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Abstract

A three-dimensional modelling approach is used to study the effects of operating and ambient conditions on the thermal behaviour of a NESSCAP
2.7 V/3500 F ultracapacitor cell for a 42-V automotive electrical system. The rate of heat generation of the ultracapacitor during charge and discharge
is measured with a calorimeter. The transient temperature distribution of the ultracapacitor during cycling is obtained by using the finite element
method with an implicit predictor-multicorrector algorithm. The results show that the temperature of the ultracapacitor cell increases during the
first 50 cycles after which it reaches a periodic steady-state value that increases with increasing ambient temperature.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ultracapacitors, also known as supercapacitors, have the
potential to meet the increasing power requirements of energy-
storage systems for automotive applications [1]. Compared with
batteries, ultracapacitors offer higher specific power, higher
efficiency, and longer shelf- and cycle-life. The primary dis-
advantage of ultracapacitors is their low specific energy relative
to that of batteries [2]. Although ultracapacitors have gener-
ally been considered to be in competition with batteries for
use in automotive applications, a number of automotive power
networks have been proposed in which both are used [1,3-6].
In such a combined strategy, batteries support the bulk energy
requirements of the vehicle, whilst ultracapacitors are used to
provide the majority of the peak-current output and sink require-
ments.

42-V automotive electrical systems provide stop-—start,
launch-assist, and power-assist as well as new comfort and

* Corresponding author. Tel.: +82 31 219 2388; fax: +82 31 219 1612.
E-mail address: cbshin@ajou.ac.kr (C.B. Shin).

0378-7753/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2007.09.081

driveability ancillaries according to the configuration of the
electrical system [7,8]. A 42-V automotive power source com-
prising a module consisting of 2.7 V/3500 F ultracapacitors and
a36 V/20 Ah valve-regulated lead—acid (VRLA) battery is being
developed by a research consortium led by the Korea Automo-
tive Technology Institute. In order to ensure the durability and
safety of such a system, thermal modelling of the ultracapacitor
cell can play a vital role in maintaining the operating tempera-
ture and the temperature uniformity of the ultracapacitor module
within a suitable range. In this work, the rate of heat generation
of the ultracapacitor cell during charge and discharge is mea-
sured with a calorimeter. Then, based on this measurement data,
a three-dimensional modelling is carried-out to investigate the
effects of the operating and ambient conditions on the thermal
behaviour of a NESSCAP 2.7 V/3500 F ultracapacitor cell for a
42-V automotive electrical system.

2. Mathematical model

The external appearance of the NESSCAP 2.7 V/3500 F ultra-
capacitor cell is shown in Fig. 1. It is divided into three major
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Fig. 1. NESSCAP 2.7 V/3500 F ultracapacitor cell.

regions: the case, the core and the gas regions. The case is con-
structed from aluminum and its exterior surface is coated with
plastic. The core region is comprised of the stack of electrodes
and separators immersed in the electrolyte. There is a small
volume of gas above the core region and underneath the top
cover, where the positive and negative terminals and a vent are
installed. The following assumptions are made to simplify the
mathematical analysis of the problem.

(i) Because the liquid electrolytes are trapped in the porous
electrodes and separators of the core region, the convective
heat transfer in the core region can be neglected [9]. More-
over, the gas in the gas region is assumed to be stagnant,
because the gas region is sufficiently small for natural con-
vection to take place freely. Therefore, conduction is the
main mechanism of heat transfer in the cell.

(ii) In the cell, heat is generated due to ohmic losses in
the whole electric circuit and the charge and discharge
processes at the interfaces of the electrodes. This heat
generation is non-uniformly distributed, due to the hetero-
geneous structure of the cell from a microscopic viewpoint.
From a macroscopic viewpoint, however, the thicknesses
of each electrode and separator are very small compared
with the whole dimensions of the core region, so that heat
generation is uniform throughout the core region during the
charge and the discharge processes [10].

(iii) The effective thermal conductivities of the various com-
partments of the cell can be estimated based on equivalent
networks of parallel and series thermal resistances of the
cell components [9-11].

With the above assumptions, the transient three-dimensional
equation of heat conduction can be written as follows:

Poryr T Mo ) T Py ) T g
(D

where p is the density; C,, is the heat capacity at constant pres-
sure; T is the temperature; ¢ is the time; ky, ky, and k; are the
effective thermal conductivities along the x, y, and z directions,
respectively; Q is the heat generation rate per unit volume.
The physical properties used for the calculations are listed in
Table 1.

3. Measurement of heat generation

Since most commercial calorimeters are manufactured for
testing small cells (smaller than size C), a large, custom-made
calorimeter was used to measure the heat generated by the ultra-
capacitor during charge and discharge. The external appearance
of the calorimeter is shown in Fig. 2(a), whereas the inter-
nal configuration of the calorimeter is shown in Fig. 2(b). The
calorimeter consists of two chambers. The outer chamber plays
the role of a heat sink and is placed in a constant temperature
and humidity vessel to keep the temperature of the heat sink
constant. The vessel is controlled by a microprocessor with an
accuracy of +0.3 °C and £1.5% relative humidity, respectively.
The inner chamber, which can be seen in Fig. 2(b), contains the
sample. The outer and inner chambers are made of aluminum and
their approximate dimensions are 13cm x 8§ cm x 20cm and
28 cm x 21 cm x 32 cm, respectively. Large-gauge leads, which
generate a negligible amount of heat even at very high electrical

Table 1

Physical properties used for the calculations

Component Density (gcm™2) Heat capacity (Jg~! K™1) Thermal conductivity (W em ™' K—1) Reference
Case 2.7 0.89815 2.37 [12]
Activated carbon 0.7 0.7 0.05 [13]
Current collector 2.7 0.89815 2.37 [12]
Electrolyte 0.7793 223 0.0019 [12]
Separator 0.93 1.34 0.0011 [12]
Plastic coating 1.352 0.2635 0.0016 [14]

Gas 1.1774 x 1073 1.0057 0.02624 x 1072 [12]
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Fig. 2. Calorimeter used for measurement of heat generation: (a) external appearance and (b) internal configuration of the calorimeter.

currents, are connected to the sample through the top covers of
the inner and outer chambers. If the temperature of the sample is
different from that of the heat sink, heat flows between the for-
mer and the latter. Heat sensors (semiconductor thermoelectric
devices) are located between the sample enclosure and the heat
sink. For the calibration, an electrical heater of known resistance
is used to produce heat input rates that range from 1 to 100 W.

A battery cycle-life test system from Bitrode (LCN 6-100-12)
is used to charge and discharge the ultracapacitor. The system
provides voltages and currents of up to 18 V and 100 A, respec-
tively, with an accuracy of +0.1% of full scale. The charge and
discharge processes of the ultracapacitor consist of four steps.
The first step is a constant-current discharge mode that ends at
a given cut-off voltage. The second step consists of rest mode
for 7h. The third step is a constant-current charge mode that
ends at a given floating voltage. The fourth step is a constant-
voltage charge mode for 2 h. Normally, the current in the fourth
step is less than 1 A, in order to prevent overcharging. The pur-
pose of the fourth step is to enable the ultracapacitor to reach
a high state of charge or to refresh it. The constant-current
discharge and charge in the first and third steps, respectively,
are carried out with various currents, viz. 20, 50, and 100 A.
The heat generation data measured at 25°C are given in
Table 2.

4. Results and discussion

The transient temperature distribution of the ultracapacitor
was obtained using the finite element method. The computa-
tional domain was discretized into 6788 tri-linear hexahedral
elements that had a total of 7984 nodes. The finite element mesh
used for the calculation is shown in Fig. 3. The element mesh is
made denser around the region where steeper temperature gra-

dients are to be expected. The time integration was performed
using an implicit predictor-multicorrector algorithm [15].

For modelling the thermal behaviour of the ultracapacitor, a
test cycle was applied to an ultracapacitor module composed of
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Fig. 3. Finite element mesh of ultracapacitor cell.
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Heat generation data measured by calorimetry

Operation mode  Current (A) Time (s) Power (W) Heat generation (W)
20 569 22.6979  0.0718
Discharge 50 208 53.7447  0.1319
100 103 98.2752  0.1681
20 690 27.4661 0.1611
Charge 50 336 60.9078  0.1899
100 215 116.0779  0.2301
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Fig. 4. Test cycle for 42-V automotive electrical system.

18 2.7 V/3500 F ultracapacitors electrically connected in series.
As illustrated in Fig. 4, the test cycle consists of the following
four steps: (i) an idle-stop mode with a discharge power of 2kW
for 100s designed to operate all electrical ancillaries includ-
ing air-conditioning; (ii) an acceleration mode with a discharge
power of 6.5 kW for 2 s; (iii) a driving mode with a charge power
of 0.8kW for 254 s; (iv) a regenerative-braking mode with a
charge power of 2 kW for 5 s. In a42-V automotive power source
that consists of an ultracapacitor module and a VRLA battery,
the electrical loads will be distributed between the ultracapacitor
module and the battery during power cycling according to the
balancing algorithm of the electrical energy-management sys-
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Fig. 6. (a) Surface temperature distribution and (b) isothermal surfaces distri-
bution of cell after 50 cycles.

tem of the vehicle. In this study, the entire electrical load was
assumed to be carried by the ultracapacitor module, in order
to model the thermal behaviour of the ultracapacitor under the
most severe conditions.

Fig. 5(a and b) shows the temperature transition of the ultra-
capacitor at three different ambient temperatures of 10, 20, and
30 °C during the 10 and 100 test cycles of Fig. 4, respectively.
The solid curves are the temperatures at a point in the cen-
tral core region, whose coordinates are x=3 cm, y=2.6 cm, and
z=4.5 cm. The curves with open circles are the temperatures of
the terminal on the top cover. As shown in Fig. 5(a), the tempera-
ture of the core region responds sensitively to the heat generation
during charge and discharge, because the heat generation occurs
throughout the core region during the charge and discharge pro-
cesses [10]. By contrast, the temperature of the terminal responds
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Fig. 5. Temperature transition of cell during (a) 10 cycles and (b) 100 cycles. Solid curves are temperatures of core region and curves with open circles are temperatures

of terminal.



668 D.H. Lee et al. / Journal of Power Sources 175 (2008) 664—668

Table 3
Maximum and minimum temperatures for different ambient temperatures and
numbers of cycles

Ambient Number Maximum Minimum
temperature (°C) of cycles temperature (°C) temperature (°C)
10 16.64 14.10
10 30 19.28 17.84
50 19.56 18.16
10 31.64 29.09
25 30 34.28 32.84
50 34.56 33.16
10 46.64 44.09
40 30 49.27 47.84
50 49.56 48.16

less sensitively to the charge and discharge processes due to the
time lag required for heat conduction between the core region,
where the heat is generated, and the terminal on the top cover,
where the heat is dissipated to the atmosphere by convection.
During cycling, the temperature of the ultracapacitor increases
during the first 50 test cycles, after which it reaches a periodic
steady-state in which the heat generation due to charge and dis-
charge balances the heat dissipation through the surface of the
cell, as can be observed in Fig. 5(b).

The temperature distribution on the surface of the ultraca-
pacitor and the isothermal surface distribution in the interior of
the ultracapacitor at the end of the 50th test cycle are shown
in Figs. 6(a and b), respectively. The temperature around the
core region is higher than that near the top cover. Since the tem-
perature gradient is perpendicular to the isothermal surface, we
can estimate the direction of the heat flux, which is the same as
that of the temperature gradient shown in Fig. 6. The maximum
and minimum temperatures for the different ambient tempera-
tures and numbers of cycles are listed in Table 3. Both of these
temperatures are observed to increase with increasing ambient
temperature (as would be expected). Although the temperature
increases with increasing number of cycles up to 50 cycles, as
shown in Fig. 5(b), the increase is not significant after the initial
30 cycles, as shown in Table 3.

5. Conclusions

A three-dimensional modelling approach has been used to
study the effects of the operating and ambient conditions on the
thermal behaviour of a NESSCAP 2.7 V/3500 F ultracapacitor
cell for a 42-V automotive electrical system. The heat gener-
ation rates of the ultracapacitor during charge and discharge

are measured with a calorimeter. For the modelling, test cycles
consisting of idle-stop, acceleration, driving, and regenerative-
braking are applied. The transient temperature distribution of
the ultracapacitor during 100 test cycles is obtained using the
finite element method with an implicit predictor-multicorrector
algorithm. The results show that the temperature of the ultraca-
pacitor increases during the first 50 test cycles, after which it
reaches a periodic steady-state, and that it also increases with
increasing ambient temperature. The modelling presented in
this study may be useful for the development of a thermal-
management strategy for 42-V automotive electrical systems,
in order to maintain the operating temperature and the temper-
ature uniformity of the ultracapacitor module within a suitable
range.
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