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those based on the Doyle-Fuller-Newman model, are invaluable tools to understand and
predict such phenomena. However, these models are often too complex for practical ap-
plications, so reduced models are needed. In this article we introduce the Single Particle
Model with electrolyte and Side Reactions, a reduced model with electrochemical degrada-
tion which has been formally derived from the Doyle-Fuller-Newman model with Side Re-
actions using asymptotic methods. The reduced model has been validated against the full
model for three scenarios (solid-electrolyte interphase growth, lithium plating, and both
effects combined) showing similar accuracy at a much lower computational cost. The im-

Solid-electrolyte interphase growth

plications of the results are twofold: the reduced model is simple and accurate enough to
Asymptotic methods

be used in most real practical applications, and the reduction framework used is robust so
it can be extended to account for further degradation effects.

© 2022 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Addressing climate emergency is one of the biggest challenges we face as society, and lithium-ion batteries are called
to play a central role in the transition to a more sustainable future, in particular in the areas of transport electrification
and off-grid energy storage. One of the main roadblocks for the wide deployment of batteries, especially in electric vehicles,
is the decrease in the energy and power output as batteries age, known as degradation. Understanding and reducing such
degradation would be extremely useful to extend the operation time of batteries and enable more efficient repurposing and
recycling at the end of their life.

As described in [1,2], degradation is caused by different mechanisms (or combinations thereof), which are triggered by
multiple phenomena (e.g. high charge/discharge rates, extreme temperatures). These mechanisms contribute to the degrada-
tion modes: loss of active material (in each electrode), loss of lithium inventory, stoichiometric drift and impedance change
[2]. Ultimately, these modes manifest as a fade in the battery capacity and power outputs. According to [2], the main degra-
dation mechanisms are solid-electrolyte interphase (SEI) growth and lithium plating (in the negative electrode), structural
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change and decomposition (in the positive electrode), and particle fracture (in both electrodes). Moreover, the mechanisms
are not independent from each other, and positive feedback loops between various mechanisms have been reported [2,3].

Mathematical models are an extremely valuable tool to understand, predict and eventually reduce degradation via smart
control of batteries. However, these models are very expensive from the computational point of view, which makes them
unsuitable for many practical applications, especially those requiring a large number of simulations such as battery design
and control. Therefore, there is a clear need for fast (yet accurate) models that capture battery degradation.

There are various approaches to battery modelling but here we focus our attention on physics-based continuum models
[4]. Physics-based continuum models treat the battery as a continuum material (i.e. they do not consider the atomistic level)
and describe their behaviour by using conservation laws and constitutive relations to describe the transport of conserved
quantities. These typically yield a coupled system of differential equations that needs to be solved numerically in order to
determine any variable of interest. For a detailed review on continuum models for batteries, we refer the reader to the
review article by Brosa Planella et al. [5]. Continuum models can include a wide range of physics but the cornerstone are
electrochemical models, which describe the transport of lithium in the battery. There are different models in this category,
with different levels of complexity, as reviewed in [5]. The most popular ones are the Doyle-Fuller-Newman model (DFN)
introduced in [6,7] and Single Particle Models (SPM), which are simpler. The latter can be defined either with electrolyte
dynamics (e.g. [8,9]) or without (e.g. [10]). Any further effects, such as thermal and degradation, need to be coupled to
an electrochemical model. In this article we focus our attention on two degradation mechanisms: SEI growth and lithium
plating. These are probably the two most common degradation mechanisms, and they have been widely reported in the
literature. For more information, we direct the reader to the review article by Edge et al. on battery degradation [2], and its
companion article by O’Kane et al. on how to model it [11].

The SEI is a passivation layer deposited at the surface of the electrode particles and which behaves like a solid electrolyte.
This layer is created by the decomposition of the liquid electrolyte when it operates below its stability voltage window.
During the formation phase of a newly assembled battery, the SEI layer is grown in a controlled manner. This causes a
decrease in the battery capacity, but significantly reduces further reactions. However, as the battery ages, this layer grows
again causing power and capacity fade. In the literature, we find three main approaches to physics-based modelling of SEI
growth: density functional theory (DFT) models, continuum models and zero-dimensional models [12]. DFT models describe
the processes at atomistic level and are extremely complex from the computational point of view [13,14]. Continuum models
describe the SEI layer at a continuum level and account for the electron, ion and interstitial transport across this layer
[12,15,16]. Zero-dimensional models can be seen as a reduced version of continuum models in which the whole behaviour of
the film is encapsulated by a boundary condition at the surface of the electrode particles. These are simpler models that can
be easily coupled to the electrochemical models. As discussed in [12], there are multiple instances of such models depending
on the included physics (e.g. electron tunnelling [17], interstitials transport [18], and solvent diffusion with reactions [19-
21]) or the limiting processes (e.g. solvent diffusion limited [22], electron migration limited [23], and reaction limited [24]).

Lithium plating is a reaction in which lithium ions deposit on the electrode particles surface instead of intercalating into
them. This reaction is reversible, but plated lithium is prone to react and form SEI and, in turn, the SEI growth can elec-
trically isolate the plated lithium, leading to a loss of lithium inventory. Lithium plating can also lead to dendrite growth
which can cause an internal short circuit in the battery and is exacerbated by fast charging, so in recent years this degrada-
tion mechanism has received a lot of attention [25,26]. From the modelling point of view, lithium plating has been mostly
described by zero-dimensional models. The first DFN model with lithium plating was introduced by Arora et al. [27]. This
initial model assumed a constant exchange current density, and a dependency on the lithium ion and plated lithium con-
centration was introduced first in [28] for lithium metal electrodes, and later in [29] for porous electrodes. It is worth noting
that, in the literature, we find models assuming asymmetric [27,29] and symmetric plating reactions [28,30], the latter being
simpler.

Despite being fundamentally different from the chemical point of view, these two mechanisms are very similar from a
modelling point of view (they are both side reactions) and that is why they are often considered together, including in the
present article. In recent years, there has been a surge in the interest of modelling SEI growth and lithium plating together.
For example, the model in [31] combines the SEI model [21] (solvent diffusion with reactions) with an irreversible plating
model similar to [27], and its analysis has shown that the interactions between SEI growth and lithium plating trigger
nonlinear aging, also known as the knee (see [32] for a detailed review on the knee). Similar results have been reported
in [33] (which includes two types of SEI reactions) and [34] (which includes partially reversible lithium plating). The latter
showed that at least a fraction of irreversible lithium plating is required in order to trigger the knee. In all three cases, the
models are validated with experimental data, showing good agreement. Finally, in [11], SEI growth and lithium plating are
also coupled with particle cracking and loss of active material, showcasing a very diverse range of behaviours depending on
the cycling profile. The authors highlight the need for further studies and more accurate parameter sets in order to discover
potential new degradation regimes.

As explained earlier, degradation models are coupled to electrochemical models, to which they add complexity. If the
standard DFN model is already complex enough for many applications, adding degradation effects only increases this com-
plexity [35,36]. For this reason, researchers have explored coupling degradation effects to simpler models, such as Single
Particle Models [21,37-39]. However, this is typically done in an ad hoc manner, which often leads to inconsistencies. For
example, in [37-39] the loss of interfacial current to the SEI reaction is not taken into account, and thus the total amount
of lithium is not conserved. Therefore, it is clear that such simplified models for battery degradation should be rigorously
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Fig. 1. Geometry of the SPMe+SR model. The upper layer represents the porous electrodes (0 < x < L) in which we solve the electrolyte equation. For each
electrode we have a representative particle (0 < r <Ry, for k e {n, p}). In addition, in the negative electrode we also have the side reaction layer. The blue
arrows represent the intercalation reaction (reversible), while the red arrows represent the side reaction (typically irreversible). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

derived to ensure they are consistent with the physical principles of the DFN model. Asymptotic methods provide a robust
framework to simplify complex models in a systematic manner. Such methods have already been applied to battery models
such as the DFN model to derive Single Particle Models and other reduced models (e.g. [8,9,40]) but, to the best of our
knowledge, they have not yet been applied to derive models accounting for degradation.

We will use standard asymptotic methods [41,42], also known as perturbation methods, to simplify the model based on
a priori assumptions about the size of certain dimensionless parameters. Asymptotic methods offer the advantages of being
generic, systematic and flexible. Therefore, we can use them to simplify battery degradation models while ensuring that the
reduced models are physically consistent with the full models.

In this article we present the Single Particle Model with electrolyte and Side Reactions (SPMe+SR), a simplified model for
electrochemical battery degradation (Section 2). The SPMe+SR is formally derived from the Doyle-Fuller-Newman model with
Side Reactions (DFN+SR) using asymptotic methods (Section 3), and based on the assumptions of small overpotentials and
weak side reactions. The SPMe+SR is generic enough to account for a wide range of side reactions and operating conditions,
and is found to offer similar accuracy to the DFN+SR while being much simpler (see Section 4). This means that the SPMe+SR
is easier to analise and faster to simulate, making it suitable to a wider range of applications than the DFN+SR such as real-
time control, prediction of the remaining useful life, and design optimisation.

To the best of our knowledge, the results presented in this article are the first instance of a Single Particle Model with
side reactions which is physically consistent and has been systematically derived from the full DFN+SR model. The derivation
method presented here can be applied to models accounting for other degradation mechanisms, and thus it is a stepping
stone towards a robust and unified framework for reduced models for battery degradation.

2. Single Particle Model with electrolyte and Side Reactions (SPMe+SR)

In this section we present the reduced model for battery degradation that we named Single Particle Model with elec-
trolyte and Side Reactions (SPMe+SR). This model belongs to the family of Single Particle Models with electrolyte dynamics
(see [5,8] for detailed discussions on this model family), and models a single averaged (or representative) particle to describe
the behaviour of all the particles within each electrode. The SPMe+SR presented here is an electrochemical model account-
ing for degradation in the negative electrode caused by a side reaction (i.e. an undesired reaction that consumes lithium
ions and produces new material that blocks the pores in the electrode), but it could be very easily extended to account for
side reactions in the positive electrode as well. The key advantage of the SPMe+SR model, with respect to the DFN+SR, is
that it only requires solving for the electrolyte and averaged particle concentrations, and the electrode porosity, while all the
other variables of interest (such as the potentials and currents) can be calculated from explicit expressions. In comparison,
the DFN+SR requires solving for the electrolyte and particle concentrations (the latter as a function of radius and electrode
thickness), electrode and electrolyte potentials, and electrode porosity. For a detailed comparison between SPMe and DFN
models we refer the reader to [5].

The geometry of the model is as shown in Fig. 1. The two averaged electrode particles are defined in the domain
0 <r <Ry (for k € {n, p}), where the subscripts n and p denote the negative and positive electrode, respectively. The do-
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main for the electrolyte is 0 < x < L, and includes the negative electrode (0 < x < L), the separator (L, <x <L — L), and the
positive electrode (L — L, <x <L). In each electrode particle we solve a partial differential equation (PDE) for the lithium
concentration (1)-(3), while in the electrolyte domain we solve a PDE for the ion concentration in the electrolyte (4) and
one for the porosity (5) (note that the latter only applies to the electrolyte in the negative electrode subdomain). The key
advantage of the SPMe+SR is that all the PDEs involved are time dependent and thus, after spatial discretisation (and as-
suming that the current is the input), they become a system of ordinary differential equations (ODEs) rather than a system
of differential-algebraic equations (DAEs) which would be much harder to solve numerically. The main difference with the
standard SPMe is that for the SPMe+SR the various PDEs are coupled together through the side reaction. This is similar to
what occurs with the thermal SPMe derived in [8], so we refer the keen reader to that article for more details on SPMe.
The SPMe+SR is derived from the DFN+SR using asymptotic methods (see Section 3 for details), and this analysis is based
on certain assumptions that define the range of validity of the SPMe+SR. The two assumptions are: small deviations from the
open-circuit potential (i.e. overpotentials) and weak side reaction. The first one is reasonable for low to moderate C-rates,
and would only break down at high C-rates. However, in practice, other limiting phenomena occur before such regimes
are reached, such as electrolyte depletion. When depletion occurs, the behaviour of the electrode particles is very different
depending on whether they are in the depleted region or not, and the single particle model is no longer valid. The second
assumption is reasonable because, if the side reaction was not small compared to the intercalation reaction, the battery
would show a Coulombic efficiency much lower than what is observed in practice [31]. Therefore, the two assumptions are
reasonable for a broad range of operating conditions. Having discussed its range of validity, we can now define the SPMe+SR.
Particle equations The equation for the lithium concentration in the negative averaged (or representative) particle reads

dcn 10 (5, 3G .
at_r28r<r Dn (Gn) e= in0<r <Ry, (1a)
0Cn
W_O’ atr=0, (1b)
- 86[1 _ 1 iapp r j—
—Dn(cn)w = oF (Ln —Jsr |- at r =Ry, (1c)
En = Cn,initv at t = 0, (1d)
where
- 1
Jov=1- Jsrdx, (2a)
n JO
. F fappL
Jsr = —anjsr €Xp <—OlSRRT <¢n — e — Usg — L:gizf:':n)) (2b)

Here the variable to solve for is the concentration in the negative averaged particle ¢,(r,t), and the parameters are
the diffusivity Dy (Cp), the surface area per unit volume of the active material particles (without the side reaction layer)
an, the Faraday constant F, the applied current density iapp(t), the thickness of the negative electrode L,, and the initial
concentration of the particle ¢, nj. The side reaction current density (per unit volume) is Jsg, and the parameters that
define it are the exchange current density jsg (which may be a function of the variables of the problem, see Section 2.1),
the transfer coefficient asg, the gas constant R, the temperature T, the open-circuit potential Usg, and the film conductivity
¢ . The electrode and electrolyte potentials (¢, and ¢e, respectively) and the film thickness L¢,, are quantities that depend
on the variables of the model and are computed from the expressions (7)-(9). Note that we use the overhead bar to define
the average over the thickness of the corresponding electrode, as defined in (2a). The definition of the concentration ¢, as
an averaged quantity arises from the definition of the Single Particle Model (see Section 3).

The equation for the lithium concentration in the positive averaged (or representative) particle equation reads

ac, 19 ., 0C .

87;’ - rzar(rsz(CP)arp)’ in0<r<Ry, (3a)

% -0, atr=0, (3b)
08 1 iy _

—DP(CP)W = TGF L, atr =Ry, (30)

& = Cpinit. att=0. (3d)
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Here the variable to solve for is the concentration in the positive averaged particle Cp(r, t), and the parameters are anal-
ogous to those in the negative electrode particle.
Electrolyte equation The equation for the ion concentration in the electrolyte reads

_tt
i(sce) = i De(ce)B(X, t)% + wie , in0<x<lI, (4a)
at X F
dce B
= 0. atx=0,L, (4b)
Ce = Ce,init> att =0. (4c)

Here the variable to solve for is the lithium ion concentration in the electrolyte ce(x,t), and the parameters are the dif-
fusivity De(ce), the transport efficiency (also known as inverse MacMullin number) B(x, t), the transference number t*(ce),
and the initial concentration c jni;. The current in the electrolyte i is defined as in (8c), and the porosity £(x, t) is calculated
from (6).

Porosity equation The equation for the porosity in the negative electrode is

d&n _ Msr

W - WJSK (5)

where Mgg and psg are the molar weight and density of the side reaction material, respectively, and nsg the number of
electrons involved in the side reaction. The porosity across the battery is defined piecewise as

en(x,t), if0<x<Ly,
ex, t) ={es(x), if Ly <x<L—1Lp, (6)
&p(X), ifL—L,<x<L

In this case, we define the side reaction only in the negative electrode and thus the porosity in the separator and positive
electrode remain constant in time, but the model could be easily extended to account for a side reaction and porosity
variation in the positive electrode as well.

The thickness of the side reaction film can be calculated as

1
Lt = Le g init — Ek(Sk — E.init)» (7)

and note that this reduces to a trivial Lgy = Lg jpi in the case where the porosity does not change (i.e. the film does not
grow).

After solving Eqgs. (1), (3), (4) and (5) to determine ¢y, Cp, Ce and &, we can compute any other variable of interest from
explicit expressions.

Currents in the electrodes and electrolyte The currents in the electrodes and electrolyte are defined as follows. In the
negative electrode (0 < x < L) the current is

in(x,£) = 52 Ly — ), (8a)
n
while in the positive electrode (L —Lp <x <L) it is
. i
ip (%, £) = 22 (x = (L~ L,)). (8)
p
The current in the electrolyte is
%x, if0<x<Ly,
ie(X, t) = i.app, if Ln X< L_Lpa (SC)

l’%(L—x), ifL-L,<x<L

Potentials in the electrodes and electrolyte The potentials in the electrodes and electrolyte are defined as follows. In the
negative and positive electrodes, respectively, the potentials are

(s fapp (2Ln — X)X fappLn  dapplin
Palx.1) = U”(C"|T=R") h 20,0, 30n  Lnanoi,

Ln ie(s, t)ds
/ / Ue(ce(s £))B(s, t)

Ll]
L[ [a-re t)))(

0

Bfi>810gce(s t)d i
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2RT 1 fap
+ —— arcsinh dx, 9a
F L /0 ( nLn]n) (9a)

iapp(z(L - Lp) — X)X _ iapp (2[‘[23 B GLP +3) _ iﬂPDI_‘f,P
2L,0p 6L,0p Lyapot,

ie (s, t)ds
L /L L,,/ el . 0)BG. O

2RT1 4 afi dlogce(s,t)
= Lp/LL,,/ (1 =t (ce s, r)))( Ce>asdsdx

Pp(x,1) = Up(6p|r:Rp) +

2RT 1
- arcsinh | —2*2_ ) dx, 9b
F L /L—L ( PLD]P> (50)
while in the electrolyte the potential is
_ X io 2RT . dfy \0logce(s, t)
Pe(x,t) = —/(; m / (1 —t*(ce(s, t)))<] + )85d5’ (9¢)

with the intercalation exchange current density defined as

Jie = My [ CeCie (¢ — &) (10)

=Ry

Here the new parameters introduced (for k € {n, p}) are the open-circuit potentials of the electrodes U, (c;), the electrode
electronic conductivities oy, the electrolyte conductivity oe(ce), the thermodynamic factor (1 + afi , the intercalation reac-
tion constant my, and the maximum concentration in the particles ¢;’#*. Even though the thermodynamic factor is written as
(1 + 7 8fi > it is usually used as a single parameter directly fitted to experimental data [43]. Note that we have assumed the

Butler—Volmer reaction to have transfer coefficients equal to 0.5, but the results can be easily generalised to non-symmetric
reactions [5].
Terminal voltage The terminal voltage can be calculated from the electrode potentials as

V(®) = Pplyey — Pnlio- (11)
Using the definitions for the potentials (9a)-(9b), we can be write the terminal voltage as

V(t) =Uegq + N+ Ne + Ae + Aps + Adpy, (12)
where

Ueq = UP(EP|r=Rp) o U“(E“|r:Rn)’

= _g (L]p /LLL arcsinh <(J:Lm>d>< + Lln /L“ arcsinh ( I;Lnjn)dx)

Ne = 2};T<Lp /L Lp/ (1 —t*(ce (s, t)))w l/Ln /X(l _t+(ce(s’t)))810ggz(s,t)dsdx>’
be=-1, /L Lp./ ae(cle(is tt)))(ias(s oL / ’ / o0 (C:e(gs tt)))cllgs(s N N I (13)

Ags = —?((L{; + ;)

Lg Ly
Ay =—i L L ).
¢f app(LpClpO’f’p + Lnanof,n>

Each term in the voltage expression has a physical interpretation: Ueq is the equilibrium (or open-circuit) potential of
the cell, n; is the intercalation reaction overpotential, 7. is the electrolyte concentration overpotential, A¢. are the Ohmic
losses in the electrolyte, A¢s are the Ohmic losses in the electrode, and A¢; are the Ohmic losses in the interface film.

2.1. Examples of SR models

The SPMe+SR is generic enough to account for a wide range of side reactions (or combinations thereof). In Section 4 we
have simulated three cases: SEI growth, lithium plating, and their combined effect. Both SEI and plating models are taken
to match those in [31], so they are an SEI growth model with solvent diffusion and reactions, and an irreversible model for
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lithium plating. Note that it is out of the scope of this article to discuss the validity of such assumptions, and this choice of
side reaction models is merely to illustrate the capabilities of the SPMe+SR. The model would also work with other choices
of SEI and plating models.

For SEI, we define jsg = jsg where

Jseile
CsEl = CSELini 14
SEI SEL init + anFDSEl ( )

Here cgg; is the concentration of the SEI material (e.g. ethylene carbonate, also called EC), kgg; is the reaction rate of the SEI
reaction, cggy jn;¢ is the initial SEI concentration, and Dsg is the solvent diffusivity. More details on this model can be found
in [21,31].

For lithium plating we define jsg = ji; where

Ju = Fkjce, (15)

and ki; is the lithium plating reaction rate. This model is slightly different to that in [31] as the plating exchange current
density depends on the ion concentration in the electrolyte. More details of this model can be found in [30].

Finally, both models can be combined to account for simultaneous SEI growth and lithium plating. In this case, we need
to define Jsg = Jsg + Jij, where

. F fapplLs,

Jser = —anjsg1 €Xp <—055E1ﬁ <¢n — e — Use1 — %)),
; F fappLy,

Ji = —anjLiexp (-auﬁ (¢n —¢e — Uy — L:Z:ﬁ;‘ﬂ))

and jsg and ji; are defined from (14)-(15). We now need to be careful on how to define the porosity variation as both
reactions will contribute to it. In this case it is easier to define the thickness of the films created by each reaction as

Olgsgr Mg 0Ly My

=- SEI =-
ot N1 PseF ot ny; piF

(16)

Jui- (17)

With the two thicknesses separately, we can define the total film thickness as L¢, = Lgsg + Lgyj, and the film conductivity
according to modelling assumptions of our choice. For the results in Section 4, we assume that plated lithium is an ideal
conductor and therefore the film Ohmic losses are caused by SEI only.

We can then retrieve the porosity from inverting (7), which yields

& = g init — Ak (Lt — Ltk init) - (18)

Note that taking the time derivative of this equation and substituting (17) into it, we obtain the porosity equation stated in
[31]

den Mg

L
= + i 19
ot nsgpseF Jse ny; piF h (19)

2.2. Conservation of lithium

A fundamental feature of any battery model is to conserve lithium. In this section we prove that the SPMe+SR conserves
the total amount of lithium. The total amount of lithium in the battery Ny is given by

Niot (t) = Nn(t) + Np(t) + Ne(t) + Nsr (), (20)

where the total amounts of lithium in each domain are N, for the negative electrode, N, for the positive electrode, Ne
for the electrolyte and Nsg for the side reaction material. These quantities are defined as the integral of the corresponding
concentration of lithium species over the domain they occupy, hence
3 s.n n ~
Na(t) = ALn 55" fo" r*Cndr,
Np(t) = ALy 252 [ 12¢,dr,
P
Ne(t) = AfOL ecedx,

Ln
Nsr(t) = Afo n?\l;lgfk (&n,init — en)dx,

(21)

where ¢, for k € {n, p} is the volume fraction of active material in each electrode, and A is the current collector surface.

We want to prove that % = 0, therefore we need to calculate the time derivatives for the total amount of lithium in each
domain. For example, for the negative electrode we have

dNy, . e [P 506
?_ALH o /0 re dr, (22)

and using the expressions in (1a) and (1c) we can rewrite it as
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dN, 3egn (R0 (L . 96 ETUN I
ar = AL, R /0 8r<r Dn(cn)ar)dr_ALn B an(cn)W .

3¢sn 1 [lapp = A, -
= —AL, R, anF<Ln —JsR | = —F(lapp _]SRLn)7 (23)

where we have used that for spherical particles a; = 3;1*". for k € {n, p}.

Similarly, we can show that

dN, A, dNe dNsg Ar
@ CFe a =% e TR (24)
so the variation of the total amount of lithium is
dN; A, . - . -
d;ot =F (— app +JsrLn + fapp —JSRLn) =0, (25)

hence the total amount of lithium is conserved.

Conservation of lithium is a very important feature of battery models which is often not ensured when the models are
posed in an ad hoc manner [37-39]. For example, in [37,39], The boundary condition in the negative particles does not take
into account the side reaction, and is simply

_ . 0Cp 1 dapp
_DH(CH)W = GIT:K (26)
Therefore, we find that the total amount of lithium is not conserved, as
dNeor  dNsg A~
a a0 (27)

so, in fact, the total amount of lithium in the system increases. In addition, the total amount of available lithium in the
electrodes remains constant, so no capacity fade would be observed with this model.

On the other hand, the model presented in [38] also defines the negative particle boundary condition as (26), but in
addition it takes the source term of the electrolyte equation in the negative electrode to be

10l dapp
F 0x = ayFL,
Repeating the calculations on the total amount of lithium we find that
dNtot dNe ClNSR
at ~ dr T a
and again the total amount of lithium in the system increases. These inconsistencies highlight the importance of deriving
the reduced models in a systematic manner to ensure that the conservation laws of the full model are preserved.

+Jsr- (28)

= —’F‘itv;RLn >0, (29)

3. Derivation of the SPMe+SR

In this section we derive the reduced SPMe+SR model from the full DFN+SR model presented in Appendix A. We first
state the rescaled dimensionless model (Section 3.1), which is the starting point of the asymptotic reduction in Section 3.2.
A summary of the dimensionless reduced model is presented in Appendix C.

3.1. Rescaled dimensionless model
We derive the SPMe+SR model from the isothermal DEN+SR, the dimensionless version of which is derived in A.2. The

model has a set of dimensionless parameters which are defined in (A.14). All the equations in this section are in dimension-
less form. The model for concentration in the particles reads

Bck 10 2 8Ck .
C"Bt_ﬂar<r DkW , in0<r<1, (30a)
o _ 0 atr=0 (30b)
or ’ ’

8Ck Ck

_p, Tk _ Sk g atr=1, (30c)

k or wkykjk.mt
Cx = Mg, at t =0, (30d)
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and the potential in each electrode is given by

3
o = e

; ad

I = —)\.Ek%.

The x domain is defined to be 0 <x < ¢, if k=n,and 1—-¢p <x<1ifk=p.
The electrolyte equations, which are defined in the domain 0 < x < 1, are

0 oN,
Ceye&(sce) = —yea—xe +Ce),

die
o =)
with
ac, Ce .
Ne = —DeB(x, t)a—xe + t+7§ze,

fe = —Ze0eB(X, t)(aaﬁe -2(1-r7) (1 * g?) : lgice)
e

The intercalation reaction between the electrode and the electrolyte is given by

{Jn =Jn4int +.lSRs if 0 <X =< {y,

j=10 if b <x<1-—2¢p.

Jo =Jpints if1-¢, <x<1,

where the intercalation reaction kinetics are driven by

. 1 L
Jiint = Cka Vel (1 —cp) o sinh (2 |:)~(¢k = Ue(Cklrz)) — e — Jg::])

and the side reaction kinetics are driven by
. L
Jsk = —A""jsrexp (—OlSR |:)\¢n — e — an Lo ])
f.n

This side reaction causes a change in the porosity that follows

den A Y
. nwPs
and the corresponding film thickness can be calculated as

1
Lep =1~ E(sk — E.init)-

The boundary conditions at current collector ends are
in = lapp, Ne =0, ¢e =0, atx=0,

ip = fapp, Ne =0, ie =0, atx =1,
and at the electrode-separator interfaces are

in=0, at X = ¢y,

ip =0, atx=1-—1¢p.
Finally, the initial condition for the electrolyte is

Ce=1, att =0.

(30e)

(30f)

(30g)

(30h)

(30i)

(30§)

(31a)

(31b)

(31¢c)

(32)

(33)

(34a)

(34b)

(34c¢)

(34d)

(34e)

The asymptotic analysis is in the limit of large A, which physically implies small overpotentials, and we have also as-
sumed a weak side reaction. Therefore, in the dimensionless model presented here (compared to that in A.2)we have

594



E Brosa Planella and W.D. Widanage Applied Mathematical Modelling 121 (2023) 586-610

rescaled some dimensionless numbers with powers of A~1, which is the small parameter for the asymptotic reduction.
In particular, we have used

Yok = A7 P, Jsr exp (asrAUsr) = 17" Jog. (35)

This choice is driven by the phenomena we want to observe: side reaction and porosity change. Note that, from the
values in Table A.5, ysg could be O(1) (e.g. for lithium plating). However, if ysg = O(1) then the leading order poros-
ity does not change, so assuming ysg = @(A~1) allows us to capture a broader range of scenarios. Similarly, if we took
jsr exp (asgAUsg) = O(A~2) instead (typical values are around 10-3) it would mean that side reactions are too small to
impact the model.

3.2. Asymptotic reduction

We now proceed to perform the asymptotic reduction of the model presented in the previous section. We perform the
expansion in the limit of large A so we define our small parameter as A~! « 1 (which physically means small deviations
from the equilibrium potential, also known as overpotentials). Then, we expand the variables of the model in powers of A~!
using the notation

¢n = ¢n0 + )‘-71¢n1 + )¥72¢n2 +..., (36)
and similarly for the other variables.
Leading-order electrode potential Before starting the asymptotic expansion note that, integrating (30e) and using the elec-
trode current boundary conditions in (34), we can determine

T ~ln ‘a
JP = pln 0 ]ndx: %, (37)

1 1 I
Jo =4 fi_g, Jodx = =2
These averaged current densities will be useful later on in the asymptotic analysis.
We now consider the leading order term of (30f), which gives
d
P _ (38)

0x

and from which we can conclude that ¢ = ¢o(t), for both k € {n, p}.

Interface reactions The next step is to consider the interface reaction Eq. (31) and the porosity variation Eq. (32). Given
that we are only considering a side reaction in the negative electrode, the analysis in the positive electrode will follow
identically as in [8] and thus we do not reproduce the details here. For simplicity, we rewrite (31) using the following
notation

Jn = Juine + Jsx = Jasinh (; [A(asn ~Up(enlyoa)) — e 0 D i foexp (—aSR [wn e~ ’E“D (39)
f.n f.n

with
jn = g/in vV Cecn(‘1 - Cn)
r,n

We have that J, = O(1), and from (32) we deduce that Jsg = O(A~1) given that ‘%“ = O(1). Then, we require that J, j; =
O(1). Expanding J, jn in powers of A~1 we have

(40)

r=

. . . 1 oL
.]n.int = (]110 + )\_1]n1 +. ) sinh <2 |:)‘(¢n0 - Un(CnO|r=1)) +¢n1 - ¢e0 - U{](Cn0|r=1)cn1 |r=1 - ]%% +.. ])’
n

(41)

so the large terms in the sinh need to cancel. This requires ¢ (t) = Un(cpol,_q). Because we know that ¢,y does not
depend on x, we can conclude that cyg|,_; does not depend on x either. This means that the surface concentration will
be identical across the particles in the negative electrode and thus, if the particles start with identical concentrations, then
they will evolve with identical concentrations. From here we can deduce that the boundary flux of all the particles must be
identical as well, so

- 1 L
.]n.intO = Jno sinh <2 (¢n1 - ¢e0 - Ulll( Cn0|r=1 ) Cn1 |r=1 - ]n%ffn()))’ (42)
,n

does not depend on x.
Now we focus our attention on Js, and expanding the potentials again in powers of A~! we have

Jsk = =271 jsr €Xp (—srAhno) €XP ((XSR [¢n1 — e0 — JHOEL% +... :|> (43)
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We can expand the rescaled exchange current density as

fSR = fSRO + )flfsm +... (44)
which yields
_ -1 _ -17 JnOLf n0
Jsr = A7 "Jsro = —A 7" Jsro €XP (—QspAPno) €XP | sy | Pn1 — Peo — 0 +... (45)
,n
Now we consider the total interfacial reaction current. At leading order, from (39) we obtain
. 1 L
_]nO :]n.intO = Jno sinh <2 (¢n1 - ¢e0 - U.;(Cnolr=1 ) Cn1 |r=1 - .]n;ffno)) (46)
n
This implies that J,o is homogeneous in space too and hence it must be equal to its averaged value, calculated in (37), so
i
Jno =Jn.into = zpp- (47)
n
For the positive electrode, the analysis follows identically to that in [8], and we find that J,o = —ij‘jﬂ.

P
Porosity variation For the porosity (32) we find that, at leading order, it is described by

0¢€no _ _Isro
ot nsrPsr’
This has an effect on the film thickness that appears in the reaction overpotentials. At leading order, the film thickness is
calculated as

(48)

1
Liko =1 — - (8ko — Ek,init)- (49)
Bk

Electrode particles Let’s now consider the equations for electrode particles. In the positive electrode particle there is no
side reaction and the analysis follows identically to that in [8], so here we focus our attention on the negative electrode
particle. At O(1) we have

dey dcy ;
Cn gto :rlZg%(ran(CnO)%), in0<r<1,
dCno _
= 0~C atr=0, o)
D (cno) %2 = @y into- atr=1,
Cno = Mn, att =0,

which we can solve numerically using the expression for J, jno in (47). In fact, because c,p does not depend on x we can
interchangeably consider the x-averaged concentration C,q given that ho = cpo. At O(A~1) we have

Cn= r)cm - rl?ai( (Dn(cno) 8m + Dy (€no)Cn1 - C"0)) =0, in0<r<1,
—(Dn(cno) % ey D;, (o) cn1 %522 ) =0, atr=0, (51)
(Dn (CnO) ac"l + D/ (CnO)Cnl ac"O) = %‘;,n]n,intlv atr=1,
cn1 =0, att =0.

We can now x-average (51) to obtain an equation for C,;. We also make use of the fact that ¢,g = c,¢ to simplify the
resulting equation into

Cn Bc,,l -7 dr( (Dn(CnO) Bn 4 D
(Dn (CnO) dc"l + Dy (CnO)Cnl 3 0) atr=0,

(Dn (CnO) ac"l + Dy, (€no)Cni C"O) = %‘;,n]_n,intly atr=1,
Cn1 =0, att =0.

n0<r<1,

0,
0

(52)

We need to calculate J; i1 Averaging the O(A~1) term of (39) over the negative electrode yields

Jn1 = Jn.ine1 + Jsro. (53)

and from (37) we deduce that j,; =0, so we conclude that fn,inn = —Jspo. Therefore, for the negative electrode particle we
cannot conclude that ¢,; = 0 as it occurs with the positive electrode particle (see [8]). Instead, ¢,; captures the contribution
of the side reaction. To determine it we need to solve (52), which can be easily done numerically. Note that x-averaging the
equations over each electrode is a key step to simplify the equations. This step and its consequences are discussed in detail
in [9].
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Electrolyte We now consider the equations for the electrolyte (30g)-(30j). First we calculate the leading order current,
which is determined by

Bicg ]no=i%, %fO§X<en7
8e =Jo=140, ‘ ifen<x<1-4¢p, (54)
X ]poz—%, if1-¢p<x<1.

Integrating and imposing continuity of current we find

%x, if 0 <x < ¢y,
ieo = { fapp- if 6y <x<1-¢p, (55)
A-x), ifl-fp<x<1

Now we consider ion concentration in the electrolyte. At leading order it is governed by

CeVe fr (€0Ce0) = 7 (VeDe (Ce0) Bo (%) %2 a4 (1 t7(Ce0))Celeg), IN 0 <x <1,

fa =0, atx=0,1, (56)
Ceo =1, att =0,

where iy is piecewise linear as determined in (55). This equation can be solved numerically to compute cqq, as it is done
in the standard SPMe.
Finally, we need to calculate the electrolyte potential. At leading order we have

o =~ Beoe(cc)Bo () | 209 21—t () (14 2= ) L1080 ) (57)
8Ceg 0x

which we can rearrange into

dde0 le N 0fs | dlogceo

ox B EeO'eoBo(X) +2(1 -t (CeO)) 1+ ac Ce0 ox ’ (58)
Integrating from O to x and using the fact that ¢,y =0 at x = 0 (34) we obtain
[ ieo . 0f: ') 9 logceo(s. D
b=~ [ SR ® 20 s t)))( dc. ) s 59

Higher-order electrode potential We finally calculate the higher order terms for the electrode potentials, which will allow
us to determine the terminal voltage. At O(A~1) we have

ol
—Ekﬁ]@ax = —Jko: (60)
for k € {n, p}. Integrating, we find
Ji
1 = 2£ X* + AyX + By, (61)
where A, and B, are integration constants. We can determine A; from the boundary conditions for i, (34), obtaining
Gy = I g, .
_ Gapp(R(—£p)—X)x B ( )
$p1 = 55— +Bp.
We calculate B, from the interface reaction as it relates the electrode and electrolyte potentials. From (46) we have
L .
B ~ b0~ U(Gio)cia,_, ~ L2 = 2arcsinh (42, (63)
=1 X Jro

We now average (63) over the corresponding electrode. This will not affect By, as they are constants, and will make the
calculations simpler.

We now need to distinguish between the positive and the negative electrode. For the positive electrode we have ¢,; =0
(see details in [8]), while for the negative electrode this is not true due to the side reaction. Then, we have

_ lappln (= \A fappLt n ieo(s.t)ds
B = 35 + UnGoo)Cont oy + 252 — 250 0" o e ihim O
+L X1 = £ (cuo s, t)))(1+ C’ff)73‘°gfe°<“>dsdx+ s arcsinh( jj;Po)dx,
B, = iapp (245 -6¢543) ’aup’-f.po /‘ f _ dgp(s,)ds dx (64)
pP=" 60,3, T 0, 6 Ee 1-£p JO e (Cen (5.£))Bo (5)

T 21—t (cen(s. 0)) (14 2 ) Mot dsg — 2 1 arcsmh( ipp )dx.
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Table 1
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Dimensional parameters for the electrochemical model, corresponding to the LG M50 cell and taken from [49].
The C in the definition of iy, corresponds to the C-rate of the experiment. The model needs additional parame-
ters for the corresponding degradation model, which are provided in Table 2.

Symbol  Units Description Pos. Sep. Neg.

Ly m Thickness 75.6-10°6 12.10°6 852.10°6
Ry m Radius of electrode particles 5.22.10°6 - 5.86-10°6
ay m-! Particle surface area density 3.82-10° - 3.84.10°
Dy m? st Lithium diffusivity in particles 4.107 - 33.104
oy Sm! Electrode conductivity 0.18 - 215
Ck.init mol m—3 Initial particle concentration 17,038 - 29,866
o mol m—3 Max. particle concentration 63,104 - 33,133
Uy Vv Open-circuit potential (D.3a) - (D.3b)
my Am=2(mol m*3)71'5 Reaction rate 3.42.1076 - 6.48 1077
&k - Electrolyte volume fraction 0.335 0.47 0.25
De m?2 st Electrolyte diffusivity (D.1)

Oe Sm™! Electrolyte conductivity (D.2)

t+ - Transfer number 0.2594

Ce.init mol m—3 Initial electrolyte concentration 1000

iapp Am Applied current density 48.69C

F Cmol™! Faraday constant 96485

R JK-" mol™! Gas constant 8.314

T K Reference temperature 298

With the potential expressions determined at @(A~1), we have all the components we need for the SPMe+SR model. We
have leading order expressions for each variable, except for the particle concentrations and electrode potentials for which
we have also computed the first order corrections. Then, we define each variable as:

. s
Ck = Cpo + A7 Cpas
Ce ~ Ceo,

&~ &,
65
Leg ~ Le o, (65)

Ok ~ Do + Ay,
Pe = Peo.

The full expressions for the dimensionless SPMe+SR are provided in Appendix C.
4. Results & discussion

After introducing the SPMe+SR model in Section 2 and providing its formal derivation from the DFN+SR model using
asymptotic methods in Section 3, we now validate it by comparing its performance against the full DFN+SR model. As
detailed in this section, we find that the SPMe+SR provides very similar results to the DFN+SR for the three tested scenarios
(SEI growth, lithium plating and both effects combined), while being an order of magnitude smaller and significantly faster.
Both models have been implemented in PyBaMM (v22.10), an open-source battery modelling package [44]. The code to
reproduce the results of this article is publicly available (see “Data availability”) In order to solve both models, we have used
the method of lines [45] with a finite volume method for the spatial discretisation [46], which ensures lithium conservation.
For the results here, we use 20 points in each particle and in each electrode and separator. For the solvers, we have tested
scikits.odes [47] and CasADI [48], both readily available in PyBaMM. The parameters used in the simulations are shown
in Tables 1 and 2.

Before showing the simulation results, we compare the size of the systems of equations obtained after discretisation
for both SPMe+SR and DFN+SR. Assuming that the discretisation has Ny points in each electrode and separator and N;
points in each particle, and defining k as the number of side reactions, the sizes of the systems follow the expressions
shown in Table 3 and plotted in Fig. 2. We observe two main differences on how the systems scale. First, the number of
differential equations in SPMe+SR scales linearly with each variable, while in DFN+SR it scales as NxN;. Second, the number
of algebraic equations in the SPMe+SR is zero (if the current is prescribed) while for the DFN+SR it scales linearly with Ny.
In the particular case of Ny = Ny = 20 and k = 1, which is the one used in the results here, the SPMe+SR consists only of 121
differential equations (and no algebraic equations), while the DFN+SR consists of 881 differential equations and 100 algebraic
equations. Note that this applies only to the case where current is prescribed. If instead voltage or power are prescribed, we
need to introduce an additional algebraic equation for both models. This means that, in that case, the SPMe+SR consists of
a system of DAEs, with a single algebraic equation.

In addition to the size of the system, we study the solving time for different solvers, experiments and mesh sizes. In
practical applications we might be constrained by the simulation platform on the solvers to use, so here we test two dif-
ferent families of solvers to see the variability: the CasADI solvers and the scikits.odes solvers. Both solvers are built
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Table 2

Dimensional parameters for the side reaction models. The parameters have mostly been taken
to match [31] but, where applicable, we have cited the original source. The open-circuit poten-
tial of the SEI reaction Usg is not provided in [31], but we set it to zero as its effect has been
absorbed by ksg (see [21] for a detailed discussion). The diffusivity in the SEI material Dsg has
been adjusted to yield reasonable results for the LG M50. The reaction rate of lithium plating
ki has been calculated to match the value provided in [31], and the initial thickness of plated
lithium has been assumed to be zero. Finally, plated lithium has been assumed to be a perfect
conductor, so the conductivity is not needed.

Symbol  Units Description Value Ref.
kser ms! Reaction rate of SEI growth 1.10°12 [31]
CSELinit mol m—3 SEI material concentration in electrolyte 4541 [22]
Usgr \Y Open-circuit potential of SEI reaction 0 [21,31]*
Dggp m? s! Diffusivity of the SEI material 2.10°1 adj.
Msg kg mol™! Molar weight of SEI material 0.162 [21]
PsEl kg m—3 Density of SEI material 1690 [50]
Nsgp - Number of electrons in SEI reaction 2 [21]
O'sl Sm! Conductivity of the SEI layer 5.10°6 [21]
L init m Initial thickness of the SEI layer 5.1079 [21]
ki ms! Reaction rate of plating reaction 1-10°1 calc.
Uy \Y Open-circuit potential of plating reaction 0 [31]
My kgmol™'  Molar weight of lithium 6.94-1073 [51]
P kg m—3 Density of lithium 534 [51]
ny - Number of electrons in plating reaction 1 [31]
L init m Initial thickness of the plated lithium 0 assum.
Table 3

Size of discretised systems for the SPMe+SR and DFN+SR. Ny is the num-
ber of points in each electrode and separator, N; is the number of points
in each particle, and k is the number of side reactions. This applies only
to the case where the applied current is prescribed, otherwise an addi-
tional algebraic equation is introduced.

# of differential equations  # of algebraic equations

SPMe+SR 2N, + B+ Ny +1 0
DFN+SR 2NN, + (3 + k)Ny + 1 5N,

Table 4

Solving times (in seconds) for the SPMe+SR and DFN+SR for different experiments, mesh sizes and solvers. The two experiments are a 1C CC
discharge and 10 cycles of a 1C CC discharge followed by a C/2 4.2 V CCCV charge, with a C/20 cut-off current. The mesh sizes comprise
the four different combinations of Ny, N, € {20, 40}. The solvers studied are the CasADI solvers [48] and the scikits.odes solvers [47]. The
values presented are the mean and standard deviation of 10 identical and independent simulations.

CasADI scikits.odes
SPMe+SR DFN+SR SPMe+SR DFN+SR
Ny =N, =20 0.06 £+ 0.01 1.03+0.36 0.15 4+ 0.02 5.89+0.05
CC discharge Ny = 20, N, = 40 0.06 +0.01 1.13+£0.17 0.16 +0.01 19.42 £0.50
& Ny =40, N, =20 0.20 +£0.02 1.74 £ 043 0.41 +0.01 2712 +£0.23
Ny =N, =40 0.22 +£0.02 2.20+0.19 0.45+0.01 69.53+1.84
Ny =N, =20 2.59+£0.03 12.21+£0.51 5.42 £0.03 165.58 £+ 0.60
CCCV eveles Ny =20, N; =40 2.70 £0.04 17.10 £0.62 6.80 £ 0.05 524.39 +11.81
y Ny =40, N, = 20 9.80+£0.07 22.22+0.80 13.80 £ 0.07 697.54 £5.95
Ny =N, =40 10.07 £ 0.09 32.33+£1.56 16.60 +0.03 1994.43 + 12.50

on top of the suite SUNDIALS [52], and can handle both ODEs (using SUNDIALS’ CVODE) and DAEs (using SUNDIALS’ IDA).
We also consider two different experiments: a single constant current (CC) discharge, and 10 cycles of CC discharge and
constant current constant voltage (CCCV) charge. In all cases, the discharge rate is 1C and the charge rate is C/2, followed
by a 4.2 V CV step with a C/20 cut-off current. Note that in the CC discharge for the SPMe+SR, the resulting system consists
only of ODEs so we can use the ode solver, while for the CCCV scenario and the DFN+SR model we need to use the dae
solver. For each experiment and model we record the solving time for different mesh sizes. Before going ahead, we want to
remark that the objective here is not to provide a thorough performance comparison. We leave the thorough comparison as
an area of future work, given that it would require a much more detailed study of model parameters, mesh sizes and solver
settings. The computational times have been calculated on a laptop with an 11th Generation Intel Core i7-1185G7 (3.00Ghz)
processor and 16 GB RAM.

As shown in Table 4, we observe a significant reduction in the SPMe+SR compared to the DFN+SR. For the CasADI solvers
we observe that the SPMe+SR is between 2 and 18 times faster than the DFN+SR. These differences strongly depend on the
dt_max parameter of the PyBaMM CasADI solver, which controls the detection of events (e.g. cut-off voltage). To make a
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Fig. 2. Comparison of the number of differential (colour solid lines) and algebraic equations (black dashed line) as a function of the mesh size in the
electrodes and separator (Ny) and in the particles (N,). Here we have assumed only one side reaction (k = 1).
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Fig. 3. Comparison between the SPMe+SR and the DFN+SR of the discharge capacity as a function of the cycle number. The theoretical capacity corresponds
to that of the total cyclable lithium (i.e. equivalent to an infinitely slow discharge) while the RPT capacity corresponds to a discharge rate of C/3.

fair comparison we have set dt_max = 1000, relaxing the event detection which hinders performance of the ODE solver.
For the scikits.odes solvers we observe a much more dramatic speed-up which is a lot more sensitive to the mesh
sizes and the experiments, ranging from a factor of 40 in the CC discharge for the coarser mesh, to a factor of over 150 in
the CC discharge for the finer mesh. In summary, even though the choice of solver and its settings need to be studied in a
case by case basis, we find that SPMe+SR is consistently faster than the DFN+SR across different experiments and solvers.

We validate the SPMe+SR model for three different types of side reaction: SEI growth, lithium plating, and both reactions
together. The SEI growth model is a solvent diffusion model with reaction, as defined in (14), while for the lithium plating
we use the irreversible model defined in (15). The combined model is defined by (14)-(19). We simulate 1000 cycles, where
each cycle is defined as a 1C CC discharge, followed by a C/2 and 4.2 V CCCV charge. The cut-off voltages are 4.2 V and
2.5 V, while the cut-off current for the CV step is C/20. Other combinations of charge (C/2 and C/3) and discharge (1C and
2C) rates have been considered, finding very similar results. The plots for these additional cycling conditions can be found
in the Supplementary Information.

For all figures comparing SPMe+SR and DFN+SR, the colour dashed lines correspond to the SPMe+SR (different colours for
different scenarios), while the solid black lines represent the DFN+SR (i.e. the benchmark). We find that across the various
plots, the SPMe+SR results are very similar to the DFN+SR ones. Fig. 3 shows both the theoretical capacity (as defined in
[53], and equivalent to an infinitely slow discharge) and the capacity for a C/3 Reference Performance Test (RPT). RPTs are
simulated in parallel by taking the initial state at the beginning of each tested cycle (i.e. fully charged battery) and then
performing a C/3 CC discharge and taking the discharge capacity at the end of discharge as the RPT capacity for that cycle.
In this particular case, we perform RPT every 10 cycles (i.e. first cycle plus all multiples of 10). As expected, the capacity
of the battery fades over time, and it ages faster when both SEI growth and lithium plating are included. Fig. 4 shows
the spatially distributed porosity every 100 cycles. We observe that both side reactions tend to grow near the separator
(right hand side of the plots) given that the overpotentials are larger there. Finally, Fig. 5 shows the voltage profiles versus
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Fig. 4. Comparison between the SPMe+SR and the DFN+SR of the negative electrode porosity. For each case, we plot the capacity every 100 cycles (plus
the initial cycle).
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Fig. 5. Comparison between the SPMe+SR and the DFN+SR of the voltage profile at different cycles. For each side reaction we plot the first, middle and
last cycle. For SEI growth and lithium plating, middle cycle is 500 and final cycle is 1000, while for the SEI growth + lithium plating the middle cycle is
402 and the final cycle is 804. The cycles are different for the latter, as electrolyte depletion is hit at cycle 804 and the simulation must be stopped.

discharge capacity for the first, middle and final cycles. We observe that the agreement between both models is quite good
except for the final cycle of the model accounting for both SEI growth and lithium plating, which is after 804 cycles (rather
than 1000) due to electrolyte depletion. This discrepancy is due to a mismatch in the electrolyte states (both concentration
and potential) caused by the underestimation of the porosity by SPMe+SR (see Fig. 4). Inspecting the model equations, we
see that a lower porosity results in a larger reaction overpotential, which in turn leads to stronger side reactions and even
lower porosity. However, further work is required to validate this hypothesis. From the three figures, we can observe a very
good agreement between the SPMe+SR and DFN+SR for a wide range of degradation models and operating conditions, with
deviations only becoming noticeable with cycling for the combined SEI and lithium plating due to electrolyte states.

Overall, we find that the SPMe+SR captures accurately the various scales and features involved in the DFN+SR while
being much simpler and faster to simulate. In particular, we observe that the SPMe+SR, despite being a single particle
model, can predict not only the global states of the battery, such as capacity and voltage, but also spatially distributed
internal states like the porosity. Moreover, this accuracy spans across the two time scales involved in the simulation: single
cycle (e.g. voltage vs discharge capacity for a given cycle in Fig. 5) and battery lifetime (e.g. capacity vs cycle number in
Fig. 3). The main discrepancies are observed only after hundreds of cycles and even then they are within a reasonable range
given how simple the reduced model is. Moreover, for practical applications, we could use control techniques to correct
these deviations [54]. The main limitation of the SPMe+SR model can be observed in Fig. 3 for the SEI growth + lithium
plating model, in which we notice that the simulation for the SPMe+SR stops earlier than the DFN+SR one. This is caused
by electrolyte depletion during the charge step, which means that due to the lower porosity, the ions in the electrolyte
intercalate at a faster rate than they can be transported in the electrolyte. This leads to a region of the negative electrode
near the current collector not receiving ions. In this case, the SPMe+SR breaks down as the assumption of uniform behaviour
for all electrode particles is no longer true, and it is an area for future work to explore how the SPMe+SR (or other reduced
models) can be extended to account for such situations.
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5. Conclusions

We have introduced the Single Particle Model with electrolyte and Side Reactions (SPMe+SR), a reduced physics-based
model for electrochemical degradation. To the best of our knowledge, this is the first time that a model of this class has been
formally derived from a Doyle-Fuller-Newman model with Side Reactions (DFN+SR), as opposed to other similar models in
the literature which have been posed in an ad hoc manner that often leads to inconsistencies. To derive the SPMe+SR we
have used asymptotic methods which, by exploiting some a priori assumptions on the size of the dimensionless quantities
of the model, allow us to simplify the DFN+SR model in a generic, systematic and flexible way. The analysis is based on the
assumptions of small overpotentials and weak side reaction, which are reasonable in the vast majority of practical scenarios,
including SEI growth, lithium plating and both mechanisms combined.

We found that the SPMe+SR retains most of the accuracy of the DFN+SR but it is one order of magnitude simpler and
significantly faster (over 150 times faster in some cases, but strongly dependent on solver and mesh size). The simulations
of the SPMe+SR have been compared against those from DFN+SR, for three scenarios (SEI growth, lithium plating, and both
effects combined) showing that the former can capture accurately the various features of degradation (capacity fade, voltage
profile and porosity distribution) at the two time scales of the system (a single cycle and battery lifetime). The main limita-
tion of the SPMe+SR is that it cannot capture electrolyte depletion because in that situation some particles are lithiated and
some are not, breaking down the homogeneous electrode behaviour that the SPMe+SR describes. Apart from presenting the
reduced model, this article also provides a formal derivation framework using asymptotic methods, which can be applied
to models including different degradation mechanisms. The SPMe+SR provides similar results to the DFN+SR, which is the
state-of-the-art in terms of physics-based models for battery degradation, but with a much lower complexity. This means
that the model is simpler (i.e. fewer and simpler equations) which makes it easier to analyse, understand and implement,
and faster to simulate. All these advantages make the SPMe+SR suitable for demanding battery applications, such as de-
sign, control and diagnosis. In particular, given that it has the structure of a Single Particle Model, existing techniques for
such models can be used (e.g. develop an observer for control use). Future areas of research include validating the SPMe+SR
against experimental data, extending it to account for electrolyte depletion, and developing techniques based on the reduced
model for parameterisation of degradation models.
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The code to reproduce the results presented in this article is publicly available on the repository:
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A checklist detailing key aspects of the model [55] is provided in the Supplementary Information.
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Appendix A. Doyle-Fuller-Newman model with Side Reactions (DFN+SR)

In this section we state the dimensional model of the Doyle-Fuller-Newman model with Side Reactions (DFN+SR) and de-
rive its dimensionless form. This dimensionless form is the starting point of the asymptotic reduction presented in Section 3.
We include the side reaction on the negative electrode only, but note that the model could be easily extended to include side
reactions in the positive electrode as well. The parameters and variables involved in the model are introduced in Section 2.

This specific formulation of DFN+SR is based on the model introduced in [31]. It has been widely used in the literature
and shown good agreement with experimental data, and that is why it was chosen as the starting point of this analysis.
In particular, the porosity equation is built on the assumption of a thin film so the film growth is related to the porosity
change as ‘% = —ak% which corresponds to the planar case. This assumption might not be reasonable at the later stages
of aging and a more realistic model should be derived, but this is out of the scope of this article. However, the analysis
presented in this article would still be valid for other porosity models.

Al. Dimensional model

In each particle, the lithium concentration is governed by

Bck - 10 2 Bck .

a5 = r28r<r DkW , in0<r <Ry, (A.1a)
aCk _ _

SE =0, atr=0, (A1b)
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or agF
Ck = Ck.init>

and the potential in each electrode is described by

81
=

Ik

b = —0! kox
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at r =Ry, (Alc)
att =0, (A1d)
(Ale)
(AIf)

In both cases, the x domain is defined to be 0 <x <L, ifk=n,and L-L, <x<Lifk=p
The electrolyte equations, which are defined in the domain 0 < x < L, are

. 81\1e I

die

= =)
with
dCe
Ne = —DEB(x)— +t+F
_ Qe N df. \ RT dlogc.
e —aeB(x)< 21 -t 1+ 9. ) Fox .

(Alg)

(A1h)

(A1i)

(A1j)

The intercalation reaction between the electrode and the electrolyte is given by

Jo =Jnine +Jsr,  for 0 <x <Ly,
Jx) = for L, <x <L—1L,,

Jo =Jp.int, for L—L, <x<1L,
where the intercalation reaction kinetics are driven by
. 1F
R 2RT
=Rk

L
Mk = ¢ — Pe — Uk(ck|r:Rk) —Je—— Lk

otk
and the side reaction kinetics are driven by

Jsr = —Anjsg €X o il
SR = —0nJsrR D(— SRRTTISR>,

Lf, n

— by — e — Usg —
Nsr = Pn — e — Usg ]nanaf,n’

(A.2a)

(A.2b)

(A.2c)

(A.2d)

(A.2e)

where jsg is the side reaction exchange current density which might involving solving additional equations (e.g. the SEI

models in [31,33]).

This side reaction causes a change in the porosity of the negative electrode that follows

de M
ot nsgpsgF

Jsko

and the porosity across the cell is defined as

en(x,t), ifO0O<x<Ly,
ex, t) = {&s(x), ifLy <x<L—Lp,
&p(x), ifL—Ly<x<L
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Note that the porosity can be related to the film thickness as

1
Ltk = Le g init — @ (&k — &k init)» (A.5)

so we could write an ODE for film thickness instead of this one for the porosity.
The boundary conditions are the following. At the current collector ends we impose

in = fapp, Ne =0, ¢e =0, atx =0, (A.6a)

ip = fapp, Ne =0, io=0, atx =1L. (A.6b)
At the electrode-separator interfaces, we impose zero current in the electrodes

in=0, at x = Ly, (A.6¢)

ip =0, atx=L—-1L,. (A.6d)

Finally, we impose the initial condition for the electrolyte concentration

Ce = Ce init» att =0. (A.Ge)

A2. Dimensionless model

We define the following scalings of the problem

~ N In . . 2 io 1
t = tot, G =™, Pr = oy iy = oy, Je = 2k,
A A RT In . . . i -~
X =X, Ce = Ce initCe; Pe = T(pe, le = lole Jk = WOLJk’ (A7)
A A RT & . P * .
e = Rify, Dy =Dy wypDi, Mk = F ks lapp = l[())lappv Ltk = Li g inicLe ks
Oe = OetypOe, De = DetypDe, Uy = PoUy, Ne = MNE»
and we choose the time scale t; to be the discharge time scale
chaxL
tp = ——. (A.8)
lo

The parameters ip and ¢q are the typical current and electrode potential, respectively, and the subscript typ denotes the
typical value of that parameter. Note that if the initial film thickness is zero, we could take a typical film thickness L¢
as a scaling and the analysis would still remain valid.

Then, we can write the dimensionless model as follows. The model for concentration in the particles reads

a¢) 10 (,a 0C . o
C"T;: f‘28f’<r2Dk8rf>’ in0<r7<1, (A.9a)
a—ik =0, at # =0, (A.9b)
af
N Bfk Ck ~ a
S 5 i S S A atf=1, A.9c
k oF akyk.]k.mt ( )
Ek = Uk, atf = 0, (Agd)
and the potential in each electrode is given by
iy .
—k_ _f. A9e
=5 = (A9e)
z 8(5,{
=A%, =5, A9f
I K5z (A.9f)
Now, the & domain is defined to be 0 <X < ¢, if k=n,and 1 —¢, <X <1ifk=p.
The electrolyte equations, which are defined in the domain 0 <X < 1, are
9, . AN. R
Ceyea—f(sce) = —Vegz +Cel, (A9g)
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dle

e A.9h
o5 =] (ASh)
with
N A 0C Ce ~ .
Ne = —DeB(x)a—; + t+7‘:ze, (A9i)
s o (O df.) dlogée .
= —3%0.8 =~ -2 -tH( 1+ == 2 . A9
le eOe (X)( 9% ( ) + 3ce 9% (A.9))
The intercalation reaction between the electrode and the electrolyte is given by
[ =lhinc )k ifO<R <,
J=10, if en <X <1-¢, (A.10a)
Jo =Jint: if1-¢,<®<1,
where the intercalation reaction kinetics are driven by
Jiine = e JEelk(1-¢)| sinh U} (A.10b)
Crk i 2
. 2 A a + ik
= (B - Ou(&l,,) ) - e - . (A10¢)
fk
and the side reaction kinetics are driven by
Jor = —Jsr exp (—asriisr). (A.10d)
. s A ~ Il
fisk = )»(¢n - U5R> — e — ];: Lo, (A10e)
f.n
This side reaction causes a change in the porosity of the negative electrode that follows
d¢&n 1 -
= , All
ot HSRVSRJSR ( )
and the corresponding film thickness can be calculated as
~ 1
Lep =1~ *l(gk — Ek.init)- (A12)
K
The boundary conditions at current collector ends are
i:n = iapp, Ne =0, (f;e =0, atx=0, (A13a)
tp = Tapp, Ne =0, fe=0, atg=1, (A13b)
and at the electrode-separator interfaces are
in=0, at & = ¢y, (A13¢)
i, =0, atR=1-1¢,. (A13d)
Finally, the initial condition for the electrolyte is
Ge=1, atf=0. (A13e)
The dimensionless parameters of the model are
R 12 F Ch.init _
Ck = Dk.t:pto’ Ce = Detypto’ cr’k = Ml feemito’ M = CkrTax ’ e = akRk’
Vi = EW Ve = % VSR = Freim s A= B = alipinic (A14)
Tk = A0k Ze = fikOcyp Stk = oL, 6 = .

The typical values of these parameters are shown in Table Al.
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Table A1

Dimensionless parameters for the model, calculated from the dimen-
sional parameters in Tables 1 and 2. Even though the model allows for
an SEI layer on the positive electrode, in the simulations we do not ac-
count for them so we do not have parameter values for ¥, and f,. The
two values for ysg correspond to SEI and lithium plating, respectively.

Symbol Pos. Neg.

Cx 0.60C 9.17-10°2C
Crx 0.21C 1.08C
m 0.27 0.90
o 2.00 2.25

Yk 1.90 1

N 0.55C~! 656.18C1
Sk - 35C!
Br - 2.0-103
Lk 0.44 0.49

Ce 1.49.1072C

Ve 3.02.1072

e 2.90C!

VsR 0.31/232

A 38.94

Appendix B. Dimensionless form of SR models

Even though it is not necessary for the analysis, for completion we present here the dimensionless form of the examples
presented in Section 2.1. Using the scaling in (A.7) and defining Csg; = Csgj initCser, We find that the SEI growth model is

Jser = z Cser, (B.1)
1.SEI
with
&ser = 1+ CsrJsmile (B.2)
and
= G (B.3)
Cr,Li

where the dimensionless parameters have been defined as

Cnmax Lf initC{jnax Cnmax
Crspp= ———— ~ 1675C, Cspp = —=———— ~ 41.9C, CGl=—F"71—~ 761C. (B.4)
AnkseitoCser init to@nDsgrCsErinit ankyitoCe init

The values have been calculated from the parameter values in Tables 1 and 2.

Appendix C. Dimensionless form of SPMe+SR

In this section we present the dimensionless form of the SPMe+SR for completeness, by combining the results of the
derivation presented in Section 3.2. Note that, for the particle diffusivity and the open-circuit potentials, we assumed the
functions to be their first order asymptotic expansion, that is

Dy () ~ Dy(Cho) + A~ D} (Co)Cia

C it _K0/- C1
Uy (k) ~ Ug(Cro) + AU (Cho) i - (1)
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Particle equations The equation for the concentration in the negative averaged particle reads

0 19, . 3G
%m—ﬂmQDmﬂm>

dCh
ar

_ 3G Cn [iapp -
—Dn(cn)W = nVa (Kn —JSR |

Cn = [n.

=0,

where

_ 1
Jsr = - Jsrdx,
n Jo

. fappL
Jsr = —jsrexp | —esg [ A(¢n — Usg) — e — 2210 ) ),
enzf,n

The positive electrode averaged particle equation reads

30 10 (5 - 06
%m_ﬂwc%@Hr’

3¢,
ar =%

., 0Cp Cp lapp
O T e
Cp = Up-

Electrolyte equation The equation for the electrolyte concentration reads

d d dCe .
Ce]/e&(gce) = Ix (VeDe (CE)B(X)T(;( +(1—t* (Ce))cele>,

dce

=0,
0x
Ce=1,
with
%x, if0<x< ¢,
ie = { lapp: if bh <x<1-1¢p,

i -
lip"(l—x), if1—¢p<x<1
Porosity variation The equation for the variation of the porosity is

den I

ot NsrYs'

and the film thickness can be calculated as

1
Lep=1- E(Sk — Ex.init)-
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in0<r<1,

atr=0,

atr=1,

att =0,

in0<r<1,

atr=20,

atr=1,

att =0,
in0<x<l1,
atx=0,1,
att =0,

(C.2a)

(C.2b)

(C.2c)

(C.2d)

(C3a)

(C.3b)

(Cda)

(C.4b)

(Cd4c)

(C.4d)

(C.5a)

(C.5b)

(C.5¢)

(C.6)
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Expressions for the potentials The potentials in the electrodes and electrolyte read
_ - -1 fapp (2¢n—X)X fapp€n iapplin ie (s.)d.
$n =Un(Cnl,q) +2 ( T R I - a0 o mes e
ad dlogce(s,t i
1 _ . dlogce(s.t) p
Ll 21—t (ce(s.0))(1+ fi) g0 dsdx + 2 f" arcsmh( “’)dx)
1 [ Gapp (2(1=€p)—X)x  iapp (263 —6¢, +3) iappl, i (s.t)ds c9
ép =Up(Gpl,_y) + 2~ ( BT e > z,,):e I —tp Jo scc e X (C9)
+E i, fo 2(1 = t*(ce(s,0))) (1 + G ) 2080 dsdx — 2 [, arcsinh ( fgp )dx)
dlogce
fo Eeoe(ce(s r))B(s)ds+f0 2(1 — t+(ce (s, t)))(l + afi) logc (s.t) ds.

where
y
Jk= v CeCr (1 — Ck)
r,k

Note that, to be precise, in the exchange current density we should have ¢, instead of ¢,. However, the contribution of ¢4
is very small so this is a reasonable assumption. This correction would be included in the next correction to the voltage, but
that would require solving additional equations for the potentials and the electrolyte concentration.

Finally, the terminal voltage can be calculated by taking

(C.10)

V= ¢plyoy — Pnlioo- (C11)
We can write this expression as
V=Ueq + 1+ Ne+ Ape+ Aps + Ay, (C12)

where
Ueq = Up(Cply—1) = Un(Gnlr_y)

1 ln 3
N = —2A7" l/ arcsinh dx + l/ arcsinh ( 2222 )dx ).
Ly J1-g, Zp]p £y Lnjn
T = A1 / / 2(1 = t+(ce(s.1))) 1+% 9108Ce(5.0) gy
1-¢p Ce 85
/ / 2(1 = t+(ce s, t)))(l +8fi)810g§;(s’t)dsdx>,
B 1 X e(s, t)ds 1 b px ie(s, t)ds
Ade = 2 = / / e d / / dx ).
o < e J1-g, Jo Oe(ce(s, t))B(s) *r e Jo Jo oelce(s, t))B(s.t) y
_ b (b
Aps = -\ 3 (Ep+2n>’

pr Lfn
Agr = lapp<ezfp t+ o~ 7% (C13)

The redimensionalised form of this model is the one provided in Section 2.

Appendix D. Parameter values

In this section we provide details on the parameters that are functions, which were too long to be included in Table 1.
These parameters are taken from [49] (but note that the electrolyte parameters come from [56]).
The ion diffusivity in the electrolyte, measured in m? s !, is given by

De(Ce) =8.794-107"¢2 —3.972 - 10 3¢, + 4.862 - 107°. (D.1)
while the conductivity of the electrolyte, measured in S m~1, is given by
Oe(Ce) = 1.297 -1071°¢2 —7.937 - 1075¢!® 4+ 3.329 - 10 3¢.. (D.2)

Note the change in the values compared to [56], as here we have defined the ion concentration in the electrolyte in mol m—3.
The open-circuit potentials for the positive and negative electrodes, respectively, as a function of the stoichiometry are

Up(x) = —0.8090x + 4.4875 — 0.0428 tanh (18.5138(x — 0.5542))
—17.7326 tanh (15.7890(x — 0.3117)) + 17.5842 tanh (15.9308(x — 0.3120)), (D.3a)

Un(x) = 1.9793 exp (—39.3631x) + 0.2482 — 0.0909 tanh (29.8538(x — 0.1234))
— 0.04478 tanh (14.9159(x — 0.2769)) — 0.0205 tanh (30.4444(x — 0.6103)). (D.3b)
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Supplementary material

Supplementary material associated with this article can be found, in the online version, at 10.1016/j.apm.2022.12.009
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