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A generalized cycle life model of rechargeable Li-ion batteries

Gang Ning, Ralph E. White, Branko N. Popov∗

Department of Chemical Engineering, University of South Carolina, Columbia, SC 29208, USA

Received 19 October 2004; received in revised form 26 April 2005; accepted 25 June 2005
Available online 15 August 2005

Abstract

A generalized first principles based charge–discharge model to simulate the cycle life behavior of rechargeable Li-ion batteries has been
developed. The model is based on loss of the active lithium ions due to the electrochemical parasitic reaction and rise of the anode film
resistance. The effect of parameters such as depth of discharge (DOD), end of charge voltage (EOCV) and overvoltage of the parasitic reaction
on the cycle life behavior has been quantitatively analyzed. The experimental results obtained at charge rate of 1 C, discharge rate of 0.5 C,
EOCV of 4.0 V and DOD of 0.4 were used to validate the cycle life model. Good agreement between the simulations and the experiments has
been achieved up to 1968 cycles. Simulation of a battery subjected to multiple cycling regimes has also been demonstrated.
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. Introduction

Computer simulation provides the most efficient tool for
educing testing time and optimizing battery systems[1–3].
arling and Newman[4] made a first attempt to model the
arasitic reaction in Li-ion batteries by assuming a solvent
xidation reaction. Later, Spotnitz[5] developed polynomial
xpressions for the estimation of irreversible and reversible
apacity loss due to the growth and dissolution of SEI film in
i-ion batteries. Ramadass et al.[6] developed a capacity fade
rediction model for Li-ion cells based on a semi-empirical
pproach. Recently, Christensen and Newman[7] simulated

he influence of anode film resistance on charge/discharge
erformance of a Li-ion battery. In their model, loss of
yclable lithium ions and increase in the anode film resistance
ere incorporated into the galvanostatic charge/discharge
odel previously developed by Doyle et al.[8].
We recently developed a first principles based

harge–discharge model that neglects transport of lithium in
lectrolyte phase under low charge/discharge current[9–10].
s a result of the simplification, the computer modeling time
as been efficiently shortened. With this model, the capacity

fade of a battery is correlated with charge rate (CR), d
of discharge (DOD), end of charge voltage (EOCV)
discharge rate (DR). However, the model’s limitation to o
low charge/discharge rates (i.e. lower than 1 C) preven
application to the conditions where charge/discharge
may be 2 C, 3 C or even higher.

This paper describes a generalized charge–disc
model based on loss of the active lithium ions due to e
trochemical solvent reduction reaction at anode/electr
interface. Simultaneous transport in both solid phase
electrolyte phase makes this model applicable not onl
mild but also for harsh charge/discharge conditions. The
in the anode film resistance is used to explain decrease
discharge voltage plateau as a battery ages with cycling
charge–discharge cycling process is first simulated to co
uously update parameters such as the anode film resis
Rf , and the lithium concentration in the anode at the be
ning of discharge,c0

s. Next, the program outputs those val
to the subsequent simulation of capacity check to obtai
charge/discharge performance at a specific cycle numbe
the simulations are carried out using Compaq Visual
tran. The model has been validated against experimenta
∗ Corresponding author. Tel.: +1 803 777 7314; fax: +1 803 777 8265.
E-mail address: popov@engr.sc.edu (B.N. Popov).

collected under a given condition, which has been utilized
to expedite the degradation process to evaluate cycle life of
a battery. It takes a PC with Pentium® 2.0 GHz CPU and
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512 Mb RAM 15 h to complete the simulation for∼2000
charge–discharge cycles. This represents a significant advan-
tage over experimental data collection, which took almost a
year. Applying this model to cycle life behavior of a battery
under multiple cycling regimes is also presented.

2. Experimental

The experiments were performed on rechargeable Li-ion
batteries with a rated capacity of 1.67 Ah. The active elec-
trode materials are LixCoO2 cathode and MCMB anode.
The electrolyte consists of 1 M LiPF6 in a mixture of
EC:PC:EMC:DEC (30:5:35:30). The cycling condition was
controlled by the use of following parameters: end of
charge voltage of 4.0 V, depth of discharge of 0.4, constant
current–constant voltage (CC–CV) charge mode with cutoff
current of 50 mA, charge rate of 1 C and discharge rate of
1/2 C.

The capacity was checked under the following conditions:
EOCV of 4.2 V, end of discharge voltage (i.e. cutoff volt-
age) of 3.0 V, CC–CV charge protocol with cutoff current of
50 mA, discharge rate of 1/2 C and charge rate of 1/5 C.

3. Model development

arge-
a ter-
c into
L ter-
c elec-
t aper
c n the-
o and
t mine
i life

behavior of a rechargeable Li-ion battery, CV charge step,
which has been neglected in most battery performance mod-
els is also taken into account in addition to CC charge process.
The end of discharge process in the simulations of cycling
process determines the starting point of next charge process.
No rest time exists between charge and discharge processes
or between cycling process and capacity check.

It is been experimentally revealed the surface film formed
during initial formation period over carbon electrode may
not be able to fully accommodate volume change due to
subsequent intercalation/deintercalation of lithium or due to
accumulation of the gaseous by-products as a battery is sub-
jected to cycling. A continuous small-scale reduction may
take place on the anode when solvent percolates through the
cracks on the surface film[11,14–18]. As a consequence, part
of the cyclable lithium can be irreversibly lost to this parasitic
reaction. It is assumed in our model the solvent, specifically
the ethylene carbonate (EC), undergoes two-electron reduc-
tion at the anode/electrolyte interface during charge process,
thus precipitating an insoluble film (a newly formed SEI
layer) over the surface of the anode particles.

EC + 2e− + 2Li+ → LiCH2CH2OCO2Li ↓ (1)

No parasitic reaction was considered at LixCoO2/
e lude:
( he
e inary
e kes
p and
f nic
s tion,
( se
i ing
l sity
r sol-
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i tive
s (xi)
a s of
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Fig. 1presents a one-dimensional schematic of a rech
ble Li-ion battery. During discharge, lithium ions dein
alate from MCMB negative electrode and intercalate
i xCoO2 positive electrode. Inside porous electrode, in
alation/deintercalation processes take place at solid
rode/electrolyte interface. The model developed in this p
onsiders porous electrode theory, concentrated solutio
ry, Ohm’s law, intercalation/deintercalation kinetics

ransport in solid phase and electrolyte phase. To deter
nfluence of a specific cycling protocol on the cycle

Fig. 1. Schematic of a rechargeable Li-ion battery.
lectrolyte interface at any time. Other assumptions inc
i) only solid and liquid phases are involved, (ii) t
lectrolyte can be approximated by a concentrated b
lectrolyte, (iii) intercalation/deintercalation reaction ta
lace only at the solid electrode/electrolyte interface

ollows the Butler–Volmer equation, (iv) transport of io
pecies in the electrolyte phase is by diffusion and migra
v) transport of intercalated lithium in the solid pha
s by diffusion, (vi) volume change is neglected dur
ithium intercalation/deintercalation, (vii) electrode poro
emains constant during cycling, (viii) electrochemical
ent reduction takes place only at anode/electrolyte inte
nd follows the Tafel equation, (ix) loss of cyclable lithium

rreversible, (x) mass transfer of cyclable lithium and reac
olvent (EC) through the anode SEI layer is unlimited,
ctive electrode materials consist of spherical particle
uniform size and (xii) heat generation and dissipation

egligible.
The governing equations and boundary condit

equired in modeling the cycle life of rechargeable Li-
atteries have been listed inAppendix A. Due to the irre
ersible nature of parasitic reaction, not all cyclable lith
ntercalates back into anode material, which is respon
or the lithium concentration in the anode at the beginn
f next discharge process being smaller at a given cycle

n the previous cycle. The volume-averaged loss can be
ated using the following equation:

s =
∣∣∣∣
∫ t=tpara

t=0
jparaas,n dt

∣∣∣∣ (2)
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Table 1
Parameters used in the cycle life model of rechargeable Li-ion batteries

Parameter Cathode (LixCoO2) Membrane separator (Celgard®) Anode (MCMB) References

Thickness (m) 7.4× 10−5 2.5× 10−5 7.5× 10−5 Manufacture
cs,max(mol/m3) 51555 30555 [9]
c0

e (mol/m3) 1000 1000 1000 [8,9]
Ds (m2/s) 1.0× 10−13 3.8× 10−14 [8,9]
De (m2/s) 2.5× 10−10 2.5× 10−10 2.5× 10−10 [8,9]
αa/αc 0.5 0.5 [8,9]
rs (m) 2.0× 10−6 2.0× 10−6 [8,9]
k (A m2.5/(C mol0.5)) 1.0× 10−6 1.0× 10−6 Assumed
σs (S/m) 10.0 0.0 100.0 [8,9]
κe (S/m) 2.5 2.5 2.5 [8,9]
εe 0.338 0.37 0.440 Manufacture
εfl 0.142 0.07 Assumed
t0+ 0.2 0.2 0.2 [8,9]
S (m2) 0.011 0.011 Manufacture

Accordingly, the lithium concentration in the anode at the
beginning of discharge is modified at the end of charge by

c0
s

∣∣∣
N+1

= c0
s

∣∣∣
N

− Qs

Fεs
(3)

As a consequence of the continuous precipitation of the
insoluble product (LiCH2CH2OCO2Li↓) over anode surface,
the SEI film becomes thicker and thicker, thus leading to the
rise in the anode film resistance.

Rf |N+1 = Rf |N + Rf |para,N (4)

where the increased resistance due to accumulation of the
insoluble product at anode surface at cycle numberN,
Rf |para,N , is related to the increased film thickness,δf , at that
specific cycle number by

Rs|N = δf |N
κ

(5)

Volume balance of the precipitated insoluble product over
the entire anode surface yields

∂δf |
∂t

= −jpara|×M

ρ × F
(6)

The cell parameters are listed inTables 1 and 2. In the
simulations, Eqs.(10), (12), (14), (19) and (20) as shown
i ve
d
o n in
A on-
c ce,

T
V

P

U
M
ρ

j

κ

Rf , should be updated using Eqs.(3) and(4). For the estima-
tion of the charge/discharge performance at a specific cycle
number, the simulation of cycling process needs to be run
first in order to output values ofc0

s andRf to the subsequent
simulation of capacity check.

4. Results and discussion

4.1. Simulation of charge–discharge performance

Figs. 2 and 3present simulations of cell voltage and cell
current density as a function of capacity, respectively. The
simulations were carried out to mimic the initial CC–CV
charge and CC discharge cycle. The cell voltage shown in
Fig. 2is defined to be the difference in the potential of the solid
phase (φs) at the positive end (x = 0) and at the negative end
(x = L) of a Li-ion battery. Based on the rated capacity and the
geometric surface area of the electrode, charge/discharge rate
of 1 C corresponds to current density of 19.0 A/m2. Despite
noticeable differences in the charge characteristics (includ-
ing voltage and current) at different charge rates, as shown
n Appendix A, need to be solved simultaneously for fi
ependent variables, i.e.Ce, φs, φe, Cs andCs/e. The required
pen circuit potential of anode and cathode is show
ppendix B. At the end of charge process, the lithium c
entration in the anode,c0

s, and the anode film resistan

able 2
alues of parameters used for the parasitic reaction

arameter Value References

para(V) 0.38 Assumed
(kg/mol) 0.1 Based on Eq.(1)
(g/m3) 2.1× 103 Based on Eq.(1)

0
para(A/m2) 0.80× 10−7 Assumed

f (S/m) 3.79× 10−7 Assumed

Fig. 2. Simulations of initial charge–discharge voltage profiles.
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Fig. 3. Simulations of initial charge current profiles.

in Figs. 2 and 3, the initial discharge performance includ-
ing (voltage plateau and capacity) remains identical at the
same discharge rate of 1/2 C. These results have shown the
importance of CV charge step and the setting cutoff current
to be 50 mA.Fig. 3also shows a decrease in the CC charge
capacity as charge rate increases. The percentage of capacity
gained during CV charge step increases with increase in the
charge rate as a result of the resistive characteristics of a bat-
tery. For charge rate of 1 C, roughly 10% of the capacity has
been estimated to be supplied by the CV charge mode.

The initial state of charge (SOC) of anode or cathode at
fully charged state is difficult to determine precisely due to
different manufacturing processes and the loss of cyclable
lithium in the initial formation period. The estimated values
from fitting initial experimental discharge curves are

c0
s,p

c0
s,p,max

= 0.48 and
c0

s,n

c0
s,n,max

= 0.83 (7)

Fig. 4 shows how concentration profile of LiPF6 in the
electrolyte phase varies with time along the current flow
direction in the first discharge–charge cycle. The charge rate
is 1 C and the discharge rate is 0.5 C. As CC charge process
starts, the salt LiPF6 moves from the anode toward the cath-
ode, thus yielding a negative concentration gradient inside
cathode, membrane separator and anode. As CC charge pro-
c along
t egin-
n CV
c g the
L um
t ently,
s hium
h s jus-
t
t g
d s dis
c d. It i
a di-

Fig. 4. Simulations of lithium concentration in the electrolyte phase.

ent (absolute value of the difference of LiPF6 from anode to
cathode) depends upon the charge/discharge rate applied. For
charge rate of 1 C, the concentration varies from 1155 mol/m3

to 885 mol/m3 (cathode to anode), while for discharge rate of
1/2 C, it varies from 920 mol/m3 to 1060 mol/m3 (cathode to
anode) representing the largest concentration gradient during
charge and discharge process, respectively.

4.2. Simulation of cycling performance

Fig. 5shows simulations of the first four charge–discharge
cycles. The simulations were performed for EOCV of 4.0 V,
DOD of 0.4, CR of 1.0 C and DR of 0.5 C. Since CR of 1.0 C
was used, CV is primarily responsible for the capacity as
shown inFig. 5. It is been estimated that 70% of the capacity is
supplied by CV charge in the first charge process. As a battery
ages, a gradual decrease of the end of discharge cell voltage
corresponding to a specific DOD is observed (correspond-
ing to point “a” in Fig. 5). Since no parasitic reaction was
assumed at cathode, the potential of cathode at the aluminum
foil/Li xCoO2 interface (i.e.x = 0) always cycles within such a
range as it is required by DOD of 0.4 and EOCV of 4.0 V, i.e.
back and forth between point “A” and “B” inFig. 6. Because
capacity fade occurs in cycling process, part of the cyclable
lithium becomes irreversibly lost due to the electrochemical
p
( tra-
t n in
F ntial
h in
eeds, the concentration gradient increases gradually
he current flow path and reaches the maximum at the b
ing of CV charge (i.e. the end of CC charge). During
harge, the applied current drops rapidly, thus causin
iPF6 concentration gradient to decrease from the maxim

o a trivial level as CV charge reaches the end. Consequ
ystem returns to a quasi-steady-state after cyclable lit
as intercalated back into anode. This phenomenon ha

ified our estimation for the volume-averaged loss,Qs, by
he use of Eq.(3). The LiPF6 concentration profile durin
ischarge presents a positive gradient, which increases a
harge proceeds until discharge process reaches the en
lso shown inFig. 4 that the maximum concentration gra
-
s

arasitic reaction, thus resulting, according to Eqs.(2) and
3), in a gradual decrease of the initial lithium concen
ion in the anode at the beginning of discharge. As show
ig. 6, SOC of anode at the beginning of discharge pote
as moved from “C” to “C′” after 1000 cycles. To mainta
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Fig. 5. Simulations of charge–discharge cycling process (CR: 1 C; DR: 0.5 C; EOCV: 4.0 V; DOD: 0.4).

the required DOD, the SOC of anode at the end of discharge
has to be shifted from “D” to “D′” accordingly. The end of
discharge cell voltage is the difference in the solid phase
potential of cathode atx = 0 and the solid phase potential of
anode atx = L,

V |N=1 = φs|B − φs|D and V |N=1000 = φs|B − φs|D′

(8)

Since, according to Eq.(36), φs|D′ is greater thanφs|D,
the end of discharge cell voltage decreases as cycle number
increases. When high values of EOCV and DOD are used
to charge–discharge a battery,φs|D′ can be forced to move
toward SOC of 0% at a fast rate as a consequence of fast

capacity fade. Hence at a certain point during cycling, the
output voltage can be lower than the cutoff of 3.0 V in order
to maintain the specified DOD, which marks the end of the
cycle life.

4.3. The parasitic reaction at anode/electrolyte interface

As defined by Eq.(16)in Appendix A, the electrochemical
parasitic reaction current density depends upon the over-
potential. As the potential of anode and cathode varies, the
overpotential also varies.Fig. 7shows the overpotential as a
function of charge time in the first charge cycle (i.e. from
DOD of 0.4 to EOCV of 4.0 V using CC–CV charge).
Since the open circuit potential of the parasitic reaction

individu
Fig. 6. Potential of
 al electrode vs. SOC.
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Fig. 7. Overpotential vs. charge time in the first charge cycle.

was assumed to be 0.38 V, which essentially determines
the characteristics of cathodic overpotential in the Tafel
equation, the parasitic reaction takes places immediately
at the beginning of charge. The absolute value of the
overpotential increases faster during most of the CC–CV
charge time and more slowly toward the end of CV charge.
The loss of cyclable lithium is calculated with Eq.(2). It
is estimated that 5.5% of the cyclable lithium loss occurred
during the CC charge mode, while 94.5% took place in the
CV charge mode. Thus, models that do not consider the
CV charge mode can inevitably introduce large errors in
predicting the cycle life of a battery.

The dependence of lithium concentration in the solid phase
as a function of charge process is schematically shown in
Fig. 8. During the CC charge mode, the reversible lithium
is transported from the cathode/electrolyte interface to the
anode/electrolyte interface. As shown inFig. 8A, as a result of
the fast intercalation/deintercalation as well as the fast trans-
port in the electrolyte phase, the lithium concentration at the
cathode/electrolyte interface is lower than the bulk lithium
concentration in the cathode. Similarly, the lithium concen-
tration at the anode/electrolyte interface is higher than the
bulk lithium concentration in the anode. Since the local equi-
librium potential is a function of the lithium concentration at
the solid/electrolyte interface,Cs/e, the end of charge voltage
(i.e. 4.0 V) can be reached after a certain duration with CC
c rticle
d
e ase a
m olute
v ases
a e
i nter-
f the
b nter-
f . As

shown inFig. 8B, the lithium concentration becomes almost
homogeneous in the anode as well as in the cathode at the
end of the CV charge. The potential of the anode particles
increases because of a decrease inCs/e,n. The potential of the

Fig. 8. Variation of lithium concentration in the solid phase during CC–CV
charge atx = 0 andx = L at the end of: (A) constant current charge and (B)
constant voltage charge.
harge. Before that point, the potential of the anode pa
ecreases rapidly according to Eq.(36)in Appendix B. How-
ver, the potential of the electrolyte phase does not decre
uch as the potential in the solid phase. Hence, the abs

alue of the overpotential of the parasitic reaction incre
ccording to Eq.(16)as shown inFig. 7. After the CC charg

s over, the accumulated lithium at the anode/electrolyte i
ace diffuses into the bulk of the anode. The lithium in
ulk of the cathode diffuses to the cathode/electrolyte i
ace and becomes free lithium ion through deintercalation
s
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cathode increases as a result of the increase inCs/e,p. The dif-
ference of these two potentials is controlled by the external
circuit. The detailed discussion concerning the change in the
driving force (i.e. the concentration gradient within the solid
particles) was discussed in our previous work[10].

Only a small variation in the potential of the electrolyte
phase is observed in the CV charge mode. The current den-
sity across the solid/electrolyte interface,j, in Eq.(16) has a
negative value for charge process. Thus, whether the abso-
lute value of the overpotential increases or decreases mainly
depends on the potential of the anode,φs, and the ohmic
drop across the anode surface film,jRf . In our simulations,
the observed fast decay of the charge current from 1.67 A
(1 C) to the cutoff current of 50 mA contributes more to the
continuous increase of absolute value of the overpotential as
shown inFig. 7. But as the current decreases, the increase
rate also decreases.

The influence of EOCV and DOD has been analyzed in
our previous study[10]. These two factors affect the rate of
the loss of the cyclable lithium according to Eqs.(2)and(16).
Higher values of EOCV or DOD always contribute to a faster
capacity fade.

4.4. Comparison of simulated and experimental
discharge curves at different cycles

ech-
a es at
1 n the
p e-
t e. So
t odel
a life
o del
p ent is
o The
r after

Fig. 9. Comparisons of model predictions and experimental results.

1968 cycles.Fig. 10presents the estimated lithium concentra-
tion of the anode at the beginning of discharge and anode film
resistance versus cycle number. The concentration decreases
from cycle to cycle according to Eq.(3) and the film resis-
tance increases according to Eq.(4). This model predicts an
increase in the anode film resistance from 8.7× 10−3 	 m2

initially to 15.1× 10−3 	 m2 after 1968 cycles.

4.5. Simulations of cycle life with multiple cycling
regimes

In real life applications, a battery might be operated
under multiple cycling regimes according to power and volt-
age requirements. As a consequence, the control parameters
used in the system, i.e. EOCV, DOD, CR and DR, may be
used in different combinations. Simulating the cycle life and
the capacity fade of a battery subjected to multiple cycling
regimes requires the model be able to incorporate those four
parameters.Fig. 11 presents the discharge–charge cycles
under six consecutive cycling protocols characterized by—(I)

beginn
To test the validity of the model and the proposed m
nism of the capacity fade, the discharge voltage curv
, 822, 1124 and 1968 cycles were simulated based o
arameters listed inTables 1 and 2. Some of the param

ers in the tables were not be able to precisely measur
hey were either assumed or obtained by fitting the m
gainst the discharge curves in the early period of cycle
f our batteries.Fig. 9 presents a comparison of the mo
redictions and the experimental results. Good agreem
bserved for the voltage plateau and for the capacity.
elative error in the discharge capacity is less than 2.0%

Fig. 10. The lithium concentration of the anode at the
 ing of discharge and the anode film resistance vs. cycle number.
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Fig. 11. Simulations of the cycling process of the battery under multiple cycling regimes.

EOCV: 4.0 V, DOD: 0.5, CR: 1 C, DR: 0.5 C; (II) EOCV:
4.1 V, DOD: 0.5, CR: 1 C, DR: 0.5 C; (III) EOCV: 4.2 V,
DOD: 0.5, CR: 1 C, DR: 0.5 C; (IV) EOCV: 4.2 V, DOD:
0.7, CR: 1 C, DR: 0.5 C; (V) EOCV: 4.2 V, DOD: 0.7, CR:
0.5 C, DR: 0.5 C; (VI) EOCV: 4.2 V, DOD: 0.7, CR: 0.5 C,
DR: 0.25 C.

To show the difference in the simulated voltage/current
profiles between adjacent cycles, only one parameter was
varied. The lithium concentration of the anode at the begin-
ning of discharge,c0

s, and the film resistance at the anode,
Rf , need to be updated at the end of each discharge–charge
cycle as discussed above. After a certain cycle number, sim-
ulation of the capacity fade can be initiated to estimate the
charge/discharge performance and the capacity.

5. Conclusion

A generalized charge–discharge cycle life model has been
developed based on loss of cyclable lithium ions due to the
irreversible solvent reduction reaction. The rise in the anode
film resistance due to the precipitation of insoluble product
of the parasitic reaction has been used to explain the shift of
the voltage plateau as a battery ages with cycling. The model
considers process parameters such as CR, DOD and EOCV,
c me,
a ond-
i ges.
T vari-
a d to
e apac
i sults
o of
4 date
t tions
a . Sim-

ulation of batteries under multiple cycling regimes has also
been demonstrated.

Appendix A

The derivations of the following governing/boundary
equations have been discussed in literature[8,19].

A.1. Model equations

For the spherical particles of electrode materials under
ideally close packing condition, the specific interfacial area
of the porous electrode is calculated by

as = 3εs

r
= 3 × (1 − εe − εfl)

r
(9)

whereεs, εe andεfl represent the volume fraction of solid
active material, electrolyte and current conductive fillers,
respectively, in the electrode regions.

For the mass balance in the electrolyte phase,

∂(εece)

∂t
= ∇ · (Deff

e ∇ce) − ie∇t0+
F

+ 1 − t0+
F

asj (10)

where the transference number,t0+, in reference to the velocity
o ata in
l ous
e

D

∇
w
r als,
ontrols the required DOD by controlling the discharge ti
nd estimates the end of discharge cell voltage corresp

ng to a specific DOD shifts downwards as a battery a
he cycling process has been simulated to update the
bles,c0

s andRf , and the capacity check has been simulate
stimate the charge/discharge behavior as well as the c

ty using those two updated variables. Experimental re
btained at a cycling condition with CR of 1 C, EOCV
.0 V, DOD of 0.4 and DR of 0.5 C have been used to vali

he cycle life model. Good agreement between simula
nd experiments up to 1968 cycles has been observed
-

f solvent is assumed to be constant due to the lack of d
iterature. The effective diffusion coefficient inside the por
lectrode,Deff

e , is evaluated by the Bruggeman relation[8],

eff
e = Deεe

1.5 (11)

For Ohm’s law in the solid phase

· (σeff
s ∇φs) − asj = 0 (12)

here the effective conductivity of the solid phase,σeff
s , is

elated to the intrinsic conductivity of the active materi
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σs, through the volume fraction of the solid active material,
εs as follows:

σeff
s = σsεs

1.5 (13)

For Ohm’s law in the electrolyte phase

∇ · (κeff
e ∇φs)

+ ∇ ·
(

2RTκeff
e

F
(t0+−1)

(
1+d ln(f±)

d lnce

)
∇φs

)
+asj = 0

(14)

where the effective ionic conductivity is corrected byκeff
e =

κeε
1.5
e , following the Bruggeman relation[8]. The mean molar

activity coefficient of salt,f±, is assumed to be constant under
normal operating temperature and pressure.When the para-
sitic reaction takes place at the anode/electrolyte interface,
the wall flux across the interface,j, is given by

j = jint + jpara (15)

where the local parasitic reaction current density,jpara, is
assumed to follow a simple Tafel relation.

jpara= −j0
para exp

(
αcF

RT
η

)
η = φs − φe − Upara− jRf

(16)

I ross
a ce is
e den-
s

j

w
g

)

w olid
p
t ding
t

rt in
t free
l par-
t k of
t n for
t es in
m ation
i flux
c im-
p

referenced Duhammel superposition method to calculate the
mass flux across the solid electrode/electrolyte interface from
all the previous surface concentration at each time points.
The approximation proves to be efficient in their galvanos-
tatic charge/discharge model. However, the cycle number in
the cycle life model could be as high as thousands of cycles,
so using all the previous concentration to calculate the flux at
the interface is not as efficient as suggested in Dolye et al.’s
paper[8].

The integral method[12] shows that a polynomial approx-
imation leads to a satisfactory accuracy in solving the heat
conduction problem. The second-degree polynomial repre-
sentation was adopted in a thermal–electrochemical coupled
model by Gu and Wang[13]. The diffusion equation and
boundary conditions are thus replaced by a first-order differ-
ential equation and an algebraic equation that deal with the
volume-averaged solid phase concentration (cs) in addition
to the lithium concentration of the solid phase at the elec-
trode/electrolyte interface (cs/e).

∂(εscs)

∂t
= −asjint

F
(19)

and

Ds

l
(cs/e − cs) = −jint

F
(20)

w s the
l

l

ari-
a the
d
t

A

lec-
n the absence of parasitic reaction, the wall flux ac
node/electrolyte interface or cathode/electrolyte interfa
qual to the local intercalation/deintercalation current
ity.

= jint (17)

here the intercalation/deintercalation current density,jint, is
iven by the Butler–Volmer equation.

jint = Fk(ce)αa(cs,max)αa(cs/e)αa

×
(

exp

(
αaF

RT
η

)
− exp

(
αcF

RT
η

))
η = φs − φe − Uref − jRf

Rf = 0, for cathode

Rf |N+1 = Rf |N + Rf |para,N, for anode (18

herecs/e represents the lithium concentration of the s
hase at the solid electrode/electrolyte interface andcs,maxis

he maximum concentration in the solid phase (correspon
o unit stoichiometry).

The rigorous model equation to describe the transpo
he solid spherical particles is Fick’s second law. After the
ithium becomes intercalated lithium on the surface of the
icles, the intercalated lithium starts diffusing into the bul
he solid electrode particles. However, the consideratio
he transport in the radial direction increases the difficulti
odeling the battery system because the diffusion equ

s coupled with all the other equations by the continuous
ondition at the solid particle/electrolyte interface. To s
lify the pseudo-two-dimensional system, Doyle et al.[8]
here the microscopic diffusion length that characterize
ithium diffusion in the spherical particle,l, is given by[13]

= rs

5
(21)

As a result of this simplification, one more dependent v
ble, cs, is introduced into the previous equations but
imension of the system has been decreased to onlyx direc-

ion (cathode to anode).

.2. Initial and boundary conditions

Initial conditions are:

ce = c0
e, cs = cs/e = c0

s (22)

The boundary conditions for the concentration of the e
trolyte phase (cs) are:

∂ce

∂x

∣∣∣∣
x=0

= 0 (23)

Deff
e,p

∂ce

∂x

∣∣∣∣
x=δ−

1

= Deff
e,m

∂ce

∂x

∣∣∣∣
x=δ+

1

(24)

Deff
e,m

∂ce

∂x

∣∣∣∣
x=δ−

2

= Deff
e,n

∂ce

∂x

∣∣∣∣
x=δ+

2

(25)

∂ce

∂x

∣∣∣∣
x=L

= 0 (26)
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The boundary conditions for the potential of the solid phase
(φs) are:

−σeff
s,p

∂φs

∂x

∣∣∣∣
x=0

= i(t) = Iapp

Sp
(CC charge/discharge), or

φs|x=0 − φs|x=L = EOCV (CV charge) (27)

−σeff
s,p

∂φs

∂x

∣∣∣∣
x=δ−

1

= 0 (28)

−σeff
s,n

∂φs

∂x

∣∣∣∣
x=δ+

2

= 0 (29)

−σeff
s,n

∂φs

∂x

∣∣∣∣
x=L

= i(t) = Iapp

Sn
(CC charge/discharge), or

φs|x=0 − φs|x=L = EOCV (CV charge) (30)

The boundary conditions for the potential of the electrolyte
phase (φe) are:

−κeff
e,p

∂φe

∂x

∣∣∣∣
x=0

= 0 (31)

−κeff
e,p

∂φe

∂x

∣∣∣∣
x=δ−

1

= −κeff
e,m

∂φe

∂x

∣∣∣∣
x=δ+

1

(32)

∣ ∣

)

qs.
( e-
o
c

A

l lec-
t t-
t arge
v n in
F rves
w and
a

Fig. 12. Fitting open circuit potential (OCP) of LixCoO2 T-cell.

+ 60863615826.7625θ4
p − 173709561585.7754θ5

p

+ 370555615410.3253θ6
p − 600127143006.2673θ7

p

+ 741424912055.3440θ8
p − 695296927727.6394θ9

p

+ 487165768837.1404θ10
p − 247280303663.7798θ11

p

+ 85951760175.1607θ12
p − 18311389879.7240θ13

p

+ 1803876860.8238θ14
p (35)

For the anode,

706.0711θn + 2217.6479θ1.5
n − 1675.1321θ2.0

n

n − 746.8463θ1.5
n + 15502.9505θ2.0

n − 14213.0747θ2.5
n

(36)

where the state of charge,θp/θn, is defined as

θp = cs/e,p

cs,p,max
and θn = cs/e,n

cs,n,max
(37)
−κeff
e,m

∂φe

∂x

∣∣∣
x=δ−

2

= −κeff
e,n

∂φe

∂x

∣∣∣
x=δ+

2

(33)

φe = 0 (arbitrary reference) (34

In summary, a total of five governing equations, i.e. E
10), (12), (14), (19) and(20), need to be solved simultan
usly for the five dependent variables, i.e.ce, φs, φe, cs and
s/e, with two independent variables, i.e.x andt.

ppendix B

The open circuit potentialUref is a function of the
ithium concentration of the solid phase at the solid e
rode/electrolyte interface,cs/e. TheUref was estimated by fi
ing the experimental low-rate (1/20 C rate) charge/disch
oltage profile of the cathode and the anode as show
igs. 12 and 13. The experimental charge–discharge cu
ere obtained by charging and discharging the cathode
node materials in a T-cell configuration[11].

For the cathode,

Uref,p = 14192290.6270− 287201430.3900θ1
p

+ 127581.0230θ2
p − 15457341740.1321θ3

p

Uref,n = 1.19970+ 118.1911θ0.5
n −

1.0 + 131.7572θ0.5
n − 32.1402θ
Fig. 13. Fitting open circuit potential (OCP) of MCMB T-cell.
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Appendix C. Nomenclature

a specific interfacial area of porous electrode (m2/m3)
cs lithium concentration of solid phase (mol/m3)
cs/e lithium concentration of solid phase at

electrode/electrolyte interface (mol/m3)
D diffusion coefficient (m2/s)
F Faraday’s constant (96,487 C/mol)
i current density (A/m2)
I current (A)
j current density across electrode/electrolyte

interface (A/m2)
k rate constant of lithium intercalation/deintercalation

(A m2.5/(C mol0.5))
M molecular weight (kg/mol)
Q volume-averaged capacity lost due to parasitic

reaction (C/m3)
r radius of particles (m)
R universal gas constant (8.314 J/(mol K))
Rf film resistance at the anode (	 m2)
S geometric surface area of electrode (m2)
SOC state of charge
t time (s)
T temperature (K)
U local equilibrium potential (V)
V
X

G
α

δ

ε

φ

η

κ m)
θ

ρ

S
e
e
f
fl

i positive or negative electrode
int intercalation/deintercalation
m membrane separator
max maximum value
N cycle number
n negative electrode
p positive electrode
para parasitic reaction
ref in reference to Li+/Li electrode
s solid phase
s/e solid/electrolyte interface
0 initial state
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