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Abstract

We investigate the modeling and simulation of ionic transport and charge conservation in
lithium-ion batteries (LIBs) at the microscale. It is a multiphysics problem that involves a wide
range of time scales. The associated computational challenges motivate the investigation of nu-
merical techniques that can decouple the time integration of the governing equations in the liquid
electrolyte and the solid phase (active materials and current collectors). First, it is shown that
semi-discretization in space of the non-dimensionalized governing equations leads to a system of
indez-1 semi-explicit differential algebraic equations (DAEs). Then, a new generation of strate-
gies for multi-domain integration is presented, enabling high-order adaptive coupling of both
domains in time. A simple 1D LIB half-cell code is implemented as a demonstrator of the new
strategy for the simulation of different modes of cell operation. The integration of the decoupled
subsystems is performed with high-order accurate implicit nonlinear solvers. The accuracy of
the space discretization is assessed by comparing the numerical results to the analytical solu-
tions. Then, temporal convergence studies demonstrate the accuracy of the new multi-domain
coupling approach. Finally, the accuracy and computational efficiency of the adaptive coupling
strategy are discussed in the light of the conditioning of the decoupled subproblems compared
to the one of the fully-coupled problem. This new approach will constitute a key ingredient for
the full scale 3D LIB high-fidelity simulations based on actual electrode microstructures.

Keywords

Lithium-ion batteries, High-order time integration methods, Adaptive multi-domain integration
scheme

1 Introduction

The shift in energy paradigm is evident and, as the world moves towards more renewable energy
sources, the role of chemical energy storage using batteries becomes more vital. The rechargeable
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lithium-ion batteries (LIBs) with high energy and power densities are one of the widely used energy
storage devices [47]. They are especially used in electric transportation and aerospace applications
due to their portability, robustness, and reliability. In recent years, the demand has also been growing
for stationary storage applications, notably in the areas of renewable energy production and grid
frequency regulation. Given the established popularity of LIBs and the increase in demand, the
improvement in LIB design and performance is an appealing and growing area of research. In this
context, numerical simulation is an important tool, besides experimental studies, to gain insight into
the functioning of LIBs. The reliability of such simulations depends on our ability to model LIBs
mathematically and to devise accurate and efficient numerical methods.

The LIB operation is governed by physical phenomena at different spatial and temporal scales.
The mathematical modeling of LIB yields a multiphysics and multiscale problem. From an engi-
neering perspective, the macroscale of interest is defined by the size of a battery cell or a stack of
cells. Macroscale models, such as volume-averaged [I8| [I0] or equivalent circuit models [31], benefit
from their simplicity and are widely used in practice, e.g., for the electric and thermal control of
LIBs [0, B]. However, they suffer from severe limitations, such as loss of resolution due to volume
averaging and failure to capture the effect of heterogeneities or defects in the electrode microstruc-
ture [29, [33]. Better resolution can be achieved with microscale models, accounting for the real
microstructure of porous electrodes [26], 23], or with nanoscale models that can represent complex
interfacial phenomena, like Solid Electrolyte Interphase (SEI) formation in graphite anodes [34] 42].
Over the last two decades, the development of such descriptions has benefited from the improvement
of high-resolution imaging and high-performance computing. As a result, microscale models now
offer a good compromise between complexity and accuracy at the electrode scale.

Microscale LIB models are based on a micro-continuum description of transport phenomena and
electrochemistry. In these models, each point belongs to a specific material domain, such as elec-
trolyte, active material, separator, or current collector. Within each domain, governing equations
may be written for the conservation of mass, electric charge, and energy. At each material inter-
face, specific conditions should be supplied, such as the Butler-Volmer equation modeling the charge
transfer at the solid-electrolyte interface [28]. In the liquid electrolyte domain, the mathematical
description of ionic transport is given by the Nernst-Planck equation for dilute solutions or the
Maxwell-Stefan theory for concentrated solutions [37]. In general, the expression of charge conser-
vation assumes solution electroneutrality, except near the electric double layer (EDL). However, in
the scope of microscale models, EDL effects can be neglected as the pore size is usually much larger
than the Debye length. In each active material domain, the transport of lithium is commonly repre-
sented by Fick’s law and electronic conduction by Ohm’s law. Such description relies on an effective
diffusion coefficient that can be measured experimentally under representative operating conditions.
It is ideally suited for active materials with solid-solution behavior, but also applicable with a lesser
degree of accuracy to phase-separating materials like graphite and lithium iron phosphate (LFP).

In their standard formulation, microscale models rely on the previously mentioned assumptions
that limit their domain of validity. Yet more comprehensive formulations are available, including for
example thermal effects [28], 29] or mechanical deformations due to active material swelling 5] [38], [15].
Lithium plating, SEI growth, and phase changes of the active material were also considered in [21], 40,
22, [7]. The importance of including those effects depends strongly on the choice of LIB materials and
the operating conditions. In a wide range of applications, however, a standard microscale formulation
is sufficient to reproduce experimental charge-discharge curves within acceptable accuracy [30} 11 [48].

The numerical solution of microscale LIB models can be obtained with various simulation tech-
niques already adopted in other fields of computational physics. In [36], [44], a discretization of the
LIB microscale equations based on the finite volume method is presented. It is implemented in
BESTmicro [16], a commercial LIB simulator using Cartesian meshes, as well as in the CFD-based



simulation software STAR-CCM+® using unstructured meshes [41]. A simulation package for the
microscale study of LIBs is also available in the finite-element software COMSOL Multiphysics® [g].
Besides commercial tools, several research simulators have been developed to model the microscale
physics of LIBs based on the finite-element method [39] [43].

Simulation of LIB cells at the microscale presents multiple computational challenges. The spatial
discretization of the governing equations yields a stiff system of equations, which is commonly seen
in multiphysics and multiscale problems. Moreover, the Butler-Volmer current interface condition
introduces a strong nonlinearity into the system. Last but not least, 3D simulation of LIBs based
on real electrode microstructures requires large number of degrees of freedom (DOFs) and inversion
of large ill-conditioned linear systems.

An efficient way to solve numerically stiff systems of nonlinear equations is to use stable im-
plicit solvers [20, 6]. However, such solvers are complex to implement and require costly Newton
iterations, all the more because of the ill-conditioning of the related linear systems to be solved.
In [25] 24], three algorithms of time integration with domain splitting are proposed to reduce the
number of Newton iterations. Convergence and stability of these algorithms are also studied for
a 2D LIB model problem. In [19], another splitting approach is implemented, where lithium con-
centrations and electric potentials are solved independently and subsequently coupled using Picard
outer-iterations. A mortar-based spatial coupling scheme allows the use of different finite-element
meshes in the electrolyte and electrode phases in [I3], while using a monolithic time integration
approach. In [1], a domain-splitting technique in time is complemented with the block Gauf-Seidel
(BGS) method and algebraic multigrid (AMG) for matrix inversion to solve the 3D LIB prob-
lem. The performance of these methods is studied in comparison with a direct linear solver. Linear
solvers relying on block preconditioners corresponding to the concentration and potential fields show
improved computational efficiency [I4]. Overcoming the numerous challenges associated with the
microscale simulation of LIBs remains an active area of research. Most of the present studies neglect
the physical complexities of LIBs, such as active material phase transformations, lithium plating,
mechanical effects, etc. Before adding more physics to the LIB model, there is a strong need for in-
novative strategies to conduct high-fidelity simulations with a high level of accuracy and robustness,
but also at a reasonable computational cost.

In this work, we introduce and assess a novel multi-domain technique based on high-order adap-
tive coupling in time. The objective is to cope with the strong multi-scale character of the LIB model
as efficiently as possible, while maintaining a coupling strategy with excellent properties of stability
and accuracy. The novelty relies on the introduction of a coupling technique, which is adaptive and
high-order in time. The purpose of our contribution is threefold. First, we make a precise link be-
tween a representative half-cell LIB modeling and the mathematical structure of the semi-discretized
system of partial differential equations in one dimension, which includes most of the difficulties, we
will have to cope with in the multi-dimensional system. We formulate the problem under the form
of a system of index-1 semi-explicit differential algebraic equations (DAEs), for which accurate and
stable time integrators exist. Second, we present the novel high-order and adaptive multi-domain
time-coupling strategy and its analysis. Third, the numerical strategy is assessed after a series of
verifications cases provided in the supplementary material. We show that the linear systems involved
in the segregated domain problems are better conditioned than those of the monolithic fully-coupled
approach. This indicates a strong potential of our method for 3D LIB cell high-fidelity simulations
based on real electrode microstructures.

The paper is organized as follows. We introduce the 1D mathematical model for LIB half-cells
in Section [2| and analyze the structure of the semi-discretized in space system of equations. We
describe the numerical methods used for solving the LIB problem, including the multi-domain high-
order adaptive coupling in time, in Section[3] We present and discuss our results in Section 4 which



assess the strategy. Finally, relying on a study of the conditioning provided in the supplementary
material, we conclude in Section [5] on the potential of the approach for realistic 3D simulations.

2 1D LIB half-cell model

In this section, we present the governing equations of the 1D LIB half-cell model along with its
initial and boundary conditions. Introducing characteristic scales, we derive a non-dimensional
formulation. We then apply a spatial discretization on a finite volume grid. Finally, we describe the
mathematical nature of the discretized system of equations.

2.1 The microscale continuum description

The LIB operation is governed by coupled equations of mass and charge conservation in the domains
of electrolyte, active material, and current collector. A schematic diagram of a 1D half-cell is shown
in Figure Here the anode consists of lithium metal, which can be simply modeled as a boundary
condition on the electrolyte variables (see Equation below). Compared to a full-cell model, the
half-cell model is expected to exhibit similar numerical complexity. Indeed, the anode and cathode
of the full-cell model are governed by the same equations (although with different parameters). We
will now look at the governing equations and parameters in each domain as well as the boundary
and initial conditions.
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Figure 2.1: Schematic diagram of the 1D LIB half-cell model.

2.1.1 Electrolyte

The electrolyte domain 2. represents the liquid electrolyte of the LIB cell, assumed here to consist
of a single lithium salt. Using the electroneutrality assumption and the concentrated solution theory,



the following equations for mass and charge conservation can be derived with the proper definition
of lithium-ion molar flux N, and ionic current density i. [35]

dee _ g N N, (o, po) = —D.V LB (2.1)
at - €9 e ce7§06 - e CC F € .
2RT(1—19)

0=-V i, ic(Ce,pe) =—KeVipe+ (14 d¢)keVince. (2.2)

F

Here F' is Faraday’s constant, R is the ideal gas constant, and 7" is the ambient temperature. The
independent variables ¢, and ¢, represent lithium-ion concentration and electrochemical potential,
respectively. The electrochemical potential is defined as ¢, = p./F + ®., which is composed of
electric potential ®, and chemical potential . of the electrolyte. Model parameters include the
transference number tg_, the electrolyte diffusivity coefficient D., the ionic conductivity k., and the
logarithmic derivative of the activity coefficient with respect to concentration, d.. This coefficient
appears due to the classical relation between chemical potential and ionic concentration. In this
work, the concentration dependency of these parameters is neglected.

2.1.2 Electrode

The electrode (solid) domain € consists of the active material domain €2, and the current collector
domain ... The governing equations for lithium transport and electric charge conservation in g,
as well as lithium molar flux N, and electric current density is, are given by

aacts =-V- Ns, Ns (Cs) = _Damvcs; (23)
0= —V-is, s (ds) = —CamVbs. (2.4)

Here independent variables are lithium concentration ¢, and electric potential ¢s. Model parameters
include the active material diffusivity coefficient D,,, and electric conductivity og,,, which are
assumed to be constant.

The current collector does not allow lithium intercalation or de-intercalation. Therefore, it is
simply described by the charge conservation of Equation , where the electric current density i,
is now given by

iy (6s) = —0ecV b (2.5)

Here o, is the electric conductivity of the current collector. Typically oc. > 04m, i.€., the current
collector is a much better electronic conductor than the active material.

2.1.3 Boundary and initial conditions

In Figure 2.1] external boundaries of the cell located at # = 0 and = L are denoted as 'y and
I';, respectively. Further, internal boundaries exist at interfaces between material domains, between
electrolyte and active material (I'gm—c), and between active material and current collector (g —ce)-
The boundary conditions at these interfaces are often referred to as interface conditions.

The lithium exchange (intercalation/de-intercalation) between electrolyte and electrodes takes
place at Ty and 'y, —. via the redox reaction Lit 4+ e~ = Li. This process is modeled as an effective
exchange current density at the interface which is described by the Butler-Volmer model [4]. It is
given by

aF Mn)

iBy = o (eﬁ" _ U (2.6)



where iy denotes the equilibrium exchange current density, « is the anodic strength coefficient and
7 is the electrode overpotential defined by

n= (bs — Pe — UO(CS)' (27)

Here Uy is the open-circuit potential of the electrode, which is a function of lithium concentration
in active material. At T'yy_e, 10 = Fko \/cecS (¢s,max — Cs), where kg is the reaction rate constant
and s max is the maximum lithium concentration in active material. At I'g, the lithium metal anode
leads to a simplified interface condition, with ¢, = 0 and Uy = 0, hence n = —p.. Moreover, the
equilibrium exchange current density of lithium metal is assumed to be constant. It is denoted as

10,Li-
In our study, we consider symmetric interface redox reactions, i.e. a = 0.5. The resulting current
densities at the anode (I'y) and cathode (T'4—c) interfaces are

zg“} = 24y 1, sinh (_QRTQOE) , (2.8)
(C . F
253‘} = 2Fl€0\/cecS (Cs,max — Cs) sinh <2RT (fs — e — U()(CS))) , (2.9)

where superscripts (A) and (C) denote the anode and cathode, respectively. Therefore, at Ty

-(A)
2 . .
N, (C€7 ‘Pe) ‘Fo = l}%‘I‘V’ le (Cev Qﬁe) |Fo = Zg‘\}’ (2'10)
while at I'gp—e

. (C
Ne (Cor@e) [ram o = =BV i (Cor o) [rum . = =50, (2.11)

1 . (C
No(€) [Pam—o = =BV i ($6) [Pam. = —imy- (2.12)

Note that the fluxes in Equations to are scalars resulting from their dot products with
1D normal vectors.

At T'4pu_ce, lithium flux is not allowed, it is also assumed that electric potential and current
density are continuous

Needlewnce =00 bslney = slegy - el =islegn - (213)
where (—) and (+) signs represent the left and right neighborhoods of the interface, respectively.
The above conditions mean that any contact resistance or capacitance effect between active material
and current collector is neglected.

The external boundary condition at I';, is defined by the mode of operation of the LIB cell.
A constant current (galvanostatic or CC) charge/discharge condition imposes a constant current
density at I'y,. It is usually defined as the product of a reference current i1¢ (“1C” rate) by a C-rate
factor €. The definition of i1 is based on the battery charge capacity, i.e., it is the current required
for a full charge of the battery in one hour, starting from a fully discharged state. Hence, the imposed
current density in CC mode is

is (6s) Ir, = —&ie: (2.14)



The negative sign comes from the sign convention for electric current. Note that a positive £ indicates
charging while a negative value is for discharging. Further, a constant voltage (potentiostatic or CV)
mode of operation means a fixed potential ¢; cxt is imposed at I'y, i.e.

¢3|FL = ¢s,ext- (2.15)

In some cases, the imposed external potential can be a function of time. Such a situation will be
considered in our numerical example of Sub-Section [£.2]

Finally, the mathematical model of LIB half-cells is closed by introducing the initial conditions.
Hence, we have

ce(x,0) =ce1, cs(2,0) =cqy, (2.16)

with c. 1 is the initial electrolyte concentration, and c, 1 the initial lithium concentration in active
material.

2.2 Non-dimensionalization

In the following, all characteristic scales of the problem are denoted by a star (*) superscript. First,
we define L* = L as a characteristic length scale. As a potential scale, we use the ambient thermal
voltage ®* = RT/F in both the electrolyte and solid domains. The lithium-ion concentration
in the electrolyte domain is scaled by its initial value, i.e., ¢; = c.1, while the scale for lithium
concentration in active material is chosen as ¢ = ¢s max. As a common timescale for the electrolyte
and solid domains, we use the electrolyte diffusion timescale, hence T* = (L*)2/D,. These scales
are summarized in Table which also provides definitions for the flux scales N}, i%, N7, and }.
Using the characteristic scales defined above, we now rewrite the governing equations in terms
of dimensionless variables, denoted by a tilde (7) superscript. Therefore, in the electrolyte domain

_ - S g 9
O0r¢e = —03Ne, N¢ (Ce,Pe) = —0zCc + N ; (2.17)
0= —sie, o (CorPe) = —DsPo + *”; ;¢ (2.18)

€

Here kp = 2(1 — ¢)(1 + &) is a dimensionless parameter characterizing the diffusive contribution
to ionic current. The other dimensionless quantity (i5t%)/(NZF) represents the ratio of electric
migration flux to diffusion flux. It is usually referred to as the electric Péclet number [2]. Similarly,
in the solid domain, if we note ep = Dy /D, and €, = 041 /0cc, We have

N7 N7 - 5?~S, Q
afés = —ep0zNs;, N (63) = { % ¢ i Q (2.19)
~ ~ 7 _aiﬁgsa S Qama
= —0zls, 1s(¢s) = {_1&(5 A (2.20)

We first define a unit scale for the Butler-Volmer current density: i%;, = 1 A/m?. Hence, the
boundary conditions at Iy become N, = %%AV/FN* and 7. = 253’4‘3 /i5. Similarly, at Loym_e the
dimensionless interface conditions are N, = fzgc&/FNe*, - 2530‘3/127 N, = fzgc&/F , and

= —’LSBC‘;/Z Further, NS =0at f‘am,cc. The current density or the potential at FL, depending
on the LIB operating mode, is non-dimensionalized using the flux scale ¢} or the potential scale ®*,
respectively. Finally, the initial conditions become ¢.(Z,0) = 1 and é,(&,0) = ¢51/ck.



The non-dimensionalization of the governing equations shows that the time derivatives of concen-
trations in electrolyte and active material differ in magnitude by a factor ep (see Equation (2.19)).
Using typical values of D, and D., we infer that ep € [1075,1073]. It should be noted that
the coexistence of two timescales in the LIB microscale model contributes to the ill-conditioning
of the problem. Hence, it motivates us to explore multi-domain techniques for time integration,
where improved conditioning is expected for the subproblems in each domain due to decoupling.
For simplicity, we henceforth omit the “~” notation for the non-dimensional variables.

2.3 Semi-discretization in space

The finite volume method is well-suited for problems involving conservation laws such as heat and
mass transfer [I2]. In this work, the LIB half-cell model was derived from mass and charge con-
servation laws in each domain, with flux-based interface conditions. Thus, we perform the spatial
discretization of the non-dimensional governing equations on a 1D finite volume grid, as illustrated
in Figure The discrete values of concentration and potential variables are located at cell cen-
ters, whereas molar fluxes and current densities are defined at cell faces. The former are denoted
by subscript ¢ and the latter by subscript i + 1/2, where i is the index of the i-th cell. To approxi-
mate the spatial derivatives of concentration and potential, we use the second-order accurate central
differencing scheme.

The discretized domains of electrolyte, active material, and current collector have N, Ny, and
N, finite volume cells, respectively. Hence the number of cells in Q; is N, = Ngm + Nee, and
the total number of cells N' = A, + N,. Within a given material domain Q, (a = e,am,cc), we
employ a constant cell width Az, = L, /N, where L, denotes the domain length. This ensures that
interfaces between domains coincide with particular faces of the finite volume grid. In the following,
we assume for simplicity but without loss of generality that the domain lengths allow to define a
uniform grid size Ax = Az, = Axgm = AZee.

. Ax

Ax /2
—>

—t——————1+—@————

i—1 i i+1

\ 4

. . 1
L—= L+
Figure 2.2: Schematic view of a 1D finite volume grid.

The system of equations obtained after spatial discretization in the electrolyte domain is given
by

dtce,i = Fe,ia 0= Ge,ia (221)

where, fori=1,2,..., N, we have

1 1 /. .
Fe,i = _E (Ne,i-&-% - Ne,i—%) l C;(e7i = _E (Ze,i—i-% - Ze,i—%) . (222)



Here, we obtain N, ;1 and . ;, 1 from spatial discretization of the fluxes defined in Equations (2.17)
and ([2.18)), respectively. Similarly, in the solid domain, we have

dtCS’j = F‘S’j7 0= Gs’j7 (223)
where, for j = 1,2,..., N, we have
€D 1 . .
FSJ:_E<N5J+%_NSJ7%)) GSJ:_E (ZS’J-JF% _Zs,jfé)' (2.24)

The numerical fluxes N, ;. 1 and i ;. 1 are the discrete versions of Equations lj and 1)

< QS >

l e N
[ 'Qe T Qam Qcc

T Lo e | I R

Ceo | | |Ce-1 Cso | | ' . .

lpry | ! too-d ot 1 C .

1 1 1 1 1 1 1 1 1 |

[ W ——- I - B S W b

12} PN o1 o2 | Nam | Nomi+1 | N |

P | I : | ' . .

1 1 1 1 1 1 1 1 1 ]

i : 1Tam-e| : R Y

Figure 2.3: Auxiliary variables introduced at the interfaces I'y and I'y,,_. for evaluation of the
Butler-Volmer current density.

In the discretized domain, molar fluxes and current densities on cell faces are defined using cell-
centered variables. However, special treatment is needed at interfaces between domains and at the
outer boundaries of the cell. The interface conditions at I'y (given in Equation (2.10)) and I'gp—
(given in Equations to ) require the Butler-Volmer current densities which are functions
of concentrations and potentials. These variables, however, are stored at the cell centers and need
to be evaluated at the interfaces I'g and 'y, .. A simple way is to extrapolate the adjacent cell-
centred variables to the interfaces. However, this method leads to inaccuracies, especially at higher
current rates [48]. In this paper, we resolve this problem by employing another approach proposed
in [48] involving extra variables at the interfaces. Thus, we introduce the auxiliary variables, i.e.,
C:,o and 90;0 at I'o and ¢, 4, v, 1, C;O and (i)j,o at T'ym—e (see Figure . The system of
discretized equations is then augmented with an auxiliary system of equations derived from the
interface conditions at I'g and I'y,;,,_.. This auxiliary system is given by the following relationships



between the Butler-Volmer current density and the gradients of concentrations and potentials

+
Ce,1 — C,

A 0 (A
Gé,c) = T/Q + Cerc 259\;(0207 @Zo) =0, (2.25)
+
A Pe,l — Peo (A
Giﬂﬁ) = T/Q + Ce,qﬁ(cj,o) 153\2(62:07 WZo) =0, (2.26)
Ce,—1 ~ Ce.N, (C), — _
G = T As2 Ce,clfmz(ce,—p@e,_ucio’¢Io) =0, (2.27)
le} Pe,—1 — Pe,N. _ (C), — _
Gl = T Az Cers(Co_1) iS50 (Co_1,Pa 1, €0y 009) = 0, (2.28)
() ._ 1= Cho (©) 0~ 4t
Gs,c = T/Q - CS’C /LBV(Ce,fl’ ¢e,717 Cs,00 ¢s70) =0, (229)
+
C ¢5=1 - ¢s,0 (C — —
Gl = TAs2 Cors (1007 15 ¢ 0, 070) = 0. (2.30)
The (’s in Equations (2.25)) to (2.30) are parameters defined below
1—t% 1 kp 1—t%
= TmoaTe == 2.31
Ceyc FN> ) Ce,qﬁ(ce) ix + FN: <, ) ( )
1 1
$,¢ = TR s, = T4 2.32
Goe = Tz S0 T (2:32)

S S

Moreover, the semi-discretized system defined above has only time derivatives of concentrations,
while they are absent for the potentials and the auxiliary variables. In fact, we can split these
variables into differential (W) and algebraic (Z) variables

W={cet, - 1 CeNr Cs1s -5 Cs AL T (2.33)
Z={Qets- s PeNurBsi1s s PsNus Ca0 P Com1s P13 Co 0 D0} (2.34)

Consequently, we obtain a system of Differential-Algebraic Equations (DAEs)
W =FW,Z), F:RY xRN0 RN, (2.35)
0=GW,Z2), G:RMN xRN¥6  RNH6, (2.36)

where

F={Fe1,....Fen., Fsa,.... Fs AL} (2.37)
G={Gen,.. ., GesGsn, o, Gon,, G, G 6D G, 6D, GL)y. (2.38)

The equations corresponding to W and Z lead to the differential equations Equation and
the algebraic constraints Equation 7 respectively. Further, the algebraic constraints in Equa-
tion are of two types, a discretized elliptic system of equations for the potentials ¢.; and
¢s,j, and a discretized system of nonlinear Robin boundary conditions for the six auxiliary variables.
Moreover, this system of DAEs is in semi-explicit or Hessenberg form. Such systems can also be
found in other engineering problems, e.g. low-Mach heterogeneous combustion problems [I7]. In
addition, comprehensive numerical investigations show that the system of DAEs corresponding to
the LIB problem is of index-1. Thus, the time integration of the semi-discretized LIB problem is ef-
fectively the integration of a system of indez-1, semi-explicit DAEs. Accurate and robust integration
of such problems requires specific numerical methods, which are the object of the next section.
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3 Numerical schemes

In this section, we present various numerical strategies we have used to integrate the stiff system
of DAEs. First, we introduce a family of implicit methods suitable for solving DAEs. Then, a
multi-domain strategy for the LIB model is presented with explicit and implicit coupling strategies.
Finally, an error estimate is formulated to characterize the optimal coupling frequency.

3.1 Implicit Runge-Kutta methods for DAEs

Since the 1980s, a number of integration schemes have been designed for DAE problems. Among oth-
ers, backward differentiation formulae and stiffly-accurate Runge-Kutta (RK) methods have shown
their efficiency and robustness [20, [6]. In our case, the stiffness induced by the fine discretization of
diffusion processes and the multiscale physics invites us to contemplate L-stable methods. Based on
this requirement, we can select suitable schemes available in the literature. In the present 1D study,
we can afford to use the well-known Radaub method [20], a 3-stage fully-implicit scheme, which is
fifth-order accurate for index-1 DAEs and is L-stable, having proven especially successful in the inte-
gration of stiff ODEs and DAEs. However, for the larger systems expected in the full-scale 3D LIB
simulations, this method can become too costly. In that case, other schemes such as the ESDIRK
methods [27] can be used. They too exhibit good properties to solve DAEs, while maintaining a
lower computational cost [17].

These advanced methods are in principle high-order generalizations of the implicit Euler method.
This first-order method is also L-stable and copes well with the indez-1 DAEs. Taking advantage
of its simplicity, we take it as an illustrative example. Let us assume that the time domain [0, tend]
is divided into N timesteps of equal length At = tnq/N. Thus the discrete time values are given
by th41 = tn + At forn =0, 1, ..., N —1, where t9p = 0 and ty = tend. Applying the first-
order discretization in time for the differential variables W, the DAEs become a system of nonlinear
equations of residual function R : RV x RV+6 s R2V+6 defined as

Wn+1 _ Wn _ At F(W"+1, Zn+1)

n+1 n+1y __
R(W 7Z ) - 0 _ At G(wn+1’ Zn+1)

(3.1)

Here, the superscript n represents the variables at time t,,. The nonlinear problem R(Wn"*1 Zn+1) =
0 can be solved by the Newton-Raphson method, using the solution of the previous timestep (i.e.,
W™ and Z™) as initial guess. Each Newton iteration requires the solution of a linear system, which
can be obtained either by direct or iterative solvers. Direct solvers are a good choice for 1D and 2D
problems, since the bandwidth of the matrices to be inverted remains small. This is not the case in
3D anymore, hence iterative solvers must be considered. The performance of such solvers is however
strongly deteriorated by the ill-conditioning of the matrices obtained, which is partly due to the
large number of unknowns in our mixed elliptic-parabolic framework, but also to the multiphysics
and multiscale nature of the problem. It is therefore crucial to use efficient preconditioners (e.g.,
see [1, [14]) to enable the use of iterative solvers. This topic is beyond the scope of this work and
will be treated in a subsequent work devoted to the solution of the full 3D LIB model based on the
technique presented in the present paper.

We now focus on the design of multi-domain techniques at the nonlinear solution level, as an
alternative to costly monolithic schemes where the DAEs are integrated simultaneously over the
entire computational domain with a single timestep. Note that such a technique is expected to
have a strong impact on the properties of the linearized residual system (formulated among multiple
domains) and related linear system solves since it yields an especially improved condition number for
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the subproblems that plays a crucial role in the convergence rate of iterative solvers. This statement
is investigated in the supplementary material for the sake of completeness.

3.2 Multi-domain time integration method

As discussed in Section [1} the LIB model is a multiphysics as well as multiscale problem, where the
Butler-Volmer current density at solid-electrolyte interfaces introduces strong nonlinearity. Math-
ematically, this results in a system of DAEs, which are stiff and costly to solve. The inefficiency
and cost of the solution is strongly impacted by the size of the fully coupled problem. Hence, we
propose to use a multi-domain technique splitting the monolithic problem into smaller decoupled
subproblems. Such methods have been implemented and studied for the fluid-structure interaction
simulations [46], [45]. In the context of LIB simulations, the domain splitting techniques have been
used before in [25], 24 [I] but remain essentially first-order in time and not adaptive. In the present
work, we split the LIB model in a manner similar to [I], with the necessary modifications needed
for a finite volume method containing the auxiliary system. To ensure the stability and accuracy of
the numerical integration we need to couple the subproblems in time. The originality of the present
contribution relies on a high-order coupling strategy, initially introduced in a different context [I7],
that is extended to couple the LIB subproblems efficiently, as well as its analysis. Indeed, we also
study the impact of this splitting on the conditioning of the linear systems corresponding to the
subproblems (cf. Appendix D).

We split the fully coupled LIB problem into two subproblems corresponding to the electrolyte
and solid domains. The auxiliary variables and their corresponding equations are also split between
the two subproblems. Hence, Equations and corresponding to ¢, _; and ¢, _; as well
as Equations and corresponding to Cs+,0 and ¢;0 become part of the electrolyte and
solid subproblems, respectively.

The electrolyte and solid domains are coupled by the exchange current density at Iy, —e, given
by the Butler-Volmer model. Hence, the coupling dynamics of the LIB cell simulation is described
by the temporal evolution of the auxiliary variables at T'yp—.. For a segregated/multi-domain
scheme, we refer to these variables as the coupling variables Ug, i.e., U, = [e._; v, _; ¢l 61, }T. The
nonlinear system of equations Equations to that corresponds to the coupling variables
is referred to as the synchronizing system Ggyne.

As for the fully coupled discrete system, each subproblem contains a system of DAEs, which is
integrated using the high-order, adaptive implicit methods (described in Sub-Section . Thus,
each subproblem is associated with a residual function whose definition depends on the integration
scheme being used. In general, the residual functions related to each subproblem can be written as,

R(W., Z.) =0, R, :RNe x RNeHt oy RN+
R.(W,,Z,) =0, Ry:RN: x RN:H2 5 R2N:H2, (3.3)

where the subscripts e and s correspond to the electrolyte and solid, respectively. When Equa-
tions and are solved independently, we need to exchange the required coupling variables
at regular coupling intervals as done in [I]. However, this classical strategy freezes the value of
the coupling variables during a coupling interval. This limits the overall accuracy of the numerical
integration to first-order, even if high-order integrators are used in the subproblems. A way to
improve this strategy is to define and use polynomial-in-time approximations to evaluate the cou-
pling variables, so that the integration of each subproblem can be performed with a more accurate
evolution of the coupling variables. The polynomials are built by interpolating the values of U, at
the previous coupling time points. It can be easily shown, following the lines of [I7], that for a
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polynomial approximation of degree p — 1 and a coupling interval of size At., the coupling error e,
follows

€ ~ O(AtP). (3.4)

We remark that it is important to study the validity of Equation for the 1D LIB half-cell
simulations. We have performed this analysis and show our results in Sub-Section

The multi-domain technique with coupling of the subproblems at fixed intervals, is very sensitive
to the length of this interval (coupling step size At.). To better understand this, let us consider
in more details the steps we go through during a coupling step for time ¢, to t, + At.. At time
t,, the approximation polynomials Uc(t) of the coupling variables U.(t), t € [tn,t, + At.], are
obtained by extrapolation of the p previous values U.(t — iAt.), ¢ = 0...p — 1. The nonlinear
systems in Equations and are solved to integrate each subproblem independently. In these
subproblems, the interface conditions are obtained by evaluating U.(t) at the required substeps. At
time t,1 = t, + At., a synchronization step is performed, which effectively exchanges information
between the subproblems. Finally, the approximation polynomials of the coupling variables are
updated with their values obtained from the synchronization step. In an explicit-coupling scheme
(Algorithm , the solution obtained at this stage is accepted, and we move to the next coupling
interval. However, a lack of the sufficient number of coupling steps may cause the solution to diverge,
which is typically expected due to the explicit nature of this coupling strategy and its stability limit.

Algorithm 3.1 Algorithm for explicit-coupling

Setup 1D mesh X : RV

Get initial solution state, Wy and Z,

Initialize approximation polynomial

while t,, < teng do
(W WP <~ W™ and [Z7,Z7] < Z"
Solve Q.: (Wil Zntl) « R, (W™, Z7 U.(t))
Solve Qg: (Wit Zntl) « R (Wr, Z1, U(t))
Wntl « (Wil Wit and ZnH « [ZntL Zntl)
Synchronization: Ue(t;+1) < Gsync(WnT1, Z7H1)
Update predictors for U.(t)
gt < tn + Al
(W, Z) < append(W"+1 Zn+l)

end while

return W, 7

This issue can be addressed by employing small enough timesteps. When this is too costly,
an alternative is to resort to a modified version of the coupling scheme, which enables an implicit
treatment of the coupling variables and hence improves the stability of the coupled simulation.
This implicit-coupling method, described in Algorithm iterates on the definition of U, until the
condition U (t11) = Ug(tny1) is met. We impose a certain tolerance on this equality, commonly
known as the waveform-relazation tolerance WRy,). A fixed-point problem on U, (t,,+1) is formulated,
that can be solved by simple iterations, dynamically under-relaxed iterations, or Newton iterations.
In our case, we only use the simple fixed-point iterations since they perform sufficiently well for the
1D LIB problem.

The implicit-coupling method however increases the computational cost, which is proportional
to the number of fized-point iterations at each coupling step. We can avoid this by dynamically
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Algorithm 3.2 Algorithm for implicit-coupling

Setup 1D mesh X : RV
Get initial solution state, Wy and Zj
Initialize approximation polynomial
while t,, < teng do
(W WP« W™ and [Z0, 27 + Z"
Uk« U.(t,)
while True do
Solve Q.: (Wntl Zn+l) « R (WM, Z UE(t))
Solve Qg: (Wntl Zntl) « R (W, Z UE(t))
wntl [Wg+1,Wg+l] and Z"nt1 — [Z;H_l,Zg-H]
Synchronization: U «— Ggync (W T, Z7H)

o (UST UL
if (tolxllUj‘H-ﬁ-tol < 1) then

UC(tn+1) A Uc],CJrl
break
end if
Update approximation polynomial for U,(t)
end while
Update predictors for U, (t)
ty < tn, + At,
(W, Z) < append(W, Z)
end while
return W, 7

14



adapting the coupling timestep. In the implicit coupling, this can help reduce the number of fixed-
point iterations required. In the explicit coupling, this can help maintain the stability of the coupled
computation. Therefore, a method to dynamically evaluate the optimum coupling step size is needed.
We discuss it below.

3.3 Error estimate and adaptive coupling

We propose an error estimate based on the coupling dynamics of the segregated 1D LIB problem.
The error in coupling variables controls the coupling frequency by evaluating an adaptive coupling
step size. In the multi-domain scheme, if the subproblems are integrated with a sufficiently small
tolerance then the global error is dominated by the coupling error, in the spirit of what was done in
[II]. Therefore, the coupling error evaluated locally as an error on the coupling variables controls
the error of the simulation.

Equation Equation (3.4]) shows that the degree of the approximation polynomials of the coupling
variables dictates the order of this error. We now need a way to approximate this error, since it
cannot be directly evaluated. For a given coupling step size At. 1, we perform two coupling cycles
using the polynomial approximations of degrees p—1 and p. After the synchronization step, for each
case, we obtain the coupling variables U, and U., respectively. We define an error estimate

& = [Uc — Ul = O(AZ ) — O(AZE) ~ o, (3.5)

where o > 0 is a constant. The adaptive optimal coupling step size At; op corresponds to €, = tol,
where tol is the desired accuracy. Thus, we can write

tol = aAt? (3.6)

c,opt*

Finally, combining Equations (3.5 and (3.6]), we obtain

1/p
Atc,o;ot = Atc,l (tOZ) . (37)

€p

Now we can achieve high-order adaptive coupling using higher values of p. This strategy improves
the computational efficiency of the multi-domain scheme while maintaining the simulation within
the numerical stability limit. In the next part, we study the performance of this novel numerical
strategy for the simulation of our 1D LIB half-cell model.

4 Results and discussions

In this section, numerical studies are conducted based on simulations of the 1D LIB half-cell model
presented in Section [2] using the physical parameters listed in Table 5.1} We recall that all the
transport parameters (conductivities, diffusion coefficients and transference number) are assumed to
be constant. This simplification does not alter the numerical complexity of the 1D LIB problem; the
strong nonlinearity at the solid-electrolyte interface and ill-conditioned system due to the multiscale
physics still remain. Throughout this section, the numerical integration of the system of DAEs
is performed using the Radaub method. Preliminary studies such as numerical verification of the
LIB half-cell model and accuracy of the spatial discretization have been conducted as a natural
preliminary step and are presented in Appendices [A] and [B] respectively. They are important to
build our confidence in the 1D LIB model as well as its numerical implementation before proceeding
with the assessment of the numerical strategy presented below.
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4.1 Accuracy of coupling for multi-domain methods

In this study, we analyze the accuracy of coupling strategies for the multi-domain methods. The
coupling flux, i.e. the Butler-Volmer current density remains constant in time during the CC mode
of operation in our 1D setting. Hence, it is not ideal for studying the coupling strategies as the
error from coupling is negligible for stationary coupling dynamics. This would necessarily be the
case in higher-dimensional models. Hence, in contrast with the previous studies, the multi-domain
strategy is effectively studied for a constant voltage (CV) operating mode. Several simulations using
the multi-domain method with an increasing number of coupling intervals NV; (i.e. a decreasing size
of the coupling step At,) are performed for both the explicit and implicit coupling strategies. The
target cell voltage U = 0.278 V is obtained after 11 s of an initial fully coupled simulation in CC
mode at 1C rate. The CV mode of operation using the multi-domain method begins at ¢;,; = 11 s and
is maintained until g = 101 s. We use a finite volume grid of size N' = 200, with NV, = N, = 100.

To analyze the accuracy of the coupling strategy, we evaluate the coupling error at ¢ = tepng,
defined as

||ycoupling - yr0f||2 (4 1)

error =
”yref H2

with ||-||, being ¢2-norm. Here yeoupling is the solution obtained using the multi-domain scheme with
coupling at fixed intervals . The reference solution ¥, is obtained on the same finite-volume grid
by integrating the coupled system in a monolithic manner with Radau5 and a fine error tolerance of
1 x 10712, thus yielding a quasi-exact solution, i.e. with a negligible error from the time integration.

=0 @\e\e\e\e\s\e
1075 p=1
& p=2 \§‘\\‘~‘: ———— H\H\._\.
——p=3 TV
LOT7 o R T R
S
= 1077
[<b}
10—11_
10713_
10t 102 103

Figure 4.1: Plots of error vs. N; for the multi-domain strategy with coupling at fixed intervals.
Errors corresponding to the explicit and implicit coupling are shown with empty and filled markers,
respectively. The dashed lines represent the theoretical accuracy (O(At2*1)) for an approximation
polynomial of degree p.
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In Figure [£.1] the coupling errors from the above simulations are plotted against the number of
coupling intervals on a log-log scale. The slopes of these curves represent the order of accuracy of the
multi-domain method. Each of these curves corresponds to a specific degree of the approximation
polynomial and either of the two coupling strategies. We observe that for a given coupling step size,
the implicit coupling always has lower errors than the explicit coupling strategy. We can explain
this by looking at the consistency loops of the implicit strategy. Except for the first iteration,
interpolation instead of extrapolation is used to approximate the coupling variables. The error
constant is smaller for interpolation than that of extrapolation resulting in smaller errors for the
implicit coupling strategy. Note that for the consistency loops, we keep WRy; = 1 x 10719, which
is sufficiently low to ensure that the polynomial approximations of the coupling variables dominate
the source of coupling error.

Moreover, the error curves satisfy the theoretical order curves given by Equation . Thus,
we can safely conclude that the theoretical accuracy of coupling is verified for the 1D LIB problem
represented by a system of DAEs. It is worth mentioning that this accuracy had only been verified
previously for problems involving coupled subsystems of ODEs in the litterature. Upon this verifi-
cation, we can confidently use the strategy of Sub-Section [3.3]to evaluate the adaptive coupling step
size of the multi-domain method proposed for 1D LIB simulations.

4.2 Adaptive coupling for oscillating operating condition

To test the adaptive coupling strategy, we consider a test case involving an the application of
an oscillating voltage on our 1D LIB model, thus inducing temporal oscillations of the coupling
variables. We take a sine wave signal for the applied voltage with the mean voltage Upean = 0.103 V
~ Up(cs1). It is chosen such that the LIB cell switches between the charging and discharging
modes during each oscillation of the voltage signal. This signal consists of three oscillations with
an amplitude equal to 5% of the mean voltage. The adaptive coupling simulations are performed
with a tolerance tol = 1 x 107 on the error estimate for the optimal coupling step size. Similar
to each subdomain is discretised with 100 cells for the multi-domain simulations with adaptive
coupling,.

In Figure [£.2] we plot the temporal evolutions of the adaptive coupling step At. for various
orders of the adaptive coupling p,,q. We observe that At. adapts well with the rate of change in
the coupling dynamics, which is analogous to the U, signal. At the beginning of the simulations,
until ¢ ~ 35 s, the At, is gradually increased with a safety factor to avoid any numerical instabilities
(ensuring that the error is always below the tolerance). We observe that the simulations with
a higher order of coupling have larger coupling steps, i.e. for pna. = {1, 3} the maximum is
At. = {25.62 s, 33.55 s}, respectively. It may be feared that the larger coupling steps can result
in a loss of accuracy. However, in the present numerical strategy, we ensure that the coupling
error, which in turn governs the global error of the simulations, is strictly controlled by the error
estimate. Hence, the overall accuracy is maintained even for the larger coupling steps. We can
demonstrate this by comparing the evolution of the Butler-Volmer current density at I, —c (Z(BC&) in
Figure For all py,q. values, there is a good match (rel. error ~ tol) between the simulations with
the adaptive coupling and the reference quasi-exact solution. The value of iSBC‘) oscillates between
positive and negative values indicating the alternating charging and discharging modes of the LIB
cell. We also observe that the applied voltage and the interface current density (in Figures
and respectively) are in phase, confirming the absence of capacitive or inductive effects from the
mathematical model.
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Figure 4.2: Plots of the coupling step At. (s) vs. time ¢ (s) for the multi-domain technique with
adaptive coupling. Here p,,q. is the highest degree of the approximation polynomials used for error
estimation. The time-varying (sine wave) applied cell voltage is shown with the dashed line.
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4.3 Computational performance

In this last study, we use work-precision diagrams to analyze the computational performance of the
adaptive coupling strategy implemented in this work. These diagrams, shown in Figures [£.4] and [4.5]
plot the CPUtime of the simulations versus their errors evaluated by Equation for the different
orders of coupling p,.q... For each order, the corresponding curve is obtained by performing multiple
simulations with decreasing values of the coupling error tolerance. For each simulation, the error is
then computed with respect to a quasi-exact monolithic solution, as in Sub-Section In general,
for a given error level, we observe a reduction in CPUtime when the order is increased. This is due to
the larger coupling steps that higher-order coupling can take. For almost all tested configurations,
as we move toward lower simulation errors, higher-order coupling leads to improved performance.
The consistency of our observations in this 1D setup suggest the high potential of the proposed
numerical strategy for 2D and 3D simulations as well.

explicit— coupling implicit— coupling
- Pmaz = 1
Pmazx = 2
102 5 102 4
—~ ]
0
SN~—
)
E
)
o)
[a W
© 10’5 10"
v
T T T T T
1077 107° 10-8 1077 107¢
error error

Figure 4.4: Work-precision diagram for the multi-domain method (constant voltage operation)

5 Conclusion

In this study, we have numerically solved a microscale continuum model of LIBs using the finite
volume method and an adaptive multi-domain time integration strategy. This choice is motivated
by the several orders of magnitude difference in the diffusion time scales characterizing the electrolyte
and active material domains. The main nonlinearity of the problem arises at the solid-electrolyte
interface due to the Butler-Volmer condition modeling the heterogeneous redox reactions. In the
discretized system, we introduce auxiliary variables at this interface resulting in a nonlinear Robin
condition. Consequently, the subproblem within each domain consists of a stiff system of DAEs
that is solved by the implicit Radaub method. The multi-domain approach allows to solve each
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Figure 4.5: Work-precision diagram for the multi-domain method (sine wave oscillating voltage
operation)

subproblem independently, while the coupling between the domains is handled by a high-order
adaptive coupling scheme.

Our numerical tests have shown that the accuracy of the multi-domain method is governed by
the polynomial degree used in the approximation of the coupling variables, and that the adaptive
coupling method remains stable even for an oscillating applied voltage at the LIB cell boundaries.
Furthermore, higher-order coupling results in larger coupling steps, thus reducing the overall com-
putational cost for a desired simulation accuracy.

The results of this 1D study motivate the future implementation of our numerical strategy in more
realistic LIB simulations based on 3D electrode microstructures. However, such structures exhibit
spatial multiscale features that require a fully adaptive time-space method. Numerical aspects like
efficient nonlinear solvers for large systems of DAEs (such as ESDIRK method), better precondition-
ers for the linear solvers, parallelization and related HPC challenges need to be studied in the context
of 3D LIB simulations. However, the proposed method can still be envisioned as a breakthrough
for these applications in optimizing the coupling timestep for a given accuracy of the solution, while
allowing a much better conditioning of the subproblems as illustrated in the supplementary material.
Eventually, the multi-domain method offers a suitable framework for the LIB model extension to
more complex physics, such as phase transformations and mechanical deformations in the active
material, or lithium plating and SEI growth at the solid-electrolyte interface.
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Table 5.1: Summary of constants and parameters.

Quantity Value Unit
F 96487 C-mol !
R 8.314 J-(K-mol) !
T 298.15 K
Le 20 pm
Ce,l 1000 mol-m—3
De 1x10~10 m?.s~T
Ke 1 Sm™!
ti 0.4 dimensionless
de 0 dimensionless
Lam 10 pm
Cs T 13000 mol-m—3
Dam 3x10~ 12 m?-s 1
Tam 100 Sm!
Fko 8.9x10~ "7 C-s~T.m25.mol 12
Uo(cs) See Table 2 of [32] v
0, Li 10 Cm 2571
Lece 10 pm
Oce 3700 Sm~T

Table 5.2: Summary of characteristic scales.

[ RT/F \4

L* Le+ Lam + Lec =L m

T* L?/D. s

ck Ce I mol-m—3
ck Cs,max mol-m~—3
N} (Dect)/L* molm—2.s~ 1
i (ke®*)/L* Cm—Zs T
N¥ (Damct)/L* mol-m~2.s~1
ix (0am®*)/L* Cm=Zs~ T
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A Verification of the mathematical model

Here we verify our numerical implementation of the 1D LIB half-cell model by considering a constant
current (CC) charge scenario at 0.5C rate. The simulation is performed on a 1D finite volume
grid of size A/ = 200. We employ a monolithic time integration method with the Radaub solver
relative tolerance set to 1 x 1071%. Our results are compared to the reference battery simulator
BESTmicro [16], using the same physical parameters and grid size. Moreover, numerical results
are compared to an analytical solution that we have derived for the CC mode of operation (cf.
Appendix |C)).

In Figure we plot the temporal evolutions of cell voltage (Ugey) obtained with our LIB
model implementation, BESTmicro, and the analytical solution. Further, in Figure [A2] the spatial
solution profiles are displayed at t = 0 s and ¢t = 500 s for the three cases. These two figures illustrate
the good agreement between the solutions, both in time and space. Therefore, this benchmark allows
us to verify our implementation.

055 O 1D LIB model (Radaus) n
’ BESTmicro /
0.36 - === Analytical solution :rf']
&
0.34 - )}]’Er[
—~ yri|
> 0.32 1 il
e pug
T 0.30 1 gLl
- IZTJZ
0.28 i
I’TU
0.26 ]’HE
0.24 - g8 & o 5
' I o B
[&
0 250 500 750 1000 1250 1500 1750 2000

t(s)

Figure A.1: Cell voltage versus time during CC charging at 0.5C rate, obtained from our numerical
implementation (current study), BESTmicro, and analytical solution.

B Space convergence study

Using a grid convergence study, we can verify the accuracy of the finite volume discretization. We
analyze the spatial accuracies of lithium concentrations in the electrolyte and solid domains for a
charging scenario at 1C rate. We also study the accuracy of the ionic potential in the electrolyte.
For the electric potential, as we can see in Figure [B:I] the piecewise linear nature of its solution
profiles remains unchanged with time. Only the vertical intercepts (i.e., ¢s(Le,t)) of these profiles
evolve in time due to the variation of the auxiliary electric potential at I'y;,_.. Therefore, we have
excluded the electric potential in the solid from this convergence study.
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Figure A.2: Solution profiles in electrolyte (left panel) and active material (right panel) for CC
charging at 0.5C rate, obtained from our numerical implementation (current study) and BESTmicro.
The curves with empty and filled markers represent solutions at t = 0 s and at ¢t = 500 s, respectively.
The dashed lines show the corresponding analytical solution profiles.
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Figure B.1: Solution profiles in electrolyte (left panel) and active material (right panel) at various
times during CC charging at 1C rate, obtained from our numerical implementation (current study).
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N = [28,52,96, 168,296, 520, 912, 1600]
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Figure B.2: Space convergence plots with errors between the numerical and analytical solutions for
charging in CC mode at 1C rate evaluated at ¢ = 0.1 s (empty markers) and ¢t = 5 s (filled markers).

We perform several simulations with increasing N, i.e., decreasing the 1D cell width Az. The
spatial integration error is evaluated as

errop — sim — Yretl5 (B.1)

||yref||2

where |[|-]|, is ¢*>-norm. Here ysim and yrer are the numerical and analytical solution profiles, re-
spectively, both evaluated at the same reference time. We use sufficiently strict tolerances for time
integration using the Radaub method such that the temporal discretization errors remain negligible
compared to the errors evaluated using Equation .

In Figure [B:2] the errors in concentrations and potentials are displayed as a function of dimen-
sionless cell width on a log-log scale. The errors are evaluated from solutions at t =0.1sandt=5s
corresponding to the transient and stationary states of the electrolyte, respectively. We observe
that all the curves are parallel to the theoretical second-order curve. However, the spatial errors in
cs at t = 0.1 s are contaminated at larger Az, most probably by higher-order terms in the Taylor
expansion. These higher-order terms may become significantly large at early times due to the steep
spatial gradients of ¢s near I'y,,,_.. Nonetheless, we confirm the second order of convergence in space
expected from the truncation error of the central difference scheme used in the spatial discretization.

C Analytical solution
In the particular scenario of a constant current (CC) charge or discharge, an analytical solution

of the 1D LIB half-cell model can be obtained. The starting point of the derivation is to observe
that the current densities in the electrolyte and solid phases remain constant and are both equal
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to the imposed current on I'y, iext = —&i1c. Thus, the electrolyte and solid-phase concentrations
are effectively decoupled, each one satisfying a linear diffusion equation with constant Neumann
conditions. The next steps of the derivation are summarized below, using the dimensional notations
of Sub-Section 211

C.1 Electrolyte concentration and potential

Electrolyte concentration satisfies the following initial value problem with Neumann boundary con-
ditions,

Oce 0%c.
_ 1
8t € ax2 ) (C )
Oce oce
It — e = _ 2
ax (O’t) ax ( €7t) ﬁ@ ) (C )
ce(2,0) = cex, (C.3)
where
1—t9\ .
Be - ( FDe ) lext - (04)
Applying the method of separation of variables, we obtain
L.
Ce(Tyt) = Ceq + Be <2 — m) (C.5)

[ee]

1 (2k + )ma\ _(@rtury2p
— 4B Le Z kT 127 cos ( I ) e~ (52) .
k=0

Electrolyte potential satisfies a first-order ODE, obtained by taking the dot product of i, from
Equation (2.2) with the 1D normal vector e,, and then imposing i. - €, = fext. Further, at x = 0
the Butler-Volmer condition Equation 1) yields ¢(0,t) = %argsh (;JJ—“’S) By integrating the
ODE between = 0 and an arbitrary z, we obtain

pe(z,t) = Q?Targsh <_ie’“> + 2RT(;_ ) (cﬁ(m’t)> - (ie"t> . (C.6)

22'0’]_& Ce (O, t) Re

C.2 Solid-phase concentration

Let ¢4(z,t) = cs(Le + T, t) denote the solid-phase concentration in §2,,,, expressed in terms of the
shifted coordinate & = x — L.. This concentration satisfies the following initial value problem with
Neuman boundary conditions,

0¢, 02%¢e,
T Dam@ , (C.7)
0c, B
%(Ovt) = -0, (C.8)
0c, B
=2 Lam:t) = 0, (C.9)
Es(jjvo) = GCs1, (ClO)



where

1 .
Bs = (F,l)am) lext - (C].].)

Applying the method of separation of variables, we obtain

z sDam t
Cs(Z,1) = 51 — BsZ (1 - 37 ) + 5L (C.12)
+25,L _ i Lo (278 o (25) Dt
sbiam | 7= — e am, .
) 6 — n2m? Lam

C.3 Solid-phase potential and cell voltage
Let cf(t) and ¢%(t) denote the solid-phase variables at [ppm—e, i.€., ci(t) = cs(Le,t) and ¢%(t) =

@s(Le,t). Similarly, let ¢*(t) = co(Le,t) and ¢*(t) = @e(Le,t). Further, we define the cell voltage
as U(t) = ¢s(L,t). Observing that the solid-phase potential is a continuous and piecewise linear

function of = (with constant slopes in Qg,, and Q..), we have

U(t) = 61(t) - (Lm n L“) ot (C.13)

Uam, UCC

Finally, using the Butler-Volmer equation Equation (2.9)), we obtain

* ok * Ear S _iext
A R Ty gh(?chz(wc:(t) <cs,maxcz<t>>> e

where ¢ (t), ¢i(t) and c(t) can be evaluated from Equation (C.5), Equation (C.6) and Equa-
tion (C.12)), respectively.

D Conditioning of the Jacobian system

One of the motivations to use multi-domain methods is to improve the conditioning of the Jacobian
system by decoupling the two diffusion time scales. In this study, we evaluate and compare the
condition numbers of the Jacobian matrices Jun(W, Z), Jo(We, Z.), and J4(Wy, Zs), corresponding
to residual functions of the fully-coupled system and to each subproblem (electrolyte and solid),
respectively. In this study, we have numerically evaluated these Jacobian matrices for the residual
functions obtained from the implementation of Radaub time integration method.

In Figures [D.I] and [D-2] the condition numbers of Jey, Je, and Js are plotted at the final
simulation time ¢t = 101 s with respect to nondimensional cell width, for CC and CV modes of
operation, respectively. It should be noted that these condition numbers are almost independent
of the temporal evolution of the solution. The plots follow the theoretical order expected from the
discretization of the diffusion-based governing equations.

In the CC mode, the ill-conditioning of Jj is still comparable to that of the fully-coupled Jacobian
Jeal. The constant Butler-Volmer current results in Neumann-type boundary conditions on both
sides of the solid domain making Js nearly singular. While in CV mode, we observe a significant
reduction in condition numbers of both J, and Js. Such improvements in conditioning are advan-
tageous in the context of iterative linear solvers, to reduce the number of iterations and thus the
computational cost.
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Figure D.1: Conditioning of Jacobian matrices Jg,1, Je, and Js, evaluated at ¢ = 101 s for solutions
in CC mode at 1C rate.
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CV mode
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Figure D.2: Conditioning of Jacobian matrices Jg,1, Je, and Js, evaluated at ¢ = 101 s for solutions
in CV mode at 0.103 V.
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