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Abstract— Nowadays, the reuse of electric vehicle batteries
is considered to be a feasible alternative to recycling, as it allows
to benefit from their remaining energy capacity and to enlarge
their lifetime. Stationary applications, such as self-consumption
or off-grid systems support, are examples of second-life (SL)
uses for retired batteries. However, reused modules that com-
pose these batteries have heterogeneous properties, which limit
their performance. This paper aims to assess the influence of
degradation in modules from electric vehicles, covering three
main aspects: performance, capacity dispersion and extended
SL behavior. Firstly, a complete characterization of new and re-
used modules is carried out, considering three temperatures and
three discharge rates. On a second stage, intra- and inter-mod-
ule capacity dispersion is evaluated with new and reused sam-
ples. Finally, the behavior during SL is also analyzed, through
an accelerated cycling test so that the evolution of capacity and
dispersion are assessed. Experimental results show that the per-
formance of reused modules is specially undermined at low tem-
peratures and high current rates, as well as in advanced stages
of aging. The intra-module dispersion is found to be similar in
reused and new samples, while the inter-module differences are
nearly four times greater in SL.

Keywords— Electric vehicle, Energy storage, Lithium-ion bat-
tery, Renewable energy, Second-life batteries, Characterization.

I. INTRODUCTION

Environmental problems caused by fossil fuels are placing
the Electric Vehicle (EV) as an alternative for sustainable mo-
bility. As reported by the International Energy Agency, the to-
tal number of EVs in the world reached 5.1 million in 2018
[1]. According to this source, this figure will continue to rise
up to 130 million by 2030.

One of the most critical elements of EVs are their Li-ion
batteries (EVB). The performance of EVBs undermines with
aging, due to multiple factors, such as temperature, charge and
discharge current rate or voltage operation limits, inter alia.
For this reason, automotive regulations establish the end of the
useful life of EVBs when their capacity falls below 70 to 80 %
of the initial value [2], [3]. As opposed to the traditional alter-
native of recycling, discarded EVBs can be reused in other ap-
plications, thereby extending their lifetime. It is in this context
that the Second Life (SL) concept becomes relevant, being re-
lated to the post-EV use, in contrast to the so-called First Life
(FL), in which they serve as energy storage device in the EV.
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The SL of EVBs benefits from their remaining energy ca-
pacity for less demanding applications, in which power and
energy density are not as key as in EVs. This entails economic
and environmental advantages, such as a potential reduction
of up to 20 % in the upfront costs of EVs due to the salvage
value of their batteries [4], [5]. The reuse of EVBs has aroused
industrial and research interest in recent years [6]-[8]. From
the industrial point of view, the potential of SL EVBs is espe-
cially appealing for automotive companies such as Nissan [9],
BMW [10] or Daimler [11], which, in partnership with energy
companies, have built large-scale demonstrators. One of the
most promising SL applications is residential storage facilities
with photovoltaic installations [12], where FL Li-ion batteries
are normally used as storage systems [13]-[16]. In the years
to come, the SL storage market is expected to grow as a result
of the expansion of EVs, reaching 26 GWh by 2025 [17].

Nevertheless, there are still many uncertainties regarding
economic and technical viability of SL EVBs [8], [18]. In re-
cent years, research contributions have focused on their eco-
nomic [19], [20] and technical assessment considering differ-
ent SL applications, such as renewable energy integration
[21], residential demand [22] or isolated microgrids [23]. The
economic viability of reused EVBs is highly influenced by
their performance and durability. On the one hand, the perfor-
mance of a battery is determined by the internal parameters of
its cells, namely capacity and internal resistance. The initial
variability of these parameters, which is a consequence of di-
verse factors such as manufacturing processes, is aggravated
by the operating conditions of the cells, therefore increasing
during aging [24]-[26]. This heterogeneity affects the perfor-
mance of the whole battery, as they may compromise the ac-
curacy of SOC estimators [27], the requirements for power
converters [28] or even battery lifetime [29], [30]. The neces-
sity of proper characterization and adequate cell selection to
decrease the impact of heterogeneity have been stated by sev-
eral contributions as key to certify SL EVBs technical viabil-
ity [30], [31]. On the other hand, the durability of reused cells
has been suggested to be determined by the change in their
aging rate [31], [32].

The drawbacks of reused EV modules compared to their
new counterparts regarding performance and dispersion have
been identified as a relevant issue in previous research work
[33]. Other contributions have analyzed the heterogeneity of
SL batteries with laboratory-aged cells [31] or compared FL
and SL cells with different chemistries and capacities [24].
However, the analysis of real SL EVBs and their comparison
with similar brand-new homologues is seldom reported in lit-
erature. Therefore, this contribution aims to cover this gap, by
assessing the influence of degradation on new and retired
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modules from Nissan Leaf EVs through experimental proce-
dures. More precisely, it focuses on three aspects: perfor-
mance, capacity dispersion and extended SL behavior.

The paper is organized as follows: Section Il describes the
modules under analysis and the experimental procedure. Sec-
tion Il offers a detailed characterization of FL and SL mod-
ules considering three temperatures and three test currents.
From its part, Section IV presents an intra-module and inter-
module dispersion analysis for new and reused samples. Fi-
nally, Section V focuses on SL performance during aging by
means of accelerated cycling tests.

Il.  EXPERIMENTAL SETUP

A. Module description

The modules analyzed in this contribution were specially
designed for EV, in particular for the Nissan Leaf model. Each
module is composed of four pouch-type cells of manganese
oxide/graphite (LMO/C), associated in two parallel-connected
pairs in series (2s2p), as it is shown in Fig. 1a. The modules
have three terminals: positive (R), middle point (W) and neg-
ative (B). We will call in this paper superior pair and inferior
pair cells to the 2p cells connected between R and W, and be-
tween W and B respectively. Therefore, the superior pair cells
and inferior pair cells are accessible, as Fig. 1b depicts. The
main specifications of the modules are compiled in Table .

The experimental assessment of this contribution has been
carried out with 42 EV modules. On the one hand, 32 modules
came from real EV battery packs, and were discarded since
they had reached the end of their automotive useful life. The
aging history of these modules, e.g. driving mileage or oper-
ating conditions is unknown, given that the company does not
provide such information nowadays. On the other hand, 10
similar modules are brand-new and have not been tested be-
forehand. Hereafter they will be called SL and FL modules
respectively.

B. Experimental procedure description

This work assesses the impact of degradation in operation
and capacity dispersion of EV modules, as well as their be-

Fig. 1.a) Internal module scheme and b) Nissan Leaf module picture.

TABLE I. MODULE SPECIFICATIONS

Module

Nominal Voltage 75V

Maximum Voltage 8.3V

Minimum Voltage 5V

Rated Capacity 66 Ah

Length x Width x Thickness 303 mm x 223 mm x 35 mm

Mass 3.85kg

havior during SL. Therefore, three main experimental proce-
dures are carried out: characterization tests, capacity measure-
ments and cycle aging tests.

On the one hand, the influence of the current rate (C-rate)
and temperature on a FL and on a SL module is analyzed
through a detailed characterization of their electrical behavior.
For this purpose, the modules are tested on their superior pair
cells. Three testing temperatures are considered: 5°C, 25 °C
and 45 °C. The selection of these levels allows to cover a wide
range of feasible operating temperatures of SL applications
without risk of additional aging mechanisms, such as Li plat-
ing at low temperatures [34], or of thermal runaway at high
temperature values. For each temperature, three C-rates are
tested: 0.5C, 1C and 1.5C. The C-rate is defined as 66 A,
which corresponds to the rated capacity of a new module (see
Table I). The test starts with a rest period at the desired tem-
perature, so that cells reach thermal equilibrium. The cell pair
is then discharged with a Constant Current (CC) at 0.5C to the
minimum cell voltage. A set of six full cycles are then per-
formed, in such a way that the discharge C-rate is changed
every two cycles. Given the reused character of the modules,
the number of repetitions is set so that the impact of aging does
not compromise the accuracy of the characterization results.
The charging method applied is Constant Current — Constant
Voltage (CC-CV) at 0.5C, with C/30 as end current on the CV
phase. CC discharges are performed at the corresponding C-
rate to the minimum cell voltage. Note that the maximum and
minimum cell voltage are half of the values presented for a
module in Table I.

On the other hand, the capacity test consists of a sequence
of five cycles with CC-CV charges and CC discharges be-
tween the maximum and minimum cell voltages. The C-rate
on the CC phase is C/3, and the end current on the CV stage
is set to C/30. The capacity of the cell is considered as the dis-
charge capacity measurement of the fifth cycle. All the mod-
ules are tested on the superior and inferior pair cells at
25°C+1 °C.

Furthermore, a set of 6 SL modules are considered for ex-
tended cycle aging tests. The selected aging profile consists of
a sequence of full cycles with CC-CV charge and CC dis-
charge between the cell voltage limits. The CC stages are per-
formed at 1C, and the cutoff current of the CV phase is C/20.
The test is carried out in the superior pair cells at 25 °C+1 °C.

The test bench used for the experimental procedures of this
contribution is shown in Fig. 2. It consists of three battery test-
ers with 16 channels, each channel standing 5 V and 50 A, as
well as two climatic chambers with temperature range from -
30 °C to 180 °C. The voltage and current precision of the bat-
tery testers is £0.1 % of the full scale, while the climatic cham-
bers have a temperature control precision of £0.5 °C.

Climatic
chambe

Fig. 2. Test bench used for the experimental procedures.



Ill.  CHARACTERIZATION

Capacity and power fade are two consequences of battery
aging that are strongly influenced by the operating conditions.
Several factors, such as temperature, state of charge, charge
and discharge current or depth of discharge, among others,
have impact on batteries performance and aging. Specifically,
this section is focused on the influence of two of these param-
eters, namely temperature and discharge current, on a FL and
on a SL module. For this purpose, three discharge rates (0.5C,
1C and 1.5C) and three operating temperatures (5 °C, 25 °C
and 45 °C) are tested as described in Subsection I11.B. The in-
fluence of these parameters on capacity and energy efficiency
is firstly presented in this section, and on a second stage the
impact of degradation on performance under the different op-
erating conditions is analyzed. Moreover, energy and power
per mass unit are assessed in both FL and SL modules.

A. Influence of current and temperature on capacity and on
energy efficiency

As an indicator of the energy storage capabilities of a bat-
tery, capacity is a parameter of great interest regarding the in-
fluence of the operating conditions during battery lifetime.
Therefore, this subsection examines up to what extent the en-
ergy capabilities of the modules vary at various aging states
and under different temperatures and loads. From the charac-
terization test described in Subsection I1.B, capacity is meas-
ured for a given temperature and discharge current in the su-
perior cell pairs. The results obtained for the FL and the SL
module are presented in Table Il. All the capacity data are pro-
vided in Ah.

In order to compare the results in relative terms, Fig. 3 de-
picts the capacity measurements normalized with respect to
the current capacity of the superior cell pairs, measured at
25 °C and with a discharge rate of C/3 (Cye1), for the three tem-
perature levels (5 °C, 25 °C and 45 °C) and discharge current
rates (0.5C, 1C and 1.5C) tested. More precisely, the current
capacities of the superior cell pairs in the SL and the FL mod-
ules are 43.5 Ah and 64.2 Ah respectively. Both results are
lower than the rated capacity value (see Table I). Considering
the SL sample, this difference is mainly due to its EV usage
during its first life, while in the new cells the capacity fade
could be principally related to calendar aging phenomena oc-
curred since the module was manufactured.

From the experimental results, the influence of discharge
current on capacity measurements is noted to be especially rel-
evant at low temperatures and in the case of the SL module.
While at 45 °C the capacity measurements in this sample differ
3 %, at 5°C up to 18 % of variation was observed. From its
part, the FL. module shows similar data for all the tested tem-
peratures, with differences lower than 2 %. On the other hand,
temperature has greater impact at high discharge rates. Once
again, the greatest measurement variation is observed in the
SL module, with 24 % at 1.5C. As in the previous case, the
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Fig. 3. Normalized capacity depending on discharge C-rate for different
temperatures (5 °C, 25 °C and 45 °C) for a FL and a SL module.

deviations observed in the FL module are considerably lower,
up to 4 % for all the discharge rates.

As Fig. 3 shows, the lowest capacity measurement corre-
sponds to 1.5C and 5 °C for both modules. This may be due to
the reduction of electrolyte viscosity and ion transport proper-
ties associated to performance of Li-ion cells at low tempera-
tures [35], together with the decrease of accessible capacity of
a Li-ion cell as the discharge rate increases [36]. Nevertheless,
the impact on capacity differs, as the lowest value obtained in
the FL module is 95 % of Cret, whereas in the SL module it
decreases to 72 %.

When it comes to real applications, the performance of the
modules is determined not only by their capacity, but also by
their internal resistance. Therefore, other indicators, such as
energy efficiency, are used to evaluate modules operation.
With a view to deepen the characterization analysis, the im-
pact of discharge current and temperature on energy efficiency
is also discussed in this subsection. This parameter is com-
puted as the ratio between discharge and charge energy of a
given cycle under specified conditions. Fig. 4 depicts the re-
sults of energy efficiency obtained from the characterization
test described in Section Il for the three discharge currents and
temperatures under study in both modules.

As it can be seen in the figure, the influence of temperature on
energy efficiency is particularly noticeable at high discharge
currents. However, the SL module is much more affected, as
the maximum variation reported at 1.5C is 22 %, in contrast
to 5 % in the FL module. On the other hand, considering the
influence of the discharge current for a given temperature,
both modules show peak differences at 5 °C. The SL module
is once again much more affected, reaching 21 % of variation
compared to 5 % measured in the FL sample. Regarding ab-
solute values of energy efficiency, the results obtained in the

TABLE Il. CAPACITY MEASUREMENTS IN A FL AND A SL MODULE
(AH)
SL module FL module
0.5C 1C 1.5C 0.5C 1C 15C
(22A) | (66A) | (99A) | (22A) | (66A) | (99A)
5°C 38.1 36.4 31.3 62.1 61.8 61.5
25°C 42.3 41.7 41.2 63.7 63.4 63.2
45°C 42.6 41.8 41.3 64.6 64.1 63.8
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Fig. 4. Energy efficiency depending on discharge C-rate for different
temperatures (5 °C, 25 °C and 45 °C) for a FL and a SL module.




FL module range from 89 % to 97 %, while in the SL module
the efficiency varies between 70 % and 94 %. In both cases
the lowest datum is obtained at 5 °C and 1.5C.

B. Influence of degradation on module performance

Batteries operation is generally set according to voltage
limits defined by the manufacturer. Nevertheless, as battery
ages, its response to current changes varies due to the increase
of its internal resistance, an effect that is more evident at high
current rates. The reduction of the battery performance range
affects directly to the energy that it can provide. In this con-
text, this subsection analyzes the influence of temperature and
discharge current rates on the operation voltage for the FL and
SL modules. Fig. 5 shows the discharge voltage measured on
the characterization test for 0.5C, 1C and 1.5C rates for 45 °C
(Fig. 5a), 25 °C (Fig. 5b), and 5 °C (Fig. 5c) in the FL and SL
modules. The corresponding discharge capacity is plotted in
the X axis.

As it is shown in Fig. 5, the discharge voltage in the FL
module is similar for the three temperatures tested, but some
polarization effect can be observed. In a real application, this
polarization may become a significant factor, as it leads to ef-
ficiency reduction and greater thermal power dissipation. In
order to quantify this effect, the performance of the modules
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Fig. 5. Discharge voltage vs. capacity for a FL and SL modules at 0.5C,
1C and 1.5C for a) 45 °C b) 25 °C and c¢) 5 °C as test temperatures.

is compared between 1.5C and 0.5C at a typical SOC of 50 %,
so that the results are representative of other SOC levels.
Hence, the largest voltage drop is 180 mV, measured at 5 °C.
On the other hand, the lowest result, 100 mV, is observed at
45 °C. These differences are related to the internal resistance
of the module, which in Li-ion batteries is normally lower at
high temperatures. Furthermore, in all cases the voltage drop
is greater in the SL module. More precisely, results vary from
190 mV at 45 °C up to 1.02 V at 5 °C, which imply almost six
times the voltage difference measured in the FL module at this
last temperature. These findings confirm that the internal re-
sistance of a module has a greater impact in reused modules.
The discharge voltage of the SL module at 5 °C even shows a
different shape, with a greater initial slope and an intermediate
knee. The fast voltage drop measured at the beginning of the
test is due to the slower diffusion phenomena occurring at low
temperatures. After a few minutes of high-current operation,
the internal temperature of the module rises, thereby improv-
ing the ion diffusion, which leads to the measured voltage re-
covery between 20 and 35 Ah in Fig. 5c.

When it comes to real applications, the lower voltage limit
is usually raised at low temperatures for security purposes.
From the results obtained, it could be argued that this limit
would have a great impact in the energy delivered by the SL
modules at high discharge rates. For instance, if the lower
voltage limit is set to 3V, the energy provided at 1.5C and
5 °C would be 76 % lower than at 25 °C for the same current.
However, at 0.5C the reduction would be 6 %. From its part,
the FL module delivers around 3 % less energy at 5 °C than at
25 °C for both currents.

C. Specific energy and power

In addition to the power and energy capabilities of a bat-
tery, their correlation with its mass is of great interest from the
application point of view. The modules of this contribution are
especially designed for the automotive sector, so they have
high specific power and energy. However, these features are
degraded as a consequence of their FL history. Hence, this
subsection examines the impact of temperature and current on
the power and energy of FL and SL modules, evaluating data
per mass unit.

The delivered energy for a given temperature and current
is computed from the corresponding discharge measurement
of the second cycle of the characterization test described in
Section Il. By dividing this energy value by the discharge
time, the power is obtained. Both discharge energy and power
are divided by half the mass of the module, thus computing
the equivalents per mass unit. Fig. 6 depicts the experimental
results obtained for a SL and a FL module regarding power
and energy per unit mass for the three temperatures and cur-
rents tested.

As it is shown in the figure, temperature influences energy
more than power for a given discharge current. This effect is
especially noticeable at high C-rates, and it affects much more
the SL module. The maximum variations in this sample at
1.5C are 39 % in energy and 20 % in power, while in the FL
module only 8 % and 4 % of differences are observed respec-
tively. On the other hand, discharge C-Rate has greater influ-
ence in power than in energy, which is especially remarkable
at extreme currents and low temperatures. Once again, the dif-
ferences observed in terms of energy are greater in the SL
module, reaching 32 % at 5 °C, against 6 % in the FL module.
Nevertheless, the differences observed in power measure-
ments of both samples are similar, with maximum values of
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67 % and 65 % in the SL and FL module respectively. This
shows that even though the voltage response of a cell is likely
to change with aging, capacity loss has a greater impact on the
performance of degraded cells. Therefore, the differences in
the energy capabilities between new and reused modules are
greater than in terms of power.

Comparing the performance of both modules, the maxi-
mum differences are related to high currents and low temper-
atures. More precisely, the SL module has a specific energy
and power loss of 58 % and 19 % respectively compared to
the FL module. This result is consistent with the variations in
capacity measurements observed in Section I1I.A. Neverthe-
less, it should be noted that the applications considered for re-
used modules are usually stationary, and therefore the conse-
quences of these differences are not critical.

IV. DISPERSION ANALYSIS

Even though the withdrawn limit for EVBs is 70 % to
80 % of their initial capacity, the real values of this parameter
at the beginning of their SL may differ due to the different
aging trends. Quantifying this heterogeneity becomes key at
the reconfiguration stage, where economic and technical bal-
ance determines the reassemble at cell or module level. This
section is thus focused on the analysis of capacity dispersion
on 32 SL modules and 10 FL modules from Nissan Leaf EVs.
The internal dispersion (intra-module) of the module is first
presented and, in a second step, the dispersion among modules
(inter-module) is evaluated. All the capacity measurements
are carried out according to the capacity test described in Sec-
tion I1.

A. Intra-module dispersion

The quantification of the internal dispersion of retired
modules allows to determine to what extent disassemble is
worthwhile, given the complexity and cost of this procedure.
This subsection aims to assess experimentally the internal dis-
persion in terms of capacity of the Nissan Leaf modules, both
in FL and SL.

As explained in Section Il, each module consists of four
cells in a 2s2p assembly and has three external terminals (see
Fig. 1). The capacity test is carried out in both 2p superior cells
and 2p inferior cells. Fig. 7a shows the capacity measurements
of the superior and inferior cells on the 32 SL modules,
whereas Fig. 7b represents the absolute capacity differences
between superior (Cs) and inferior (C;) cells normalized by the
average capacity of each module (Cn). The maximum intra-
module difference is 1.5 Ah, measured in module 28, which

implies 3.4 % of variation with respect to its average capacity.
Conversely, the lowest difference observed corresponds to
0.05 % in module 32.

On the other hand, Fig. 8 presents the existing dispersion
on 10 FL modules. Fig. 8a shows superior and inferior cells
capacity of each tested module, and Fig. 8b plots absolute ca-
pacity differences between superior and inferior cells, with re-
spect to each module average capacity. The greatest differ-
ences are observed in module 5, with a difference with respect
to the mean capacity of 2.3 %. The lowest difference, less than
0.01 %, is observed in module 6, in which superior and infe-
rior cells capacities are almost equal.

From the experimental measurements of this subsection, it
can be stated that even if the cells that constitute a module are
not identical, their differences are not significant. Hence, the
position inside the module does not influence the aging history
of the cells. Moreover, given the high cost of modules disas-
sembling, this heterogeneity is considered to be assumable on
the SL batteries reconfigured from these modules.

B. Inter-module dispersion

Another SL reconfiguration option is reassembling at
module level. Since this alternative is more complex and ex-
pensive than the direct usage of battery packs, the quantifica-
tion of the existing differences between modules is also inter-
esting for the remanufacturing agents. In this context, this sub-
section compares the capacity data of 32 SL and 10 FL mod-
ules, so that the inter-module dispersion is defined. Given that
the superior and inferior cell pairs are associated in series,
module capacity will be defined as the lowest capacity value
of both pairs, according to data presented in the previous sub-
section.
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Fig. 7.a) Capacity measurements on superior and inferior cells and b)
capacity differences between superior and inferior cells of 32 Nissan
Leaf SL battery modules respect to the average capacity of the module.
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Hence, Fig. 9 shows the capacity data of 32 SL modules.
The average capacity value is 44.4 Ah, which corresponds to
68 % with respect to the rated capacity of these samples. The
maximum and minimum capacity values are 47 Ah and
42 Ah, which implies a total difference of 11.3 % of the aver-
age capacity. On the other hand, the capacity obtained on 10
FL Nissan Leaf modules is plotted in Fig. 10. The average ca-
pacity of these samples is 63.4 Ah, and the extreme values are
64.5 Ahand 62.6 Ah. The range is hence 3.0 % of the average
capacity. From the results obtained, it can be stated that the
aging history of the modules in the EV affects greatly the ini-
tial state of their SL, and a proper characterization is thus nec-
essary at the reconfiguration state.

C. FL and SL batteries comparison

As previously reported, cell and module dispersion has a
negative impact on battery performance. Given that reconfig-
uration processes are usually expensive and complex, it is im-
portant to compare new and reused modules, so that technical
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Fig. 9. Capacity of 32 Nissan Leaf SL battery modules.

N N =)
B W [*)}
T T
I I

(o] (o))
[\ (O8]
T T

*
1 !

Capacity (Ah)
*
*

[=)}
—
T

*  capacity | T
—— mean
SD

1 2 3 4 5 6 7 8 9 10
Module

D
(=]
T
L

(9,
=]

Fig. 10. Capacity of 10 Nissan Leaf FL battery modules.

limits and degradation effects can be distinguished. This sub-
section thus contrasts the impact of dispersion in FL and SL
modules, being the main results presented in Table I11.

Considering intra-module dispersion, its value is com-
puted as the difference between superior and inferior cells
with respect to the mean capacity of the module. Mean differ-
ence (Dmean), maximum difference (Dmax) and minimum dif-
ference (Dmin) On the FL and SL modules are also presented.
As it can be seen in the table, intra-module data are similar in
FL and SL, with a Dmean 0f 0.93 % and 0.99 % respectively.
Maximum dispersion is slightly greater on the SL modules
(3.39 %) with respect to the FL samples (2.27 %). These
greater differences in SL modules could be related to unequal
cell balancing processes during their usage in EVs.

On the other hand, in order to analyze the inter-module
dispersion, mean capacity (Cmean), Standard deviation (SD),
coefficient of variation (CV, CV=SD/Crean) and range are
computed, this last one as the difference between maximum
and minimum capacity with respect to average capacity. Ta-
ble 111 shows these values computed for FL and SL modules.
As it can be observed, the inter-module dispersion between the
SL samples is greater, with a difference of 11.3 %, while the
FL modules differ by 3.0 % among them. In this case, the EV
usage could be determinant for the variations observed be-
tween new and reused modules. Environmental and usage dif-
ferences among battery packs, as well as balancing variations
could contribute to uneven aging rates of the modules, which
result in a greater dispersion at the beginning of their SL.

In the light of these results, it can be argued that it is not
worthwhile to disassemble the modules at cell level, given that

TABLE Ill. FL AND SL MODULES DISPERSION

SL modules FL modules
Intra-module dispersion
Dmean (%) 0.99 0.93
Dmax (%) 3.39 2.27
Dmin (%) 0.05 0.03
Inter-module dispersion
Crmean (Ah) 44.4 63.4
SD (Ah) 1.12 0.58
CV (%) 2.52 0.91
Range (Ah) 5.04 1.92
Range /Cmean (%) 11.3 3.0




the dispersion observed is similar in SL and new modules. The
high cost of this procedure supports this hypothesis, leading
therefore to the acceptance of this heterogeneity in the config-
uration of battery packs with both FL and SL modules. Con-
versely, in terms of inter-module analysis, capacity dispersion
is nearly four times greater in reused modules than in new
samples. The reconfiguration at module level is thus sug-
gested to be a good option for SL batteries. Otherwise, the ex-
isting dispersion will affect negatively the performance of SL
batteries if there is a random selection of modules. Moreover,
the impact of these inhomogeneities will lead to the reduction
of the economic viability on SL modules reutilization. Note
that this analysis has been carried out in modules of a specific
EV model, and general conclusions should be therefore care-
fully considered.

V.  AGING ANALYSIS

As discussed in previous sections, the performance of SL
modules is much more influenced by the operating conditions
than in FL. Moreover, the capacity dispersion among modules
is greater. Given the importance of assessing the technical per-
formance of SL batteries, this section aims to deepen the aging
analysis. For this purpose, 6 SL modules are cycled under the
accelerated profile described in Section Il. In order to extend
previous conclusions of this contribution, the evolution of ca-
pacity and energy efficiency with time and the impact of aging
on the SL performance will be examined, as well as the pro-
gression of dispersion.

A. Capacity evolution

As noted above, capacity measurements in SL modules are
highly influenced by the operating conditions. Therefore, it is
of great interest to assess the evolution of this parameter dur-
ing SL. In this context, this subsection focuses on the experi-
mental measurements of capacity under a prolonged aging
test. Fig. 11 depicts the capacity measurements on the 6 SL
modules under accelerated aging at 25 °C and 1C as charge
and discharge rate. The results are referred to the rated capac-
ity of the modules (Cy). The number of cycles in the SL test is
plotted in the X axis.

As it can be seen in the figure, capacity decreases with a linear
trend in the initial stages of aging, which is consistent with the
FL evolution reported from real Nissan Leaf data [37]. Note
that the operating conditions in EVs and in the SL test of this
contribution are different, and therefore the slopes of the linear
stage could vary. The main aging mechanism associated to
this linear capacity fade is the growth of the solid electrolyte
interphase in the anode and the consequent loss of active Li
[38], [39]. Moreover, the specific chemistry of the LMO cells
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Fig. 11. Evolution of capacity vs. cycle number on 6 SL module under
cycling aging with discharge rate of 1C at 25 °C.

entails degradation mechanisms such as Mn dissolution into
the electrolyte [40], [41] or structural changes due to Jahn-
Teller distortion [42], [43], both contributing to capacity fade
and impedance increase, thereby reducing the performance of
the cells.

Conversely, in advanced stages of the test, five out of the six
SL modules experience a sudden decrease of capacity, which
becomes nonlinear. This shift of trend is generally related to a
change in the main aging mechanisms of the cells. Accelerated
capacity loss is associated to several causes, such as the reduc-
tion of ion kinetics [39], [44], the loss of anode active material
[39], [44], the increase of impedance in the positive electrode
[45], or the deposition of metallic Li [34], [44], [46]. The op-
eration in this area entails safety risks such as internal short-
circuits [47]. Thus, SL performance in real applications should
be restricted to the linear part, and recent research contribu-
tions have suggested this turning point to determine the end of
SL batteries lifetime [31], [32]. For the modules tested, this
would correspond to 1875 to 2500 cycles. Nevertheless, one
of the samples, M2, continues with a linear capacity fade trend
after 3850 cycles. Even though this sample had one of the low-
est capacities at the beginning of the test, it has shown the best
results in terms of durability. The prediction of similar
lifespan levels would be of great interest regarding the recon-
figuration of reused modules, since it would reinforce the
technical and economic viability of SL batteries. Therefore,
other characterization techniques that deepen in the aging
state, such as Incremental Capacity Analysis [25], could be
considered for SL batteries. Note that the aging test is carried
out under specific conditions and in a controlled environment,
hence the extrapolation to a real SL application must be care-
fully considered.

B. Energy efficiency evolution

Being an indicator of the real performance of the module,
energy efficiency is an interesting parameter to analyse in
terms of aging. Therefore, this subsection aims to assess its
evolution at different aging stages. For a given cycle, the en-
ergy efficiency is computed as explained in Section Ill. Fig.
12 shows the results from the measurements at 25 °C and 1C
on the 6 SL modules. The X axis plots the total number of
cycles.

During their aging, as it can be seen in the figure, the mod-
ules present different efficiency fade rates. On the one hand,
on the early stages there is a limited efficiency loss. More pre-
cisely, the average value of this parameter decreases 3 % after
around 1500 cycles of SL test. This trend is accelerated be-
tween roughly 1500 and 2000 cycles, where 3 % average effi-
ciency loss is measured. The latter part of the test shows the
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Fig. 12. Energy efficiency vs. cycle number on 6 SL modules under
cycling aging with discharge rate of 1C at 25 °C.



greatest efficiency fade, with an average of 22 % between ap-
proximately 2000 and 2500 cycles. This is related with the ac-
celeration of capacity fade rate, which, as shown in Fig. 11,
occurs after between 1875 to 2500 test cycles. It should be
considered that this analysis is performed at 1C and with 25 °C
as test temperature. Given the influence of temperature and
current observed in Section I11.A, the consequences of degra-
dation in energy efficiency are expected to be much worse at
lower temperatures

C. Influence of aging on module performance

The behavior of FL and SL modules under given operating
conditions differs, as it is shown in Fig. 5. Besides having
greater voltage drops, the SL module may also present a dif-
ferent voltage shape at low temperatures and high currents as
a result of degradation. Given that voltage is usually chosen as
a performance limit in real applications, this subsection is fo-
cused on the evolution of this parameter with aging. Fig. 13
plots the discharge voltage measured on one of the SL mod-
ules (M1) at different stages of aging versus the corresponding
capacity measurements at these points.

As it can be observed, the voltage shape is similar at nearly all
phases of aging, except at 2500 cycles. This general trend is
similar to the one observed in Fig. 5 for the FL and SL module
under the same operating conditions. Nevertheless, when it
comes to advanced aging stages, such as the 2500 cycle meas-
urement, voltage decreases with a greater slope and the mod-
ule suffers an important capacity fade. This point occurs after
the change of trend in capacity. Therefore, it can be stated that
advanced degradation states affect negatively the performance
of the module.

Assuming a real SL application with 3V as cell cut-off
discharge voltage, the energy delivered at 2500 cycles would
be 59 % lower than at 2000 cycles. Note that, from the behav-
iour observed in Fig. 5, the response of the SL module at low
temperatures is much worse than at 25°C, so the conse-
quences of degradation in advanced stages of aging would be
more severe.

D. Dispersion analysis during aging

Reused modules have greater inter-module heterogeneity
than their fresh homologues, as discussed in Section 1V. Given
the importance of dispersion in real applications, this subsec-
tion aims to compare the evolution of the aging rates during
SL. For this purpose, the aging data of the six SL modules are
contrasted, and the inter-module dispersion in capacity is eval-
uated every 500 cycles. Table IV presents the main results of
the analysis. Note that the tests are stopped in five of the mod-
ules after between 2250 and 2900 cycles, being thus 2500 the
last point analyzed.

Cycle 1
Cycle 500
Cycle 1000

Cycle 1500 L,
Cycle 2000 | |
Cycle 2500

5 10 15 20 25 30 35 40 45
Capacity (Ah)
Fig. 13. Discharge voltage vs. capacity for different cycle numbers of a
SL module under cycling aging with discharge rate of 1C at 25 °C.

TABLE IV. SL INTER-MODULE DISPERSION DURING AGIING

Cycle number 0 500 | 1000 | 1500 | 2000 | 2500
Cmean (Ah) 441 | 419 | 389 | 363 | 326 | 26.0
SD (Ah) 207 | 232 | 206 | 1.89 | 211 | 4.78

CV (%) 471 | 553 | 530 | 521 | 6.49 | 10.44
Range (Ah) 557 | 693 | 6.17 | 554 | 5.60 | 18.41
Range /Cmean (%) | 12.6 | 16.5 | 158 | 153 | 17.2 | 40.2

As it can be seen in the table, the capacity dispersion be-
tween modules undergoes an initial increase up to 16.5 % after
500 cycles, which could be related to the differences in per-
formance after a resting period from their extraction from the
EVs to the beginning of the SL test. On a second stage, capac-
ity dispersion remains stable during 1500 cycles. This would
correspond to a homogeneous capacity fade trend in all the
modules, which, according to Fig. 11, is associated with the
linear part of the capacity curve. Finally, in the latter stages of
the aging test, an increase of capacity dispersion up to 40 % is
observed. This increase corresponds to the change of trend in
capacity, which was detected in five out of the six SL modules
tested after between 1875 and 2550 cycles. Note that M3
reached the end of test after 2250 cycles and therefore it is not
considered in the dispersion analysis at this last point.

All in all, regarding the inter-module dispersion analysis
presented in Table 1V, it can be stated that dispersion is aggra-
vated in SL especially after the capacity fade change of trend.
Given that capacity differences are similar during most of the
SL test, the adequate selection of modules with similar capac-
ity values at the reconfiguration stage would be highly advis-
able.

VI. CONCLUSION

This paper presents an experimental technical assessment
of new and reused modules from the Nissan Leaf EV. The
analysis covers three main aspects: performance, capacity dis-
persion and extended SL behavior.

Regarding performance, characterization test results show
that temperature has greater influence than discharge current
on capacity measurements of SL modules. Compared to
similar measures in new modules, temperature is found to
have six times more impact in SL, while the influence of
discharge current is up to nine times greater. Conversely, both
current and temperature have similar impact in energy
efficiency measurements of SL modules, which is more than
four times greater than in FL. The impact of module
degradation on its performance is found to be especially
important at high currents and low temperatures, which would
entail up to 76 % of energy loss in a real application scenario.
Therefore, we encourage the revision of the operation limits
of SL batteries for each chemistry and technology. For the
modules under test, we would strongly recommend operation
temperatures around 25 °C, and the limitation of upper current
ranges if low operation temperatures were expected.

In what capacity dispersion concerns, the study is carried
out with 32 SL and 10 FL modules. The analysis is firstly re-
ferred to the existing dispersion inside the modules (intra-
module) and, in a second step, to the differences among mod-
ules (inter-module). Results show that the intra-module dis-
persion is similar and not significant in both module types. By
contrast, the inter-module variations observed are almost four



times greater in SL modules. The reconfiguration at module
level is thus suggested for Nissan Leaf battery packs, so that
the impact of dispersion in the reconfigured battery can be
damped. Thereby, SL battery lifetime would be enhanced, en-
suring their economic viability.

The third main contribution of this paper is the experi-
mental assessment of second-life aging, by evaluating perfor-
mance and dispersion of 6 reused modules. Under an acceler-
ated cycling profile at 25 °C and 1C, capacity initially fades
with a linear trend, and in a second stage with an accelerated
loss rate. The impact of degradation in this latter stage of aging
is also observed in energy efficiency, voltage shape and dis-
persion. The results obtained in this test, together with the
safety risks reported in literature, discourage the operation of
SL modules once they suffer accelerated degradation. Never-
theless, we can state that SL modules operate successfully be-
low the 80 % capacity limit of automotive standards. The great
differences observed in the number of cycles performed be-
fore the turning point in the aging rate are a promising result
for the viability of these batteries, as well as a challenge to
identify this shift in real applications.

All in all, this contribution highlights that the correct use
of retired modules from EVs to reconfigure SL batteries re-
quires an adequate characterization. The main reasons are
their significantly different behaviour with respect to new
modules and the greater dispersion among them. Moreover,
the performance of these modules is confirmed to be strongly
degraded at latter stages of aging. Given the current challenges
when it comes to assess SL EVBs behavior, a tracking of the
operating conditions during their automotive use is highly en-
couraged. The technical potential of reused modules should be
accompanied by significantly lower costs than new batteries,
so that their integration in stationary applications will become
a reality.
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