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a b s t r a c t

Previously, a highly efficient reduced order model (ROM) for Li(MnNiCo)O2/Graphite polymer battery
based on electrochemical principles has been developed for real time applications. The execution time is
significantly reduced compared to that of the electrochemical thermal full order model while beginning
of life of the battery with the approximately same accuracy can be predicted. However, prediction of the
end of life associated with degradation effects of battery was not included. Our investigations on aging
mechanisms of the Li(MnNiCo)O2 (MNC) lithium ion batteries have revealed that side reaction is the
main cause among others for capacity and power fade of the battery. The production of the side reaction
forms thin unsolvable layers that adhere to the surface of the graphite particles and grow as cycled,
which is called solid electrolyte interphase (SEI). Growth of the SEI leads to loss of the lithium ions, loss
of the electrolytes and loss of the active volume fraction. These effects are described using the Butler-
Volmer kinetics and aging parameters. Particularly, electrolyte solvent diffusion described by Fick's
law is integrated into the degradation model, which results in quantifying the electrolyte solvent con-
centration in SEI. The exchange current density of the side reaction is formulated as a function of
electrolyte solvent and lithium ion concentration, which justifies the reaction rate in the aspect of re-
actants. In addition, temperature dependency of the model parameters is also considered by adopting the
energy equations. Finally, the degradation model is incorporated into the ROM.

Performances of the integrated ROM are compared with the experimental data collected from a high
power pouch type lithium ion polymer battery with Li [MnNiCo]O2/Graphite chemistry.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium ion batteries have been widely adopted as energy
storage for different power systems due to their high power and
energy density. The safety and reliability of the battery operations
are ensured by battery management system (BMS) that monitors
overcharge and undercharge of batteries using state of charge and
health estimated based on model. The model can be constructed
using equivalent electric circuit or electrochemical thermal prin-
ciples [1]. Computation of the responses of the battery using elec-
trochemical models is performed numerically, which requires high
computational time. As a result, the model is not appropriate for
real time applications. Recently, we proposed a highly efficient
(Y. Zhao), choe@auburn.edu
reduced order model (ROM) based on the electrochemical and
thermal principles for real time applications [2]. The ROM
employed different model reduction techniques that include Pad�e
approximation, residue grouping, proper orthogonal decomposi-
tion and linearization, so the computational time has been sub-
stantially reduced compared to that of the electrochemical thermal
full order model, while the accuracy is still maintained. However,
the developed ROM can only predict the responses at beginning of
life of batteries. Lacking of aging effects in the model limits its
practical uses for BMS, particularly in estimation of capacity and
power fade. Degradation of performance of batteries is primarily
induced by operating conditions and results in production of
byproducts, morphology changes of electrodes and ion diffusivity
of electrolyte.

The major causes and effects for degradation are summarized in
Table 1.
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Nomenclature

A sandwich area of the cell (cm2)
as specific surface area of electrode (cm�1)
c ion concentration (mol L�1)
D diffusion coefficient(cm2 s�1)
F Faraday constant (96,487 Cmol�1)
I current of the cell (A)
i0 exchange current density of intercalation (Acm�2)
jLi reaction rate of intercalation (Acm�3)
kiso isolation coefficient due to SEI
L thickness of the micro cell (cm)
MNC Li(MnNiCo)O2

OCV open circuit voltage (V)
Q capacity of the cell (Ah)
q amount of ion loss caused by the side reaction (Ah)
R resistance (U cm2) or universal gas constant

(8.3143 Jmol�1 K�1)
Rs radius of spherical electrode particle (cm)
r coordinate along the radius of electrode particle (cm)
SOC state of charge
SEI solid electrolyte interphase
T cell temperature (K)
t time (s)
U potential (V)
V voltage (V) or volume of the composite electrode

(cm3)
V molar volume (cm3 mol�1)
x stoichiometric number of the anode
y stoichiometric number of the cathode

Greek symbols
a transfer coefficient for an electrode reaction
d thickness (cm)
ε volume fraction of a porous medium
f Finite element method (FEM) solution of potentials
h surface overpotential of electrode reaction (V)
k ionic conductivity of electrolyte (S cm�1)
s conductivity (S cm�1)

Subscripts and superscripts
a anodic
ave average value
c cathodic
D diffusion
EC ethylene carbonate
e electrolyte phase
eff effective
equi equilibrium
Li Lithium ion
main main reaction
max maximum
r radial direction in electrode particle
s solid phase
sep separator
side side reaction
surf electrode particle surface
T terminal
0% 0% SOC
100% 100% SOC
þ positive electrode (cathode)
- negative electrode (anode)
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Among the aging causes, the side reaction taking place at the
anode graphite particle surfaces is the most predominant cause of
the battery degradation. The main reaction is the process that
lithium ions intercalate and de-intercalate on the surface of the
electrode particles when cycling. In contrast, the side reaction re-
fers to the electrolyte decomposition reaction that is sustained
slowly but constantly throughout the battery life. It is particularly
severe during charging process when the anode is polarized and its
potential becomes low, which is then stimulated by elevated tem-
perature and high SOC range [3].

The side reaction consumes lithium ions as well as solvents of
electrolyte, and produces deposits that form thin unsolvable layers
that adhere to the surface of the anode graphite particles. A
Table 1
Summary of degradation mechanisms.

Components Major causes E

Graphite particle anode � Side reaction (electrolyte solvent decomposition) �

�
�
�

� Low temperature operation
� Overcharge

�

(
Separator
(electrolyte)

� Side reaction �

Metal oxide cathode � Mechanical stress and strain �
�

schematic diagram reproduced from Ref. [4] below in Fig. 1 shows
the main and side reaction that take place concurrently at the
anode graphite particle surface and the formation of the solid
electrolyte interphase (SEI).

Several possible reaction mechanisms and products dependent
upon various electrolyte solvent mixtures are reported in the
literature [5,6]. Since ethylene carbonate (EC) is the organic solvent
used for the electrolyte of the investigated batteries, only two
predominant side reactions as shown below are considered [5]:

2Liþ þ 2e� þ EC/CH2 ¼ CH2 þ Li2CO3Y (1)
ffects and consequences Enhanced by

SEI formation
� Loss of lithium ion
� Loss of active material
� Increase of impedance
Gas generation and particle cracking
Corrosion of current collector
Self-discharge

� High temperature
� High SOC range

Lithium plating
� Loss of lithium ion

Loss of electrolyte in subsequent reaction with Li metal)

� Low temperature
� High charge rate

SEI formation
� Loss of electrolyte

� High temperature
� High SOC range

Phase transition and structural changes
Cracking and fracture

� High temperature



Fig. 1. Schematic diagram of the main and side reaction on graphite particles.
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2Liþ þ 2e� þ 2EC/CH2 ¼ CH2 þ ðCH2OCO2LiÞ2Y (2)

It is shown that the first reaction requires 1mol of EC while the
second reaction requires 2mol to produce 1mol of deposit.
Accordingly, the major composition of SEI for the EC based lithium
ion batteries is a combination of lithium carbonate (Li2CO3) and
lithium ethylene dicarbonate ((CH2OCO2Li)2). The ratio of both
compounds is dependent on the concentration of EC in electrolyte
[5].

In fact, the SEI layer is ion conductive with low solvent perme-
ability, but nonconductive to electrons. Therefore, the initial for-
mation of SEI serves as a crucial passivation layer that protects the
charged negative electrode from corrosion and prevents the elec-
trolyte from further reduction. The initially formed SEI can be
regarded as the “good SEI”.

However, the pores present in the SEI layer allow for the elec-
trolyte solvent molecules to diffuse through the existing SEI layer
with a small but persistent rate. Finally, the molecules react with
lithium ions at the interface between the existing SEI layer and the
graphite particle, which leads to formation of a new deposit that
continuously grows, as depicted in Fig. 1. The continuously grown
SEI layer can be regarded as the “bad SEI”.

Volume changes of the electrode particles during lithium ion
intercalation/de-intercalation processes induce cracks in SEI and
potentially fractures. Another new SEI layer can be formed at the
cracks of the existing SEI [6]. However, this effect is not considered
in this paper.

As the deposits caused by side reaction are accumulated with
prolonged cycles, the thickness of SEI grows gradually. As a result,
the ionic resistance of the SEI increases, which results in power
fade. Previous study has shown that large amount of deposits are
particularly produced at the interface between the composite
anode and the separator [7], because the side reaction rate near the
separator is larger than that inside of the electrode particles. This
thick deposit in this area form a “deposit layer” that has the same
composition as those in the SEI layer. The deposits can clog the
pores of the particles that decrease the accessible surface of the
active material for charges. At the extreme case, some of the par-
ticles that fully covered by the deposits become electrically isolated
from other particles, so participation in chemical reaction is not
possible.

Lithium ions that have been trapped in the isolated particles,
along with those consumed in the side reaction, attribute to total
ion loss and consequently the capacity fade. Additionally, the
irreversible side reaction also consumes electrolyte solvent, which
results in the decrease of the electrolyte volume fraction and
consequently the ion conductivity in the electrolyte.

The effects of the side reaction are summarized with respect to
the reactants versus the products in Table 2.

There have been numerous attempts to model degradation
phenomenon and predict lifetime of a battery. The models can be
categorized into two groups based on either empirical equation or
physical equation. The models in the first group extract the
empirical relationship between the aging parameters and the
cycling or storage time based on the experimental data. The co-
efficients of the empirical equations are determined by fitting the
simulation curves obtained by a physics-based model that is
embedded with the empirical equations to the experimental data.
For the first time, a relationship between the consumption of
lithium ions and the growth of SEI was proposed under the
assumption that loss of lithium ions is proportional to the SEI
conductivity [8], which results in a square root function between
the SEI thickness and time. This function was further extended to
describe the relationship between the capacity and the film resis-
tance with respect to time [9]. Moreover, the active surface area of
electrodes, as well as the initial SOC was considered by the curve
fittings [10]. Diffusion coefficients were also added into the group of
parameters affected by battery aging [11]. Additionally, control
techniques were employed to improve the prediction performance
[12].

Themodels based on empirical equation are straightforward but
heavily rely on experiments that are limited in reality. Therefore,
these empirical models cannot fully cover all range of operations till
the end of life of battery. Consequently, this approach is time
consuming and costly and its performance is relatively vulnerable
to changed operating conditions.

Models in the second group are constructed considering the side
reaction. The side reaction is described by modified Butler-Volmer
(BV) equation that quantifies the reaction rate and facilitates
analysis of the aging processes and prediction of the aging pa-
rameters. The modified BV equation for the side reactionwas firstly
introduced to describe the solvent reduction reaction [13]. A pro-
portional relationship between the increasing rate of the SEI
thickness and the side reaction rate was proposed. Then, the con-
centration gradient of EC along the SEI thickness direction is cor-
rected by embedding the mass balance equation of the electrolyte
solvent in the SEI layer [14]. Additionally, correlation between the
side reaction rate and the electrode active material volume fraction
was derived and used to update the values of the active surface area
and the diffusion coefficients [15]. Subsequently, the solvent
diffusion model with corrected boundary conditions and BV
equation were incorporated into a single particle model [16].
Furthermore, the expression of the EC concentration is simplified
and extended to the porous electrode model [4]. Effects of the
deposit layer on the ionic conductivity and the change of volume
fraction considering porosity were then discussed [17]. Studies
have shown that models based on the BV equations are complex
but accurate for explicitly describing the side reaction processes
with solid physical principles. However, the mass balance of the
electrolyte solvent, as well as the relationship between the



Table 2
Summary of side reaction effects.

By reactants By products

� Loss of lithium ion
� Loss of electrolyte

� Decrease of electrolyte volume fraction
� Decrease of lithium ion diffusivity in electrolyte

� Growth of SEI thickness and deposit layer
� Increase of SEI resistance
� Decrease of ionic conductivity

� Loss of active material in anode
� Decrease of electrode volume fraction due to blocking pores
� Loss of electronic contact due to isolated graphite particles
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exchange current density and the solvent concentration, has never
been applied in the porous electrodemodel. In addition, integration
and experimental validation of the degradation phenomenon in a
ROM have never been conducted in the literature. Therefore, the
aging phenomena and their modeling can be further improved by
considering following aspects;

1) Integration of the mass balance of electrolyte solvent into the
porous electrode model with side reaction rate as the source
term in the boundary conditions.

2) The exchange current density as a function of lithium ion con-
centration and the EC concentration on the electrode particle
surfaces.

3) The diffusion coefficients dependent upon temperature.
4) Extensive validations of the aging model against experimental

data under various operating conditions.
2. ROM and degradation model

2.1. ROM

A pouch type lithium ion polymer single cell is constructed by
stacked layers of electrode, current collector and separator, where
the current collectors are connected to increase energy density. In
order to model the cell's behavior, the cell is reduced to a microcell
that has a sandwich structure in the thickness direction, which is
composed of a separator in the middle with two composite elec-
trodes. The composite electrode is a mixture of active material,
electrolyte and binder. The particles dispersed on electrodes are
modeled as spheres that are uniformly distributed. A schematic
diagram for this microcell is depicted in Fig. 2, where the active
material on the anode is the graphite particles and that on the
cathode is the metal oxides. When a cell is discharging or charging,
ions are transported through electrolyte and chemically react at
active materials, diffuse in the solid, finally rested after
Fig. 2. Schematic diagram of a model for a pouch type single cell.
intercalation in a lattice structure. Meanwhile, electrons flow
through an external circuit and complete the redox processes.

Ion transport, chemical reaction, diffusion process and finally
intercalation and de-intercalation are governed by a set of coupled
partial differential equations that describe ion and charge conser-
vation in electrode and electrolyte, and electrochemical kinetics is
formulated by Butler-Volmer equation. There are four key variables
in the governing equations, ion concentrations and potentials in
electrode and electrolyte, which are numerically solved using the
finite volumemethods in the Full Order Model (FOM). The FOM can
be used to accurately calculate values at each grid point, but is
inappropriate for real time applications because of high computa-
tion time. One of methods for reduction of the calculation time is to
mathematically simplify the governing equations, which is called
reduced order model (ROM) that is commonly derived from the
FOM. In the previous work, a highly efficient ROM is derived and
proposed for real time applications [2]. The results have showed
that the proposed ROM reduces the computational time at least to
one-tenth of that of FOM while overall accuracies can be main-
tained. The governing equations for FOM and the corresponding
model reduction techniques used for ROM are summarized in
Table 3.

2.2. Degradation model

For development of a degradation model, several assumptions
have been made:

� The side reaction is irreversible and no overcharge is considered.
� Only the solvent decomposition that takes place at the anode is
considered as the source for degradation.

� Electrode volume changes, structure deformations and graphite
particle cracks caused by internal mechanical stress are
neglected.

� Composition of SEI is a mixture of Li2CO3 and (CH2OCO2Li)2,
which are the products of the side reaction (1) and (2) with the
same reaction rate [17].
2.2.1. Main reaction and side reaction
For the previously developed FOM or ROM, the BV equation only

describes the charge transfer processes for the main reaction on the
electrode graphite particle surfaces. When considering the aging
processes, the total reaction rate is a sum of the main and the side
reaction, and the overall BV kinetic expression for the anode be-
comes as follows,

jLi ¼ jLimain þ jLiside (3)

where jLi, jLimain, j
Li
side denote the total reaction rate, the main reaction

rate and the side reaction rate, respectively.
The main reaction rate is the current density caused by the

chemical reaction that takes place at the interface between the
electrode graphite particle surfaces and the SEI layer. The



Table 3
Governing equations for FOM and applied techniques for ROM.

FOM ROM

Ion conservation in electrode vCs
vt ¼ Ds

r2
v
vr

�
r2vCs

vr

�

B.C.

vCs
vr

����
r¼0

¼ 0

Ds
vCs
vr

����
r¼Rs

¼ � jLi

asF

Pad�e approximation
Cs;surf ðsÞ
jLiðsÞ ¼ a0þa1sþ/aQ�1sQ�1

sð1þb2sþ/bQ sQ�1Þ
Cs;aveðsÞ
jLiðsÞ ¼ � 3

RsasFs

Ion conservation in electrolyte vðεeCeÞ
vt ¼ v

vx

�
Deff
e

v
vxCe

�
þ 1�t0þ

F jLi

B. C. vCe
vx

����
x¼0

¼ vCe
vx

����
x¼L

¼ 0

Residue Grouping

A* ¼ diag½ l1 l2 / lN � B* ¼ ½1 1 / 1 �C ¼ ½ r!1l1 r!2l2 / r!NlN �D ¼ ½ZþPN
f¼1 r!f �

Charge conservation in
electrode

v
vx

�
seff v

vx4s

�
� jLi ¼ 0

B. C.

�seff�
v4s

vx

����
x¼0

¼ �seffþ
v4s

vx

����
x¼L

¼ I
A

v4s

vx

����
x¼L�

¼ v4s

vx

����
x¼L�þLsep

¼ 0

Proper Orthogonal Decomposition (POD)

½U S V � ¼ svdð4!T
full,4

!
fullÞ

F ¼ Uð:;1:NÞ
AðF$ a!Þ ¼ b
a!¼ FTA�1b

Electrochemical Kinetics Butler-Volmer (BV) equation:

jLi ¼ asi0

�
exp

�
aaF
RT h

�
� exp

�
�

acF
RT h

��
Active overpotential:
h ¼ 4s � 4e � Uequi

Linearization

jLi ¼ asi0
ðaaþacÞF

RT h

Equilibrium potentials
U�ðxÞ ¼ U0

�ðxÞ þ
RT
nF

ln

 
C�
e

C0
e

!
; U�ðxÞ ¼ U0

�ðxÞwhenC�
e ¼ C0

e at equilibrium state:

UþðxÞ ¼ U0
þðxÞ þ

RT
nF

ln

 
Cþ
e

C0
e

!
; UþðxÞ ¼ U0

þðxÞwhenCþ
e ¼ C0

e at equilibrium state:

U0
�ðxÞ ¼ �1:8636x5 þ 6:6478x4 � 9:07126x3 þ 5:7843x2 � 1:7970xþ 0:3294

U0
þðyÞ ¼ �1550:039y7 þ 6806:298y6 � 12633:679y5 þ 12829:327y4 � 7687:388y3 þ 2715:077y2 � 523:437yþ 46:682

x ¼ Cs;surf�=Cs;max�

y ¼ Cs;surfþ=Cs;max�

Fig. 3. Open circuit voltage and equilibrium potentials of both electrodes.
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corresponding BV equation composed of oxidation and reduction
process is expressed as follows:

jLimain ¼ asi0;main

�
exp

�
aa;main$F

RT
hmain

�

� exp
�
� ac;main$F

RT
hmain

�� (4)

where as is the specific reaction area and i0;main is the exchange
current density and it is related both electrode particle surface and
electrolyte concentrations according to
i0 ¼ kðceÞaa;main ðcs;max � cs;surf Þaa;main ðcs;surf Þac;main . aa;main and ac;main

are the anodic and cathodic charge transfer coefficient of the main
reaction, which is assumed to be a values of 0.5. k is a kinetic rate
constant.

Equation (4) can be simplified to a linearized form as we
described in Table 3 and shown in Equation (5):

jLimain ¼ asi0;main

�
aa;main þ ac;main

�
$F

RT
hmain (5)

By considering the SEI resistance, the activation overpotential of
the main reaction hmain becomes the following Equation (6):

hmain ¼ 4s � 4e � Uequi;main �
RSEI
as

jLi (6)

where 4s and 4e are the electrical potential of the solid electrodes
and electrolyte, respectively. RSEI is the ionic resistance of the SEI
layer of particles on the anode side. Uequi;main is the equilibrium
potential of the main reaction, which is a function of the stoichi-
ometry number that is a fraction of the ion concentration on the
particle surface over the maximum concentration.

The equilibrium potential of the anode, U�, and the equilibrium
potential of the cathode, Uþ, are approximated by empirical
equations shown in Table 3. The summation of U� and the open
circuit voltage (OCV) that measured experimentally is the equilib-
rium potential Uþ. Equilibrium potentials of both electrodes along
with the OCV curve are plotted in Fig. 3.
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Since the side reaction is irreversible because of high reaction
rate of the electrolyte solvent reduction compared to that of the
oxidation process, the BV equation for the side reaction can be
simplified by only containing the reduction part as shown in
Equation (7):

jLiside ¼ �asi0;side exp
�
� ac;sidensideF

RT
hside

�
(7)

where nside is the number of electrons involved in the side reaction
and that is equal to two as seen in Equations (1) and (2).

The activation overpotential of the side reaction, hside, can be
calculated using Equation (8):

hside ¼ 4s � 4e � Uequi;side �
RSEI
as

jLi (8)

where Uequi;side is the equilibrium potential of the side reaction. The
potential varies dependent upon composition of electrolyte. Ref-
erences recommend different values such as 2V, 1.7V or 1V, but
0.4V [13e16] and 0.8V [4,18e20] are the most widely used practical
values. In this work, the value of Uequi;side is iteratively fitted using
the terminal voltage obtained by the experimental data.

The exchange current density, i0;side, is correlated to the con-
centrations of two reactants of the side reaction, lithium ions and
EC molecules. Compared to the exchange current density of the
main reaction in Ref. [21], the side reaction exchange current
density, i0;side, is expressed as follows [4]:

i0;side ¼ kside
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cs;surf $cEC;Rs

p
(9)

where kside is a kinetic rate constant for the side reaction. cs;surf and
cEC;Rs

are the concentrations of the lithium ions and the EC mole-
cules at the graphite particle surfaces, respectively.
2.2.2. Solvent diffusion
The exchange current density of the side reaction is a function of

the concentrations of lithium ions and ECmolecules on the graphite
particle surface. The lithium ion concentration can be calculated
from the ROM. In order to obtain the concentration gradient of the
EC molecules along the SEI thickness direction, an additional
diffusion equation governed by the Fick's law is used. Since the
thickness of the SEI is very thin compared to that of the graphite
particle radius, the first derivative term of the Fick's equation can be
neglected, so the partial differential equation can be simplified as
follows (10):

vcEC
vt

¼ DEC
v2cEC
vr2

(10)

where DEC is the diffusivity of the EC in the SEI layer. r is the co-
ordinate in the particle radial direction.

This equation describes the EC concentration in the SEI from the
surface of the graphite particles to the electrolyte bulk. The outer
boundary given by r ¼ RS þ dSEI is a variable that includes the
growth rate of the SEI thickness. The boundary conditions for
Equation (10) are given as follows:

�DEC
vcEC
vr

����
r¼Rs

¼ jLiside
asF

cEC jr¼RsþdSEI
¼ cEC;bulk

(11)

where Rs is the radius of the graphite particles. dSEI is the thickness
of the SEI layer. cEC;bulk is the EC concentration in the electrolyte
bulk.
Equation (10) that describe the solvent diffusion in the SEI layer

is a partial differential equation (PDE), which can be solved
numerically by finite difference method in both time and space
domain. The corresponding boundary condition shown in Equation
(11) is a function of both time and space. As the SEI layer grows, the
boundary is moving as well, which presents Stefan's problem that is
solved by the spatial coordinate transformation method [22].

Since the thickness of the SEI layer is much thinner than the
radius of the electrode particles, the spherical coordinate of the SEI
layer can be replaced with the Cartesian coordinate. Therefore, the
radial direction r is transformed to the thickness direction x and the
EC concentration cECðr; tÞ in the radial direction is transformed to
cECðx; tÞ in the thickness direction as follows.

vcEC
vt

¼ DEC
v2cEC
vx2

(12)

Since the newly formed SEI is growing between the existing SEI
and the graphite particle surface, the origin of the x-axis should be
located at the interface of the electrolyte and the SEI layer. The
effective range of the EC diffusion equation is transformed from
Rs < r<Rs þ dSEIðtÞ to 0< x< dSEIðtÞ and the corresponding boundary
conditions are shown in Equation (13).

�DEC
vcEC
vx

����
x¼dSEI

¼ jLiside
asF

cEC jx¼0 ¼ cEC;bulk

(13)

The spatial coordinate transformation method is used to modify
the space grid. The variable of the spatial coordinate, y is con-
structed by dividing the original coordinate, x by the SEI thickness
dSEI that is a function of time. EC concentration, cECðx; tÞ, is trans-
formed equivalently to ~cECðy; tÞ as shown in Equation (14).

y ¼ x
dSEIðtÞ

; ~cECðy; tÞ ¼ cECðx; tÞ (14)

By substituting Equation (14) into Equations (12) and (13), the
original EC diffusion equation and the corresponding moving
boundary conditions are reformulated as follows.

v~cEC
vt

¼ DEC

d2SEI

v2~cEC
vy2

(15)

�DEC

dSEI

v~cEC
vy

����
y¼1

¼ jLiside
asF

~cEC jy¼0 ¼ cEC;bulk

(16)

As a result, the effective range is finally transformed to 0< y<1
and the moving boundary problem is transformed to a fixed
boundary problem. The resulting PDE can be solved by Crank-
Nicholson implicit method that leads to high accuracy and stability.

Simulation results of the EC concentration gradient along the SEI
thickness direction are plotted in Fig. 4. The x-axis indicates the
radial direction of the anode graphite particles or the thickness
direction of the SEI layer. The EC concentration at the outer
boundary of the SEI layer is equal to that in the electrolyte bulk,
which is assumed to be constant. When the EC molecules slowly
diffuse from the electrolyte to the graphite particle surface, the EC
concentration in the SEI layer gradually decreases from the
electrolyte-SEI interface to the SEI-particle interface. Initially, the
EC concentration at the graphite particle surface is nearly zero.
With time increased, the EC concentration at that place gradually



Fig. 4. Concentration of EC molecule in the SEI layer.

Fig. 5. EC concentration at the anode graphite particle surface.
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increases and the thickness of the SEI grows as well.
The EC concentration at the anode graphite particle surface with

respect to the SEI thickness is plotted in Fig. 5. It is shown that the
EC concentration increases with the growth of the SEI thickness
when the diffusion time prolonged. However, the slop of the curve
decreases over time, which indicates that the EC concentration at
the graphite surface tends to be balanced after a certain growth of
SEI layer.
2.3. Effects of the side reaction

As discussed in the previous sections, the continuous occur-
rence of the side reaction through the prolonged cycles produces
deposits that are accumulated as the ‘bad SEI’. A schematic diagram
of the SEI formation in a fresh and aged cell is depicted in Fig. 6
using the sandwich microcell model.

The yellow color areas in the aged cell indicate the deposits
produced by the side reaction. The one around the particles are the
SEI layer and the one in between the composite anode and the
separator is the deposit layer. Some particles are partially or fully
covered by the deposits. The partially covered particles still have
contact with others, so electrons can flow. Circles marked with “X”
represent the fully coated SEI, so particles are fully isolated from the
electronic conduction. The other deposit is the layer formed be-
tween the composite anode and the separator.

Effects of the side reaction can be analyzed with respect to the
reactants and the products. For reactants, the reaction consumes
ions and electrolytes. The total amount of consumed ions is ob-
tained by integration of reaction rate over the volume of the
composite anode and time, which can be given in Equation (17):

qLisideðtÞ ¼
Zd�

x¼0

0
B@ Zt

t¼0

jLisideðx; tÞdt

1
CAAdx (17)

qLisideðtÞ is the consumed lithium ions, d� is the thickness of the
composite anode and A is the cross section area of the battery,
respectively.

The decreasing rate of the volume fraction of electrolyte can be
obtained by the ratio between volume fractions that is proportional
to the integration of the side reaction rate over the thickness of the
composite anode as follows:

vεe
vt

¼ �a~Ve

d�F

Zd�
x¼0

jLisidedx (18)

where ~Ve is the molar volume of the electrolyte. a is the reaction
coefficient of the EC that implies the molar ratio of EC over lithium
ions in the side reaction.

Since the component of the SEI is a mixture of Li2CO3 and
(CH2OCO2Li)2 expressed in Equations (1) and (2), a is the coefficient
indicating how many moles of electrolyte are consumed when
1mol of lithium ion is consumed, which is set to 0.5 for the side
reaction in Equation (1) and 1 for the side reaction in Equation (2).
Under the assumption that both side reactions have the same re-
action rate, an averaged value of 0.75 is used.

Correspondingly, the effective diffusivity of the lithium ions in
electrolyte can be expressed by considering the change of electro-
lyte porosity.

Deff
e ¼ De$ε

p
e (19)

On the other hand, the products of the side reaction increase the
thickness of the SEI layer and form a new deposit layer close to the
separator on the anode composite electrode, whose rates can be
described as in Equations (20) and (21):

vdSEI
vt

¼ �
~VSEI

2asF
jLiside (20)

vdDL
vt

¼ �Rs ~VDL

2F
jLiside;x¼d� (21)

where ~VSEI and ~VDL are the molar volumes of the SEI layer and the
deposit layer respectively.

As results, the increasing rate of SEI and deposit layer resistance
can be expressed as in Equations (22) and (23):

DRSEI ¼ dSEI=kSEI (22)



Fig. 6. Schematic diagram of the SEI formation in a microcell.
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DRDL ¼ dDL=kDL (23)

where kSEI and kDL are the ionic conductivity of the SEI and the
deposit layer, respectively.

When the deposits clog the pores of the graphite particles,
active material volume fraction decreases as follows:

Dεs ¼ �ksasdSEI (24)

where ks is a dimensionless coefficient.
The effects of the side reaction are summarized in Table 4.
Fig. 7. 1C discharge curves at various temperatures.
3. Experimental investigation

In order to cycle cells and collect data, a test station is con-
structed with a programmable power supply and an electronics
load that are controlled by LabVIEW. The cells used for validations
are pouch type lithium polymer batteries with following
specifications;

� Chemistry: Cathode, Li(MnNiCo)O2; Anode, surface modified
graphite; Electrolyte, Gel polymer (LiPF6þEC/DEC/EMC); Sepa-
rator, Ceramic coated separator.

� Nominal capacity: 51 Ah.
� Operation range of the terminal voltage: 2.7V - 4.2V.
� Dimension: 14.7mm� 280mm� 185mm.

The discharge data and the self-discharge data are acquired
under different temperatures by an extra thermal chamber. The EIS
data is also collected at a constant temperature of 25 �C and 50% of
SOC.
3.1. Determination of temperature dependent parameters

There are two parameters that are temperature dependent in
ROM, ion diffusivity in solid electrode particles and the contact
ohmic film resistance. The experimental data and simulated results
Table 4
Effects of the side reaction.

Side reaction Effects on reactants and produc

Side reaction rate:
���jLiside���[ Loss of lithium ion: qLisideðtÞ[

Loss of electrolyte: εeY

SEI thickness: dSEI[

Deposit layer thickness: dDL[

Ohmic overpotential and terminal voltage: VTY
at 1C discharge from 0 �C to 60 �C for beginning of life of a cell are
plotted in Fig. 7. The solid thin lines are the experimental datawhile
the thick lines with markers are the simulation results obtained
from the developed ROM. Both curves are in a fairly good match,
accomplished by finding appropriate values for the two parameters
at different temperatures.

The diffusion coefficient is expressed using the Arrhenius
equation shown in (25), while the correlation of the film resistance
and temperature is derived by an exponential empirical equation.

Ds ¼ As$exp
�
� Ea;s

RT

�
(25)

where As, Ea;s, R and T are the pre-factor, the activation energy, the
universal gas constant and temperature, respectively.

The dependencies of the diffusion coefficient and film resistance
on temperatures are depicted in Fig. 8. The markers are the
ts Effects on model parameters

Capacity: Qmax Y

Electrolyte volume fraction: εeY
Effective diffusivity: Deff

e Y

SEI resistance and volume fraction: RSEI[ and εSEI[

Active material volume fraction: εsY
Ionic conductivity: RDL[



Fig. 8. Curve fitting of diffusion coefficient and film resistance at various temperatures.
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corresponding parameters. The blue line and the green line are the
fitted results of the diffusion coefficient and the film resistance,
respectively. The diffusion coefficient increases while the film
resistance decreases with the elevated temperature.

Since the SEI layer has high conductivity for lithium ions, but has
very low permeability for the ECmolecules, the rate of side reaction
is predominantly determined by the availability of EC as reactants
rather than the abundantly available lithium ions. Therefore, the
diffusivity of the EC in the SEI layer that is also dependent upon
temperature is particularly crucial for the rate of side reaction. The
correlation of the diffusivity and temperature is expressed using
the Arrhenius Equation (26):

DEC ¼ AEC$exp
�
� Ea;EC

RT

�
(26)

where AEC and Ea;EC are the pre-factor and the activation energy.
The values of the two coefficients in the equation are deter-

mined based on self-discharge characteristics obtained from
experimental data. The terminal voltage measured over time at
0 �C, 25 �C and 40 �C, along with the fitting results of the EC
Fig. 9. Self-discharge data and fitted EC diffusivity over time.
diffusivity with respect to temperature are plotted in Fig. 9. The
diffusivity increases as temperature increases.

3.2. Analysis of SEI resistance

In order to find the SEI resistance, impedance characteristics of
cycled cells at 25 �C, 40 �C and 0 �C are measured using Electro-
chemical Impedance Spectroscopy (EIS) as plotted as dots in sub-
plots 1, 2 and 3 in Fig. 10. The experimental data was fitted to an
equivalent circuit model (EIS-ECM), so values of the electric com-
ponents can be extracted. The impedance responses of ECM along
with the extracted parameters are plotted as solid lines in subplots
1, 2 and 3 in Fig. 10.

The extracted SEI resistances are plotted in subplot 4 in Fig. 10.
The solid markers and the corresponding error bars are the mean
values and standard deviations, respectively. The radius of the
semi-circle is mostly determined by SEI resistance that increased as
a function of the number of cycles and ambient temperature. The
SEI resistance severely increases at 40 �C, which is reflected as the
change of semi-circles in subplot 2 and elevated red squares in
subplot 4. By contrast, no obvious changes of the semi-circles are
shown in subplot 1 and 2, as well as the yellow dots and blue tri-
angles in subplot 4, which indicate less SEI formation at 25 �C and
0 �C.

4. Results and discussions

4.1. Simulation analysis at 25 �C

In order to analyze the changes of the aging related parameters
inside of the battery over time, simulation results of the side re-
action rate and the corresponding parameters are presented at
25 �C. The rate of side reaction at each grid points along the anode
thickness direction and how the value changes with the increased
cycle number are plotted in Fig. 11. The x-axis is the non-
dimensional thickness of the anode. The interface between the
current collector and the anode is located at x¼ 0 while the inter-
face between the anode and the separator is located at x¼ 1. By
examining each line along the x direction, it turns out that the side
reaction rate is larger near the separator side, which accelerates the
formation of the deposit layer in that area. With the cycle number
increased, the side reaction is accumulated in the composite anode
as the arrow indicates direction in the figure.

Correspondingly, the variation of the physical parameters dis-
cussed in the previous Section 2.3 are presented in Figs. 12 and 13,
where the change of electrode volume fraction and SEI resistance at
different grid points in anode and the change of electrolyte volume
fraction and deposit layer resistance over different cycle numbers
are plotted in Figs. 12 and 13, respectively. With the cycle number
increased, the products of the side reaction is accumulated on the
graphite particle surface, particularly near the separator because of
higher side reaction rate caused by high ion concentration.
Consequently, the SEI resistance, RSEI , as well as the deposit layer
resistance, RDL, increases over time. Accordingly, the electrode
volume fraction, εs, becomes less because of the isolation of the
active material caused by the grown SEI layers, which is described
by Equation (24). Similarly, the electrolyte volume fraction, εe, be-
comes less because of the side reaction that consumes the
electrolyte.

4.2. Experimental validation at different temperatures

The effects of SOC range and charging C-rate on degradation
have been discussed in Ref. [17]. The degradation is accelerated at
high SOC range and charging C-rate has no clear effect on



Fig. 10. Impedance characteristics and the SEI resistances at different temperatures.
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degradation. However, temperature has the predominant effects on
accelerating the cell degradation process. Therefore, the behavior of
the aged cells at different temperatures is investigated in more
details.

The experimental data includes SEI resistances extracted from
EIS, and 0.2C discharge characteristics and cell capacity at different
cycle numbers are compared with the simulated data. The changes
of SEI resistancewith the increase of cycle number at 0 �C, 25 �C and
40 �C are plotted in Fig. 14. The black markers connected by dash
lines are simulation results, which tends to follow the experimental
data with some deviations. Generally, the SEI resistance increases
with the growth of cycle numbers, especially at high temperature.
Increasing of SEI resistance that caused by the accumulated side
reaction products causes power fade of the batteries.

The discharge characteristics of the degraded cells with 0.2C
discharge current at 0 �C, 25 �C and 40 �C are shown in Figs. 15 and
16. The solid thin lines are the experimental data at 30, 300 and
600 cycles and the thick lines with markers are the simulation
results for up to 1500 cycles. As the number of cycles increases, the
terminal voltage decreases and the discharge time becomes
shorter due to capacity fade. The simulated terminal voltage tends
to follow the experimental data for the beginning and middle of
the cycling at 25 �C and 40 �C while the discrepancy occurs at 0 �C,
which is caused by large ohmic overpotential at low temperature.
At the end of the cycling, the simulated voltage matches pretty
well with the experimental data for 30, 300 cycles. However, there
are some deviations appear at 600 cycles that are caused by
inaccurate estimation of capacity. Since the side reactions accu-
mulated in a battery is not increased linearly with cycle number,
the algorithm of capacity estimation involves a nonlinear rela-
tionship between the side reaction and the cycle number. With the
cycle number increased, the complexity of tracking the nonline-
arity increased, which makes the capacity estimation error
increased.



Fig. 11. Accumulated side reaction rate along the anode thickness direction.

Fig. 12. Change of electrode volume fraction and SEI resistance along the anode
thickness direction.

Fig. 13. Change of electrolyte volume fraction and deposit layer resistance with
increasing cycle number.

Fig. 14. Change of SEI resistance with increasing cycle number.
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In order to compare the performance of the model with respect
to capacity fade, the capacity is measured at discharging with 0.2C
rate for every 30 cycle at 0 �C, 25 �C and 40 �C. For better analysis, a
relative capacity is introduced and defined as the percentage of the
aged cell capacity over the fresh cell capacity as shown in equation
(27). The relative capacity between the simulated and experimental
data is compared up to 600 cycles in Fig.17 and then predicted up to
1500 cycles at different temperatures.

Qrel ¼
Qaged

Qfresh
� 100% (27)

More severe degradation is observed and estimated at higher
and lower ambient temperatures compared to the room tempera-
ture operation, which is shown as the capacity of the cell at 0 �C and
40 �C decreases faster than the cell at 25 �C. At higher temperature
range, EC molecules and lithium ions have better mobility, which
results in intense chemical reaction and diffusion not only for the
main reaction but also for the side reaction. Hence, the degradation
that caused by the side reaction is more aggressive at elevated
temperature range. At lower temperature range, the transport
losses are higher than that at high temperature range. Conse-
quently, more heat is generated inside of the battery during cycling
though the ambient temperature is low, which also leads to more
degradation. The simulation results tend to follow the experi-
mental data as shown in Fig. 17, where the capacity fade at 900 and
1500 cycles are predicted. The error percentage of the relative ca-
pacity estimation is calculated in Equation (28) and depicted in
Fig. 18, which shows that the deviation of the simulation results
from the experimental data is less than 5%.

error ¼ Qrel;sim � Qrel;exp

Qrel;exp
� 100% (28)



Fig. 15. Discharge characteristics of the degraded cell at different number of cycles at
25 �C.

Fig. 16. Discharge characteristics of the degraded cell at different number of cycles at
40 �C and 0 �C.

Fig. 17. Relative capacity at different temperatures.

Fig. 18. Error of the relative capacity estimation at different temperatures.
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5. Conclusion

Review of papers and experimental studies have revealed that
the side reaction is the main cause for performance degradation of
the lithium ion battery. The side reaction is mathematically
described by modifying the Butler-Volmer equation and the cor-
responding degradation processes are modeled based on physical
principles. The degradation model is incorporated into the previ-
ously developed ROM. The integrated model is then validated
against experimental data obtained from a large format pouch type
of Li [MnNiCo]O2/Graphite cells.

Main accomplishments and findings are summarized as follows:

� Improvement of the porous electrode model by adding the mass
balance of electrolyte solvent,

� Modification of the exchange current density as a function of
lithium ion concentration and the EC concentration on the
electrode particle surfaces,

� Temperature dependence of the diffusion coefficients of the
lithium ion in electrode particles and the EC molecules in
electrolyte,

� Analysis of parameter sensitivities at 25 �C
� Incorporation the aging model in the ROM and its experimental
validation at different temperatures that include SEI resistance
from EIS measurements, discharge characteristics and relative
capacity from the cycling data,

� Cycling at elevated temperature and low temperature has
significantly accelerated the degradation process. More severe
capacity fade is found in high temperature range,

� Error of prediction of capacity fade is less than 5% up to 600
cycles.

Future work will include parameter identification of the model
for the battery beginning of life and for the battery end of life.
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Appendix
Parameters of the ROM [2].

Category Parameter Negative electrode Separator Positive electrode unit

Geometry and volume fractions Thickness, d 52� 10�4 30� 10�4 62� 10�4 cm
Particle radius, Rs 0.85� 10�4 0.85� 10�4 cm
Active material volume fraction, εs 0.58 0.5
Polymer phase volume fraction, εp 0.048 0.5 0.11
Conductive filler volume fraction, εf 0.04 0.06
Porosity, εe 0.332 0.5 0.33

Liþ concentrations Stoichiometry at 0% SOC: x0%, y0% 0.2004 0.996
Stoichiometry at 100% SOC: x100%, y100% 0.8885 0.3115
Average electrolyte concentration, ce 1.2� 10�3 1.2� 10�3 1.2� 10�3 mol cm�3

Exchange current density coefficient, ki0 13.2 6.79 A cm�2

Kinetic and transport properties Charge-transfer coefficient, aa, ac 0.5, 0.5 0.5, 0.5
Solid phase diffusion coefficient, Ds 0.67� 10�12 7.4� 10�12 cm2 s�1

Solid phase conductivity, s 1 0.01 S cm�1

Electrolyte phase Liþ diffusion coefficient, De 3� 10�6 3� 10�6 3� 10�6 cm2 s�1

Bruggeman's porosity exponent, p 1.5 1.5 1.5
Electrolyte phase ionic conductivity, k 15.8ce

exp (-13472ce1.4)
15.8ce
exp (-13472ce1.4)

S cm�1

Liþ transference number, tþ0 0.363 0.363 0.363

Parameters of the degradation model.

Parameter Value Source

EC diffusion coefficient DEC (cm2 s�1) 1.5� 10�21 at 0 �C
6.8� 10�21 at 25 �C
18� 10�21 at 40 �C

Optimized by comparing simulation to the self-discharge data

equilibrium potential of side reactions, Ueq, side (V) 0.4 Optimized by comparing simulation to the experimental data

molar volume of SEI, ~VSEI (cm
3/mol) 2 Obtained by assuming the initial thickness of SEI is 2 nm

ionic conductivity of SEI, kSEI (S cm�1) 2.5� 10�8 Optimized by comparing simulation to the SEI resistance obtained from EIS
isolation rate of active anode materials due to SEI, kiso 45.7 Optimized by comparing simulation to measured capacity fade

molar volume of DL, ~VDL (cm3/mol) 7560 Obtained from literature [17]

ionic conductivity of DL, kDL (S cm�1) 1� 10�3 Optimized by comparing simulation to the terminal voltage under cycling

molar volume of electrolyte, ~Ve (cm3/mol) 252 Optimized by comparing simulation to the terminal voltage under cycling
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