a steady supply of batteries
in a range suitable for second-life applications.

« Maritime applications often operate under well-monitored
conditions (e.g., specific charge/discharge cycles and envi-
ronmental control). Most EV batteries use NMC or NCA
chemistries whose charge/discharge behavior, voltage char-
acteristics, and degradation mechanisms are well docu-
mented in the literature [25, 26]. E-ferries often use large-
format NMC cells, which follow similar electrochemical prin-
ciples, but the more predictable maritime duty cycles can

lead to more uniform degradation compared to EV batteries.
This predictability in aging behavior can result in repurposed
batteries having consistent performance characteristics,
which may significantly simplify the repurposing process.

» E-ferries utilize large battery packs, meaning that a single
retired ferry battery system can provide a sufficient number
of cells for one or more stationary BESS applications. In
contrast, repurposing EV batteries for BESS applications
often requires aggregating batteries from numerous vehicles,
leading to increased complexity in cell matching, balancing,
and system integration.

It is also worth noting that the maritime battery market is under-
going a transition from a one-size-fits-all approach to the use of
chemistry-specific solutions tailored to different vessel profiles.
Nickel Manganese Cobalt (NMC) cells have historically dominated
(also the focus of this study) due to their high energy density,
and they remain the preferred choice for weight-critical vessels
such as electric catamarans, where high power-to-weight ratios
are needed to overcome hydrodynamic drag and achieve planing.
Lithium Iron Phosphate (LFP), however, is increasingly adopted
in standard ferry operations because of its lower capital cost
and superior thermal safety. Meanwhile, Lithium Titanate Oxide
(LTO) is emerging for high-frequency shuttle routes. Despite its
lower energy density and higher cost per kWh, LTO’s extremely
long cycle life (often exceeding 20,000 cycles) and ability to oper-
ate at high depth-of-discharge allow operators to install smaller,
“right-size” battery packs that remain economically competitive
over the vessel’s lifetime. These trends are consistent with re-
cent maritime battery decision-tree analyses identifying NMC,
LFP, and LTO as chemistry-specific choices depending on power-
to-energy ratio, cycle demand, and operational role [27]. These
evolving chemistry choices underscore both the diversity and the
growing strategic importance of maritime batteries, while also
highlighting the need for research into their second-life potential,
which remains largely unexplored.

1.2. Aims and structure of the paper

This paper aims to investigate the potential of E-ferry cells for
SLB applications. The primary goal is to illustrate the specific
advantages of E-ferry batteries as second-life candidates, par-
ticularly in light of the well-documented challenges associated
with repurposing second-life EV batteries. To achieve this, we
conduct a preliminary study to assess cell SoH and examine
their behavior under various C-rates, which corresponds to the
potential rates at which they would operate in BESS applications.
Critical behaviors include capacity, energy, impedance, efficiency,
as well as the OCV-SoC (open circuit voltage vs. state of charge)
relationship. In addition, the consistency among different cells is
an important factor. Another critical aspect of our research is to
examine the charging behavior, with particular attention to the
charging power limitation at a high SoC, which has significant
implications for realistic energy scheduling and integration in
stationary BESS applications.

The paper is structured as follows: Section 2 first introduces the
E-ferry of interest and the used battery cells, and then presents
the applied method to characterize those battery cells. Section 3
presents the test results. Section 4 discusses the results and pos-
sible future works. Section 5 concludes the paper.
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2. Materials and methods

This section introduces the second-life battery source, i.e., the
E-ferry batteries. Then, the test setup, procedures, and methods
for the analysis of the battery cells are described.

2.1. E-ferry Ellen and the battery cell

The Municipality of Zre (Aeroe) in Denmark launched the revo-
lutionary E-ferry Ellen in August 2019, which broke the distance
world record between charging times. The ferry, equipped with
a 4.3 MWh battery, sails 40 km and up to seven times a day.
The battery is divided into two separate rooms, each consisting
of 10 strings, which then consists of 42 modules. Thus, there are
a total of 840 modules. Figure 1 shows the 42 modules from
one string. Each module then has 32 battery cells, which have

a Nickel Manganese Cobalt (NMC) chemistry and a capacity of
48 Ah. Further cell details can be obtained from Table 1.

Due to the large number of battery cells required for the ferry,
the battery system consists of cells with nominal capacities of
48 Ah (originally supplied by a different manufacturer), 43 Ah,
and 60 Ah. In this work, we present test results from the 48 Ah
and 43 Ah cells as representative samples of the ferry’s battery
system. Compared to the 48 Ah cell specification, the 43 Ah cell
has a nominal capacity and specific energy of 43 Ah and 160 Wh,
respectively, measured at C/5 discharge rate.

Out of those strings, some batteries have reached the EoL for
operation purposes, which has currently been defined at 80%
SoH, considering the limited charging time between trips during
the day and safety reserve.

Figure 1 e Picture of one battery string, consisting of 42 modules. The front view is reproduced from [28].

Table 1 e Technical specifications of the battery cell.
Technical data
Nominal capacity
Nominal specific energy
Nominal voltage
Voltage range
Charge
Charging method
Max. charge voltage
Recommended charge current
Max. charge current
End of charge
Discharge
Recommended discharge current
Max. discharge current

End of discharge voltage

48 Ah (measured at C/8 discharge rate, RT)
178 Wh (measured at C/8 discharge rate, RT)
37V

3.0Vto4.2V

CC/CV (constant voltage with limited current)
4.2V (+0.05V)

48 A (1C)

100 A (2C) (reduction in lifetime to be expected)

U=4.2VandI< C/10

48 A (1C)
144 A (3C), 20s pulse discharge 300 A (max)
3.0V
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The batteries to be tested in this work are from four different
modules. Three of them were used in the E-ferry (two from the
same battery string with 48 Ah cells and one from another battery
string with 43 Ah cells), and they have been taken out due to
EoL. The other module is with 48 Ah cells, and it originates
from the same production batch and has never been used apart
from being calendar-aged in a local storage room at Arg. We
use this module as a reference since we do not have access to
new batteries as the original production company went bankrupt.
While it provides a stable baseline for intrinsic aging mechanisms,
it cannot fully represent the cycling-induced degradation observed
in the E-ferry cells. Thus, the tested battery modules are la-
beled with “BS16M32” (battery string 16, module 32), “BS16M33”,
“BS02M18”, and “Calendar-aged” in Section 3, respectively.

2.2, Test setup

The battery cell tests are all performed at the same ambient
temperature of 20 °C, which is realized using the ESPEC ARL-1100
climate chamber. The cables for current injection and voltage
measurement are arranged together through a cable lead-through
to the inside of the chamber and are connected here with four cells
using cable lugs and screws. The tests are performed by the Arbin
battery tester, which measures current and voltage at the battery
and is used to apply the current or voltage desired in the launched
test. Figure 2 shows the complete battery test setup, as well as
the view of the battery cells inside the climate chamber.

2.3. Capacity and energy tests

For all capacity and energy tests, the cells are completely dis-
charged in the beginning, which is performed using a constant
C-rate of —C/8. After a rest time of 30 min, the battery is charged
with a constant C-rate of C/8 and when 4.2 Vis reached, a constant
voltage is applied until a C-rate of less than C/10 is detected.
For discharging, a constant C-rate of —C/8 is applied until a
battery terminal voltage of 3V is reached. These rates match the
capacitance test rates in the data sheet, making the experimental
results comparable to the data sheet specifications. The cell charge
and discharge capacity are detected according to the first charge
and the subsequent discharge procedure. The coulomb counting
method can be expressed as

Qo = / " i()dt )

with the time stamps ti and t.,q representing where the charg-
ing/discharging process starts and ends, and the battery cell cur-
rent is denoted by i.(t) [29]. Q. is the total charge or discharge
capacity when the cell is completely charged or discharged be-
tween the time stamps. Coulomb counting is applied separately
for charge and discharge without efficiency correction, since both
quantities are measured directly. The coulombic efficiency (n), if
desired, can then be computed as the ratio between the measured
discharge and charge capacities.

Similarly, the charge and discharge energy is calculated by inte-
grating over the charge and discharge power of the cell

&:/Wmmumr (2)

Lst

in which the battery terminal voltage u.(t) is used.

2.4. Electrochemical impedance spectroscopy

The analysis of the battery cell impedance has been realized using
electrochemical impedance spectroscopy (EIS). By applying an
oscillating current with an RMS of I. = 0.5 A the impedance could
be detected using the parallel measured voltage of the battery.
The formula

() = L@ (3)

expresses the impedance as a function of the angular
frequency [30]. Since the complex representation is used, the
angular relation between voltage and current is incorporated.
However, multiple frequencies must be applied to improve the
overview of the battery’s electrical behavior. In the EIS tests,
20 impedance measurements have been applied per frequency
decade, and the frequency range of the tests changes from 10 mHz
to 10kHz. This range is commonly used for LiBs EIS because it
captures the high-frequency ohmic resistance, the mid-frequency
charge-transfer and interfacial processes, and the low-frequency
diffusion behavior, while maintaining a practical measurement
duration. The EIS is performed using the potentiostat 5000E
by Gamry, which is interconnected with the Arbin battery
tester that generates the current for EIS. The impedance of the
current-carrying wires does not affect the test results, since a
4-wire measurement (Kelvin connection) is carried out, where
the voltage is measured by two separate wires, which are attached
to the battery poles right next to the current-carrying wires.
Moreover, the EIS device is calibrated for the used cable length.
Finally, all impedances are usually visualized in a Nyquist plot,
which is a complex number plane diagram, whereas the imaginary
axis is often negatively applied.

A Nyquist plot typically separates into three main regions that
correspond to distinct physical processes inside the battery. The
ohmic region (frequencies above approximately 1 kHz) reflects the
cell’s internal resistance (R;), measured as where the impedance
transitions from inductive to capacitive behavior. The real-axis
value (close to 1 kHz) in this region is commonly used as an indica-
tor of the cell’s state of health. The mid-frequency region (roughly
between 1 kHz and 0.1 Hz) captures the charge-transfer phenom-
ena occurring at the electrode—electrolyte interfaces and within
the active material. The response typically forms one or more
depressed semicircles, depending on the cell chemistry and any
ongoing aging processes. The shape can consist of a single arc or
two partially resolved semicircles. The low-frequency region rep-
resents diffusion-controlled processes in the electrodes. This con-
ceptual interpretation is illustrated in Figure 3, which presents
a schematic representation of the characteristic frequency re-
gions on a Nyquist plot. The illustration is redrawn and adapted
based on the general descriptions available in prior literature
(e.g., [31]).

The EIS results are further used to compare the impedance char-
acteristics of the cells. Furthermore, the high-frequency resistance
R; is obtained from the real part of the impedance at the closest
measured point to 1 kHz (1004 Hz) and later compared with
the measured discharge capacities to examine whether resistance
variations align with capacity variability.
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Figure 2 e Battery test setup for capacity determination and EIS. (a) Complete battery test setup. (b) Battery cells inside the

climate chamber.
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Figure 3 « Schematic representation of the typical frequency regions in a Nyquist plot. The high-frequency region corresponds to the
ohmic resistance R;, the mid-frequency region contains one or more semiarcs associated with charge-transfer and interfacial processes,
and the low-frequency region reflects diffusion-dominated behavior. Reproduced from [31].

2.5. Open circuit voltage

To assess the impact of aging on SoC estimation accuracy, we
compare the open circuit voltage and SoC relationship of the
E-ferry cells to the calendar-aged cells, as it forms the foundation
for many model-based and lookup-table-based SoC estimation
methods. Two main approaches are commonly used to obtain
OCV-SoC data: the incremental OCV test and a constant current
(CC) test. According to the test results in [32], a low-rate CC test
(e.g., C/5) can approximate the OCV-SoC curve with sufficient
accuracy due to minimal polarization effects.

In this study, rather than conducting separate OCV character-
ization tests, we leverage the low-rate constant current cycling

tests already performed for the initial capacity characterization.
These tests provide a practical and efficient basis for constructing
OCV-SoC curves for both calendar-aged and E-ferry cells.

Practically, since the voltage points recorded during cycling are
not aligned at identical SoCs, each voltage—SoC curve is first fitted
using a smooth, non-parametric interpolation. From these fitted
curves, voltage values are extracted at 50 evenly spaced SoC points
between 0 and 1, and the resulting values are averaged across
the available cycles to obtain the OCVs. The charge and discharge
curves shown later use the raw measured data, while the OCV-SoC
curves are based on these interpolated and averaged values. This
procedure provides a measurement-based OCV-SoC relationship
without applying any parametric OCV model.
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3. Results

This section presents the test results. Note that the initial analysis
focused on the calendar-aged module (with 48 Ah cells) and one
48 Ah E-ferry module (BS16M32). Eight cells from each mod-
ule underwent the same initial characterization procedure, after
which four cells from each module were selected for high-rate
cycling while the remaining cells were kept as references for
potential future studies. The investigation was later expanded to
include two additional modules: one 48 Ah module (BS16M33)
from the same battery string as the previously tested E-ferry
module, and one module (BSo2M18) from a different string con-
taining 43 Ah cells. Including these additional modules enables
comparison across different operating histories and cell formats.

3.1. Initial characterization

Figure 4 shows the voltage and current curves in the initial char-
acterization for one 43 Ah cell. The test starts with discharging at
C/8, followed by a 30-minute rest. The charging process consists
of the constant current (CC) phase, where the current is fixed at
C/8, and the constant voltage (CV), where the voltage is fixed
at the maximum charge voltage. A current value less than C/10

indicates the end of charge (as per the technical specification
in Table 1).

The test is repeated for 8 calendar-aged cells and 24 cells that
have been used in the E-ferry. Tables 2—4 show the test re-
sults, which cover the capacity and energy during the charge and
discharge phases.

The calendar-aged cells have an average capacity of 45.81 Ah
(charge) and 45.79 Ah (discharge). Compared to the nominal
capacity (in Table 1), they correspond to health levels of 95.43%
and 95.40%, respectively. The variation among the cells is very
small, with standard deviation (SD) values of only 0.21 Ah and
relative standard deviations (RSDs) below 0.5%, indicating highly
consistent behavior within the module. Similarly, the average
specific energy health levels are 96.74% and 95.31% for charge
and discharge, respectively, again with very low variability across
the eight cells. The E-ferry cells, due to the cyclic aging during
operation, exhibited much lower average health levels and larger
cell-to-cell variation. For BS16M32 and BS16M33, the RSD values
range from 1.19% to 1.82%, reflecting the increased heterogeneity
introduced by operation. In contrast, the BS02M18 module shows
a lower RSD of under 0.9%.

4.2
4.0 -
3.8 A
3.6
3.4 A
3.2
3.0 A

Voltage (V)

— Voltage
Current

T
o
Current (A)

0 1 2 3 4 5 6 7 8 9

T T T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20

Time (h)

Figure 4 o Voltage and current curves for the initial characterization. The cell under test is first discharged completely, followed by

charge and discharge characterization.

Table 2 o Initial characterization test result for the calendar-aged cells.

Cell No. Capacity (Ah)

Charge Discharge
1 45.60 45.65
2 45.96 46.02
3 4556 45.49
4 45.91 45.85
5 46.01 46.04
6 45.51 45.56
7 46.11 46.02
8 45.78 45.71
Mean 45.81 45.79
SD 0.21 0.21
RSD (%) 0.46 0.45
Health (%) 95.43 95.40

Energy (Wh)

Charge Discharge
171.30 169.23
172.93 170.15
171.28 168.71
172.59 169.99
172.81 170.65
171.15 168.50
173.34 170.63
172.23 169.30
172.20 169.65
0.80 0.78
0.46 0.46
96.74 95.31
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Table 3 o Initial characterization test result for BS16M32 and BS16M33 cells.

Cell No. BS16M32 BS16M33
Capacity (Ah) Energy (Wh) Capacity (Ah) Energy (Wh)
Charge Discharge Charge Discharge Charge Discharge Charge Discharge
1 38.03 38.15 143.78 141.21 37.70 37.88 142.54 140.25
2 38.06 38.19 143.91 141.36 37.27 37.39 140.92 138.34
3 39.01 38.90 147.58 143.89 37.82 37.93 143.00 140.43
4 38.80 38.71 146.84 143.23 37.47 37.60 141.64 139.14
5 38.12 38.21 144.13 141.49 38.44 38.38 145.53 141.93
6 38.98 38.67 147.37 143.13 38.88 38.80 147.06 143.59
7 36.80 36.94 139.17 136.83 38.45 38.40 145.50 142.05
8 38.77 38.67 146.59 143.15 38.62 38.55 146.18 142.61
Mean 38.27 38.24 144.72 141.57 38.08 38.12 144.05 141.04
SD 0.69 0.58 2.63 2.10 0.55 0.46 2.15 1.68
RSD (%) 1.81 1.51 1.82 1.48 1.45 1.21 1.49 1.19
Health (%) 79.73 79.68 81.30 79.54 79.33 79.41 80.92 79.24
Table 4 o Initial characterization test result for the BSo2M18 cells.
Cell No. Capacity (Ah) Energy (Wh)
Charge Discharge Charge Discharge
1 34.08 34.12 130.84 122.93
2 34.16 34.20 130.91 123.37
3 34.82 34.85 133.42 125.67
4 34.05 34.07 130.47 123.02
5 34.36 34.33 131.89 123.58
6 34.84 34.82 133.55 125.44
7? 29.27 29.22 113.73 104.53
8 34.36 34.35 131.82 123.69
Mean 34.28 34.31 131.41 123.75
SD 0.31 0.30 1.14 1.04
RSD (%) 0.89 0.87 0.87 0.84
Health (%) 79.72 79.79 82.13 77.34

2 Bad cell, excluded from average.

Comparing the discharge energy to the charge energy, i.e., the
efficiency, the calendar-aged cells have an average ratio of around
98.5%, indicating a relatively high energy efficiency of the cells.
The E-ferry cells have slightly lower efficiency, with an average ra-
tio of 97.8% and 97.9% for BS16M32 and BS16M33, respectively.
BS02M18 cells have a significantly lower energy efficiency, with an
average ratio of only 94.2%. Note that a bad cell (cell number 7) is
found in this module, whose health level for the discharge capacity
is only around 67.95%, compared to the average of the other seven
cells at 79.79%. This outlier is therefore excluded from the mean,
SD, and RSD values reported in Table 4.

Since BS16M32 and BS16M33 originate from the same battery
string and share the same operating history, the data from these
two modules were combined to evaluate the overall consistency
of the string. Table 5 summarizes the aggregated statistics for all
sixteen cells. The resulting mean values provide a representative
estimate of the string-level performance, while the SD and RSD
quantify the cell-to-cell variability across both modules. The com-
bined RSD values remain between 1.37% and 1.69%, confirming a
relatively uniform behavior.

Figure 5 shows the EIS test results for the calendar-aged and
E-ferry cells, measured after discharging 50% of the nominal cell
capacity (24 Ah discharged for the 48 Ah cells and 21.5 Ah for the
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43 Ah cells), which corresponds to an SoC slightly below 50% for
aged cells due to capacity loss. For each cell, the measurement at
1004 Hz is highlighted, since it often serves as a convenient proxy
for the ohmic resistance. The corresponding statistics for the real
part of the impedance, including minimum, maximum, mean,
SD, and RSD across all cells in each module, are summarized
in Table 6, together with a combined column for BS16M32 and
BS16M33, which originate from the same battery string.

It is important to note that the 48 Ah cells in the calendar-aged
module and BS16M32/3 modules are mono-cell designs, whereas
the 43 Ah cells in BS02M18 are bi-cell designs containing two
electrode stacks connected in parallel. This structural difference
has a direct impact on the impedance response. The mono cells
exhibit only one dominant interfacial process, producing a single
semicircle in the mid-frequency region. In addition, the 1004 Hz
measurement lies very close to the high-frequency intercept for all
mono cells. In contrast, the bi cells in BSo2M18 show two distinct
semiarcs due to the two electrode stacks, and the 1004 Hz point
falls along the descending part of the first arc rather than at the
zero-crossing of the real axis.

Regarding the near 1 kHz impedance values (real part), the
calendar-aged cells show a relatively wide span, which reflects the
non-uniform conditions experienced during long-term storage:
without periodic cycling to homogenize the cells, small differ-
ences in local temperature and resting environment accumulate
into measurable impedance differences over multiple years. The
BS16M32/3 modules that have aged under cycling exhibit higher
mean values but much tighter clustering (lower SD and RSD). A
distinctly different behavior is observed for the BSo2M18 cells.
The apparent ohmic resistance at the near 1 kHz is significantly
higher (2.80-3.50 m{2) than for the mono cells. In addition, cell 7
shows a noticeable rightward shift and a broader response, in-
dicating elevated impedance and more pronounced degradation,
consistent with its reduced capacity and lower health level.

Figure 6 shows the plots of the charge and discharge voltage at
different SoCs for the calendar-aged and E-ferry cells. As can be
seen, the overlapping of the curves in each plot indicates that the
cells from the same module behave consistently.

Table 5 ¢ Aggregated capacity and energy statistics for cells from the BS16 battery string (BS16M32 + BS16M33).

Capacity (Ah) Energy (Wh)
Charge Discharge Charge Discharge
Mean 38.20 38.21 144.48 141.41
SD 0.64 0.53 2.44 1.94
RSD (%) 1.67 1.39 1.69 1.37
— Cell 1 — Cell 2 — Cell 3 Cell 4 — Cell 5 — Cell 6 Cell 7 — Cell 8
Calendar-aged BS16M32 BS16M33 BS02M18
1.5 1 1 1
107 1 1
c
E 051 - -
x Ll
0.0
_05 B { m u
-1.0

3 2 3 4 5 6 7 8 9 10
R (MmQ)

Figure 5 « Nyquist plots of the EIS measurements for the calendar-aged and E-ferry cells, recorded after discharging 50% of the nominal
cell capacity. The highlighted points mark the impedance at around 1 kHz (1004 Hz), used as a practical proxy for the ohmic resistance.

Table 6 « Impedance statistics at around 1 kHz (measured at 1004 Hz) for the tested cells.

Calendar-aged BS16M32
Min (mQ) 0.63 0.96
Max (m2) 1.27 1.22
Mean (m) 0.83 1.08
SD (m©) 0.23 0.08
RSD (%) 27.25 7.78

BS16M33 BS16M32/3 BSo2M18
1.10 0.96 2.80
1.20 1.22 3.50
112 1.10 3.09
0.04 0.07 0.22
3.85 6.41 7.23
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Figure 6 « Charge and discharge voltage vs. SoC at the rate C/8 (C/5 for the BSo2M18 cells).
Figure 7 shows the OCV-SoC curve extracted from low-rate
charge and discharge data for one cell from each module. Com- 4.2  Fes= BSO2M18 cell 1
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Figure 7 ¢« Measurement-based OCV-SoC curve extracted from
low-rate charge and discharge data.

Figure 8 shows the OCV-SoC curve for cells 1 and 7 from
BS02M18. As can be seen, the correlation pattern between
them is analogous to that between BS16M32 (or BS16M33) and
calendar-aged cells, suggesting that degradation influences both
battery types in a comparable manner.

Figure 8 « Measurement-based OCV-SoC curve extracted from
low-rate charge and discharge data for cells 1 and 7 from
BSo2M18.

Notably, the average health levels are close to 80%, which is
exactly defined as the end-of-life threshold for the E-ferry ap-
plication. Furthermore, the cells from the same module used in
the E-ferry displayed remarkable consistency in capacity values,
energy values, EIS tests, and OCV-SoC relationships (apart from
cell 7 from the module BS02M18). Furthermore, the consistency
remains for BS16M32 and BS16M33, which come from the same
battery string. This consistency indicates that the module and
string management units effectively balanced the cells and mod-
ules during operation, mitigating imbalances and ensuring uni-
form degradation despite extensive usage. However, testing of the
module BSo2M18 revealed that one of the eight cells exhibited a
higher degree of degradation compared to the others, indicating
that some variation can exist within the module, at least for the
modules with 43 Ah cells.
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3.2. Capacity and energy capability at different rates

To relate the characterization more directly to realistic second-life
BESS operation, the cells were tested at three rates: C/3, C/2,
and C/1. These values reflect the typical power levels reported in
grid-connected stationary storage. Large BESS installations used
for applications such as peak shaving or energy arbitrage com-
monly operate at around 0.2—0.3 C [10], while several second-life
pilot projects report rated power close to C/2 (e.g., [24]). In some
cases, even higher effective C-rates are observed (e.g., roughly
0.71 C in [23]). The selected rates therefore cover the relevant
operational window for most stationary use cases and allow us to
evaluate the expected performance and limitations of the E-ferry
cells under realistic second-life loading conditions.

Figure 9 shows the voltage and current curves in the characteri-
zation at different C-rates for a calendar-aged cell. The test starts
with full charging, followed by a 30-min rest. Then, discharging—
rest—charging is repeated for C/3, C/2, and C/1. Note that the
charging consists of CC and CV. However, the CV duration is
short for the calendar-aged cell. In contrast, Figure 10 shows
the voltage and current curves under the same conditions for a
BS16M32 cell, and the CV phase obviously has longer durations.

Tables 7 and 8 summarize the discharge capacity and energy ca-
pability, respectively, for 4 cells from each of the above-mentioned
modules.

When cells were tested at higher C-rates (C/3, C/2 and C/1)
compared to the low baseline rate (C/8 for 48 Ah cells and C/5
for 43 Ah cells), a noticeable decrease in both discharge capacity
and discharge energy was observed for both calendar-aged and

E-ferry cells. For the calendar-aged cells, the average reductions in
discharge capacity were 0.35%, 1.27%, and 3.12% at C/3, C/2, and
C/1, respectively, while for the BS16M32 cells, the corresponding
reductions were 0.40%, 0.74%, and 1.76% (comparable trend
for the BS16M33 cells). Similarly, discharge energy decreased by
1.00%, 2.34%, and 5.24% for the calendar-aged cells, and 1.40%,
2.40%, and 5.08% for the BS16M 32 cells (again, comparable trend
for the BS16M33 cells). BS02M18 cells see much higher reductions
at the same rates; notably, their initial test was already performed
at a higher rate of C/5 instead of C/8. The average reductions
in discharge capacity were 1.87%, 4.08%, and 10.84%, and the
average reductions in discharge energy were 3.35%, 6.94%, and
16.28% at C/3, C/2, and C/1, respectively.

The higher drop in the higher discharging rates is because of the
increase in internal losses. At higher discharge currents, the same
internal resistance leads to higher ohmic heating within the cells,
reducing the effective capacity that can be delivered. Moreover,
higher discharge currents also lead to higher voltage drops, which
can further cause drops in discharge energy. Interestingly, the
BS16M32 (and BS16M33) cells exhibited similar or even smaller
relative reductions in capacity compared to the calendar-aged
cells. This could be due to the operational conditioning of those
cells, where regular cycling may have helped them adapt better
to higher current rates by improving ion transport. However, the
reductions in energy are similar, which could be due to the in-
creased internal resistance in the BS16M32 (and BS16M33) cells,
which causes higher voltage drops. Nonetheless, the consistent
performance trends emphasize the impact of C-rates on usable
capacity and energy.
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Figure 9 ¢ Voltage and current curves for the characterization at different C-rates (C/3, C/2, and C/1) for a calendar-aged cell.
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Figure 10 o Voltage and current curves for the characterization at different C-rates (C/3, C/2, and C/1) for a BS16M32 cell.
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Table 77 ¢« Discharge capacity at different C-rates.

Cell No. Calendar-aged (Ah) BS16M32 (Ah) BS16M33 (Ah) BS02M18 (Ah)

C/s C/2 C/1 C/3 C/2 C/1 C/3 C/2 C/1 C/3 C/2 C/1
1 45.61 4536 4489 3805 3793 3757 3774 3756 3718 3340 3261  30.37
2 45.66 45.00  43.64 38.09 37.97 37.58 37.17 37.00 36.62 33.44 32.73 30.66
3 4598 4575 4538 3810 3797 3758  38.07 3783 3734  33.63 3290  30.49
4 45.27 4473 4354 3810 3795 3753 3848 3829 3787 3422 3340  30.84
Average = 45.63 45.21 44.36 38.09 37.96 37-57 37.87 37.67 37-25 33.67 32.91 30.59

Table 8 ¢ Discharge energy at different C-rates.

Cell No. Calendar-aged (Wh) BS16M32 (Wh) BS16M33 (Wh) BSo2M18 (Wh)

C/3 C/2 C/1 C/3 C/2 C/1 C/3 C/2 C/1 C/3 C/2 C/1
1 168.24 166.72 163.41 139.42 138.06 134.36 138.49 136.94 133.25 118.55 114.03 102.73
2 167.62 164.33 157.23 139.59 138.19 134.38 136.22 134.67 130.90 118.92 114.69 104.13
3 169.60 168.16 165.21 139.67 138.28 134.52 139.44 137.55 133.28 119.38 115.07 103.25
4 166.32 163.53 157.20 139.68 138.18 134.28 141.09 139.44 135.47 121.56 116.86 104.29
Average 167.95 165.69 160.76 139.59 138.18 134.38 138.81 137.15 133.22 119.60 115.16 103.60

Table 9 presents the average charge and discharge energy along
with efficiency (discharge energy/charge energy) for the corre-
sponding cells at different C-rates.

For all cell categories, the efficiency decreases as the C-rate in-
creases. At C/3, efficiency is highest—they are 97.50%, 95.93%,
and 95.99% for calendar-aged, BS16M32, and BS16M33 cells,
respectively. At C/2, it drops to 96.20%, 94.45%, and 94.58%,
corresponding to a relative drop of 1.33%, 1.54%, and 1.54%,
respectively. Then, at C/1, it drops to 93.71%, 91.05%, and 91.24%,
corresponding to a relative drop of 3.89%, 5.09%, and 4.75%,
respectively. Efficiency drop at higher C-rates is expected due to
increased internal resistance loss. Across the C-rates, BS16M32
and BS16M33 cells have slightly lower efficiency. Furthermore,
as shown in the table, charge energy is rather consistent for
the calendar-aged cells while it increases with higher C-rates
for BS16M32 and BS16M33 cells. The increase suggests higher
resistive losses, due to which more energy is required to push

charge into the battery at higher currents. BS02M18 cells have
significantly lower average efficiency at all three rates.

3.3. Quantifying the CV phase

Section 3.2 has shown that the cells used in the E-ferry have an
obvious CV phase, where the cells cannot handle high currents due
to the high SoC. Table 10 summarizes the total charged energy
and the charging duration, as well as those in the CV phase for
different rates.

As the charging rate increases, the average CV phase duration
also increases, i.e., the charging enters the CV phase relatively
faster. The cell’s terminal voltage rises more rapidly with higher
current because the voltage drop across its internal resistance
increases, along with increased polarization in the rather low
C-rate range [33]. Correspondingly, the portion of energy deliv-
ered during the CV phase increases significantly, even though the
total charged energy only increases slightly.

Table 9 ¢ Charge, discharge energy, and efficiency at different C-rates.

Calendar-aged

C/3 Charge (Wh) 172.25
Discharge (Wh) 167.95
Efficiency (%) 97.50

C/2 Charge (Wh) 172.23
Discharge (Wh) 165.69
Efficiency (%) 96.20

C/1 Charge (Wh) 171.55
Discharge (Wh) 160.76
Efficiency (%) 93.71

BS16M32 BS16M33 BSo2M18
145.51 144.61 131.05
139.59 138.81 119.60
95.93 95.99 82.71
146.30 145.01 129.75
138.18 137.15 115.16
94.45 94.58 79-42
147.59 146.01 124.21
134.38 133.22 103.60
91.05 91.24 70.95
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Table 10 o Total charged energy and charging duration, and those at the CV phase for different rates.

Crate Cell No.

C/3 1
2
3
4

Average
C/2 1

2

3

4

Average
C/1 1

2

3

4

Average

Total energy
(Wh)

145.39
145.57
145.57
145.54
145.51
146.25
146.37
146.32
146.25
146.30
147.67
147.70
147.59
147.40
147.59

CV phase energy
(Wh)

6.32
6.37
6.23
6.27
6.30
10.13
10.19
9.98
10.08
10.09
18.60
18.82
18.34
18.67
18.61

Energy Total charge CV phase Duration

percentage (%) time (min) duration percentage
(min) (%)

4.35 147.10 10.05 6.83

4.37 147.30 10.13 6.88

4.28 147.28 9.95 6.76

4.31 147.28 10.03 6.81

4.33 147.24 10.04 6.82

6.93 101.68 12.70 12.49

6.96 101.82 12.78 12.56

6.82 101.72 12.57 12.35

6.89 101.77 12.73 12.51

6.90 101.75 12.70 12.48

12.60 56.77 15.12 26.63

12.74 56.88 15.30 26.90

12.42 56.72 15.00 26.45

12.67 56.85 15.32 26.94

12.61 56.80 15.18 26.73

Figure 11 shows the average charging power at different SoCs for
the 4 E-ferry cells.

The dashed lines show the nominal power calculated by multiply-
ing the nominal voltage (3.7 V) by the respective current for each
C-rate (e.g., 48 A at C/1 results in 177.6 W). Min-max shading is
also applied to show the cell-to-cell variation. As demonstrated,
this spread is negligible in the constant-current region due to
nearly identical voltage curves (see Figure 6) and the same con-
stant current, while differences appear mainly during the constant
voltage phase. As shown, the measured charging power remains

close to the nominal power until the cell reaches a high SoC, after
which the power will drop below the nominal power. Specifically,
at C/1, the expected power can only be maintained up to around
88% SoC, while for C/2 and C/3, it holds until about 93% and 96%
SoC, respectively. This behavior arises because once the battery
is in the CV phase, the current gradually decreases to maintain
the upper voltage threshold, and consequently, the actual charg-
ing power will drop below the nominal level. Consequently, this
highlights the importance of considering SoC-dependent charging
power in real-world energy management and scheduling.
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Figure 11 ¢ Average charging power at different SoC for the 4 E-ferry cells. The dashed lines show the powers by multiplying the nominal
voltage with the corresponding C-rates. Min-max shading is also applied to show the cell-to-cell variation.
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4. Discussion

Before discussing the performance results in detail, it is important
to highlight several practical aspects specific to E-ferry battery sys-
tems. Maritime battery deployments remain limited compared to
the large and mature EV market, and the E-ferry Ellen (launched
in 2019) represents one of the earliest long-range fully electric
ferries. Consequently, published research on second-life E-ferry
batteries is essentially absent, and repurposing studies typically
rely on data from EV batteries. In Denmark, where no dedi-
cated recycling facility exists, retired maritime battery modules
must be transported to central Europe for recycling at a cost
exceeding 100 Euros per module (information provided by the
ferry operator). This creates a strong incentive for operators to
explore second-life use as a way to extend asset value and defer
costly disposal. Furthermore, availability of retired modules is
not a barrier in this context, as operators prefer repurposing
over paying for recycling. The performance characteristics and
potential issues of the tested cells are therefore examined in the
following subsections in order to evaluate their suitability for
second-life applications.

4.1. On the consistency in performance across
E-ferry cells

The consistency observed in the capacity health, energy health,
and Electrochemical Impedance Spectroscopy (EIS) results across
all eight tested BS16M32 and BS16M33 cells indicates the effec-
tiveness of the module management unit in maintaining balance
during the ferry operation. Despite extensive cycling, the cells
demonstrated negligible variation in degradation patterns. Fur-
thermore, the cells from these two modules also demonstrate a
remarkable consistency, indicating the effectiveness of the battery
string management.

Such consistency is crucial for second-life applications, as it opens
the possibility of reusing entire modules without disassembling
them into individual cells. When the cells within a module exhibit
tightly clustered performance, both in capacity and impedance,

the module can be repurposed as a functional unit, avoiding the
labor-intensive and hazardous module disassembly. To disassem-
ble a module, apart from the necessary equipment and machines,
it would take at least two people to accomplish the job, due to the
lack of standardization for the specifications and configurations
of battery packs and components [34]. Based on our practical
experience, the procedure typically takes 1—2 h. Additionally, the
disassembly procedure is hazardous due to the potential short
circuit that can happen. Figure 12 shows the battery module
after the case and electronics are disassembled, where we must
be careful to avoid short circuits of the cells.

A more sustainable approach would require a task planner for
robotic disassembly, such as in [35].

Furthermore, such consistency is crucial for second-life applica-
tions as it significantly reduces the need for additional screen-
ing measures such as charge—discharge tests and internal resis-
tance measurements [34], as is also being done in this work.
Unlike mixed-origin battery cells that would require such exten-
sive screening, the E-ferry cells could potentially be seamlessly
integrated into a stationary BESS with minimal work.

However, the testing of BS02M18 cells shows that some variation
exists within the module. Due to the difference in the battery
specification, a conclusion cannot be drawn whether variation
exists in general in all modules, or only in the modules with
43 Ah bi-cells. Future studies should validate this for a larger
sample set. Although seven of the BS02M18 cells exhibit relatively
tight clustering, comparable to or even lower than the variability
seen in the mono-cell modules, the presence of one severely de-
graded cell suggests that the bi-cell configuration may be more
prone to producing isolated outliers. In a bi-cell, two electrode
stacks operate in parallel within the same pouch, and any imbal-
ance in current sharing, local temperature, or minor manufactur-
ing deviation may cause one stack to age faster than the other.
Such mechanisms can amplify degradation asymmetrically and
lead to rare but pronounced deviations. On the other hand, the
specific cell has a much lower SoH compared to others, which can
potentially be identified easily to simplify the repurposing process.

--dﬂ@hﬂ:ﬁuhgh_b '

Figure 12 ¢ Two potential short circuit situations during disassembly: (a) A metallic tool being accidentally placed on the top of
two busbars, which will short two cells directly. (b) A metallic tool connecting the two busbars from the same side, which will create

a path for four cells and short them.
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4.2. On the efficiency trends and second-life application
suitability

The E-ferry cells maintain relatively high efficiency even after
extensive usage, with only a moderate decline at higher C-rates.
While some efficiency losses can be attributed to increased in-
ternal ohmic resistance due to cyclic aging, the overall energy
retention remains robust. Given the health state (approx. 80%),
the relatively high efficiency suggests that these cells are viable
for second-life applications, particularly in stationary energy stor-
age where charge and discharge cycles operate at lower C-rates.
The observed efficiency decline at higher C-rates highlights the
importance of power demand considerations when using these
batteries in second-life applications. For example, by increasing
the C-rate from C/3 to C/2, and then to C/1 for the BS16M32 cells,
the energy efficiency is 95.93%, 94.45%, and 91.05%, respectively.
The efficiency drop is more significant for BS0o2M18 cells. To
optimize second-life performance, applications should prioritize
operations within moderate power ranges to minimize resistive
losses. Future research includes an experimental study of further
degradation of the cells and quantifying the efficiency at different
SoH so that an appropriate SoH window can be determined for
second-life applications.

4.3. On the CV phase and its practical implications for
energy scheduling

A critical observation from the charging behavior is the SoC-
dependent charging power limitation, particularly the transition
into the CV phase at higher SoC levels. Traditional energy dispatch
and optimization models often assume that batteries can accept
power at a constant rate, neglecting the dynamic nature of
charging limitations. This assumption can lead to inefficiencies
in scheduling algorithms due to overestimation of charging
power. This SoC-dependent maximum charging power constraint
is critical for realistic scheduling, especially in applications
such as grid energy storage, EV charging infrastructure, and
battery-buffered renewable systems. As shown in Figure 11,
the nominal charging power can be sustained only up to about
88% SoC at C/1, approximately 93% at C/2, and around 96% at
C/3, after which the cell enters the CV region and the charging
power begins to taper smoothly toward a small value (depending
on the cut-off current) at full charge. The decrease appears
roughly proportional to SoC, which reflects the gradual current
reduction required to maintain the voltage limit. For system-level
operation, this means that a BESS cannot rely on nominal
charging power near the upper SoC window. Dispatch algorithms,
charge rate planning, and cycle-time estimation must therefore
incorporate SoC-dependent power limits to avoid overestimating
charge acceptance, particularly in fast-charging or peak-shaving
scenarios. On the other hand, studies often assume a limited
SoC operation range to extend the battery lifetime. For example,
Koubar et al. [36] limited the operational SoC range between 5%
and 95%, where the nominal power would only be valid at high SoC
states for the C/3 charging scenarios. Future research includes
investigating whether incorporating this constraint can improve
second-life battery utilization and what the optimal operational
SoC range is.

5. Conclusions

In this study, we investigated the possibility of using EoL E-ferry
cells for second-life stationary BESS applications. Initial results
show that, in most cases, cells from the same module display a
high degree of consistency in capacity, energy, and impedance,
suggesting that the ferry’s module management unit generally
balanced degradation during operation. The same holds for the
battery string management. However, further testing revealed
that within certain modules, individual cells can exhibit signifi-
cantly lower SoH than the rest, emphasizing the need for screen-
ing and matching processes before repurposing. Testing across
various C-rates, which simulate potential operational conditions
in BESS applications, revealed that the efficiency decline must be
taken into account when high C-rates are used. Furthermore, the
observed SoC-dependent charging power limitation underscores
the need for realistic energy scheduling strategies that account for
reduced power intake capability at high SoC states.

Overall, the results suggest that E-ferry cells, with their earlier
replacement cycles and uniform performance, provide a robust
and promising alternative for second-life energy storage solu-
tions. The high-capacity design of the E-ferry means that fewer
battery sources are required to construct a BESS based on SLBs
compared to aggregating multiple EV battery packs, thereby sim-
plifying integration and reducing system complexity. However,
pre-integration testing and cell matching are essential to ensure
reliable performance. Future research should focus on long-term
performance assessments as well as the techno-economic assess-
ment to demonstrate the potential of repurposed E-ferry batteries
in stationary applications.
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