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Abstract: This paper presents a numerical study on the reduction in the voltage and current induced
on a 13.5 km buried metallic pipeline by an overhead power line. The mitigation effectiveness of
different configurations and cross-section shapes of screening conductors is computed by means
of a methodology that combines a 2D Finite Element Analysis with circuital analysis. A 35.72%
reduction of the maximum induced voltage is obtained when 4 cylindrical steel screening conductors
with 8 mm radius are buried 0.25 m below the soil surface, along the pipeline path. The maximum
induced pipeline current is reduced by 26.98%. A parametric study is also performed, to assess the
influence of the per-unit-length admittance to earth of the screening conductors on the mitigation
efficacy. The results show that screening conductors may help in reducing the inductive coupling
between overhead power lines and buried metallic pipelines, and that the assumption of perfectly
insulated screening conductors leads to an underestimation of the produced mitigation effect.

Keywords: buried metallic pipeline; electromagnetic interference; overhead power line; shielding;
mitigation wires; finite element analysis

1. Introduction

Metallic pipelines located in the proximity of power lines can be exposed to electro-
magnetic interference during both normal operating conditions and faults of the latter [1–3].
Because of the high cost of right-of-ways, it is in fact unavoidable that the pipelines share
the same corridor with high-voltage AC (HVAC) power lines [4–6]. It is then likely that
electromagnetic interference may occur, where the source is constituted by the HVAC
power line and the victim by the metallic buried pipeline [7–9]. In general, this electro-
magnetic interference consists of inductive, capacitive and conductive contributions [10]
which can be studied and assessed with three different coupling mechanisms. For under-
ground metallic pipelines, the capacitive coupling (also called electrostatic coupling) is
not particularly significant as the earth provides a quite efficient screen to the electrostatic
field generated by the difference of potential between the power line and the pipeline [11].
The conductive coupling is noteworthy during fault conditions, where the currents in the
power line may reach much higher values than in the steady-state condition and thus
the pipeline coating may be subject to a larger potential difference between the pipeline
and the surrounding soil [12–14]. For an overhead power line in sinusoidal steady-state,
the most significant coupling mechanism of the three above mentioned is then the in-
ductive coupling mechanism, which is due to the magnetic field generated by the power
line currents [15,16]. The inductive coupling between the power line and the pipeline
results in an induced voltage in the pipeline that may increase the risks for electrochemical
corrosion [17,18], damage to insulation [19,20] and electrical shock [21]. In order to reduce
the electromagnetic interference between source and victim, the most practical solution
consists in worsening the electromagnetic coupling. The use of screening conductors buried
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in the soil above the metallic pipelines appears then as a feasible solution to attenuate the
voltage generated on the pipeline by inductive coupling [22].

In previous works [23], it has been shown that the assessment of simple geometries
such as those represented by the cross section of mitigation wires (MWs) with the Quasi-3d
methodology yields results which are in good agreement with those obtained in [4], where
a widely used analytical methodology is illustrated. Compared to other analytical methods,
the developed numerical methodology allows an accurate physical description of complex
geometries, too. With the developed method, no limitation on the number of conductors
(either buried or overhead) is introduced; moreover, the soil electrical resistivity can be
modelled as an analytical function of space.

The developed methodology has been employed by the authors in [24] to study the
influence of the screening conductor’s shape and magnetic properties on their mitigation
efficacy. In this work, the same technique is applied to a different pipeline–power line
routing, focusing on the effects produced by different values of the screening conductors’
admittance to earth on the mitigation efficacy yielded by the screening conductors.

This paper is organised as follows: Section 2 describes the proposed hybrid methodol-
ogy (composed of Finite Element Analysis and circuit analysis); the results are presented
in Section 3, where the induced pipe-to-soil voltage and longitudinal pipe current are
obtained for different configurations of screening conductors, and discussed in Section 4.

2. Mathematical Model

The numerical study presented in this work is conducted using a computer code
developed by the authors, implementing the methodology described in [23]. In particular,
the main feature of the developed approach lies in the combination of 2D Finite Element
Analysis (FEA) and circuital analysis; this allows one to study the electromagnetic inter-
ference induced on metallic structures that can extend over several kilometers following
non-straight paths without having to rely on 3D FEA, that would entail a prohibitive
computational load. As depicted in Figure 1, a corridor comprising a power line, a pipeline
and other conductors (such as mitigation wires) is subdivided in a certain number of 2D
sections. Hence, each section typically includes one or more HVAC overhead power lines,
one or more metallic pipelines buried in the soil and other additional conductors, such
as mitigation wires. Each section is discretized and subsequently simulated via 2D FEA.
The given section represents the specific characteristics of the studied configuration at
a given position along corridor. Hence, the relative positioning between the considered
conductors and the electric characteristics of the soil as well as the metallic conductors can
be different from section to section. The influence on the obtained accuracy exerted by the
number of sections in which the corridor is subdivided has been assessed in [25]. In this
respect, it should be highlighted that the considered sections are not physically indepen-
dent one from the other. As anticipated, a circuital methodology is employed to enforce the
physical interconnection between different corridor sections. That is, for each considered
section of the corridor, FEA is used to extract the local physical characteristics in terms of
voltages and currents. These are subsequently fed into an equivalent electric network in
the form of multiport circuital components (one for each corridor section). The obtained
multiport components are finally embedded into an electrical circuit, equivalent to the
considered corridor.
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Figure 1. Pipeline horizontal position with respect to the HVAC power line along the length of the
corridor (routing).

2.1. Finite Element Formulation

The developed finite element solver is employed to study each section of the corridor,
by solving a 2D quasi-magnetostatic problem. The employment of such formulation
implies that only the conduction current contributions to the magnetic field is considered,
neglecting the displacement current. Furthermore—since the solver is employed to study
the effects of HVAC power lines in standard operating conditions—the considered system is
assumed to work in sinusoidal steady-state. Moreover, the modeled materials are assumed
to be linear and isotropic. This is also applied to any ferromagnetic materials, given that
the magnetic field intensities produced by typical power line current values are markedly
below [24] saturation. For each section of the discretized corridor, the current density in
all the conductors is assumed to flow perpendicularly to the considered plane. Hence,
assuming that the power line is directed along ẑ, then~J = Jz(x, y, t)ẑ and a magnetic vector
potential can be defined for the magnetic field, such that ~B = ∇× ~A, and ~A = Az(x, y, t)ẑ.
These physical assumptions (the reader is referred to [26] for a more in-depth discussion)
allow the attainment of a time-independent complex expression for the magnetic potential
vector diffusion equation:

−∇ ·
(

1
µ
∇Az

)
= J0,z − jωσAz. (1)

In the former expression, µ is the magnetic permeability, while J0,z and Az are the
phasors associated with the current enforced by voltages along the corridor and the mag-
netic vector potential, respectively. The discretization of Equation (1) with a finite element
approach leads to a linear systems [27], yielding the values of Az on the nodes of the
discretized domain:

[K]{Az} = { f}. (2)

The right-hand side of Equation (2) includes the term J0,z in Equation (1) and the
boundary conditions for the considered quasi-magnetostatic problem. Hence, Equation (2)
expresses the relation between the impressed current densities (i.e., J0,z), acting as forcing
terms for the differential problem, and the magnetic vector potential distribution in the
given section of the corridor. Hence, the finite element approach is employed to take into
account the physical contribution provided by electric fields (and hence current densities)
in the direction perpendicular to each section of the corridor, i.e., along the power line
path. The aforementioned circuital approach is instead employed to constrain the forcing
terms (J0,z), such that the effects of electric fields that are not directed along ẑ—that cannot
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be directly modeled with the employed 2D finite element approach—are addressed. This
allows one to take into account any connection between the metallic conductors and
between a conductor and the soil, as well as interactions between the 2D sections employed
to subdivide the corridor.

2.2. Equivalent Circuit

As anticipated in the former sections, a generic corridor including a nonparallel
pipeline–power line routing is approximated by a number of 2D sections of the corridor.
In this way, the routing is approximated by a number of straight segments, where each
segment correspond to a single 2D section. FEA is then performed on each segment
(hence section), to derive the relation between the forcing terms and the induced currents
through each conductor. The subsequently obtained current density Jz is integrated over
the cross section of each conductor, yielding the corresponding electric current Ih. Hence,
a characteristic matrix [M] can be defined for each section, representing the linear relation
between the forcing terms and the currents in each conductor:

{I} = [M]{Jz,0}. (3)

The term {I} in Equation (3) represents the currents I1, I2, . . . , In flowing through
the n conductors of a given corridor section, while {Jz,0} represents the corresponding
array of impressed current densities. The generic entry mh,k of [M] corresponds to the
current Ih induced on the hth conductor of the section, when a unit current density J0,z,k

is enforced on the kth one. Hence, in order to compute [M] for a given section including
n conductors, a corresponding number of instances of the FEA solver must be invoked.
Moreover, since Jz,0,k =

σk
Ls

Vk, a characteristic matrix can also be regarded as the constitutive
relation of an n-port electric component. In this way, the FEA of the different sections used
to discretize the routing yield a corresponding number of n-port components. The latter
are then inserted into the cells of an equivalent electrical network, which consequently
include the information extracted via FEA. Moreover, as anticipated, each cell may contain
admittances, which represent the connections existing between metallic conductors, or be-
tween a conductor and the soil. Finally, the solution of the equivalent network—yielding
the currents and voltages in the considered conductors at each section of the corridor—can
be obtained with any circuital analysis technique. The code developed by the authors uses
the tableau analysis methodology, as detailed in [23].

3. Results

In this section, the described Quasi-3D approach is employed to assess the mitigation
effectiveness associated with different shapes and arrangements of a set of screening
conductors. These are buried in the soil above the pipeline, and follow its path along
the route depicted in Figure 1. Each numbered mark along the pipeline path in Figure 1
corresponds to a specific characteristic matrix yielded by a 2D FEM simulation of the
corresponding cross section of the routing.

Figure 2 shows the geometric characteristics of the considered power line, that is, the
positions of the power wires and Overhead Ground Wire (OGW), as well as the burial depth
and relative position of the pipeline and four different mitigation wires. The x coordinate
of the pipeline conductor is reported as an interval, corresponding to the position of
the pipeline (and mitigation wires) with respect to the power line center for each of the
34 cross-sections of the routing marked in Figure 1. In [28], the influence on the mitigation
effectiveness of the number and burial depth of the screening conductors has been assessed.
As reported in Figure 2, a constant burial depth of 0.25 m was used in this work for the
sake of practicality.
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hd

Figure 2. Geometric characteristics of the considered power line, pipeline and mitigation wires.

Table 1 summarizes the main electrical and geometrical information on the considered
physical configuration. The quantity y′

pipe−soil
is the per-unit-length (p.u.l.) admittance to

earth of the power line, which has been computed with the expression recommended in [4],
assuming a 7 mm thick pipeline coating, with a resistivity of ρ = 6× 105 Ωm and εr = 2.
In addition, in Table 1, zpipe−soil represents the earthing impedance of the pipeline at both
ends of the considered corridor. The value for the OGW admittance to soil (y′

ogw−s
) was

obtained assuming that a power tower is installed every 100 m of the power line, and that
the series of every power tower and its grounding system has a resistance of 10Ω [29,30],
giving Ytower = 0.1 S. Consequently, the power tower admittance-to-soil is then distributed
over 100 m, yielding the reported per-unit-length (p.u.l.) value. In [24] the mitigation wires
were assumed to be perfectly earthed at both ends of the domain (zMW = 0), and perfectly
insulated from the soil within the routing (y′

MW−s
= 0), for the sake of simplicity. In this

work, two other additional values for y′
MW−s

are considered together with y′
MW−s

= 0.

These are y′
MW−s

= 1.8× 10−3 S/m, selected according to [31] and y′
MW−s

= ∞.
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Table 1. Geometrical and electrical data.

Quantity Value Units

I I—Phase I 1000 0◦ A
I I I—Phase II 1000 120◦ A

I I I I—Phase III 1000 −120◦ A
σsoil 1× 10−3 S m−1

σpipe 5.5× 106 S m−1

σOGW 3.77× 107 S m−1

σMW 5.5× 106 S m−1

Pipe external radius 0.4 m
Pipe internal radius 0.375 m

OGW radius 6× 10−3 m
µr,soil 1 −
µr,pipe 250 −

µr,OGW 1 −
µr,MW 1 −

y′
pipe−soil

3× 10−4 + 9× 10−6i S m−1

zpipe−soil 3 Ω

y′
ogw−soil

1× 10−3 S m−1

zogw−soil 1 Ω

3.1. Induced Current and Voltage in Absence of Mitigation Measures

In order to provide a reference case for the evaluation of different mitigation techniques
performed in the next sections, the configuration described in the previous paragraph
is first assessed without any mitigation device. Figure 3 shows the magnitudes of the
obtained longitudinal pipeline current Ipipe and pipeline-to-soil voltage Vpipe−soil along the
length of exposure, yielded by the network analysis. It is worth highlighting that—even
if the term network analysis is used for the sake of conciseness—the tableau analysis is
carried out using physical information extracted through finite element analysis of the
discretised domain, as described in the previous section. The obtained results show that
both the induced voltage-to-soil and current may reach considerable values, requiring the
employment of mitigation means [32].
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Figure 3. Magnitude of the induced pipe-to-soil voltage and longitudinal pipe current along the
corridor, when no mitigations measures are put in place.
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3.2. Cylindrical Mitigation Wires

In this test, four cylindrical mitigation wires are added to the same configuration described
in Section 3.1. The wires are assumed to be made out of steel (σMW = 5.5× 106 S m−1),
and with a radius of 8 mm. Figure 4 shows the obtained current and voltage profiles
when the cylindrical mitigation wires are employed. This plot refers to a p.u.l. admittance
y′

MW−s
= 1.8× 10−3 S/m. Unless otherwise indicated, this value for the p.u.l. admittance

to soil is retained for the results presented in this section.
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Figure 4. Magnitude of induced pipe-to-soil voltage and longitudinal pipe current along the corridor,
when 4 equispaced cylindrical mitigation wires are employed.

The unmitigated voltage and current profiles of Figure 3 are reported for the sake of
comparison, and are marked as Vp,s,0 and Ip,0, respectively.

3.3. Square Mitigation Wires

The aim of this second test is to assess the influence of the mitigation wire cross-section
shape on the mitigation rate. The simulation described in the previous section is performed
assuming that the mitigation wires have a square shape. Each side of the square cross-
section has a length of 14.18 mm, so that its cross-section area is approximately equal to
the one of the cylindrical wires with 8 mm radius employed in Section 3.2. The obtained
profiles of pipe-to-soil voltage and pipeline current are shown in Figure 5 and compared to
the unmitigated results.

The current density distribution obtained via the performed 2d FEA is shown in
Figure 2 for MWa (with the naming convention employed in Figure 2). The figure refers to
the 6th among the 34 cross-sections of the routing summarized in Figure 1, i.e., when the
pipeline is located 3 m the right of the power-line centre.
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Figure 5. Magnitude of induced pipe-to-soil voltage and longitudinal pipe current along the corridor,
when 4 equispaced square mitigation wires are employed.

3.4. Sheet Mitigation Conductor

The simulations described in the previous sections are repeated considering a single
large rectangular screening conductor for the four cylindrical and squared mitigation wires.
This steel sheet has a width of 3.2 m (equal to the distance between MWa and MWd in
Figure 2). The thickness of the mitigation sheet is 8 mm, i.e., equal to the radius of the
cylindrical mitigation wires of Section 3.2. The rationale behind this test is to provide a
limit case, representative of the maximum mitigation effect that can be achieved for a given
material and available horizontal span of the mitigation conductors. Figure 6 shows the
obtained voltage-to-soil and current on the pipeline, with and without the mitigating steel
sheet. Again, in this plot a p.u.l. admittance to soil y′

MW−s
= 1.8× 10−3 S/m was chosen

for the sheet screening conductor.
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Figure 6. Magnitude of induced pipe-to-soil voltage and longitudinal pipe current along the corridor,
when a single conductive sheet is buried above the pipeline.
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4. Discussion

In this section, the results of the test cases presented in Section 3 are discussed. Setting
y′

MW−s
= 0 as in [24] corresponds to assuming that the mitigation wires are perfectly

insulated from the surrounding soil. Conversely, y′
MW−s

= ∞ means that the mitigation
wires are perfectly earthed at each section of the employed electrical equivalent network.
The obtained results are summarized in Tables 2–4.

Table 2. Summary of maximum pipe-to-soil voltage and pipeline current for the four different
described configurations.

I—Unmitigated II—Cylinder III—Square IV—Sheet

max(Vp,s) [V] 13.61 8.75 8.74 3.36
max(Ip) [A] 27.63 20.23 20.21 7.62

Table 3. Voltage mitigation rate yielded by different values of the mitigation wire p.u.l. admittance
to earth y′

MW−s
.

y′
MW−s

(S/m) Cylinder—MRV (%) Square—MRV (%) Sheet—SMRV (%)

0 33.56 33.56 86.16
∞ 35.42 35.49 78.71

1.8× 10−3 35.72 35.78 82.73

Table 4. Current mitigation rate yielded by different values of the mitigation wire p.u.l. admittance
to earth y′

MW−s
.

y′
MW−s

(S/m) Cylinder—MRI (%) Square—MRI (%) Sheet—MRI (%)

0 26.10 26.15 65.09
∞ 27.04 27.12 71.39

1.8× 10−3 26.98 27.04 72.59

4.1. Induced Current and Voltage in Absence of Mitigation Measures

As one can see from Figure 3, a dual behavior can be observed in the induced current
and voltage profiles, i.e, the zones with large current values correspond to low voltages-to-
soil, and vice versa. This can be explained considering that Vpipe−soil is proportional to the
current flowing through the pipeline coating rather than Ipipe, which flows in the direction
parallel to the pipeline path. The maximum values of the pipe-to-soil voltage and pipeline
current are Vpipe−soil = 13.61 V and Ipipe = 27.63 A, respectively (see Table 2).

4.2. Cylindrical Mitigation Wires

As discussed in [33], the mitigation wires deviate the magnetic field lines produced
by the HVAC overhead power line, exerting a shadowing effect on the underlying pipeline.
The maximum values of the pipe-to-soil voltage and pipeline current are Vpipe−soil = 8.75 V
and Ipipe = 20.23 A, respectively (see Table 2). Indeed, as can be observed in Figure 4,
a marked reduction in both the induced voltage and current is obtained with the addition of
the mitigation wires. The mitigation rate will be used here onwards to provide a quantitative
description of the obtained mitigation efficacy. Considering, e.g., the induced pipeline-to-
soil voltage, the voltage mitigation rate (MRV) is defined as:

MRV =

(
1−

max (Vp−s)

max (Vpipe,0)

)
· 100, (4)
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where max (Vp−s,0) is the maximum pipe-to-soil voltage value along the corridor, when no
mitigation means are considered.

For the present case, the achieved voltage and current mitigation rates are reported
in Tables 3 and 4 for the considered p.u.l. values of the mitigation wire to soil admittance.
As regards voltage mitigation rates, they range from MRV = 33.56% to MRV = 35.72%
for y′

MW
= 0 and y′

MW
= 1.8× 10−3, respectively. The current mitigation rates range from

MRI = 26.20% to MRI = 27.04% for y′
MW

= 0 and y′
MW

= ∞, respectively.

4.3. Square Mitigation Wires

The obtained voltage and current profiles depicted in Figure 5 show that, in anal-
ogy with the cylindrical wires test, a reduction in both the induced voltage and current
is achieved. The maximum values of the pipe-to-soil voltage and pipeline current are
Vpipe−soil = 8.74V and Ipipe = 20.21A, respectively (see Table 2). These values are very
close to those obtained with the cylindrical mitigation wires. Correspondingly, the volt-
age and current mitigation rates are similar; the former range from MRV = 33.56% to
MRV = 35.78% (obtained for y′

MW
= 0 and y′

MW
= 1.8× 10−3, respectively), whereas the

latter range from MRI = 26.15% to MRI = 27.12% (obtained for y′
MW

= 0 and y′
MW

= ∞,
respectively). This is a somewhat expected result, since the cross section area of the two
different kind of mitigation wires is the same. In addition, since the wires are assumed to
be made out of steel, the magnetic field penetration depth is larger than their characteristic
size. For this reason, the current density distribution is approximatively uniform within
the wires, as can be verified in the field map shown in Figure 7.

Figure 7. Current density magnitude distribution in a square mitigation wire.

4.4. Sheet Mitigation Conductor

As one can see from Tables 3 and 4, a marked reduction in the induced voltage is
achieved with respect to the unmitigated reference case, for any value of the mitigation
wire-to-soil admittance. In fact, the conductive sheet produces the maximum mitigation
effect that can be achieved for a given material and available horizontal span of the
mitigation conductors.

The 2D spatial current density distribution in the appurtenances of the pipeline and
the mitigating steel sheet can be observed in Figure 8. The plot highlights the shadowing
effect produced by the current density induced in the mitigation sheet by the magnetic
field produced by the power line.
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Figure 8. Current density magnitude distribution yielded by the FEM analysis when a single
conductive sheet is buried above the pipeline.

4.5. Local Mitigation Rate Assessment

Finally, Figures 9 and 10 depict the local normalized voltage and current mitigation
rates along the corridor when cylindrical mitigation wires are employed, respectively. The
mitigation rate in Equation (4) is referred to the section of the corridor corresponding to the
maximum unmitigated voltage or current, whereas the local mitigation rate is defined as:

MRV,local =

(
1−

Vp−s

Vpipe,0

)
· 100. (5)

Equation (5) expresses the local voltage mitigation rate; the definition of the local
current mitigation rate is analogous:

MRI,local =

(
1−

Ipipe

Ipipe,0

)
· 100. (6)

A normalized local mitigation rate is defined as follows, for the induced voltage and
current, respectively:

MRV,local,norm =
Vp−s

max(Vp−s)

(
1−

Vp−s

Vp−s,0

)
· 100. (7)

MRI,local,norm =
Ip−s

max(Ip−s)

(
1−

Ipipe

Ipipe,0

)
· 100. (8)
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p.u.l. admittance to earth of the four (cylindrical) mitigation wires (left axis); unmitigated pipeline
current (right axis).

The unmitigated voltage-to-soil and current are shown in the right axis of Figures 9 and 10,
for reference.

5. Conclusions

The results show that screening conductors can be an effective and practical way to
reduce the voltage and current induced in a buried metallic pipeline by induced coupling.
The mitigation rates obtained with cylindrical and square cross-section wires are similar.
This result can be explained by the fact that in both cases the skin depth is larger than
the wire characteristic size, then making the current density distribution approximately
uniform on the wire cross-section.
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The obtained results highlight that the ratio between the mitigation rates yielded by
the different admittances to earth is not constant over the whole corridor. Nevertheless,
the marked variations of MRV that are visible in the middle part of the corridor in Figure 9
are not particularly significant, due to the low local value of induced voltage (depicted in
blue). Conversely, significant variations of the obtained mitigation efficacy are visible in
Figure 10 in the middle part of the corridor, when the mitigation wires are assumed to be
perfectly insulated from the soil.

In both cases, also taking into account the results in Tables 3 and 4, it can be no-
ticed that different values for y′

MW−s
yield non negligible differences in the computed

mitigation efficacies.
In particular, the assumption of y′

MW−s
= 0 leads to an underestimation of the mit-

igation rate, both for MRV and MRI . Conversely, assuming that y′
MW−s

= ∞ leads to

results that are considerably closer to the practical value of y′
MW−s

= 1.8× 10−3 S/m.
Nevertheless, if y′

MW−s
is of difficult estimation, the choice of y′

MW−s
= 0 represents a

safe guess.
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