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Abstract

Electrochemical Impedance Spectroscopy can be used as a diagnostic tool for fuel cells. In this

thesis, a model based impedance analysis of Polymer Electrolyte Membrane Fuel cells is given. The

impedance of Cathode Gas Diffusion Layer (GDL) and Cathod Catalyst Layer (CCL) is obtained

using physical models from existing literature. The change in the oxygen concentraion at the GDL |

CCL interface with respect to a perturbation in the current density is obtained from existing models

and shown numerically. Similarly, the change in the activation overpotential at the CCL | membrane

interface with respect to a perturbation in the current is again calculated from existing models and

calculated numerically.
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Chapter 1

Introduction

1.1 Significance of Fuel cells

Fuel cell is a device which converts chemical energy into electrical energy using electrochemical reac-

tions. Fuel cells have zero emissions and hence are very attractive for transportation and industrial

applications. The Fuel cell was invented by William Groves in 1839. There exist many different

type of fuel cells as of today.

• Polymer Electrolyte Membrane Fuel cell.

• Solid Oxide fuel cell

• Molten carbon fuel cell

• Alkaline Fuel cell

• Phosphoric Acid fuel cell

In transport applications, Polymer Electrolyte Membrane Fuel cells have high efficiency compared

to internal combustion engines [1]. PEMFCs have been used in light weight vehicles and effectively

in small scale for buses and forklifts.

1.2 Operation Principle of PEMFC

Fuel cell converts the chemical potential energy of reactants into electrical energy. As in any elec-

trochemical cell, the chemical reaction is split into two half reactions involving flow of electrons and

1



protons. In Polymer electrolyte membrane fuel cell the two half chemical reactions are divided by a

Nafion Membrane which conducts protons but does not allow electrons and gases to pass. Hydrogen

and Oxygen supplied to the anode and cathode respectively.

At anode the Hydrogen Oxidation Reaction (HOR) takes place,

H2 ←→ 2H+ + 2e− (1.1)

while at cathode the Oxygen Reduction Reaction (ORR) occurs.

O2 + 4H+ + 4e− ←→ 2H2O (1.2)

The difference in the chemical potential of reactants is converted to difference in electrical po-

tential when the two half chemical reactions are combined. The theoretical cell potential of PEMFC

is 1.23 V. This value can be calcuated using the following expression.

Ecell = −∆G

nF
(1.3)

Here ∆G is the change in Gibbs free energy of the overall reaction, n = 4 is number of electron

exchanged and ∆G is the change in Gibbs Free energy for the reaction 2H2 +O2 → 2H20 and F is

the Faraday’s constant.

Polymer electrolyte membrane fuel cell is made of five layers and f low channels with supportive

plates as shown in Figure 1.1. The five layers are collectively called as the Membrane Electrode

Assembly(MEA). The center layer of MEA is the membrane surrounded by the anode and cathode

on either side. Each electrode consists of catalyst and gas diffusion layers. The catalyst layer is

porous and consists of carbon supported platinum particles and the ionomer (Nafion). The triple

phase boundary between the carbon phase, ionomer and the gas pores is the active area of the cell

and the site of electrode half reactions.

Multiple MEAs are stacked together in series to increase voltage and increase the space efficiency.

Each MEA stack is covered by bipolar plates on each side with flow channels for hydrogen flow into

the anode and oxygen or air into cathode side. Sealed coolant channels are also contained in the

bipolar plate for heat rejection. Each cell is sealed with gaskets and stack is compressed between

end plates. Bipolar plates also provide connection between inlet and outlet manifolds for hydrogen

and oxygen supply and exhaust.

The performance of PEMFC is characterized by the Polarization curve shown in Fig. 1.2, where
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Figure 1.1: schematic of PEMFC [2]

the potential of the cell is plotted as a function of current density under the steady state operating

condition. Three types of potential losses occur in a fuel cell : Activation losses, Ohmic losses and

Mass transfer losses. The activation losses are due to the kinetics associated with the HOR and ORR

reaction rates. The HOR is very fast on the catalyst in the anode side and hence the activation losses

are small. The main contribution to the activation loss is at the cathode. The ORR overpotential

is described by the Tafel equation.

η = bln
i

io
(1.4)

where η is overpotetial, b is the Tafel slope and io is the exchange current density, which represents

the reaction rate at zero overpotential.

The ohmic losses is caused by electronic and ionic conduction resistance,

η = IR (1.5)

The ohmic losses are mainly due protonic conduction in the membrane and catalyst layer, elec-

tronic conduction in catalyst layer, gas diffusion layer, bipolar plates, current collector, also in

contact resistance between the layers and the transfer of protons in ionomer of catalyst layer. As

given by the above equation, ohmic losses vary linearly with current density. In the polarization

curve, they are dominant for medium current withdrawal where a linear relation can be noticed.
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Figure 1.2: Polarization curve of fuel cell [3]

The mass transfer losses are due to oxygen transport by diffusion through the pores in GDL and

catalyst layer. The losses are higher when the pores are blocked by water. As can be observed from

the polarization curve, these losses are large at high current density.
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Chapter 2

Literature Review

The performance of PEMFC in terms of kinetic, ohmic and mass transport overpotentials is qual-

itatively described in first chapter. In this chapter, the literature review of PEMFC modeling is

given.

2.1 Membrane

The most used membrane for PEMFC is Perfluorosulfonic acid, also called as Dupont’s Nafion. It’s

chemical structure shown in Fig. 2.1. The membrane consists of Perfluoroethersulfonic acid chains

which are bonded with a Polytetratluoroehthylene (PTFE, Teflon) backbone to ensure mechanical

strength. Each chain consists of SO3− anionic groups. The sulfonate anions need cations to balance

the charge. The sulfonate ions are hydrophilic whereas the backbone (Teflon) is a hydrophobic.

Water content through the membrane varies as a result of the proton drag from the anode to the

cathode side, a process called as Electroosmotic drag. The back diffusion of water from cathode

side to anode due to concentration differences. The water content in the membrane is defined as

the ratio of the number of water molecules to the number of charge SO3−H+ sites. The water

content determines the proton conductivity of the membrane. The water content of the membrane

is maintained by humidified inlet gases.

The water distribution and proton transport in the PEM Fuel Cell has been modeled by different

methods. The first approach to modeling of Polymer Electrolyte Membrane is by Springer [5]. In

this approach, the authors used dilute solution theory where the interaction of minor species and

solvent are considered. Fuller and Newman [6] used concentration solution theory in which the

interaction of all of the species in Polymer electrolyte are considered as significant and Fick’s Law
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Figure 2.1: Structure of Nafion Membrane [4]

is replaced with equation of multicomponent diffusion.

The third approach is a hydraulic mathematical model for an ion-exchange membrane attached

to gas-fed porous electrode of polymer electrolyte fuel cell by Bernardi and Verbrugge[7, 8].The

driving forces for water transport depend on the hydraulic pressure and electro-osmotic drag. The

main parameters in this model are electro kinetic permeability, hydraulic permeability, viscosity and

conductivity.

2.2 Gas diffusion layer

The gas diffusion layer (Fig. 3.2) is made of carbon cloth or carbon paper. The main function of

GDL is to provide a pathway for gas diffusion from flow channel to catalyst layer and to remove the

water produced from catalyst layer interface. The GDL includes a micro-porous layer on catalyst

layer side which is prepared with carbon black and PTFE.

The diffusion of gases inside the GDL is described by Stefan maxwell diffusion equations [6, 10,

11, 7, 8].

∇µi
RT

= ∇ ln ai =

n∑
j=1j 6=i

xixj
Dij

(vj − vi) =

n∑
j=1j 6=i

cicj
c2Dij

(
Nj
cj
− Ni

ci

)
(2.1)

In GDL, the mean free path of the gas molecules is low and pore diameter is high so molecular

diffusion is dominant and hence the Stefan-Maxwell equations can be applied. In the catalyst layer

the mean free path of the gas molecules is high compared to the pore diameter and hence Knudsen
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Figure 2.2: Gas diffusion layer [9]

diffusion is more dominant. In this case, an additional term is included in the above equation,

∇xi
RT

=
∑
J=i

xiNj − xjNi
PDeff

ij

− Ni

PDeff
ki

(2.2)

were Deff is the Knudsen diffusivity in between molecule aand the wall. Kulikovsky[12] and Wohr

[13]are use such Knusdsen diffusion included models.

Gas Diffusion Layer is modelled assuming homogeneous cylindrical pores and by considering

condensation and evaporation by M.Wohr and Bolwin[13]. The gas transport with in the pores is

described by the dusty gas model combining Stefan Maxwell and Knudsen diffusions with convective

transport by a pressure gradient. In [14] the gas diffusion layer is governed by a system of differential

equations of material and energy balance for gases and water transport.

2.3 Catalyst layer

The catalyst layer is made of nano sized platinum particles supported on fine carbon grains, an

electrolyte network of perflourosulfonate ionomer (PFSI) soaked with water and Teflon as a binder

and a hydrophobizing agent. The carbon grains form agglomerates of larger sizes thereby creating

pores of small and large sizes. The oxygen reduction reaction occurs on the catalyst sites adjacent

to the ionomer phase in the larger gas pores Fig. 2.3.

The diffusion in the catalyst layer can occur in two ways: Molecular and Knudsen diffusions.

The molecular diffusion occurs in the larger pores of the agglomerates while the Knudsen diffusion

occurs in the primary pores of the carbon matrix.
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Figure 2.3: Catalyst layer Agglomerate model [19]

The first catalyst layer model was developed by springer[5] the electrochemical reaction described

by the Tafel expression without adding loss in the cathode. The Fick’s law diffusion considered in

the ionomer of catalyst layer of Flooding model by Springer and Wilson[15].In this model consider

the losses by the interfacial kinetics between the Pt and ionomer interface,gas and ionic transport

limitation consider in cathode catalyst layer. Bernerdi and verbergge[7, 8] using the continuity

equation for both oxygen depletion and water transport in the active catalyst layer described. Fuller

and Newman[10, 11] expressed the Stefan maxwell equation used for the reactant transport in the

catalyst layer pores. The effective diffusivity used for transport of reactants assumed in the fuel

cell[16, 17, 18] by the Bruggeman Power law.

The diffusion of oxygen in ionomer pahse is described by Ridge et al[20]. The model describe

the diffusion and reaction of oxygen and hydrogen ions in the active catalyst layer. The oxygen

reduction reaction kinetics expressed by a Tafel equation[5, 6, 10, 21].

i = io
po2
pref

exp(
η

b
) (2.3)

Here io is ion exchange current density, η is over potential and b is Tafel slope,which is often

reported as mv/decade. many researcher have done on an approximately double slope for ORR at

low potentials[22, 23, 24, 25].
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Chapter 3

Characterization of Polymer

Electrolyte fuel cell using AC

Impedance Spectroscopy

3.1 Introduction

In a Polymer Electrolyte Membrane Fuel cell, air, hydrogen are sent to the cathode and anode

sides. On both sides, the reactants are saturated with water vapor. In this chapter, the impedance

modeling of the gas diffusion layer on the cathode side studied by [18] is presented along with the

simulation results. In the cathode side, the transport of the three components, oxygen, nitrogen and

water vapor in the gas diffusion layer is studied using the steady state Stefan-Maxwell equations.

The steady state oxgyen concentration varies along the length of the gas diffusion layer. The steady

state current is perturbed and the change in the oxygen concentration at the gas diffusion/catalyst

layer interface is obtained.

3.2 Model of Backing Layer of Cathode Side

The model has three main assumptions. i) water vapor concentration is constant throughout the

backing layer, ii) Nitrogen flux at steady state throughout the backing layer is zero and iii) Nitrogen

flux at the interface between the gas diffusion layer and catalyst layer is zero even during the

dynamics. The concentration of O2, N2 varies with the length along the gas diffution layer. The
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Figure 3.1: Schematic of PEMFC for modeling [18]

instantaneous current density is denoted by I. The steady state Stefan Maxwell multicomponent

diffusion equation (Eq. 3.1) relate the instantaneous gradient in mole fraction of O2 and water vapor

to the O2 and water vapor fluxes, No and Nw and their mole fractions x and w in Eqs. 3.2, 3.3.

∇µi
RT

= ∇ ln ai =

n∑
j=1j 6=i

xixj
Dij

(vj − vi) =

n∑
j=1j 6=i

cicj
c2Dij

(
Nj
cj
− Ni

ci

)
(3.1)

The activity is chosen as the mole fraction assuming ideal gas conditions. The logarithm is also

approximated as ln(x) = x− 1 for moderate values of x.

dx

dy
= [αo(xNw − wNo) + (xNN − (1− x− w)No)]

lB
DeONc

(3.2)

dw

dy
= [αo(wNo − xNw) + αN (wNN − (1− x− w)Nw)]

lB
DeONc

= 0 (3.3)

The last equation is equal to zero due to the first assumption.

DeoN =
εB
τ

DsoN

Pa

(
TS
T

)1.823

, c =
1

VM

Pa
PS

TS
T
, αN =

DsoN

DswN
, αo =

DsoN

Dsow

where DeoN is the effective diffusivity while DsoN is the diffusivity at standard conditions which are

considered as 1 atm and 0o celcius. It was assumed in [18] that the sum of the O2 and N2 fluxes

equals I
4F . Using this fact and

αo(wNo − xNw) + αN (wNN − (1− x− w)Nw) = 0

we obtain,

Nw =
wNw + αo

αN
w( I

4F −NN )

1− w + (αO

αN
− 1)x
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By using the above result and Eq. 3.2, the nitrogen flux can be obtained.

NN =
1

K

1

β1

[
G(x)

dx

dy
+ (β1 − x)

I

IB

]

where, β1 = 1−w, β2 = αo

αN
− 1, β3 = 1−w+αow, αow = β3 − β1, IB = 4FCDeoN

lB
, K = lB

DeoNC
and

G(x) = β1+β2x
β3+β2x

.

Using the assumption that at steady state the nitrogen flux equals zero, we obtain

I

IB
(β1 − x) = −G(x)

(
dx

dy

)

Integrating the above equation results in the following,

I

IB

(∫ y=1

y=0

dy

)
= −

∫ x(1)

x(0)

G(x)

(β1 − x)
dx

This results in

I

IB
y = β4 log

(
β3 + β2x(1)

β3 + β2x(0)

)
+ β5 log

(
β1 − x(1)

β1 − x(0)

)
(3.4)

where

β4 =
(β1 − β3)

(β2β1 + β3)
and β5 = β1

β2 + 1

β2β1 + β3

Eq. 3.4 represents the dependance of oxygen mole fraction on the current density and fractional

distance through the gas diffusion layer.

In the dynamic case, the continuity equation applied on oxygen in the gas diffusion layer results

in CεB
∂x
∂t = − 1

lB
∂No

∂y . Since, No +NN = I
4F and I is assumed to te indepedent of y, we obtain,

CεB
∂(δx)

∂t
= − 1

lB

∂δNo
∂y

=
1

lB

∂(δNN )

∂y

where δx, δNo, δNN represent perturbations. Therefore,

β1lB
CDeoN

d(δNN )

dy
=

β1

ωB

∂(δx)

∂t
=

d

dy

[
δ

(
I

IB
(β1 − x)) +G(x)

dx

dy

)]
=

d

dy

[
δI

IB
(β1 − x)− I

IB
δx+G(x)δ(

dx

dy
) +

dG

dx

dx

dy
δx

]
=

[
δI

IB

(
−dx
dy

)
− I

IB

dδx

dy
+
dG

dx

dx

dy

d(δx)

dy
G(x)

d2(δx)

dy2

]
+

[
d2G

dx2

(
dx

dy

)2

δx+

(
dG

dx

)(
d2x

dy2

)
δx+

dG

dx

dx

dy

d(δx)

dy

]
(3.5)
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where ωB = DeoN

l2B
= DsoN

τPal2B

(
T
TS

)1.823

, C = 1
Vm

Pa

Ps

TS

T , DeoN = εB
τ
DsoN

Pa
( TTs

)1.823.

The Laplace transformed variables are denoted with an overbar as follows.

L(δx) = x̄(y, s) L((δI)) = Ī(s)

L

(
d(δ(x))

dy

)
= x̄′(y, s) L

(
d(δx)

dy2

)
= x̄′′(y, s)

After applying Laplace transform on Eq. 3.5 we get the following frequency dependent differential

equation.

G(x)x̄′′(y, s) +

(
2
dG

dx

dx

dy
− I

IB

)
x̄
′
(y, s) +

(
d2G

dx2
(
dx

dy
)2 +

dG

dx

d2x

dy2

β1s

wB

)
x̄(y, s) =

dx

dy

Ī(s)

IB

along with the boundary conditions,

1. x̄(0, s) = 0

2. δNN (s)|y=1 = 0 = Ī(s)
IB

[β1 − x̄(1)] +G|x(1)x̄
′
(1, s) +

[
dG
dx |x(1)

dx
dy |x(1) − I

IB

]
x̄(1, s) = 0

where I(s) = ω
s2+ω2 for sinusoidal perturbation in the current and the second boundary condition is

obtained from Eq. 3.5 at y = 1. Finally, the impedance is calculated via

z =
Pa ∗ x̄(1, s)

Ī(s)
(3.6)

3.3 Impedance of Gas Diffusion Layer

The impedance at interface of GDL and catalyst layer z = Pa∗x̄(1,s)
Ī(s)

shown in Fig. 3.2. The high

frequencies are towards the left and the low frequencies are towards the right as shown in the figure.

The impedance as a function of different ambient pressures are observed. At higher frequencies

a straight line limit can be observed. On the other side of the spectrum, for zero frequency, the

resistivity can be determined.
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Chapter 4

Physical Model of Cathode

Catalyst Layer

4.1 Introduction

The previous chapter described the impedance of the gas diffussion layer in terms of change of

oxygen concentration at the catalyst layer interface with respect to the current perturbation. In this

chapter, the impedance of the cathode catalyst (CCL) layer is studied. The performance of the fuel

cell is determined mainly by the CCL where the ionic and electronic currents are converted to flux

of water.

The schematic of cathode catalyst layer thickness is shown in Fig. 4.2. The flux of protons

decreases from electrolyte — catalyst layer interface to the catalyst — gas diffusion layer interface.

The flux of electrons decrease from GDL (gas diffusion layer) interface to the membrane interface.The

reactants (oxygen) decrease from right hand side to left hand side due to the Oxygen Reduction

Reaction (ORR).

The chapter discusses the the complete macro homogeneous model of fuel cell catalyst layer

impedance by A. A. Kulikovsky [27]. This approach considers the non-stationary model of CCL

performance based on Perry-Neuman-Cairns model with butler-volmer conversion function. The

model equations are linearized and converted frequency domain and an exact analytical solution

to the system equations is obtained in the case of small cell current. For high cell currents, an

approximate solution is obtained.
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Figure 4.1: Schematic of Cathode catalyst layer [26]

4.2 The Butler-Volmer Equation

The Butler-Volmer equation relates the current density S to the loss in Galvanic potential called as

activation overpotential η.

S = i∗

[
exp

(
αFη

RT

)
− exp

(
−(1− α)Fη

RT

)]
where i∗ is volumetric exchange current density (A/cm3) and α is the transfer co efficient which

describes the shape of the energy barrier between initial and final states of reaction. For a symmetric

barrier with α = 0.5, we obtain

S = i∗

[
exp

(η
b

)
− exp

(
−η
b

)]
= 2i∗ sinh

(η
b

)
where b = RT

αF is called the Tafel slope.

4.3 The Model

The unsteady model of the cathode catalyst layer can be described by the following equations.

Cdl
∂η

∂t
+
∂j

∂x
= −2i∗ sinh

(η
b

)
j = −σt

∂η

∂x
∂c

∂t
−D ∂2c

∂x2
= − 2i∗

nF

(
c

cref

)
sinh

(η
b

)

15



where Cdl is the double layer capacitance(F/cm3), η is the half cell over-potential, j is the local

proton current density, x is the distance from the membrane , i∗ is volumetric exchange current

density (Acm−3), c is the local concentration of oxygen , cref is the reference inlet concentration, σt

is the CCL proton conductivity and D is the effective diffusion co-efficient of oxygen in the catalyst

layer.

Physically oxygen diffusion in the CCL is due to free molecular diffusion in large pores and due

to knudsen diffusion in small pores. The action of both mechanisms is described by simple Fick’s

formula with average effective diffusion coefficient.

The over-potential is given by η = φm−φc+Eeq, where φc, φm, Eeq are carbon phase, membrane

phase and equilibrium potentials respectively. The conductivity of carbon phase is very large and

hence the gradient of φc can be neglected. Therefore, ∇φm ≈ ∇η.

The first model equation represents the decaying of ionic current density towards the GDL due

to charging of double layer and proton conversion due to the ORR. The second model equation is

the Ohm’s Law relating the proton current density to gradient of over potential. The last equation

represents the oxygen mass conservation equation.

Using dimension less variables,

x̄ =
x

lt
, t̄ =

t

t∗
, η̄ =

η

b
, j̄ =

j

j∗
, D̄ =

D

D∗
, Z̄ =

Zσt
lt
, c̄ =

c

cref

where

t∗ =
Cdlb

2i∗
, j∗ =

σtb

lt
, D∗ =

σtb

nFcref

the model equations translate into,

∂η̄

∂t
+ ε2

∂j̄

∂x̄
= −c̄ sinh(η̄)

j̄ = −∂η̄
∂x̄

µ2 ∂c̄

∂t̄
− ε2D̄ ∂2c̄

∂x̄2
= −c̄ sinh(η̄)

(4.1)

where ε =
√

σtb
2i∗l2t

is the Newman’s reaction penetration depth and µ2 =
nFcref
cdlb

.

Let η̄0 and c̄0 be the steady state solution to Eq. 4.1. Using the perturbations,

η̄ = η̄0 + η̄1 exp(iω̄t̄)

c̄ = c̄0 + c̄1 exp(iω̄t̄)

16



and neglecting the products of disturbance terms and subtracting the steady state equations for η̄0

and c̄0, the following differential equations and boundary conditions are obtained.

ε2
∂2η̄1

∂x̄2
= sinh(η̄0)c̄1 + (c̄0 cosh η̄0 + iω̄)η̄1

ε2D̄
∂2c̄1

∂2x̄2
= (sinh η̄0 + iω̄0µ2)c̄1 + c̄0 cosh(η̄0)η̄1

(4.2)

η̄1(1) = η̄1
1 ,

∂η̄1

∂x̄
|1 = 0

∂c̄1

∂x̄
|0 = 0, c̄1(1) = 0

4.4 Ideal Oxygen Transport

For ideal oxygen transport, it is assumed that c̄0 = 1 and c̄0 = 1 in Eq. 4.2, i.e.,1) the steady state

oxygen concentration in CCL does not depend on the spatial and the temporal dimensions and 2)

the perturbations in oxygen concentration are zero. Then, the previous equation reduces to,

ε2
∂2η̄1

∂x̄2
= (cosh η̄0 + iω̄)η̄1

If the cell current is small, η̄0 � 1 and is almost independent of x̄. From the previous equation,

we obtain,

ε2
∂2η̄1

∂x̄2
= (1 + iω̄)η̄1

Solving this equation with the boundary conditions (Eq. 4.2), the following expression for the

perturbed overpotential can be obtained

η̄1

η̄1
1

= cos(φ(1− x̄))η̄1 (4.3)

where φ =
√
−1−iω̄
ε2

Differentiating the above equation with respect to x̄ we get the perturbation in cell current .

j̄1

η̄1
1

= −φ sin(φ(1− x̄))η̄1 (4.4)

To calculate the impedance at the membrane — catalyst interface, we set x̄ = 0 and calculate

17



the ratio of Eq. 4.3 and Eq. 4.4.

z̄ =
η̄1

j̄1
= − 1

φ tanφ

The real and imaginary parts of the above expression can be calculated.

z̄re =
ε2√

1 + ω̄2

(
β sinh(2β)− α sin(2α)

cosh(2β)− cos(2α)

)

z̄im = − ε2√
1 + ω̄2

(
β sin(2α) + α sinh(2β)

cosh(2β)− cos(2α)

)

where α =

√√
1+ω̄2−1

2ε2 β =

√√
1+ω̄2+1

2ε2

4.5 Impedance of Cathode Catalyst Layer

The impedance for ideal oxygen transport in the cathode catalyst layer is shown in Fig-4.2. The high

frequency values are to the left (near the zeros of the axes) of the plot whereas the low frequency

ones are to the right. The impedance depends on the Newman’s reaction penetration depth ε. When

the penetration depth is high (ε = 1000), a semicircle is obtained. For high frequencies, a straight

line can be observed from the impedance plot. The slope of this line is 45o. For the impedance

at reaction depth ε = 1, this line is clearly visible. The impedance for the high frequencies can be

approximated as ε√
2ω̄

(1− j). For ω̄ = 0, we obtain the resistivity of the CCL. Note that for ω̄ = 0,

z̄im = 0 whereas z̄re = ε sinh(2/ε)
cosh(2/ε)−1 .
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Figure 4.2: Impedance of the CCL
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