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Abstract— Nowadays, electric vehicle batteries reutilization is considered such as a feasible alternative to
recycling, as it allows to benefit from their remaining energy and to enlarge their lifetime. Stationary
applications as self-consumption or isolated systems support are examples of possible second life uses for these
batteries. However, the modules that compose these batteries have very heterogeneous properties, and therefore
condition their performance. This paper aims to characterize and analyze the existing capacity dispersion of
Nissan Leaf modules that have reached the end of their lifetime on their original application and of new modules
of this Electric Vehicle, in order to establish a comparison between them.
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[. INTRODUCTION

Environmental problems caused by fossil fuels are placing the Electric Vehicle (EV) as an alternative for
sustainable mobility. As reported by the International Energy Agency, in 2017 the total number of EVs in
the world reached 3.1 million [1]. According to this source, the figure will continue to grow until 1.2 billion
by 2060.

One of the most critical elements of EVs are their lithium-ion batteries. The performance of these
batteries undermines with ageing, due to multiple factors, such as temperature, charge and discharge current
rate or voltage operation limits, inter alia. For this reason, several regulations establish the end of their useful
life when their capacity reaches an 80% of its initial value [2]. Nevertheless, some authors question this limit,
and consider it overly conservative [3-4]. In this context, the first Nissan Leaf EVs were introduced in Japan
and USA in 2011. According to their manufacturer, after 8 years their capacity is considered to have attained
the 80% threshold [5]. Thus, the time has come for numerous batteries from these EVs to be withdrawn.

Being an important part of the EVs price, batteries reutilization emerges as a cost reduction alternative
against other solutions as recycling. As reported by several authors, the salvage value of EVs batteries can
lead to a reduction of their upfront costs up to a 20% [6,7]. It is in this background that the Second Life (SL)
term appears, related to the post-EV use, in contrast to the so-called First Life (FL), in which they serve as
energy storage device on the EV. The SL benefits from the remaining energy for less demanding
applications, in which power and energy density are not as key as in EVs. There exist several examples of
FL lithium-ion batteries used as storage systems on renewable energies applications [8-12]. In the case of
SL batteries, one of the most promising uses is energy storage on residential photovoltaic installations [13].
Moreover, in the recent years, several OEM have supported demonstration projects with SL batteries [14-
16]. According to a report study by Bloomberg New Energy Finance, by 2025, 95GWh will be available
from EVs batteries and the SL market for stationary storage could reach 26 GWh [17].

Today, there are many uncertainties with regard to economic viability on EV batteries reutilization [18,
19]. In principle, the cost of the SL batteries should be significantly lower than that of the new ones. The
main drawbacks of SL with respect to FL batteries are their lower energy and power capacity, as well as their
heterogeneity [4]. However, appropriate sizing, adapted to the specific SL application, can overcome
limitations due to capacity and power fade. Furthermore, cells heterogeneity can be palliated with adequate
association, and with specific control strategies, implemented in both Battery Management System (BMS)
and power electronics converters, which are used to power conditioning [4].

Battery packs from EVs consist normally of series and/or parallel connected modules, in such a way that
the desired voltage and capacity are achieved. These modules contain, in turn, series and/or parallel
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connected cells. In order to attain an adequate association, it is necessary to know the main characteristics of
each cell or module that will be part of the SL battery pack, in particular their capacity, internal resistance
and state of health. Cell or module associations with very different capacities and resistances can negatively
affect the SL battery packs performance. For instance, there can be imprecisions on the calculations of the
state of health algorithms [20]. Additionally, battery packs lifetime and therefore their economic viability
will be considerably reduced. Moreover, the equalization processes required for the correct battery pack
operation will be more frequent and longer, even perturbing its normal performance and efficiency. Finally,
the underuse of some of the battery modules will undermine its energy and power density.

Considering the drawbacks of heterogeneous cells or modules association, this paper suggests the
necessity of determining the dispersion of modules and/or cells previously used in EV. In addition, it stresses
the need for cells and/or modules characterization, in order to have a successful association on SL battery
packs. Consequently, the paper aims to analyze lithium-ion SL cells dispersion inside the module (intra-
module) and between modules (inter-module), as well as to compare this dispersion with FL. modules. For
this purpose, the work is presented as follows: Section II describes the modules analyzed and the
experimental procedure. Section III offers a detailed characterization of the modules and finally Section IV
presents an intra-module and inter-module dispersion analysis for FL and SL modules, evaluating the
difference of using FL or SL modules for battery pack assembling.

II.  EXPERIMENTAL SETUP

A. Module description

The modules analyzed on this article were specially designed for EV, in particular for the Nissan Leaf
model, and consist of manganese oxide/graphite (LMO/C) cells. Each module is composed of four pouch
type cells, associated in two parallel-connected pairs in series (2s2p) [21]. The internal scheme of the
modules is presented in Fig. la. The modules have three terminals: positive (R), middle point (W) and
negative (B). Therefore, the superior pair cells and inferior pair cells are accessible, as it is shown in Fig. 1b.
Table I presents module specifications.

The experimental study of this article has been carried out with 42 modules. 10 of which are of first life
and the other 32 are of second life, hereafter called FL and SL modules respectively.

B. Experimental procedure description

The capacity test carried out consists of a sequence of five cycles of full constant current (CC)-constant
voltage (CV) charges until the maximum cell voltage and CC discharges until the minimum cell voltage.
The current rate (C-Rate) on the CC phase is C/3, and the end current on the CV phase is set to C/30. C has
been considered as 66 A, value which corresponds to the rated capacity of the module (see Table I) in current
units. Cell capacity is measured as the discharge capacity of the fifth cycle. All the modules are tested on the
superior terminals (superior cells) and on the inferior terminals (inferior cells) at 25 °C+1 °C.

Furthermore, the influence of current rate and temperature on a FL module and on a SL module is
analyzed through a detailed characterization of their electrical behavior. For this purpose, several charge-
discharge cycles are done at 5 °C, 25 °C and 45 °C, varying the discharge current each two cycles. This way,
three current rates are tested: 0.5C, 1C and 1.5C. The test starts by setting the climatic chamber to the desired
temperature. After, a two hours rest is set, so that cells reach thermal equilibrium. The cell is fully charged
with the CC-CV method until the maximum cell voltage at 0.5C, with C/30 as end current on the CV phase.
Discharges are CC until minimum voltage cell with the corresponding current rate.

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



TABLE 1. MODULE SPECIFICATIONS

Module
Nominal Voltage 75V
Maximum Voltage 83V
Minimum Voltage 5V
Rated Capacity 66 Ah
Length x Width x Thickness 303 mm x 223 mm x35 mm
Mass 3.85kg

Fig. 2 shows the test bench used for the module characterization experiments. The test bench is formed
by three Battery Testers, each of them having 16 channels which stand 5 V and 50 A, and a voltage and
current precision of +0.1% of the full scale in both cases. Moreover, two climatic chambers are part of the
test bench, each of them having a temperature control precision of £0.5 °C.

III. CHARACTERIZATION

Capacity and power fade are two consequences of battery ageing which are strongly influenced by
operating conditions. Several factors such as temperature, State of Charge (SOC), charge and discharge
current and depth of discharge (DOD)), etc. have great impact on batteries performance and aging. Therefore,
in this section the influence of two of these parameters, temperature and discharge current, is analyzed on a
FL module and on a SL module. Three discharge C-Rates (0.5C, 1C and 1.5C) and three operation
temperatures (5 °C, 25 °C and 45 °C) are tested. First, the influence of these parameters on capacity is studied,
and the impact of module degradation on their performance is subsequently analyzed for the different
operating conditions tested.

A. Influence of current and temperature on capacity measurements

In this subsection, the impact of discharge current and temperature on capacity measurement is evaluated.
Table II shows directly the capacity measurements obtained on the characterization test for the different
temperatures and discharge currents. All the capacity data are in Ah.

Fig. 3 shows the results obtained according to the capacity test described in Section II, normalized with
respect to the nominal capacity of the module (C,), for the three temperature levels (5 °C, 25 °C y 45 °C) and
the three discharge current rates (0.5C, 1C y 1.5C) tested for the FL and the SL modules. Nominal capacity
is measured at 25 °C with a discharge current rate of C/3, obtaining 43.5 Ah and 64.2 Ah for the SL and FL
modules respectively.

On the other hand, it is observed that the influence of discharge current on capacity measurements for a
given temperature is especially important at 5 °C. While at 45 °C a maximum variation of 2.6% is obtained
for the SL module, at 5 °C, values differ up to a 17.8%. The lowest result corresponds to 5 °C, with a 1.4%
as maximum variation. As in the previous case, FL module values obtained are similar for all the tested
temperatures, with a 0.8% for 25 °C, a 1.1% for 45 °C and a 1.3% in the case of 5 °C.
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Fig. 2. Test bench used for module characterization.



TABLE II. CAPACITY MEASUREMENTS ON FL AND SL MODULES (AH)

SL module FL module

0.5C 1C 1.5C 0.5C 1C 1.5C
224) | (664) | (994) | (224) | (664) | (994)

5°C 38.1 36.4 31.3 62.1 61.8 61.5

25 °C 423 41.7 41.2 63.7 63.4 63.2

45 °C 42.6 41.8 413 64.6 64.1 63.8
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Fig. 3. Normalized capacity depending on discharge C-Rate for different temperatures (5 °C, 25 °C y 45 °C) for SL and FL module.

Moreover, as Fig. 3 shows, the worst capacity datum obtained corresponds to a discharge rate of 1.5C at
a test temperature of 5 °C for both modules. Nevertheless, the impact on capacity measurement differs. In
the case of the FL module, the lowest value is a 95% of the normalized capacity, whereas on the SL module
the differences are more significant, resulting in a value of around a 72% of capacity for high discharge
currents.

B. Influence of degradation on module performance

Batteries operation is generally set according to voltage limits defined by the manufacturer. Nevertheless,
as they age, the battery 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 subsection the influence of temperature and discharge current rates on the operation voltage are
analyzed for the FL and the SL modules. In general, performance differences on both module types are more
marked at high currents. As an example, Fig. 4 shows the discharge voltage depending on the DOD (100-
SOC) of the module, with a discharge current rate of 1.5C, of a FL. module (Fig. 4a) and a SL module (Fig.
4b), and for the three test temperatures (5 °C, 25 °C y 45 °C). The DOD is computed with reference to the
nominal capacity value of each module. As Fig. 4 plots, there is hardly any difference for the test
temperatures in the FL module, as at the end of discharge voltage (5 V) the DOD is always over a 95%.
However, for the SL module, the DOD is barely a 72% for low temperatures. This effect is compounded if
the lower voltage limit is raised at low temperatures, as it is usually the case in some applications for security
purposes. For instance, if the lower voltage limit is set to 6 V, only a 21% of the DOD will be obtained for
the SL module.

Another remarkable aspect is the discharge voltage shape depending on test temperature and current. As
Fig. 4b shows, at a discharge rate of 1.5C and 5 °C the SL module voltage presents a different shape from
that of the FL module (Fig. 4a).
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Fig. 4. Discharge voltage at 1.5C of a) FL module and b) a SL module for 5 °C, 25 °C and 45 °C as test temperatures.

The internal resistance value of a module influences its voltage response to current steps. This resistance
increases with aging, and therefore it is possible to see that the voltage drop at high temperatures is greater
in the SL module than in the FL module, though their shape is similar in both cases. This is not the case at
5 °C, where in the FL. module there is the same tendency at all temperatures, while in the SL module the
slope is greater and there is an intermediate knee. This behaviour is not observed in the rest of tested currents.

These operating voltage variations, along with the capacity decrease, have a direct impact on the energy
delivered by the module. Analyzing energy variations for a given temperature depending on the C-Rate, the
most significant difference is obtained at 5 °C, with a 25.6% of difference in the SL module between the
maximum (1.5C) and the minimum (0.5C) test currents. By contrast, at 45 °C the maximum difference
decreases to a 5.6% for this module. Once again, the impact on the FL module is considerably lower, with a
maximum variation of 2% at 5 °C between the tested C-Rates. In terms of energy, comparing with the value
obtained at 25 °C with 5V as end of discharge voltage, the available energy on the FL module is slightly
reduced to a 94%, whereas on the SL module it falls to 65% for high currents and low temperatures.

IV. DISPERSION ANALYSIS

In this section, an analysis of capacity dispersion on 32 SL modules and 10 FL modules of the Nissan
Leafis carried out. First, the internal dispersion (intra-module) of the module and in a second step the existing
dispersion between modules (inter-module) are evaluated. Module capacity is measured according to the
capacity test described in Section I1.

A. Intra-module dispersion

As explained in Section II, each module consists of four cells in a 2s2p assembling, and has three external
terminals (see Fig. 1). Capacity test is carried out in both 2p superior cells and 2p inferior cells. Fig. 5a shows
the capacity obtained for the superior and inferior cells of the 32 SL modules, whereas Fig. S5b represents the
capacity differences between superior (Cy) and inferior (C;) cells with respect to the mean capacity of each
module (C,,). The modules with greater differences between superior and inferior cells are module 28, with
1.5 Ah, and module 16, with 1.2 Ah. These differences with respect to the mean capacity of each module
imply a variation of a 3.39% and a 2.79% respectively. The lowest differences correspond to module 32,
with a 0.05% and module 2, with a 0.11% with respect to their mean capacities.

Fig. 6 presents the existing dispersion on 10 FL modules. Fig. 6a shows superior and inferior cells
capacity of each tested modules, and Fig. 6b plots capacity differences between superior and inferior cells,
with respect to each module mean capacity. In module 5, superior cells capacity is 62.5 Ah, over 63.9 Ah of
the inferior cells, being this the greatest difference with respect to the mean capacity of the 10 FL tested
modules, with a 2.27%. The lowest difference is that of module 6, in which superior and inferior cells have
practically the same capacity.



Although the intra-module dispersion exists, it is not considerably important on the FL and SL modules.
Moreover, since the cost of modules disassembling is not assumable, this heterogeneity is considered to be
maintained on the battery packs assembled from these modules.

B. Inter-module dispersion

In this subsection, the capacity measured on the tested modules is compared among them, defining the
existing dispersion. Fig. 7 shows the capacity of the 32 SL modules. The mean capacity value is 44.4 Ah,
which corresponds to a 68% with respect to the nominal capacity of a FL. module. The maximum capacity
value is 47 Ah and the minimum 42 Ah, which correspond to modules 32 and 7 respectively. This implies a
total difference of 5 Ah, which is equivalent to an 11% of the mean capacity.
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Fig. 5. a) Capacity of superior and inferior lithium ion cells and b) capacity differences between superior and inferior cells of 32
Nissan Leaf SL battery modules respect to mean capacity of the module.
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Fig. 6. a) Lithium-ion superior and inferior cells capacity and b) capacity differences between superior and inferior cells of 10 Nissan
Leaf FL battery modules with respect to the mean capacity of the module.

48

L o L e o e e e e e e O e e
%  capacity
a7 L mean *
sb
% | * *% J
*
= 4 1 hi
L | x* * ykdRi |
> ¥
-§ 44 L il ** T *
g * * * * ¥ *** %*
¢} *
43 [ * * 4
42 | * 4
7 I T S T T O T Y T S Y T T S Y N

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Module

Fig. 7. Capacity of 32 Nissan Leaf SL battery modules.

Fig. 8 plots the capacity measured on 10 FL Nissan Leaf modules. The mean capacity of these modules
is 63.4 Ah, with a maximum value of 64.5 Ah from module 7 and a minimum value of 62.6 Ah from module
6. The maximum difference is hence 1.9 Ah, which corresponds to a 3% with respect to the mean capacity.

C. FL and SL batteries comparison

Table III presents the results of both intra-module and inter-module dispersion analysis for FL and SL
modules. Regarding intra-module dispersion, it is computed as the difference between superior and inferior
cells with respect to the mean capacity of the module. Mean difference (Duean), maximum difference (Duax)
and minimum difference (D) on the FL and SL modules are presented. Intra-module data are similar
between FL and SL, with a Dysean 0f 0.93% and a 0.99% respectively. Maximum dispersion is slightly greater
on the SL modules (3.39%) with respect to the FL (2.27%). As the cost of cells disassembling is high, this
dispersion has to be assumed in the formation of battery packs with both FL and SL modules.
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Fig. 8. Capacity of 10 Nissan Leaf FL battery modules.

TABLE III. FL AND SL MODULES DISPERSION

SL modules FL modules

Intra-module dispersion

Dimean (%) 0.99 0.93
Dmax (%) 3.39 2.27
Dimin (%) 0.05 0.03

Inter-module dispersion

Cmean (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%




In order to analyze the inter-module dispersion, mean capacity (Cyear), standard deviation (SD),
coefficient of variation (CV, CV=SD/Cye.n) and range are computed, this last one as the difference between
maximum and minimum capacity with respect to mean capacity. Table III shows these values computed for
FL and SL modules. A significant dispersion is obtained in the case of SL modules, with a difference of
11.3%. However, for the FL modules this dispersion is considerably lower, namely of a 3%.

Consequently, in the case of the assembly of battery packs with SL modules, capacity dispersion will
affect negatively their performance if there is a random selection of modules. Moreover, the impact of this
dispersion will lead to the reduction of the economic viability on SL modules reutilization.

V. CONCLUSION

This paper presents a detailed capacity characterization and a dispersion analysis centered on FL and SL
Nissan Leaf modules.

Regarding characterization, temperature and discharge current have different impact on FL and SL
modules. While capacity variation on FL module due to temperature for a given current is always lower
than a 4%, on the SL module it increases up to a 24% for high currents and low temperatures. On the other
hand, for a given temperature, capacity variations lower than a 1.5% are obtained on the FL module. This
value raises up to a 17.8% in the case of low temperatures and high currents on the SL module. Another
considered aspect is the impact of module degradation on its performance. In the FL module, the voltage
shape is similar in all cases whereas in the

SL module there are important differences at high currents and low temperatures. Because of these
differences, the module arrives to the end of discharge voltage at only a 72% of its DOD.

In what dispersion analysis concerns, two levels are considered. First, it is referred to the existing
dispersion inside the modules (intra-module), and in a second step with regard to the differences between
modules (inter-module). For this purpose, 42 modules have been tested, 32 SL and 10 FL. Results show that
there is not a significant intra-module dispersion neither in FL nor in SL modules. By contrast, in the case of
the inter-module comparison, dispersion values observed are significantly higher in SL modules, with
differences over an 11%, whereas in FL modules the maximum corresponds to a 3%.

To sum up, this contribution highlights that the correct use of SL modules from EV to reconfigure battery
packs requires an adequate characterization. The main reasons are their significantly different behaviour with
respect to FL modules and the greater dispersion between them.
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