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FOR AUTOMOTIVE APPLICATIONS

Part I: Replacement of Starter Batteries
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The DORNIER supercapacitors were developed in
the early 1990s, when there was an urgent de-
mand for highly compact capacitors for space ap-
plications. At that time, research activities con-
centrated on delevoping an electric short-time
power storage device to supply 40 watts of HF-
power for the micro-wave antenna of the Euro-
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pean Remote Sensing Satellite (ERS), which was
launched to observe global changes in the geos-
phere and atmosphere [1]. In the mid-90ies the
DORNIER research division was reorganized and
integrated in the DAIMLER-BENZ group. Since
then research has been focusing on improving
automotive and railway systems [2].
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FIGURE 0.1: Potential applications of supercapacitors in different market segments.



Supercapacitors, a spin-off development of space
research, have opened up and been integrated in-
to a broad range of mobility and communication
technologies (Figure 1).

The DORNIER supercapacitors are based on pre-
cious metal oxide hydrates, which have been
shown to be highly capacitive and low-resistive
materials for electrochemical cells [3, 4, 5, 6].
This paper deals with technical applications of
the DORNIER supercapacitors in automotive sy-
stems, describes details of the operating behavi-
or, and outlines short-term goals.

STARTING A CAR

In order to demonstrate the impressive power
and efficiency of a supercapacitor, we used the 30
V supercapacitor shown in Figure 0.2 to repea-
tedly start a MERCEDES C220 on a crisp spring
morning, at ambient temperatures of 12°C.
The battery was completly disconnected from
the starter, the supercapacitor completely repla-
cing the battery. This experiment made drasti-
cally higher demands on the supercacitor than
the mere starter battery support, which might
be a requirement for future electrical systems in
automobiles.

The characteristics of the capacitor used were as
follows:

Total stack Single cell
Dimensions |33 x 33 x 5.7 em |30 x 30 x 0.075 cm
Cross-sect. 1089 cm? 900 cm?
area
Volume
— total 6.2¢ ==
— active 2.03¢ 0.068 ¢
Mass 10 kg 0.22 kg
Endplates 3.5kg —
Density 1.6 g/cm® 3.2 g/cm?®
Voltage 30V L0V
Capacitance 65 F 2.2 F/cm?
Th. Energy | 29 kJ (8.1 Wh)

1.3 Wh/¢ 4.0 Wh/¢
0.8 Wh/kg 1.3 Wh/kg

Figure 0.3 shows the the transients of capaci-
tor current I(t) and voltage U(t), which were
recorded during the start-up using an oscillosco-
pe. The mean values of power and energy were
numerically calculated as a function of instante-
neous current and voltage. £

e The stored or discharged energy during char-
ging or discharging time At respectively:

(0-1)

At
W= [U(t)I(t)dt}
0

The energy is a function of voltage, tempera-
ture and the discharge conditions. The details
are outlined in the next section.

e The average electric power during charge or
discharge respectively reads:

(0-2)

p_ W
P=Z5l

The actual power demand of the starter and
total resistance of capacitor, starter, cables
and contacts are shown in Figure 0.3. During
cranking an almost constant electric power of
about 1 kW was measured.

e The stored or discharged quantity of electrici-
ty were determined by integrating the current
transient:

At
Q=JI(t)dt] (0-3)
0
¢ The capacitance is defined as
=) (0-4)

where AU is the voltage change during char-
ging or discharging respectively. The necessa-
ry electric charge and capacitance equal about
150 As and 33 F for a single start. AU equals
about 4.5 V depending on the operating vol-
tage of the starter (12-18 V).

In anticipation of future automotive electronic
systems based on voltages exceeding 12-14 volts,
the supercapacitor was tested at higher voltages
as well.

Figure 0.4 shows that the cranking time may be
shortened at higher voltages. The number of suc-
cessive starts with a single capacitor charge in-
creases as a function of voltage.

It is noteworthy that the peak currents in Figure
0.4 reach almost 300 A, although there was an
experimental limitation due to an extraordina-
ry contact resistance between the capacitor and
starter, which normally does not occur in the
electric system of a car. The short circuit cur-
rent of the capacitor, however, is in the kiloam-
pere range (see next section).



FIGURE 0.2: The DAIMLERBENZ 30 V /65 F-supercapacitor ready for
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TEST RESULTS

Capacitance Measurement

EUCAR Method. The rated capacitance of the
30 V capacitor was determined according to the
recommendations of EUCAR, an European as-
sociation supported by DAIMLER-BENZ, FIAT,
Opel, PSA, Renault, Rover, Volkswagen, Volvo:
»The capacitance is the reference parameter of
the state of activity for supercapacitors. The
changes of this parameter provides important
data on energy availability and the aging of the
cells“ [7]. The capacitances of the cells in a pack
should not differ significantly, in order to ascer-
tain uniform behavior, which would otherwise re-
sult in a heterogeneous cell voltage distribution.
The capacitance measurement is performed at
three temperature levels (-20°C, room tempe-
rature, +40°C).

Step 1: Short circuit of each cell.

Step 2: Standard charge: At rated voltage and
current limited to 50 mA/F for 1 hr at
room temperature.

Step 3: Acclimatisation: The rated voltage re-
mains applied at test temperature.
Step 4: Discharge at a current of 5 mA /F (sin-

gle cell); end of discharge: voltage <10%
of the rated voltage (at test tempera-
ture).

Figure 0.5 shows the characteristics of a 30 V

supercapacitor, which was discharged by means
of an electronic load drawing a current of

0.005 A - 30 cells - 70 F = 10.5 A.

According to EUCAR, capacitance is calculated
by using the following formula:

Q
C =

I-(ty—1) (0-5)

Q
Ui, (0-6)

Il

U,,U; are the initial and final voltage, corre-
sponding to 60% and 40% of the rated

voltage.
ti1,1o are the times when Uy, U, are reached.
Q means the electric charge.

Method 2. We contrasted the simple EUCAR
test procedure with a method derived from the

_following definition of capacitance:

LdQ 1dt I

AU T AU T U’

T

(0-7)

U is the slope of the total linear part of the
voltage-time curve.

The following table illustrates that both methods
lead to approximately the same results.

Table 0.1 Capacitance of a 30 V supercapacitor at
different initial voltages U; using the EUCAR proce-
dure and the “Cv method“ according to the equation
C = I/U (at room temperature).

EUCAR method “Cv method*
il @ At AU c| I U C
V)] (As) () (V) (F)| (A) (V/s) (F)
12 101 93 24 42| 10.8 0.253 43
18 18 17 34 55| 10.9 0.200 54
24 286 26 - 47 60| 11.0 0.1563 72
30 387 35 59 65| 11.0 0.142 77

Charge Characteristics

Figure 0.6 shows the charge behavior of the 30
V capacitor at a constant current of 10 A. At
higher charging currents the slope of the U(t)
curve is steeper and the rated voltage is reached
earlier.

Table 0.2 Specific energy data according to the charge
characteristics of the 30 V/65 F capacitor.

Voltage Active and total energy density
(V) Wh/¢ Wh/kg Wh/¢ Wh/kg
without end plates capacitor
12 1.0 0.3 0.32 0.2
18 2.5 0.8 0.83 0.5
24 3.5 1.1 1.2 0.7
30 5.0 1.6 1.7 1.0

The energy was measured by integrating current
and voltage while charging the capacitor. Speci-
fic energies up to 5 Wh/kg were achieved (see
table).

Leakage current appeared to be dependend on
voltage. Below 75% of the rated voltage, leaka-
ge currents do not play an important role (see
Figure 0.6).
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Discharge Characteristics

Figure 0.7 shows the discharge characteristics of
a 30 V supercapacitor at different load currents
and operating voltages. Currents up to 100 A we-
re drawn for time spans ranging from seconds to
minutes. The capacitor voltage decreases almost
linearly (see small picture).

The discharged energies and powers are shown
in Figure 0.8. At 100 A the power density of
the 30 V/65 F supercapacitor equals 550 W/{.
Peak power densities lie in the kilowatt range
(see below).

Voltage Dependence

For numerical modeling purposes of electroche-
mical capacitors, the capacitance, charge and
energy were studied as functions of voltage. The
investigation was based on the discharge charac-
teristics shown in Figure 0.7.

At constant discharge current (25, 50 and 100
A) the electric charge is directly proportional
to the voltage, !

Q) ~ 622U}, (0-8)

which is consistent with the fact that the elec-
tric charge should be the product of the rated
capacitance and voltage (Q = CU).

The capacitance (in Farads) seems to be an ap-
proximately linear function of the rated voltage
(in Volts):

|C =0.14-U+60} (0-9)

This is the mean least squares fit curve for all
the measurements at 25, 50 and 100 A current
flow.

Due to the electrochemical processes occuring at
the electrode/electrolyte interface, supercapaci-
tors do not share the constant capacitance over
a wide voltage range, which is well known from
conventional capacitors.

A more detailed analysis reveals that the line-
ar function behavior of C(U) is a only a rough
approximation. A more complex dependence of
capacitance on voltage can be understood by loo-
king at the cyclic voltammogram of a supercapa-
citor single cell [6]: the most effective and rever-
sible redox reactions occur when reaching 50%
of the decomposition voltage of the electrolyte.
This roughly corresponds to 50% rated voltage
of the capacitor.
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The usable energy shows the expected squared
dependence on voltage:

(W)~ 3002} (0-10)

where the factor 30 increases with increasing cur-
rent. It represents the term %C of an effective
capacitance C'.
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Based on the results obtained by starting a car,
an improved capacitor was designed and built.
The capacitor’s specifications are shown in Table
1:

Table 0.1 Improved supercapacitor.

Total stack Single cell
Voltage 15V 1.0V
Capacitance 100 F 1.74 F/em?
Resistance 2 mQ 0.12 Q cm?
Cross-sect. area 1090 cm? 863 cm?
Thickness 4.0 cm 0.075 cm
Total volume 4.36 ¢ —_
Active volume 1.23 ¢ 0.065 £
Mass 5.05 kg 0.158 kg
Endplates 2.68 kg e
Density 1.2 g/cm?® 2.4 g/cm?

Mass was drastically reduced by constructive ef-
forts. The heavy endplates were replaced by light
metal plates with a milled surface, which are to
guarantee an improved heat mangament by ther-
mal convection.

The individual cells were sealed with special fluo-
rosilicon elastomers. Figure 0.2 shows a cost-
effective coating technique which includes the
use of a robot. The sealing material is direct-
ly applied onto the bipolar plates. Compared to
conventional flat seals less space is required.

TEST RESULTS

Short-Circuit

In technical literature, the short-circuit current
and power are standard reference parameters
used to compare supercapacitors. We discharged
the 15 V supercapacitor using a 0.1 m{ shunt.

Table 0.2 Short-circuit experiment: Transients of cur-
rent and power of a 15 V/100 F supercapacitor.

t I(t) Power R;
(ms) (A) kW W/kg mS2
packaged
0.4 2070 26 5140 2.5
1.4 2030 21 4150 3.0
2.4 2470 11 2180 3.7
5 2360 8.5 1680 4.0
10 2260 8.1 1600 4.3
50 1910 5.9 1170 5.4
100 1680 4.5 890 6.5
6 T
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FIGURE 0.1: Short-circuit characteristic of a 15
V/100 F supercapacitor. The peak power in the
micro second range exceeds 6 kW /kg.

The current and voltage of the capacitor were
recorded using an oscilloscope. Several experi-
ments were carried out to be sure that the results



FIGURE 0.2: Manufacture of elastomer seals between bipolar plates and electrolyte.

in Table 2 and Figure 1 are correct and reprodu-
cible. The overall resistance of the shunt, switch,
cables and contacts equaled 0.8 m§), and was
subtracted from the measured resistance to yield
the inner resistance R; of the capacitor shown in
Table 1. :

For the hypothetical case that the capacitor is
completely discharged in an electric circuit with-
out any cable or contact resistances, the peak
current can be estimated as follows:

xr 25+40.8)mQ _ ..
I, = 2070 A - im%— = 2732A.

This corresponds to a theoretical short-circuit
power density of the capacitor of

5140?{% (254 0.8)mQ B

2.5mf)
= 6785 W/kg (packaged)

By

for a discharge in the 500 us range.

Energy and Power

The discharge curves were recorded at different
currents and at constant power loads. Figure 0.3
shows the RAGONE plot of the 15 V/100 F me-
tal oxide supercapacitor. The short-circuit re-
sults are included. The power and energy den-
sities of packaged and unpacked capacitors differ
by a factor of two, which is due to the weight of
the endplates.

Frequency Response

Figure 0.4 shows the frequency response of the
supercapacitor. The capacitive properties of the
supercapacitor are definitely guaranteed below
1000 Hz, which is a distinct advantage compared
to some capacitors described in technical litera-
ture. The decline of capacitance towards high fre-
quencies is less severe than with capacitors based
on carbon materials.

The capacitance was calculated based on the ad-
mittance for every frequency:

C(w) =

1Z] = V(Re Z2)? + (Im Z)?

w = 2w f is the circular frequency. Re Z and Im Z
are ohmic resistance and reactance respecticely.
The capacitance reaches its maximum below 1
Hz. This is the case when there is time enough
for slow electrode reactions to occur in the po-
res of the metal oxide. At high frequencies it is
primarily the “outer electrode surface which is
charged and discharged. Accordingly, there is a
strong decline of capacitance, which is related to
the concentration wave penetrating into the po-
res. Above 5000 Hz inductive behavior plays an
increasingly important role.
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CELL DESIGN

Electrode materials

The DORNIER capacitors are based on the oxide
hydrates of platinum metals like ruthenium and
‘iridium [1, 2, 3]. The fundamental mechanism of
charge storage is related to the rapid changes of
the oxidation states II to IV (possibly VI) within
a cell voltage window between 0 to 1000 mV [4].
Ruthenium and iridium dioxide hydrates are
mixed electronic and protonic conductors at
room temperature [5]. The hydrogen transport
through the oxide is connected to a movement of
the RuOOH/RuO; phase boundary, assuming a
principal analogy with the nickel hyroxide elec-
trode [6].

On the average, surface capacitances are between
2 and 4 F/cm?. The specific capacitance of an
average metal oxide powder is about 450 F/g.
The highest capacitance reached in a single cell
was 6.5 F/cm? or roughly 800 F/g (see Figures).
The resistivity of a single cell is below 0.1 £ cm.
We consider 8 F/em? or 800 F/g to be the upper
limit which can be reached with platinum metal
oxides on three-dimensional electrode supports.
This corresponds to an energy density of

Y -8 F/cm? - .
y. L U./(}:ZS cm(lv) 5 71% =207
for a single cell consisting of two identical elec-
trodes (each of 90 pm thickness) and a 100 ym
separator filled with sulfuric acid.
Values of up to 21 J/cm?® (6 Wh/£) were realized
in small laboratory cells (1 V), which remains yet
to be achieved in capacitors with higher rated
voltage.

Separator materials

DORNIER has been developing polymer-ceramic
composites, which were originally designed to re-
place asbestos in fixed alkaline water electroly-
sers [7]. A large electrolyte volume is retained in
the pores by capillary action. The properties of
this material were discussed in the 1996 seminar
[6, 8].

For comparative purposes, commercial separa-
tors were tested for use in supercapacitors. Each
material was measured by impedance spectros-
copy in a single cell consisting of two identical
metal oxide electrodes of 0.3 mm thickness. The
results are shown in Table 0.3.



Metal Oxide Elej_'ll(_".trocatalysts for Supercapacitors

| Precursor 1: | Precursor 2 (for mixed oxides):
| Ruthenium compounds, | Transition metall compounds,
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FIGURE 0.5: Synthesis of mixed metal oxide electrocatalysts for supercapacitors (patent granted).
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Table 0.3: Evaluation of different separators for use
in supercapacitors: R surface resistance, C' electrode
capacitance, W, energy density, P, power density, d
separator thickness.

Material |d R C | W, | P
2| _F | Wh|kW

MITL Qem E_r -—{r"' T

PTFE 50 [0.045] 2.8 | 3.0 | 85
Glas fibres| 100| 0.048 | 2.3 | 2.3 | 74
PE/Silica [120] 0.05 | 3.3 | 3.2 | 69
ZrO, 150( 0.05 | 2.3 | 2.1 | 67
PVC 2500 037 | 1.6 | 1.3 | 8

The quality of the separators was judged ba-
sed on the surface capacitance of the electro-
de/separator interface. In this respect, porous
PTFE and polyalkylenes are the best separator
materials. The specific energy and power of a
single cell is of theoretical interest only, but they
give an impression of the potential of the mate-
rials.

The specific energy was calculated from the elec~
trode capacitance C' (in F/cm?):

Wo= g b (Be) avr],

where dcey is the total thickness of the cell (two
electrodes, separator, seal).

The peak power was calculated for the case that
the capacitor is discharged at its rated voltage
U,, at maximum power, i.e. when the outer load
resistance R, equals the inner resistance of the
capacitor R;:

2 U2
P=IRU=(m‘T) Ru
Proz = 420 = R,=R
S LA
Pmu:—zﬂ'

Thus the specific peak power in Table 0.3 was
calculated as:

LAl
P"—m[m‘?]-

The results represent short-term power densities
only. Nevertheless, the technological potential is
obvious.

Near Future Goals

DoRrNIER is planning to realize bipolar superca-
pacitors with rated voltages of up to 100 volts,
energy densities ranging from 3 to 7 Wh/kg
(packaged), and power densities between 10 and



40 kW /kg. Future commercial applications will
require a further mass and metal oxide reducti-

on.
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METAL OXIDE SUPERCAPACITOR
FOR AUTOMOTIVE APPLICATIONS

Part I1I: Heat Management

P. KURzZWEIL, M. SEIFERT, R. SONNENSCHEIN, O. SCHMID
Dornier GmbH, Daimler-Benz Research Dept. FIM/BE, 88039 Friedrichshafen, Germany

The temperature distribution in a supercapaci-
tor was modeled as a function of the discharge
parameters. The maximum temperature in the
center of the stack was calculated for the case
that a car is cranked continously in urban stop-
and-go traffic.

BASIC TREATMENT

The starting point of the calculation is FOURI-
ER’s equation of thermal conductivity:

(0-1)

0¢p %%—ﬂ =div(AgradT) + %

Thermodynamic temperature (I),

A thermal conductivity of the capacitor (W K™'m™?),
mean density of the capacitor (kg m~"),

¢p mean specific heat capacity (Jkg™'K™'),

Q mean thermal output, heat flow rate (W),

V' volume of the capacitor (m?®).

Q/V average volume heat flux (W/m?).

This differential equation was solved using the
boundary condition:

orT

A _at_ snidplate = {Tendpfute — . ruub) (0'2)

The engineering model was based on the follow-
ing assumptions:

¢ The capacitor is solely cooled by natural
convection without any need of an extra fan.
The endplates are vertical to the ground.

¢ The most effective cooling areas are the end-
plates of the capacitor (see Figure 2 in Part I).
The heat flow through the side walls, which is
comparatively small, is reflected in a three-
dimensional model.

¢ The components of the supercapacitor were
taken to be homogenous, so that a mean tem-
perature profile may be calculated. The aniso-
tropy of heat conductivity was considered by
a tensor:

A 00
A=] 02 0
0 0 A

o The heat transport within the capacitor is re-
latively slow, so that heat production can be
averaged over time.

Thermal Output

The thermal output Q was calculated using the
ohmic losses occuring at the inner resistances of
the capacitor. The capacitor was described by an
equivalent series network, comprising a parallel
combination of a resistance R, and a capacitance
C, and a resistance R, in series.

> 1 . 2
Q=77 ] B, 2()+

1 2 (0-3)
+4 U+ R0 ] at

At time for charge or discharge respecitively (s),

R, series or “electrolyte” resistance (£2),

R, parallel, “polarization® or “leakage® resistance (1),
I  electric current through the capacitor (A),

U voltage at the endplates of the capacitor (V).

The experimental transients of current and vol-

tage, which were used to model the starter capa-
citor, are shown in Figure 3 in Part L.



Coefficient of heat transfer

The heat transfer between endplates and am-
bient air is described by means of the coefficient
a. It was calculated using tabulated material pa-
rameters for heat transfer, free convection and
thermal radiation.

_ eg (T"l = T:—:nb) N Nu(T) Agir

« T = I3l
( ) 1 "Tamb L
—_— T
radiation convection

(0-4)

T Mean temperature at the surface of the endplates of
the capacitor (K),

Tams ambient temperature (K),
d thickness of the components of the capacitor (m),

Aair thermal conductivity at mean temperature between
capacitor surface and ambient air (W K= 'm™").

e emittance of the endplates (—),

o STEFAN-BOLTZMANN constant:
5.6697-107% Wm™2K™*,

Nu NUSSELT number for convection (—).

PROCESS DESCRIPTION

The temperature distribution was calculated for
a supercapacitor which is continously charged
and discharged. The numerical calculation works
according to the following steps:

1. Input parameters

e Read experimental data of time t, current I(t)
and voltage U(t) from input file (see for exam-
ple Figure 2 in Part I).

e Read series and parallel resistances (R, Rp),
which are determinded by impedance spec-
troscopy and leakage current measurement.

e Read lengths L, widths b, thicknesses d and
coefficients of heat transfer A of all capacitor
components:
> Endplates: Aepq = 220 WK~'m™1,
> Sealing: Ageqt = 0.2 WK=1m™!,
> Bipolar plates: Ay, =22 WK~'m™1.

¢ Read ambient temperature:

Toms = =50 to 120°C.
¢ Read emittance of endplates: ¢ =~ 0.83. -
¢ Read operating voltage: {7, = 30...100 V.
e Read duty cycle (see section ,Results“).

2. Preliminary calculations

o Volume of capacitor stack: V = 2000 cm?®.
o Thermal conductivities in the stack:
_direction: -1 Y
z-direction: Ay = v ‘Zd, Ai

y-direction: A, = Az

-1
T _ 1 d:
z-direction: A; = ( s E‘_ X,L)

The mean heat transfer coefficient of the ca-
pacitor:

Azt Ay + A

'\m = z+ ~ 2.3 W K'lm_l.
For a simple approach, the anisotropy of
the thermal conductivities can be considered

using a geometric scaling (together with the
heat transfer coefficient):

Szy = \[Az/Asy < 1
& = sz, J=8,y, 2=2zand
Ozy = SpyQry, Az = Az

¢ Leakage current:
Dieak = Upn/Rp = 1.5 mA,
and leakage volume heat flux:
U Licae/V = 0.02 W/E.
e Mean thermal output in the electrolyte:
Py(t) = R, I(t)?,
and due to electrode reactions:
Po(t) = g (VD) + Bo 1(1))"
e Volume thermal output during discharge:
Q/V ~ 197 W/L.

3. Coeflicient of heat transfer

The coefficient of heat transfer @ for the phase
boundary between a plane metal plate surface
and surrounding air is calculated according to
equation (0-4). PRANDL, GRASHOF, RAYLEIGH
and NUSSELT number were determined using the
following formula [4]:

a) Vertical plate of height L

0.387 Ra!/®

= 0.4921 #/161%/%7
s (12)"]

0.825 +

(0-5)



b) Horizontal plate of thickness L . 14 ! ' ' i : 4
' )
1/4 : 107 » qof <N
Nu= 0.7 Ra " for Ra < 4 IG_ (0-6) € . ;z
0.155 Ral/3 for Ra > 4-107 o Lt
= 0[] & .
- . I
where .5 g ;’; i
) = ) -
Ra=Gr - Pr T % 8 ';' { E
— ¥ H T
: g ! : i i
Gpo81m /5% - L3 Boir (T = Toms) 2 =6 5 i 2
Vair c ™ : i 5
o 4 Ambient Temp rature/°c )
. . oo JascJsoc)
— . I —
H i :
L=30cm g ; ! ]
o 9 ] 3 'R ]
Bair and v,ir depend on temperature, values are 40 20 0 20 40 60 80 100
taken from literature [4] at mean temperatures Temperature /°C

T = 5(Ts — Ts) between capacitor surface (s)
and a point outside the boundary laver (co0). De-
pending on the ambient temperature, the coef-
ficient of heat transfer ranges from 6 to 12. A
typical value for 20 °C ambient temperature and
35°C within the capacitoris & = 9.2 WK~ 1m=2.
Figure 0.8 shows «a for different temperatures.

The above engineer’s formula of the Nusselt num-
ber is only a rough approximation for the local heat
transfer, since it does not give any information on
the local boundary layer thickness. It does not con-
tain the interactions between the endplates and the

FIGURE 0.8: Heat transfer coefficient of the 30 V/65
F starter capacitor at different temperatures.

bp represents bipolar plate; cell denotes a sin-
gle cell, comprising two electrodes, a separator
and seals. An electrode consists of a bipolar pla-
te, which is coated with porous layers and metal
oxides on either side.

5. Temperature distribution (3D Model)

vertical sid lIs of the ‘itor. d i
otk e e The stationary heat transfer equation (1) was
. numerically solved [1, 2, 3] to yield the three-
4. a of the capacitor dimensional temperature distribution in the ca-

The heat transfer coefficient for the endplates pacitor.
and the side walls of the capacitor at a given In order to save computing time, one forth of
the capacitor’s cross sectional area was conside-

red, since the cells are completely symmetrical.
The same cooling conditions are assumed for the
Qend = d__l_l__ complete surface of the capacitor. (Natural con-

il SR vection does not always meet this demand.)
/\end G(T}

mean temperature T' (determined iteratively, see
6.) is calculated as:

1 "
= T 6. Analytical Treatment (2D)
e _
Abp + a(T) The temperature distribution for the given geo-
metry of the capacitor is approximately given
. 1 by:
CQseql = dseai 1
)\seus’ Q(T} T(zsys Z) = (&7)
1 k: . = Tams + a(T) 22 + b(T) y? + ¢(T) 22 + d(T) +
CQstack = —“ [(dreﬁ' T dbp) ﬂsruf(T) + -

dcei = :
+d¢.p&¢.p{§ﬁ]] + ZXn cos(kp,z) cos(k,y) coshhmf k! z

n=1



"

knz
+ ZCn cosh \/2/\z/)~

Ln.y "
cos(kyz).
\/— Ny (kn2)
where k!, and k]! are the solutions of the follo-
wing equations [5]:

a3
o Ystack
‘kn

. f)‘
= cot k’.é)

" a’end " d)
k= k
n )\z ( )

The coefficients x, and ¢, are obtained by mi-
nimizing the deviations between the calculated
temperature distributions and the solution ful-
filling the boundary conditions. For a first ap-
proximation, the consideration of the first term
(n = 1) is sufficient.

The coefficients of equation (0-7) read approxi-
mately:

|

~ Q/V
d(T)—‘ 40!.smck‘:\:: 2(|:enrfAz
1. L
Azb + sz Qgtack Azd + Zf’tz Qtend
—Qstack
a(T):“**b;— d(T)
Azb+ ‘1‘ Qgtack
b(T)=a(T)
—Qend 3
o(T)=———5—4d(T)
/\zd + I Qend

7. Mean temperature

To calculate the mean temperature 7" at the sur-
face of the endplates (or side walls respectively)
in contact to the ambient air, equation 0-7 is
solved iteratively, starting with an intial value of
Tl = 400 K

Tew = T(e(Th))- (0-8)

RESULTS

Maximum Temperature

One of the most important parameters is the ma-
ximum temperature that is reached in the capa-
citor during continous operation with intermit-
tent or variable loads.

The discharge characteristic of the capacitor du-
ring cranking (shown in Part I) is considered to
be a repeated process with a frequency that is
given by the duty cycle:

Aleak

— tdis
Duty Cyde T leh leak dis |

ten  Time for charging (s),

tais  Time for discharging or pulse duration(s),

Time between charging and discharging, during
which leakage currents flow, when the capacitor
is not used (s).

Reasonable values for the duty cycle are numbers
between 0 and 1 and can be expressed by a ratio,
for example 1 : 100 for a 1-second discharge and
100-second charging cycle.

The value of duty cycle is large when the capa-
citor is pulse-operated, i.e. when it is repeatedly
charged and discharged for extended operation
time. In this operating mode the capacitor may
approach critical temperatures which can cause
failure.

The duty cycle is small, when the period of char-
ging is long against the period of discharging. In
addition to the heat-up during discharge, leakage
currents have to be considered.

Figure 0.9 shows that critical temperatures are
hardly ever reached when the supercapacitor is
given time enough for recharging. Only cooling
by natural convection was permitted. The dis-
tribution of temperature is drastically improved
when using a fan. The solid lines show the maxi-
mum temperatures in the center of the stack and
the dashed lines the maximum temperatures at
the surface of the endplates, which are in contact
to the ambient air.

When the duty cycle turns to one, i.e. when the
time for charging and discharging are the same,
temperatures of up to 110 °C may be reached in
the center of the capacitor after a more or less
extended period of continous operation at eleva-
ted ambient temperatures. Thus, the figure gives
a citerion for stable and secure operation of the
capacitor: As long as the duty cycle does not ex-
ceed 1: 8, and ambient temperature stays below
50°C, continous operation is guaranteed for a
prolonged time. This means, that the car can be
started every nine seconds (assuming the capa-
citor can be fully charged within this intervall).
This condition is certainly fulfilled for automoti-
ve applications!

Temperature Profiles

Other than the maximum temperature in the
stack and minimum temperature at the surface
of the endplates, the temperature distribution in



2D-Temperature Profile of a
60 V Supercapacitor (30°30"4.8 ¢cm)

spAR 4

1/2 side

PROSTAR 3.00

temperature /C
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88,25
87.50
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£6.00
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84.50
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FIGURE 0.11: Temperature profile of a future 60 V supercapacitor (30 x 30 x 4.8 cm). Stationary solution
after 5—6 hrs using a finite volume method. Thermal output 40 W/£. Cooling by natural convection only in
ambient air of 20°C. One forth of the actual cross sectional area is shown.

a single cell is most definitely an important pa-
rameter.

Figure 0.11 shows the stationary femperature
profile of a future 60 V supercapacitor, which
is operated at a thermal output of 40 W/£. The
capacitor is solely cooled by natural convection
in ambient air of 20 °C. The maximuin tempera-
ture in the center of the stack reaches 89°C.
Maximum temperatures are found in the center
of the cells, from where they drop off when mo-
ving towards the side walls. Under normal ope-
ration there is no strong temperature difference
between the center of the stack and the side
walls. At continuous pulse-operation (duty cy-

cle near 1) the temperature gradient across each
single cell is more pronounced.

Figure 0.12 shows the temperature profile of the
same capacitor, when it is placed onto an insu-
lated bottom plate.

The 30 V supercapacitor described in Part I, was
considered for continously starting a car: bet-
ween the endplates and the center of the capaci-
tor, there is a temperature difference of between
1 and 5°C, depending on the ambient tempera-
ture. This means that the heat transfer within
the stack is relatively good. The heat transmis-
son from the endplates to the ambient air is the
crucial point of the heat transfer process.



top plate : natural convection

.
>
radial direction

bottom plate : insulated (adiabatic)
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FIGURE 0.12: Temperature profile of a 60 V supercapacitor lying on an insulated bottom plate. Stationary
solution after 5-6 hrs (finite volume method). Thermal output 40 W/£. Cooling by natural convection only

in ambient air of 20°C.
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Ficure 0.9: Maximum temperature in the center of
the 30 V/65 F starter capacitor at different ambient
temperatures and duty cycles.

With respect to the design of supercapacitors in
the near future, constructive efforts will aim at
improving heat transmission and thermal radia-
tion. In order to make the integration of cost-
effective components feasible, external cooling
m u st be avoided.

100 Duty Oyole

90 + -

80 - -
Ambient Temperature: 25°C

70 - .

B el T T
60 -, eeme=="" o e,

50 - —

Temperature /°C

40 Lo s 0 o 3 20t 5,

30 1 | 1
0 0.5 1 1.5 2
Thickness /cm

FiGUurEe 0.10: Distribution of maximum temperature
across the 30 V/65 F starter capacitor at different
ambient temperatures and duty cycles. Thickness of
the stack 2.5 em.

ENGINEERING FORMULA

A simple formula was found which yields a rough
estimate of the total heat output and the maxi-
mum temperature in laboratory supercacitors. It
can be used to complement complex numerical



modelling calculations. As long as only the heat
transport through the endplates of the capaci-
tor is considered (i.e. agpqcr — 0), the maximum
temperature difference can be calculated as:

G (g de
A’Lm—@ 7550%4-—&3{4 5 (0-9)

Here, the heat transfer coefficient of the capaci-
tor in z-direction is A. = 1.0. The heat transfer
coefficientr at the phase boundary between the
endplates and the ambient air is a0 &= 7...10
WK m™2. dgq.p is the thickness of the stack
(without endplates).

Example. For a 2 ( capacitor with an internal
resistance of R; = 0.04  which is discharged at
100 A, Q/V = 200 W /(. Assuming the duty cy-
cle during extended operation is 1 : 40 (i.e. the
capacitor is discharged for 1 s, and charged for
40 s) the volume specific thermal output will be
10 W/L. With the heat transfer coefficient taken
from Figure 0.8 being o = 9 W/m?K, the maxi-
mum temperature in a stack of 2.4 cm thickness
will be:

W 2.4-107%m
maz 0 10~ m" (2 S9Wm KT ik

(2.4-10~2 m)? ) _
S-1Wm KT/ ~

Q

14°

The result of the numerical calculation according
to equation 0-7 yields a ATyq.. of 13°C. The
engineer’s formula will yield a higher value, since
only the heat transport through the endplates is
considered for cooling the stack.
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