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Abstract

Since power capabilities of solid polymer lithium batteries can only be delivered above 60 °C, the thermal management in
electric-vehicle applications has to be carefully considered. Electro-thermal modelling of a thermally insulated 200 kg battery
‘was performed, and electrochemical data were obtained from laboratory cell impedance measurements at 20 and 80 °C. Starting
at 20 °C as initial working temperature, the battery reaches 40 °C after 150 s of discharge in a 0.5 Q resistance. At 40 °C,
the useful peak power is 20 kW. The energy expense for heating the battery from 20 to 40 °C is 1.4 kWh, corresponding to
6% of the energy available in the battery. After a stand-by period of 24 h, the temperature decreases from 80 to 50 °C,

allowing efficient starting conditions.
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1. Introduction

Thin-film polymer electrolyte lithium batteries have
received much attention during the last ten years [1-4]
and large developments are in progress worldwide,
especially in the application of electric vehicles. The
large energy density provided by the lithium anode
combined with an all-solid-state configuration, giving
safety and durability and allowing automated manu-
facturing processes, are the main advantages suggested.
However, diffusion kinetics in the polymer electrolyte
and charge-transfer resistances at the lithium/electrolyte
and cathode/electrolyte interfaces at low temperature
limit the battery power density. Since the temperature
dependence of the impedances is high, thermal man-
agement in large-scale batteries has to be carefully
considered and the working temperature will be in the
50-100 °C range.

Modelling of lithium batteries (liquid or polymer
electrolytes) has been reported by several groups. West
and co-workers have studied the dynamics of the com-
posite insertion electrode, taking into account, in a first
time, the salt concentration gradient of the electrolyte
contained in the cathode {5], and in a second
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time, the charge transfer and Li* diffusion in the
insertion material [6]. More recently, Doyle et al. [7]
used the concentrated solution theory in their simulation
of the electrolyte phase. Lithium, polymer electrolyte
and composite cathode electrochemical phenomena
were all included in this general model.

Munshi and Owens [8] investigated the influence of
the polymer battery configuration on their performance
like energy density, pulse power density and sustained
power density. They assumed that the internal battery
resistance was governed by the electrolyte resistance.

Finally, results of the thermal behaviour of a 400 kg
lithium polymer battery, proposed for an electric-van
traction, were given by Kapfer et al. [9]. The heat loss
and the total energy efficiency for this configuration
were assessed but the dynamic behaviour was not
described.

Following the previous works mentioned above, this
paper describes in a first approach an electro-thermal
modelling of a 200 kg lithium polymer battery. The
main objective is to give some information on the
available power and its thermal behaviour during starting
and resting periods.
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2. Model assumptions
2.1. Electrochemical data

A macroscopic approach is considered for this model.
The electrical parameters used result from the elec-
trochemical battery behaviour, investigated on labo-
ratory cells by impedance spectroscopy. The Randles
equivalent circuit shown in Fig. 1 has been proposed
to describe the lithium battery response to an alternative
voltage. R, is the ohmic resistance of the electrolyte
and current collector, Cy is the double-layer capacitance
at the cathode/electrolyte and lithium/electrolyte in-
terfaces, R, is the charge-transfer resistance, and Z,,
is a complex impedance arising from the diffusion of
Li*, often known as the Warburg impedance. When
the impedance spectroscopy technique is used in the
frequence range from 10° to 1072 Hz, R, R, and Z,,
can be obtained from the complex impedance repre-
sentation as shown in Fig. 2.

In order to obtain these parameters experimentally,
laboratory lithium polymer batteries were set up. The
polymer electrolyte was a complex of modified
poly(ethylene oxide) (PEO) and a lithium salt. The
cathodic material was a commercial grade V,0,.
Both polymer electrolyte and composite cathode
(V,05+PEO +C) films were prepared by the solvent-
casting method and hot-pressed with a lithium anode
after drying in a glove box. The cell active area was
7 cm?, Electrolyte and cathode thickness were respec-
tively 150 and 80 um.

Impedance plots on the complex plane of such a
lithium polymer cell at 20 and 80 °C are shown in Fig.
3. R, and R_, were obtained from these results according
to the Randles equivalent circuit mentioned before.
The temperature dependence was described with an
Arrhenius behaviour. The problem of the diffusion
limitation occurring after a few minutes of discharge
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Fig. 1. Randles equivalent circuit of the lithium polymer battery:
R.,=ohmic resistance; Cq=double-layer capacitance; R, =charge-
transfer resistance, and Z, = Warburg impedance.
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Fig. 2. Complex response of the Randles equivalent circuit with
impedance spectroscopy.
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Fig. 3. Impedance plot of a 7 cm? lithium polymer battery in the
10°-10~2 Hz range: (a) at 20 °C, and (b) at 80 °C.

and represented on the impedance plot at low fre-
quencies is more difficult to assess. As the purpose of
this work is not to give a simulation of the full discharge
but only during the first minutes, we considered that
the diffusional resistance (R ) was described by the
following equation:

Raie=R 3 11710¥D (1)

where ¢ is the time of discharge, T the temperature,
and B a constant calculated from the experimental
data.

Then, the global internal resistance (R) of the battery
is given by:

R=R.+R,+Ryy 2

The electronic current collector resistance is not con-
sidered, nor the increase in the electrochemical internal
resistance versus cycling. This should be introduced in
the next step of the modelling when experimental data,
after cycling, are available.

2.2. Battery configuration

The single-cell weight is 2 kg with an energy density
of 120 Wh/kg. The voltage used for the power calculation
is 2.5 V, corresponding to 50% depth-of-discharge. The
film thicknesses considered for the model are: 80 um
for the cathode (60 wt.% V,Os, 33 wt.% polymere, 7
wt.% C), 50 pm for the electrolyte, 30 um for the
lithium, 5 um for the cathode nickel collector, and 5
um for a polypropylene layer. This gives rise to an
electrochemical surface are of 6.0 m? with an average
cell gravimetric density of 2 g/cm® The battery is
obtained by stacking 100 of these elementary cells in
series. Therefore, the stored energy is 24 kWh with a
mid-discharge voltage U of 250 V. The electrochemical
parameters extrapolated from experimental laboratory
cells to this configuration are shown in Table 1.
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Table 1
Electrochemical parameters adopted for the model

Symbol Parameter Model assumption
o(S/cm) Electrolyte conductivity 2X107% at 20 °C
5x10~* at 80 °C
R (£} cm?) Total charge-transfer resistance 800 at 20 °C
40 at 80 °C
R%#(02 cm?¥/s%) Diffusional resistance constant 50 at 20 °C
' 10 at 80 °C
uw) Mid-charge battery voltage 250
R(Q) Total electrical battery resistance 1.848.5xX 1022 at 20 °C
0.085+1.7x10"%'2 at 80 °C
Table 2

Heat capacities of the single cell materials

Material Heat capacity Weight content
(J/(kg K)) in the battery
(wt.%)
V205 700 340
Nickel 420 13.6
Polymer electrolyte 1460 41.6
Lithium 3500 53
Polypropylene 1500 15
Graphite 690 4.0

During the warming up, the thermal energy is de-
livered by the battery itself, discharging at a constant
0.5 £ resistance (Z) located within the insulation case.

2.3. Thermal data

The heat capacity and mass proportions of the dif-
ferent materials included in the battery are listed in
Table 2. The average heat capacity C, is 1340 J (kg K).

The thermal insulation considered is 5 cm thick (/;)
with a thermal conductivity (A,) of 0.015 W (m K). As
the battery volume is 100 ], this insulated case is 1 m
long, 0.5 m large and 0.2 m high, giving rise to a 1.6
m? surface area (S,). Heat runaway is assumed to occur
across the insulation case and by external copper col-
lectors, which are 0.1 m long (/) with a thermal
conductivity A, of 700 W (m K), and which have a
cross section of 100 mm 2 (§,), allowing a current
intensity of 500 A. Internal cooling system, including
a heat exchanger and a cooling vent are not provided
in this model.

3. Results

The temperature evolution is obtained from the
thermal equation:

UP(R+Z) = M Su(T = T/l = A ST = T )M,
= Mc,, dT/dt ®3)

where T is the battery temperature, T.,, the external
temperature and M the battery weight.

The battery temperature during the warming up is
shown in Fig. 4. The temperature of 40 °C is obtained
after 150 s for an initial battery temperature of 20 °C.
The constant T.,, is 10 °C.

The evolution of the maximal useful power (U%/4R)
is shown in Fig. 5, with a temperature fixed at 80 and
40 °C. At the beginning of the discharge, the power
reaches 120 kW at 80 °C, corresponding to a pulse
power density of 600 W/kg. It still is 20 kW at 40 °C,
high enough for an electric-vehicule starting. According
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Fig. 4. Battery temperature evolution during warming up; external
temperature is 10 °C.
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80 °C, and (—o-) at 40 °C.
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to this fixed temperature condition, the power decreases
while discharging, but remains reasonable during the
300 first seconds.

The energy expense for heating the vehicle during
the warming up is presented in Fig. 6. For a 20 °C
temperature increase, 1.4 kWh are expended, i.e. 6%
of the energy available in the battery. This is in good
agreement with the results obtained by Kapfer et al
{9].

In Fig. 7, the evolution of thermal losses, due to the
insulation case and external collectors, shows that main-
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Fig. 6. Energy expense for the battery heating.
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Fig. 7. Thermal loss vs. battery temperature; external temperature
is 10 °C.
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Fig. 8. Battery cooling vs. time; external temperature of 10 °C.

taining the temperature of 40 °C, with an outside
temperature of 10 °C, would require 60 W, ie. 1.4
kWh for 24 h, representing 6% of the stored energy.
Inversely, it can be observed on the cooling curve of
Fig. 8 that, out of operation, the temperature would
decrease from 80 to 50 °C after 24 h, allowing efficient
starting conditions.

During normal discharging conditions between 60
and 80 °C, the thermal management must allow the
battery to be cooled, while thermal losses will be lower
than the thermal power dissipated by the battery. For
a 10 kW useful battery power, under the electrochemical
model assumptions, the battery thermal losses will be
near 100 W, easy to remove with an appropriate cooling
system.

4. Conclusions

Although this work does not pretend describing the
actual lithium polymer battery behaviour during the
full discharge, it suggests that their electrochemical
characteristics, related to the thermal battery environ-
ment, can fullfill the electric-vehicle requirements, re-
garding the thermal-management problem. Warming
up could possibly bé boosted with an auxiliary power
source if the external temperature is too low. Further
improvements of this model need to be assessed, such
as power decrease with cycling, temperature gradient
within the battery case and optimization of electro-
chemical assumptions. Particularly, actual diffusion lim-
itations after several minutes of discharge should be
evaluated more accurately.
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