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SUMMARY

An electrochemical–thermal-coupled model is used to predict performance of a Li-ion cell as well as its individual electrodes
at various operating temperatures. The model is validated against the experimental data for constant current and pulsing
conditions characteristic of hybrid electric vehicle (HEV) applications. The prediction of individual electrode potential is also
compared with 3-electrode cell experimental data with good agreement. The predictive ability of the individual electrode
behavior is very useful to address important issues related to electrode degradation and subzero performance of automotive
Li-ion batteries. Copyright r 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Li-ion batteries for both hybrid electric vehicles
(HEVs) and plug-in HEVs will play a central role
in fuel-efficient, low-emission automobiles. Salient
advantages of Li-ion batteries for HEVs, as
opposed to the currently used nickel-metal hydride
battery, are that they offer 40–50% weight
reduction and 20–30% volume reduction as well
as a margin of efficiency improvement [1]. The
development and implementation of Li-ion bat-
teries in automobiles, however, require substantial
diagnostic and modeling efforts in order to fully

understand the fundamentals governing their
performance, cycle life, safety, and cost.

In particular, electrochemical–thermal (ECT)-
coupled phenomena in Li-ion batteries must be
captured, as they control major technological
hurdles of current interest, such as thermal run-
away at high temperatures, much reduced perfor-
mance at subzero temperatures, and Li plating in
the anode and capacity loss under high-rate, low-
temperature charging. To date, both experimental
and modeling research on thermal and electro-
chemical characteristics are mostly limited to full
Li-ion cells. For example, early models of Li-ion
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cells were developed by Newman and co-workers
using porous electrode and concentrated solution
theories [2–4] under isothermal and one-dimen-
sional (1D) assumptions. Subsequently Wang and
coworkers have focused on ECT-coupled model-
ing for Li-ion batteries, especially for automotive
applications [5–9]. Model validation was per-
formed against experimental data of full cells only.

Stringent automotive application, however,
calls for detailed diagnostics and modeling of not
only the full cell but also individual electrodes such
that anode and cathode contributions to both
performance and degradation can be separately
delineated and predicted. For example, lithium
deposition on the negative electrode in overcharge
or low temperature situations and degradation of a
Li-ion battery due to surface film formation on
both electrodes all require a good understanding
of individual electrode behaviors in addition to a
full cell. Thus, in this work we aim to develop and
experimentally validate a capability to predict
performance of individual electrodes of Li-ion cells
under HEV conditions that encompass a wide
range of ambient temperatures. This work is an
extension of our previous work on development of
comprehensive Li-ion battery models for HEV
design, operation, and control [5–9].

2. EXPERIMENTAL

Commercial 1.2Ah 18650 cells with a graphite
anode and a nickel–manganese–cobalt oxide
(NMC) cathode as well as the electrolyte of 1.2M
LiPF6 in EC/DMC are used in all experiments. In
order to measure each electrode potential sepa-
rately, a Li reference electrode is installed to form a
3-electrode cell in an argon-filled glove box where
both oxygen and water levels must be maintained
at less than 1 ppm. Also, a thermocouple is inserted
inside the 3-electrode cell holder to monitor the
average cell temperature as represented by a lump
thermal model to be described shortly. The
3-electrode cell is then sealed tightly before removal
from the glove box. Other details about the
3-eletrode cell assembly and temperature/potential
measurements can be found in Zhang and
Wang [10]. All experiments are carried out under

constant ambient temperatures in a Tenney En-
vironmental Chamber (Series 942). Before each
test, a test cell is rested in the chamber for at least
2 h in order to reach thermal equilibrium, as
monitored by the internal thermocouple.

3. MATHEMATICAL MODELING

The present model consists of a 1D electrochemi-
cal-transport model and a lumped thermal model
where a spatially uniform but temporally varying
cell temperature is assumed. This will be termed as
ECT-coupled model in the following sections. It
should be noted that uniform current distribution
is assumed over the entire electrode area.

3.1. 1D Electrochemical model

A typical Li-ion cell consists of a negative
electrode, an electrolyte separator, and a positive
electrode, as shown in Figure 1. The electrolyte, a
good ionic conductor but an electronic insulator,
provides a medium for Li ions to travel between
the two electrodes and keeps electrons flowing in
the external circuit. During charge, Li ions extract
from lithiated NMC oxide particles in the positive
electrode, travel through the electrolyte separator,
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Figure 1. Schematic of 1D (x-direction) Li-ion cell
model coupled with microscopic (r-direction) solid-

diffusion submodel.
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and insert into graphite particles in the negative
electrode. Simultaneously, electrons released from
the positive electrode flow through an external
circuit towards the negative electrode. During
discharge Li ions and electrons travel in the
reverse direction.

Porous electrode theory is adopted in modeling
the composite electrodes consisting of active ma-
terials and the electrolyte. The solid and electrolyte
phases are treated as superimposed continua with
each phase having its own volume fraction, while
the microstructural morphology of each phase is
not considered. To account for tortuosity effects,
the electrolyte diffusion coefficient and ionic con-
ductivity are corrected by the Bruggeman factor,
Deff

e ¼ Deepe and keff ¼ kepe , respectively, where p is
the Bruggeman exponent. Similarly the electronic
conductivity is corrected as seff ¼ seps for each
electrode. Here, ee and es are the electrolyte and
solid phase volume fractions, respectively.

The final governing equations of species and
charge conservation are summarized in Table I.
For more details about the present modeling ap-
proach, refer to the references [2,6].

Reaction rates for Li insertion and extraction
reactions are generally assumed to follow the
Butler–Volmer equation:

jLi ¼ asi0 exp
aaF
RT

Z�
RSEI

as
jLi

� ��

� exp �
acF
RT

Z�
RSEI

as
jLi

� ��
ð5Þ

where F is Faraday’s constant, R the universal gas
constant, and aa and ac the anodic and cathodic

transfer coefficients of electrode reactions, respec-
tively. The exchange current density, i0, is a
function of lithium concentrations in both elec-
trolyte and solid active materials, i.e. i0 ¼
kðceÞ

aa ðcs;max � cs;eÞ
aa ðcs;eÞ

ac , where ce and cs are the
volume-averaged lithium concentration in the
electrolyte and solid phases, respectively, cs;e is the
area-averaged solid-state lithium concentration at
the electrode/electrolyte interface, and cs;max is the
maximum concentration of lithium in the solid
phase. The constant, k, is determined by the ex-
change current density under standard species
concentrations. The local surface overpotential, Z,
is defined as the difference between the solid and
liquid phase potential with respect to the open-
circuit potential (OCP), U, or Z ¼ fs � fe �U.
The OCP is a function of local state of charge,
defined as SOC ¼ cs;e=cs;max, and temperature. In
the present work, OCP values for the negative and
positive electrodes are estimated from the experi-
mental data measured by Kwon and Wang [11],
see Figure 2. RSEI represents the electronic re-
sistance of the surface film layer at the negative
and positive electrode.

The diffusional conductivity, keffD , is given by
concentrated solution theory [3], as

keffD ¼
2RTkeff

F
ðt01 � 1Þ 11

d ln f�
d ln ce

� �
ð6Þ

where f� is the mean molar activity coefficient of
the electrolyte. The electrolyte phase ionic con-
ductivity, k, strongly depends on the electrolyte
compositions. For the electrolyte consisting of
1.2M LiPF6 in a 2:1 v/v mixture of ethylene car-
bonate (EC) and dimethyl carbonate (DMC), one

Table I. Governing equations of Li-ion cell model.

Conservation equations Boundary conditions

Charge, solid phase @
@x seff @@xfs

� �
¼ jLi (1) �seff�

@fs

@x

���
x¼0
¼ seff1

@fs

@x

���
x¼L
¼ I

A

@fs

@x

���
x¼L�
¼ @fs

@x

���
x¼L�1Lsep

¼ 0
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@x keff @@xfe

� �
1 @

@x kDeff @
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¼ 0
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@x De

eff @
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@x

��
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��
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has [4],

k ¼4:1253� 10�415:007ce � 4:7212� 103c2e

11:5094� 106c3e � 1:6018� 108c4e ð7Þ

The governing equations listed in Table I,
Equations (1)–(3), describe macroscopic transport
along the thickness of the cell (x-direction), i.e.
from the negative electrode to separator and to
positive electrode. In contrast, Equation (4) in
Table I describes the microscopic solid-state dif-
fusion of Li ions in active material particles
(r-direction), as seen in Figure 1. The combined
micro/macroscopic model is essential to describe
Li-ion cell behaviors.

3.2. Lumped thermal model

The foregoing 1D electrochemical model is then
coupled to a lumped thermal model which assumes
that the cell temperature is spatially uniform and
can be calculated by the following heat balance
equation:

dðrcpTÞ
dt

¼ hAsðT� T1Þ1ðqr1qj1qc1qeÞA ð8Þ

Here h is the coefficient of heat dissipation to the
ambient, As the cell external surface area, and T1
the ambient temperature. The total reaction heat,
qr, is calculated by integrating the local volume-
specific reaction heat across the 1D domain,
namely

qr ¼
Z L

0

jLiðfs � fe �UÞ dx ð9Þ

The joule heat is given by

qj ¼
Z L

0

seff
@fs

@x

� �2

1keff
@fe

@x

� �2

1keffD

@ ln ce
@x

� �
@fe

@x

� �
dx ð10Þ

which results from the joule heating of ohmic re-
sistances in the solid active materials (the first term
on RHS) and the electrolyte (the remaining two
terms). An additional joule heat arises from a
contact/electronic resistance between current col-
lector and electrodes and is calculated by

qc ¼ I2
Rc

A
ð11Þ

The reversible entropic heat, qe, is neglected as a
first approximation in the current work due to the
lack of the experimental data for this specific
Li-ion cell. It has also been shown that this term is
usually small as compared with the irreversible
heat at high rate discharge [7,9].

To couple the thermal model with the 1D
electrochemical model, temperature-dependent
physicochemical properties, such as the diffusion
coefficient and ionic conductivity of electrolyte,
are needed, and the dependence can be generally
described by the Arrhenius equation,

F ¼ Fref exp
Eact;F

R

1

Tref
�

1

T

� �� �
ð12Þ

where F is a general variable representing the
diffusion coefficient of a species, conductivity of
the electrolyte, exchange current density of an
electrode reaction, etc., with Eact;F denoting the
activation energy of the evolution process of F,
whose magnitude determines the sensitivity of F to
temperature.
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Figure 2. Measured open-circuit potentials vs Li/Li1
of: (a) positive electrode and (b) negative electrode using

a three-electrode cell at 251C.
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In the coupled model, the cell temperature is
calculated by the thermal energy conservation
equation, Equation (8). This temperature is, in
turn, fed back to update the electrochemical cal-
culations through temperature-dependent physi-
cochemical properties. Finally the heat generation
from the cell is returned to the energy balance
equation to update the temperature. The thermal
and electrochemical behaviors of a battery are thus
fully coupled in our model.

3.3. Numerical procedure

A total of five differential equations, Equations
(1)–(4) and (8), are solved simultaneously for the
five unknowns: fs,fe,ce, cs;eðcs;e ¼ csjr¼Rs

Þ, and T.
A computational fluid dynamics (CFD) technique
is used to solve these equations except for
the solid-phase charge conservation equation,
Equation (4), which is solved by a finite element

discretization based on five unevenly spaced
elements, following the reference [8]. This method
for microscopic solid-state diffusion provides
sufficient resolution for HEV battery simulations.

4. RESULTS AND DISCUSSION

Cell voltage is determined by

V ¼ fsjx¼L � fsjx¼0 �
Rc

A
I ð13Þ

where Rc lumps all the contact and electronic
resistances between the current collector and
electrode as well as the impedance of SEI layers.
All the parameters used in this study are listed in
Table II. These parameters are either directly
measured or best estimates based on the informa-
tion available.

Table II. Model parameters.

Parameter Negative electrode Separator Positive electrode

Thickness, L (cm) 40� 10�4 25� 10�4 35� 10�4

Particle radius, r (cm) 5� 10�4 N/A 5� 10�4

Porosity, e 0.59 0.42 0.54
Maximum Li1 concentration in solid,
csmax, mol/cm3 0.0309 N/A 0.0495
Initial electrolyte concentration, ce (mol/cm3) 1.2� 10�3 1.2� 10�3 1.2� 10�3

Exchange current density, i0 (A/cm2) [8] 3.6� 10�3 N/A 2.6� 10�3

Charge-transfer coefficients, aa, ac, [8] 0.5, 0.5 N/A 0.5, 0.5
SEI layer film resistance, RSEI (O cm2) 0 N/A 0
Li diffusion coefficient in solid, Ds (cm

2/s) 2.55� 10�10(1.5�x)3.5 2.0� 10�10

where x5 SOC
Electrolyte phase Li diffusion coefficient,
De (cm

2/s) [8]
1.5� 10�6 1.5� 10�6 1.5� 10�6

Bruggeman tortuosity exponent, p [8] 1.5 1.5 1.5
Solid phase conductivity, s (S/cm), [8] 1.0 0.1
Current collector contact resistance,
Rc, (O cm2), estimated

5 N/A 10

Activation energy for exchange current density,
Ei0
act (J/mol), estimated

30 000 N/A 30 000

Activation energy for solid phase Li diffusion
coefficient, EDs

act (J/mol), estimated
50 000 N/A 25 000

Activation energy for electrolyte phase Li diffusion
coefficient, EDe

act (J/mol), estimated
10 000 10 000 10 000

Activation energy for ionic conductivity of electrolyte
solution, Ek

act (J/mol), estimated
20 000 20 000 20 000

Electrode plate area, A (cm2) 970
Heat transfer coefficient, h (W/cm2K), estimated 20
Reference temperature (K) 298.15
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The model is first validated by constant current
charge and discharge experiments at current rates
ranging from 1C (1.2A) to 10C (12A), at room
temperature (251C). The cell is charged with con-
stant current until the voltage reaches 4.2 V and
then is kept at this voltage until the current drops
to the cut-off value of 0.1A. The cell then is dis-
charged with constant current until the voltage
drops to 2.8V. A model–experimental comparison
is shown in Figure 3 for the full cell, where it is
seen the predictions match the experimental data
quite well for a wide range of C-rates. In Figure 3,
only the constant current charge portions (without
the later stage constant voltage charging) are
shown. At low charge/discharge rates, the cell
potential stays close to the cell’s OCP. As the
charge/discharge rate increases, the cell voltage
deviates significantly from the OCP due to ohmic
(electrolyte ionic resistance), activation (Li inser-
tion/extraction kinetics), and mass transport (Li
transport in electrolyte and active material parti-
cles) losses.

The measured and predicted cell temperatures
are compared in Figure 4 for 1C, 2C, 5C, and 10C
charge and discharge cases. There is almost no

temperature rise for the 1C case as the generated
heat is small and can be readily dissipated to the
ambient (fixed at 251C). As the C rate increases,
the cell temperature starts to rise significantly
above the ambient temperature. For the 2C
charge/discharge cases, the cell temperature re-
mains at �2–31C above the ambient temperature
after about 0.2Ah charge/discharge capacity when
the heat generation and dissipation reaches equi-
librium. The model prediction generally agrees
with the experimental data. For 5C and 10C
charge/discharge, there is no thermal equilibrium
and the cell temperature keeps rising. For the 10C
charge/discharge cases, the cell temperature in-
creases almost linearly as the joule heat from the
contact and electronic resistance between the cur-
rent collector and electrodes dominates heat gen-
eration and dissipation. For all the cases, the
model captures the cell temperature reasonably
well, indicative of the accuracy of the present ECT
model.

Next, the behaviors of negative and positive
electrodes are separately examined. Figure 5 shows
the model–experimental comparison of the po-
tentials of the positive and negative electrodes vs
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Figure 3. Experimental and simulated of cell voltages
for constant current (a) charge and (b) discharge.
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Li/Li1 during 1C, 2C 5C, and 10C discharge. The
overall agreement of individual electrode’s poten-
tial is seen to be very good. Figure 5(a) shows that
the positive electrode potential falls as the dis-
charge current increases from 1C to 10C, while the
negative electrode potential rises (Figure 5(b)). As
mentioned earlier, this departure from the OCP of
each electrode is due to ohmic, kinetic, and mass
transport losses. The two plots in Figure 5 also
reveal that the effect of high C rate is more sub-
stantial on the positive electrode than on the ne-
gative electrode.

The model prediction of the local SOC profiles
in both negative and positive electrodes during 10C
discharge is plotted in Figure 6. Initially, SOC in
both electrodes is set at unity. During discharge,
SOC values in both electrodes decrease with the
SOC of the negative electrode dropping faster than
that of the positive electrode in a period between 50
and 100 s. After that, SOC of the positive electrode
drops faster and reaches zero earlier, implying that
the discharge is stopped due to the limit of the
positive electrode. This difference of SOC evolution
in the two electrodes can be explained by Figure 7,
where the solid-phase Li diffusion coefficients of
positive and negative electrodes at 251C are plotted.

The solid-phase Li diffusion coefficient of the po-
sitive electrode is measured to be almost constant at
2.0� 10–10 cm2/s while its value in the negative
electrode is measured to be dependent upon SOC,
as shown in Figure 7 [11]. It is seen from Figure 7
that initially the Li diffusivity in the negative elec-
trode is much lower than that of the positive elec-
trode, i.e. 2.25� 10�11 cm2/s vs 2.0� 10�10 cm2/s,
such that the SOC of the negative electrode drops
faster. However, Li diffusion coefficient in the ne-
gative electrode picks up as SOC drops and be-
comes much higher than that of the positive
electrode during the late stage of discharge. This
explains why the decreasing speed of SOC in the
negative electrode is slower as discharge proceeds.
The ability of the ECT model to predict not only
overall cell performance, but also internal in-
formation such as SOC distributions, is useful for
design optimization and in-vehicle control of Li-ion
batteries.
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The ECT model’s capability of simulating pulse
charge/discharge characteristic of HEV applica-
tion is evident from Figure 8. In this series of tests,
10 s discharge and charge pulses at rates of 1C, 2C,
5C, and 10C are alternated, with open-circuit re-
laxation in between, as shown in the top plot of
Figure 8. These highly dynamic conditions are
more challenging for battery simulation as the
requirement for temporal resolution is high.
Figure 8(b) and (c) shows the simulated and
measured results for pulse tests at 25 and 01C with
the initial battery SOC at 40 and 60%, respec-
tively. Again the model prediction closely matches
the experimental data. Of particular interest are
the pulsing cases at 01C. While it is widely ob-
served that lithium deposition occurs at high
rate, low temperature charging, its fundamental

mechanism has not been pinpointed clearly. One
hypothesis is that the negative electrode potential
drops to zero or even negative, thereby thermo-
dynamically favoring Li deposition. Figure 9 thus
plots the predicted and measured potential of the
negative and positive electrodes separately in these
pulsing cases for the initial SOC of 60%. Indeed, it
is seen in Figure 9(b) that the negative electrode
potential turns negative under 5C and 10C pulse
charge, indicating the onset of lithium deposition.
Post-mortem material characterization is currently
underway to verify whether lithium deposition
occurs under these circumstances.

5. CONCLUSIONS

An ECT model has been used to explore Li-ion
battery performance for HEV application. For the
first time, the model was validated against the
experimental data for a full cell as well as
individual electrodes under constant charge/dis-
charge and pulse conditions representative of
HEVs. Good agreement is found between model
predictions and experimental measurements ob-
tained using a 3-electrode cell equipped with an
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Figure 9. Model validation by experimental data for the
potential evolution of (a) positive electrode and (b) negative

electrode with initial SOC of 60% at 251C and 01C.
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internal thermocouple. The capability of the
present ECT model in predicting the negative
electrode potential opens the possibility to forecast
and prevent the conditions leading to Li deposi-
tion and hence capacity loss of automotive Li-ion
batteries. Future work includes addition of side
reactions to the present performance model so as
to capture degradation processes and develop a
predictive tool for the battery cycle life under
typical driving conditions. Finally, control strate-
gies for mitigating Li-ion battery degradation are
to be explored.
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