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Degradation of lithium-ion batteries under automotive-like conditions:
aging tests, capacity loss and q-OCP interpretation
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A B S T R A C T

Battery electric vehicles are spreading worldwide as a relevant solution for the decarbonization of the trans-
portation sector, ensuring high volume and weight-based energy density, high efficiency and low cost. Never-
theless, batteries are known to age in a rather complex and conditions-dependent way. This work aims at
investigating battery aging resulting from close-to-real world conditions, highlighting single stressors role.
Hence, aiming at representativeness for automotive application, an extensive literature review is performed,
identifying a wide set of representative conditions together with their specific variations to be investigated.
Realistic driving schedules like WLTP is identified and continuously applied in cycling on commercial samples,
investigating the capacity loss from a q-OCP perspective with an equilibrium model. In general, loss of lithium
inventory is detected as the main degradation parameter, likely related to SEI growth. Recharge C-rate and load
profile appear as poorly-affecting degradation, while a dominant role is associated with operating temperature.
Interestingly, temperature and cycling-related degradation appears to be independent and their effects can be
effectively superimposed. Loss of active positive electrode material seems particularly affected by cycling depth
of discharge, likely having mechanical origin as particle cracking.

Introduction

The spread of electric vehicles on large scale is a very recent trend. As
a consequence, it is hard to find extensive databases of degradation data
coming from the field. Moreover, it is common to ignore important in-
formation regarding the battery properties due to industrial property. In
the academia, the role of the operating conditions is often investigated,
exploiting constant-current (CC) cycles at various combinations of
conditions. The limitations of these analyses are associated with the
selection of the load profile and with the characterization procedure. For
instance, the operation of a car is highly dynamic, differently from CC
load profiles. This difference can affect the degradation path. Further-
more, residual capacity is often the only monitored degradation
parameter. Previous analyses [1–4] showed how the combined use of
discharge and electrochemical impedance spectroscopy (EIS) can
improve the interpretation of the performance evolution of a battery.
Therefore, it is expected to provide a better understanding of the ageing,
too, with respect to the use of residual capacity only.

In the following, an extensive literature review is reported regarding
the operating conditions that characterize the lifetime of a battery

electric vehicle (BEV) battery, with a special focus on the load profile.
Then, an experimental campaign is outlined accordingly and 13 battery
cycling tests of several months in duration are carried out. Degradation
is investigated with characterization tests, physical model simulations
and ex-situ analyses. Due to the large amount of data, the residual ca-
pacity analysis is here investigated together with the evolution of ther-
modynamic parameters, while a wider view will be the topic of a
forthcoming publication.

Literature review

After identifying the need of studying degradation in an automotive-
like application, this section aims at providing an overview of the most
common conditions in which a BEV battery operates. In particular,
environmental temperature, state of charge window, charging C-rate
and load profile are investigated in detail. Based on this review, the
conditions of the experimental campaign are later selected.

Temperature

Performance, life and safety of a lithium-ion battery are highly

* Corresponding author.
E-mail address: gabriele.sordi@polimi.it (G. Sordi).

Contents lists available at ScienceDirect

Future Batteries

journal homepage: www.sciencedirect.com/journal/future-batteries

https://doi.org/10.1016/j.fub.2024.100005
Received 5 May 2024; Received in revised form 14 July 2024; Accepted 19 July 2024

mailto:gabriele.sordi@polimi.it
www.sciencedirect.com/science/journal/29502640
https://www.sciencedirect.com/journal/future-batteries
https://doi.org/10.1016/j.fub.2024.100005
https://doi.org/10.1016/j.fub.2024.100005
https://doi.org/10.1016/j.fub.2024.100005
http://creativecommons.org/licenses/by/4.0/


Future Batteries 3 (2024) 100005

2

influenced by storage temperature [5,6]. It can vary either due to a
varying ambient temperature or due to self-heating, due to irrevers-
ibility that occur during operation. Therefore, the temperature of the
device has to be controlled, to remain in the correct operating window.
A battery thermal management system (BTMS) is essential on a car, to
prevent the batteries from the adverse effects caused by the rise in
temperature and internal heat generation. There are different types, but
they are mainly classified according to the power consumption, the heat
transfer medium employed and the contact between the coolant and
battery surface; the conventional systems are based on air cooling, liquid
cooling, and phase change materials cooling. In general, a BTMS permits
to maintain the battery operating temperature in the safe range
15–35 ◦C [7] and the extent of the cooling depends on the type of the
system employed.

State of charge window

A wide literature research was conducted to define the useful state of
charge (SoC) window in real application. Several reports are available,
with different purposes, amount of data, area and age. One frequent
objective is the assessment of the electric vehicle (EV) drivers’ attitude

towards the recharge phase, especially related to the problem of “range
anxiety”.

One interesting outcome is that users tend to charge completely their
EV battery (i.e. up to a SoC close or equal to 100 %) and to discharge it
only partially (the charge phase usually starts from an intermediate SoC
level). For instance, Smart et al. [8] performed the assessment of the
data collected during the year 2011 from the Nissan LEAF vehicles
involved in the U.S. “EV Project”. This project was managed by ECO-
tality North America in the period 2010–2012 with the goal of assessing
behavioural and mobility patterns of electric vehicles. For this purpose,
a broad network of charging units was installed in eighteen cities
belonging to six different U.S. States and vehicle usage data were
collected from a fleet of approximately 8300 EVs. According to the 2011
data, the peak of the SoC distribution after a charge is located at SoC
> 90 % for the domestic charges, while it is more spread in the range
70 %− 100 % if recharges that are performed away from home are
considered. Regarding the battery SoC at the start of the charging events,
the majority of the recharges begins when the SoC is included in the
interval 50 %− 60 %. Only few events start at extremely low SoC
(<20 %).

Corchero et al. [9] analysed a large amount of data related to EVs

Nomenclature

Acronym description
BEV Battery Electric Vehicle.
BOL Begin of life.
BTMS Battery thermal management system.
CADC Common Artemis Driving Cycles.
CC Constant current.
CEI Cathode Electrolyte Interphase.
DoD Depth of discharge.
DST Dynamic Stress Test.
DV Differential Voltage.
EFC Equivalent Full Cycle.
EIS Electrochemical Impedance Spectroscopy.
EV Electric vehicle.
FUDS Federal Urban Driving Schedule.
IEC International Electrotechnical Commission.
LAM Loss of Active electrode Material.
LDC Local Driving Cycle.
LLI Loss of Lithium Inventory.
LMO Lithium-manganese-oxide battery.
NEDC New European Driving Cycle.
NCA Lithium-nickel-cobalt-aluminum-oxide battery.
NMC Lithium-nickel-manganese-cobalt-oxide battery.
OCP Open-Circuit Potential.
PSO Particle Swarm Optimisation Algorithm.
SDC Standard Driving Cycle.
SEI Solid electrolyte interphase.
SoC State of charge.
UDDS Urban Dynamometer Driving Schedule.
UNECE United Nations Economic Commission for Europe.
WLTP World harmonized Light-duty vehicles Test Procedure.

Symbol unit of measure description latin
A

[
m2], Cross-sectional area.

c [ − ], Coefficient.
C [Ah], Charge.
f [ − ], Coefficient.
F [N], Force.
g

[
ms− 2

]
, Gravitational acceleration.

I [A], Current.

m [kg], Mass.
N [ − ], Number.
P [W], Power.
v [ms− 1], Velocity.
V [V], Voltage.
W [Wh], Cell electric energy.
X [h− 1], Power to Energy ratio.

Greek
α [

◦
], Inclination of the road.

Δ [ − ], Difference.
η [ − ], Efficiency.
ρ [ − ], Density.

Superscript
aged Aged.
Symbol Unit of measure, Description.
BoL Begin of life.

Subscript
a Aerodynamic.

act Actual.
air Air.
aux Auxiliary.
battery Battery.
BOL Begin of life.
c Climbing.
cell Cell.
driving Driving.
dt Drivetrain.
g Weight.
i Inertia.
l Load.
loss Loss.
max Maximum.
m Motor.
nom Nominal.
r Rolling.
v Vehicle.
w Drag.
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usage, collected in different European cities in the period 2011–2013.
The authors found that most of the charging processes ends with a fully
charged battery and that the average charge behaviour is characterised
by an average initial SoC of 60 %. Less than 5 % of the charging events
start with SoC < 20 %.

Yang et al. [10] investigated the charging behaviours of fifty battery
electric vehicle drivers in Shanghai (China) during the period June 2015
- June 2016. The results of this study are in accordance with the previous
report: the charge events start at an intermediate SoC and ends between
90 % and 100 % SoC. Similarly, Zou et al. [11] analysed the behaviour
of BEV taxi drivers in Beijing, China, underlining the 40 %− 100 % SoC
window as the most common utilization region.

Hu et al. [12] employed the cumulative prospect theory, a behav-
ioural science theory that describes the extent of decision-makers’ atti-
tudes and preference toward risk, to assess the charging behaviours of
EVs users under a mass-market scenario, opportunely modelled. They
showed that most of the charging events starts with a SoC belonging to
the range 40 %− 50 % and that EV drivers do not often decide to begin
the recharge at either extremely high or extremely low levels of SoC. In
particular, only 2.5 % of charging events starts with SoC 80 % or even
higher, and just the 7.5 % falls below the anxiety range (i.e. below 20 %
SoC condition).

Lastly, a study by NOWGmbH, a German governmental organization
involved in funding programs in the context of sustainable mobility,
reports the behaviour of a fleet of BEVs in 2018 and 2019 [13]. They
assessed that 59 % of the EV recharges was executed with starting SoC
> 70 % and that 86 % of the charging events ended at SoC > 90 %. A
summary of this review is provided in Table 1.

Charging C-rate

The review on the most common charging C-rates is here outlined.
Tomaszewska et al. [14] states that, in most cases, the maximum
charging C-rate in EVs is around 1 C for safety purposes, but in some
cases this limit can be extended to 1.5 C. Saxena et al. [15] identified the
0–0.8 C interval as the normal operating range for a lithium-ion battery
recharge. Higher C-rates, indeed, can accelerate unsafe mechanisms,
such as lithium plating and dendrites formation, hence a value of 1.2 C
was estimated by the authors as the maximum limit for the charge
processes. In activities that are similar to the present one, Keil et al. [16]
performed a C/4 recharge during their driving cycle campaign. On the
contrary, Dubarry et al. [17] performed duty cycles consisting of driving
cycles as discharge phase and C/5 recharges.

Moreover, taking into account the standard size of Level 2 charging
stations and domestic charging available (e.g. 7.4 kW or 11 kW [18,
19]), for a reference BEV battery of 40 kWh as the one considered in this
work (whose details are discussed in Section Vehicle model), the cor-
responding charging C-rate for the battery are in the order of ~ C/10 to
C/2. Similarly, for a Level 3 mid-high rate of charge (e.g. 50 kW [18,
19]), the C-rate is close to 1 C.

Load profile

A driving cycle is a time-speed series that represents a driving
pattern, aiming at reproducing a real-world behavior [20]. Among them,
standard driving cycles (SDCs) are commonly employed to estimate
emission and fuel consumption of vehicles [21,22]. Examples of the
most employed SDCs are FTP-75 cycle in US, JC08 in Japan, the New
European Driving Cycle (NEDC) and WLTP (World harmonized
Light-duty vehicles Test Procedure, detailed in SectionWLTP) in Europe.

For instance, A. Tourani et al. [23] in 2014 selected the Common
Artemis Driving Cycles (CADC) to investigate the effect of ambient
temperature on cell performance, considering this cycle as representa-
tive of a real application. The CADC are chassis dynamometer proced-
ures developed within the European Artemis (Assessment and
Reliability of Transport Emission Models and Inventory Systems) proj-
ect, based on statistical analysis of a large database of European real
world driving patterns. The cycles include urban, rural road and
motorway schedules. In 2017, Keil et al. [16] exploited the American
US06 driving cycle to investigate the degradation of
lithium-nickel-cobalt-aluminium oxide (NCA) batteries. US06 is an
improved version of the FTP-75 to include the highway driving. For this
reason, they commented how this standard resembles an aggressive
highway driving, with frequent changes between acceleration and
deceleration. Thus, it should be considered as a worst-case scenario
since EVs are often used in urban traffic conditions, where stop-and-go
driving conditions are more frequent, but the load to the battery is
usually lower. They performed an extensive and systematic analyses to
investigate the role of temperature, depth of discharge (DoD) and
regenerative braking, but they restricted their interest to only two in-
dicators, namely capacity fade and resistance increase.

The main shortcoming of standard driving cycles is related to their
limited representativeness of the real-world driving conditions [21,24,
25]. As a consequence, there has been a growing concern in the scientific
literature about possible misestimations of vehicles’ emissions and
consumptions performed with the SDCs. In this sense, Diaz et al. [26]
stated that the differences between the values obtained using driving
cycles and the ones recorded in real-world driving can be up to 60 %.
Such differences can be attributed to several factors, such as the traffic
conditions of a given area, the drivers’ behaviour and the vehicles
characteristics (e.g. age, mileage, fuel employed) [20].

In 2019, George Baure and Matthieu Dubarry [17] questioned the
use of synthetic driving cycles by comparing the degradation induced by
these profiles with real-driving data. In particular, they applied the
Federal Urban Driving Schedule (FUDS, a US standard), the dynamic
stress test (DST, a simplified version of the FUDS cycle), and the NEDC,
since they are the most common ones. First, they discovered that the
average current and charge capacity during discharge are important
parameters in determining the appropriate synthetic profile, and traffic
conditions have a significant impact on cell lifetimes. Moreover, they
observed an acceleration of ageing due to the onset of lithium plating.
This feature, which has a significant effect on the lifetime prediction,
suggests that probing capacity and resistance evolution is not sufficient
and a more complete monitoring is required. They suggested the use of
metrics that are based on the analysis of degradation modes, e.g. loss of
lithium inventory (LLI) and loss of active electrode material (LAM)
parameters.

The necessity of a reliable estimation has prompted the development
of new and more representative schedules. In this scenario, local driving
cycles (LDCs) acquire a great importance. The main feature of this
category of driving cycles is that they are developed starting from data
directly collected from the vehicles (through GPS devices, for instance)
in a specific zone. In this way, a more accurate representation of the
driving conditions of the area where data are acquired is obtained.
Nevertheless, several researchers work on this topic and, as a conse-
quence, there are various cycles with different characteristics available
in the literature. As an example, G. M. S. de Andrade et al. [20]

Table 1
Outcomes of the review on common SoC windows in BEVs.

Source Publication
year

Amount of
EVs

Average
Starting SoC

Average Ending
SoC

Smart et al.
[8]

2012 8300 50 %− 60 % > 90 % (private
charging)
70 %− 100 %
(public)

Corchero
et al.[9]

2014 689 60 % > 80 %

Zou et al.[11] 2016 34 40 % > 90 %
Yang et al.
[10]

2018 50 50 % > 90 %

Hu et al.[12] 2019 - 40 %− 50 % -
NOW-GMBH.
DE[13]

2020 219 70 % > 90 %

G. Sordi et al.
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benchmarked 77 local driving cycles profiles and they identified fluc-
tuations both in the average speed and in the fuel economy, which can
affect the results of the degradation tests. On this regard, J. I. Huertas
et al. [26] compared three common methods of constructing local
driving cycles, namely were the Micro-Trips, the Markov Chains-Monte
Carlo and the Fuel-Based. They evaluated if they represent the local
driving patterns and their reliability in reproducing the fuel consump-
tion and emissions exhibited by the vehicles in that region. They
discovered that Fuel-Based method provides the best performance. This
preliminary activity can foster the development of more representative
profiles.

Selection of the driving schedule

WLTP

The WLTP (World harmonized Light-duty vehicles Test Procedure)
belongs to the family of standardized driving cycles. Developed by the
Inland Transport Committee of the United Nations Economic Commis-
sion for Europe (UNECE) in collaboration with India and Japan [27],
WLTP is the standard procedure applied by all the European Union car
manufacturers to determine the emissions and fuel consumption of the
traditional and hybrid vehicles and to assess the range of the electric
cars. In this activity, this profile is targeted as a representative driving
cycle for the experimental campaigns. Its main characteristics are here
described.

One WLTP repetition lasts 1800 s, it covers a distance of 23.26 km
and it is characterised by an average and maximum speed of 46.5 km h-1

and 131.3 km h-1, respectively. Fig. 1 reports the vehicle speed vs time
profile of a full repetition. It is commonly divided into four phases. The
low-speed phase (first phase) is representative of an urban utilization of
the vehicle, hence its average speed (i.e. its average discharge C-rate for
the battery) is quite low. On the other hand, this first part of the WLTP
cycle is highly dynamic, meaning that it is characterized by many quick
accelerations followed by short regenerative brakes (i.e. change be-
tween discharge and charge phase for the battery), according to the
typical traffic conditions of a city, e.g. roundabouts, traffic lights, stops.
Then, the second, third and fourth phases aim at reproducing the sub-
urban, main road and highway driving conditions, respectively. Shifting
from one phase to the subsequent one, the average speed progressively
increases, while the profile becomes less dynamic. Table 2 the main
features of each phase and of the whole WLTP cycle.

IEC 62660-1

The International Electrotechnical Commission (IEC) has developed
a dedicated standard schedule, able to accelerate the real aging that
vehicles batteries experience: the “Cycle life test” for BEV application of
the Normative IEC 62660–1 “Secondary lithium-ion cells for the

propulsion of electric road vehicles” [28]. In particular, the IEC 62660–1
cycle is meant to reproduce the degradation of a fully electric vehicle.
This profile is considered in this work since it is specifically designed for
BEV batteries durability rather than for emissions and fuel consumption
estimations. In the following, the term “IEC” is exploited to refer to this
normative, for brevity. It is characterized by the following protocol:

• The ambient temperature is set equal to 45 ◦C.
• Starting from 100 % SoC, the cell is discharged following the dy-
namic profile A (Fig. 2a). It is a stepped profile, in which each step is
characterized by the application of a constant power phase, which is
expressed as a percentage of the cell maximum power. The latter, as
reported in the normative text, is calculated as follows:

Pmax = X •W (1)

where X is the ratio between the required maximum cell power and the
energy of the cell andW is the cell electric energy. In the normative text
it is stated that a common value for N for commercial batteries for EVs is
3 h-1.W is computed as the product between the nominal capacity Cnom

Fig. 1. Velocity vs time profile in a medium SoC condition. Four phases are
highlighted.

Table 2
Characteristics of the WLTP profile and its phases.

Phase Low Medium High Extra
high

Full
Property

Duration [s] 590 433 455 323 1801
Stops duration [s] 145 47 29 6 227
Distance [m] 3095 4756 7162 8254 23,266
Time in stop [%] 24.6 % 10.9 % 6.4 % 1.9 % -
Maximum velocity [km
h− 1]

56.5 76.6 97.4 131.3 -

Average velocity [km h− 1] 18.9 39.5 56.7 92.0 -
Maximum deceleration [m
s − 2]

− 1.47 − 1.49 − 1.49 − 1.21 -

Maximum acceleration [m
s − 2]

1.47 1.57 1.58 1.03 -

Fig. 2. Power vs time profile for (a) cycle test A and (b) cycle test B of
IEC 62660–1.

G. Sordi et al.
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and the nominal voltage Vnom. In this work, the following sign conven-
tion holds: negative power values (or C-rate) are associated to the
discharge phase of the battery, while positive values refer to the
charging phase. In Fig. 2a, it is clear that this profile works mostly in the
discharge phase. Profile A is repeated until the cell discharged capacity
reaches 50 % of the nominal value.

• The cell is discharged following the dynamic profile B (Fig. 2b) for
one repetition. The discharge phase around 300 s refers to the hill
climbing period.

• The cell is discharged again with profile A, which is repeated until
the discharged capacity equals 80 % of the nominal capacity. When
this condition is reached, the cell is brought to the lower voltage limit
(i.e. it is fully discharged) through a 1 C constant-current discharge.

Vehicle model

The objective of the vehicle model is to convert a velocity profile into
a power profile for the whole battery pack, that can be scaled down to
single cells. Depending on the driving phase, the electric power to/from
the battery can be computed starting from the vehicle driving power,
Pdriving, which can be computed as the total force acting on the vehicle
Fdriving, multiplied by the velocity of the car v

Pdriving = Fdriving • v (2)

Therefore, it is required to compute the driving force at every time
instant. To this aim, all the relevant forces that act on a vehicle have to
be listed and a formula for their quantification is needed. A scheme of
forces is represented in Fig. 3 and their formulation and description is
provided in Table 3. In particular, the following forces are taken into
account: rolling resistance (purple arrow in Fig. 3), aerodynamic drag
(green), climbing resistance (blue), inertia (red) and weight force
(black). This model is inspired by the works of in Keil et al. [29] and in
Fiori et al. [30].

For sake of simplicity, as already done by [29] and [30], air speed
and road inclination are assumed equal to 0 m s-1 and 0 ◦, respectively.
Therefore, the relative velocity of air becomes equal to the vehicle ve-
locity and the climbing resistance is neglected. As a result, the total
driving force acting on the vehicle Fdriving is computed by performing the
vector addition of only three forces:

Fdriving = Fr + Fa + Fi (8)

In order to compute the battery power, the consumption of the
auxiliaries such as lighting, heating or driving assistance must be
included. To this aim, a constant power consumption Paux is added in
each point of the load profile. Moreover, to convert the mechanical
power into electrical, the power flows have to be considered. When the
car accelerates, the power flows from the motor to the wheels, whereas,
when the vehicle decelerates, the power flows from the wheels to the

motor, thanks to the regenerative braking. In the following, power
values for the vehicle are considered positive in case of an acceleration
phase and negative for deceleration. On the contrary, for battery power
values the same convention as in previous section holds. As a result, the
power supplied to or extracted from the battery is computed as follows
for acceleration and deceleration respectively:

Pbattery = −

(
Pdriving

ηdt • ηm
+ Paux

)

(9)

Pbattery = −
(
Pdriving•ηdt • ηm +Paux

)
(10)

Where ηdt and ηm are drivetrain and electric motor efficiencies, respec-
tively. Hence, the power of the battery pack has to be scaled to cell level
dividing Pbattery by the number of cells Ncell inside the battery pack:

Pcell =
Pbattery
Ncell

(11)

Lastly, power profile can be converted into cell current Icell, as

Icell =
Pcell
Vcell

(12)

where Vcell is the nominal voltage of the cell, as in Keil et al. [29]. Since
cell voltage varies with SoC and C-rate, this approximation under/-
overestimates the real voltage value, especially at extreme values of
these variables. The conversion from power to current is required by the
experimental equipment, but it is also important to estimate the state of
charge during the cycle.

Model validation

To validate the model, it is employed to simulate the behaviour of a
real BEV, whose data have been collected and made freely available by
the Argonne National Lab. The vehicle is a BMW i3 2014, tested on roller
bench with an Urban Dynamometer Driving Schedule (UDDS) and an
US06 driving cycles [31]. The input parameters of the model are listed in
Table 4, both for the vehicle and the battery pack. The battery pack
consists of 96 series-connected cells of 60Ah each. Nominal conditions
refer to 50 % SoC, namely 3.7 V and 355 V for each single cell and the
whole pack, respectively.

Starting from the speed-time profile of the driving cycles, i.e. UDDS
and US06, the power-time profile is derived by means of the equations
reported in Section Vehicle model. Analysing the power consumption of
the experimental data when the car is at idle, the auxiliary consumption
Paux is estimated equal to 160 W. From the power profile it is possible
to derive the corresponding current profile. Velocity, mechanical power
and battery pack current profiles are represented in Figure S.1 of the

Fig. 3. Scheme of the vehicle model: rolling resistance (Fr in purple arrow,
indicating the direction of action), aerodynamic drag (Fa in green), climbing
resistance (Fc in blue), acceleration resistance (Fi in red) and weight force (Fg in
black). Velocity and acceleration vectors (v, a) show the direction of motion of
the car, while α indicates the slope of the road.

Table 3
List and formulation of forces reported in Fig. 3. Symbols description is reported
in Table 4.

Symbol Force Description Formulation

Fr Rolling
resistance

friction between
tyres and the road

Fr =

(mv +ml) ∗ fr ∗ g ∗ cos(α)
3

Fa Aerodynamic
drag

force that air
opposes to the
motion of the
vehicle

Fa =

1
2
∗ ρair ∗ cw ∗ A ∗ (v+ vair)2

4

Fg Weight force gravitational
force acting on
the vehicle

Fg = (mv +ml) ∗ g 5

Fi Acceleration
resistance

inertia acting on
the vehicle

Fi = (mv +ml) ∗ a 6

Fc Climbing
resistance

component of the
weight force
parallel to vehicle
velocity

Fc = (mv +ml) ∗ g ∗ sin (α) 7

G. Sordi et al.
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Supplementary Materials.
The validation is performed by comparing the C-rate profile derived

by the model to the corresponding profile measured experimentally.
Fig. 4 reports the experimental C-rate against the model C-rate: when a
point is near to the bisector (orange line) or it even overlaps, it means
that the model C-rate is similar to the experimental one. Differently, if a
point is above the bisector it means that the model overestimates the C-
rate and if below it is the other way round. All the plotted points are near
the bisector in the entire interval of interest, with a mean error equal to
0.045 h-1. The distribution exceeds both above and below the target line,
without offsets, confirming the meaningfulness of the approach. Hence
the model estimations of the C-rate are considered realistic and model
validation satisfactory.

Conversion of WLTP into power profile

The vehicle model is applied to convert the WLTP profile into a

power profile and scale it to single cell for its experimental application.
Therefore, a typical, generic mid-size EV is identified as reference,
aiming to generalize the investigation without referring to any specific
commercial case. The battery pack is hence assumed as if it was
constituted by single cells specified in Section 4. Analogously, an
automotive-like reference average condition is assumed for auxiliaries’
power consumption such as HVAC, consistently with [32]. The param-
eters are summarized in Table 5. The resulting cell C-rate vs time profile
is reported in Fig. 5, associated to a medium SoC condition, namely
assuming 3.7 V and 3.85 V as average voltage for discharge and charge
phases, respectively.

Consistency of WLTP with respect to a real application

The local driving cycle WPG02 [33] has been constructed on the
basis of GPS data recorded from a fleet of 76 EVs over a period of one
year (May 2008 - June 2009) in the city of Winnipeg, Canada. The
volunteer participants were selected from different income brackets,
education levels, genders and districts of the city, in order to create a
statistical population that best represented the drivers’ behaviours in the
area. Taking into account intrinsic differences in vehicle usage profiles
during weekdays and weekends, two distinct speed-time profiles have
been developed: during weekends, the traffic is generally dampened,
hence the cycle is less dynamic and the idle intervals are definitely
shorter. Hence, the average speed of the weekend cycle is higher than
that of the weekdays.

The weekdays WPG02 has been used to validate the choice of the
WLTP as reference cycle for the experimental campaign conducted in
this work. To do that, its speed-time profile is converted into C-rate vs
time profile through the application of the procedure described in Sec-
tion 3.3. Profiles are showed in Figure S.2 of the Supplementary Mate-
rials. In Table 6 the main features of the speed and current profiles of the
weekdays WPG02 and WLTP have been compared.

In order to perform a fair and reliable comparison, the time depen-
dent characteristics associated to WLTP have been re-scaled, since the
duration of the two profiles is different (1800 s vs 3483 s). Moreover,
WLTP has been curtailed for the extra high-speed phase, becauseWPG02
does not account for highway utilization of the electric vehicles. This is
consistent to the period in which WPG02 has been built, when EVs were
rarely used out from the cities. Comparing the information in Table 6 for
the two profiles, it is possible to observe that the parameters of the two
cycles are highly comparable, especially the number of regenerative
braking events, the average C-rate (i.e. the average speed), the
maximum C-rate in charge and discharge and the ΔSoC. Therefore, it is
proved that WLTP is representative for a real utilization of an electric
vehicle and it is possible to apply the WLTP profile in reproducing close-

Table 4
BMW i3 2014 parameters adopted for vehicle model validation with charac-
teristics of the battery pack, obtained from [31].

Symbol Parameter Value

ml Load mass [kg] 1300
mv Vehicle mass [kg] 150
Aa Vehicle cross-sectional area [m2] 2.38
ηdt Drivetrain efficiency [-] 0.95
ηm Electric motor efficiency [-] 0.91
fr Rolling resistance coefficient [-] 0.012
ρair Air density [kg m− 3] 1.2
cw Drag coefficient [-] 0.29
vair Air velocity [m s − 1] 0
g Gravitational acceleration [m s − 2] 9.81
α Inclination of the road [◦] 0
Paux Auxiliaries’ consumption [W] 160
Ncell Number of cells in the battery pack [-] 96

Battery pack nominal voltage [V] 355
Battery pack nominal energy [kWh] 18.8
Number of cells [-] 96
Cells configuration 96S1P
Cell nominal voltage [V] 3.7
Cell nominal capacity [Ah] 60

Fig. 4. Model cell C-rate plotted against experimental cell C-rate during
UDDS+US06 profile.

Table 5
Vehicle model parameters.

Parameter Value

Vehicle mass [kg] 1300
Load mass [kg] 150
Vehicle cross-sectional area [m2] 2.38
Drivetrain efficiency [-] 0.95
Electric motor efficiency [-] 0.91
Rolling resistance coefficient [-] 0.012
Air density [kg m− 3] 1.225
Drag coefficient [-] 0.29
Air velocity [m s − 1] 0
Gravitational acceleration [m s − 2] 9.81
Inclination of the road [◦] 0
Auxiliaries consumption [kW] 1
Battery pack nominal energy [kWh] 40
Battery pack nominal voltage [V] 355
Number of cells in the battery pack [-] 4800
Cells electrical configuration [-] 96S50P
Cell nominal voltage [V] 3.7
Cell nominal capacity [Ah] 2.25
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to-real-world profiles for EVs.

Comparison between WLTP and IEC profiles

The IEC 62660–1 standard has been selected as the second profile in
the experimental campaign: being a normed cycle, it provides reliability
and universality to the results. In Table 7, the main parameters of the
complete profile are compared with those of a sequence of WLTP cycles,
which is repeated several times in order to bring the cell from 100 % to
0 % SoC. It is possible to observe that, for the standard, the average and
maximum C-rates both in charge and discharge phases are higher, hence
its adoption in the experimental campaign permits to investigate the
effect of high currents application on the cells degradation. On the other
hand, it is less dynamic compared to WLTP, being a stepped profile
without frequent acceleration or regenerative brakings.

Moreover, in order to investigate the effect of the characteristics of
the profile on battery degradation, e.g. highest charging C-rate or
number of brakings, a third cycle named “WLTP High Speed”, composed

by the last two phases of WLTP (High-Speed and Extra High-Speed), is
selected for the experimental campaign. Its C-rate vs time profile is
depicted in Fig. 6. WLTP High Speed represents a sort of trade-off be-
tween IEC 62660–1 and WLTP profiles in terms of amplitude of the
currents and cycle dynamics, as in Table 8. All the values reported in the
table are referred to a medium SoC condition.

Methodology

Samples and testbench description

The characteristics of the experimental samples are listed in Table 9.
They are commercially available high-energy cells, with blended posi-
tive electrode made of lithium-nickel-cobalt-manganese-oxide (NMC)
and lithium-manganese oxide (LMO), considered as representative of a
BEV sample. All samples have been tested before the start of the
campaign, showing limited differences of performance. No information
is available regarding electrolyte and binder compositions.

The testing station was described in [2]. It is a custom solution,
including a single power supply with two five-channels electronic load,
resulting into eight independent testing channels, able to perform EIS.
All cells are located in a Binder MKF 720 Eucar 6 climatic chamber to
undergo tests under controlled temperature and humidity. Test tem-
perature always refers to the setpoint of the climatic chamber. One type
K thermocouple is attached on the surface of the samples to monitor its
temperature evolution.

Test matrix

As a result of the literature review discussed in Section 2 to assess the
conditions of real ageing, the following cycles were executed, as listed in
Table 10. Overall, these reasonings were applied:

• Temperature: when possible, the same cycle is performed at two
different temperature levels, since temperature is known to be a
relevant factor in determining degradation. While 25 ◦C is an
average temperature of the application, the 45 ◦C temperature en-
ables to induce a temperature-related degradation along the driving
phase, to account for the parking phases of a car that are not included
in the driving profile. Indeed, a car is left parked (rest phase of a
battery) for more than 90 % of its total lifetime on average, thus their
role must be investigated. The 45 ◦C is also applied in the calendar
ageing campaign, thus its role can be subtracted from the cycles at
high temperature, to split between cycle-related and calendar-
related degradation. Lastly, this choice is prescribed by the IEC
62660-1 standard.

• SoC Window: the most common state of charge window lies within
100 % and 50 % SoC, which is selected as benchmark case (lines 2
and 7 in Table 10). Other combinations of SoC windows enables the

Fig. 5. C-rate vs time profile in a medium SoC condition. Four phases are
highlighted.

Table 6
Comparison between the rescaledWLTPwithout phase 4 (Extra High Speed) and
the Weekdays WPG02.

Parameters WLTP (rescaled, no
Phase 4)

Weekdays
WPG02

Number or regenerative braking
events

238 275

Average Speed [km h− 1] 36.6 32.6
Maximum Speed [km h− 1] 97.4 99.6
Average C-rate [-] − 0.12 − 0.11
Average C-rate (discharge only) [-] − 0.187 − 0.174
Average C-rate (charge only) [-] 0.130 − 0.141
Maximum C-rate (discharge only)
[-]

− 0.946 − 0.980

Maximum C-rate (charge only) [-] 0.552 0.889
Charge exchange (discharge only)
[mAh]

286.6 303.9

Charge exchange (charge only)
[mAh]

53.1 61.3

Charge exchange (net) [mAh] 233.5 242.5
State of charge variation [%] 10.4 10.8
Range [km] 304 293

Table 7
Comparison between the characteristics of IEC 62660–1 and WLTP profiles.

Parameter IEC 62660-1 WLTP

Average C-rate [-] − 0.480 − 0.178
Average discharge C-rate [-] − 0.875 − 0.258
Average charge C-rate [-] 0.173 0.136
Max discharge C-rate [-] − 3.978 − 1.407
Max charge C-rate [-] 1.441 0.579 Fig. 6. C-rate vs time profile of the WLTP High Speed.
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investigation of this stressor by comparison. Indeed, the 50 %− 0 %
SoC cycle (line 10) investigate the same load cycle, same recharge
current and depth of discharge, but applied on a different SoC win-
dow. The 100 %− 75 % and 75 %− 50 % and cycles cover portion of
the same window, but with a little DoD. Moreover, the full SoC
window is also applied, to allow possible comparison with the
existing scientific literature, where deep discharge cycles are com-
mon. Moreover, this choice is prescribed by the IEC 62660-1
standard.

• Load Profile: the WLTP is selected after the validation over local
driving cycles. IEC 62660-1 is also performed to investigate the effect
of the load profile. Lastly, as an intermediate case, the WLTP High-
Speed is also applied in one case.

• Recharge C-rate: C/3 is chosen as benchmark charging C-rate, but C/6
and 1 C are performed, too. C/6 is closer to a domestic charging rate,
while 1C is a closer to fast charge. Moreover, as reported in Tables 9,

1C is considered as maximum C-rate since it is the maximum
continuous value recommended by the manufacturer.

At the beginning, all the cells are pristine, with a difference in ca-
pacity within 1 %. After a while, the campaigns are interrupted to
evaluate the residual performances of the cells. Two cells underwent the
same profile, for repeatability purposes.

100 % SoC is achieved after a CC charge at C/10 until 4.2 V with
constant voltage hold until current drops below 0.05 A. State of charge is
always defined with reference to nominal conditions (e.g. 75 % SoC
corresponds to discharging by 25 % of the nominal capacity, starting
from 100 % SoC).

Characterization procedure

Characterization tests are performed along the campaign to map the
evolution of degradation effects. In particular, only the data regarding
C/10 full discharges at 25 ◦C are here investigated. C/10 and 25 ◦C are
identified as a suitable condition to mimic quasi-equilibrium conditions
in a preliminary activity, comparing different charge and discharge
processes at several temperature and C-rates conditions. This choice has
been already performed by other research groups in the literature [35].

Equilibrium model

An equilibrium model is applied to identify loss of lithium inventory
and loss of active electrodes material by reproducing the differential
voltage curve of the C/10 and 25 ◦C discharge. It is freely available here.
The model is 0D. It includes the open-circuit potential (OCP) curves of
the electrodes, measured experimentally in coin-cell setup with lithium
counter electrode (half-cell). Cell voltage is estimated as the difference
between OCP values of positive and negative electrode, summed to a
lumped resistance that considers ohmic and kinetic voltage drops. This
resistance is SoC-invariant and it is estimated experimentally.

For the fresh cell, stoichiometric operating boundaries of the elec-
trodes are directly estimated with half-cell experimental testing. For an
aged state, a non-linear solver is exploited to match the OCP curves at
battery 100 % SoC, by imposing the maximum cut-off voltage while
ensuring the charge balance between the electrodes. After the identifi-
cation of the 100 % SoC condition, the discharge is simulated at the
desired constant C-rate, until the voltage drops below the lowest voltage
cut-off. The C/10 25 ◦C discharge of the fresh cell is described in Section

Table 8
Comparison among WLTP, WLTP High Speed and IEC 62660–1 profiles A and B.

Parameters WLTP IEC 62660-
1 A

IEC 62660-
1 B

WLTP High
Speed

Average C-rate [-] − 0.175 − 0.37 − 0.69 − 0.29
Average discharge C-
rate [-]

− 0.25 − 0.76 − 1.11 − 0.38

Max discharge C-rate
[-]

− 1.193 − 3.00 − 3.00 − 1.19

Average charge C-rate
[-]

0.134 0.68 0.68 0.16

Max charge C-rate [-] 0.552 1.50 1.50 0.52
Duration [s] 1800 360 456 778
ΔC [mAh] 197 84.4 189.6 139.4
ΔSoC [%] 8.74 3.75 8.43 6.19

Table 9
Characteristics of the experimental samples [34].

Property Value

Manufacturer SONY
Model US18650V3
Nominal capacity 2.25 Ah
Voltage cut-offs 2.5 V− 4.2 V
Electrode materials Graphite/NMC+LMO
Continuous max charge C-rate 1 C

Table 10
List of cycles with corresponding operating conditions. “EFC” for equivalent full cycle.

# Label Temperature
[◦C]

Load profile Maximum SoC
[%]

Minimum SoC
[%]

Charging C-rate
[-]

Total time
[day]

Total charge
[EFC]

#

1 WLTP 100 %− 0 %
45 ◦C

45 WLTP 100 % 0 % C/3 99 290 1

2 WLTP 100 %− 50 %
45 ◦C

45 WLTP 100 % 50 % C/3 148 395 2

3 WLTP High-Speed 45 WLTP High-
Speed

100 % 0 % C/3 148 500 3

4 IEC C/3 45 ◦C 45 IEC 62660− 1 100 % 0 % C/3 121 530 4
5 IEC C/6 45 ◦C 45 IEC 62660− 1 100 % 0 % C/6 109 357 5
6 WLTP 100 %− 0 %

25 ◦C
25 WLTP 100 % 0 % C/3 162 448 6

7 WLTP 100 %− 50 %
25 ◦C

25 WLTP 100 % 50 % C/3 161 419 7

8 WLTP 100 %− 75 %
25 ◦C

25 WLTP 100 % 75 % C/3 159 382 8

9 WLTP 75 %− 50 %
25 ◦C

25 WLTP 75 % 50 % C/3 114 301 9

10 WLTP 50 %− 0 %
25 ◦C

25 WLTP 50 % 0 % C/3 92 282 10

11 IEC C/3 25 ◦C 25 IEC 62660− 1 100 % 0 % C/3 109 455 11
12 IEC C/6 25 ◦C 25 IEC 62660− 1 100 % 0 % C/6 160 458 12
13 IEC 1 C 25 ◦C 25 IEC 62660− 1 100 % 0 % 1 C 92 449 13
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S3 of the Supplementary Materials.
LLI accounts for all the mechanisms that induce a decrease of

cyclable lithium, without affecting the structure of the electrodes. On
the contrary, LAM parameters (LAMp and LAMn for positive and
negative electrode, respectively) induce a reduction of active sites,
available for lithium (de-)intercalation, without affecting the total
amount of cyclable lithium (purely deithiated LAMs). Under the
assumption of quasi-equilibrium, all the other classes of losses like ki-
netic, resistive and mass transport-related are neglected for the purpose
of this C/10 discharge. Parameters are identified by means of a Particle
Swarm Optimisation (PSO) algorithm, providing the best fit of the
experimental data by matching the OCP curves of the electrodes.

Parameters value is reported as an optimal value and a confidence
interval. The first refers to the best solution that the algorithm has found
in the parameter identification process, whereas the second refers to a
range of values that produce a similar result on the protocol tests. The
difference due to this change of parameter value is so little that, other
than slight numerical variations, it is not possible to state which solution
is better reproducing the experimental data. It is meaningful to trace this
interval, in order to assess whether the variation of one parameter is
relevant or not. For more information regarding model structure,
parameter identification and interval determination, the reader is
referred to [3].

Evolution of LAMp and LAMn of two cells has been also estimated
with a charge-based method, as reported in Section S4 of the Supple-
mentary Materials, providing a consistent result.

Results

Capacity loss

The evolution of capacity loss for all the tested samples is reported in
Fig. 7. To improve the readability, the plot is split into two subfigures:
cycles at 25 ◦C and 45 ◦C in subfigures a and b, respectively. Capacity
loss Qloss is computed as

Qloss =
QBOL − Qact

Qnom
(13)

where QBOL, Qact and Qnom are the measured capacity at begin of life
(BOL), the one at a certain ageing state and the nominal capacity from
the datasheet, respectively.

The first difference is associated with the ambient temperature.
Cycling at 45 ◦C induces a faster degradation. J. Stadler et al. [36]
observed very similar trends in their investigation of NMC622 degra-
dation under dynamic cycling, linking high temperature with an

improved kinetics of side reactions. Second, comparing the various
shades of blue, the effect of the recharge current seems limited, as in
[36]. They are very similar in Fig. 7a, while the difference in Fig. 7b
vanishes if the two cycles are plotted against operating time instead of
charge. This fact suggests a role of calendar ageing, as proposed also in
[36].

Comparing the shades of orange in Fig. 7a, the effect of SoC and DoD
is highlighted. Lastly, Fig. 7b shows the green curve related to the WLTP
High-Speed profile, which is very similar to the IEC profile with same
charging current, thus its effect seems limited. Similarly, comparing
WLTP and IEC no significant differences emerge at both temperatures.

For a first, more quantitative overview of the capacity loss as a
function of the investigated stressors, a linear fit is performed for all the
cells and the coefficients are listed in Table 11. A square-root fit is
avoided, since the linear fit shows always a satisfactory R2 value. A
second fitting approach involves a linear fit with the additional degree of
freedom of the intercept. It provides even higher R2, but no great vari-
ations occur to the linear coefficients. They slightly decrease, since the
large growth at the beginning is included in the constant term. Values of

Fig. 7. Capacity loss evolution vs EFC of all the driving cycle cells: a) cycles at 25 ◦C and b) cycles at 45 ◦C.

Table 11
Fitting of capacity loss trends for the driving cycle campaign. “Coeff” for coef-
ficient, "Interc" refers to the intercept with the y-axis. Coefficients in EFC-1.

# Cell Linear fit Linear (neglect the first
point)

Coeff R2 Coeff Interc R2

1 IEC 25 ◦C 1 C 0.0245 0.942 0.0238 0.545 0.973
2 IEC 25 ◦C C/3 0.0234 0.853 0.0210 0.994 0.934
3 IEC 25 ◦C C/6 0.0217 0.991 0.0214 0.170 0.993
4 WLTP 25 ◦C C/3

100 − 0 %
0.0221 0.990 0.0218 0.177 0.994

5 WLTP 25 ◦C C/3
100 − 50 %

0.0290 0.906 0.0264 0.952 0.968

6 WLTP 25 ◦C C/3
100 − 75 %

0.0194 0.917 0.0170 0.627 0.959

7 WLTP 25 ◦C C/3
75 − 50 %

0.0182 0.971 0.0175 0.264 0.982

8 WLTP 25 ◦C C/3
50 − 0 %

0.0168 0.942 0.0183 − 0.197 0.968

9 IEC 45 ◦C C/3 0.0340 0.983 0.0319 0.789 0.991
10 IEC 45 ◦C C/6 0.0365 0.898 0.0311 1.655 0.947
11 WLTP 45 ◦C C/3

100 − 0 %
0.0363 0.914 0.0315 1.500 0.947

12 WLTP 45 ◦C C/3
100 − 50 %

0.0477 0.831 0.0416 1.928 0.901

13 WLTP High Speed
45 ◦C C/3

0.0350 0.976 0.0336 0.732 0.992
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the coefficients support the early observations regarding Fig. 7. More in
depth, comparing the coefficients of the cycles that have a counterpart at
both temperatures (e.g. lines 2 and 9 in Table 11, IEC profile at 25 ◦C
and 45 ◦C), a ratio around 2/3 is estimated. It means that an increase of
20 ◦C is equivalent to a 50 % higher capacity loss over charge basis.
Furthermore, this table stresses the similarity between different load
profiles (e.g. lines 9, 11 and 13) and the role of the state of charge
window (for instance, lines 5 vs 8 and 11 vs 12).

Thermodynamic losses

Evolution of DV The IEC cycle performed at 25 ◦C with C/3
recharge C-rate is selected as example for the in-depth analysis. First, the
q-OCP analysis of the differential voltage (DV) is reported. The
nomenclature of the main peaks and valleys is detailed in Figure S.3 of
the Supplementary Materials (showing positions of positive and nega-
tive electrodes peaks). From left to right of Fig. 8b, peak F1 and F2 are
clearly identifiable, attributed to the phase transitions of LMO (P1 and
P2 in Figure S.3) superimposed to that of graphite (N1 in Figure S.3).
Then, at low SoC the third peak F3 is noticeable, due to graphite
following three short phase transitions (N2 in Figure S.3) ending with a
steep voltage increase at an almost fully delithiated state, leading cell
voltage down to the low voltage limit.

Experimental discharge and DV at increasing degradation stages are
reported in dashed lines in Fig. 8a and b, respectively. Capacity loss is
evident, as the leften movement of the plateau at 3.65 V. In the DV
(Fig. 8b), the low-SoC peak F3 shifts towards the left progressively.
Moreover, it looks less and less defined as the campaign proceeds, losing
the information related to the smaller phase transitions of graphite. This
fact is correlated to a C-rate effect: as the cell ages, the assumption of
quasi-equilibrium is challenged. Additional tests at the end of the
campaign verified that the only effect involves the low SoC peak, which
becomes blurred. Figure S.6 of the Supplementary Materials deals with
this topic. The cost function for the identification of thermodynamic
parameters have been improved to take this effect into account, as

explained in [3].
Furthermore, high SoC peaks F1 and F2 move, too. The relative

distance between F2 and F3 seems decreasing over time. The simulations
of the equilibrium model are depicted in full lines. First, the model
follows the trend of capacity loss. On the DV plot, the evolutions of the
peak are well reproduced, especially that of F1. As already mentioned,
the magnitude of the peaks, especially F3, is not properly reproduced
due to the too high C-rate for the assumption of quasi-equilibrium.
Overall, this result is considered accurate.

Thermodynamic parameters evolution
The corresponding thermodynamic parameters values are reported

in Fig. 9. The trends are clear with little confidence bands, apart from the
last stages because some peculiar features of the DV become blurred.
Loss of active electrode material (LAM) of the negative electrode (LAMn)
has a steep trend at the beginning (until 50 EFC) followed by a stabili-
zation. LAMp is linear over time, while LLI has an initial growth fol-
lowed by a linear trend, consistent to that of the capacity loss.

The evolution of LAMn is shared by all the cells and it is associated
with a stabilization of the material. Similar trends were already
observed in different campaigns on the same cell type, uncorrelated with
the operating conditions [3,4]. The average value for 25 ◦C cycled cells
is around 8 % for cycles at 25 ◦C, while a value close to 10 % is identified
for 45 ◦C ones, as in the calendar ageing campaign in [4].

LAMp can be related to transition metal dissolution, cathode elec-
trolyte interphase (CEI) growth and cation mixing, but also to particle
cracking [37–40]. As a matter of fact, charge/discharge cycles are
known to induce volume variations of the electrode [37,40]. This
mechanism, particularly relevant for large DoD levels, can induce
cracking of the particles, which may become inactive or develop weaker
connection with the conductive matrix. These possibilities are further
evaluated in the following analyses.

Lastly, LLI can be associated with side reactions with the electrolyte
(leading to well-known SEI growth) and with lithiated LAMs [41–44].
However, it is hard to distinguish the share of these two contributions,
since it is impossible to define the lithiation level in the electrodes when
they lose active sites (leading to LAM). Nevertheless, it is reasonable to
assume a linear growth over cycles of the component related to SEI
growth and at least 40 % of the total lithium loss can be correlated to the
sum of lithiated LAMs.

Effect of the operating conditions

Cycles are compared in small groups, where only one operating
condition is different, to highlight its effect.

Fig. 8. Experimental (dashed lines) and modelled (full lines) a) discharge curve
and b) differential voltage of the cell cycled at 25 ◦C with IEC profile, at various
check-ups. Nomenclature of the peaks in subfigure b) is described in the text.

Fig. 9. Trend of the thermodynamic parameters for the cell cycled at 25 ◦C
with IEC profile.
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Recharge C-rate
The recharge current is investigated by comparing the parameters

value of the cycles that share all the operating conditions but the
recharge C-rate, namely.

• IEC cycle at 25 ◦C, between 100 % and 0 % SoC, with 1 C recharge C-
rate

• IEC cycle at 25 ◦C, between 100 % and 0 % SoC, with C/3 recharge
C-rate

Fig. 10. Comparison between the evolution of thermodynamic parameters for some cycles with uncertainty bands. a) LLI and b) LAMp for IEC 25 ◦C cycles,
highlighting the effect of recharge C-rate. c) LLI and d) LAMp of WLTP and IEC 25 ◦C cycles, highlighting the effect of the load profile. e) LLI and f) LAMp and d) LLI
of some WLTP 25 ◦C cycles, highlighting the effect of the state of charge window. In e) confidence bands are avoided to improve the readability. Details of the
important operating conditions are reported in legends.
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• IEC cycle at 25 ◦C, between 100 % and 0 % SoC, with C/6 recharge
C-rate.

The capacity loss trend is almost equal for all the investigated con-
ditions. Similarly, LLI values almost overlap if estimated at an equal
amount of charge throughput. Its chart is reported in Fig. 10a. LAMp
evolution is similar for all the cells (Fig. 10b), too. The confidence in-
tervals of LAMp overlap for the three cases at the beginning and remain
close at high EFC values. Moreover, at the end the interval widens, due
to blurred features of the DV in these conditions (Section Thermody-
namic losses). Despite a factor of six between the lowest and the largest
C-rates, no significant difference is recorded. Considering that the cycles
have worked in the same SoC window, it is reasonable to assume a
similar contribution of lithiated LAMp to the overall lithium inventory
loss.

Hence, the effect of the recharge C-rate is negligible in the investi-
gated conditions of temperature (25 ◦C and 45 ◦C, not shown for brev-
ity) and C-rates (C/6, C/3 and 1 C). This result, though unexpected, is
consistent with the specifications of this cell type. As a matter of fact, the
suggested maximum charge C-rate is 1 C in the temperature range of
interest. It is noteworthy how the degradation, considering various as-
pects of the battery operation, of all cycles proceeds analogously and at
the same pace on charge basis. Moreover, at 45 ◦C the timespan becomes
important, suggesting the occurrence of calendar ageing (see capacity
loss trend Section Capacity loss).

Load profile
WLTP and IEC cycles at 25 ◦C with same charge C-rate and SoC

window are compared to visualize the effect of the load profile. The
trend of capacity loss showed a similar trend with EFC for the two
profiles, both at 25 ◦C and 45 ◦C. LLI for both cells follows the trend of
capacity loss (Fig. 10c), showing limited differences. Interestingly,
LAMp shares a very similar growth, too, as reported in Fig. 10d. As a
consequence, the thermodynamic analysis supports a limited effect of
this variable, despite the differences (Section Comparison between
WLTP and IEC profiles).

State of charge window
Different WLTP cycles at 25 ◦C are compared to identify the role of

SoC and DoD. Due to their inherent interdependence, they are analysed
together.

The trend of LLI (Fig. 10e) is complex. Cycles sweep different SoC
intervals: 100 %− 0 % (red curve, circle market), 100 %− 50 % (orange,
circle), 100 %− 75 % (yellow, circle), 50 %− 0 % (orange, star marker)
and 75 %− 50 % (yellow, star). Confidence bands are avoided for read-
ability. It is worth highlighting that all the considered cycles operate at
different average SoC. There is an interplay between SoC and DoD. At
fixed DoD, high LLI is assigned to high SoC of cycling. On the other hand,
high LLI is assigned to high DoD, as in [45], at a prescribed SoC. The
difference between 100 %− 50 % and 50 %− 0 % SoC is very strong. Low
SoC is a favourable condition with respect to ageing, as already stated in
literature [45]. Between 100–75 % and 75–50 % SoC the differences are
little. Overall, large LLI at high SoC are consistent with SEI growth. The
similarity between 100 %− 50 % and 100 %− 0 % cycles can be associ-
ated with the trend of LAMp (Fig. 10f): if LAMp is significantly lithiated,
it can compensate for the time that the 100 %− 0 % cycle spends at low
SoC.

Indeed, Fig. 10f shows the evolution of LAMp with uncertainty bands
for the cycles that sweep the 100 %− 0 % (red curve and area), 100 %−

50 % (orange) and 100 %− 75 % (yellow) SoC intervals. It looks like the
larger the DoD, the larger the LAMp. Moreover, as already discussed,
LAMp trend is independent on the recharge current and the load profile.
This difference is meaningful and supports the occurrence of a me-
chanical effect: large depth of discharge induces large volume variations
in the electrodes, thus they are more susceptible to particle cracking
[40]. It is noteworthy that this difference does not exist at 45 ◦C between

100 %− 0 % and 100 %− 50 % cycles (not shown for brevity). It might be
related to improved mechanical properties of the material thanks to a
higher temperature.

Temperature
Lastly, the role of ambient temperature is here discussed. The trend

of capacity loss showed a strong effect of temperature, with 45 ◦C-cycled
cells exhibiting a faster capacity loss rate by ⁓50 % with respect to the
same cycle at 25 ◦C. Fig. 11a shows the comparison of capacity loss
trend over time for three cells:

• IEC cycle at 25 ◦C C/3 (red curve)
• Calendar aged cell at 45 ◦C and 50 % SoC (yellow), investigated in
[4]

• IEC cycle at 45 ◦C C/3 (black)
• The sum of the first two (orange)

It is worth reminding that the comparison between the two cycles
would not change if the data were plotted against EFC.

Interestingly, the superposition of effects holds true. As a matter of
fact, there is quite a good agreement between black and orange curves. It
suggests the possible distinction between usage-related and calendar-
related losses and that the two effects linearly sum up. More clearly,
the capacity loss of a high temperature cycle is suitably reproduced by
the capacity loss of the same cycle, carried out at 25 ◦C, and that of the
calendar aged cell that is stored at the intermediate SoC of the interval
that is spanned by cycle (e.g. in this case 50 %, since both cycles operate
in the 100 %− 0 % SoC range).

This result is already present in the scientific literature [45,46],
though it has been questioned [47]. The unexpected and novel result lies
in the application of this method on thermodynamic parameters.
Fig. 11b-c-d shows the same analysis, comparing the evolution of LLI,
LAMp and LAMn, respectively. LLI and LAMp of the high-temperature
cycle are reliably represented by the superposition of the
low-temperature cycle and the high-temperature calendar ageing at the
intermediate SoC, considering the same time span. LAMn is reported for
the sake of completeness but, as already mentioned, its trend is the same
for all the tested cells, thus it can be assumed that the same stabilization
phenomenon is occurring in all the cells, at the same pace.

Similar results are achieved for all the tested cycles conditions that
have a counterpart at both temperatures and they support a universality
of the principle, at least in the investigated temperature range. They are
reported in Figure S.7, S.8 and S.9 of the Supplementary Materials. This
analysis is of particular interest for prediction methods and for an
improved design of experiments, since it enables to avoid some testing
conditions.

In conclusion, there is a strong effect of temperature. Cycling seems
to induce a fast capacity loss which can be associated with SEI growth,
but also a significant deterioration of the positive electrode, which
seems related to particle cracking due to mechanical stresses. A high-
temperature effect seems to add upon this low-temperature baseline,
introducing further SEI growth and possible instability of the positive
electrode structure. This interpretation is the consequence of the su-
perposition effect that rules at thermodynamic level.

Conclusions

A wide experimental campaign is conducted to reproduce a realistic
operation of lithium-ion batteries in BEVs and investigate the effect of
the operating conditions. These are identified after a relevant literature
review, to highlight the most common conditions. In particular, WLTP is
selected as representative load profile and converted into power-time
profile with a simplified vehicle model, after benchmarking its charac-
teristics with a local driving schedule, and compared against the stan-
dard IEC 62660–1.

Characterization tests are performed periodically to track the
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residual performance and perform capacity loss and thermodynamic
analyses. One sample is investigated as a reference, observing the
following trends.

• Loss of lithium inventory is detected as the main degradation
parameter. It can be related to both SEI growth but also other
mechanisms like loss of lithiated electrode material. Indeed, both
negative and positive electrode are affected by LAM.

• LAMn is found to be very steep in the first cycles and then stabilizes.
It can be associated with a stabilization of the material, uncorrelated
with the operating conditions, but it can also explain the sudden drop
of capacity in the first cycles as a lithiated LAMn. On the contrary,
LAMp is linear over EFC.

Differences among different samples are then analysed to highlight
the role of the operating conditions.

• Surprisingly, different load profile do not induce significant differ-
ences in capacity loss rate and thermodynamic parameters. Simi-
larly, C/6, C/3 and 1 C recharge rates do not affect the degradation
rates.

• There is a strong proportionality between LAMp and DoD, which
supports a mechanical origin of this parameter: the larger the DoD,
the larger the volume variations which, in turn, induce particle
cracking. LLI has a complex interdependence on SoC and DoD.

Interestingly, the superposition principle is shown to hold true for
thermodynamic ageing parameters, where LLI and LAMp of a high
temperature cycle are reproduced by the sum of the corresponding pa-
rameters of the low temperature cycle and the contribution of calendar
ageing at high temperature, at the average SoC of the cycle. All in all,
higher temperatures introduce further SEI growth and deterioration of
the positive electrode, maybe transition metal dissolution. Additional
investigations on the operation far from equilibrium will be the topic of
a forthcoming publication, together with ex-situ measurements to verify
the reliability of the interpretations.
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