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Abstract

A simple equivalent circuit model for EC capacitaran be established based on
electrochemical impedance spectroscopy. The cicansists of an ohmic resistor and a finite-
length Warburg Element in series. The EC capasitperformance including the transient/pulse
response and energy density as a function of pdersity (Ragone plot) can be stimulated by
the equivalent circuit model with three useful paeters including an ohmic resistance, total

ionic resistance and total capacitance of the reldes.
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I ntroduction

Electrochemical (EC) capacitors are increasingind used as electrical energy storage
devices in a variety of applications due to theinique characteristics; these include, higher
energy densities compared to conventional dieteatrd electrolytic capacitors, and greater power
densities and cycle life compared to rechargeadieeries:® Great efforts have been focused on
increasing the energy density of EC capacitorsigiieg, optimization of the specific surface area
and pore size of the activated carbon for increlastble-layer capacitancg® the development of
pseudocapacitance electrode materials for increseyy storage per unit volumet® lately, the
introduction of asymmetrical cell configuratif?* The theories on energy density of EC
capacitors were also developed and successfullfliedpgo double-layer capacitors and
asymmetrical cell$? The theoretical maximum energy density of EC ciapec and
asymmetrical cells can be projected based on s@sie parameters such as specific capacitance
(or capacity) of the electrode, salt concentratiorlectrolyte, and operational voltage of the.cell
The energy density theories can be used not onlgréalicting the maximum energy density of the
capacitor but also to provide design parameteradbieving the maximum energy density. The
parameters include the mass (volume) ratio betwleerlectrode and electrolyte, porosity of the
electrode for double-layer capacitor, and mas® ratween capacitive and battery electrode
materials for asymmetrical cells. From the eneatggsity theories, it was found that for most of
current developed systems, the theoretical enemgysity was mostly limited by the salt

concentration in the electrolyte.

The power density of the EC capacitor is determibgdhe internal resistances which
include the electrical and ionic resistances. Témited resistance distributions for EC capacitors

with both bipolar and spiral-wound structures wereestigated”*® The sources of electrical



resistance originates from the bulk resistancénefelectrode material, contact resistance between
activated carbon particles, current collector, aadtact resistance between the carbon electrode
and current collector. The sources of the ionitstasce are separator paper and ionic resistance in
the porous electrode. The experimental results @ésoonstrated that the ionic resistance was a
function of capacitor voltage, because the freecimmcentration in the electrolyte decreased with
the buildup of double-layer charges as capacittinge increase. However, even when the sources
of internal resistance can be identified; the posiasity and the internal resistance of the double-
layer capacitors cannot be related. The maximunk peaver of the capacitor was sometime
defined as the total energy divided by the intemesistance of the capacitor. It is also widely
accepted that the best way to define the capasifmtformance is by using a Ragone pf3t°
which describes the relationship between the engeggity and power density. Currently, Ragone
plot can only be obtained experimentally, and nalehmr theory exists to predict the relation
between energy and power densities based on saitegaaameters which can be easily obtained

experimentally.

In this paper, we are going to demonstrated thacaivalent electrical circuit model can
be established based on electrochemical impedamotrgscopy (EIS). The model consists of an
ohmic resistance which represents all internalstasce within the capacitor except the ionic
resistance from the porous electrode. It will bendestrated that the total capacitance obtained
from the equivalent circuit model is consistentrwihie capacitance values measured by dc charge-
discharge method. It will also be demonstrated ttratmodel can be use to describe the transient
behavior of the capacitor, and for the first tinee groject the energy and power densities

relationship.



Experimental

Electrochemical Impedance spectroscopy (EIS) measemts were carried out for a
Panasonic electrochemical capacitor (2.5 V, 10 B: €18 mm, L = 35 mm) using Solartron
1250B frequency response analyzer with windows Bx@rol and data acquisition software by
Zplot (Snibber Associates). All spectra were aittel at open circuit voltage (OCV) using a 5
mV sinusoidal stimulus with frequency ranging fra@mHz to 20 kHz in potential range of O to
2.5 V with spectra collected in increments of 0.5TWe spectra are then fitted to an equivalent

circuit using Zview software.

The dc charge-discharge was performed at constargrnt mode when the capacitor was
charged and discharged between 0 and 2.50 V atn#¥@t ambient temperature. The capacitor
under transient and pulsed response was measuded apulse sequence of 1 A (2 sec.) to -0.5
A (2sec.)to 0 A (1sec.) to-0.5A (2 sec.). Todage profile was recorded by a Maccor battery
test system. The capacitor was also dischargedr wmhstant power mode. The capacitor was
first charged to 2.5 V and hold at the voltageluhe current less than 5 mA; then the capacitor
was discharged at different constant power frod®10 10.7 W. The voltage profile during the
discharge was also recorded by a Maccor batterygystem. The maximum current capability of

the system was 10 A.

Results and Discussion
| mpedance spectroscopy measurements

EIS spectrum analysis in Fig. 1 shows that theueegy response of the EC capacitor is

similar to that of the Warburg element in serieshwan inductive element and an ohmic



resistance. The inductive behavior (20 kHz — 632) Iz attributed to leads from the

measurement setup and the spirally-wound struaitithe capacitors, the ohmic resistance is
observed at the Z’' intercept of the real axis, #re Warburg element (632 Hz-10 mHz) with
~45° slop line represent the Warburg diffusion faéal by a vertical line (~90°) that represents

the accumulation of charge.

The impedance of the EC capacitor in the frequetmyain can be represented by a
series combination of inductor L, ohmic resistaRge and a Warburg impedance elemegt Z
shown in Fig. 2; in this model it is assumed ti&t Warburg element exhibits purely capacitive
behavior at low frequencies. The response of thebWg element in the frequency domain is

given by the following formuld?

)= T cothly/jar )
z(j )—CW Jiar 1)

1=RwCw, and Ry and Gy are the sum of resistance and capacitance of thdbWy element
shown in Fig. 2. For a porous electrodey Represents the effective resistance for ion
transporting through the electrode, ang @presents the total double-layer capacitancdef t
electrode. The experimental results measured farelift bias voltages could be fitted well by an
equivalent circuit model. From the fitting, threaportant parameters were obtained including
the ohmic resistance,R0.0655Q, the ionic resistance of the electrodg=R.033Q, and the
total capacitance of the electrodesy, @vhich was found to increase with increasing tresb
voltage from 10.57 F at O V to 16.37 F at 2.5 Ve3d parameters will also be used to simulate
the voltage profiles under pulsed current dischaagel energy-power relationship of the
capacitor. The inductance was also obtained and abasit 0.757uH; however, it will not

significantly affect the simulation results sinte tinductor value is small and its behavior only



be significant at high frequencies, e.g. above B22 Table 1 summarizes the resistance and

capacitance obtained from the fitting of experina¢&iS at different bias voltages.

DC Charge-discharge characterization

From the result of dc charge-discharge cycling,ig can be seen that the V-t profile is
triangular, with little variation in slope durindnarge-discharge; this indicates good capacitance
characteristic with minimal variation in capacitanwithin this potential window. Based on the
discharge portion of the V-t curve the capacitawes calculated using equation as expressed

below:

_AQ _ixAt
4 AV AV

(2)

where iis the instantaneous discharge curréM,is the potential step anfit is the differential
discharge time. The internal resistance of the B@acitor which is denoted by the equivalent
series resistance (ESR) is determine from theitrandetween charge and discharge on the V-t

curve and is given by:

_AV _av

ESR Al _7 (3)

whereAV is the change in voltage and | is the magnituleharge and discharge current. The
factor of 2 is because of that the current wascheid from +I to —I at charge and discharge
modes, respectively. The variation of capacitanith tMas voltage was also obtained from the
dc measurement and was listed in Table 1. It caseba that within the bias voltage range 0-2.5
V the capacitance increased from a minimum of 14#.62 0V to a maximum of 16.64 F at 2.5 V.

At the beginning of discharge (Fig. 3(b)) theraisudden transition in potential between charge-



discharge. Using equation (3) an equivalent segsistance of 0.078 was deduced from this

transition.

To compare results obtained from EIS and dc chdiggharge, it can be seen that for
both methods, values of capacitance and ohmictaesis can be obtained; however, the value of
ionic resistance of the electrode can only obtainech EIS method. The effects ofyRrom the
dc charge-discharge curve can be observed duregrainsition between charge and discharge
on the V-t curve as shown in Fig. 3(b). The curkatafter a sharp voltage drop was due to the
ionic resistance of the electrode. A comparisonafacitance obtained by two different methods
is shown in Fig. 4. It can be seen that the valhfesapacitance agrees well at bias voltages
higher than 1 V, however, the capacitance obtafreed EIS is lower than that obtained from dc
charge-discharge at bias voltages lower than 1hé. gossible explanation for the difference is
that there is a very slow pseudocapacitance reaotiourred at one of electrodes in the capacitor,
because it was found that the total capacitaneemastd based on the accumulated charge at low
frequency increased with decreasing frequency, e@terl0 mHz. The total capacitance was

approximated by following equation:

Ca = (4)

1
Z"
wherew is the frequency in rad/sec and Z” is the imagir@mponent of the impedance in the
complex plane.

Modeling systemin time domains

A time domain representation of the equivalentwtrcan be obtained by taking the

inverse transformation of the impedance spectifaeigquency domain. According to Mauracher,



the transformation or equivalent time domain regnéstion (equation (4)) can be represented

by:32’33
a r{k— jw}-— 2 12 ©)
Viw Ky k, k, =
Comparing the parameters in equation (4) and ieét sf equation (5) resulting in
JT _ [R,
k=== | (6)
Cv \Gu
and
- _
kz—a—RN (7)

Then considering the impulse response for a p&R{ecircuit given below by equation
(8) and equation (5) it can be conclude that thebiMg element in the frequency domain have
an equivalent time domain representation and caexpeess as a series combination of parallel

resistive and capacitive elemefits.

-t
L-—oie RC (8)
jw+1/ RC C

Also from equation (5), it is defined as:

c, =%

S - 9
o kaW (9)

Then, comparing equations (5) and (8) equate tacdpacitance in each parallel branch

given by equation (10)



Cn = k22 :& (10)
k2~ 2

It can also be deduced from equations (5), (8),(a0¥that

2r 2R,
= = 11
R n’r’C, n°mr’ 1D
Finally, Fig. 5 shows the equivalent circuit of tBE€ capacitor in time the domain. The
circuit includes a Warburg equivalent network, aeseohmic resistance,Rand an inductive
contribution L. Note that the leakage resistandgnsred in this model. The Warburg equivalent

element represents diffusion into the porous edeetusing a series/parallel RC network.

Transient response

Fig. 6 shows the voltage profile of EC capacitorr@sponded to a sequence of pulse
currents of 1 A (2s) and -0.5 A (2s). The equivalgrcuit model of Fig. 5 was applied using an
experimental current input to stimulate the voltagefile. For the modeling using an equivalent
circuit model as shown in Fig. 5, consider the d¢tioid when the EC capacitor is under constant-

current load discharge, then the voltage aroundoibie result in a terminal load voltage given by:
. dig
V(O =V iR - L (12)

where, & is the current through the capacitoky, M the voltage across the Warburg equivalent

network and is given by

Vi =2V, (13)



The voltage on the capacitog (S the given by:
t

v, =V, —Cio Ji.oc 04)

where,V, is the initial voltage on the double-layer capaciC,, The current in each parallel RC

network is then given by:

ic=is—ip (15)
and
. V
=_n 16
IP Rn ( )

wherei_ andi, are the currents in the parallel RC network respely. The voltage on each
parallel capacitor is then given by:
t

V, = —C—ZO { i, (t)ot (17)

The stimulated V-t profile was obtained using thatlelb/Simulink and also plot in Fig. 5
to compare with the experimental results. It isadieseen the simulated terminal voltage show
good agreement with the terminal voltage from tkieeeimental. Buller et &f has successfully

applied transmission line model to a practical lagith much more dramatically current profile.

Power performance

Fig. 7 shows the V-t profiles of an EC capacit@ctiarged at constant power mode. Due

to the maximum current limitation of the test systehe discharge process was stopped before

10



the capacitor reached the voltage of zero. The tiot@ for discharge was obtained based on the
fitting curve using a polynomial as shown in Fig.The energy density as a function of power
density (Ragone plot) can be obtained and is mlatteFig. 8. Experimentally, at low power
densities such as < WI/L, the deliverable energitiemns about 1.3 Wh/L; when power density

is greater than W/L, the deliverable energy derdiops rapidly.

To simulate the Ragone plot for a constant powgdq&d connect to the EC capacitor,

the active power drawn result in a terminal voltggesn by:

v () = % (18)

The same set of equations (12)-(17) was used dtimengimulation, but the curretwas

not constant values and was determined by equét®n The stimulated Ragone plot was also
plotted in Fig. 8 in order to compare with the expental results. During the stimulation,
constant values of R0.0665Q and Ry=0.033Q were used; however, a voltage dependent
capacitance { was used. The capacitance values were determindel® measurement and
linear fitting within two data points as shown iable 1. It can be seen that at low power density,
simulated result agrees well with the experimergault; however, at high power density, >WI/L,
the deliverable energy density was lower than thtaepted values by the equivalent circuit
model. It is believed that the lower value obtairfiexin the experimental power density is due
ionic depletion in porous electrode. The total vaeigf electrolyte in EC capacitor was measured
and is about 3.84 g. It is assumed that the saltexration of electrolyte is 0.75 M/L. The total
available charge from the electrolyte is about €3¢ it assumes 100% salvation. When the EC
capacitor was fully charged to 2.5 V, the numbecatfons and anions, which are equivalent to

charge of about 40 C would be accumulated at théblddayer of the negative and positive

11



electrodes, respectively. The change of such smatiber of ions should not affect the ionic
resistance of the capacitor. It was also provemftioe resistance measurements at different bias
voltages. Both ohmic and ionic resistances in thetede are almost constant in a voltage range
of 0 and 2.5 V. However, it must be pointed outt thdoen the capacitor was charged or
discharged rapidly, the ion concentration and iomsistance in the EC capacitor were not
uniformly distributed, particularly in the electmdwhich is dependent on the thickness of the
electrode and pore size of activated carbon. Thezeit is believed that at high power discharge
and charge conditions, for these carbon surfactds small pore size, the ion diffusion process

was too slow that ion was either over saturatediepieted.

Effect of ionic resistance to power performance

The EC capacitor voltage behavior in responsedgramic current profile is commonly
modeled using the simple equivalent first ordecwirshown in Fig. 9. This circuit consist three
passive circuit elements that result in a firsteordpproximation of the dynamic response of the
EC capacitor. The circuit includes an equivalesties resistance, g3r that represents the
energy lost due to the distributive resistancenefdlectrolyte, electronic contacts and the porous
separator; a double layer capacitancg, @nd an equivalent leakage resistance, tRat
represents the long term capability of the capatttanaintain charge. Fig. 10 shows the Ragone
plots stimulated by a simple RC circuit mode}, (Ras ignored) and transmission line circuit
model as shown in Fig. 5. For simplicity, a constaalue of Gy was used. To compare Ragone
plots obtained by the two different models, it danseen that when,®>Ry, the simple RC
circuit model will be good enough to describe timergy and power relationship of the EC

capacitor; however, when,®Ry, the RC circuit model cannot accurately projeet tiaximum

12



power density of EC capacitors, which is limitedibgic resistance of R From Fig. 10, it can
also be seen that when R reduced, the points at which the energy derssérts to decline,

increase with decreasing,Resulting in the increase in ultimate power dgns

Fig. 11 shows that stimulated Ragone plots forftked R, but variable R. It can be
seen that when\Rincreased, the energy density decreased; howneeultimate power density
was determined by the ohmic resistanceg) @hly. The relationship between the Ragone plots
shown in Figs. 10 and 11 can be understood by tuevalent circuit shown in Fig. 2. The
charges are stored in capacitors which formed ridwesimission line network. When charge is
stored or released from the capacitors, they afitrpass through the ohmic resistqr fRRerefore,
the value of Rwould determine the ultimate power density of Epaxitors. Charge stored or
released from various capacitors in the transmmskinee network pass through different number
of resistors in series as shown in Fig. 2. For d¢hpacitors @ that are closest to,Ress
resistance are available to block charge storagelease than those capacitors some distance
away from R. The greater value ofyrmeans that the current decays faster along thacttap
distribution in the transmission line. Therefoteg fonic resistance influences the energy density

of the EC capacitor.

Conclusion

An equivalent circuit model for EC capacitors wdtained from the impedance spectra
and simulated in Matlab/Simulink. The result shaat accurate simulation of the terminal
voltage under dynamic load current and constantepdead can be achieve. The result also
verifies the effectiveness of using CAD based towmisobtaining good estimates of the

performance of EC capacitors under various loadditioms. Additionally, the effect of ion

13



concentration change and depletion in porous @detrand separator paper can also be in
cooperated into the simulation. From Fig. 8, idlemonstrated an effective way to simulate at
constant power over a range of energy densitieRRégone plot for an arbitrary EC capacitors.

The advantages are cost, time, and optimizatiaelbtesign and performance.

This work was partially support by U.S. Army CERDEC
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Table 1 Summary of Resistance and Capacitance meebatdifferent bias voltages

Bias Voltage (V)| O 0.5 1.0 1.5 2.0 2.5

Ro (Q) 0.0655 | 0.0661 | 0.0642| 0.0637 0.0642  0.0655
Rw (Q) 0.0361 | 0.0282 | 0.0337| 0.0332 0.0335  0.0355
Cw (F) 1040 | 1160 | 13.76 | 1532 | 15.89| 16.36
Cal (F) 1472 | 1416 | 1451 | 1531 | 1591| 1557
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Figure Captions

Fig. 1 AC impedance spectra at different bias gata

Fig. 2 Electrochemical capacitor equivalent cirenddel in the frequency domain.
Fig. 3 DC charge and discharge curves at constargrd of 20 mA.

Fig. 4 The values of capacitance as function of bigltage measured by ac impedance spectra

and dc charge and discharge.
Fig. 5 Electrochemical capacitor equivalent cirendadel in the time domain.

Fig. 6 Comparison of (a) simulation capacitor ardeziment terminal voltage to response the
pulsed current. The voltage difference between sitimn and experimental is shown in (b), The

current profile is shown in (c).

Fig. 7 The voltage profile for EC capacitor disded at different powers. The line is a

theoretical fitting using polynomial curves.

Fig. 8 Ragone plot of EC capacitor. The data poamd the line obtain from experiment and

stimulation using equivalent circuit model, respesy.
Fig. 9 The first order approximation for EC capaciquivalent circuit.

Fig. 10 Stimulated Ragone plots using simple RCudir(with small symbol) and transmission
line circuit (with large symbol) models. For botlodels, the capacitance of 14 F was used and

ohmic resistances were varied as indicated. The® transmission line mode i8.033 Q.

Fig. 11 Stimulated Ragone plots for various Warlnaisistance . The capacitance and ohmic

resistance are 14 F and 0.QBgrespectively.
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