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Summary

The SASLAB (Sustainability Assessment of Second Life Applications of Automotive Batteries) exploratory
research project aims at developing and applying a methodology to analyse the sustainability of deploying
electrified vehicles (XEV) batteries in second use applications. A mapping of industrial demonstration and
publicly-funded research projects in the area is presented, followed by an experimental assessment of the
capacity and impedance change of lithium-ion cells during calendar and cycle ageing. Fresh cells and cells
aged in the laboratory as well as under real-world driving conditions have been characterised to understand
their application-specific remaining lifetime, beyond the 70% to 80% end-of-first-use criterion. For this
purpose, pre-aged cells were examined under duty-cycles that resemble those of second use grid-scale

applications.

Keywords:battery calendar life, battery SoH (State of Health), cycle life, energy storage, Second-life
battery

1 Introduction

The commercialisation of XEVSs, including battery electric vehicle, hybrid and plug-in hybrid electric
vehicles (BEV, HEV, PHEV) has been accelerated in the global market, responding to the global concerns
for the needed CO, emissions reduction and for energy security (projected European sales of new PHEVS
and BEVs is expected to reach 0.7-0.8 million in 2020 and 1.65-1.9 million in 2025 [1]). This, in turn, has
led to rapidly increasing demand for high-power and high-energy density traction Li-ion batteries (LIB),
and will also translate into an increase of waste XEV batteries after reaching first use End-of-Life (EoL) in
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vehicles. Compliant with the Directive 2000/53/EC on EoL vehicles [2], and the Directive 2006/66/EC on
batteries and accumulators and waste batteries and accumulators [3], once collected, batteries are usually
recycled; however, XEV LIBs, when no longer meeting EV requirements, when their energy storage
capacity has decreased by approximately 20 to 30%, could be employed in second use applications (cf. fig.
1), e.g. within the electrical grid distribution system [4] and/or off-grid applications. The second use of a
retired XEV LIB extends its total lifetime value by increasing economic revenue [5].

In SASLAB, the goal is to study the emerging area of second-life application of XEVs batteries and to
develop and apply a methodology to analyse the sustainability of such systems. SASLAB particularly aims
at better formalising and defining a realistic second use battery system, testing performances of some of its
elements (using experimental facilities and physical modelling), developing relevant performance
indicators for the foreseen system (adopting a life cycle thinking approach) and finally discussing results
also in view of future policy-relevant research needs, considering also economic and social perspectives.
The technical feasibility and the environmental and economic performances of XEV battery second use
need to be assessed, especially considering that the extraction of raw materials used into batteries
manufacturing and the recycling are energy and resource intensive processes [6, 7].

This work presents both a mapping of activities/projects/research studies using second life XEV batteries
and the experimental assessment of XEV batteries in first and second use applicationsin terms of capacity
and impedance change during ageing. Ageing, and the state of health (SoH), which characterises the ageing
of the battery cells at defined current rate (C-rate), operating temperature and state of charge (SoC) (or
depth of discharge (DoD)), were analysed using electrochemical impedance spectroscopy (EIS) along with
other electrochemical techniques such as incremental capacity analysis (ICA). The results from the
experimental assessment are used to develop a comprehensive lifetime model, which provides life-time
dependent performance data as input to life cycle assessment (LCA). The scenarios to be examined within
the LCA study are depicted in fig. 1.
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Figure 1: Schematic of degradation during first and second use of an EV battery and scenarios to be examined within
SASLAB: first use + recycling vs. first use + second use + recycling

2 Mapping of second use activities/projects/research studies

For the purpose of identification of second use applications of XEV batteries we performed a mapping of
international and European industrial demonstration activities, publicly funded research, development and
innovation (RD&aI) projects [8]. Furthermore, we reviewed peer-reviewed scientific publications, as well as
technical reports by research laboratories, agencies, consultants, and industry analysts [8]. lllustrating this
mapping, examples of joint ventures between EV manufacturers and energy companies, and publicly
funded RD&I projects are listed in tables 1 and 2 respectively.
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Table 1: Examples of second use storage prototype / pilot / demonstration projects (e.g. joint ventures between EV

manufacturers and energy companies) — 10 projects in total (cf. [8])

EV Company Energy Company Project Description
Europe
BMW Vattenfall / Bosch Pilot energy storage project with a power output of 2 MW
(system integrator) and installed capacity of 2.8 MWh. It consists of 2600
modules from over 100 BMW’s electric cars (ActiveE and
i3 models)
Daimler GETEC/ The World’s largest second use battery storage unit with a total
Mobility House capacity of 13 MWh using EV batteries from Daimler’s
Remondis / EnBW EVs
Mitsubishi Forsee Demonstration project, using battery packs from Peugeot
Motors Power/Electricité de lon, Citroen C-Zero and Mitsubishi i-MiEV, to deliver an
Corporation / France (EDF) / optimised smart grid and energy management system
PSA Peugeot Mitsubishi
Citroén Corporation
International
Nissan Sumitomo Second use prototype system (600 kW/400kWh) uses 16

Corporation

Nissan LEAFIlithium-ion batteries to test the smoothing
effect on the power output from a wind farm in Yume-
shima island, Osaka, Japan

Table 2 Examples of publicly funded second use storage RD&I projects — 7 projects in total (cf. [8])

Project title/website/timeframe

Description/results

Europe

Batteries2020: Towards realistic EU
competitive automotive batteries

http://www.batteries2020.eu/
1.09.2013 - 31.08.2016

Energy Local Storage Advanced system
(ELSA)

http://www.elsa-h2020.eu/
1.04.2015 - 31.03.2018

A Framework Programme 7 (FP7) project (completed). Assessment of
second life post-EV batteries in renewable energy applications took
place among other activities. LCA was also conducted and delivered to
provide with the environmental impact of the developed prototype
lithium nickel manganese cobalt oxide (NMC) cells within the project
not only during the manufacturing process, but also during its use in an
electric vehicle and later during second life and final recycling
processes.

Two second use applications were considered: (a) a low-demand one
[9], with low current rates (C-rate) and low DoD cycles: a Spanish
residential household, which was composed of residential loads, a roof-
mounted PV system and a second life battery energy storage system
(ESS), and (b) a high-demand application, especially in terms of C-
rate, DoD and number of cycles per year: a second life battery ESS to
mitigate the power variability of a grid-scale PV plant [10].

An ongoing Horizon2020 (H2020) project, aiming at enabling
integration of distributed small/medium size storage solutions into the
energy system and their commercial useby combining second use
batteries with a local ICT-based energy management system.

ELSA's ESSs are being applied in 6 demonstration sites in 5 EU
countries, that include buildings, districts and distribution grids,
covering services such as grid congestion relief, local grid balancing,
peak shaving, voltage support and frequency regulation. Initial results
can be retrieved at http://www.elsa-h2020.eu/Results.html.
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International

Battery second use (B2U) The U.S. DoE Vehicle Technologies Office has funded NREL to
investigate the feasibility of and major barriers to the B2U of modern
- LIBs. NREL suggested that B2U could become an important part of
National Renewable Energy Laboratory both the automotive and electricity industries. The economic margins
(NREL) that make second use viable are often small; thus several factors could
https://www.nrel.gov/transportation/battery- ~ affect this conclusion [5]. Availability of on-board diagnostics data and
second-use.html accurate assessments of automotive and second use battery degradation
are considered of outmost importance [4].

U.S. Department of Energy's (DoE) /

Within B2U project, a methodology and the tools to answer B2U
related questions were developed, including a semi-empirical life
model [11] that separately accounts for both capacity and resistance
effects induced by cycling-based and calendar-based mechanisms
(nonlinear effects of time, temperature, DoD, and SoC are included),
and the Battery Lifetime Simulation Tool (BLAST) [12]. The B2U
project has also highlighted the need for additional research and
development work to make B2U strategies a reality.

NREL is conducting battery life evaluation (in house research), and has
partnered with the Center for Sustainable Energy (CSE) and the
University of California, San Diego to install a flexible second-use
field testbed on a microgrid. CSE studied the baseline health of four
EV batteries and developed a long-term testing protocol to track battery
performance over time under second use application cycling.

The mapping revealed that out of the 35 reviewed activities, applications related to grid integration of
renewable energy (15 out of 35) and to reserve capacity (10 out of 35) are mostly studied [8].

3 Second use applications and duty cycles

Nowadays, lithium-ion batteries are receiving a growing attention as they can be employed to provide one
or several services in modern electricity systems [13]. In Germany, according to [14], "the automotive
industry is entering into the energy area by offering batteries to both household and commercial users, as
well as providing services to utilities and the grid". It was indicated by [14], that re-purposed (or
reconditioned) XEV batteries would be increasingly used in storage applications that can be sited at four
levels: off-grid, behind the meter, at the distribution level, or at the transmission level. At all four levels
there is an added value, with the customer-sited, behind-the-meter energy storage level, considered as the
one that can provide the largest number of services to the electricity grid [14, 15].

Within SASLAB, the following second use applications were selected for further examination: PV firming
(PVT), PV smoothing (PVs), primary frequency regulation (PFR) and peak shaving (PS). These duty cycles
(charge/discharge power profiles that represent the demands placed on an ESS by a specific application), to
be applied in determining the performance of the examined battery cells in the four mentioned applications,
are described in detail in [16-18]. Hereafter, a short description follows.
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Figure 2: Duty cycles as power normalised by ESS rated power over a 10-hours period of time: PVf (left); PVs (right).
Adapted from [16-18]

Duty cycles for PVfirming (an energy smoothing), and PVs (a power smoothing) application, as adapted
from [16-18], are depicted in fig. 2. The PVs duty cycle is constructed by capturing one-hour “slices” of PV
power generation from different days and splicing these slices together into a composite signal of 10 hours
in length (representing the typical daylight hours of significant PV generation; fig. 2-right), with the
majority of these slices representing moderate to very high levels of PV variability. Different times of the
day and the year can be captured by one composite signal. The process of constructing the duty PVs cycle
signal can be found in [18]. The duty cycle is obtained by normalising the PV power timeseries to the rated
power of the smoothing battery (here battery cell) over a 10-hour time period, where a positive/negative
sign represents discharging power from/charging the battery cell as a function of time in hours. The
construction process of the PVT duty cycle (cf. fig. 2-left) is similar to PVs except that the time windows of
interest are in a minutes to hours range, rather than seconds to minutes (for details see [17]).

The PFR duty cycle, as described in detail in [16], consists of three 2-hour average standard deviation (SD)
power signals, followed by one 2-hour high SD (aggressive) signal, three 2-hour average SD signals, one 2-
hour aggressive signal, and four 2-hour average SD signals (cf. fig. 3), with the SD over a 24-hour period
being the chosen metric for the aggressiveness of the signal analysed (cf. [16]; the representative 2-hour
average and 2-hour high SD signals were chosen to compose the duty cycle in such a way that they were
energy neutral and had thesame SD as the average and aggressive signals over a one-year time frame).
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Figure 3: PFR duty cycle as power normalised by ESS rated power. Representative average SD signal (top-left), and
representative aggressive SD signal (top-right) over a 2-hour period of time (X-axis). PFR duty cycle, composed of 3
average, 1 aggressive, 3 average, 1 aggressive and 4 average signals over a 24-hours period of time (bottom); Adapted

from [16]

In the PS duty cycles, charge, rest, and discharge time windows (cf. fig. 4: -1, 0, and 1 correspond to
charge, rest, and discharge, respectively) are defined. This allows the duty cycle profile to be applied in the
same manner to different battery technologies regardless of system size, type, age and condition [16]. As
described in [16], each duty cycle has a total charge time of 12 hours, the required discharge period
duration of 6, 4, and 2 hours for duty cycle A, B, and C, respectively (cf. fig. 4-A, B, and C), and a rest
(standby) window after charge and discharge that bring the total duration for each of the A, B, and C duty
cycles to one 24-hour period.
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Figure 4: Example of PS duty cycle over a 24 hours period of time (X-axis) for each one of the duty cycles (A, B, C).
Charge duration is 12 hours. Discharge duration is 6, 4, and 2 hours, and rest period is 6, 8, and 10 hours for duty cycle
A, B, and C respectively.; Adapted from [16]

Prior to the test, the battery cell(s) shall be brought to the initial (maximum) SoC by charging at rated
power. The test starts with a discharge (duty cycle A) at constant power until the lower SoC limitis reached
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as specified by the manufacturer, followed by rest (standby), charge at constant power until the upper SoC
limit is reached, rest (standby), and a charge at rated power to bring the cell(s) to the initial (maximum)
SoC. Then, duty cycle B and subsequently C follow. Before applying duty cycle B, cell(s) shall be brought
to the maximum SoC by charging at rated power; the same holds before applying duty cycle C. Following
the application of duty cycle C, the cells shall be brought back to their maximum SoC (or initial SoC if
different).

4 Experimental assessment of LIB's ageing in first and second use

4.1 Materials and methods

All examined LIB cells contain a graphite anode and different types of cathode: (a) a composite (blended)
cathode, based on lithium manganese oxide (LiMn,O4) and lithium nickel manganese cobalt oxide
(LINiMnCo0,), (LMO-NMC), (b) lithium iron phosphate (LiFePO,) (LFP), and (c) NMC (or
LiNiMnCo0,).

Fresh cells (LMO-NMC/graphite; 38 Ah initial rated capacity), cells aged in the laboratory (LFP/graphite
and NMCl/graphite), and cells aged under real-world driving conditions, disassembled from the battery pack
of a used series-production EV (LMO-NMC/graphite) after it had driven 136877 km (at this point in time,
the capacity recorded by the battery management system (BMS) was 30.91 Ah), have been assessed
towards a better understanding of their extended lifetime, beyond the 70% to 80% capacity EoL criterion.
The degradation of the pre-aged LIB cells is also examined under duty cycles that simulate those of second
use grid-scale applications (cf. fig. 2-4). The experimental test rig is depicted in fig. 5.

Figure 5: Battery test rigs: Environmental chambers and cyclers (left-centre); Closer view of EV cells under testing
inside the environmental chamber (right)

Aged LMO-NMC/graphite cells were initially screened based on the voltage/temperature recorded by the
cell monitoring unit of the EV just before disassembly took place: Three different locations were identified
in the battery pack according to the registered temperature . Cells located in location 1 (L1) were at 25°C,
in L2 at 24°C and in L3 at 23°C, respectively.

For establishing the experimental procedures applied to the commercial (aged and fresh) LMO-
NMC/graphite cells, standards, such as the IEC62660-1 [19], ISO 12405 [20, 21] and IEC61427-1 and 2
[22, 23], and protocols, such as the one for uniformly measuring and expressing the performance of ESSs,
prepared by Pacific Northwest National Laboratory (PNNL) and Sandia National Laboratories (SNL) [16],
and another developed in the EU-funded research project Helios [24], were consulted.

During life testing (calendar life, first use and second use cycle life), a set of tests is performed at periodic
intervals to establish the condition and rate of performance degradation of cells under test. Prior to these
ageing experiments, cells were placed in a temperature chamber at 25 °C for at least 12 h to ensure thermal
equilibrium. Prior to the start of testing and at the end, for all cells undergoing either cycle life testing or
calendar life testing, the mass is measured and a reference performance test is conducted to determine
baseline and end of test cell performance. Baseline cell performance is subsequently used to assess any
changes in the condition of the cell and rate of performance degradation over time and as a function of use.
The reference performance test includes quasi-open circuit voltage (quasi-OCV) vs. state-of-charge (SoC)
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relationship determination, capacity determination and EIS (at different SoC: 50% and 100%)
determination at 25 °C according to [19].

The measurement for the quasi-OCV vs. SoC starts with fully charging the cells up to the end-of-charge
voltage (EOCV) (4.1V, as specified by the manufacturer). Then, the cells are discharged to end-of-
discharge voltage (EODV) (2.8V, as specified by the manufacturer) at a C/25 rate (a small enough current
rate is utilised for the measured voltage to be considered as “quasi-OCV”). After this step the cell is
charged up to the EOCV. The obtained quasi-OCV vs. SoC charging and discharging curves over DoD may
differ due to hysteresis effects; thus, their average is considered as the quasi-OCV vs. SoC relationship.

The capacity test consists of charging and discharging steps at 9 A (C/4.22 based on the rated capacity of 38
Ah specified by the manufacturer)® at three different temperatures (0, 25 and 45 °C). After each charging
and discharging step, sufficient time is included for temperature stabilisation within 1 Kh™.

The impedance spectra are measured in galvanostatic mode over a frequency range of 10 kHz to 10 mHz
using a Maccor FRA 0355 (Maccor, Tulsa, USA) or 30 (or 50) kHz to 1 mHz using the ModuLab XM
(Solartron Analytical, AMETEK Advanced Measurement Technology, Farnborough, Hampshire, United
Kingdom) at the respective temperature and SoC, with the FRA equipment being connected to the Maccor
cyclers; when FRAs were not connected to the Maccor cyclers (which was the case for the measurements
after 135 days), experiments were paused and cells were disconnected from the cyclers for the EIS to take
place.

At defined periodic intervals, every 42 days during calendar life testing, and every 28 days during cycle life
(first and second use cycle life) testing, the capacity and EIS test is repeated to identify how the testing
affects cell performance. The degradation of the cells is assessed in terms of capacity retention, impedance
growth as tracked via EIS, and ICA utilising post-processed charging / discharging data over lifetime
ageing testing. Roundtrip energy efficiency and duty cycle roundtrip efficiency are also determined.

Maccor Series 4000 bidirectional battery testers - cyclers (Maccor, Tulsa, USA) have been used for the
ageing studies (current and voltage accuracy: 0.025% and 0.02% of full scale, respectively). These cyclers
also control the (12) BiA MTH 4.46 temperature chambers (cf. fig. 5-centre; BiA, Conflanse Saint
Honorine, France) with a temperature accuracy in the centre of working space of + 0.5 K and a
homogeneity in space relative to the set value of + 1.5 K (the temperature rate is 2.0 K/min for both heating
and cooling), and the (2) Vétsch VCS3 7060-5 climate chambers (cf. fig. 5-left; Vétsch Industrietechnik
GmbH, Balingen-Frommern, Germany) with a temperature accuracy in the centre of working space of +
0.5 K or below and homogeneity in space relative to the set value of + 2.0 K or better (the temperature rate
is 6.0 K/min for both heating and cooling). All temperature (BiA MTH 4.46) and climate chambers (Vétsch
VCS3 7060-5) maintain the ambient temperature at a similar specific and constant value (cf. tables 3a, b). A
thermocouple, positioned (and secured) on the cell surface as described in [19], was placed in the centre of
one side of each cell to monitor surface temperature variations.

First (automotive) use cycling utilising the World-wide harmonised Light-duty vehicles Test Cycle (WLTC)
[25] is performed with a four-channel, BDBT Bidirectional type Battery Test bench (Digatron Power
Electronics GmbH, Aachen, Germany), which has a current range of 0 to 200 A (for one channel) and a
voltage range of 0 to 100 V. Both the voltage accuracy and the current accuracy are +0.1% of full scale.

4.2 Test matrices

Test matrices (cf. tables 3a, b), were devised for testing of the LMO-NMC/graphite cells (fresh and aged
under real-world driving conditions), utilising the design of experiments (DOE) methodology, employing
the commercial JMP® predictive analytics software (SAS, Marlow, Buckinghamshire, United Kingdom).
These test matrices combine independent variables, such as, e.g. temperature, SoC, cell ageing (pre-aged
vs. fresh cell), and cycling profile, and were optimised to provide the minimum error of prediction (D-
optimised [26]). In this way, maximal information can be retrieved from an optimum number of tests,
allowing to evaluate and understand not only the effect of the independent variables on the degradation

! C/3 is prescribed for BEV applications in [19], however, 9 A was selected due to limitations in the number of
available channels.
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processes during calendar and cycle (in first and second use) ageing, but also the interactions between
them.

Table 3a: Test matrices in (A) calendar and (B) automotive use cycle ageing

(A) Calendar ageing (B) Automotive use cycle ageing
g 5 g s
2 < a 2 < E
S — a T r— 3
g O &£ g 9 : : &=
Q= =3 Q— Cycling profile =3
g 3o 5 : 3
[ SoC O®© ~ Charge / Discharge O®
100 Aged CC-cv/cCccC Fresh
50 Fresh CC-cv/cCccC Fresh
50 Aged WLTC Fresh
% 59 Aged 45 CC-CV/CC Aged
50 Fresh WLTC Aged
100 Fresh WLTC Aged
100 Aged CC-cv/cCccC Fresh
100 Fresh WLTC Fresh
50 Aged WLTC Fresh
25 100 Fresh 25 cc-cv/ce Aged
50 Fresh CC-cv/ccC Aged
100 Aged WLTC Aged

Performance degradation during calendar ageing is examined under different temperature and SoC
conditions for aged and fresh cells following IEC 62660-1 [19]. For the cycle ageing tests, cells are tested
at two constant temperatures (25, 45 °C), at 1C-rate, as well as under WLTC and the selected second use
duty cycles.

Table 3b: Test matrix — Second use cycle ageing (all cells are pre-aged under real-world driving conditions)

45 | Cycling profile | PVs PFR PVf PVf PVf|PFR PS PVs PS PFR

Position L1 L2 L2 L1 L3 L3 L3 L2 L2 L1

N
ol

Cycling profile | PVf PFR PVf PS PVs| PS PFR PVFf PS PVs

Position L3 L2 L1 L1 L2 L1 L1 L2 L2 L3

Temperature [°C]

5 | Cycling profile | PVs PFR PFR PS PVf

Position L1 L3 L1 L3 L2
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5 Results and Discussion

Nyquist and Bode plots of a fresh and a pre-aged cell prior to the start of life testing, thus impedance
spectra of cells of different SoH are depicted in fig. 6. In this test, the impedance spectrum is being
measured in galvanostatic mode from 30 kHz to 1 mHz (ModuLab XM) at an OCV which corresponds to
50% SoC at room temperature. EIS serves to distinguish electrochemical processes, which can be separated
due to different time constants [27, 28].

In the Nyquist plot (fig. 6-left), marks (A: |z| = 1.42 mQ at 39.76 Hz and B: |z| = 1.81 mQ at 0.39 Hz)
for the pre-aged cell are characteristic points of electrochemical processes, which can be separated due to
different time constants. The real part of the impedance crossing the imaginary Y-axis at zero in the Nyquist
plot (mark A), is usually mentioned as the ohmic resistance. The real part of the impedance corresponding
to the diameter (resistance at B — resistance at A) (or the sum of diameters in case two semicircles are
present) of the envisaged semicircle can be used to quantify the amount of ageing [29], whereas the
development of this resistance term can be utilised to assess nonlinear ageing characteristics during
prolonged cycling as discussed in [30].
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Figure 6: Nyquist (left; data shown only from 60 Hz to 0.009 Hz) and Bode (right; full frequency range) plots of the
impedance at SoC 50% and 25 °C for the as received fresh and pre-aged cells

In the Bode plot (fig. 6-right), focusing only on the impedance real part, we notice an increase with ageing
between 4 Hz and 1 mHz, which can be explained by a conductivity decrease of the electrolyte due to its
decomposition (cf. e.g. [31]). The degradation of LIBs does not originate from one single cause however,
but from various processes and their interaction. The Bode plot also shows that the greatest influence of the
ageing is observed in the frequency range below 0.01 Hz to 1 mHz, and especially between 1 Hz to 300 Hz,
where degradation is related to the increase of charge transfer and/or solid-electrolyte interphase (SEI)
resistance, and changes in double layer capacity (cf. e.g. [32, 33] for a description of ageing mechanisms in
LIBs).

Charge-discharge curves (cell voltage vs. capacity on charge and discharge), as recorded every 42 days
during the intermediate characterisation cycles (of 55 hours duration), over a total of 135 days of calendar
life ageing for a pre-aged LMO-NMC/graphite cell at 45°C and 100% SoC are depicted in fig. 7. In general,
for a Li-ion cell, one expects the charge behaviour to be similar to the discharge behaviour — this is also the
case here, where for the applied current rate, the cell is able to recharge to completion for every
characterisation cycle during the calendar life testing so far.
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Figure 7: Charge-discharge profiles from reference cycles as a function of calendar ageing (temperature 45 °C, 100%
SoC) of a pre-aged LMO-NMC/graphite cell: (A) voltage vs. capacity; (B) voltage vs. energy

The maximum capacity attained on charge and discharge at the applied current rate is 28.76 Ah and 28.78
Ah, respectively.
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Figure 8: Retained capacity at discharge over calendar ageing (left). Energy at discharge (right) over calendar ageing
of a pre-aged LMO-NMC/graphite cell: Temperature 45 °C, 100% SoC

Fig. 8 (left) shows the capacity retention of the cell on discharge as a function of the calendar life testing
period for ambient temperature of 45°C and 100% SoC. After 135 days, the capacity is at 83.38% based on
the actual capacity measured in the reference cycle, and 63.53% based on the initial rated capacity of 38 Ah
specified by the manufacturer.

The energy content of the cell on discharge (cf. fig. 8 (right)) was 92.34 Wh after 135 days (at 81.88% and
64.80% as compared to the reference and the initial rated cell energy content of 142.50 Wh specified by the
manufacturer [34], respectively).

Nyquist plots of the impedance as a function of ageing obtained in reference tests after 2 days, 46 days and
90 days calendar ageing of a cell at 45°C and 100% SoC are shown in fig. 9-left. Impedance growth plays a
critical role in understanding cell degradation over ageing; we notice mainly that the intercept of the
Nyquist plots with the real axis, usually related to ohmic resistances (active materials, current collectors
and electrolyte resistance, also within the separator), is moving to the right (increasing ohmic resistance)
with ageing time (cf. also fig. 9-right). Furthermore, the semicircle at middle frequency (cf. fig 9-left,)is
expanding, representing the increase of charge transfer resistance and/or SEI resistance, as well as changes
in double layer capacity.

The degradation, as reflected by increase of impedance (ohmic resistance) (cf. fig 9-right), correlates with
the capacity decrease at discharge (cf. fig 8-left).
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Figure 9: Nyquist plot of impedance spectra (left) and impedance (ohmic resistance) increase (right) of the LMO-
NMC/Graphite pre-aged cell over calendar ageing at 45 °C and 100% SoC (data from periodic reference test at 2, 46
and 90 days)

The (differential) ICA depicts capacity change associated with a voltage step (dQ/dV; with Q being the
capacity and V the voltage). It is a technique for observing gradual changes in LIB cells as a function of cell
voltage and ageing cycles/days [35, 36]. Each peak in the incremental capacity (IC) curve has a unique
shape, intensity, and position, and it exhibits an electrochemical process taking place in the cell [37]. Even
though ICA was originally proposed for ‘close to equilibrium’ conditions — as the ones that have been
conducted for the quasi-OCV vs. SoC tests (C/25; results not shown here) — it was shown [38] that the
peaks on the IC curve can also be identified with normal charging / discharging data. Hence, indicative
results presented hereafter are based on C/4.22 cell charging / discharging rate.

The IC curves of cell charging / discharging data, from the corresponding charge-discharge curves,
collected during calendar life testing over 135 days (45°C, 100% SoC) are shown in fig. 10. The peak
heights change with ageing, possibly indicating that the number of available sites for Li occupancy at the
respective voltages (or SoC) is changing with ageing [35]. Similar IC curves have been produced for all
different ageing conditions utilised in the testing campaign (cf. tables 3a, b). After quantification of the
peak values, they may be correlated with the faded cells’ capacity (results not shown here).
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Figure 10: Evolution of the differential capacity vs. voltage curves as a function of calendar ageing of the
graphite/LMO-NMC pre-aged cell at 45 °C and 100% SoC (data from periodic reference test at 2, 46, 90 and 135 days
(red line) in 2.8 —4.1V)
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6 Conclusions and outlook

Conservation of resources, along with energy, is becoming more important than ever; therefore the idea of
employing post-EV LIBs originally designed for XEVs to meet demand for lower intensity stationary
storage is gaining acceptance. For enabling this, accurate assessment of battery degradation in both the
automotive and second (stationary) use environments is of outmost importance, to improve understanding,
and better prediction of battery ageing evolution, needed for assessing the economic and environmental
benefit of post-EV battery second use.

An experimental campaign has been organised to study the ageing and long-term performance degradation
of lithium-ion cells, in terms of capacity and impedance change during calendar and cycle ageing (first and
second use cycle life).In addition to automotive drive cycles, such as the WLTC, duty cycles that resemble
those of second use grid-scale applications are being utilised (not discussed here). Ageing results were
analysed using EIS along with other electrochemical techniques such as ICA.

The work is ongoing and all collected data will help to understand the application-specific remaining
lifetime of post-EV cells, beyond the 70% to 80% end-of-first-use criterion, feed into ageing predictive
lifetime models, and serve as input to further LCA analysis. Results of this work (e.g. cycling tests in
extended first automotive use and second use applications) will be communicated in forthcoming
publications.

In summary, ageing and degradation encounter multiple complex and coupled physicochemical processes
in different operating conditions, including dynamic duty cycles, temperature/thermal effects, and other
environmental factors. Thus, one of the main challenges for re-using post-EV LIBs in second use
applications is to design a BMS able to measure and to quantify the evolution of the electrical performances
of EV batteries and to use this information for predicting accurately their remaining application-dependent
useful life — in both automotive use (1% life) and stationary second use application (2" life).As such,
information on the application-dependent SoH of the post-EV batteries is necessary [39]. Thus, the
identification of a possible correlation between battery capacity and corresponding impedance during first
(XEV) use and second (stationary) use application can assist in SoH determination.
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