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the fundamental understanding of ageing mechanisms. In contrast to most previous studies which utilise
empirical trends (low real-time information) or rough simplifications on mathematical models to predict the
lifetime of a Li-ion battery, we deployed a novel ageing formulation that includes heterogeneous dual-layer solid
electrolyte interphase (SEI) and lithium-plating ageing mechanisms with porosity evaluation. The proposed
model is parameterized and optimized for mass transport and ageing parameters based on fresh and an aged cell
and validated against our experimental results. We show that our advanced ageing mechanisms can accurately
calculate experimentally observed cell voltage and capacity fade with respect to cycling number and can predict
future fade for new operating scenarios based on constant-current and a dynamic power profile cycling exper-
imental data consisting of high discharge C-rates and fast-charging periods. Our model is able to capture the
linear and nonlinear (knee-point) capacity fade characteristics with a high accuracy of 98% goodness-of-fit-error
and we compared our model performance with well-accepted existing model in literature.
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1. Introduction

The study of lithium (Li)-ion batteries is currently of huge scientific
and technological interest in order to reduce fossil energy powered au-
tomobiles in the market. Hence, the automobile manufacturers are
encouraged to push towards electrification. There are several major
barriers for achieving a strong competitor role in the electrification
market; maximum range, fast-charging ability, lifetime and safety are
the key performance elements whilst a customer decides on purchasing
an electric vehicle (EV) [1,2]. These key elements can be profoundly
influenced by the battery degradation mechanism, which causes ca-
pacity loss and resistance increase over the lifetime [3]. Battery degra-
dation can be a serious problem in the automotive industry affecting the
vehicles warranty period and compromise an industry’s reputation in
the business market role [4]. Hence fundamental understanding of
degradation mechanisms is critical for the development of reliable
life-prediction methods for battery management systems (BMS).

Identifying ageing mechanism in a Li-ion battery is the main and
most challenging goal, therefore a wide range of experimental and
simulation approaches have provided considerable insight into the
battery degradation that causes capacity loss [3,5-7]. Post-mortem
analysis methods; such as X-ray photoelectron spectroscopy (XPS) [8],
X-ray diffraction (XRD) [9,10], scanning electron microscopy (SEM) [4,
11,12], and electrochemical impedance spectroscopy (EIS) [12] tech-
niques, have yielded refined indications for morphological changes of
the electrodes, the electrolyte, the separator, and the current collectors
over lifetime period [13]. Although, there is no significant morpholog-
ical modification reported for the positive electrode [14-16], a common
theme emerging from these studies is that solid electrolyte interphase
(SEI) [7,13,15,17] and deposition of metallic lithium in the anode
(lithium-plating) [15,18], causes substantial cell ageing [7,15,17,18].
Similar depositions of at the cathode, termed as cathode electrolyte
interphase from electrolyte oxidation, has been reported [19]. However
these side reactions can generate gaseous compounds (such as hydrogen
and hydrogen fluoride) and is not considered as the primary ageing
mechanism in this study.

As many studies have already showed that formation of SEI and
lithium-plating passive film layers at the anode electrode are formed by
consuming of the cyclable Li-ions [7,17] and can extend hundreds of
nanometers in thickness [7,20]. This large non-homogeneous morpho-
logical passive films growth on active material geometry causes; (i)
drastic decrease in electrode porosity and (ii) limits the kinetic transport
of lithium-ions through those inactive areas and causes resistance in-
crease and capacity fade [18]. Despite many existing ageing models
showing a good comparison against experimental studies, the models
consider SEI composed of a homogeneous layer with the assumption of
linear solvent diffusion in the SEI with a constant base reaction rate and
SEI growth. The layer is treated as a non-porous block with a sharp
interphase and the effect of film growth on the anode electrode volume
is ignored [17,18,21-26], although the recent experimental studies
show that these passive film formation has multi-layered structure of SEI
with a dense layer of inorganic components close to graphite electrode
followed by a porous organic layer close to electrolyte [7,13,27]. The
nanoporous structure of SEI influence Li-ion mass transport and also
kinetics as theoretical studies show that diffusion within a porous
structure hinders the diffusion coefficient and causes a lack of commu-
nication of Li-ion with active material [28]. Since the performance of the
battery is highly coupled with the effective diffusion coefficient of
Li-ion, quantifying all these ageing features precisely will improve life-
time prediction of cell capacity during cell operation.

The objective of this study is to investigate the lifetime of a NCA/
graphite Li-ion cell at a constant-current (CC) and dynamic power pro-
file at 25 °C by deploying a well-known P2D battery model with our
novel ageing mechanism of multi-layered heterogeneous SEI growth and
lithium-plating and coupling the diffusion coefficients of Li-ion, EC and
DMC as a function of local porosity. The experimentally measured
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capacity fade and terminal voltage of the cell during cycling are
compared against the model and captured linear and nonlinear capacity
fades at high and low C-rates, respectively. For the first time, the model
is employed to predict the lifetime of a cell for a dynamic power profile
and estimated the future capacity fade despite a limited availability of
measured capacity data.

1.1. 2- Experimental measurements

To evaluate ageing, several parameters are considered including
capacity fade and resistance increase, which indicates the cell State-of-
Health (SOH). SoH is important to predict remaining useful life. The
capacity is a key performance indicator for high-energy applications
such as electric vehicles where it can be considered one of the key
criteria for end-of-life (EoL) prediction when the capacity reaches 70%
of its initial value. Cells used for this study are high-power cylindrical
lithium-ion cells. The cell has dimensions of 18 mm diameter and 65 mm
length. In this work, Maccor cyclers are used and fully oil immersed test
rig was designed where we used dielectric oil (kryo-51) for safety and
improved cell thermal management. As a further safety precaution, the
rig was also placed in an environmental chamber. Cell connections are
voltage sense cables and cycler channels are connected on brass blocks
to record current and voltage data. For individual cell’s temperature
measurements thermocouples are connected which then assigned to
relevant Maccor channels to record temperature change during live
tests. Test rig placed in the thermal chamber, which has additional safety
systems including air-cooling and temperature distribution to control
and maintain cell temperature at desire level.

Two test conditions are considered, where the first experiment is
used for cell cycling using a constant current (CC) step of C/3 to a cut-off
voltage of 4.2 V, followed by a constant voltage (CV) step at 4.2 V until
the charge current dropped to 0.1 A. Following to 1 min rest period, the
cell was discharged with either a constant current of 1C-2.5 V for the 1C
discharge cycle or a discharge current of 4C to 2.5 V for the 4C discharge
cycle followed by the 1 min rest before the next charge step. 30 cycles for
1C discharge and 40 cycles for 4C discharge were performed before
reference performance test (RPT) at 25 °C to determine the cell capacity.
For each cycling test (1C and 4C) three cells were used and the cells were
cycled until they reach 70% of its initial capacity, at which point the
cells were deemed to have reached EoL and the experiment ended.

In the second test condition a dynamic power profile is designed to
utilise a higher depth-of-discharge (97%-23%) with one fast charge
event (8.5 [W]) and two slow charge events (3.75 [W]) per cycle as
shown in Fig. 4a. The dynamic power cycle is to emulate realistic driving
user cases and support industry warranty decisions, for which a CCCV
profile is not ideal. Each warranty cycle took 15 h and a RPT capacity
check was done after five warranty cycles. The RPT capacity test
included a CC-CV regime with a CC step of 1C to a cut-off voltage of 4.2
V, followed by a constant voltage (CV) step at 4.2 V until the charge
current dropped to 0.1 A. Following al hour rest period the cell was then
discharged at a constant current of C/3 to 2.5 V to get the reference
capacity value of the cell. Data is recorded with a 1 s sampling time and
thermocouple control is used to bring back temperature at 25 °C after
charge and discharge steps.

1.2. 3- Mathematical model

We considered a commercial lithium-ion cell which consists of cur-
rent collectors at the both ends, the negative electrode, the separator and
the positive electrode domains as schematically shown in Fig. la. A
binary electrolyte is considered to fill the porous components of
electrodes.

The electrochemical model used in this work incorporated with
multi-layered SEI and lithium plating is based on the pseudo two-
dimensional model (P2D) which was described in Ref. [29]. In the
present study, the model is developed to analyse the behaviour of critical
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ageing mechanisms and their impact on capacity fade in a lithium-ion
cell. The model ignores the heat generation due to Ohmic resistance in
this work. The full governing equations and appropriate boundary
conditions are listed in the Supplementary Information.

There are 5 main electrochemical reactions considered that occur at
the anode electrode domain as illustrated in Fig. 1b:

Ce¢+Lit +e < LiCq (@9

Eq. (1) is the intercalation reaction that occurs in the active material
graphite surface. For the lithium intercalation reaction in cathode and
anode, the local current density per active material area is calculated by
the Butler-Volmer equation:

. . aa,imF a("im‘F
Jint = 10,int | €XP | Njy RT = exXP\ Mipe RT (&)

where i jr is the exchange current density of lithium intercalation, g jnt
and oy are the anodic and cathodic charge transfer coefficients,
respectively, and 7;,, is the surface overpotential defined as:

Nig =P — P, — UZ,I — Jrotat Ritm 3

where ¢, and ¢, are electric potentials in the solid and electrolyte
phases. UZ‘; is the equilibrium potential for lithium intercalation reac-
tion, F is Faraday constant and Ry, is the resistance of the surface film
due to the side reactions.

1.3. Ageing mechanism

Lit +e Li(j) (€))

The lithium deposition reaction Eq. (4) is considered as one of the
side reactions on graphite. Lig) is the product of metallic lithium
deposited on the graphite surface, Eq. (4) competes with the intercala-
tion reaction (Eq. (1)) when the lithium deposition potential (LDP) gets
below zero, Li* /Li(n;;. ;; < 0). Due to charge transfer limitations, lithium
ions are inclined to deposit instead of intercalating into the negative
electrode. The lithium plating is assumed to be irreversible in the model,
which implies stripping of plated lithium is neglected and the lithium-
plating current density is described as following:

. o plating aflmi"gF . plating
JIplating = — Iy expl{ — RT Ps— @, _]tmalRﬁlm - Ueq (5)

where £ is the exchange current density of lithium plating which is
considered as a fitting parameter due to the lack of reliable experimental
data and UE™ considered as zero in the present work.
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The second ageing mechanism, SEI growth, is governed by two
electrochemical reactions as follows:

2Li* +2(C3H,05)(EC) +2¢~ < (CH,0CO,Li), + C,H, 6

2Li* + C3Hs03(DMC) + 2¢~ <> Li,CO;5 + CoHg @)

The products, (CH,OCO,Li), and Li»COs, are the main inorganic
components of solid electrolyte interphase (SEI) multilayers. The
releasing flammable hydrocarbon gases, such as ethane and methane are
ignored in this work for simplicity. The rate of SEI formation reaction is
affected by the mass transport of EC and DMC within the anode and by
the surface kinetics. The local current densities of the SEI formation
reaction is calculated by the cathodic BV expressions below:

Jsii =sen +Jser ®
) acpcl .
Joe = —FkiCcyc {exp( - C;T (05 — @0 = JroraRpitm — USEE))} ©)

) acpuck .
JomC = = Fk)™ e {exp( —RT (05 — 9. — Jrora R — Ué’éﬁ’c))}

(10)

where kEC and kDM€ are the kinetic rate constants for EC and DMC; UL
and UZMC are the equilibrium potentials of SEI for EC and DMC, and ¢
and cj,,. are the concentrations of EC and DMC on the surface of
graphite, which is calculated based on the Fick’s Law:

a(é‘e(),‘)

b ~ DIV = i an

where ¢, is volume fraction of the electrolyte, and it is calculated by ¢, =
1— & — €carbon- €p, and ecqmon are active material and carbon-binder
volume fractions in the anode porous electrode, respectively. ¢, is a
quantity depending on the time and position as calculated in Eq. (20).

fof is the diffusion coefficients of species EC and DMC and it is a
function of SEI porosity (as described in the following section), c; is the
concentration of species EC and DMC in the anode electrolyte. The bulk
electrolyte amount is consumed due to the side reactions deposited on
the electrode particles as described in Egs. (5), (9) and (10) and hence its
volume fraction changes. The effective diffusion coefficient and effective
electrolyte conductivity values are calculated based on the Bruggeman

relation as following:

D — ¢l P a2

K7 =l x? a3)

Y T Y
Anode Separator Cathode

@® Graphite @

Initial SEI layer formation e
¥ (CH,0CO,Li), ®
¥ Lico, ®
MW Lithium-plating layer

Fig. 1. (a) Schematic illustration of the 1D simulation domain and its 2D representation (b) Side reaction products (ageing mechanism) on anode active material.
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Table 1
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Physicochemical model geometry and electrochemical parameters measured and estimated from experimental data. Superscript m indicates measured values and o

optimized values.

Parameter Anode Separator Cathode

Geometry

Thickness, [ 55pmm 12 pmm 47 .5pmm

Solid phase fraction, & 0.42 0.48

Liquid phase fraction, ¢ 0.44 0.4 0.44

Particle radius, Ry 10.7°pm 17.5°pm
Thermodynamics

Equilibrium voltage, Egq see Fig. S1 (a) see Fig. S1 (b)
Maximum Li + concentration, cgmax 31,363 mol m~3 o 56,435 mol m~° o
Kinetics

Reaction rate constant, ky 1x10 " ms o 1x10-11ms'o
Anodic charge-transfer coefficient, ag it 0.5 0.5

Cathodic charge-transfer coefficient, ac it 0.5 0.5

Exchange current density, ig in 13.2 x 10* Am-2 0 6.79 x 10* Am 2o
Transport

Solid diffusivity, D; 3.9 x 10-14 m? s [23] 8 x 10 Mm% [23]
Solid conductivity, & 100 S m ! [23] 2sm ! [23]
Parameter Electrolyte

Electrolyte concentration, ¢; 1000 mol m 3

Electrolyte diffusion, D;
Electrolyte conductivity,

Transport number, t;

2.6 x 10 ®m%~!
1106c.exp( — 8900c}4)
0.38 [26]

fof is calculated by Eq. (12) and D? is bulk diffusion coefficient of Li and
HS}E, is the local porosity of the SEI layer and j represents the difficulty of
electrolyte transport through the SEI layer and it is specified as around
20 [30]. Kfff is the effective electronic conductivity with 9 bulk con-
ductivity for all SEI compounds. The change in concentration of species
of Li and £, and cBMC layers are calculated as an equivalent thickness of
the surface film by the Faraday’s law as following:

ocsgy _ Jss
— _JsEl 1
ot 2F as
o e
Bl JSE 15
ot 2F as
dey; Jri
— _Ju 1
ot F a6

Finally, the total reaction rate (juow), can be summed as; (i) main
reaction rate (ju), (ii) SEI formation reactions (j$@), and (iii) lithium
deposition reaction rate (jpuing). All of intercalation, lithium deposition
reaction rates and SEI formations can be described using Butler-Volmer
(BV) equation, as presented in Egs. (2), (5) and (8), respectively.

jmlal :jim +J§)EI‘;[ +jplaling (17)

1.4. Surface film: thickness, film resistance and particle sphere geometries

SEI layers and lithium plating constitute the surface film covering
graphite particles. In the model, graphite particles are assumed to be
spherical and the surface film is assumed to be non-uniform in thickness
along the anode electrode. As such, the amount of SEI and lithium
plating can be transformed to an equivalent thickness of the surface film,
as:

18

1 CEC MEC CDMCMDMC CL'ML'
5ﬁlm (X, l) — ( SEI""" SEI SEI SEI + i i

+
a,(x, 1)\ psg P PLi
where a;(x,t), M; and p; are active material particle surface area, molar
weights and densities for species, respectively. The ratio of the molar
weights to the density corresponds to a specific volume for each of
species formed on graphite electrodes and they are given as molar

volume (\7'1:) in Table 2. The resistance of surface films in Eq. (19) is
determined with the contribution of 3 species as following:

§5(CH200:Li), §L2€05 st
(CH,0CO, Li), Ofitm

Li, CO5 “film film
Ry (x,1) = € cHoco;n, T Estr *~TC0; €Lir 19)
SEI KsEr Li
where Eé(é?zOCOzLi)z’ 85521“)3 ,ande;; are the volume fraction of
(CH,0CO,Li),, Li»CO3 and lithium-plating in the film, respectively and
K(S%II{ZOCOZL”Z, Ké}f,co% and «; are the ionic conductivity of (CH,OCO;Li),,

Table 2
Parameters for the side reaction definitions. The superscript o in the values in-
dicates optimized values.

Symbol Parameter Value

SEI Layers

Egqse1 SEI formation equilibrium potential 0.4V [30]

KSEI Li* conductivity 1x102Sm™!

OsE e~ conductivity 1x108Sm™!
utMe DMC reduction potential 0.3V

D% e DMC diffusion coefficient 10® cm?s71°

Ko DMC reaction rate 1.8 x 10 8ms1°

Qe DMC concentration in bulk electrolyte 4.5 mol L™!

‘7221003 Psar Molar volume of Li»CO3 84.2 cm® mol 1

gléglcm Volume fraction of Li,CO3 0.05 [26]

UggI EC reduction potential 0.8V

DO EC diffusion coefficient 10 % cm?s71°

ke EC reaction rate 0.8x108ms!

Che EC concentration in bulk electrolyte 4.5mol L™}

V(S?I{zOCOzLi)z Molar volume of (CH,0CO,Li), 66.7 cm® mol 1°
<SCElI'120C02Li>z Volume fraction of (CH,0CO,Li), 0.03 [26]

Lithium-Plating

Ugéating Plating equilibrium potential 0.0V

{0 plating Plating exchange current density 6.05 x 10°°Am™%°

PrLi Density of Li-plating 2110 kg m~%°

My Molar mass of Li-plating 73.889 g mol 1°

eri Volume fraction of Li-plating 0.76
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Table 3
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Governing equations and boundary conditions for positive and negative electrodes in a pseudo two-dimensional model (x and r).

Governing Equations

Boundary Conditions

Negative Electrode Positive Electrode

Mass balance in the electrolyte for a binary salt concentrated electrolyte

0 s 1-£2)j;

(65:6) = Deﬁ{eWC; + % with initial condition of c|,_o = co
Electric potential distribution in solution

0p, | 2KeffmRT d(Inc,) .

v(— Kot + IR 1 - @) T2}
Electric potential distribution in matrix/solid phase
0(Ceff m®ps) .
" Hn

Mass balance in the electrodes in the matrix/solid phase

O 10 2
ai: =235 (Dmrzairs> with the initial conditions of c|,_y = c?

_ Deff.n%h—o =0 _ De.ff-P%lX*Ln+Ls = 0

B Deff'n%lbbr - DS%‘X:L" - D‘%lxm— 4L = = Deff.n%h:g.w 1L
B Keff'"%lxzo =0 - Keﬁ-p%k:b, L, =0

— n%l)ﬂ” - Ksad%lrL" - Ks%'xdn— 4L = - Keff.pa%k—Ln L
%\HM =0 — @sly—0 =0

- ngelen, =0 ettty = — ;";Pp

%lto =0 - DM%ER,, = jm

* m is either n or p depending on the material type.

Li2CO3 and lithium plating, respectively.

The porosity of the anode active material in the present work evolves
with the surface film formed due to SEI and lithium plating as shown in
Eq. (19). The volume fraction of the anode electrode increases with the
growth of film and that of the electrolyte is reduced via the following
expression:

de,(x,1)
dt

déﬂlm ()C, l)

dt 20

=a,(x,1)
where ¢, is the volume fraction of anode active material. As mentioned
above one feature of the present model is that the diffusion coefficient of
lithium ions in the porous medium is a function of the volume fraction
porosity and Egs. (12) and (13) are updated based on the calculated new
porosity value in Eq. (20). It is also worth mentioning that a(x,t) in Eq.
(20) updates itself for each time step taken by the solver and in electrode
thickness based on the determined new film thickness from Eq. (18).

2. Results and discussion

The presented 1D pseudo two-dimensional (P2D) battery model is
numerically solved by a commercial finite element package, COMSOL
Multiphysics (version 5.5), operated in a high-performance workstation.
The computational domain is discretised into elements and finer node
points on the boundaries of anode/separator domains is adopted to
capture the side-reactions. The governing equations and appropriate
boundary conditions are listed in Table 3 and Table 4.

2.1. Model parameterization

The presented model is parameterized based on the commercial
18,650 cylindrical graphite/NCA Li-ion cell. The cell geometrical pa-
rameters are measured for a fresh cell in our laboratory and accepted
without modifications. The open circuit potentials (OCVs) for both
electrodes are measured at 25 °C in half cells using lithium metal as

Table 4
Governing equations and boundary conditions for separator.

counter electrode. The parameters of diffusion coefficient of Li ion in
separator and in electrode particles and ionic conductivity are taken
from similar literature.

The nominal measured capacity is rated as 3.05 [Ah] experimentally
during a 1C-rate discharge at 25 °C for this battery. The maximum Li
concentration and the porosity values for each electrode are estimated
based on the nominal capacity. The maximum Li concentration in the
electrodes was calculated from Csmax = pPyeo/M, Where py,, and M are
density and the molecular weight of the active solid material, respec-
tively. The volume fraction of active material &, can then be calcu-
lated from Eq. (21), as the transferred capacity (AQ).

AQ = AcyVetaeiiveF (21)

Here, it is assumed that the solid volume that is not contributing to
the nominal capacity of the cell is inactive. Ac; is the difference between
the initial Li concentration ¢,y and Li concentration at the end of full-
charge, c;max- Ve and F are the effective volume of each electrode and
Faraday constants, respectively.

The parameterization of electrochemical and ageing are studied in
two steps: (i) determining the electrochemical parameters, such as ex-
change current density, active material particle radius based on the fresh
cell by turning of the ageing reactions (ii) determination of ageing pa-
rameters based on the capacity measurement experimental tests.

2.2. Model calibration and validation

2.2.1. Electrochemical parameterization and performance validation

The electrochemical parameterization study is carried out based on
the C/3 charge and 1C discharge cycling experimental measurements as
shown in Fig. 2a. The cell is discharged from a fully occupied anode (4.2
[V]) to fully unoccupied (2.5[V]). The parameters of exchange current
density and the active material particle radius are fitted to experimental
1C cycling data as shown in Fig. 2a by using the method of least squares
and the Levenberg-Marquardt (LM) optimization solver. The 1C

Governing Equations

Boundary Conditions

Mass balance in the separator
dce o*c.

5 Deﬁ + (1 —19)jine With initial condition of ¢l = ¢o

Electric potential distribution in separator

e

0p, | 2xsepRT
+ F (17&*) ox

v ( Ko

ac, ac,
- Deff.nT;‘x:L,r = - Dsof;lx:Lw
ace

ac
- DSX'X:LH— +Ly = — Deﬁ.pa_;lx:Ln +Ls

o _ 99,
- Keﬁ‘.nﬁ‘x:L,. = - Ksepg‘x:Ln,

99, 995
- KsengﬁL,r i, == Keff.pglx—L,,+ AL
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4.2 £ 1C Calibration
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4.2 + 4C Validation
> b
o I
,%D 3.6 :
© i
% 30 —}'"Expeﬂme.ntal Measurement \\
Q C— Numerical Result i (b)
i i
24 - L TR i L
0 500 1000
Time [s]

Fig. 2. (a) Comparison of electrochemical model calibration with experimental data in terms of charge/discharge curves at 1C-rate measured for a fresh cell at 25 °C.
(b) Model validation using the parameters evaluated from Fig. 2a with experimental data in terms of charge/discharge curves at 4C-rate for a fresh cell at 25 °C.

calibration figure (Fig. 2a) illustrates a good agreement between the
model (blue solid-line) and experimental measurements (red dashed-
line) for discharging (1C) and C/3 charging (blue region) with an
overall root-mean-square error (RMSE) of 1.23%. Then the fitted pa-
rameters (listed in Table 1) are used to validate a C/3 charge and 4C
discharge electrochemical behaviour. The comparison of discharging
(4C) and C/3 charging of the battery again shows quite good agreement
with 1.46 [V] % RMSE although the mass and migration of Li ions at
higher C-rate noticeably stronger comparing to 1C case. The validation
results evidences that the model can capture ionic, electronic, kinetic
and diffusion phenomenon accurately for a fresh cell. The fitted pa-
rameters here are accepted and kept same without making any
modifications.

2.2.2. Ageing kinetics parameterization and capacity fade - linear and
nonlinear ageing

Capacity loss and resistance increase are the consequence of cell
ageing [17,23]. There are many reasons that causes cell ageing, how-
ever, the most prominent features are the side reactions, SEI layers and
lithium plating that occurs at the anode electrode [8,18,31]. Here we
limited the ageing mechanism with the side reactions Egs. (4), (6) and
(7) mentioned in previous section. The ageing parameterization serves

3l A Symbols - Experimental Measurements
C Solid-lines - Numerical Results
- Dashed-lines — Yang et al. [ 18]
— 2.8 T
= i
=<, b | Validation
207 4C at25°C
o -
< - i
% 23 & Calibration
O £ el
2.1 £
1 .8 - : | I I

200 400
Cycle Number

[

Fig. 3. Comparison of calibrated model (black solid-line) with parameters lis-
ted in Table [1,2] against experimental data (square symbols) in
constant-current cycling process of 1C discharge and C/3 charge and validated
the model (red solid-line) using the same parameter set at 4C discharge and C/3
charge constant current cycling process and compared against experimental
measurements at 25 °C. Our model performance is also compared against Yang
et al.‘s ageing model [18] (black dashed-line).

vitally important to capture the structural (porosity variation) and
chemical features that causes capacity loss. The equilibrium potential of
the side reactions Egs. (4), (6) and (7), volume fractions, and ionic
conductivity values are taken from Ref. [31]. However, the kinetic rate
constant, diffusion coefficient, molar weight, and density for the EC and
DMC compounds are fitted to experimental measured cycling (1C
discharge, C/3 charging) data at 25 °C that completed 420 cycles
reaching EoL. The fitting is performed via the method of least squares
and the LM optimization solver for the 420 cycles (see Table 2 for the
ageing parameters).

The capacity degradation as a function of the cycle number using the
optimized parameters is plotted to show the comparison of the fitted
model results (black solid-line) against experimental measured data
(black square symbols) in Fig. 3. The model results match fairly well
with a goodness-of-fit-error (GoF) of 98.76%, indicating that the model
is able to predict the internal cell characteristics (structural modification
and chemical features) reliably throughout the lifespan of the cell and
can simulate nonlinear capacity fade. The nominal capacity drop of
15.96% after 300 cycles in Fig. 3 is attributed to the active material loss
and electrolyte consumption loss caused by the side reactions [7,18,21,
31]. Moreover, after the 300th cycle the cell lost 32% of capacity in 160
cycles. This sudden capacity loss (nonlinear ageing or knee-point) is due
to severe deterioration of ion kinetics and local porosity clogging at the
anode/separator interface as depicted in Fig. S2 (b). This clogging likely
increases the over potential for lithium-ion transport in the anode
electrode and may lead to nonlinear capacity fade and lithium-plating at
moderate temperatures and charging steps as explained previously by
Ref. [8,15,32].

Using the optimized parameters (based on the C/3 charging - 1C
discharging cycling) the model is used to predict and validate the
nominal capacity fade for the 4C discharge and C/3 charging constant
current cycling. Fig. 3 shows the nominal capacity fade as a function of
cycle number for the 4C discharge and C/3 charging constant current
cycling. Interestingly, both the model and the measured data shows
almost a linear capacity fade until 600 cycles. The results show that the
ageing model can maintain sufficient accuracy in terms of capacity
degradation response prediction with a GoF of 98.17%. In comparison to
the 1C discharging, 4C discharging shows higher lifetime without
showing a transition from linear to nonlinear. As can be seen in Fig. S3
(a), the contribution of the plating is only 5% to total capacity loss,
whereas the SEI growth due to the EC reduction hits to around 70% with
remarkable amount of DMC reduction, 25%. It worth to note that
because of the EC denser structure, the capacity retention is quite large
although Li-plating is not observed significantly. This behaviour quali-
tatively agrees with the results from Ref. [15,16]. Also, the capacity
degradation after 200 cycles show linear behaviour, this characteristic is
purely due to EC component of SEI growth as depicted in Fig. S2 (a). The
yellow region in Fig. 3 is the 80% threshold of the initial capacity, which
is typically considered as the EoL for an EV battery.
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Fig. 4. (a) Power-profile used in weekly driving includes conventional CC/CV slow (blue zone) and fast (green zone) charging. (b) Model validation simulation
results (black solid-line) with 80th cycle cell experimental measurement (yellow dashed-line) based on the power profile input. (c) Capacity loss observed in drive-
cycle ageing campaign at 25 °C (symbols) and lifetime prediction of the cell by numerical results (solid-line).

Furthermore, we compared our experimental results against existing
ageing models in Ref. [18] using the optimized parameters in Table 2.
The discrepancy of the present model with the aforementioned study can
be explained as follows: (i) The growth of SEI is assumed to be induced
due to the diffusion of electrolyte solvent only across the surface film,
which is not practical given the reality of electrolyte solvent mass
transport; (ii) The ageing mechanism in the present study is modelled by
two electrochemical side reactions by including the effect of EC and
DMC electrolyte solvents. While Refs. [17,18,23] included the effects of
only EC with a fixed EC diffusion coefficient, whereas the EC diffusion
coefficient in this work varies with porosity in time and anode electrode
thickness [7]; (iii) In this work, the contributions of the (CH,OCO,Li),,
Li»CO3 solvent products and lithium deposition amount are considered
for surface film resistance calculation, however, Li,CO3 contribution is
only assumed in Ref. [17,18]. This simplification causes inaccurate local
porosity calculation, which is not ideal as one of the main reasons
causing nonlinear capacity fade is the sudden local porosity clogging;
(iv) The ionic conductivity is a dependent parameter of the products
deposited on the active material surface and also local porosity. There-
fore, these assumptions bring about the improvement in the results. We
expect that our findings will play a key role in the design of better
performance and longer life batteries or cells. Details of ageing mecha-
nisms and its contributions to anode porosity change is provided in the
Supplement Information Section.

2.2.3. Life-time prediction of an EV cell under real-life scenario

Using the validated ageing parameters from Section 4.2.2 the next
validation step includes the emulation of a real-life scenario with a dy-
namic power profile, Fig. 4a, that represents a one-week driving-cycle.
One week of driving includes a sequence of working-days and perfor-
mance driving with the feature of regenerative trips, and slow (blue
marked)/fast (green marked) charge from the grid. This kind of scenario
assists the lifetime prediction of the cell under a real operation

condition.

Fig. 4b first shows the numerical result for voltage validation for the
80th power profile cycle under 25 °C. The objective of this validation is
to evaluate the model prediction accuracy for combined driving events
and slow/fast charging procedures effects on the voltage curve for an
aged cell. The presented model is able to predict the cell voltage
response (for the 80th power profile cycle) with 98.54% of GoF. In view
of this results, the developed electrochemical model can simulate the
dynamic power profile despite the highest current peak reaches 6C rate
and includes fast-charging mechanism.

Fig. 4c reveals the validation for the nominal capacity loss of the
numerical results compared against experimental measurement data for
three cells tested under the dynamic power profile as a function of cycle
number. The model was used to forecast the future capacity loss of the
cells.

Up until the (~160 cycles) the model demonstrates a near linear
capacity fade with a good agreement to the measured data (98.42 of
GoF). Beyond the 50 cycles the model continued to predict a near linear
fade and predicts an EoL of 294 cycles to reach 80% of initial capacity
(indicated by the yellow region in Fig. 4c). As the simulation continues
the model demonstrates that around the 370th cycle the nonlinear
degradation occurs. These results are significant as they demonstrate
how a physics-based ageing model parameterized for CC cycling can
validate and forecast battery ageing for a dynamic power profile with
nonlinear capacity fade.

3. Conclusion

In this paper, we introduced a novel ageing mechanism that extends
the common approach of transport limited models by incorporating (i)
multi-layered SEI, (ii) lithium-plating, (iii) reduction of anode porosity.
By this approach, we aimed to a gain a fundamental understanding for
linear and nonlinear capacity fade by modelling more realistic ageing
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kinetics. The model is calibrated and validated against both fresh and
aged NCA/graphite commercial cell through a series of experiments
including (i) constant-current cycling and (ii) dynamic power profile
conditions at ambient temperature of 25 °C. The parameters used in the
model are experimentally measured and optimized based on the fresh
and aged cell (for a C/3 charging — 1C discharging CC profile). The
model subsequently predicts the linear and nonlinear capacity fades for
a different (C/3 charging - 4C discharging) CC cycling data with 98% of
GoF and predicts better than existing well-accepted ageing models [17,
18,22,23]. Moreover, for the first time we validated the terminal voltage
response and capacity fade based on a dynamic power profile with a
98.54% and 98.42% GoFs, respectively. Quantifying all these degrada-
tion processes precisely will improve lifetime prediction of cell capacity
during cell operation. This model will allow us to better predict the
lifetime of a Li-ion battery under real operating conditions which
required a reliable integration of the battery into an EV application and
for warranty evaluations.
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