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ABSTRACT

A multi-dimensional thermal and electrochemical coupled mode is
developed for Li-ion batteries. The model is capable of predicting the cell
internal temperature distribution as well as the average cell temperature
evolution. Numerical ssmulations are performed for alarge-size Li-ion cell
for electric vehicle applications. Comparisons between the coupled and
decoupled model predictions indicate the importance of thermal-
electrochemical coupling for accurate prediction of the thermal and
electrochemical behaviors of Li-ion batteries. Numerical results show that
large temperature gradients develop along the cell height, causing severe
non-uniformity in both electrode reaction rate and electrolyte
concentration distributions. Evolutions of cell potential and temperature
are found to be greatly affected by the thermal environment and the cell
aspect ratio.

INTRODUCTION

Performance and safety are two primary considerations in the design of advanced
lithium-ion batteries. The performance of a lithium-ion battery can be greatly influenced
by the therma environment, and its therma behavior is in turn determined by the
electrochemical and chemical processes occurring inside the cell during charge and
discharge. Significant temperature gradients may develop when a lithium-ion cell is
scaled up for electric vehicle (EV) and hybrid electric vehicle (HEV) applications and,
thus current and temperature distributions become two-dimensional.* Information on the
temperature distribution is essential to capture the hot spot that may trigger thermal
runaway thus leading to the failure of a battery.

While experiments are necessary to study the underlying physical chemistry of
materials used in lithium-ion batteries and evaluate the battery performance,
mathematical models based on first principles are useful in providing a fundamental
understanding of the internal transport phenomena and in aiding the optimization of
battery design. Fuller et al.? first developed an isothermal electrochemical model for a
dual-insertion lithium-ion cell and the model predictions were compared to the
experimental data with good agreement.®> Botte et a.* recently extended it to a non-
isothermal one with an exothermic side reaction taken into account. However, both
models are virtually one-dimensional and assumed a uniform cell temperature. Most
recently, Baker and Verbrugge' performed a two-dimensional asymptotic analysis to a



simplified lithium-ion cell system assuming secondary current distribution and linear
kinetics.

A general thermal-electrochemical coupled model® has been developed for battery
systems based on the previously developed micro-macroscopic modeling approach.? The
model is multi-dimensional and capable of predicting the temperature distribution inside
a cell as well as the overall cell temperature evolution. The model has been applied to
simultaneously simulate thermal and electrochemical behaviors of a Ni-MH cell. In the
present work, a two-dimensional thermal-electrochemical study is performed by applying
this generic model to the lithium-ion system. Solid-state species diffusion is taken into
account. As afirst step, no side reactions of chemical nature are considered for simplicity.
Numerical simulations are performed for alarge-size lithium-ion cell intended for EV and
HEV applications. Importance of thermal-electrochemica coupling will be illustrated by
comparing the coupled and decoupled model predictions. Finally, two-dimensional
behaviors of the cell will be numerically explored.

PHYSICAL MODEL

System Description

The lithium-ion cell of interest consists of the negative electrode current collector
(Cu), negative electrode (LixCe), separator, positive electrode (LiyMn,O4), and the
positive electrode current collector (Al), as schematically shown in Fig. 1. The electrolyte
isasolution of lithium salt in a non-aqueous solvent. Electrochemical reactions occurring
at the electrode/electrolyte interfaces are as follows:

Composite positive electrode

i
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Fig. 1. Schematic of alithium-ion cell and model representation.

The current is considered to flow through the tabs on the top of the two electrodes.
During discharge, the lithium ions insert into solid particles of the positive el ectrode and
de-insert from solid particles of the negative electrode. Lithium ion diffusion in the solid
phase and the electrolyte depletion in the positive electrode are two common limiting
mechanisms of cell discharge. Heat is generated within the cell and dissipated to the
surroundings in all directions. The worst case in practical situations is, however, that heat
is dissipated only through the tabs on the top. As aresult, atemperature gradient develops
along the cell height, thereby resulting in non-uniform electrode reaction rates.

Assumptions

i. No gas phaseis present.

ii. Concentrated binary electrolyteis assumed.® 2

iii. Side reactions, significant only at relatively high temperatures,® are ignored.

iv. Charge transfer kinetics follows Butler-Volmer equation.

v. lonic species transport in the electrolyte is by diffusion and migration only.

vi. The active electrode materials are made up of spherical particles with auniform size.
vii. Volume change during cell operation is neglected, resulting in constant electrode
porosities.

viii. The trangport of lithium inside the active material particles is by diffusion with a
constant diffusion coefficient.

ix. Interfacial chemical equilibrium exists in the electrolyte phase due to a large value of
the mass diffusivity of electrolyte.

X. Interfacial electrical equilibrium exists in both the electrolyte and solid active material
phases due to either large values of their electronic conductivities or asmall size of active
material particles.

MATHEMATICAL FORMULATION
With the above assumptions, a multi-dimensional electrochemical and thermal
coupled model for the considered system can be derived based on the previously
developed general modeling approach.>’ Thus, only the final model equations are

summarized below.

Electrode Kinetics

Reaction rates for insertion and de-insertion reactions 1 and 2 are assumed to follow
the Butler-Volmer equation,® namely

- a,F a;F
I =1q| €XP RT | —exp _Fnj [3]

where a, and ay; are the anodic and cathodic transfer coefficients of electrode reaction j,
F is the Faraday’s constant, R the universal gas constant, and T the absolute temperature
in Kelvin. The exchange current density, iqj, is a function of lithium concentrations in
both electrolyte and solid active material phases;®i.e.




i = K(Ce)™ (Comax =)™ (C) ™ [4]

where ¢ stands for the volume-averaged lithium concentration, with subscripts e and s
referring to the concentration in the electrolyte and solid phases, respectively, C.

represents the area-averaged solid-state lithium concentration at the electrode/el ectrolyte
interface, and Csmax IS the maximum concentration of lithium in the solid phase. The
constant, k, is determined by the initial exchange current density and species
concentrations. The local surface overpotential of reaction j, 7, is defined as®

nqu)s_qoe_uj_i_anf [5]

where Uj is the open-circuit potential (OCP) of electrode reaction j and Rs is a finite film
resistance on the electrode surface. The passive film, such as the solid-electrolyte
interphase (SEI) layer, is formed by irreversible side reactions on the electrode surface.
The film resistance was used as an adjustable parameter to get better agreement between
simulation and experiment.® Its origin has yet to be further explored.® Zero value of R is
used in the present work due to alack of clear physical justification for R;.

The OCP is a function of local state of charge (SOC) and temperature. It is usually
approximated as alinear function of temperature, namely

U, =U| .« "'(T_Tref)aau_-l-j [6]

where U; ¢ is the OCP at areference temperature. In the present work, expressions for the
open-circuit potentials of manganese dioxide and carbon electrodes at 25 °C as given by
Doyleet a.® are used, i.e.

U, =4.19829 + 0.565661 tanh[—-14.55466 + 8.60942]

— 0.0275479[1/(0.998432 — 6)****> —1.90111] [7]

—0.157123exp(—0.047386°) + 0.810239 exp[ —40(6 — 0.133875)]
and
U, .« =—0.16+1.32exp(-3.08) +10.0exp(—2000.06) [8]

where the local SOC, 6, is evaluated using the solid-state lithium concentration at the
electrode/electrolyte interface, i.e.

6=—= [9]

The linear temperature dependence of the OCP, dU,/dT, is not known for the
lithium-ion system and has been neglected as afirst approximation.*

Species Conservation Equations




Conservation of lithium ion in the electrolyte yields

o(e.c.)
ot
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= 0D Oc, )+ -

[10]

where t° is the transference number of the Li* with respect to the velocity of solvent.

Depending on the combination of electrolyte and solvent, it can be a function of the
electrolyte concentration. In the present work, a constant value of the transference number
of lithium ion is assumed.® The last term on the right hand side of Eq. 10 then vanishes.
The effective diffusion coefficient including the effect of tortuosity is evaluated by the
Bruggeman relation, i.e.

D' =Dl [11]
where D¢ is the mass diffusion coefficient of lithium ion in the electrolyte.

The second term on the RHS of Eq. 10 is proportional to j“', the transfer current
resulting from the lithium insertion or de-insertion reaction at the electrode/electrolyte
interface that consumes or generates the species Li*, namely

agl, intheLi,Mn,O, electrode
j“ =<0 in the separator [12]
aui , intheLi, C, electrode

where ag is the specific interfacial area of an electrode, with subscript 1 and 2
representing the manganese dioxide and carbon electrodes, respectively.
Conservation of lithium in the solid phase yields

[13]

Ds (o -cy) =] [14)

where |, is the microscopic diffusion length characterizing lithium diffusion in solid
active materials. Assuming that an insertion electrode is composed of spherical particles
with aradius of r, the diffusion length is expressed as’

r
| == 15
.= [15]
For the spherical morphology of an insertion electrode, the specific interfacial area of the
electrode is calculated by
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where &, &, &, and & are the volume fractions of solid active material, liquid €lectrolyte,
polymer matrix, and conductive filler, respectively.

Charge Conservation Equations

Conservation of charge in the electrolyte resultsin
O 0g )+ 0k Oine, )+ j- =0 [17]

This equation can be used to determine the electrical potentia in the electrolyte phase, @.
Here, the effective ionic conductivity is given by x* = kel® following the Bruggeman

correction for the tortuosity effect, while the diffusional conductivity, &' , is given by

2RTk dinf
k&= t°-1)| 1+ & 18
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where f. is the mean molar activity coefficient of the electrolyte. A constant value of f. is
assumed in this work due to a lack of experimenta data. The conductivity of the
electrolyte is strongly dependent on the electrolyte composition. For the electrolyte
consisting of LiPFg in a 2:1 v/v mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC), it was found that®

K =4.1253x107™ +5.007c, — 4.7212 x10°c?

[19]
+1.5094 x10°c? —1.6018x10°C;
Conservation of charge in the solid phase yields
O0do*0@)-j" =0 [20]

where the effective conductivity of the solid phase, o™, is related to the conductivity of
the active materials, g, by

o =£0 [21]

where s denotes the manganese dioxide and carbon electrodes, respectively.

Thermal Energy Conservation Equation

Without convection in the cell, the general thermal energy equation® reduces to
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where the heat capacity oc, and the effective thermal conductivity A can be calculated
from the corresponding component values, i.e.

Cp :zgkpkcpk [23]
k

and
A=Y g [24]
k

Note that the effect of tortuosity on the effective thermal conductivity is neglected in Eq.
24. The heat generation rate is expressed by®

i} U .
q=a4in| @ -@-U, +T—|+0"0g Mg
T [25]
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While the first term on the RHS of EQ. 25 represents the heat effect due to electrode
reactions, the second and third term result from the joule heating in the solid active
material and electrolyte phases, respectively. 0U,; /dT (or equivalently the entropy
change of the electrode reaction) has been neglected in practice due to a lack of
experimental data for Li-ion systems.™ * Such fundamental information is, however,
necessary in accurate prediction of the local heat generation rateinside a cell.

Thermal and Electrochemical Coupling

Temperature-dependent physicochemical properties, such as the diffusion coefficient
and ionic conductivity of electrolyte, are needed to couple the therma model with the
multiphase mass transport and electrochemical model. More specifically, the dependence
of the physiochemical properties on the temperature can be described by the Arrhenius

equation®°
E
cD = cDref exp aCt’(D_ i —1 [26]
R (Tg T

where ® is a general variable representing the diffusion coefficient of a species,
conductivity of the electrolyte, exchange current density of an electrode reaction, etc.,
with subscript ref denoting the value at a reference temperature. E,, , is the activation

energy of the evolution process of ®. Its magnitude determines the sensitivity of ® to
temperature.

The heat generation rate due to electrochemical reactions and joule heating are
calculated locally via the foregoing multiphase electrochemical model, and subsequently
be used in the thermal energy conservation equation to calculate the temperature field.
This temperature information is, in turn, fed back to update the electrochemical



calculations through temperature-dependent physicochemical properties. The thermal and
electrochemical behaviors of a battery are thus fully coupled via Egs. 25 and 26 as well as
Eq. 6, the temperature-dependent electrode OCPs.

Table I. Summary of model equations for a Li-Ion battery

Speciesin | d(e.c,) _ ot 1-t° ., i 0t
liquid phase | ~ ¢ __D[(De Dce)+ . Eq. 10
= Li
Speciesin 6(5503)21_ Eq. 13
solid phase ot F
D _ J‘Li
—(C, —cC,) = Eqg. 14
lo (Ce = C2) aF q
Liquid .
phase Ok 0g,)+ 0k Dine, )+ j5 =0 Eq. 17
potential
Solid phase off Ll —
Sotetia 0o 0g)-j" =0 Eq. 20
Temperature 6(,00 PT):DQDT+Q Eq. 22
ot
=agin| @ -@ -U +Tauj +0 Og M
R I R R %% Eq. 25
+ (k" 0@ Me +«5 Oinc, Ma,)

Summary of Model Equations

In summary, a total of five governing equations, i.e. Egs. 10, 13, 17, 20, and 22, can
be solved for the five unknowns: ¢, Cs, @, @ and T. An additional interfacial balance, Eq.

14, is provided to determine the interfacial concentration of solid-state lithium: Cg. The

model equations are summarized in Table |, subject to the following initial and boundary
conditions (for two-dimensional simulations).

Initial and Boundary Condition

Initial conditions— Uniform initial conditions are assumed, i.e.

[0}
e

C,=cCs,c,=c;andT =T° [27]

S

Boundary conditions — the computational domain includes the two current collectors, as
shown in Fig. 1. The electrolyte is confined within the cell and no reaction occurs at the
current collector surfaces, giving rise to

Li
o _and?% -0 [28]
on on




at all boundaries. Current is applied at the tabs on the top and heat is dissipated only
through the tabs (basecase) or through the sides as well as through the tabs, yielding
Table I1. Values of parameters used in the simulations”

Vaue

Symbol Unit Cu Anode | Separator | Cathode Al Ref.
Li Hm 10 128 76 190 15 1,3
0 glem’ 9.0 2.5 1.2 15 2.7 1
G JgK 0.381 0.7 0.7 0.7 0.870 1
K W/cmK 3.8 0.05 0.01 0.05 2.0 1
o Slem | 6.0x10° 1.0 0 0.038 | 3.8x10° | 1,3
& 0.357 0.724 0.444 3
& 0.146 0.276 0.186 3
& 0.026 0 0.073 3
I's Hm 125 8.5 3

Csmax | Mol/cm® 0.02639 0.02286 3
6° 0.53 0.17 3
Ds cm’/s 3.9x10™° 1.0x10° 3
io Alcm® 0.11x10° 0.08x10° 3

Qy, a; 05,05 0.5,0.5 3
U \ Eq. 7 Eq. 8 3

o mV/K 0 0

oT

Eacti, kJ/'mol 30 30

Eact,DS kJmol 4 20

Eact.o kJmol 0 0
c? mol/cm® 2x10°° 3
De cm?/s 7.5x10" 3
t? 0.363 3
K S/cm Eq. 19 3

Ea«:t,De kJ/mol 10

Eactx kJmol 20

" Vaues without areference are estimated values.
Aty =H,
g 9%
o if X <LgaOr X > L [29]
-A aT _ h(T -T,)
oy

At al other boundaries,



99, _
on

—Aa—T =h(T -T,)
On

[30]

where | is the applied current density, h the convective heat transfer coefficient, and Ta
the absolute temperature of surroundings. In Eq. 30, h is equal to zero when heat is
dissipated only through the tabs.

Numerical Procedures

The model equations summarized in Table | along with the initial and boundary
conditions given by Egs. 27 through 30 are numerically solved following the procedures
detailed in Ref. 7.

RESULTS AND DISCUSSION

Numerical ssimulations are performed on alarge-size lithium-ion cell designed for EV
and HEV applications. The cell height is 50 cm, a value similar to that used by Baker and
Verbrugge." Other cell geometric data are the same as those given by Doyle et a.® The
relevant material properties and electrode kinetics data are taken from their work and
listed in Table Il. The activation energies used in the present simulations are estimated
from the data used by Botte et al.*

Coupled vs. decoupled moddls

To demonstrate the need for athermal and electrochemical coupled model in order to
accurately predict the electrical and therma behaviors of Li-ion batteries, Figure 2
compares cell potential and temperature predicted by the coupled and decoupled models,
respectively. The decoupled model assumes that al physicochemical properties are
temperature-independent so that the electrochemica submodel depends upon temperature
only through the Bulter-Volmer equation, Eq. 3. The cell is adiabatically discharged at a
constant rate of 3C. A lumped thermal model is used for these simulations in view of the
fact that Biot number is equal to zero under the adiabatic condition, thereby justifying that
the lumped-parameter approach is applicable. The cell potentia and temperature
predicted under an isothermal condition are also plotted in the figure for comparison. The
decoupled model results are significantly different from the coupled ones, clearly
indicating the need to account for thermal-electrochemical coupling in a battery model.
Specifically, the decoupled model underpredicts the cell potential and overpredicts the
cell temperature. The depth of discharge (DOD) at the end of discharge predicted by the
decoupled model is the same as that in the isothermal case, while the coupled model
predicts an improved cell capacity, i.e. higher cell potential and greater final DOD, due to
improved electrode processes at €levated temperatures.

Figure 3 displays the partial and total heat generation rates during 3C discharge. The
total heat generation rate results from the electrode reaction and joule heating. Figure 3
shows that the decoupled model predicts a continually increased total heat generation
rate, while the coupled model forecasts a gradually decreased total heat generation rate
until the final abrupt rise due to the sharp increase of surface overpotential for the



electrode reaction at the end of discharge. Electrode reactions are greatly facilitated by the
increasing cell temperature. Species transport is also enhanced at elevated temperatures.
As aresult, the cell internal resistance decreases with DOD and hence the heat generation
rate decreases.
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The decrease in the joule heating with the Do cani we eapranvu uy uie v ounnn i
in species transport due to increasing temperature, as shown in Fig. 4. The species
concentration profile is more uniform in the coupled model than in the decoupled
model. This is because the species mass diffusivity increases with temperature in the
former case, facilitating species transport. The performance of a Li-ion battery can be
limited by lithium diffusion either in the electrolyte or in solid active materias,
whichever comes first. It is due to faster species transport at elevated temperatures that
the coupled model yields the superior performance mentioned earlier. The ionic
conductivity of the electrolyte is also a strong function of temperature. It increases with
temperature, causing a reduction in joule heating. Figure 5 shows that the decrease in the
surface overpotential contributes to the reduced heat generation rate due to electrode
reactions. It also indicates that the phase potentias are greatly flattened because of higher
ionic conductivity. As aresult, the electrode reaction rate becomes more uniform.

It can be concluded that the decoupled model yields significant errors in the
prediction of not only cell eectrica and therma performance but also the internal
concentration and electrode utilization. In what follows, the coupled model is used to
explore the two-dimensional behaviors of the Li-ion cell.

Two-Dimensional Behaviors

Figure 6 exhibits the cell potential and average temperature evolutions during 3C
discharge under various thermal conditions. The cell performance is bounded by two
limiting cases: isothermal and adiabatic conditions. The difference in the end DOD is
about 14% between the two. Compared to the isothermal case, the cell potentia is higher
and the final DOD is increased by more than 10% when the generated heat is dissipated



only through the tabs on the top, accompanying by about 40°C increase in the average cell
temperature. When the temperature of surroundings is high, the heat effect of side
reactions ignored in the present work may become significant.®> As a result, the cell
temperature will further increase and eventually cause therma runaway. Active thermal
management must be carefully considered in order for the large-size Li-ion battery to
operate safely. When heat can be dissipated through the sides of cell in addition to the
tabs, the cell temperature rise can be reduced within 15°C, with an equivalent
convective
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Fig. 6. Cell potential and average temperature Fig. 7. Effect of the aspect ratio (height/width) on the
evolutions during 3C discharge predicted by cell potential and average temperature evolutions
the 2D thermal-electrochemical coupled model. during 3C discharge. Cell width = 0.042 cm and heat
Cdll width = 0.042 cm and height/width = 1190. is dissipated only through tabs (hep — ).
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Fig. 8. Contours of the temperature, reaction current, and el ectrolyte concentration
at 45% DODduring 3C discharge. Cell width = 0.042 cm and height/width = 1190.
Heat is dissipated only through the tabs (hyy, — ).

heat transfer coefficient of 1 W/m?K for the side cooling. Heat dissipation via the sides
of cell becomes difficult in the case of a number of cells stacking together to meet the
specific requirements for EV and HEV applications. Nevertheless, it is much more
efficient because of the large cooling surface area available at the sides.



Figure 7 shows the effect of cell aspect ratio (i.e. height/width) on the cell potential
and temperature evolutions during 3C discharge. Smaller aspect ratio yields a smaller
temperature rise. For a fixed cell capacity, a reduction in the cell aspect ratio means a
relatively large cooling surface area available through the tabs on the top.

Temperature gradients develop along the cell height during discharge. The maximum
gpatial temperature variation within the cell is as high as 40°C at the 75% DOD, while it
is only 10°C at 15% DOD. Such a large temperature gradient results in severe non-
uniformity in the electrode reaction rate aong the cell height. The concentration of
electrolyte is no longer uniformly distributed along the cell height. Figure 8 displays the
contours of cell temperature, electrode reaction rate, and electrolyte concentration at 45%
DOD. Apparently, it is inappropriate to assume that the thermal and electrochemical
behaviors of alarge-size cell are one-dimensional in this situation.

CONCLUSIONS

A multi-dimensional thermal and electrochemical coupled model has been applied to
study the discharge of Li-ion batteries. The solid-state lithium diffusion was considered.
Local heat generation rate in the cell contributes to the electrode reaction and joule
heating in both solid and electrolyte phases. Numerical simulations were performed on a
large-size Li-lon cell for EV and HEV applications. Comparisons between the coupled
and decoupled model predictions indicated that a thermal and electrochemical fully
coupled model is necessary for accurate prediction of the thermal and electrical behaviors
of the Li-lon cell. Numerical results showed that large temperature gradients develop
within the cell along its height, causing severe non-uniformity in both electrode reaction
rate and electrolyte concentration. Two-dimensiona effects may not be ignored in large-
Size batteries. In addition, evolutions of cell potential and temperature are greatly affected
by the thermal environment and the cell aspect ratio.
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LIST OF SYMBOLS

specific surface area active for an eectrode, cm?/cm®

volume-averaged concentration of lithium in a phase, mol/cm?

area-averaged concentration of solid-state lithium over s-e interface, mol/cm®
specific heat, JkglK

diffusion coefficient of lithium species, cm?/s

activation energy, Jmol

Faraday's constant, 96,487 C/mol

mean molar activity coefficient of the electrolyte

equivalent convective heat transfer coefficient, W/cm?K

applied current density, A/cm?
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current density vector in a phase, Alcm?
transfer current density of an electrode reaction, A/cm?

exchange current density of an electrode reaction, A/ cm? ,

] reaction current resulting in production or consumption of a species, A/ cm
L cell width, cm

L thickness of cell component, pm

lse diffusion length of lithium from s-e interface into solid phase, cm
q volumetric heat generation rate, Jem[s

R universal gas constant, 8.3143 Jmol -K

R film resistance on an electrode surface, Q@m?

r radial coordinate, cm

rs radius of solid active materia particles, cm

T absol ute temperature, K

t time, s

t? transference number of lithium ion with respect to the velocity of solvent
U open-circuit potential of an electrode reaction, V

X coordinate along the cell width, cm

y coordinate along the cell height, cm

Greek symbol

Qa, a; anodic and cathodic transfer coefficients for an electrode reaction
£ volume fraction of a phase in the REV

n surface overpotential of an electrode reaction, V

7] local state of charge evaluated using surface concentration of lithium
K conductivity of an electrolyte, S/cm

Kb diffusional conductivity of a species, A/cm

A thermal conductivity, W/cm(K

0 density, g/em®

(o} conductivity of solid active materialsin an electrode, S/cm

Q volume-averaged electrical potential in aphase, V

) genera variable representing a physico-chemical property
Subscript

a surroundings

as anode/separator interface

ca current collector/anode interface

cc current collector/cathode interface

e phase of electrolyte

max maximum value

ref with respect to areference state

S solid phase

se solid/electrolyte interface

sC separator/cathode interface

Superscript



eff effective

Li lithium species
o] initial value
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