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Abstract

The DOE Electrochemical Capacitor  (ultracapacitor)
Development Program is revicwed and the technologies being pursucd
* to meet the near-tcrm and advanced encrgy density goals of § Whikg
and |5 Wivkg, respectively, are identified and their status assessed.
Capacitor testing at the Idaho National Engineering Laboratory (INEL)
. is summarized with special attention being given to tests of the
; Panasonic 3 V, 1500 F device at temperatures between -25°C and
; +65°C and tests of a 168 V pack of Panasonic 3 V, 500 F devices at
: powers up to 25 kW.

Introduction

The ficst paper on the use of electrachemical (double-fayer)
capacitors for electric vehicle applications was given at the 34th Power
Sources Symposium ia June 1990 (Reference 1). Specifications for
- devices to be used in vehicles were presented at that time and the
United States Deparanent of Encrgy (DOE) initiated a program to
- develop devices that would meet those specifications in 1992. At the
present time (1994), it is now widely rccognized that high encrgy
- density capacitors (oftcn referred as ultracapacitors) can be used to
* load level the batteries in electric vehicles thereby reducing the peak
- power requircment for the battery. This penmits the battery to be
- dcsigned for maximum cnergy density and cycle life and minimum
i cost with much less artention being given to peak power. There arc
; Row programs underway in the United States, Europe, and Japan to
develop capacitors for clectric and hybrid vehicle applications. The
goals of the DOE Ultracapacitor Program are given in Table I, but the
. goals of the programs outside the United States are thought to be
! essentially the same.

The conclusion reached in 1990 that capacitors could be
devcloped with an energy density of at least S Whkg and suitably low
resistance (about 0.1 ohm-cm?) was based in large part on the work
on mixed mctal oxide capacitors that was underway at Pinnacle
Rescarch Institute (References 2 and 3). Since 1990, work on a
number of other material technologies for ultracapacitors has been
started and therc appear to be several technologies that show good
promising of meeting the DOE advanced ultracapacitor goal of
15 Whikg. A summary of the current DOE Ultracapacitor Program
is given in  Refercnce 4 and that paper also contains a bibliography
of recent publications pertinent to the DOE Program. In this paper,
an update of ultracapacitor technology, as of 1993, is given along with
recent test data taken at the [daho National Engineering Laboratory
(INEL) as part of the ongoing DOE Ultracapacitor Program.
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The Status of Ultracapacitor Technology (1993)

There are 2 number of ultracapacitor development projects in
progress in the United States and abroad. The distinguishing
characteristic of cach of these programs is the material being used in
the electrodes, which include the following:

Carbon/metal fiber composites

Foamed (azrogel) carbon

Activated, synthetic, monolithic carbon

Doped conducting polymer films on carbon cloth
Mixed metal oxides

A summary of the status of each of these technologies as of the end !

of 1993 is given in Table 2. When available data permitted, the
performance values given in Table'2 for the various technologies are
based on testing done at the INEL. The status of several of the
technologies is discussed bricfly in the following paragraphs.

The only high energy density power capacitors commercially
available are those from Panasonic, which utilize particulate carbon
with a binder on an aluminum foil and an organic electrolyte in a
spiral wound, 3 V single cell configuration. Panasonic now markets
70 F, 500 F, and 1500 F devices. All these devices, which have been
extensively tested at the INEL, have energy densities of 2.3 Whikg
and 2.9 Wi/L foc charging to 3 V. The resistance of the 500 F device
is 3 to 4 milli-ohms permitting discharge at a power density of
500 Wikg with a relatively small IR voltage drop. The Panasonic
capacitors are suitable for performing laboratory testing of battery and
capacitor systems, but their energy densities are not high cnough for
packaging in electric vehicles.

Laboratory tests of single cells and bipolar stacks of devices
fabrcated as part of the DOE Ultracapacitor Development Program
have shown energy densities of 1 to 2 Wivkg for devices using
aqueous electrolytes (sulfuric acid and KOH) and 6 to 8 Wivkg using
organic clectrolytes. The resistances of the 1 V cells using aqueous

electrolytes are in the range of 0.2 to 0.5 ohm-cm® and for the 3 V *

cells using organic electrolytes, the range is | to 2 chm-cm®.
PSFUDS testing of cells using aqueous electrolytes has shown
round-trip efficiencies of 90 to 92% and those using organic
electrolytes efficiencics of 85 to 88%. Tests of bipolar stacks have
indicated that stacking capacitors should not prove difficuit as only
minimum difficulty with cell imbalance has been encountered with
both the carbon-based and mixed metal oxide technologies. The test
results obtained in 1993 indicate that it will be difficult to reach the

DOE nearterm goal of 5 Wivkg in carbon-based devices using an |
aqueous electrolyte unless the carbon loading can be increased to at
[east 1 gm C/em®. However, test results indicate that the near-term
goal can be reached or exceeded in carbon-based devices using an !
organic electrolyte, but with a significant increase in cefl resistance. |

Work on packaging cells and bipolar stacks in a completely seafed

manner is progressing well with indications that within a year |
packaged bipolar devices will be available with energy densities of 2
to 3 Wh/kg using aqueous electrolytes and 6 to 10 Whikg using ;

organic electrolytes.



Future Projections of Ultracapacitoer Performance and Cost

The major questions regarding ultracapacitor technology are
concemed with energy density and cost. As indicated in Table |, the
DOE cnergy density goal is 5 Whikg for the near-term and 15 Whikg
for the long-term. The cost goal is to achieve S 0.5 to 1.0/Wh, There
appcear to be at icast three technical approaches that have a reasonable
chance of mecting the long-term encrgy density goal. They are:

L Highly loaded (>1 gmC/em?), casbon-based substrates
using an organic electrolyte

2. Mixced metal oxides with 10 to 20 micron thick
substrates with an aqucous or organic clectrolyte

3. Doped polymer substrates with an organic electrolyte

For the electric and hybrid vehicle applications, it is necessary
to mcet the energy density goal and at the same time have a low
enough resistance that the capacitor can be discharged at a power
density of at least 1.5 kW/kg. In addition, cycle life and cost goals
must also be met. Results of a simple analysis of the carbon-based
tcchnologics are shown in Tables 3 and 4 for the case of a carbon
loading of | gm/em? in the substrates of the cell. The results indicate
that meeting the long-term goal of 15 Wivkg requires a cell voltage
of at least 2 to 3 V (in other words, thc use of nom-aqueous
electrolytes) and that meeting the cost goal of $0.5 to I/Wh requires
a carbon cost of $2 to 5/Ib even for devices having energy densities
of 10 Wh/kg or greater.

Recent Capacitor Testing at the INEL

Testing of high energy density capacitors for electric vehicle

applications has been underway at the INEL since [99]. Summarics |

of the test procedures used and results obtained are given in
References § through 8. The test equipment now available at the
INEL for capacitor testing is listed in Table 5. This equipment, which
was designed to be used for testing batteries, has been adapted for
testing capacitors with little difficulty. The standard types of tests
performed on capacitors are listed in Table 6.

In addition to testing capacitors delivered to the INEL from
industrial contractors and the National Laboratories as part of the DOE
Ultracapacitor Development Program (Reference 4), testing has been
performed in recent months to determine the characteristics of the
Panasonic 3 V, 1500 F devices and modules and packs coasisting of
up to one-hundred sixty eight (168) of the Panasonic 3 V, 500 F
devices, which will used at INEL to test capacitor/battery systems with
and without interface electronics between the capacitor and battery
packs. Photographs of the Panasonic devices, modules, and packs are
shown in Figures | through 3. Test data for the Panasonic 1500 F
device are given in Table 7 for constant current and constant power
discharges. The constant power discharge data are compared in Figure
4 with similar data for the 500 F devices. The characteristics of the
larger 1500 F device scale as expested from those of the smaller
500 F device in that the energy density of the two devices are
essentially the same and the resistance of the larger deviée is
approximatcly one-third that of the smaller device.

A four-cell string of the Panasonic 1500 F devices was tested
at temperatures between -20°C and +65°C in an environmental
chamber. The data for 100 A and 300 A discharges of the cells are
shown in Figure 5 and Table 8. The test results indicate that the
capacitance is essentially independent of temperature, but the
resistance increases monotonically with decreasing temperature due
primarily to the decreasing conductivity of the electrolyte. The
resistance of the capacitor at -20°C is about 20% higher and at +65°C,
it is about 20% lower than at a standard ambient temperature of
25°C.

Prior to assembling the onc-hundred sixty eight (168) 3 V,
500 F devices into fourteen (14) 12 V modules, each of the devices
was chamctcrized using a standard test in which they were

« successively charged and discharged at 25, 50, and 100 A. The

average capacitance of cach device was calculated based on the
measured charge/discharge times for each cument. The average
capacitance and standard deviation for the 170 devices are given in

. Table 9. Fifty-six sets of three devices for the fourteen 12 V modules

(9

b

were formed by taking successively one device from each end (low
and high) and one from the middle of the distribution. The
capacitance of the three device sets was 1470 F with a very small
standard deviation of 0.93 F indicating the distribution of the
capacitances of the devices themselves was very symmetric about the
mean of 489 F. The capacitor pack of the fourteen (14) 12 V modules
was then discharged at constant powers up to 25.5 kW (500 Wrkg)
and on the PSFUDS cycle for several hours. The capacitor pack
functioned satisfactorily in all the tests and is ready for further testing
with a battery pack and interface electronics.
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Table 1. Near-term and advanced goals for the DOE

Ultracapacitor Development Programs.

e m——

Table 3. Simple calculations of energy density

Battery w/o Capacitor Near-Term |  Advaneed (carbon-based ultracapacitors).
Weight (kg) 500 to 600 200 to 300 ; 1]
. o Veeli | ®F ng)(" |aiviske (2) :
Power Density (Wrkg) [ LT ) e T S
Average 10 20
Gradeability 30 w0 50 110 to 160 ! 1 250 5.75
Peak (accel) 80 375 10 550 I :
Ultracapacitor Unit ¢ i ! 2 175 16.1
Encrgy storcd (Wh) 500 750 ; 3 125 2.9
Maximum Power (kW) 50 20 J 4 90 33.1
Weight (kg) <100 <50 (1) Capacitance for a single electrode
Volume (L) <40 <20 | (2) Cell is 66% carbon by weight
Enesgy density (Whikg) >s >15 || W8 _ 1 (F/gmO) v?
Maximum useable power ;4 kg 8 1.5 3.8
density >500 >1600 !
(Wikg) |
Round trip efficiency (%) >90 >0 i
7 §
Vehicle Acceleration i |
0 to 88 knvh (sec) <20 <3 . l
Table 2. Summary of ultracapacitor technology (Status 1993, Future Projections).
Canstruction Perlormance Statos
N Coafi Elec! Wk { 1 | Yol b Basis fe
e adig. ectrode Electroiyte € | wal | Res esistarge n&w cru;." Cost (suz;) oltage c(?) R t(ons
HEC
<
Y ortzmtic cacbn ] sulfyricactd d 073 | 055 45 J ! Jow | 4 ) 27 1 Wl Sper Shesr |
£ orismeic | earbon | swifuricsetd | am | L3 : : Jovw 4 5 15
Panasonic spiral wound, carbon organie 2.2 2.9 7 400 80-90 Tow sl. }e v ?}gﬁ Lab Tests
—fvans L vevsearie | carten | eyl 02 2.5 =l : s doxy L] 11 05 1 Nfq Spec Chear |
13 I q 8 0 U U 2.5 e t
Setko = "éﬁ'i" polyacene erganic 1.9 4.9 12 3 s 'q Spec Shee
Pinnacle dipalar mixed oxides | sulfuric acid H t4 <lo? >10.00 95 high 2 {4 0.01 Hfg Testing
= a0l .
s u | e agt | 295 | e | 20 | ' Profecttons
Harvell/ bipolar carbon/eetal o 12 2 92 800} % | end | 20 1Y 55 Lab Vests
Auburn corposite
oroanic 7 9 1.5 i,/ [ wed 2 v 13 Lab Tes
L U U ] T
ld:em bipolar ace‘:-:&:l KOH 1 LS 90 eed S8 1 p -3 Lab Tescs
K D h U v 3.5 Lad Tests
Nas:rr'l.‘ab bipolar mt:é quecus t.4 1.7 0.35 1000 m=d 2 1 es!
Larpon
Al . ' 0 ' ' [t [l ' d Prujections
.36”: A a':abs bipatar mi: organic 10-20 ow

[$¢) Haxinum power at which the energy recoverable from capacitor 13 at least 802 of that recoveradle at 100 Wig.
{23 Efficiency on the PSFUDS cycle for the peak power step at (Wikglpk = 300.

Table d. Simple calculations of cost (carbon-based ultracapacitors).

ERC R

e L

1.5 (Wh/kg) 4,

5 Wivkg | 10 Wivkg | 20 Wivkg | 30 Wakg
€059 ¢ | Ti030 | g 18| Foao 45
5 1.47 0.74 0.37 025
10 29 145 0.73 0.49
3
$/Wh = ($/kgC)

,..,3

———— eita e




Table 5. Test equipment at the INEL for capacitor testing. Table 7. Summary of test data for a Panasonic 3 V, {500 F.

capacitor.
Bitrode Tester (2}
O Upto20V
. ¥ Test Test | Ch Dischg | - A Watte Rest
. 500 A discharge, 150 A charge Condition | No. | Tims | Tims | ‘Seev e | mORmt
° Sequential charge/discharge cycles with programmable current : SE f’.m et e =
or power and voltage limits for both charge and discharge i - CONSTANT CURRENT - - =" 7
E 100 A 1 3 X] 424 | anes | ot | 1247
.MMW‘;.;S;_“E l e 0L i 100 A 2 | 515 | 26 | aas98 | wvs | 1am
. annels , 12 P
100 A 3 s1s 422 | 2194 | sosro | 1301
i 2 chanpes LY 2 ; 30 A 4 525 705 | -3528 7028 | 1467
. 1 channel 100V, 50 A ; 2 N :
C All channels program for power and current and voltage fimits i 04 3 1 523 | 703 | I | 679 1 1400
. Can do sequential charge/discharge cycles H 30A § | 525 | 710 | 33501 | 67160 | 1467
. Used to test 1 V cells : 150 A 7 538 s | 33596 | 62512 | 1299
) 150 A 3 523 2o | g3u4s | s196 | 1399
Ene sSovst:lms Tatc:.- l 150 A 9 528 22 | 3348 | sie0s | 1199
]
. Ca?t dc; :O%Atl.";'::: o/disch les with ! 300 A 10 | s10 9.7 | st | wma | 1399
ential :
Sl arge‘discharge cycles with programmable ] 300 A it | s30 | 99 | .9tea | sr019 | taee
voltage limits :
o Used to test a capacitor unit. It tracked power in discharge of ; 300 A : 12 | 50 100 | -2946.1 f’m'_‘ 1299
less than one second l T - ©  CONSTANTPOWER & &~ - -~
[ 90 W 13 508 70 | 33022 | 44319 | 1368
gl 90 W 14 | 303 7 33146 | 64760 | 1368
Table 6. Standard ultracapacitor tests. e 2L
. 90 W 15 | sos 71.s { 077 | 76t | 1290
1. Constant current charge/discharge | : 150 W 16 s0.8 338 | 31316 | 51036 1245
2. Constant current charge/constant power discharge I ! 150 W 17 ] ses 36 | -nzm2 | 60699 | 1241
3. PSFUDS cycle (200 sec) (W/kg),, = 300 or 500 v 130 W 13 0.5 33.6 | 31261 | s070.7 | 1241
4. Self-discharge test from rated voltage (43 hours) ! ! 60 W 19 509 146 | arisa | sore 1.199
5t Leak current test at rated volitage (3 hours) l i 360 W 20 0.8 s | ams3 | -stont 1299
6. Rep?at test | through 5 at temperatures above and below i ! A AL oG Tl e |t
ambient (-20° to 55°C) o P
. 450 W n | sos 107 | 24814 | 47597 | 1299
i T 450 W 13 | s0s 109 | -29379 | 43510 | 1299
Table 8. Calcuiation of the effect of temp on cell Pt
and capssitance. : 450 W 24 | sos 109 | 2579 | 4510 | 129
l i 70 W 25 0.5 &8 § 23366 | 4o9ns | 1299
Temp v, vt Rieett A V, | Cleett : 20 W 6 | sis 61 | 23369 | 0981 | 1199
°C 0 mohm farsds 0
TI0 W 27 | sos 60 | -23246 | <0074 | 1299
100 A DISCHARGE
900 W 28 | sts st | .anes | awer | 1299
6s | o5 | 96 | 138 | 90 |} 683 | 1D sow | 29 | sis | s3 | 053 | agrss | 1299
o 103 271 ts0 1 94 3 7o LI i soow | 30 | sts | sz | ass | a0 | 1299
2 102 943 188 .84 663 1826 ! Deries Chnractarsticr
5 102 943 188 384 66 1735 m&tg ™ g:m 17em
-10 10.1 928 203 2.63 626 1688 Spinl Jround K Curbon-based
5 724
20 9.9% 9.08 225 333 6.03 _l . | i AR AR o
- 300 A DISCHARGE d D T
63 10.23 12 1.7 158} 355 Lize) s () Resismnce calculsted from volmage change fiom end-of<harge o
0 103 845 154 136 53 1747 ] | beginning of discharge
2 102 82 167 758 5.58 173 ’ (4) Maximum test exrrent is S00 A during constnt power discharyes
s 102 2 1.67 758 345 | 1690 {
-10 10.1 165 204 708 503 1782 !
-0 100 13 23 66 424 \m ’ Table 9. Statistical characteristics of
(1) Voltare st t = 0 before discharye . Panasonic 3 V, 500 F power capacitors.
@) Volaee st t = 0 after discharye is initiated il Weight (grams)
(3) Voltage att = 3 sec Average ) 3074
{4) Voltaze st t = 13 ez i Standard deviation 347
(N Volnegatt= | 5o Capacitance (Farads
(6) Voluee et t =4 sec
Avenrage 4894
2 (7, - R/T Standard deviation 15.7
99% confidence 489 +40
o Statistics based on tests of 170 devices.
[+
€5V
H
:




Figure 3. The 168 V pack of 3 V, 500 F Panasonic
power capacitors.
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Figure 5. Discharge characteristics of the Panasonic

3V, 1500 F capacitor at temperatures between -20° and
65°C.

Volage

Figure 2. A 12 V module of 3 V, 500 F Panasonic
power capacitors.
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Figure 4, Comparison of discharge data for the
Panasonic 3 V, 500 F and 1500 F capacitors.
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