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Basic research for grasping the deterioration state of electric double layer capacitors by impedance
spectroscopy and developing online diagnostic technology

OMORI Tomoki (Department of Electrical Engineering, Graduate School of Engineering)

NAKANISHI Masahiro  (Department of Electrical Engineering, Faculty of Engineering)

TASHIMA Daisuke (Department of Electrical Engineering, Faculty of Engineering)

Abstract

In this study, we grasped the deterioration state of water-based EDLC using impedance spectroscopy and performed basic analysis for the

development of online diagnostic technology, and clarified the voltage dependence and temperature dependence of impedance with respect

to changes in measurement frequency. In addition, reversible and irreversible deterioration diagnosis was performed in a high temperature

and overvoltage environment, and the deterioration state of the activated carbon electrode surface could be grasped.

Keywords : Electrical double layer capacitor, Impedance spectroscopy, Online diagnostic technology
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Fig. 3. Measurement circuit of impedance.
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Fig. 4. Experimental results.
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Fig. 7. Experimental results.

OEALNHER ENTZ, ZNOHLORRLY, FIEETHCLEZ
DARY "NVROINT A= EMb LRk, £, ¢
F OZNEIREE ERCx LT, 22 uin & b omic &
D ENy oI,

5. K% EDLC OFREXRCREERE TICRIT 5 W
Witk & AR DL

5.1 BiREMF FickiT 24k@2kr 80 °C Lkl A1b
HRE LT, HADOFEAERLTEMER OREEIC X 2/ FL oD
NEZ LT, PALERNNH AORETH D2 61F, £tk
CEMmAE RS L, HOBllEETTH &, EDLC OCEZN
M CEEZRT EBR bND, —JF, BREONED 1
B8] B O E (kR 70 568 2 R g, B A RIS LA
NHDHEEZLD, LTER->T, ZoHfbnnwttd LIk
REWMETHDZ 2D 2 & TEICHLERNORFENT
5, ZOERTIL0C HiklrE 2 AT 721212, &
Rz L, FON80°C HbikBaIT 7, TDH%, ZOT
BEH o 1ERVIKL, §5T 3 [ 80 °C HbiBrzir-
72, EDLC % JE PRI 80 °C \Z3% & L 7= fEIRAKIRAARE L2 A,
1B 1R, CEZMEERTT- T, ZORBRE 2 BT 721,
AL NBIRY HL, HALEZ 3 AffiTo72, D
e, BLAALERL OB &5 L WEMR 2 O CllE' L&

_10_



A= AN L DER HEF v XU X OFRIEDIR & A T A R W AT TE 0 72 & O FLAERF 5T

TER L, S EfRERESE 2720 5 AEWT, #O

1E2 E
IE3 ¥
184 [
— lE’{
= :  C[F]Dayl C'[F] Day2
U 1E6 | CFlDay4 CIF]Days o
E . C[F] Day7 C'[F] Day$ .o.
IET ¢ . CFIDayo s C[F]Day10 A
158 i » C'[F] Day11 » C'[F] Dayl13
E o C[F]Dayl4
1E9 T R S R AT T S R R T R AT RS T T BT T T ST
IE2  1BE-1 1E40 1E+1 1E42 1E+3  1E+4  1E+5
(a) C'OJEAPEARAT
1E-1
C'[F] Dayl C'[F] Day2
Ea L C'[F] Day4 C'[F] Day5
C'[F] Day? C'[F] Day8
Es L CTF]Day9  »C'[F]Dayl0
— «C'[F]Dayll o C'[F]Dayl3
& ol o C'[F] Day14
@]
1E5 L
1IE6 L ",
L}
[
7 . . . . . ’
1E-2 1E-1  1E+0 1E+1 1E+2 1E+3  1E+4  1E+5

J(Hz)

(b) C" OB H AT
X8 FEBufER

Fig. 8. Experimental results.

2 JH[E D 80 °C LB A T o7, HIZ, FFOTEMO B
Mz 3 ARAT o - BICIER L 2B L, 5 AMEWT, 3
[AIH @ 80 °C kit % 2 1T - 7=, 3 [ H® 80 °C %1k
RERDC & 70 IR AFIERE G 4 X 8(a-b) & X 9(a-b)IZ T h
TIRT, CROC'ORERZERD &, AR FVICKE R
fbiE7e sy o 7223, BEOHINI R F] LT, ' RO H3 b
L7z, £72, ZREFND 80°C HLiRER TOC K C" DA~
7 MVERET D L, REAREWIERL, IZFEAERLE AR
7 "R LI, L L, ZRENOKE R EGE 1 Hz LA
MDEIZENAH Y, HIEERBREE OIS LT,
C'Je O C" DAY Lz, 1kHz 2OV 100 mHz TOC' L Z'D
fEATRE S L 0, 1 kHz TIEC & 213, ERTOH iR Tl &
7B b Z Bl &SN N LD, AR AL & TWY
DI ENEERTE =, —J7, 100mHz TOIXC' L Z'1%, BT
DOHRBMCE X B Z2 5| U &0 n, Rl
SR E TNWD Z ENFERTE 2, £, Sl AT X
Y EDLC O FEME [ OB T I ZAKAET 5 F5 i BRI A
BITH Y, KA COBLIIAAHHTHSD Z LM, 80°C
SRR Ol & 7= ki, TEMER OIS X 2 B K

FRADWY T 2 AIREMED RV,

1E+4
Z'[Ohm]Day1 Z'[Ohm] Day2
Z'[Ohm] Day4 » Z'[Ohm] Day4
* Z'[Ohm] Day7 e Z'[Ohm]Day8
1IE+3 ¢ ¢ Z'[Ohm] Day9 e Z'[Ohm]Dayl0
¢ Z'[Ohm] Day1ll e Z'[Ohm] Day13
a\ Z'[Ohm] Day14
- 1E+2 ¢
SN}
1E+1 |
Setene,
1E4D " " " " " .
1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
(a)  Z'DJA AN
1E+4
1E+3
1E+2 ¢
o~
9,, (psy [ Z[0mm]Dayl - Z'[Ohm]Day>
= Z"[Ohm] Day4 o Z"[Ohm]Day4
N 1E+0 [ *Z'[Ohm]Day7 o Z"[Ohm]Day8 |!
#Z"[Ohm] Day? oZ"[Ohm]Dayl0
.
1E-1 f »Z"[Chm]Dayll eZ"[Ohm]Dayl3 .
® Z"[Chm] Day14
1E-2 MR AR R R T

1E-2 1E-1 1E+D 1E+1 | H;ll-j:l+ll | Hi‘ll-j:l+3l | 1EI+4 ) 1E+5
J(Hz)
(b)  Z" O JEPE AR AT
B9 FEBRE R

Fig. 9. Experimental results.

S52BEILEMBTICRIT 2HBE  Filli T o 72 BT
MESEER T 10 Vpp £ THIM L7 EDLC % A\ C, HINEILE 2
Vpp CHAAIEZITo 72, =Dk, BMEBR L, # LB
WCHEELZIEY, HOHINEE 2 Vpp THIEZ1To 72,
10V EIANET, 10V EIANES, 10V EIAN & B SALER % O C & Z0>
B E AT IERE 2 X 10(a-b) & K 11(a-b)IC FNEFU7T,
C'EC"DRERERD &, 10 V HIIFT &% TARY MUISE
WRIFE A ERD ST, 10V FINE T 10V EINAETZ A~
T, R Ui, £72, 10 V EIINE SR o H)
ERERIL, 10 V EHUNRT & B o8 2R Lz, &8
PREI(100 Hz LA )T, 10 V EINETORS H & IEIEF CAE
LB AR LTz, LavL, IREMKEE( Hz L) TiE, 10V
EUNEORE R LIFE—R L e @ a R Lz, — ), Z'&
Z'OFERE RS L, CECTOFER L RIBEIC 10V EIINRT & %
TANRY MVIZEWRIFZ E A ERD 27203, 10 V FIIN I
10 V FIINRTC AT, 2RI B Lz, E£72, 10V AN
& LR ALERT: OWERERIZ, 10 V EINAT & % 0 h R 226
Tha R Ui, Z'OfEFE, @A #1000 Hz UL B)TiE, 10
V FIINETORE S S AZIEF Ul & 2~ Lz, Lo L, (KJE
WREI(1 Hz LA T, 10 V HUINE O R L 12IE L



KR Md, i BEX, BE Kl

EE%E 2R L, £/, 2O, &8I E (100 Hz

1E-1
1E-2
1E3
1IE4 |
B 15 |
O IES F L 10 VATANAT .
ST E 10 VEER: N
Eo [ = 10 VEIIN & B RALER s
110 Do v o i i v
1IE-2 1E-1 1IE+0 1E+1 1E+2 1E+3 1E+4 1E+3
J (Hz)
(@ C'ORBEEAE
1E-1
1E-2 %
1E3
o~ 1E4 E
:Fl-*’ 1E-5 L
O jpg [+ 10 VEIIAT
15 [ o 10 VIlIER
1Ee b= 10 VEOAN & B SR i ,
TE-0 T vmat i i )
1E-2 1E-1 1E+0  1E+1 1E+2 1E+3 1E+4  1E+5

J (Hz)

()  C"DJEBIAEAFE
10 F2BRE R

Fig. 10. Experimental results.

1E+4 ¢ —
E . 10 VEIINgE]
s o 2 10 VIEIEE

u 10 VEIHN & Bt S LR i

:C_:/ 1E+2 ; ...."”'voovwvuoo,...

& E ov.,.... s
1E<l .."""v»nnnow '
1E+0 : : : : : :

1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
J (Hz)
(@)  Z'OE Pk
1E+3
1E=2 E L L 2 TT .

1B+l R -

a « 10 VEI)NHT]

T 1E+0

& F SR A Aom

Nopy |4 10 VIllER
B2 £ w10 VA & BB .
1E-3 TR i 1 i TR 1

1E-2 1E-1 1IE+0  1E+1 1E+2 1E+3 1E+4  1E+5

J (Hz)

by  Z" O JER B AT
K11 EBRRER

Fig. 11. Experimental results.
PAE) T, 10 VEIIIRTORE SR L IZIEFE UfE & @4 m L,
1 Hz~10Hz CI%, 10V FUNEOFER L IZIE—B Lol & %
R,

D%, Z"EE L, 0.1 Hz LAF TIEEO 10 V EINRTO
FEREIZFER UM E T 2R Lz, 2D OREEND, EE
WAE CIXAT DL TH VD, KSE IS IR ATy
AT D Z LD oo Tz, AR AT 0, R
BT EMAEPUCKIG L TWD Z 0D, KM HEEICE
fRWE 2 BT SCE T L2 2 & T, mEREROS LA #ES
NiEEBEZ oD, Fo, EEEERITER BRI
JELTND Z &b, BEREICA AW RSENAE T
AIREMEDY @V, TERRC O AR R 725 ki, TEMER O RliRIC
LML OB NE 2 bIvd, ®ELEEZHINT 5 & IR
FEA@ET L HRELHY, ZOERTHEKU EOEE
EHINUL722 & C, SBMRICHLE U R EA f (410

6. FEH

ARFIETIE, A v E—& v 2553 % V727K % EDLC @
FACRREDFR & A2 T A B W AR BRFE D 7= 6D D FLptny
TREAT A ATV, RRHAEE B LRI 5 A L E— X U AD
AN, RERFEZH O L, £, @iELED
WEEBREE T2 2 ik & RAPED S LR 21T,
THME IR MR O S LIRE AR T 5 2 L3 T,

B

ARFFE AR T3 K2R AT TEHERE 2020 4EFEH 201
— T WFZE AR (PRS- A v =X Ak D
A= v XU X OB OB OAfiBh & 21T T
I S iz, BMREICHEERT D,

X [

(1) Pandolfo, A.G.; Hollenkamp, A.F. Carbon properties and their role in

supercapacitors. J. Power Sources 2006, 157, 11-27.

(2) Thounthong, P.; Raél, S.; Davat, B. Control strategy of fuel
cell/supercapacitors hybrid power sources for electric vehicle. J. Power
Sources 2006, 158, 806-814,

(3) Thounthong, P.; Raél, S.; Davat, B. Energy management of fuel
cell/battery/supercapacitor hybrid power source for vehicle applications. J.
Power Sources 2009, 193, 376-385

(4) Dixon, J.; Nakashima, I.; Arcos, E.F.; Ortuzar, M. Electric Vehicle Using a
Combination of Ultracapacitors and ZEBRA Battery. IEEE Trans. Ind.
Electron. 2010, 57, 943-949,

(5) Zou, C.; Zhang, L.; Hu, X.; Wang, Z.; Wik, T.; Pecht, M. A review of
fractional-order techniques applied to lithium-ion batteries, lead-acid
batteries, and supercapacitors. J. Power Sources 2018, 390, 286296,

(6) Ashtiani, C.; Wright, R.; Hunt, G. Ultracapacitors for automotive
applications. J. Power Sources 2006, 154, 561-566,

(7) Al Sakka, M.; Gualous, H.; Van Mierlo, J.; Culcu, H. Thermal modeling and
heat management of supercapacitor modules for vehicle applications. J.
Power Sources 2009, 194, 581-587,

(8) Bohlen, O.; Kowal, J.; Sauer, D.U. Ageing behaviour of electrochemical

_12_



Ao E—=H 25X D

i

ROHEF v N2 0%k

EDHIR & A2 T A W R BRGSO 72 8 O FEREF T

double layer capacitors: Part I. Experimental study and ageing model. J.
Power Sources 2007, 172, 468-475,

Kotz, R.; Ruch, P.W.; Cericola, D. Aging and failure mode of
electrochemical double layer capacitors during accelerated constant load
tests. J. Power Sources 2010, 195, 923-928,

German, R.; Sari, A.; Venet, P.; Ayadi, M.; Briat, O.; Vinassa, J.M.
Prediction of supercapacitors floating ageing with surface electrode
interface based ageing law. Microelectron. Reliab. 2014, 54, 1813-1817,
Torregrossa, D.; Toghill, K.E.; Amstutz, V.; Girault, H.H.; Paolone, M.
Macroscopic indicators of fault diagnosis and ageing in electrochemical
double layer capacitors. J. Energy Storage 2015, 2, 8-24,

Dagousset, L.; Pognon, G.; Nguyen, G.T.M.; Vidal, F.; Jus, S.; Aubert, P.-H.
Electrochemical characterisations and ageing of ionic liquid/y-

_13_

butyrolactone mixtures as electrolytes for supercapacitor applications over
a wide temperature range. J. Power Sources 2017, 359, 242-249,

Valis, D.; Novagek, O.; Hasilova, K.; Leuchter, J. Modelling of degradation
and a soft failure moment during the operation of a supercapacitor applying
selected diffusion processes. Eng. Fail. Anal. 2017, 82, 566582,

Zhang, L.; Hu, X.; Wang, Z.; Sun, F.; Dorrell, D.G. A review of
supercapacitor modeling, estimation, and applications: A
control/management perspective. Renew. Sustain. Energy Rev. 2018, 81,
1868-1878,

Schiffer, J.; Linzen, D.; Sauer, D.U. Heat generation in double layer
capacitors. J. Power Sources 2006, 160, 765-7

Zheng, F.; Li, Y.; Wang, X. Study on effects of applied current and voltageon
the ageing of supercapacitors. Electrochim. Acta 2018, 276, 343-351,



