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Abstract: In this paper, we investigate distributed thermal-electrochemical modeling of a Lithium-Ion
battery cell to include the effect of temperature distribution across the thickness of the cell as a first step to
study the module level temperature distribution at high charging rates. Most recent works have focused on
lumped thermal models for a Li-Ion cell which ignore any temperature differential across cell thickness.
However, even a small temperature differential across cell thickness at the cell level can contribute to
significant temperature differential in the thickness direction of stacked-up Li-Ion cells at the module level.
Such temperature differential can potentially impact the battery charging control system, especially at high
charging rates. Here, the thermal-electrochemical partial differential and algebraic equations for a Li-ion
cell are solved via a spatial finite difference method. Simulation results show that the temperature
differentials over the cell thickness at the cell level are not insignificant, particularly at high charging rates.

1. INTRODUCTION

Lithium-Ion batteries are a major focus for developing
advanced energy storage systems, particularly for use in the
transportation sector. These batteries possess a number of
characteristics that make them well suited for automotive
applications, namely high energy density, high discharge
power, low memory effect resulting into good cycle
performance and battery life. Further advancements in these
performance characteristics are limited by electrochemical as
well as thermal capabilities of a lithium ion battery module.
Recent events of battery failures due to thermal runaway with
LiCoO, chemistry in aircraft applications further confirm the
challenges that lied ahead. Such challenges cannot be fully
addressed without a comprehensive understanding of the
battery’s electrochemical and thermal behavior under a wide
range of operating conditions.

The majority of the work related to the thermal modeling of
Lithium-Ion batteries previously focused on lump parameter
models. While this assumption of uniform temperature
distribution across cell thickness is reasonable for a single
cell, the same is less likely to hold good for a module where a
number of cells are stacked together. Wang et al. (1998)
presented a micro-macroscopic coupled model for batteries
and fuel cells. No thermal model for the battery was
presented in this work. Chaturvedi et al. (2010) discussed
electrochemical model based algorithms for Li-lIon battery
management systems while Klein et al. (2013) presented an
electrochemical model based observer design that included
lumped thermal model for a Li-Ion cell. Rao and Newman
(1997) developed a general energy balance equation for
insertion battery system that captures heat generation
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mechanisms. This model is based on lumped parameters with
average temperature of the cell as the state variable. Gu and
Wang (2000) presented a distributed thermal model with
associated heat generation mechanism in a Li-lon cell.
However, the model was then simplified to lumped parameter
model which ignored any temperature differential across the
cell thickness. The average cell temperature was then used in
an Arrhenius type equation to update the electrochemical
model parameters. Thomas et al. (2002) analyzes the
Bernardi’s thermal model for Lithium Ion cells developed via
a general energy balance for electrochemical systems.
However, this is a lumped parameter model with respect to
cell temperature. It also uses volume averaged parameters
and aggregate of state variables to determine average cell
temperature. Chen et al (2005) presented a distributed
thermal model and analysis between ten different
approximations the original 3D model in order to estimate the
accuracy of those models. However, they used experimental
data to obtain necessary information for computing the heat
generation rate. Kumaresan et al (2008) used a lumped
parameter thermal model of a Li-lon cell to predict the
discharge performance at different operating temperatures.
They compared the simulation results with experimental data
for Li-Ion pouch cell (prismatic). Cai and White (2011) used
COMSOL to study the thermal effects on the cell behavior
during galvanostatic discharge process with and without a
pulse. Although the open circuit potential of the cell and a
few other parameters were updated as a function of
temperature change, thermal behavior of the cell during
charging was not studied. Khateeb et al (2004) provides an
innovative design of phase change material thermal
management system of a Li-Ion battery for electric scooter
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application that did not use any cooling fan. Their analysis
used nine LiFePO, based cell for the module with only
natural convection which was claim to provide sufficient
cooling of the battery for such applications.

As indicated earlier, a comprehensive understanding of Li-
Ion battery thermal behavior can potentially offer efficient
ways to design battery management systems via optimization
of charging and discharging control algorithms. In this paper,
we combine the distributed thermal model of a Li-lon cell
with the electrochemical model to obtain the heat generation
rate and then investigate the effect of temperature distribution
in a Li-lon cell. Investigation of the temperature differential
in the thickness direction at module level is currently
underway which builds on the findings of the current work.

2. MODELING OF LITHIUM-ION CELL

A majority of electro-chemistry based Li-lon battery models
utilize simultaneous computation of concentration and
potential fields of electrode active materials and electrolyte.
Doyle et al (1993) presented a model for a lithium ion cell
that consists of porous electrodes and a separator. This model
was based on concentrated solution theory (1975). Many
other Li-Ion battery models were presented based on Doyle’s
work that included additional aspects of concentrated solution
theory and porous electrode theory, and had good
performance in capturing battery electrochemical kinetics
(Fuller et al., 1994a, 1994b), (Doyle et al., 1996), (Thomas &
Newman, 2003), (Arora, et al., 2000), (Ramadass et al., 2003,
2004), (Ning et al., 2006), (Botte et al., 2000), (Gomadam et
al., 2002), (Santhanagopalan et al., 2006). Circuit based or
empirical Li-lon models have been well studied in the
literature, but they do not capture the electro-chemical
kinetics at various operating conditions. Hence we have
adopted an electro-chemistry based Li-lon model for
improved accuracy. Volume-averaging along  with
polynomial approximation for the solid phase concentration
dynamics has worked well, especially for the temperature
distribution within a cell (Balakotaiah & Chakraborty, 2003)-
(Chang & Balakotaiah, 2003). The electrochemical model of
a Li-Ion cell presented in (Chaturvedi et al., 2010) and (Klein
et al., 2013) follow a similar method and is leveraged in our
distributed model development. The following sets of partial
differential equations represent such a model.
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where D, D; are effective Diffusion coefficients of
electrolyte and solid phase, c., csj Csj are Lithium
concentration in electrolyte, active material of electrodes, and
surface of solid particles, €., & are volume fractions of
electrolyte and solid phase, r, x are radius of particle,
thickness direction variable, T, R, F are temperature,
universal gas constant, Faraday’s constant, ¢, ¢ are potential
in the electrolyte and in the solid phase, i, ip; are ionic
current in electrolyte and exchange current, t°., f.,, o, O are
model parameters, n; is the over potential for main reaction,
Jnj 1s the molar fluxes between active electrode material and
electrolyte, o, k are ionic conductivities of the electrode and
electrolyte, U, I are Open circuit potential between of active
electrode material, Current flow through separator. The
thermal model that can be integrated with the above
electrochemical model equations is given by (Gu & Wang,
2000) the following equations:

aT —
Precore (5L + 0 YT ) = =Y. @i + Tipecies TS ()

where 2, h, ¢, are thermal conductivity, surface heat transfer
coefficient, specific heat at constant pressure, k represents the
phases (e.g. solid, electrolyte). Now the convection term (2™
term on left side of the above equation) is generally small due
to the fact that the species velocities are very small and that
the cell is very thin further limiting the species velocities. As
a result this term can be neglected (Gu & Wang, 2000). Thus
the above thermal model can be reduced to the following
equation:

PrCpk (a;t ) = —Y(I_k + Zspecies sz-]_k (€))

The right side of the above equation represents heat
generation and conduction which can be rewritten as (Gu &
Wang, 2000):

aT;,
PrCpk ( ot

The first term on right side of the above equation accounts for
heat conduction while the second term represents the heat
generation. Using representative elemental volume (REV) for
each species, the above thermal model can be re-written as
follows:

<a(pcpT)

) V. (4 VTy) — i Vo

2D) v (awr) 44

PCp = Xk EkPrCpk A= Ek(liff'i'la,k) 4)

q =_Zjasjinj ((]j_TaUJ)+Z]aSJln](¢se ¢es)+
eem Zm(Bh i) = Tiess (< 1 > V< b >)  (5)

6259



19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

Where, Ah* = (hy, — hp) + (cpr — Cpm )T

2.1 Integration of Thermal Effects into Electrochemical
Model for Lithium lon Battery

According to the most prevalent literature, a number of Li-
Ion battery model parameters are subject to significant
variations with respect to varying temperature within the cell
(Klein et al, 2013). In particular, the ionic conductivity in the
electrolyte and the electrolyte diffusion coefficients are
strong functions of temperature for LIB. One possible way to
include thermal effect into the electrochemical model is to
use an Arrhenius type equation:

P = Dyef e[Eafet'p(Trlef_%> (©)

The temperature distribution can be averaged over the
volume of LIB cell in order to use the lumped Arrhenius
equation for parameter update. The block diagram in Fig. 1
can be used to integrate the thermal aspects into the
electrochemical equations.

Heat Generation, q

Thermal Li-lon
Cell Model

Electrochemical Li-lon
Cell Model

Parameter Update
via Temperature

Figure 1: Electrochemical model parameter update
base on temperature via Arrhenius equation.

2.2 Model Reduction to 1-D Case

A reasonable assumption is that the temperature differential
is present only in the thickness direction of the cell. While
some papers assume the absence of such a differential for a
cell, it would be less accurate for a Li-lon module where the
cells are stacked against each other. Even a small temperature
differential across the thickness of the cell may result into
appreciable temperature differential across the module.
Keeping this in mind we reduce the thermal model to only x
direction which is the direction of cell thickness. The
electrochemical model presented previously is already a 1-D
model.
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v
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Figure 2: 1-D spatial discretization of Li-lon cell.
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We would like to utilize finite difference method in the
spatial domain by discretization which will render the above
PDE to a set of ODE’s. Each of the electrodes and the
separator are discretized spatially in a finite number of
elements. Assuming that the spatial domain (x) is discretized
in N number of elements and that the thermal conductivity is
constant over the discrete element, we obtain the following
set of ODE’s:

Ti4a—2Ti4Tig
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( o ) = A @) +q; wherei=12,.N
(®)

The initial and boundary conditions are given by:
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The thermal properties of each element are computed based
on its location (either in positive or negative electrode or
separator) using volume averaging of component properties
(e.g. LiCoO,, Liquid electrolyte, Graphite, Separator
material).

Now the heat generation term is given by:

q;i =

_ViifVi 2 Gsjin; (Uj - T%) dv + ViifVi X asjinj(Pse —
Ges) AV + - f, Bicam Em (B Tim) dv = - [, Bmes (<

i >.V< o >) dv (10)
Where V; is the volume of each element. Assuming that the

heat effect due to the electrical non-equilibrium is negligible
(Gu & Wang, 2000), we obtain:

VlifVi Zj asjinj(¢se - (»bes) dv = VlifVi Zj asjinj(< ¢s > —<
¢ >) dv (11)

Furthermore conservation of charge in both solid and

electrolyte phases requires that (Wang et al., 1998):
V.<ip>=—-V.<is >= ¥ a,jln;

(12)

Then the above term can be integrated by parts and can be
rewritten as:

—Viifvi V.< iy >< $pudv — Vlifvi V.< iy >< poodv =
. 1 .
—Lk=ets < I >< Py + V_ifyl. Dk=egs < i >. V< ¢y dv
;1 .
=—IxVy+ V_ifVi Yk=ets < ik > V< Py dv (13)

where Viel is the voltage drop across an element. The heat
generation term is then given by,
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1 . U ,
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As a simplifying approximation, we assume that the phase
transformation term is small and hence this term is omitted.
Thus the heat generation term can be written as:

1 . au; .
qi:_v_ifvi Y Asjing (Uj_ a—TJ)dU—I*VeLz (15)
The localized reactions for Li-lon battery are:

Anode:

Lio Lit+e”

Cathode:

Lit+e  + 65 o Li+ 0 (16)

Since there is only one pair of reaction, two further
simplifying assumptions are made: i) the OCP Uj is same for
the both reactions; and ii) the electrode reaction rates are
spatially uniform. The heat generation equation can then be

rewritten as:
i

. ut .
q=-Xjl (U]l —Ta—Tj) —1xVy

a7
Where, I; = VlifVi agjln;dv and Ujiis the OCP for element i
for j-th reaction.

Equations (1) and (8) in the previous section represent the
distributed thermal — electrochemical model. Additionally,
continuity of solution requires that:
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Since V; is elemental volume and the transfer current density
is assumed to be uniform over the area perpendicular to the
thickness direction, I; can be simplified as follows:

1 .
I = V_ifVi asjindv

1 . 1 pAx .
I = V_ifVi asjin dv = Efo Agjinjdx (20)

When Ax is sufficiently small, the above relationship can be
rewritten as:

1 (A ) .
=5Jy asjingdx = agjin @D
Also, we note that:
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Comparing these two equations, we can write:

. 355,' .
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Additionally, i +i. =1L Viel can be computed as using the
original relationship as follows:

[ %V} = Ypcers < ix >< P> (24)

Both iy and ¢y are computed from the electrochemical model.

As indicated earlier, the heat capacity of each element is
computed via volume averaging based on location (e.g.
anode, cathode, and separator). However, the thermal
conductivity of each element is computed based on the
assumption that the materials (e.g. active material and
electrolyte) are collocated so that their equivalent thermal
conduction properties can be that of a layered structure (7).
The following equivalent thermal conductivity equation is
used for positive and negative electrodes.

Xk
' 2k €/ e

Since the separator is mostly filled with the liquid electrolyte,
thermal conductivity of the electrolyte is used for locations in
the separator region.

3. SIMULATION RESULTS

The simplified Li-Ion cell model in section 2 was simulated
using OpenModelica platform. We focused on charge /
overcharge input to the model. The cell chemistry was chosen
to simulate a Li-Ion cell with LiCoO, cathode with a capacity
of 6Ah. Three different charging rates were applied, namely
1C, 5C, and 10C rates. The cell thermal and electrochemical
parameters were obtained from (Smith & Wang, 2006) and
are shown in Tables 1 and 2, respectively. Additional data
can also be found in (Subramanian et al., 2009)-(Zhang et al,
2014).

The average surface heat transfer coefficient at cell
boundaries for natural convection in a Li-Ion cell is reported
to be in the range of 2-10 W/m?*/K (Chen et al, 2005). For the
current work, the average heat transfer coefficient at the cell
boundaries has been assumed to be 5 W/m?/K. The number of
elements in the spatial discretization for each of the zones
(i.e. negative & positive electrodes, and separator) is assumed
to be N = 5. The following values are assumed for R and F: R
=8.31, F =96485.

The temperature for each of the elements was simulated in
time. When the temperature of the element stabilized to a
steady state value for a particular charge rate, this
temperature was recorded for all elements. A spatial plot of
this steady state temperature was performed to visualize any
temperature differential across the electrodes and the
separator.
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Table 1: Thermal parameters of Li-Ion cell (LiCoO,).

For a very fast charging scenario, a 10C charge rate is applied
to the cell. The resulting temperature variation is shown in
figure 5 which shows significant temperature differential
along cell thickness. The range of temperature variation is
about 11 degree Celsius which has the potential of causing
significant deterioration at the module level if not actively
controlled by the battery management system. The sizable
temperature rise for 10C charging rates is tied to the
compounding factors of heat generation within the cell and
limited heat transfer to the ambient.

Parameter Neg.Electrode | Separator | Pos.Electrode
A, Wv/K 0.824 0.38 0.92

p, kg/m’ 1269.73 10424 1796.34
Cp, J/kg/m 1657.92 1999.4 1618.2
Thickness, m 0.000116 0.000035 0.00014
dU/dT, V/K 0.00022 0.00022

€ solid 0.643 0.556

€ 0.276

¢ electrolyte 0.357 0.724 0.444

Table 2: Electrochemical parameters of the Li-Ion cell.

Parameter |Neg. Electrode | Separator | Pos. Electrode
Ds 3.9E-14 1.0E-13
De 1.6E-11 7.5E-11 2.2E-11

1%, 0.363

R, 0.0000125 0.000008

o 323 0.6151

The temperature distributions, thus obtained, were then
plotted in the thickness direction of the cell and are shown in
Figures 3 through 5 for each of the charge rates. Figure 3
shows the temperature differential across the cell for 1C
charge rate.
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Figure 3: Temperature distribution at 1C charging
rate.

The variation in the temperature across cell thickness is very
small and can be ignored for most practical purposes.
However, when the charging rate reaches 5C, an appreciable
temperature differential is observed (Fig. 4). Although the
range of the temperature variation is within 3 degree Celsius,
this scale of temperature could easily be amplified when cells
are stacked up in a module.
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Figure 4: Temperature distribution at SC chargingrate.
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Figure 5: Temperature distribution at 10C charging
rate.

4. CONCLUSION

We developed a distributed thermal model of Li-Ion cell with
LiCoO, cathode based on electro-chemical equations in order
to study the temperature differential across cell thickness of a
Li-Ton cell. The distributed model was discretized in spatial
domain and solved for temperature distribution across cell
thickness for various charging rates. Simulation results show
that although the temperature differential was not significant
at low charging rates, there was appreciable differential of
temperature across cell thickness for rapid charge situations
such as 5C or 10C rates. These temperature differentials are
likely to grow larger when the cells are stacked up in a
module due to variations in thermal conductivity and heat
transfer coefficients at the cell interfaces. Such a study is
currently under way that involves module level distributed
thermal-electrochemical modeling of a Li-Ion cell.
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