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Abstract — The reutilization of batteries from electric vehicles allows to benefit from their remaining
energy capacity and to increase their lifespan. The applications considered for the second life of these
batteries are less demanding than electric vehicles regarding power and energy density. However, there is
still some uncertainty regarding the technical and economic viability of these systems. In this context, the
study of the ageing and lifetime of reused batteries is key to contribute to their development. This paper
assesses the experimental cycle ageing of lithium-ion modules from different Nissan Leaf through
accelerated cycling tests on their second life. The evolution of the internal parameters during ageing and the
correlation between them are shown, including the analysis of best fitting curves. In addition, a second-life
end-of-life criterion is proposed, based on capacity and internal resistance measurements during cells
ageing, which can be applied to real application in order to prevent safety issues. By estimating future values
from degradation trends and checking latter measurements, the ageing knee is identified. Results show that
the modules operate for at least 2033 equivalent full cycles before reaching their ageing knee. This would
mean more than 5 years of operation in a real second-life application, such as a photovoltaic self-
consumption installation with daily cycling. Moreover, it is shown that a traditional cell characterisation based
on capacity and internal resistance measurements is not enough to predict the durability of a cell during its
second life.

Keywords — Cycle ageing, Energy storage, Electric vehicle, Lithium-ion battery, Renewable energy,
Second-life battery

1. Introduction

In recent years, environmental problems caused by traditional combustion vehicles have brought to a
transition in the mobility sector towards electric vehicles (EVs) as a sustainable alternative. In 2018 the global
stock of EVs exceeded 5.1 million worldwide, and it is foreseen that in 2030 there will be 130 million of EVs
on our roads [1]. The expansion of the EV has a direct impact on the energy storage industry. Thus, the
demand for lithium-ion batteries (LIBs) for EVs is expected to reach 1293 GWh in 2030 [2].

Automotive standards establish that LIBs must be retired from EVs when their capacity falls below 70 %
to 80 % of the initial value [3,4]. Once they are discarded from EVs, LIBs are normally recycled. However,
reutilization emerges as an alternative that allows to extend their useful life. In this context, the term First
Life (FL) is applied to their use as energy storage in the EVs, whereas the term Second Life (SL) refers to
their reutilization stage. The potential SL applications for these batteries are mainly stationary, with less
demanding operating profiles than in their FL, and in which volumetric and gravimetric power and energy
density are not as critical as in EVs. According to a report published by the European Commission, one of
the most promising SL applications is energy storage in photovoltaic installations at residential level [5]. The
reuse of EV batteries has aroused industrial and research interest in the last few years [6-8]. On the one
hand, from the industrial point of view, the potential of SL batteries is especially interesting for automotive
companies such as Nissan [9], BMW [10] or Daimler [11], which, in partnership with energy companies, have
built large-scale demonstrators. On the other hand, several aspects have been analysed by means of
research projects and contributions, namely environmental benefits [12—14], situation of policies and market
[15] or hardware and control adapted to SL systems [16,17]. However, the main focuses of SL LIBs research
are economical and technical viability.

Regarding economic assessments of reused batteries, some authors are optimistic about their
profitability [18—20], while others stress the relevance of the battery cost for its financial return [21,22], which
leads to a thorough monitoring of the evolution of this market [23]. Moreover, the economic benefits of reused
batteries in renewable energy systems, such as wind farms, may be compromised by other factors, including
wind prices and the price gap between new and SL batteries [24]. In what EV LIB concerns, their economic
viability is highly influenced by their performance and durability. Therefore, several technical studies
concerning these two issues have been recently published.



From one side, several technical contributions regarding SL battery performance have been reported
from different perspectives. The first approach is the use of simulation tools, which employ mathematical
and physical models to analyse battery operation. These studies have found feasible scenarios for SL LIBs,
such as isolated microgrids, solar energy integration or transportation and grid services [25-27]. A key factor
pointed out by simulation research to reduce SL cells performance and durability is the dispersion of the
internal parameters (mainly capacity and internal resistance) [28], due to the limitations imposed by the
required serial connection of the cells in battery packs. Therefore, the quantification of cell dispersion [29]
and proper reconfiguration [30] have been analysed in order to improve the performance of SL LIBs. Besides
simulation studies, several experimental contributions have evaluated the operation of reused LIBs in
different applications. These investigations cover technical aspects related to battery control and
management in various implementations with different storage power and energy requirements. SL LIBs
have been proved to be a feasible energy storage system for applications ranging from high power
specifications, such as frequency regulation services [31], to high energy requirements, namely energy time
shifting and demand side management at residential scale [32,33]. Moreover, the stacking of various
services, which enhances the profitability of the battery, has been proved to be a feasible application for SL
LIBs. The combination high-power and high-energy services, such as frequency regulation and peak shaving
[34] or power smoothing and residential energy requirements [35], is the most interesting approach for these
batteries.

However, a technical study is not enough to guarantee the safe performance of a SL LIB, given the
relevant changes in the characteristics of its cells as a result of ageing. Due to the degradation mechanisms
that take place in a cell, its energy and power capabilities fade. This can be quantified from its capacity loss
and internal resistance rise. During most of a LIB lifetime, capacity fade and resistance rise rates are
constant, given that its main degradation mechanisms remain unchanged. However, at a certain point during
battery life, new ageing mechanisms become more relevant, especially lithium plating [36,37], thereby
increasing the battery ageing rate. This point is hamed ageing knee, and is related to a change of trend in
capacity and resistance evolution [38]. The operation of LIBs beyond the ageing knee involves safety risks,
such as increased chances of internal short circuits [36,39]. From the point of view of EV manufacturers, the
ageing knee is not a critical concern, given that the battery is discarded beforehand as it cannot meet the
autonomy requirements of the vehicle. However, the identification of this turning point becomes crucial in SL
applications, in which the battery is worn out up to its safety limit. Despite several studies having analysed
the nonlinear performance of LIBs, most of them are focused on non-automotive cells, which are aged by
means of accelerated tests in order to reach the ageing knee [37,38,40]. Only Martinez-Laserna et al. [35]
assess the nonlinear performance of automotive cells, even though the samples do not come from actual
EVs, but are artificially aged by means of accelerated tests from the beginning of their first life.

An overall ageing characterisation of reused lithium-ion cells extracted from actual EVs covering the
whole second life, including the ageing knee, would provide critical and trustworthy information for a proper
analysis of such energy storage systems, and therefore would be a powerful tool for the analysis of second-
life batteries feasibility. The aim of this paper is to shed light on this full second-life ageing characterisation.
Specifically, six modules extracted from different Nissan Leaf EVs are cycled, with periodical measurements
of their capacity and internal resistance. These results are shown in detail, along with an analysis of the
evolution of the main parameters and their correlation.

The remaining sections of this paper are organised as follows. Section Il describes the tested modules
and the experimental procedure. Section Il shows the experimental results, with special regard to the
evolution of parameters and their correlation during ageing. Section IV presents a discussion of the results,
highlighting the most remarkable contributions to the state of the art and, finally, Section V summarises the
findings and states the main conclusions.

2. Experimental setup
2.1. Module description

The experimental part of this contribution has been carried out with six modules from different Nissan
Leaf EVs (see Fig. 1a), whose FL history is unknown, given that the company does not provide such
information nowadays. Each module consists of four pouch cells with manganese oxide and graphite
electrodes (LMO/C). As shown in Fig. 1b), these four cells are connected in a 2s2p assembly. Each module
has three external terminals: positive (R), middle point (W) and negative (B). Therefore, it is not possible to
access the cells individually, but in 2p pairs. Given that these 2p pairs are the smallest unit available, and in
order to improve readability, they will be hereafter named as cell. The main specifications of cell and module
are shown in Table 1. Note that the mass of the cells represents 82 % of the global mass of the module, as
stated in the last row of the table. This variable is especially interesting for the calculation of the specific
energy of the cells.
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Fig. 1. a) Picture and b) electrical schematic of a Nissan Leaf module. A half of each module (two parallel-connected
cells) is tested in this paper. This structure will be called cell for improved readability.

Module Cell (2p)

Nominal Voltage (V) 7.50 3.75
Maximum Voltage (V) 8.30 4.15
Minimum Voltage (V) 5.0 2.5
Rated Capacity (Ah) 66 66
Rated Energy (Wh) 495.0 247.5
Length x Width x Thickness 303 merSanwzns mm -
Mass () 3850 1574

Table 1. Module and cell specifications.

2.2. Experimental procedure description

In order to assess the durability of reused cells from EVs, an accelerated cycling profile is chosen. The
test consists of a sequence of full charge and discharge cycles between the voltage limits of the cell. The
charging method is Constant Current — Constant Voltage (CC-CV), with a cut-off current of C/20, while the
discharging procedure is CC. The current applied on the CC stages is 1C. The C-rate is defined based on
the rated capacity of the cell at the beginning of its FL. All the tests are performed on the positive 2p cell in
a controlled environment of 25 °C.

Every 25 cycles each cell is subjected to a Reference Performance Test (RPT), in order to characterise
the degradation due to their ageing. Each RPT comprises a capacity and internal resistance test, executed
sequentially. The capacity test consists of two full cycles with CC-CV charge and CC discharge until the
maximum and minimum cell voltage respectively. The CC stage currentis C/3 and the cut-off current is C/33.
The capacity measured on the discharge of the second cycle is considered as the current cell capacity (Ca).
Furthermore, the Direct Current Internal Resistance (DCIR) is measured from discharge pulses at different
State of Charge (SOC) levels. The test starts with a complete CC-CV charge at C/2 with C/20 as cut-off
current. Then, a CC discharge pulse of C/2 is performed, until the cell reaches 90 % of SOC. After a rest
period of 1 hour, the cell is discharged with a CC pulse at C/2 until the next SOC level. This procedure is
repeated for SOC levels of 70 %, 50 %, 30 % and 10 %. The DCIR at each SOC is measured after 10
seconds of discharge pulse. Fig. 2 shows 10 cycles of the accelerated cycling profile and an RPT from an
experimental sequence of one of the ageing tests of this contribution. The voltage measured in the 2p cell
is shown in the left Y axis, whereas the right Y axis corresponds to the test current.
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Fig. 2. Evolution of voltage and current on a cell during 10 cycles of accelerated profile and an RPT.

The test bench consists of two battery cyclers of 16 channels (5 V and 50 A each), with an accuracy of
+0.1 % of the full scale, and a thermal chamber (temperature range -30 °C to +180 °C), which has a
temperature accuracy of +0.5 °C.

A critical aspect of the experimental procedure of this contribution is the definition of the End of Test
(EOT). As it is aimed to identify the ageing knee of the cells, the tests will cover their linear and nonlinear
performance. Given the fair risk of sudden failure after the ageing knee, two stop criteria are set for the tests.
The first criterion is related to capacity evolution and it aims to identify sudden losses. This criterion is fulfilled
if capacity fades more than 6 % of the rated value over 100 sequential cycles. The second criterion is focused
on extremely low capacity values, and it is fulfilled when capacity decreases below a 30 % of the rated value.
If any of the stop criteria is met, the experiment is immediately interrupted.

3. Results

The six Nissan Leaf cells were tested according to the accelerated cycling profile. After 13 months of
test, only one of the samples, M5, has not fulfilled any of the EOT criteria. This section presents the
experimental results of the tests, focusing on the evolution of the main parameters during ageing and the
correlation between them.

3.1 Evolution of the main parameters

The prolonged ageing test of this contribution allows to characterise cell degradation in depth, covering
the ageing knee and therefore providing interesting information of SL performance. This first subsection is
focused on the experimental evolution of the main parameters, namely capacity and internal resistance
throughout time. As a complete indicator of cell performance, the evolution of the energy delivered by the
cells will also be shown.

3.1.1 Capacity

Capacity tracking during SL performance is of great interest in view of the identification of the different
ageing stages. Fig. 3 shows the experimental results of capacity measurements from the RPTs for the 6 SL
cells tested in this contribution. The X axis represents the total number of cycles of the test.
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Fig. 3. Evolution of capacity measurements from the RPTs vs. cycle number on the 6 SL cells tested.

As it can be seen in the figure, the initial capacity values measured in the first RPT (Cre1(1)), vary from
41.4 Ah to 47.0 Ah, which correspond to State of Health (SOH) values of between 62.8 % and 71.2 %. The
SOH is computed as the ratio between the actual capacity of the cell (Ca), and the rated capacity (Cr), which
is provided in Table 1. Thereby, SOH=Ca/Cr. On the other hand, the capacity fade of a given module is
computed considering the initial value of the test and the actual capacity at a certain RPT, through the
expression Crape= (Crer(1)—Ca)/Crpr(1)- In the initial stages of the test, capacity decreases with a linear
trend in all the cells during at least 1850 cycles. The average slope of this phase is -5.75 mAh per cycle. An
increasing slope of the capacity loss rate indicates the beginning of the ageing knee. The turning point is
observed in five out of six cells after between 1875 and 2520 cycles. The SOH of the cells in the ageing
knee varies from 45 % to 49.5 %, the capacity fade since the beginning of the test is between 26 % and
33 %. Regarding the nonlinear evolution of capacity, a quadratic polynomial offers a good fitting for the
curve, with an average R? of 0.996. It is remarkable that M5 continues with a linear capacity fade after 3650
cycles, with a SOH of 38 %. This cell has lost at this point 40 % of its capacity from the beginning of the SL
test.

Note that the EOT criteria described in Section 2 are fulfilled in five of the modules after between 2275
and 3175 cycles. The SOH measured at this point ranges from 24 % to 33 %. Considering the capacity fade
from the beginning of the SL test, the least aged cell at its EOT is M2, with 51 % of capacity loss after 2550
test cycles. Conversely, M3 presents a capacity fade of 56 % after the same number of cycles.

3.1.2 Internal Resistance

In this subsection the evolution of the internal resistance of the cells as a result of cycle ageing is
examined. Given that the ageing trends are similar for the DCIR pulse measurements in all the SOC levels
of the RPT test, the measurements at SOC = 50 % are shown as a reference for the study. Fig. 4 depicts
these DCIR measurements, with the total number of cycles represented in the X axis.
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Fig. 4. Evolution of the DCIR measurements from the RPTs at 50% of SOC vs. cycle number on the 6 SL cells tested.
As the figure shows, DCIR follows a linear trend at the beginning of the test. However, as the module

ages, the resistance rise becomes nonlinear, and eventually there is a sharp increase of this parameter. The
average slope of the linear stage is 22.4 uQ per cycle. After between 1250 and 2075 cycles a turning point



is observed in this parameter, and its increase rate becomes nonlinear. Considering the nonlinear part of
the curve, the most suitable fitting for the evolution of DCIR is a cubic polynomial, which offers an average
R? of 0.9873.

Given that the FL nominal value of DCIR is not provided by the manufacturer, it is not possible to quantify
the resistance rise related to the brand-new battery. Therefore, the results obtained in this parameter can
only be related to the initial SL test measurement. Thus, it is found that the resistance rise at the ageing
knee is between 60 % and 123 % of the initial value. Additionally, at the EOT point, the values of DCIR have
risen from 219 % to 414 % compared to the initial RPT. Note that M5 continues cycling, not having reached
the ageing knee, and presents a DCIR rise of 121 % of the initial RPT after 3650 cycles.

3.1.3 Energy

In order to evaluate the real performance of the SL cells, the evolution of the energy delivered is analysed
in this subsection. Fig. 5 shows in the left Y axis the evolution of the discharged energy measured in the
second cycle of the capacity RPTs for the 6 SL cells of this work. The X axis presents the cycle numbers of
each RPT.
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Fig. 5. Evolution of the energy measurements from the RPT (left axis) and specific energy at cell level (right axis) vs.
cycle number on the 6 SL cells tested

As it can be seen in the figure, the discharge energy fades with a linear trend until a certain point, from
which it suffers a sudden loss and becomes nonlinear. The average slope of the linear stage is -10.4 mWh
per cycle. Five out of the six cells reach the ageing knee after between 1875 and 2500 cycles. The values
of discharge energy measurements related to the nominal value range from 43 % to 48 %. Considering the
energy lost in the modules since the beginning of the SL test, there is a fade between 28 % and 34 %. On
the other hand, at the EOT the cells deliver from 22 % to 31 % of the nominal energy. Considering the whole
evolution on the SL test, there is an energy fade of between 55 % and 65 %. For its part, the module M5
delivers 36 % of the nominal energy after 3650 cycles, having lost 43 % of energy from the beginning of the
SL test.

An interesting aspect from the point of view of the application is the energy density of the cells. Fig. 5
shows, in the right Y axis, the specific energy of the cell. As it can be seen, throughout the SL test the values
vary between 113 Wh/kg and 43 Wh/kg. Considering the rated values of Table 1, the specific energy of a
brand-new cell is 157.24 Wh/kg. Hence, the energy density on the SL test varies from 72 % to 27 %.

3.2 Correlation between parameters

Besides the evolution of each internal parameter of a cell, another interesting approach is the analysis
of their correlation along the various ageing stages. Given that this experimental contribution covers SL cells
performance before and after the ageing knee, the influence of the different ageing phases on the correlation
between the internal characteristics of a cell is examined in this subsection.

3.2.1 Capacity and internal resistance

Capacity and internal resistance are the main parameters of a lithium-ion cell. Being directly related to
the energy and power capabilities of the cell, their correlation during ageing is key to assess cell
performance. Fig. 6 presents the evolution of capacity and DCIR measurements from the RPT carried out
on the 6 SL cells over the whole cycle ageing test.
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Fig. 6. Evolution of the DCIR measurements from the RPT at 50% of SOC vs. capacity of the 6 SL cells tested.

As the figure shows, high capacity values correspond to low measurements of DCIR, which are related
to early stages of ageing. As capacity decreases, DCIR measurements increase, therefore indicating a
higher degradation degree and more advanced ageing phases. In order to determine the best fit for the data,
lineal and second-degree polynomial expressions are analysed. The correlation is found to be nonlinear,
and quadratic polynomials offer good fittings for these curves, being the average R? = 0.995. Note that no
change of trend is observed after the ageing knee.

3.2.2  Capacity and energy

Even though capacity is generally associated with the energy stored in a cell, it is interesting to analyse
how prolonged ageing affects the correlation between capacity and energy capabilities. Fig. 7a) shows the
measurements of discharge energy (Edcn) vSs. capacity (C) of the RPTs on the 6 SL cells tested. As it can be
seen in the figure, the correlation between these parameters is linear during all the SL tests. Hence, the
change of trend in capacity associated with advanced states of ageing has a direct correspondence with the
energy delivered. The evolution of the ratio between these parameters, namely the average discharge
voltage (Vach = Eden/ C) is plotted in Fig. 7b). As it is shown in the figure, despite being similar to the nominal
voltage value (3.75 V) in the early stages of the test, the discharge voltage decreases as cells age. This
reduction is linear at the beginning of the test, but it is accelerated on a second step. It is noteworthy that
the ageing knee is observed in the discharge voltage of the cell, while the relationship between capacity and
energy remains linear during the whole test.
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Fig. 7. a) Evolution of discharge energy vs. capacity measurements on the RPTs and b) average discharge voltage
vs. cycle number of the 6 SL cells tested.

3.2.3 Internal resistance and energy

In this contribution, the performance limits regarding cells discharge are related to voltage, being
therefore influenced by their internal resistance. As stated previously, the internal resistance of the SL cells
suffer a change of trend in advanced stages of ageing. However, this occurs before the ageing knee, and
therefore prior to the turning point of capacity evolution. Hence, it is interesting to analyse separately how
DCIR affects the energy delivered by the cells during their ageing. Fig. 8 depicts the discharge energy vs.
the DCIR measurements at 50% of SOC on the RPTs throughout the cycle ageing test.
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Fig. 8. Evolution of discharge energy vs. DCIR measurements on the RPTs of the 6 SL cells tested.

As the figure shows, the correlations between DCIR and energy delivered by the cells are nonlinear
during all the SL tests. Unlike the separate evolution of these parameters through ageing, no change of trend
is identified. Cubic polynomial expressions offer good fittings for these correlations, providing an average R?
of 0.984.



4. Discussion and contributions

From the literature review presented in Section 1, a gap in the technical assessment of reused cells from
EVs was identified. While most of the previous research of cycle ageing of SL LIBs focus on the performance
before the ageing knee [41-43],the contributions which include nonlinear behaviour of the cells do not
analyse samples from real EVs [35].In this context, this work presents the experimental results of 13 months
of experimental cycling on six reused cells retired from real EVs. In this section, the main findings of this
contribution are discussed.

4.1 Characterisation of cell degradation

From the point of view of SL cell performance, it is interesting to analyse how it is affected by the
degradation of the internal parameters, and which aspects are the most worsened. The characterisation of
the 6 SL cells during the ageing test presented in Section 3 shows that both capacity and internal resistance
suffer a change of trend in advanced stages of ageing. However, this turning point appears before in DCIR,
and, along with the faster degradation of this parameter, leads to a nonlinear correlation between capacity
and internal resistance in the SL cells. In terms of cell performance, it is found that the relationship between
discharge energy and capacity is linear during all the test. It can be thus assumed that capacity is a good
indicator of the energy capabilities of the cell even after the ageing knee. Furthermore, the influence of the
internal resistance on the discharge energy is also examined in Section 3. On the one hand, it is shown that
the average discharge voltage, computed as the ratio between discharge energy and capacity, suffers a
change of trend during ageing. Despite being similar to the nominal voltage at the beginning of the test, it
suffers a sudden decrease in advanced stages of ageing, which is related to the sharp increase of the internal
resistance. Given that the discharge performance of the SL tests of this contribution is determined by a
voltage limit, the degradation of the internal resistance leads to a faster threshold achieving. On the other
hand, the influence of this parameter on the energy delivered is confirmed by the cubic correlation observed
during all the SL test. Hence, it can be assumed that during the SL of a lithium-ion cell, the combination of
both internal resistance rise and capacity fade aggravates the energy loss.

A further point of discussion is the comparison of the evolution trends between SL cells. Unlike their fresh
homologues, retired cells from EVs may present very different ageing states at the beginning of their
performance. Therefore, it is of great interest to analyse the degradation of their various parameters during
ageing. As presented in Section 3, capacity shows a similar trend on five of the cells tested and becomes
nonlinear in the ageing knee. Similarly, the DCIR of the cells increases linearly in the early stages of the SL
test, then it becomes nonlinear and finally suffers a sharp rise after the ageing knee. Nevertheless, the
number of cycles performed until this turning point varies from 1875 to 2550. These differences on the ageing
rates could be related to the FL history of the modules [41]. As in this work the FL data is unknown, it is not
possible to determine whether the start of the knee corresponds to a similar number of equivalent cycles
from the beginning of the modules FL.

Moreover, it is intriguing to study the evolution of the internal parameters of the cell according to their
initial SL state. For instance, M5 and M6 have similar SOH (63.6 % and 62.7 %) and DCIR (2.15 mQ and
2.21 mQ) at the beginning of the SL test. However, M6 shows an acceleration on capacity fade after 2050
cycles, while M5 has performed during 3650 cycles with no sign of the ageing knee. Even M1, the cell the
least aged at the beginning of the SL test, with a capacity of 71 % of a brand-new battery and an internal
resistance of 1.83 mQ, has reached the ageing knee after 3525 cycles. Therefore, it can be stated that
traditional measurements of capacity and internal resistance, such as the ones performed in this article, are
not enough to predict the performance of the cells during their SL.

4.2 Ageing knee identification

While the retirement point of LIB in EVs is defined by automotive standards based on a SOH level, the
end of life at their SL is not yet clearly defined. Some authors stablish also a SOH level as retirement criteria
[14,27], whereas others suggest that it should be defined when capacity fade rate changes from linear to
nonlinear, in the so-called ageing knee [35]. The identification of the retirement point for SL batteries is key
to ensure a safe operation of the modules, and it plays an important role on the economic viability of these
systems.

In this context, this contribution explores the identification of the ageing knee, and proposes a criterion
to define it from experimental measurements. The basis of the ageing knee is the acceleration of the capacity
fade rate of the cells. As starting hypothesis, it is assumed that the SL cells have not reached the ageing
knee at the beginning of the test. From the capacity values measured on the RPTSs, a linear expression of
capacity as a function of the cycle number can be set. This expression allows to estimate capacity values of
future RPTs, and to detect if real measurements of these RPTs correspond with the predictions. During the
experiment, outlier measurements could also lead to an important estimation error. Hence, enough cycles



for the predicted RPT value should be set to ensure that the point corresponds to a real change of trend. On
the other hand, the maximum estimation error should be chosen so that the ageing knee is identified
accurately. In this work, for a given RPT, the linear equation is computed from the 500 previous cycles and
the value of the RPT corresponding to the next 100 cycles is estimated. The threshold estimation error that
indicates the ageing knee is set to 3 %.

From the ageing knee definition proposed, the turning point is detected in five of the cells tested after
between 1875 and 2550 cycles. The SOH levels of the cells at this point ranges from 45 % to 49.5 %, while
the capacity fade of the modules from the beginning of the test is between 26 % and 33 %. Even though the
SOH or capacity fade could provide an estimation for the apparition of the ageing knee, the selection of
these variables as SL retirement criteria would be less accurate and could underestimate the possibilities of
the SL cells. The performance of M5 is a good example, as it continues the SL test showing a linear capacity
fade trend with a SOH of 38 % and a capacity loss of 40 %.

As already mentioned, the ageing knee is mainly associated to lithium plating as additional ageing
mechanism on the cells. Thereby, the capacity fade rate changes from linear to nonlinear at this point.
Although the evolution of the internal resistance is already nonlinear in the ageing knee, a sharp rise of this
parameter is also detected. Hence, the proposed ageing knee identification procedure is also applied to the
DCIR measurements of this contribution. Since the change rate of DCIR is greater than that of capacity, the
threshold estimation error that indicates the ageing knee is set to 6 %. Results show that the ageing knee is
identified by means of this method with a maximum deviation of 2.3 % with respect to the capacity results.
Given that DCIR measurements are much simpler than capacity and less time-consuming, the identification
of the ageing knee regarding this parameter could ease the end of life detection. However, it should be noted
that resistance measurements are usually less accurate than capacity and, therefore, a suitable repeatability
of measurements should be considered in order to ensure an accurate identification of the ageing knee.
Since only capacity or internal resistance measurements are required in the proposed methodology, it can
be generalised to real applications without standard cycling. Given that current pulses are usual in real
scenarios, voltage and current tracking would be enough to determine the evolution of DCIR in the battery,
thereby allowing the detectionof sharp rises in this parameter. Besides, the method does not depend on
battery chemistry, and therefore it can be extended to other Li-ion batteries reused in SL applications.

4.3 Durability

The durability of SL LIBs is key for their economic viability. As stated before, the operation of these
batteries should be restricted before they suffer an acceleration in the degradation rate, so that safety risks
are avoided. In this context, this contribution proposes to relate the durability of the cells to the ageing knee.
In order to estimate the real implications of the results obtained, the number of Equivalent Full Cycles (EFC)
is computed, taking into account the charge throughput of the cells during the accelerated ageing cycles, as
well as during the RPTs. Hence, five out of the six cells analysed in this work have performed between 2033
and 2748 EFC under the accelerated cycling profile before reaching the ageing knee. The sixth cell, M5,
continues with a linear degradation rate after 3846 FEC.

It is noteworthy that the operating conditions of the cells play a key role on their performance and
durability. Factors such as temperature, time, charge and discharge rates or depth of discharge are specific
of each test and difficult the accurate extrapolation of the results. However, some estimations can be made
regarding the implications on real SL applications.

In this context, the durability results presented in this paper are extended to one of the most promising
applications for SL batteries: PV energy grid integration in residential applications. According to recent
research work on this field [44], three cycling scenarios can be considered, as summarised in Table 2. The
first case study is a mild cycling scenario, with one cycle every two days, which could correspond to a
residential system with low solar generation or with an oversized storage system. Such oversizing of the
battery is a typical situation in SL applications for instance in case of the direct reutilization of battery packs
from EVs in residential facilities, given its simplicity and cost-effectiveness [32]. The second scenario
corresponds to a domestic usage with an energy management strategy of maximum self-consumption,
consisting of one cycle per day, with diurnal charges and nocturnal usage of the stored energy. Finally, the
third case study considers stacked services at residential level, with an intensive cycling of 4 cycles per day,
including energy services such as augmented self-consumption and bill management, as well as power
services such as primary regulation and voltage support. Based on the experimental durability results of the
six SL cells presented in this paper, Table 2 shows their estimated cycle lifetime according to the three
scenarios described.



Scenario FECs per year Cycle lifetime (years)

Mild cycling 183 11-21
Residential Maximum self-consumption 365 5.5-105
Stacked services 1460 14-26

Table 2. Estimated cycle lifetime of SL cells on three PV residential scenarios.

As it can be seen in the table, mild cycling scenarios would lead to at least 11 years of cycle lifetime of
the SL cells, while normal usage would imply between 5.5 and 10.5 years. This result agrees with previous
experimental work with real profiles in SL cells [35], which predicts 4 years of operation in a typical residential
application. If the SL cells were cycled intensively in stacked services, they would reach the ageing knee
after 1.4 to 2.6 years of operation, a sensibly shorter lifetime due to the intensive usage of the energy storage
system. These estimations provide a guide for further research on the economic viability of SL batteries.

It should be yet noted that the tests have been carried out under specific conditions of accelerated cycling
and with a particular battery chemistry. Therefore, a deeper analysis on accurate ageing models of SL cells
is highly recommended. Moreover, calendar ageing is not studied in this contribution, and the actual lifetime
of SL batteries would be reduced due to this issue, especially in scenarios requiring a low use of the battery.
On the other hand, the extrapolation of the results obtained to other battery chemistries should be carefully
considered, given that each technology has its own particularities.

5. Conclusion

This contribution presents the experimental assessment of the durability of six SL cells from different
Nissan Leaf electric vehicles, through accelerated cycling ageing tests.

Firstly, the degradation of the cells is characterised during ageing by tracking the evolution of their
internal parameters. Both capacity and internal resistance (DCIR) show a linear trend at the initial stages of
the second life test. The first change of slope is observed in DCIR, which becomes nonlinear with a cubic
polynomial as best fitting curve. Conversely, the capacity fade becomes nonlinear with a quadratic
polynomial trend. In terms of performance, capacity is stated to be a good indicator of the energy capabilities
of the cells, as they are related linearly during all the SL stages. Moreover, it can be assumed that the
degradation of both capacity and internal resistance affects negatively the energy delivered by the SL cells.

The prolonged cycle ageing through standard test of this contribution has enabled to characterise the
complete evolution of the parameters, including the transition to the accelerated degradation stage. Hence,
a stop criterion for the operation of SL cells is proposed. This criterion is based on capacity or internal
resistance measurements. From previous test data, the values of future parameters are predicted, and latter
checked with real values. If the estimation error is greater than 3 % in case of capacity or 6 % in case of
DCIR, itis considered that the cell has reached the ageing knee and therefore the test should be interrupted.
The simplicity of these measurements, especially the internal resistance, allows to have quick indicators for
the identification of the ageing knee. Hence, the stop criterion for the operation of SL cells can be extended
to real applications with specific profiles, no matter the specific Li-ion battery chemistry.

Moreover, the experiments presented in this paper show the durability of six SL lithium-ion cells. A safe
performance of the cells inside the linear ageing region during at least 2033 EFC is shown. After more than
3846 EFC, one of the samples has not yet reached the ageing knee and continues with a linear capacity
fade. Based on the capacity and DCIR measured at the beginning of the test, this cell could have been
classified as one of the most aged among the samples. However, the experimental results show that it has
the highest potential for SL applications. Therefore, we conclude from this study that traditional cell
characterisation techniques based on capacity and DCIR measurements are not enough to predict the
durability of a cell during its SL.

Finally, an estimation of the cycle lifetime of SL batteries used as energy storage for PV energy grid
integration in residential applications is presented. The tested SL cells would perform more than 5 years
under the most typical energy management strategy in residential systems, aimed at maximising the self-
consumption rate. Additionally, two alternative scenarios have been studied: (i) an oversized battery or low
PV generation subject to a milder cycling profile, which would last 11 to 21 years; and (ii) a domestic battery
that also offers grid balancing services, which entails a harder cycling profile, thereby reducing its durability
to less than 3 years. Note should be taken that the ageing tests have been performed under accelerated
profile and with stable and favourable temperature conditions. Hence, it would be necessary to enlarge the
testing matrix, develop accurate ageing models for SL batteries and run the cells under real application



profiles in order to enhance the accuracy of these results. On the other hand, the impact of calendar ageing
is out of the scope of this contribution, and the actual lifetime of SL batteries would be reduced due to this
issue, especially in scenarios requiring a low use of the battery. Moreover, the extrapolation of the results to
other battery chemistries should be carefully considered, given that the particularities of each chemistry may
influence them.

All in all, this contribution validates the technical viability of SL cells from EVs, showing a satisfactory
cycling operation during at least 2033 equivalent full cycles. This technical potential of operation and
durability should be accompanied by significantly lower costs than FL batteries, so that their integration in
stationary applications will become a reality.
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