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Abstract—This paper presents an evaluation of commercial Component BCAP010 | BCAP013] BCAP0350 MC2600
supercapacitors performance ESR, C, self-discharge,Pya. Emax, | Rated Capacitance

- T . . 2.6 0.45 0.35 2.6
coulumbic efficiency, etc), under different conditons. Cr (KF)
Characterization of supercapacitor performances aa function of Rated voltage 25 25 25 27
current, voltage, frequency and thermal constraints is carried Ur (V)
out by constant current test, electrochemical impeahce Rateld Zu”em 600 180 30 600
spectroscopy, and voltamperometry. A comparative sdy of (A)
measurement techniques is conducted in detail in iiwork. The | Leakage current 5 3 1 5
supercapacitor self-discharge amplitude is determied by liem (MA) 12h 72h 72h 72h

measuring the decline of open-circuit voltage. Thenechanisms of
the self-discharge, leakage current and diffusion foions at the
electrode-electrolyte interfaces are modelled by aew electrical

equivalent circuit. In addition, we model the eleatochemical
impedance of self-discharge with diffusion-controd in 2. DC CHARACTERISATION AND MODELLING

frequency domain. Supercapacitor is represented bytwo 5.1 Classical equivalent RC circuit

complementary electrical equivalent circuits: two lbanches and . . )
non-homogeny pores. The first represents the superpacitor SUP€rcapacitor performance can be approximatedyirst

time behaviour. The second represents supercapacitatynamic order response of RC circuit. This model includes a
behaviour. Finally, the origin and a new model of peudo- equivalent series resistancESR and an ideal capacitance
inductance are described. (C). There are several measurement methods ablddomire
the both parametersC(and ESR. One of which is the
Keywords  Characterisation  techniques,  supercapacitorsiandard. The voltage across the supercapacitoristained
charactgristics, coulumbig efficiency, self-dischage modelling, 4t its rated valueUr during 1h then the supercapacitor is
pseudo-inductance modelling. discharged with constant current. The capacitance
determination,C, was made during DC discharge between
0.8Ur and 0.4y according the linear relatio@=I.4t/4U,.
1. INTRODUCTION The ESR can be determined at th_e start of discharge by
ESR-4AUy/l. The voltage drop4U, is calculated as the
The determination of supercapacitors parameterseruffiersection of extrapolated curve of experimentitage and
conditions recreated in laboratory can predictrtbehavioursthe straight of instantaneous voltage drop, ocduwken the
in industrial applications. Supercapacitors gemenariable SUPPly current is switched on (see fig. 1) [1-3].
and superimposed physical phenomena. Supercapacitor

Tab. 1: Studied supercapacitors parameters as givén manufacturer’s
datasheet

characterization methodologies are not standardéretit is 600
difficult to compare the results obtained with tho®sf 25 T -500
manufacturers. At present time no internationahdads are 5 -400
existed. The results are depending on differenapaters as s <
ambient temperature, current intensity, frequenuy ltage. ¥ '° = T30
Therefore, reliable and reproductive experimenesiults are % 1 E + 200 £
required; we propose in this paper a comparativelysion S : _1000
measurement methods applied on MAXWELL ’ : (-

commercialized supercapacitors (see tab. 1). 0 ' ' 0

In addition, we need a whole equivalent circuit ®lotbr LS £ Eaxy £l
representation supercapacitor phenomena in powetrehics Time (s)

simulation. So, we use and compare two complemgntar Fig. 1: Determination of supercapacitor parameters

models: two branches and non-homogeny pores, fquénmcy
domain. We develop, in this paper, new equival@aeuds for
pseudo-inductance and self-discharge phenomena.

Therefore, this method results depend on dischemgent as
shown in fig. 2: The capacitanc€, varies slightly but the
ESRincreases considerably with a reducing of cutrent
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Fig. 2: Characterisation of supercapacitor parametes by standard Fig. 4: Capacitance dependence on rate of chargesdharge current
technique

5.3.Coulumbic (discharge/charge) efficiency

5.2.Two branches model . . :
In order to quantify the difference between thecllésge and

A method of determining supercapacitor parametsrgoicharge capacitance, we define a factor called cobici
perform constant-current charging or discharginghisTefficiency. The last represents the discharge dtgrae
method consists in representing of a supercapabiyotwo relative to that of charge for the rated voltags. variation
time constants immediate and delayed branches. Wike charge/discharge current is shown in fig. 5 fbe
supercapacitor equivalent circuit can be represebefig. 3. component BCAPO10.

The immediate parameters can be identified carryiog a

high charge/discharge current. . ik
3
>
o
Ry R $ 100%
_I |_4| I_ S *
5 .
] L *
£ 90%
u C1 C—— S
o
o
80%
0 100 200 300 400 500
1(A)
Fig. 3: Two branches model [4] Fig. 5: Coulumbic efficiency vs. charge/dischargeucrent

The differential capacitanceC,(u) is presented by two 5.4Voltamperometry measurement
capacitances: a constant capacitaigeand a linear voltage-

dependent capacitankes given in equation 1 [4]: This method is based on the current measuremeauttinegs
from a linear potential sweefiJ/dt between two chosen limits
Ci(u) =Cq +ku 1) U; andU.. It allows directly determining the capacitancg [6

The resistanc&; can be determined by the ratio of voltage variation of coulumbic efficiency with cycle mber for
drop at the beginning of charging to current. ThastantC, Maxwell supercapacitors is shown in fig. 6. The a@@nce
in the equation 1 can be determined from the da&fmiof determination for the studied supercapacitors wasedwith
differential capacity I/du(0)/dt determined near to initiathe same relationship capacitance-sweep. The isered
instant of charging. The slople can be identified by theoulumbic efficiency during subsequent cycling tfilauted
evolution of voltagelU,andQ=I. 4t;, charge of supercapacitdo irreversible phenomena [7].

stored during charging as follow [4]:

0,95
= 2018t c:20 AU,) ® N .

AUy e oo 1 »

Sog5+*—*

We founded experimentally that tiRg is practically constant S am
but, the capacitanc€,(u) elements depend on the rate of 2 og {+"®
charge/discharge current (e.g. the component BCAP&E E + BCAPO10 * MC2600
fig. 4). This difference between the charge ancchdisge 3 075
capacitance is probably due to Faradic currentoefbs] and © ClESllaeI = BCAPO350
to charges trapped in pores with low accessibility. 07 . 5 1‘0 1"5 2"0 s

Cycle number
Fig. 6: Coulumbic efficiency vs. cycling number



5.5.Ragone plot The resulting model is called the non-homogeny paonedel.
This model represents a trade-off between precisiod

Ragone plots provide the availablg energy of amamacitorsimpncity and can be used to model supercapacitoppwer
for constant power request [8,9]. Fig. 7 showsRagone plotq|actronics simulation.

for two Maxwell supercapacitors. The supercapasitare

charged as described above during 1h (see § ®d)tiiey are 8E.03 ]  —Ewemen —Two branches model
discharged with constant power frdsg to Ug/2. ’ o rea model —Half oder model
-6 E-O3 i -2,E-03
10 _ _
I E oo I/
& 4E031—=
o lm m | w (g™ =~ £ ,/
S N 2F03 {— oea I f=mm7m
g - MCZGOO E 5,E-04 &E-D‘;e'z’ o 6,E-04 I, JJ[ \\
= = BCAPO10 - \ — !
z 0,E+00 —
T T A A 1 1 N A
2,E-03
0,E+00 2,E-04 4,E-04 6,E-04
01 Re(Z) (Ohm)
1 10 100 1000 10000 Fig. 9: Comparison between the different models ilyquist diagram

P (W/kg)

Fig. 7: Ragone plot of supercapacitors It is essentially the self-inductance of the conivec loop

formed by the terminals, connectors and electraddke cell
inductive behaviour can also result from non-honmegels
current distribution [12] and electrochemical réacs at
supercapacitor [13,14]. In these cases, it reptesenerror in
the EIS measurement; this is why it should be 1reed in
the equivalent circuit (see fig. 9).

3. FREQUENCY MEASUREMENT AND
MODELLING
3.1.Frequency model

Electrochemical impedance spectroscopy (EIS) isl fisethe
electrical/ electrochemical characterization ofesgppacitors.
Its different parameterdl; high frequency resistancdy
electrolyte resistance, inductancés low frequency

R: R; Rn
capacitanceCy, etc, can be determined independently ir Ls Rs Ca
different frequency ranges [10]. An electrical eglent m_:l_| """
u Cai' Lp a1 Lpo d1 Lpn

model can be represented as shown in fig. 8 witfinisée
number n of RC cells. The resistan& and Cy, are
calculated by eq. 3.

Fig. 10: Supercapacitor complex pore model tackingito account pseudo-
inductance

R; R
Ls Rs Cu In order to validate experimentally the establisheatdel, we
N carried out a high frequency test by EIS from 60tt120 kHz

(for component BCAP010). We compare in Nyquist chag

u Can Can Can (see fig. 11) the experimental result with the twodels. The
first is schematized on fig. 8 with a simple induate and the
Fig. 8: Impedance pore model [10] second is schematized on fig. 10. We observe thpgsed
or model improve very much the supercapacitor frequenc
=—— . Cyp=Cq/2 )3 response.
Rn n2n2Cd| "
O + Non homogeny por;s model with simple I
Fig. 9 shows the impedance diagram in Nyquist fiarthe N
different models. The finite number of cells andnnc g ance model
homogeny pores on the electrodes makes the m~ 0,002
(impedance pore model) less accurate. The halfrardeel % .‘lu
has been called to represent the non-homogeny @aorése X Am
electrodes phenomenon [11] (see fig. 9). This madlels = 0004 ‘A'A .
developing the coth term of eq. 4 (left side) tocs&lary order ’ Al
as follows: b —_—
[3 J1tjrw L0
Zp(e) = r.cothiy jer) ~ Zp(@) D% (@) 0,0001 0,0005 0,0009 0,0013
Cdl-\/JWT Jw dl RE(Z) (Q)
Fig. 11: Comparison of the proposed model of pseudnductance with

In order to take into account non-homogeny pores experimental curve

phenomenon in impedance pore model, we can usitthg.



4. COMPARISON OF MEASUREMENT supercapacitor relative to that given by manufagtuwe can
TECHNIQUES observe that the resistance values are disperaet; method
gives a value different from the others, but measents by

From fig. 12, we constant that, on the one han@ tHe methods standard and EIS (low frequency) giesec
capacitance measured by EIS is generally lower tihan \5|yes.

obtained by the two transit techniques: chargeldisge with

constant current and voltamperometry. This is doethe

Faradique charges generated by redox which can gk = g

during the charge. During the discharge (Faradieffiect is el EIS 2 3

practically non present), the results obtained by ° n o

voltamperometry approach to those obtained by Big the o f_-:j

other hand, for tensions higher than 0.5 V, we fingood 8 N 2

agreement between the capacitance values obtaynea bwo 2 | £ < | < )

last techniques (see fig. 12). g e |8 |g|a |z

) a4 < 0 O

[ n
L
o
3000 e A ESR 322 620 587] 799 44}
il a
T 2500 /7 S ESRk (DC) 700 [ 700| 700] 70d 70
8 200 - T [ESRESR.(DCy% | 46 | 89 | 84| 113 o4
E 1500 4 AEIS | 8 ESR (1kHz) 300 | 300] 300] 304 30
§ = Charge/discharge with constant current ESR/ESR: (1kHz)% | 107 | 201| 196/ 264 149
8 1000 17— ® Voltamperometry during charge [ ESR 272 | 439 422| 701 361)
500 +— Voltamperometry during discharge — ° ESRy (DC) 400 | 400] 400 40d 40d)
o
0 . : : : : ‘ S ESR/ESR: (DC)% | 69 | 110| 106] 179 90
O
0 0,5 1 15 2 2,5 3]

: , : s q
Voltage (V) ESR: (100HzZ) 280 | 280] 280] 28 28
Fig. 12: Capacitance voltage dependence by differetechniques ESR/ESR: (100Hz)%| 97 | 157 150f 25G 12

) ) Tab. 3: Comparing of resistances values
In order to compare the different techniques of sneament,

the nominal capacitance is determined by the mdathe 5. SELF-DISCHRAGE CHARACTERISATION
capacitance betweedr and Ug/2 [15]. The results of the AND MODELING

aforementioned techniques are compared in tab. 2. 5.1.Self-discharge measurements

The capacitance values obtained both by impedance

spectroscopy and by DC characteristics (dischardelt bas been found that a gradual decrease in vokagoss the
voltamperometry and Norm) are in a good agreemehile charged supercapacitor occurs in long term opemitirThis
the methods charge/discharge with constant cuf@)tand is due to self-discharge. In this case, the seifttrge has two
voltamperometry give higher values. mechanisms: leakage current and diffusion of iohgha
electrode-electrolyte interfaces [16,17]. The sec@called
the self-discharge with diffusion-controlled. Theelfs

z ° @ o discharge can be characterized by measuring théneeaf
@ § B %E ‘é‘ open-circuit voltage of the supercapacitor.
o | o S EgQ S
< g s = @ In order to limit the relaxing phenomena effect the self-
% § discharge measurement, the supercapacitor is achavigh a
S| S |ES|, g < constant voltage supply for one hour. After on_erhalj the
8 2 2 |8 Py <OE components of the supercapacitor are approximatedyged
5 8 ,g St 0 to the same voltage, assuming that the relaxingigiena

have time constants of less than one hour. Consdgueshen
the charging current is stopped, the decreaseltagemacross

Cr | 2600| 2600] 26004 260p 2640 2600

the supercapacitor follows only the effect of sifeharge
C | 2863| 2614 2794 2596 2740 2623

BCAP010 [16].
CICr | 110%]| 101%)| 107%| 100%| 106%| 101%
\cosoo |_C_| 3130| 2842] 205 286h 2857 28 Fig. 13 shows the self-discharge of the aforemestio
oica| 120 | 109| 12| 110 1d 11 _sgpercapamtors at an ambl_ent temperature of 25nt£:for an
: - - initial voltage of 2.5 V. It illustrates that theeltdischarge
Tab. 2: Comparing of nominal capacitance values rates of components are different. It is noticeat tithe

components MC260 has the highest self-discharges,rat

We can distinguish in manufacturer's documentatii® \hereas the components BCAPO10 has the smallest rat

resistances: DC resistance. (determined by disehaitfp high
constant current) and AC resistance (determinedafgiven
frequency). We present in the tab. 3 the differesistances of



25 ‘[ i 2,6 0,04
5 — 25
S | \/._——— + 0,03
< ~—BCAP010 (2600F 2.5V) —24
g, 1.5 —~—BCAPO13 (450F 2.5V) [ b ,/\ <
8 ~—BCAP350 (350F 2.5V) €23 0,02 &
% 1 ——MC2600 (2600F 2.7V) i = \ k]
> 22 ™~ -
05 ’ o — +0,01
24 « Tension '
0 - Courant
0 2000 4000 6000 8000 10000 2 ‘ 0
n 1 0 200000 400000 600000 800000 1000000
Time (min) t(s)
Fig. 13: Self-discharge rate of studied supercapdors Fig. 14: Evolution of supercapacitor voltage and cuent during self-

discharge
5.2.Self-discharge modelling
From the theory of self-discharge with diffusiomtwlled

The self-discharge with diffusion-controlled is diseFaradicand by using Laplace transform, we could deduce an
impurity reactions and it dominates the self-disgeaduring electrochemical impedance model (see eq. 8).
several hours (3h to 45h) [18]. From the diffusemjuation of
charges concentration at the interfaces carbortrelgte, we nsesseln 2419 7 Bessello 2h|jw
can deduce the supercapacitor current and voltagagdthe h2.Dirac( jw)
self-discharge [16] (for BCAPO10 is less than 1qd®e eq. 5 - ) - +—
_ jwND D.w D

and 6). Z(e) =~ c

®

_p.2
igitf (1) =mC.ex o (5) Nevertheless, this model requires some physicameters
Dt which are difficult to determine and to be estdi#is in time
_ -y’
=Uq - 1-
u(t) =Ug rr{ﬁ[ exp{ Dt

domain. We propose modelling the self-dischargeh wit
J]J,h\/ﬁ erf{}ﬂ (6) diffusion-controlled and leakage current by the iegjent
Dt
Where, U, is the initial voltage across the supercapacitos. 2charge.
is the thickness of a region of electrolyte imméaliaadjacent

circuit depicted in fig. 15. The equivalent circalementsR,
R and C, can be determined by time behaviour of self-

. : : R Rz
to each electrolyte-carbon interface of the supEcigor.mis
the diffusion parameter which can be calculate@dpyation 4 :I—
[16].
RI Cl—— —_—

CrotVD Rae I ST
m=——m— @ C

CoVmT r

—_1

where D is the diffusion coefficient of the ions in the Fig. 15: Proposed equivalent circuit of self-disctrae

electrolyte.Cy, is the series combination of the capacitances at

the two interfaces of the capacitor, per unit askane of the 5.3.Experimental approach

interfaces.Crois the initial ionic species concentration at the

electrode-electrolyte interfaces. Alspis the charge carried to The circuit shown in fig. 15 demonstrates that mdrthe
the carbon surface by each ion [16]. These parameian charge stored immediately in capacitan€@ will be

identified by a physico-chemical analysis of supgeitor redistributed into capacitand®, andC,. C, has a negligible
electrolyte. effect. The phenomenon of the redistribution isitieely low

because the capacitor is charged during an houenWhe
Fig. 14 shows the evolution of current and voltdgeing the SUpply current is stopped the chaQe stored inC, will be
self-discharge with diffusion-controlled. We obwerghe diffused toC, as theC; has an almost zero voltage. At the end
voltage across the supercapacitor firstly decreaharsng of the diffusion-controlled, both capacitanc€s,andC;, will
several hours, and then it comes back very slowigstinitial have the same voltagd)J;, with total charge Q.. The
value U, during several days. The increase in a superdapagfpacitanc€, can be determined by using the charge balance:
voltage is called recovery voltage phenomenon.

Qr =Qo 9)

where,
Qr =U.(C (Ug) +Cy)

(10)
Qo =UoC, (Uy)



C,(Ug)Up-C (U, T
11) R =—
U, ' c

The circuit schematised on the figure 15 can beaed to
that shown in the figure 16 during the self-disgeawith Equivalent parallel resistancB®. will impact long term

As aresultC, =

17

diffusion-controlled storage performance because it is basically a tgaké#fect. In
this case, the voltage across the capacitor dexseas an
- — - exponential function of time as follows:
1
Rr
u _—— G t
u u(t) =U, exp T (18)
'l.l[:l-(t) _I_ Cr Ie
Fig. 16: Equivalent circuit of capacitor during sef-discharge with where 1. is the time constant of leakage current. The time

diffusion-controlled constant is determined experimentally; the decbheopen-

circuit voltage is approximated by an exponentiahction.

From this figure, we can write the following eqoas: The Faradic leakage resistariReis calculated as follows:

u(t) =i®).R +u, ()
duc, (t) - ¢ du(t)

1
dt dt There is a slight difference between the circuitidation and
Thus, we can deduce the time evolution of supexiapathe experimental results (1.2 % mean relative pifsee fig.

T
)
i(t) =C, 1

voltage during the self-discharge with diffusiomtmlled: ~ 17)- The experimental results demonstrate the dietharge
can be entirely represented by an equivalent ¢imith low

dzu(t) C, +C, du(t) error. This circuit is more advantageous than thalyaical

CiRe + : =0 13) model described in the previous section becausedasy to

dt? cC dt - o -
r be established, and allow estimating the magnitofi¢he

. ) . . electrochemical storage of energy in electrical kdeuayer
The solution of the above equation with presenteitial ¢ 9y y

> : : capacitor.
conditions can be estimated by the equation P
t 25
u(t) =U, exp —— (14)
T, 2
=
. . . . o 15 —=— Experimental —
7, is the constant time of self-discharge due tauditin- g P A
controlled, which can be calculated with the follogy S 1
equation : o
C.C.R '
I, = Bt S 8 (15) 0
C+C 0 2000 4000 6000 8000 10000
Time (min)

Assuming that the capacitanCg >>C; the time constant CanFig. 17 : Comparison of the equivalent circuit of lhe self-discharge with
be reduced as follow: experimental

I =C.R (16) Tab. 4 sh(_)ws the self-discharge parameters norechlia
r rer those given in the manufacturer’'s datasheet. Weanenthe
16 capacitanceC, rises with an increase in capacitance of
supercapacitor because the redox increases withcegase in
electrode-electrolyte interfaces. Although this tomponent

first hours. The resistancB, ascribed to the evolution o CAPO10has a relative capacitand@/Cy, lower than that of

Faradic reactions at the electrode-electrolyteriates can be CAPO13 because the concentration Of impurities yrat
calculated by equation 17. Equivalent parallel stesiceR, area pf electrode-electrolyte interface is lower highest
will impact long term storage performance becausés jcapacitances [7]. These results correspond to tioaseled by

; - Itamperometry (see fig. 6). The component MC26&$¢ the
basically a leakage effect. The last can be netgdaglomparedv‘_) ) , .
with the self-discharge with diffusion-controlleditivn the h_|gh_e_st capacnancé;r, and_ th_e lowest r_esstancéa,, which
first hours signifies this component dissipates an importaorest energy

compared to that of others. Table 4 illustrates thakage
resistance increases with a decrease of capacitaecause
membrane surface and quantity of impurities aresfow

The time constant of the exponential describedjima&on
was determined experimentally by fitting (with sedtre of
non-linear least squares fit) of the experimengautt for the



Component BCAP010| BCAPO13] BCAP350 MC260D 10000
Capacitance
Ce (KF) 2.6 0.45 0.35 2.6
R/ () 58.1 291 384 45.2 5 A
A
C: (F) 201 47.4 38.8 367 I 1000
C/Cr % 8 11 11 14 14 405 °C L
Manufacturer 4 45°C
leakage resistance 0.50 0.83 25 0.54 " 65°C
(Riem) (k) [
Ree (k) 1.34 4.99 8.0 0.73 100 : ‘
Ri/ Rem %0 269 599 321 135 05 ! 15 2 25 3
/ 052 1.1 23.0 0.28 Voltage (V)
Riel Cr (Q/F) : - : : Fig. 20: Variation of R v. temperature and initial voltage

Tab. 4: Self-discharge parameters of studied elecichemical capacitors

Consequently, because self-discharge rates arendepieon
6. EFFECT OF VOLTAGE AND TEMPERATURE  the rates of ionic transport [16], the self-disgjearrates

ON SUPERCAPACITOR PARAMETERS accelerate strongly with an increase in temperatuia initial
voltage.
The supercapacitors can operate in a temperaturge ras g
wide as -35 °C to 65 °C. In fig. 18, we show thé-discharge 1o im

A . . > pedance measurements are performed by EIS at
rate for a temperature of -25 °C, 0 °C, 25 °C, @%ahd 65 °C yitterent DC potentials (0 V, 0.5 V, 1V, 1.5 V, 2and 2.5 V),
and for an initial voltage of 1 V, 1.5V, 2V, a@cdb V. and different temperatures (-25 °C, 0 °C, 25 “&°@, 45 °C,

25 55 °C and 65 °C). Fig. 21 (a and b) shows the tiariaof
' supercapacitor parameters versus the temperatdrecétage.
2 e
] (a)
5‘_“1'5 0,0012 [465 =55 +45 =35 425 o0 m-25] |
) 0,001 |rT ~
= 9 T
> ~ 0,0008 7 ! ! r ! E_]
05 g S r %
! —25°C 8 0,0006 & ]
—45°C % § J o
0+ —65°C 3 00004 4 ] ] L L 2 -
0 2000 4000 6000 8000 10000 @ } 2
Time (min) o 0,0002 ]
Fig. 18: Self-discharge rate vs. time for differeninitial voltages and 0
temperature (for component BCAP010 ) 0 05 1 15 5 25 3
. Voltage (V.
The dependence of the self-discharge parame@erand Re, (b‘; age (V)
on both the temperature and on the initial voltagess the <ol [i66 255 o6 =35 225 o0 mwo0) A
supercapacitor can be shown in fig.19 and 20. 2500 J‘ “} E _
[T ¥ 0
o 2000 -
100% ‘ § H
A25°C S 1500 -
5 ] ‘L
A45°C 2 1000 sl
[:4 m65°C '] (&) ] L ! !
L 10% ‘ 500
5 I\
A 0
0 05 1 15 2 2,5 3
Voltage (V)
1% Fig. 21: Supercapacitor parameters vs. temps and ltage
05 1 15 2 25 3
Voltage (V)
Fig. 19: Variation of C, v. temperature and initial voltage From these results, we can observe: The resistRycearies

lightly with temperature. The resistancESR varies as a
function of voltage and temperature. The capacéaly, is
dependent only on DC voltage and non variation with
temperature. By using the transit techniques
(charge/discharge, and voltamperometry), we fouraldight
dependence of capacitance on temperature. Theratitfe
between the discharge and charge capacitance (obidu
efficiency) increases with a temperature decrgasin

In fig. 10 we show the variation of coulumbic eifiocy
versus temperature for the different current chidigeharge.
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