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Abstract—The reuse of Li-ion batteries from electric vehicles
is a promising alternative to recycling nowadays. However, the
technical and economic viability of these second-life (SL) batteries
is not yet clear. Degradation assessment plays a key role not only
to analyse the impact of ageing factors in reused batteries, but
also to quantify their durability. In this context, this contribution
aims to analyse calendar ageing behaviour in SL cells. 16 reused
Nissan Leaf modules are aged during 750 days under three
temperatures and four State of Charge (SOC), covering a State of
Health range from 72.2 % to 13 %. The impact of temperature
and SOC as stress factors is firstly analysed, concluding that
their increase accelerates ageing. Temperature rise is found to
have a major impact, accelerating up to 27 times capacity fade
and almost 6 times resistance increase when compared to light
ageing conditions, while increasing SOC nearly doubles ageing
rates. The worst ageing case is found to be the combination of
60 °C and 66 % of SOC. Regarding degradation trends, they
are proven to be constant during all SL lifetime. This work also
proposes and validates a calendar ageing model for SL cells.
Accuracy of validation results show a fitting Rsq of 0.9941 in
capacity fade and 0.9557 in resistance increase, thereby tracking
the heterogeneous degradation of the SL cells under calendar
ageing.

Index Terms—Calendar ageing, Modelling, Second-life batter-
ies, Li-ion batteries, Electric vehicles

I. INTRODUCTION

Electric Vehicle (EV) is a major player in automotive and
energy industries nowadays. As a consequence, the demand
of Li-ion batteries for EV usage is rising year on year, with
values up to 160 GWh in 2020 [1].

Due to their usage, energy and power capabilities of Li-
ion batteries fade, in such a way that automotive standards
set 20 % of capacity loss as withdrawal point from EVs. As
an alternative to direct recycling, the reuse of these batteries
has emerged as a solution in recent years which allows to
enlarge lifetime, thereby representing a beneficial solution both
in an economic and environmental perspective [2]. Stationary
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applications such as residential storage or integration of renew-
able energies have been identified as promising uses for these
second-life (SL) batteries [3], in a market which is expected
to exceed 260 GWh per year by 2030 [4]. Nevertheless, the
technical and economic viability of this SL use of EV batteries
is still uncertain. In recent years, several contributions have
assessed the performance of SL cells and modules [5]-[7], as
well as of battery packs [8], with promising results.

In this context, degradation is a hot spot regarding SL
viability. Battery ageing is classified in two main types: cycling
and calendar. While the first type of ageing is related to battery
usage, calendar degradation is a consequence of time lapse.
Parasitic side reactions between electrodes and electrolyte
caused by thermodynamic instability of materials are behind
this degradation type, which results in capacity and power
fade in Li-ion cells [9]-[11]. The main factors that contribute
to calendar ageing are storage temperature and voltage, given
that they accelerate parasitic reaction rates and instability of
electrodes [11], [12]. The impact of these factors depends
though on the specific chemistry [13], [14].

Calendar ageing has been assessed in different cells and
chemistries in literature [11], but despite its importance it
has been rarely reported in SL batteries. In [9], new LFP
cells were aged over the SL withdrawal point until up to
50 % of their initial capacity value. However, no references to
modules previously used in EVs have been found. After the
performance assessment of SL Nissan Leaf modules under
cycling ageing carried out in previous works [7], [15], this
contribution aims to cover the gap of calendar ageing in reused
cells. The specific impact of ageing factors or the durability
of SL cells, given their previous usage in EVs, are some of
the questions targeted.

The work is organized as follows. Section II describes the
experimental setup, covering the SL modules under study, the
tests performed and the bench used. The main results of this
work are gathered in Section III. An insight in the influence of
the ageing factors is presented in Section IV, together with the
proposal and validation of a calendar ageing model. Finally,
Section V gathers the main conclusions of the work.



II. EXPERIMENTAL SETUP
A. Module description

The experimental procedure of this contribution was carried
out with reused Li-ion modules from Nissan Leaf EVs. Four
pouch-type cells of LMO/LNO cathode and graphite anode
compose each module, associated in series-connected pairs
(2s2p). Each module has three external terminals, in such a
way that a 2p cell pair is the smallest testing unit available.
Fig. 1 pictures some of the SL Nissan Leaf modules under
test. The nominal capacity of the modules is 66 Ah, and their
maximum, minimum and nominal voltages are 8.3 V, 5 V, and
7.5 V, respectively.

B. Experimental procedure description and test bench

All the experimental procedures of this contribution are
carried out at 2p cell level, which will hereinafter be named as
cell to ease reading. Two main experimental sets are carried
out: reference performance tests (RPTs) and calendar ageing
tests.

a) Reference performance tests: RPTs consist of a se-
quence of capacity and DC internal resistance (DCIR) mea-
surements at a controlled ambient temperature of 25 °C. The
cell is set at rest during two hours to reach thermal equilibrium.
Then, it is discharged with a constant current (CC) pulse at
C/3 until its minimum voltage. C is defined according to the
nominal capacity of the cell, thus being 66 A. The capacity
test consists of two full cycles at C/3 with constant current-
constant voltage (CCCV) charge and CC discharge within
cell voltage limits, considering C/30 as cut-off current of the
CV phase. The capacity of the cell (Crpr) is defined as the
discharged capacity of the second cycle. C/3 is selected as a
recommended rate not to distort results with cycling during
the test [10]. Then, the cell is fully charged at C/2, and DCIR
measurements are performed at SOC levels of 90 %, 70 %,
50 %, 30 % and 10 %. To reach the specific SOC, the cell
is discharged with a CC pulse at C/2. After a one-hour rest,
DCIR is measured as the difference between the discharge
voltage and current after 10 seconds and the ones tracked at
the end of the rest period.

Fig. 1. Experimental setup with some of the SL Nissan Leaf modules and
test bench.

b) Calendar ageing tests: Calendar ageing in Li-ion cells
is mainly conditioned by storage temperature (7.,;) and SOC
(SOC,q;). Given the non-linear influence of such factors in
lifetime, at least three stress levels are considered. Thereby, the
testing matrix covers T.,; values of 25 °C, 45 °C and 60 °C
and SOC.; values of 0 %, 33 %, 66 % and 100 %. One sample
is used on each condition except at 60 °C, in which two cells
are used for each SOC,,;. Thereby, the testing batch is formed
by 16 SL cells. Cells are stored at the corresponding SOC.;
and T., conditions in the climatic chambers, and every 4
weeks an RPT is performed. After the RPT, the cell is fully
charged at C/3 with CCCV procedure to the corresponding
SOC.q, considering Ah counting and Crpr.

The test bench used consists of a battery tester and three
climatic chambers. Fig. 1 shows the tester and one of the
chambers during an RPT. The battery tester is rated at 5 V
and 50 A on each channel, with an accuracy within 0.1 %
of the full scale. The climatic chambers allow a temperature
range from -30 °C to +180 °C, with measurement precision
of £0.5 °C.

III. CALENDAR AGEING EXPERIMENTAL RESULTS

As a consequence of ageing, energy and power capabilities
of Li-ion batteries fade. To quantify such effects, capacity and
resistance are usually tracked during battery lifetime. In this
contribution, the RPT measurements described in Section II-B
are used to assess capacity fade (AC) and resistance increase
(AR) according to Eq. (1) and (2). The resistance used as
representative measurement corresponds to DCIR at 50 % of
SOC.

Crpr = Crpro(1 — AC) (D
Rrpr = Rrpr,0(1 + AR) ()

Crpr,0 and Rrpr, are obtained from the RPT at the
beginning of the test, i.e. of SL. The experimental results
of the 16 cells under test (C1 to C16), together with their
ageing conditions are gathered in Table I. State of Health
(SOH = Cgrpr/Cn) is also shown, as indicator of degra-
dation from the fresh state.

Fig. 2 shows the results of AC' and AR during the calendar
ageing test for the conditions considered, classified according
to T.q;- The complete test lasted 750 days, resulting in 25
RPTs measurements. When two samples were available, the
average value of the results is kept.

As can be seen, increasing T.,; leads to an acceleration in
the degradation rates of both parameters, in such a way that the
tests at 60 °C had to be interrupted after 5 RPTs for security
reasons, with up to 0.81 of AC (C13 and C14). Considering
this RPT as a comparison point, ageing at 25 °C led to AC
values below 0.03 (C4), while 45 °C resulted in a maximum
fade of 0.18 (C8), which represented 27 and 4.5 times less than
the capacity loss reported at the maximum 7.,;, respectively.
Regarding AR, storing at 60 °C increased up to 6.3 the initial
measurement (C13 and C14), a value 5.9 times greater than the
maximum increase reported at 25 °C, which was 1.07 (C4).
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Fig. 2. Capacity fade and resistance increase at 25 °C, 45 °C and 60 °C during the SL calendar ageing test.

For its part, storing at 45 °C was found to degrade DCIR with
up to 1.4 of AR (C7).

On the other hand, for a given T, in general degradation
accelerates as SOC,,; rises. For example, at 45 °C, AC in
the last RPT was 0.33 in C5, while C6, C7 and C8 lost 0.49,
0.46 and 0.52 of their initial capacity respectively. Considering
AR, results showed an increase of 1.91, 2.92, 2.55 and 3.60
in C5, C6, C7 and C8 each. As an exception, at 60 °C, ageing
with 66 % of SOC,.,; is the fastest. This case has also been
reported in other calendar ageing tests [9], [12], suggesting an
increase of AC rate of LMO cells when stored at the lowest
potential region of LMO as a possible reason [12].

Another aspect to be highlighted is the initial capacity
increase and resistance decrease observed when storing at light
conditions, more precisely at SOC.,; of 0 % at both 25 °C and
45 °C. Literature suggests as possible cause of this phenomena
the flow of active Li from a passive anode region to the active

part [10], [16]. This effect may last several days or months
[10]. In this contribution, it is noticed to disappear after 5
months at 45 °C. However, at 25 °C it is observed during all
the test.

Finally, it is important to note that the general ageing trends
of AC and AR in the SL cells under test do not vary during
the test. The degradation rate of Li-ion cells is determined by
the main ageing mechanisms. Hence, it could be stated that
in this test there was not a major change in such mechanisms.
This is in good agreement with other calendar ageing results
covering SL lifetime [9], and opposed to SL cycling ageing,
in which an acceleration in AC and AR has been reported
with similar cells [7]. After a general insight in the calendar
ageing results, a deeper analysis on the influence of ageing
factors such as temperature, SOC and time will be carried out
in the next subsections.



TABLE I
CAPACITY AND RESISTANCE RESULTS AT THE BEGINNING OF THE TEST
AND AGEING CONDITIONS OF THE SL CELLS

RPT measurement Ageing condition
Cell | Crpro | RrPT,0 | SOH | Teop | SOCcq
(Ah) (m§2) (%) (%) (%)
Cl 40.87 2.20 61.9 25 0
C2 40.20 2.35 60.9 25 33
C3 42.70 2.11 64.7 25 66
C4 43.41 2.25 65.8 25 100
C5 43.74 2.15 66.3 45 0
C6 44.16 2.25 66.9 45 33
C7 47.65 1.82 722 45 66
C8 47.65 2.02 72.2 45 100
C9 44.45 1.98 67.4 60 0
C10 44.44 2.12 67.3 60 0
Cl1 43.18 2.00 65.4 60 33
C12 43.83 2.14 66.4 60 33
C13 44.32 1.98 67.2 60 66
Cl4 44.38 1.94 67.2 60 66
Cl15 42.18 2.18 63.9 60 100
Cl16 42.10 2.05 63.8 60 100

IV. DEGRADATION ASSESSMENT AND MODELLING

The inhomogeneous ageing conditions during their usage in
EVs, together with the dispersion in the internal parameters
at the repurposing stage, motivate the assessment of calendar
ageing in SL cells. Several questions arise, such as durability,
how ageing factors affect SL or whether there is an accelera-
tion in the ageing trends during lifetime. Thus, the influence of
storage time, temperature and SOC is analysed in this section,
and a degradation model is proposed and validated.

The first stage is data pre-processing. Measurement errors
or abnormal behaviours such as decreasing AC values are
left out of the analysis. After this step, 77.8 % of capacity
measurements and 74.5 % of DCIR data from RPTs are kept.
AC and AR are modelled as a product with two terms, as
generally expressed in Eq. (3). On the one hand, a(7,SOC)
gathers the influence of T,,; and SOC,,;, while storage time
is considered as a power function with exponent 5. Y is the
variation of capacity or resistance.

AY = a(T,S00)t? 3)

A. Influence of storage time

Time dependency of AC' and AR are usually modelled as
a power function, given by % in Eq. (3). The exact value of
B varies with cell chemistry [11]. Fig. 3a) shows the results
obtained for AC in the cells under test with the corresponding
correlation coefficient. As can be seen, J ranges from 1.3
to 0.37, and therefore the selection of a unique value would
be too imprecise. Considering other ageing factors, a similar
behaviour depending on 7,; is observed. Thereby, the average
value of /3 for each temperature is computed in both AC' and
AR expressions, and plotted in Fig. 3b). The evolution of 3
depending on T,,; is best fitted exponentially, as expressed in
Eq. (4), with a coefficient of determination (Rsq) of 0.9980.
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Fig. 3. a) Model exponent (3 for capacity fade and corresponding coefficient
of determination Rsq for the SL cells and b) average value of 5 depending on
temperature for capacity fade and resistance increase and exponential fitting.

The exact values of 3y and (; are gathered in Table II.

B(T) = Boexp(S1T) )

B. Influence of storage temperature

Temperature affects the reaction rates of chemical processes,
in such a way that its rise leads to faster parasitic reactions,
accelerating AC and AR. In order to quantify the impact of
this parameter, the experimental data are fitted considering the
three T.,; tested for a given SOC. In each case, the specific
B is firstly computed from Eq. (3), and ap.,; from Eq. (5) is
then obtained.

arcal(T) = agexp(arT) %)

Fig. 4 shows an example of the results obtained for 100 %
SOC.,. As can be seen, exponential fitting shows the best
results, following Eq. (5), with Rsq values of 0.9996 in AC
and 0.9999 in AR. This is in good agreement with Arrhenius’s

TABLE II
COEFFICIENTS OF EQ.(3), (6) AND (7) FOR CAPACITY FADE AND
RESISTANCE INCREASE SL MODELS

Coef. AC AR Coef. AC AR
Bo 1.923 5.499 B1 -2.139¢-02 | -2.994e-02
aoo 8.072e-05 1.809e-07 aio 1.283e-01 2.308e-01
ao1 1.585e-05 2.166e-07 ail -9.512e-04 | -1.730e-03
ao2 2.089¢-03 2.854e-05 alz -1.934e-02 | -1.533e-01
ao3 -5.991e-05 | -8.537e-07 a3 4.675e-03 1.315e-02
agq 4.512e-07 6.392e-09 aiq -3.490e-05 | -9.810e-05




equation, which characterizes the change in reaction kinetics
with temperature and is widely used in ageing models [10],
[17].

C. Influence of storage SOC

Thermodynamic stability of electrolyte and electrodes have
a direct impact on SEI growth [11]-[13], thus contributing to
calendar degradation. This phenomena is adversely affected
by a rise of storage SOC. However, the exact impact varies
with cathode material and electrolyte composition [16]. It is
difficult hence to define a common SOC dependency in Li-ion
cells, and several alternatives are proposed in literature such
as exponential [17] or lineal fitting [10].

In this contribution, once ay and a; were fitted for a given
T.qi, their correlation with SOC.,; is examined. Fig. 5 shows
the example of a;. The influence of SOC,.,; is found to
be similar in AC and AR for both parameters. As can be
seen, modelling SOC dependency requires considering two
functions, and thereby Eq. (6) and (7) are proposed. The
concrete values of fitting are shown in Table II.

o [a01SOC +ago it SOC < 33% ©
07 ) 40uSOC? + ag380C + agy  if SOC > 33%

o — a1150C + aqo if SOC < 33% )
YT ) awS0C? + a1380C + ae  if SOC > 33%

D. Model results and validation

The proposed model, with Eq. (4), (5), (6) and (7), and
the coefficients gathered in Table II is applied to the calendar
ageing matrix conditions used in this contribution. In a
second stage, the experimental results are compared to the
estimations, and the corresponding Rsq is computed. Fig. 6a)
shows the results of the capacity fade model. As can be
seen, Rsq values range from 0.9206 (C1) to 0.9981 (C4),
with an average value of 0.9875. This results are considered
satisfactory, and slightly over other SL calendar ageing
modelling approaches such as [9], whose average fitting was
0.9722, with a T.,; range from 40 °C to 55 °C. It should be
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Fig. 4. Temperature factor for capacity fade and resistance increase and
corresponding fitting.
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resistance increase cases.

noted that [9] analysed LFP cells and therefore the specific
ageing of the chemistry may influence the comparison.
On the other hand, resistance increase modelling show a
fitting accuracy from 0.8441 (C4) to 0.9944 (C13), with an
average value of 0.9389, as plotted in Fig. 6b). Given the
greater sensitivity of this parameter to measurement errors,
the results are also considered as satisfactory. For its part,
[9] considers power fade, reaching an average value of 0.9507.
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Fig. 6. Fitting error Rsq of the proposed model for capacity fade and

resistance increase in the calendar ageing conditions tested.



TABLE III
VALIDATION RESULTS OF THE PROPOSED CALENDAR AGEING MODEL IN
SL CELLS
Cell C10 Cl12 Cl4 Cl6
ACRrpr,5 (p-u.) 0.40 0.51 0.80 0.55
ARgrpr,5 (p-u.) 1.92 2.38 5.99 2.35
Rsq A¢ 0.9999 | 0.9995 | 0.9941 | 0.9957
Rsq AR 0.9974 | 0.9557 | 0.9916 | 0.9700

In a second stage, four SL cells are stored at 60 °C under
the different SOC,.,; considered (C10, C12, C14, C16). As
in the model data set, the ageing tests were stopped after 5
months for security reasons. At the end of the test, the initial
capacity faded from 0.40 (C10) to 0.80 (C14), as shown in
Table III, and resistance increased from 0.67 (C10) to 4.99
(C14) SOC,.,; of 66% is found to be the most aggressive,
which confirms the previous experimental results.

Goodness of fitting is evaluated through Rsq, being the
results presented in Table III. As can be seen, AC' is accurately
estimated, with Rsq values over 0.9941. Resistance increase
prediction is also satisfactory, with Rsq values above 0.9557.
The selected T.,; leads to a very fast degradation, in which
the internal dispersion and EV ageing history of the cells may
be compounded. For example, comparing C13 and C14, with
similar initial capacity and DCIR values, they lost almost
equal capacity (0.82 and 0.80 respectively), while AR was
much greater in C13 than C14 (6.62 vs. 5.99). In view of the
accuracy results, it is concluded that the proposed model is
able to handle with this inhomogeneous ageing.

V. CONCLUSION

This contribution assesses calendar ageing behaviour of
reused cells from EVs. The need of studying degradation
to ensure technical and economic viability of SL batteries,
together with the research gap found in this field motivates
the analysis.

A total of 16 Nissan Leaf cells are experimentally aged, at
three temperatures (25, 45 and 60 °C) and four SOC levels (0,
33, 66 and 100 %). After 750 days of testing, the SOH of the
cells ranged from 72.2 % to 13 %, thereby covering a wide SL
lifetime. At a first stage, the influence of temperature and SOC
is analysed. In general, increasing these factors accelerates
degradation. The impact of temperature is found to be specially
important, with capacity fade up to 27 times greater at 60 °C
than at 25 °C, and resistance increase almost 6 times larger.
On the other hand, for a given temperature, 45 °C, SOC is
found to almost double capacity loss and resistance increase
at 100 % with respect to 0 %. Its influence is best fitted by a
polynomial expression. The degradation rates are found to be
constant over SL lifetime, being the worst ageing conditions
60 °C and 66 % of SOC. The proposed model is fitted to the
experimental results, and validated by means of four extra cells
stored at 60 °C at the different SOC levels. Validation results
show Rsq of 0.9941 in terms of capacity fade and 0.9557 in
resistance increase. The hetererogeneous ageing of the SL cells
is thus well tracked by the model.

Overall, this contribution reinforces the ageing assessment
of SL batteries, thereby contributing to their technical and
economic viability. As future lines of this work, a similar study
considering cycling ageing and its stress factors is encouraged.
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