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bstract

Charge–discharge behavior of SONY 18650 lithium-ion batteries for aerospace applications was simulated under low-earth-orbit (LEO) condi-

ions, by using a first-principles based mathematical model. The model determines the capacity fade on the basis of the irreversible loss of active
ithium ions due to electrolyte reduction. The capacity fade during LEO cycling was studied for 5 years of continuous operation with 20% depth
f discharge as a function of the cycling parameters such as the end of charge voltage and the charging rate.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Rechargeable lithium-ion batteries have much higher energy
ensity, both volumetric and gravimetric, compared with con-
entional alkaline and nickel–hydrogen batteries, and have
een considered as alternative power sources to space-qualified
ickel–hydrogen systems for orbiter applications, ranging from
geostationary-earth-orbit’ (GEO) to ‘low-earth-orbit’ (LEO)
1].

Since the batteries are used only when the satellite is hidden
rom the sun by the earth during eclipse period, the requirements
trongly depend on the orbit condition [2–5]. A satellite in LEO
within 1000 km from the earth) uses its batteries far more often
han a GEO satellite (within 3.6 × 104 km from the earth) that is
arely in the earth’s shadow cone. Thus, the depth of discharge
DOD) should be limited to low levels of 20–40%, in order not to
verstress the batteries. Typically, the batteries in a LEO satellite
equire a life time over 5 years, i.e. the cycle life exceeding up
o 3 × 104 cycles.
While lithium-ion technology has been successfully used in
EO satellites [6], the long-term cycle life under LEO condi-

ions has not been validated yet. There are only limited long-term
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est data available on lithium-ion batteries under LEO con-
itions [4,5]. Therefore, model-based estimation of cycle life
nd capacity will demonstrate the applicability of lithium-ion
atteries for orbiter power sources. The present work involves
imulation of charge–discharge cycling of lithium-ion batteries
or LEO applications using a first-principles based model pre-
iously developed by us at USC [7]. In particular, the effects
f the cycling parameters such as DOD, end of charge voltage
EOCV) and charging rate on performance of the battery were
nvestigated under LEO conditions.

. Simulation model and cycling protocols

A mathematical model based on porous electrode theory,
oncentrated solution theory, Ohm’s law, and Butler–Volmer
ntercalation kinetics was developed by us previously which pre-
icts the capacity fade of a lithium-ion cell [7,8]. In the model, it
as assumed that the capacity fade results from the irreversible

oss of active lithium ions due to electrolyte reduction on
he anode surface. When the carbon anode is polarized more
athodically than the reversible potential for parasitic reaction

uring the charging process, the electrolyte solvent (specifically,
thylene carbonate) is reduced to insoluble salts, resulting in
ormation of a resistive surface film [9–12]. The increase of the
urface film resistance with cycling was also taken into account
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Nomenclature

ai specific surface area of porous electrode
(cm−1)

CLi+ lithium ion concentration in the electrolyte
(mol cm−3)

CLi
i lithium concentration in the electrode (mol cm−3)

CLi–S
i lithium concentration at the electrode/electrolyte

interface (mol cm−3)
Cmax

i maximum lithium concentration in the electrode
(mol cm−3)

Di lithium diffusivity in the electrode (cm2 s−1)
F Faraday constant (C mol−1)
Iapp applied current (A)
Ii electric current (A)
Ji total Faradaic current density across the electrode/

electrolyte interface (A cm−2)
JLi

i current density for intercalation/deintercalation
reactions (A cm−2)

JLi
i0 exchange current density for intercalation/

deintercalation reactions (A cm−2)
JLi

s current density for parasitic reaction (A cm−2)
JLi

s0 exchange current density for parasitic reaction
(A cm−2)

ki rate constant for intercalation/deintercalation
reactions (A m2.5 C−1 mol−0.5)

Qs loss of active lithium ions (Ah)
ri radial coordinate (cm)
R gas constant (J mol−1 K−1)
Ri radius of electrode particles (cm)
Rs resistance of newly formed surface film (�)
Rf

i total film resistance (�)
Si superficial surface area (cm2)
t time (s)
T absolute temperature (K)
Ts total parasitic reaction time (s)
U local equilibrium potential (V)

Greek letters
α transfer coefficient of electrochemical reaction
δ surface film thickness (cm)
ε volume fraction of a solid phase
φ potential of a phase (V)
η overpotential for electrochemical reaction (V)
κ conductivity of newly formed surface film

(S cm−1)

Subscripts or superscripts
1 solid phase
f film on the particle surfaces
i negative or positive electrode
n negative electrode (anode)
N cycle number
p positive electrode (cathode)
s parasitic reaction

Table 1
Key parameters used in the simulation model

Parameter Anode Cathode

Lithium diffusivity, Di (cm2 s−1) 3.8 × 10−10 1.0 × 10−9

Rate constant for lithium
intercalation/deintercalation, ki

(A m2.5 C−1 mol−0.5)

1 × 10−6 1 × 10−6

Reversible potential for parasitic reaction,
UOCP

s (V vs. Li+/Li)
0.38 –

Exchange current density for parasitic 2.5 × 10−12 –
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reaction, JLi
s0 (A cm−2)

onductivity of surface film, κ (S cm−1) 5.0 × 10−8 –

n calculation of the charge–discharge curves. No parasitic
eaction was assumed to occur on the cathode surface. The
athematical model is fully described in Appendix A.
In this work, the simulations were performed based on the

xperimental data obtained from a SONY 18650 (G8) lithium-
on cell which consists of carbon anode and LiCoxMnyNizO2
athode. The discharge capacity of the cell was experimentally
etermined to be 2.293 Ah at 1.126 A, and this value was used
or calculation of charging and discharging currents.

The previous model was modified to simulate the charge–
ischarge cycling under LEO conditions as follows [6]: the
uration of LEO was assumed to be 90 min, i.e. 35 min eclipse
nd 55 min sunshine. The cell was galvanostatically discharged
or 35 min at a rate calculated using the required DOD value.
ext, the cell was galvanostatically charged, until EOCV was

eached, at a rate that is 1.1 times the rate necessary to return
he discharged capacity. Finally, the cell was potentiostatically
harged at EOCV until a total of 55 min of charge was achieved.
he cycle life was defined as the cycle number at which the end
f discharge voltage (EODV) dropped below 3.0 V [4,5]. For
apacity check, the cell was discharged at a C/2 rate to 3.0 V, and
hen it was charged by using a conventional protocol of constant
urrent (CC)–constant voltage (CV), viz. a C/5 rate to 4.2 V with
50 mA cut-off current. All the simulations were run at 25 ◦C.
he key parameters used in the model are listed in Table 1.

. Results and discussion

Fig. 1(a) shows typical potential and current profiles com-
uted for the first LEO cycle. The simulations were run at
ifferent DOD values of 20–40% for EOCV of 4.05 V. Under
EO conditions, the orbit duration (charge and discharge times)

emains constant during cycling, and thus the model controls
OD by controlling the charging and discharging currents. It is

een that the larger the DOD value is, the lower is the EODV
alue.

Fig. 1(b) presents the plots of EODV of the cell against cycle
umber measured experimentally and simulated theoretically.
he measurements and simulations were performed at 20 and
0% DOD values for EOCV of 4.05 V. As a result of the irre-

ersible loss of lithium ions due to the parasitic reaction during
he charging process, the lithium content (state of charge) in
he anode at the beginning of discharge decreases gradually
ith cycling (see Eq. (A.19)). In order to maintain the required
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ig. 1. (a) Potential and current profiles simulated for the first LEO cycle, (b)
imulations were performed with JLi

s0 = 2.5 × 10−12 A cm−2 for EOCV of 4.05

OD, the lithium content in the anode at the end of discharge
ecreases, causing the EODV of the anode to rise with cycling.
onsequently, the cell discharges to lower potential, as the LEO
ycling progresses.

In the model, the parasitic reaction rate on the anode surface
as assumed to be given by the Tafel equation (Eq. (A.14)).
he exchange current density for parasitic reaction JLi

s0 depends
n the electrolyte composition and electrode structures in the
pecific battery, and was used as an adjustable parameter in the
imulation. As shown in Fig. 1(b), it was found that EODV
alculated with JLi

s0 = 2.5 × 10−12 A cm−2 gives the best fit to

he experimental data for both DOD values.

In Fig. 1(c), the simulated values of EODV were plotted as a
unction of cycle number for EOCV of 4.05 V to determine the
ycle life. From this figure, the cycle life was predicted to be

d
s
c
h

easured and (c) simulated EODV values as a function of cycle number. The

pproximately 4.4, 2.8 and 1.9 × 104 for the DOD values of 20,
0 and 40%, respectively. The simulations performed using vari-
us cycling parameters indicated that only the LEO cycling with
0% DOD in the EOCV range of 3.85–4.05 V yields the cycle
ife greater than 3 × 104 cycles which meets the requirement for
EO applications.

Recently, Fellner et al. [4] reported the experimental test data
n the long-term cycling of lithium-ion cells used for LEO space-
rafts up to 9 × 103 cycles. They projected the cycle life of about
.7 × 104 cycles from a linear extrapolation of EODV toward
.0 V at 40% DOD. However, the simulation results in this study

emonstrate that the plot of EODV versus cycle number deviates
ignificantly from linearity, as the LEO cycling proceeds. The
ycle life predicted from a linear extrapolation by Fellner et al.
as been overestimated.
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Fig. 2. Galvanostatic discharge curves simulated at different cycle numbers at
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higher EOCV as presented in Fig. 3.
he rate of C/2. The simulations were run using EOCV of 4.05 V and DOD of
0%. The initial discharge curve measured experimentally is denoted as open
ircle in the figure.

Fig. 2 presents the discharge curves simulated at different
ycle numbers. The capacity check was done using a rate of
/2. The LEO cycling was run at EOCV of 4.05 V and to DOD
f 40%. For comparison, the initial discharge curve measured
xperimentally is also shown in Fig. 2. As shown in this figure a
ood agreement between the experimental and simulated curves
s observed. The potential plateau of the simulated discharge

urves decreases gradually with cycling, which is attributed to
he continuous increase in the resistance of the surface film. The
imulation predicts a decrease of the discharge capacity from
he initial value of 2.293 to 1.38 Ah after 1 × 104 cycles.

ig. 3. Effect of EOCV on the capacity fade during LEO cycling with 20%
OD.

c

F
o

ig. 4. Discharge capacity and capacity fade as a function of cycle number
imulated at various charging rates. The simulations were performed with EOCV
f 4.05 V and DOD of 20%.

Fig. 3 summarizes the projected capacity fades of the cell for
years of continuous operation with 20% DOD and EOCV in the

ange of 3.85–4.05 V. In the model, the parasitic reaction rate and
hus the loss of active lithium ions depend on the overpotential
or parasitic reaction ηs on the anode surface. According to Eq.
A.14) in Appendix A, EOCV increases the overpotential ηs
uring the charging process, thereby accelerating the solvent
eduction reaction. This results in the increased capacity fade at
Fig. 4 shows the discharge capacities simulated at different
harging currents. The simulations were run using EOCV of

ig. 5. Comparison of the capacity fades of lithium-ion batteries simulated the-
retically and determined experimentally [6].
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.05 V and DOD of 20%. The charging currents of 0.492, 0.541
nd 0.590 A correspond to the rates of 0.22, 0.24 and 0.26 C,
espectively. As the charging current increases from 0.492 to
.590 A, the capacity fade increases due to the increase of the
verpotential for the parasitic reaction. Also, the cycle life was
redicted to decrease from 45,774 to 42,373 cycles with increas-
ng the charging current, which suggests that the use of low
harging rate is recommended to accomplish a long-term for
EO cycling.

Fig. 5 compares the simulated capacity fades with those mea-
ured experimentally during LEO cycling with EOCV of 3.95 V
nd DOD of 20% [6]. The simulated capacity fades at differ-
nt cycle numbers are in good agreement with the experimental
alues as shown in Fig. 5. In our laboratory the experimental
ong-term test of lithium-ion cells is in progress, and the results
ill be presented for comparison with the simulation data in the

ollowing paper.

. Conclusions

A first-principles based mathematical model was used to
imulate charge–discharge cycling of SONY 18650 lithium-
on batteries for aerospace applications under LEO conditions.
ince the orbit duration remains constant during LEO cycling,

he model controls DOD by controlling the charging and dis-
harging currents. The capacity fade was calculated on the basis
f the irreversible loss of active lithium ions due to electrolyte
eduction. For 5 years of continuous operation with a shallow
epth of discharge of 20%, the capacity fade during LEO cycling
as studied as a function of EOCV and charging rate. The simu-

ated values of capacity fade were found to be in good agreement
ith the experimental values at different cycle numbers.
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ppendix A

Assuming that the active electrode materials are composed
f uniform spherical particles with a radius of Ri, the diffusion
f lithium in the solid phase is described by Fick’s second law
or a sphere

∂CLi
i

∂t
= D̃i

(ri)2

∂

∂ri

(
r2

i
∂CLi

i

∂ri

)
(A.1)

The initial condition (IC) and the boundary conditions (BC)
or galvanostatic charging/discharging are as follows:

C : CLi
i = CLi

i0 , for 0 ≤ ri ≤ Ri at t = 0 (A.2)

∂CLi
i
C :

∂ri
= 0, for ri = 0 at t > 0 (A.3)

C : D̃i
∂CLi

i

∂ri
= −JLi

i

F
, for ri = Ri at t > 0 (A.4)

s

J

urces 162 (2006) 1395–1400 1399

ith

Li
i = − Ii

Si
, Si = aiVi, ai = 3εi

Ri
(A.5)

Butler–Volmer kinetics was used to describe lithium interca-
ation/deintercalation

Li
i = JLi

i0

{
exp

(
αa

i F

RT
ηi

)
− exp

(
−αc

i F

RT
ηi

)}
(A.6)

ith

JLi
i0 = ki(C

max
i − CLi–S

i )
αa

i (CLi–S
i )

αc
i (CLi+ )α

c
i ,

ηi = φ1
i − UOCP

i − JiSiR
f
i (A.7)

In Eq. (A.7), it was assumed that the variation of liquid phase
otential along the current path is negligible. The discharge
urves of the anode and cathode were measured separately at
C/20 rate in a three-electrode electrochemical cell with the

ithium reference and counter electrodes, and then the func-
ional expressions of UOCP

i were obtained by the polynomial
egression analysis of the experimental discharge curves. The
ollowing condition was used to determine the current decay in
he potentiostatic charging step:

1
p − φ1

n = EOCV (A.8)

Eqs. (A.1)–(A.4) were transformed into dimensionless form

∂C̄Li
i

∂t̄
= 1

r̄2
i

∂

∂r̄i

(
r̄2

i
∂C̄Li

i

∂r̄i

)
(A.9)

C : C̄Li
i = C̄Li

i0 , for 0 ≤ r̄ ≤ R̄i at t̄ = 0 (A.10)

C :
∂C̄Li

i

∂r̄i
= 0, for r̄ = 0 at t̄ > 0 (A.11)

C :
Cmax

i D̃i

Ri

∂C̄Li
i

∂r̄i
= −JLi

i

F
, for r̄ = 1 at t̄ > 0

(A.12)

here

¯ Li
i = CLi

i

Cmax
i

, r̄i = ri

Ri
, t̄ = tD̃i

R2
i

(A.13)

The parasitic reaction rate on the anode surface was assumed
o be given by the Tafel equation

Li
s = JLi

s0 exp

(
−αc

snF

RT
ηs

)
(A.14)

ith

s = φ1
n − UOCP

s − JnSnR
f
n (A.15)

The total current density (Jn) at the anode is the sum of the
ntercalation/deintercalation current density (JLi) and the para-
n
itic reaction current density (JLi

s )

n = JLi
n + JLi

s = Iapp

Sn
(A.16)
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The electronic charges are completely consumed by the inter-
alation/deintercalation of lithium at the cathode

p = JLi
p = Iapp

Sp
(A.17)

The loss of active lithium ions was estimated using the fol-
owing equation:

s =
∫ Ts

0
JLi

s Sn dt (A.18)

Due to the parasitic reaction, the dimensionless lithium con-
entration in the anode at the beginning of discharge at cycle
umber (N + 1) is less than that at cycle number N, and it is
iven by

C̄Li
n0

∣∣∣
N+1

= C̄Li
n0

∣∣∣
N

− Q̄s
∣∣
N

(A.19)

here

Q̄s
∣∣
N

= Qs|N
εnFVnCmax

n
(A.20)

Continuous precipitation of insoluble product on the anode
urface causes the resistance of the film to increase with increas-

ng the cycle number

Rf
n

∣∣∣
N+1

= Rf
n

∣∣∣
N

+ Rs|N (A.21)

[
[

ources 162 (2006) 1395–1400

here

Rs|N = δf|N
κ

(A.22)
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