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Abstract

Thermal modelling for lithium ion batteries is important to evaluate battery thermal safety and to refine

battery thermal designs. To develop a reliable and efficient thermal model, the following key factors needs

to be addressed: the techniques to accurately determine the thermal parameters and heat generation rates,

the reasonably simplified thermo-electrical equations and the experimental validation. In this study, a new

transient method is developed to measure the thermal parameters of a large-format laminated battery. The

reversible and irreversible heat generation rates were measured for different states of charge and

temperatures. With the measured thermal parameters and heat generation rates, the temperature distribution

of the battery was predicted based on a thermal-electrical coupled model. The prediction was found in good

agreement with embedded-sensor experimental results.
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1 Introduction

Due to its high energy density and long cycle life,
Li-ion battery is the most widely used power
sources for the electric vehicles. Compared with
the Li-ion battery used in the commercial
electrical product like the mobile phone, laptop,
etc., the Li-ion battery for traction use usually
have much larger capacity. This increase in
capacity and size easily leads to the development
of temperature variation inside the battery. Under
severe conditions, local hot spots may emerge,
impairing durability and even triggering safety
problems. Simulation based on thermal models is
an important method to elucidate the processes

underlying the temperature distributions, to
evaluate battery thermal safety, and to refine
battery thermal designs.

Thermal modeling for different kinds of batteries
is of great interest in the literature. The basic
thermal equilibrium model is:

T
P, =V (KVT) g )

Where p is the density, C, is the heat capacity, T
is the temperature, k is the thermal conductivity
and g is the heat generation rate of the battery.
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1.1 Thermal parameters

Original thermal parameter measurement reports
for lithium ion batteries were not easily found in
the literature. Many researchers simply report the
thermal parameters without describing
measurement methods. Fleckenstein et al. have
shown that the nearly one-order magnitude
discrepancy of thermal parameters would lead to a
difference of one-order magnitude for the
predicted temperature gradient [1]. Thus, the
original methods to measure the thermal
parameters should be further explored to achieve
better prediction of battery thermal behaviour.

The heat capacity is generally determined by
measuring  the relationship  between the
temperature change and absorbed/dissipated

energy of the sample in a calorimeter. Maleki et al.

measured the heat capacity of an 18650 battery
using a transient cooling method in an adiabatic
calorimeter. Pesaran et al. measured the heat
exchange between a cell and a calorimeter using
heat flux sensors and the temperature difference
to determine the heat capacity.

The battery thermal conductivities can be
measured by both steady and transient methods.
Maleki et al. measured the parallel (in-plane) and
perpendicular (through-plane) thermal
conductivities of a three-layer stack, including a
piece of negative electrode, positive electrode and
separator using hot plate technique (HPT) and
xenon flash technology (XFT).

1.2 Heat generation rates

Heat generation inside batteries is a complex
process that requires a detailed electrochemical
model. The most commonly used model was
simplified from Bernardi model [2], as shown in

Eq. (2).

ou
—1U-V)-IT =
q=1U-V)-IT— 2

The first term is the irreversible heat including the
ohmic losses, charge transfer over-potential and
mass transfer limitations. The second term is the
entropic heat. Phase change and mixing heat
terms are neglected in the model. Various
measurement methods and modeling methods are
derived to define the heat source term in thermal
models.

1.2.1 Measurement methods

Various measurement methods were developed to
obtain accurate and reliable heat generation data.

The irreversible heat is a summation of activation,
concentration and ohmic losses. Over-potential
resistance is used to quantify the over-potential
for different currents. Onda et al. presented four
different methods to measure the over-potential
resistance, including measuring the voltage-
current characteristics of batteries during the
constant-current discharge, the difference between
the open-circuit voltage and the cell voltage, the
voltage change during the intermittent discharge
for 60 s, and the ac impedance [3].

The reversible heat rate is commonly determined
by measuring the open circuit potential (OCP)
variation with temperature at a fixed state of
charge (SOC). Long waiting time for the steady
OCP and the self-discharge during the waiting
time are two main drawbacks for this method.
Another measurement method is based on the
assumption that the entropy heat rate remains
constant in discharge and charge processes. Thus,
the reversible heat rate is calculated by
subtracting the charge calorimeter data from
discharge.

1.2.2  Modelling methods

Heat generation inside the battery is defined as a
source term of the thermal equation. The source
term was usually coupled with a simplified
electrical model or an electrochemical model.

Kim et al. presented an electric-thermal coupled
model to study the thermal and electrical
behaviour, optimize electrode configuration and
investigate combined effects of the electrical and
thermal contact resistances between current
collecting tabs and lead wires [4-8]. The heat
source term was defined as

qg=alJ(E,-E-T ddl?l‘_’°)+aprpi§ +ari’ (3)
where a, a,, a, are the specific areas, J is the
transferred current density, Eo is the open circuit
voltage, E is the cell voltage, r, and r, are the
resistance of electrodes, i, and i, are the planar
current density. The current densities were
calculated from a two-dimensional electrical
model.

The pseudo two-dimensional electrochemical
model (P2D) presented by Doyle was frequently
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referred to account for the electrochemical
behavior in a electrochemical-thermal model [9-
13]. The heat source term from the P2D model
was

i _ay,
0= 2 3yi5(6, ~4 ~Uy)+ Yai,T—
! ]

+0"'Vg, V4 +x"Vg, -V, + x5 Vine, -V,

(4)

The coupled electrochemical-thermal model was
used to study the temperature, current, potential
and chemistry concentration distribution for large
format lithium ion batteries.

1.3 Experimental validation

The predicted temperatures are validated by
experimental results to confirm the accuracy of
thermal models. Existing reports usually measure
the surface temperature by thermocouples or
infrared thermography. Hallaj et al. compared the
simulation results with measurement results from
a single thermocouple on an 18650 battery [14].
Kim et al. measured the temperature distribution
using infrared thermography to validate the
predicted temperatures [8]. However, direct
internal temperature validation is rarely found in
the literature due to the difficulty of inner
temperature measurement methods. Thermal
models are developed to study the temperature
distribution of the whole battery, especially for
the positions where measurement is difficult or
impossible. The lack of direct inner temperature
validation makes the prediction results
questionable.

In addition, the existing studies usually validate
the simulation results for different operation
conditions but only for one boundary condition.
Boundary conditions significantly influence the
temperature distribution and evolution during
operations. Thus, the validation experiment
validation should be conducted for different
boundary conditions to improve the sufficiency.

In summary, to develop a reliable and efficient
simulation model, the following key factors needs
to be addressed: the techniques to accurately
determine the thermal parameters, the model of
heat generation rates, the reasonably simplified
thermo-electrochemical  equations and  the
experimental validation with both internal and
external information.

In this study, we are trying to develop a thermal
model for a large-format laminated Li-ion battery

and validate it using information measured with
embedded thermo-couples [15].

2 Determination of thermal

parameters

Large-format lithium-ion batteries usually have
laminated structure and Al-plastic film packages.
These characteristics require specific method to
measure the thermal parameters:

(1) The battery core consists of many electrode
and separator layers, thus the difference
between the layers can be ignored and the
core can be simplified as the homogeneous
composite. The core equivalent thermal
parameters are defined to depict the overall
thermal properties.

(2) The core with layered structure has isotropic
thermal conductivities in perpendicular and
parallel directions. The isotropic thermal
conductivities  should  be  measured
simultaneously while the HPT method can
only deal with one direction.

(3) The thermal property of the Al-plastic film
significantly differs from the core. Besides,
there exists thermal resistance between the
film and the core. Therefore, the Al-plastic
film should be considered separately in the
measurement. The ‘serial and parallel’
calculation based on individual composition
properties is not well suited due to the
unknown resistance.

(4) The presence of electrolyte significantly
affects the battery thermal properties, and the
thermal parameters should be measured in-
situ to prevent electrolyte leakage and ensure
the measurement results representative of real
battery property. XFT is not applicable
because the method requires specially
prepared samples.

In summary, an in-situ measurement method
should be developed to simultaneously obtain heat
capacity, isotropic thermal conductivities and
thermal resistance between the film and the core
for laminated batteries.

A new method is proposed in this study to
measure the effective specific heat capacity and
the thermal conductivities of the laminated battery.
A planar heat source was attached to the center of
one surface, and the transient temperature
distribution on the opposite surface was recorded.
The temperature distribution in the tested
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structure was modelled using a finite element
model. In this model, the necessary thermal
parameters were initialized with the values from
literature. By comparing the measured and
simulated results, the accuracy of the thermal
parameters was quantified by a weighted root-
sum-square error criterion. Parameters were
estimated by minimizing the error criterion using
the general multi-objective optimization software
modeFRONTIER [3].

2.1 Experimental

Figure 1 is a schematic diagram of the
experimental setup. A circular ceramic heater (25
mm diameter and 1 mm thick) was placed
between two identical batteries. Heat-conducting
silicone grease was used to ensure the close
contact between the battery and the heater. The
two batteries were covered from upside and
downside by polyfoam with good thermal
insulation. Four thermocouples were located at
each interface of the battery and the polyfoam
insulation. The experimental setup was
sandwiched between two thin steel plates using
four threaded rods to hold the layers firmly. The
apparatus was placed in a furnace to minimize the
heat loss from the battery surface.

Polyfoam Insulation

Heate Bl B2 B3 B4
Battery B cater

Thermocouple r

Battery A
Al A2 A3 A4

Polyfoam Insulation

vz

Figure 1: Schematic diagram of the experiment setup
for thermal parameter measurement

2.2 Estimation Procedures

There are several assumptions to develop a
simplified thermal model.

(1) The battery core was assumed to be
homogeneous  with  equivalent  thermal
parameters.

(2) The heater diameter was small compared with
the battery size, thus the boundary effect of
heat conductivity was neglected. The
temperature distribution of the battery core
was assumed to be axially-symmetric during
the experiment.

(3) The heat flux was assumed uniform over the
heating area and equal between the two
surfaces.

(4) The polyfoam insulation could provide
adiabatic environment for the battery during
the experiment.

The simplified 2D symmetrical model of the
battery structure was shown in Figure 2.

" Core

> Film
z I Heat Flux
Boundary
Adiabatic
Boundary

Figure 2: Schematic view of the finite element model

Due to the axial symmetry of the model, the
plastic film and the core are respectively depicted
by two dimensional sub-models in this figure.

The governing equation of heat transfer can be
written as,

2 2
o, T o (@ LT 2T
ot o’ ror 0z° (5)
Where p is the mass density in kg m>, C, is the
specific heat capacity in J kg™ K™, k; is the radial
thermal conductivity in W m™ K™, k, is the axial
thermal conductivity, and T is the temperature.

In the area where the heater was placed, the
boundary heat flux was defined as,

B 0)

,2=0,0<r<r; (6)
Where q(t) is the transient power delivered by the
heater.

The heat flux between the film and the core was
assumed to be proportional to the temperature
difference,

Gn (1 2) = ATeore (1 2) = Teiy (1, 2)) (7)

Where: 4 is the thermal conductance between the
core and the film.

All outer boundaries except for the heater-battery
interface are assumed adiabatic as indicated in
Figure 2.

In the optimization procedure, the film thermal
parameters were estimated from known material
properties. The core specific heat capacity and
thermal conductivities as well as the thermal
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conductance were considered as variables and

needed to be estimated from the experimental data.

The basic process to estimate the parameters is to
minimize a weighted root-sum-square error
criterion S between the measured and the
calculated temperatures,

S=(Y-T)'W(-T) @®)

Where Y is the calculated temperature, T is the
measured temperature and W is the weight matrix.

The accuracy of the thermal parameters was
quantified by the criterion. The thermal
parameters were finally obtained at the moment
that the criterion reached the minimum.

These procedures were implemented with two
commercial software packages, COMSOL and
modeFrontier. COMSOL was used to simulate the
temperature distribution and evolution with the
inputs of different thermal parameters.
ModeFrontier was used to minimize the criterion
using optimization algorithms.

2.3 Results

Using the analysis procedures described in section
2.2, the thermal parameters of this cell could be
optimized via modeFrontier. The results are listed
in Table 1.

Table 1 Optimization results

Parameter 1E:lialtgi;nization IC{)Sstlilr;r;iszation
ke (W-m™-K™) 0~40 21

k, (W-m™-K™") 0~5.0 0.48
Cp Jkg" K™ 700~3000 1243
A (W-m?K") 100~2000 1300

The experimental and computational temperature
results are compared in Figure 3.
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Figure 3: Comparison of computational and
experimental results

The battery heat capacity was also measured by
an accelerating rate calorimeter (ARC) and a heat-
flow calorimeter (HFC). The ARC result was
1.05~1.19 Jg'K' at the temperature range
between 30~50 °C and the HFC result was 1.03 +
0.14 Jg'K™ at 25 °C. Both results show good
agreement with the value listed in Table 1.

3 Measurement of heat
generation rates

Heat generation inside batteries was divided into
reversible and irreversible parts in Bernardi heat
generation model [2]. In this study, the reversible
heat generation rates were estimated by entropy
coefficients while the irreversible parts were
guantified by over-potential resistances. Different
methods were used to measure the two heat
source terms. The total heat generation rates were
measured in an adiabatic calorimeter to validate
the separate measurement results.

3.1 Reversible heat

The reversible heat is attributed to the entropy
change of the lithium insertion/extraction
reactions. The rates of reversible heat generation
are defined as,

ok
=—IT — 9
QI’EV a-l- ( )
where OE/OT is the derivatives of open circuit

voltages (OCV) with respect to temperatures.
The OCVs were measured for 10<C, 15<C, 20T,

25<C, 30T and 35<C at a fixed state of charge
(SOC) as shown in Figure 4. The slopes of the
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fitted linear OCV-Temperature curves were
calculated as the entropy coefficients.
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Figure 4: The open circuit voltages for different
temperatures at SOC=10%

The entropy coefficients for different SOC were
measured as shown in Figure 5.

Three individual cells were used in the
experiments. The results in Figure 5 show good
agreement among the three cells.
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Figure 5: Entropy coefficients for different SOC

3.2 Irreversible heat

Various methods were developed to measure the
over-potential  resistance,  including V-l
characteristics, intermittent discharge/charge and
ac impedance.

V-I characteristics were obtained from constant
current charge/discharge tests at different current
rates and temperatures. The charge/discharge
curves were converted to the voltage—current (V-I)
characteristics as parameters of SOC and
temperature. The over-potential resistance was
then given by the slopes of the V-I characteristics
for various temperatures and SOC.

However, significant temperature rise was
recorded during charge/discharge for large-format
batteries even at low current rates, thus the
constant temperature assumption was no longer
valid for large-format batteries. This study
presented an alternative method using a small
model cell to eliminate the temperature rise. The
model cell consisted of only two pairs of active
electrodes with same chemistry composition. The
capacity of the model cell was 270 mAh and the
dimensions were 8 cm x 10 cm. Discharge test
results showed that the temperature rise of the
model cell was within 1<C for 2C current rates.
The over-potential resistance for large-format
batteries was calculated by

RAN, =R,AN, (10)

Where R is the over-potential, A is the active
electrode area, N is the number of active electrode
pairs, L refers to large-format batteries and m
refers to model cells.

The equivalence between model cells and large-
format batteries was validated by comparing their
area-specific electrochemical impedance spectrum.

The measurement over-potential resistance by V-I
characteristics at different SOC and temperatures
is shown in Figure 6.

0.030
0.025 4
0.020

0.015 4

Over-potential (Q)

0.010 4

0.005
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Figure 6: Over-potential resistance for different SOC
and temperatures

Measurement  results  from intermittent
charge/discharge and energy loss method showed
good agreement with results in Figure 6.

3.3 ARC measurement

Accelerating rate calorimeter is a kind of
adiabatic calorimeter. ARC can provide quasi-
adiabatic environment for the sample by
diminishing the temperature difference between
the sample and the chamber using sensors and

EVS27 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium 6



heaters. The heat generated by the sample is
guantified by the temperature increase of the
sample with known heat capacity.

A 25 Ah battery was discharged at 1C rate in the
ARC chamber. 12 thermocouples were attached
on the battery surface to detect the temperature
evolution. The heat generation rates were
calculated by the average temperature increase
rates. The measurement results were revised using
a first-order inertia model to eliminate the time
lag due to thermal conduction inside the battery.

The results in Figure 7 shows that the calculated
temperature increase rates from indirect methods
achieve good agreement with direct measurement
results by ARC. Thus, the experiment validated
the measurement results in section 3.1 and 3.2.

»  measuremnt
—— calculation, VI of model cell
— calculation, EM of model cell
06p ——calculation, Cl of 25Ah cell
calculation, EM of 25Ah cell

r r r r

I I
0 02 04 06 08 1
State of Charge, SOC, (-)

Temperature increase rate, (K/min)
o
~
T
!

Figure 7: ARC measurement result compared with
indirect methods

4 Model development

A thermal-electrical coupled model was
developed to predict battery temperature
distribution for different operating and boundary
conditions. The detailed layer structure of the
battery core is ignored to simplify the model.
Although neglecting the structural details, the
model considered the anisotropic thermal
conductivities. The core is assumed to be an
assembly of infinitely identical micro batteries.
Those micro batteries are electrically connect in
parallel [16].

In the thermal model, the temperature distribution
was calculated by the energy balance equation,
o1 oT |, oT | o°T
C,—=k +k +k +q (11
'Dpat XaXZ yayz zazz q()
where pC, is the volume heat capacity, ky, ky, k;

are the thermal conductivities, q is the heat
generation rate.

The heat generation rate can be expressed as,

] . OE
=i’r—iT— 12
q T (12)

. . . oE .
where r is the over-potential resistance and 8_T is

the entropy coefficient.

The over-potential resistance depends on SOC
and temperature while entropy coefficients vary
only with SOC. The relationships are determined
from measurement results in section 3,

r=f(SOC,T), 2—1E_ =g(SOC) (13)

Heat generation rates in tab areas are calculated
using tab material resistance,

q, =i’ry,q =i’r, (14)

In the electrical model, the current density and
SOC were assumed non-uniform, the definition of
local SOC in micro batteries is

ds i

dt C,

(15)

where s is the local SOC, i is the current density,
ci is the local capacity.

The micro batteries are assumed to be connected
in parallel, thus each micro battery shares the
same terminal voltage,

_E-E
I

(16)

where E, is the OCV, E is the terminal voltage, r;
is the local over-potential resistance.

The discharge current is the integration of the
current density over the core,

| ::4]]]idxdydz (17)
\Y

where | is the applied current.

The boundary conditions are defined as
q =h(T-T,) (18)

where h is the convection coefficient and Ty is the
environmental temperature.

The initial conditions are defined as
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SOC=1.0,T =T, (19)

5 Experimental Validation

The accuracy of the coupled thermo-
electrochemical battery model as well as the
thermal parameters and the heat generation rates
needs to be validated with experiment. An
adequate  validation  requests  information
measured both on the surface of and inside the
battery. However, in most of the previous
validation, only the surface temperature, usually
at one location was used to validate the models.
The scarcity of internal information hinders the
accuracy of the model validation, leaving its
predicting capability questionable.

In this study, an embedded-sensor method was
developed to measure the temperature at multiple
locations inside the battery. The embedded-sensor
positions (A1~A12) are shown in Fig.3.

b5

Negative

. A3
&

Positive
—%,

Mgt A
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A5 n A6
1 (B5) :(BG)

Figure 8: Embedded-sensor locations

The validation experiments were conducted for
different discharge rates and different boundary
conditions, including natural convection, forced
convection and adiabatic. The simulated
temperature distributions were in good agreement
with the experimental results.

Figure 9 shows the experimental and simulation
temperatures of Al and A4 for 1C discharge in
adiabatic environment.

50 4

- - Experimental A1

- - Experimental A4

—— Simulation A1 '
Simulation A4

45

40

35 4

Temperature (°C)

30 1

Time (s)

Figure 9 Temperatures of Al and A4 for 1C discharge
in adiabatic environment

6 Conclusion

A new transient method combined with finite-
element-based modelling and optimization for
determining the thermal parameters of large-
format laminated Li-ion battery was developed.
The heat generation rate of the battery was
measured under different temperature and SOC.

The measured thermal parameters and the
calculated heat generation rate were incorporated
into a thermal-electrochemical coupled model to
predict the temperature distribution of battery
under different operating and boundary conditions.

The model was validated by comparison with the
experimental data from multiple embedded
thermocouples. There was a good agreement
between the simulation and experiment results.
The direct measurement of internal temperature
with embedded sensors can also provide useful
information for improving battery thermal design.
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