Electrochemical Fault Diagnosis for Lithium-Ion Batteries:
Part 1 — Electrochemical Fault Modeling
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Abstract— Electrochemical faults arising from internal
degradation-related side reactions in lithium-ion batteries play
a crucial role in battery safety and performance. Accurate
modeling and thorough understanding of these processes are
essential. The side reactions considered in this study are
two of the most critical degradation-related electrochemical
mechanisms: Solid Electrolyte Interphase (SEI) film growth
and lithium plating. The Doyle-Fuller-Newman model with
Side Reactions (DFN+SR) and the Single Particle Model with
electrolyte dynamics integrated with Side Reactions (SPMe+SR)
are first described. Subsequently, reformulated models provid-
ing a parameterized representation of side-reaction dynamics
suitable for diagnostic analysis are proposed. These models
are developed with strong physical justification while offering
substantially lower computational cost and complexity. The
study is structured in two parts, each standing independently,
and Part 2 complements Part 1 by developing fault diagnosis
schemes. The proposed reformulated side-reaction models are
simulated on a LiFePO, cell to capture the characteristic
degradation behavior.

Index Terms— Lithium-ion battery; Fault modeling; Degra-
dation; SEI film growth; Lithium plating.

I. INTRODUCTION

Degradation in lithium-ion batteries arises from vari-
ous electrochemical mechanisms, often triggered by high
charge/discharge rates and extreme temperatures [1]. The
primary degradation mechanisms include SEI film growth,
lithium plating, structural changes, decomposition, and par-
ticle fracture [2]. This study focuses on the two critical mech-
anisms, SEI film growth and lithium plating. Mathematical
models play a crucial role in analyzing, forecasting, and
ultimately mitigating battery degradation through advanced
control strategies. However, their high computational cost
limits their applicability in many real-world scenarios, partic-
ularly when extensive simulations are required for tasks such
as battery design or control. This highlights the demand for
reformulated models that are both efficient and sufficiently
accurate to capture degradation phenomena [3].

This study first presents the DFN model augmented with
Side Reactions (DFN+SR), followed by the reduced-order
Single Particle Model with electrolyte dynamics and Side
Reactions (SPMe+SR). Building on these models, reformu-
lated side reaction models are then developed with strong
physical justification, explicitly grounded in fundamental
electrochemical principles. These reformulated models pro-
vide a balanced compromise between accurately capturing
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degradation dynamics and maintaining computational effi-
ciency. Furthermore, the reformulated side reaction models
will be employed in Part 2 to develop an electrochemical
fault diagnosis scheme. The main contributions of this work
are as follows:

o This study employs the reduced model for SEI film
growth first introduced by the authors in [4], and in
this study its theoretical foundation is further strength-
ened with physical and mathematical justification. This
model achieves a balance between capturing essential
degradation behavior and reducing computational com-
plexity, compared to the model in [3].

o In this study, a novel distributed model for lithium
plating is developed to capture the nature of this degra-
dation mechanism. The model captures both temporal
dynamics and spatial distribution of lithium plating on
the negative electrode surface. To the best of our knowl-
edge, this is the first time a reformulated model for
lithium plating, developed on rigorous mathematical and
physical justification, is proposed, offering a balanced
trade-off between physical fidelity and computational
efficiency compared to the model in [3].

« Building on the recently proposed SR model in [3], this
work reformulates the side-reaction dynamics as elec-
trochemical fault terms suitable for diagnostic analysis.
To the best of our knowledge, this is the first work that
uses these models as a foundation for fault diagnosis
frameworks.

In the rest of this paper, Section II presents the battery
model. Section III introduces the models of side reaction
mechanisms. Section IV shows the simulation results. Fi-
nally, Section V provides the conclusion and future work.

II. BATTERY MODEL

In this section, the battery model DFN+SR is first pre-
sented, followed by the SPMe+SR model.

A. DFN+SR Model

The DFN model, a comprehensive mathematical frame-
work, considers variations along the horizontal z-axis to
capture the dynamic behavior, while variations along the
vertical y-axis and depth z-axis are assumed negligible [5].
Degradation mechanisms, including SEI film growth and
lithium plating, are incorporated into the DFN model [3],
as illustrated in Fig. 1. Here, ¢ denotes time, r € (0, RY) is
the radial coordinate within a particle, and = € (07, L7), j €
{—,sep, +} represents the spatial coordinate. The input and
output of the system are the applied current I(¢) and the
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Fig. 1: DFN+SR schematic

terminal voltage V(t), respectively The equation for the
solid-phase lithium concentration ¢ (¢, z,7) is described as:
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t,x,r) =

The electrolyte-phase lithium concentration is given by:
transfer coefficient where the molar ion flux in different parts
of the cell is [3]:

Jn (62) = Gy ine (8 7) + Jsp (8 7), €(07,L7), @
I (tx) =0, € (0%, L), (3)

]n (t’ ) = jr—;int(t’ l’), z € (L+70+) ’ (4)

where j_ ;. (t,7) denotes the intercalation molar ion flux,
and the side-reaction molar ion flux is defined as jqi (¢, x) =

Jser(t, @)+ (¢, z). Their expressions are provided later. The
equations for the solid-phase electric potential ¢ (t,x), the
electrolyte-phase electric potential ¢.(t, z), the ionic current
if(t,z), the molar ion flux ji*(¢,z), the exchange current
density iZ (¢, ), and the overpotential 77 (¢, ) are described

as:
oloN i (t,x) —I(t
;x (t) = = 20 ( O'Jit)veﬂ ( )756 € (0%,L%), (5)
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= PRy (t)j, (t,), @ € (0%, LF), (11)
where e and £/ denote the volume fractions of the solid and
electrolyte phases, respectively. F' is the Faraday constant,
and kT is the kinetic reaction constant. D} represents the
solid-phase diffusion coefficient. o ° denotes the effective
conductivity of the solid phase. R}—L(t) is the SEI film

resistance, and U™ (.) is the open-circuit potential of the solid
material. The effective electrolyte diffusivity is defined as
DI (cl(t,x)) = Di(cl(t,x)) - (1)’ and the effective
electrolyte conductivity is x7*"(cl(t,z)) = wl(cl(t,z)) -

(e2)Pe, The specific interfacial area of the electrodes is
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In this study, the electrochemical side reaction in the
battery model, expressed by its molar flux jg (¢, ), is
composed of SEI film growth molar flux jg(¢,z) and
lithium plating molar flux j; (¢,z). The side reaction mod-
els are explained as follows. The SEI layer forms on the
surface of the electrode due to the reduction of electrolyte
components during the charging cycles [1]. The SEI film
growth consumes active lithium ions from the electrolyte
and contributes to capacity loss. The SEI film growth is
incorporated into the battery model via its current density
Jsgi(t, ), modeled as [3]:

1 .
_FZO,SEIeXp( aser g (05 (t, )

— Ge(t,2) — Ugey () — 252 1(1))),

jS_EI(t’ x) =

12)

where i gy, ogpy and Ugpy (t) are SEI current density, SEI
transfer coefficient, and SEI open-circuit potential, respec-
tively. Lithium plating occurs when lithium ions are reduced
to metallic lithium on the negative electrode surface instead
of intercalating, typically under high charging rates, low
temperatures, or near-full lithiation [6]. Lithium plating is
modeled through its current density j (¢, %) as [3]:

jp_l(ta .I) Z() ,pl exp( Qpl BT RT :TJ) - ¢e(t7 Zl?)
~ Uy (t) - ZL(_’I(t»),x e (07.L7). a3)

where i, and o, are the lithium plating current density and
the lithium plating transfer coefficient, respectively. U (t) is
lithium plating open-circuit potential.

Remark 1. Due to the greater impact of SEI film growth on
the negative electrode than the positive electrode [7] and the
fact that lithium plating occurs only on the negative electrode
[8], this study focuses on side-reaction-related fault modeling
for the negative electrode.

The boundary conditions for ¢ (¢, z,r) in (1) are:

80? + 7+

iR (t,z,0) =0,z € (05,L%), (14)
+ -1

aac; (t,z,RY) = Diﬁ(t,x),x € (0%,L%). (15)

The boundary conditions for (??), (6), and (7) are not



provided in [3] but are extracted from [9] and given by:
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EP(t, L) = ¢ (¢, LY). (20)

The boundary conditions for electrolyte potential (6) are:

$e(t,07) =0, (21)
Ge(t, L) = ¢e(t,0°F), (22)
¢e(ta Osep) = ¢e(t7 L+) (23)
The boundary conditions for ionic current (7) are:
i; (£,07) =it (t,07) =0, (24)
ig (t,L7) =il (t,L%) =I(t), (25)
ie(t,x) = I(t) for x € [0°P | L*P]. (26)

B. SPMe+SR model

In SPMe+SR, which is a reduced model of DFN+SR, each
electrode is assumed to be idealized as a single spherical
particle illustrated in Fig. 2. In this model, all particles

Fig. 2: SPMe+SR schematic

within each solid phase are assumed to behave identically.
Consequently, ¢(t,x,r) and jF(t,z) are approximated as
independent of the spatial coordinate, i.e., cs(¢,7) and j ().
The solid-phase lithium concentration dynamics for the
SPMe are given as follows [3]:
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where jgn(t) is the average side-reaction current density
over the negative electrode domain. The electrolyte-phase
lithium concentration dynamics for the SPMe are given by:
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The boundary conditions for the electrolyte lithium concen-
tration PDEs in (31)—(33) are consistent with those of the
DFN model given in (17)—(20). In the SPMe+SR model,
the solid-phase potential is spatially uniform and depends
on time only, consistent with standard SPMe asymptotics
[10]. The electrolyte potential ¢_ (¢, ) is obtained from (6).
These potentials are required in Section III to construct the
reformulated models.

III. MODELS OF SIDE-REACTION MECHANISMS

In this section, reformulated models for SEI growth
and lithium plating are proposed. The models assume a
separation-of-variables structure that simplifies analysis and
reduces computational cost while retaining key dynamics for
fault diagnosis.

A. Reformulated model of SEI film growth

The reformulated SEI fault term provides a low-cost
parameterization of the reference SEI model in (12) and is
defined as [4]:

(34)

In the following, each term of the proposed fault model (34)
is detailed below and linked to the SEI fault in (12). The
SPMe asymptotics approximation assumes that the solid-
phase potential is spatially uniform to leading order, i.e.,
o5 (t,x) =~ ¢ (t) [3]. Substituting this into (12) gives

— 1. _ _
Jsmi(t, x) = ~plo,sEn exp( — aspr g (05 (t) — Ugp (1)

R (t) _
- 1) = ¢ (t,2))). (35)
Define
a R (t A F
&w=¢aa—%mﬁ—ai)wx% ﬁ§,<%>

then, substituting (36) in (35), one obtains
. 1 _
Jser(t, @) = “F o,sE1 €XP ( —s(As(t) — o (8, T/)))
(37)

Now we focus on the electrolyte potential term ¢ (¢, x). For
simplicity, we make the following assumption:



Assumption 1. The effective electrolyte conductivity,

k% (c; (t,x)), is assumed to be constant.

Based on Assumption 1 and the dilute-solution approx-
imation, under which variations in the activity coefficient
are neglected [11, Chapter 11], the thermodynamic factor

1+ %) is approximated as unity. The electrolyte
potential (6) in the negative electrode for the SPMe simplifies

to

0o —ig (t) Jr_2RT Olncs

t,x) = 11— t,x). (38
ox (t,) koot F ( C) Ox (t,2). (38)
Taking the integral of (38), one obtains
o (T 2RT
oty ==y 7 (L= t) Ineg (t,2) + Z(0),
Ke
(39)

where Z(t) = 28T (1 —1%)Inc; (t,07) denotes the inte-
gration constant determined from the boundary condition
(21). By substituting (39) into (37), one obtains

. 1 _
Jsu(t, x) = ~ 70,581 ©XP (=7 As(t)) x

exp <’ys ( Z_(:f)fa: + %%T (1—t)Ine; (t,2) + Zs(t))> .

(40)

To proceed from (40) to the reformulated model (34), the
following assumption is introduced:

Assumption 2 (Piecewise-constant electrolyte current over
short windows). Over each estimation window [to, to + At],
the electrolyte current density i.(t) is approximated by a
constant value, i.e., i (t) = i, for t € [to, to + At].

’ e

This assumption is justified by noting that, even under
dynamic load profiles such as Urban Dynamometer Driving
Schedule (UDDS) [9], the current can be regarded as piece-
wise constant when viewed over sufficiently short windows.
In practice, the window length At is chosen small enough so
that the relative variation of 47 (t) within the window remains
negligible compared to its mean level. Under Assumption 2,
for all ¢ € [tg,to + At] and x € [0~, L], (40) simplifies to:

() = — i sm @5 (—% (A1) — Z4(1))

P <% (_fiox)) o7 (t, )2 (1-12) @1)

In the following, the mapping of each term of the refor-
mulated model in (34) to the reference model in (41) is
discussed.

o Fault intensity (fsgy): In the reformulated model (34),
the coefficient fgg; represents the SEI fault magnitude
(fault intensity) and corresponds to %zg gpr in (41).

o Fault time profile term Qggi(t — tn): A(t) in
(41) denotes the SEI effective overpotential. The factor
exp[—s(As(t) — Zs(t))] in (41) captures the time-
dependency of the SEI side reaction. Since SEI film
growth increases the film resistance ij (), As(t)

decreases, which in turn reduces the SEI reaction.
Thus, As(t) — Zs(t) decreases after fault initiation, and
exp[—7s(As(t) — Zs(t))] shows a saturating behavior. It
rises initially, then slows, and finally converges to an
upper bound of unity. For simplification and to reduce
computational complexity, the temporal evolution of the
SEI fault is approximated by the function Qggr(¢) which
is a limited-resource population growth model [12] as
follows:

B 0, t < tfa,
Qsei(t) = {1 —emasm(ttm) ¢ > e )

tru denotes the time at which the side-reaction magni-
tude deviates from its nominal behavior and asgy is a
positive constant inspired by population growth models.
Spatial fault growth rate (Ssgi(x)): In (41), the
spatial dependence of the SEI fault term appears as
exp [7 (—Hfieff x)} Under typical discharge condi-
tions (7. <CO in the negative electrode), the exponential
factor increases with x and reaches its maximum at
the electrode—separator interface (x = L™). Since the
electrode thickness « € {0,L~} is small, the term

e

—rz remains small over the spatial domain. In this
Re . . .
range, the exponential can be approximated by its first-
order Taylor expansion,

ooy ()] =1 ()
which is linear in z. Experimental evidence indicates
that SEI film growth is more pronounced near the sepa-
rator, (see [13, Fig. 13]). The growth rate at the negative
electrode/separator interface is more pronounced than in
other regions of the negative electrode [13]. Consider
the following assumption for spatial term modeling:
Assumption 3 (Fault growth rate). According to the
spatial distribution of the SEI layer illustrated in [I3,
Fig. 13], the SEI film growth rate shows a mild gradient
across the negative electrode. Thus it is assumed to be
proportional to the spatial coordinate:

BserL- — Bsero- 2, (44)
L_

where [sgro- = Psei(07) represents the SEI film

growth rates at the negative current collector boundary

and fBsgr - = Bsei(L™) denotes the SEI film growth
rates at the negative electrode—separator interface.

Bser(z) 2 Bsero- +

The reformulated model adopts a linear form consistent
with (43). Therefore, Ssgi(xz) can be interpreted as
the linearized approximation of the exponential spatial
dependence in the reference model.

Lithium concentration effect: In (41), the electrolyte
concentration appears as c; (t,2)2*5(1=t)  For the
parameter values aggr = 0.5 and tg = 0.22 reported in
[14], the exponent becomes 0.78, which approximates
to unity indicating a linear dependence on c, (¢, x).
Because the concentration at this boundary has the
strongest influence, in the reformulated model (34), this



term is simplified to a linear dependence on the elec-
trolyte concentration at the negative electrode—separator
boundary, ¢, (¢, L7). This captures the main effect of
the boundary electrolyte concentration in accelerating
the SEI side reaction, while maintaining a lower model
complexity.

B. Reformulated model of lithium plating
The reformulated lithium plating fault model is defined as:

fo (8:2) = OpiQp(t — ) B (z)ce (8, L7). (45)

In the following, each term of the proposed model is ex-
plained in detail. By applying the spatial uniformity of solid-
phase electric potential in (13), it can be rewritten as:

. 1. _ _
jpl(t,x) = —Fiop exp( — ale—FT(QZ)S (t) — U (t)

— 220 1(t) - 6 (1,2))).
Lithium plating occurs when the plating overpotential sat-
isfies m,(t,z) < 0. This electrochemical onset condition
is inherently respected in the present formulation, since the
model is derived from the detailed electrochemical kinetics.
Define

(46)

_ R (t) ap F
Ap(6) 2 60 (1) = Un(t) = 25210, = e (D)
Substituting definitions in (47) into (46) yields
. 1. _
Jpr (@) = — T lop €XP (1 (¢ (t,2) — 4p(1))) . (48)

Employing (39) and under Assumption 1 and 2, equation
(48) is written as:

jl;(t’x) = _%i&pl exp (= (4p(t) — Zp(1)))
exp ('Yp (__Z?C{_fl‘)) Ce_ (t,$>2ozp1(1—t2). (49)

Re
Next, each term of the reformulated plating fault in (45)
will be mapped to the corresponding term in (49). This
mapping clarifies the preserved physics and the simplified
mathematical representation.

o Fault intensity (6p): In the reformulated model, 6y
denotes the magnitude of the fault effect expressing the
fault intensity. This matches the factor %15 ol in (49).

o Fault time profile term p (¢ — tray): The exponential
factor exp[—v,(Ap(t) — Zy(t))] represents the time-
dependent term of the lithium plating side reaction.
When lithium plating occurs, as indicated in the struc-
ture, Ay(t) — Z,(t) decreases after fault initiation. Con-
sequently, exp[—,(Ap(t)—Z,(t))] exhibits a saturating
behavior, which is described by a limited-resource pop-
ulation growth model, as follows:

0,
Qpl(t) = {1 _ e—(].p|(t—1‘/fuu)7

where ay; is a positive constant which controls the speed
of growth of the plating fault time profile.

t < tfam

50
t Z tfaua ( )

Remark 2. In the fault time profiles, (42) and (50),
apl > asgr, because SEI film growth leads to gradual
capacity loss [15], whereas lithium plating initiates
abruptly under fast-charging or low-temperature con-
ditions, resulting in a much steeper temporal rise.

« Spatial fault growth rate (8p(z)): Lithium plating is
localized at the separator-negative electrode boundary,
and thus modeled with a sharp profile:

Bpi(z) = e/ L™ (51)

In the reference model (49), the exponential dependence
on x indicates stronger plating near the separator. The
reformulated model replaces this with the simpler form
as (51). It captures the essential behavior: low at the ter-
minal boundary and rapidly increasing toward separator
boundary, x = L™.

o Lithium concentration effect: In (49) there is depen-
dence on electrolyte concentration. To represent this
effect, linear dependence on ¢ (t, L) is added to the
reformulated fault model (45) because lithium plating
is more localized on the separator boundary (x = L™).
This reflects the primary influence of the boundary
electrolyte concentration on accelerating the lithium
plating side reaction, while preserving a simpler model.

IV. SIMULATION

The proposed reformulated models for SEI and lithium
plating electrochemical faults are simulated for a LiFePOy
cell with the parameters referenced from Table 1 in [14].
The system input, given by the UDDS current profile [9], is
depicted in Fig. 3. The SEI reformulated model function for

Current (C-rate)

(o] 500 1000 1500 2000 2500 3000 3500

t (sec)

Fig. 3: UDDS current profile

the simulation is defined as follows:
fS}jI(ta l‘) — 50(1 _ 6_0'0001(t_1000))ce_ (t, L_)

X (Bser(07) + (Bser(L™) — Bser(07)) z)
(52)

where BSEI(O_) =31 x 1013 and BSEI(L_) =36 x 10713
[13]. At gy = 1000s, the lithium plating side reaction
becomes active. This is illustrated in Fig. 4. As ¢ increases,
the second term approaches 1. The contribution of the
last term remains negligible due to the slow evolution and
small thickness of the SEI layer. Consequently, the fault is
primarily dominated by ¢; (¢, L™). This dominant influence
can be observed in Fig. 4, where, after the fault occurs at
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Fig. 4: Distributed SEI fault fgg, (¢, z).

teaw > 1000 s, the fault trajectory closely follows the system
state. The reformulated plating fault function for simulation,
based on the model in (45), is defined as follows:

pr (t,x) _ 50(1 o 670‘01(7571000))60'01:”0; (t, Li),

Fig. 5 depicts the distributed plating activated at tg, =
1000s. In Figs. 4 and 5, both reformulated fault profiles
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Fig. 5: Distributed plating fault f, (¢, z).

exhibit negligible x-direction variation due to small electrode
thickness and low C-rate, which keep electrolyte concen-
tration nearly uniform and spatial gradients weak. Fig. 6
illustrates the comparison between the reformulated plating
and SEI faults at the electrode boundary x = L~. The
results confirm that the SEI fault evolves more gradually
compared to the plating fault. This behavior directly reflects
the values of the growth parameters: aggr = 0.0001 and
apr = 0.1. The SEI fault grows steadily, whereas the
plating fault reaches higher magnitudes earlier, consistent
with a1 > aggr (Remark 2).

200
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SE| fault
Plating fault

[o] 1000 2000 3000

Time (s)
Fig. 6: Comparison of SEI film growth and Plating in the negative
electrode.

V. CONCLUSION AND FUTURE WORK

To overcome the complexity of the DFN+SR model with
SEI film growth and lithium plating, reformulated side-

reaction models are derived in the SPMe+SR framework
for these mechanisms. The reformulation preserves phys-
ical consistency while reducing computational cost. The
behavior of these models is illustrated through simulations
on a LiFePOy cell. As part of future work, the proposed
reformulated fault model will be validated in comparison
with the DFN+SR model to further confirm its accuracy and
physical consistency. The modeling framework can also be
extended to incorporate additional degradation mechanisms,
such as lithium loss due to active material isolation and
electrode cracking, and thermal effects that strongly influence
fault dynamics will be considered as well.
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