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Abstract

The static charges and induced voltages from extra-high-voltage alternating current transmission lines (EHVACTLs) on
parallel oil pipelines (POPLs) raise the risk levels for people and animals. Thus, the objective of this paper was to reduce
and/or mitigate the electric field which is concentrated on POPLs by using grounded shield wires under EHVACTLs. Three
techniques are employed to reduce the electric field effects on POPLs of two distinct types of transmission lines (TLs), 500 kV
and 220 kV. The first technique involves raising the tower’s height to improve the clearance space between the POPLs and
the TL conductors. The second technique is increasing the horizontal distance between the POPLs and the nearest stressed
conductors of the TL. The third technique involves placing shield wires beneath the stressed conductors of the EHVACTLs.
The electric field under the EHVACTLs is calculated with and without the grounded shield wires using charge simulation
method. The results of the first technique revealed that with increasing the tower height from 10 m to 15, 20, 25, and 30 m,
the electric field decreased by 43.75%, 62.5%, 68.75%, and 75%, respectively. Herein, employing the second technique,
the electric field intensity is reduced by 20% and 21% depending on the POPL placed at a distance from the right stressed
conductor equal to the horizontal clearance between conductors of 500 kV and 220 kV, respectively. Besides, the results of
the third technique proved that the shield wires under the EHVACTLs reduced the electric field intensity on the POPLs by
17.65% and 24.71% for 500-kV and 220-kV TLs, respectively.

Keywords EHVACTLs - Electric field - Height of towers - Mathematical modeling - Mitigation - Parallel oil pipelines -
Shield wires

Abbreviations EHVACTLs Extra-high-voltage alternating current trans-
mission lines

AC Alternating current ESD Electrostatic discharge

Cp Cathodic protection HVPL High-voltage power lines

CSM Charge simulation method POPLs Parallel oil pipelines

DC Direct current PSO Particle swarm optimization

EM Electromagnetic TLs Transmission lines

EMF Electromagnetic field UHVDC Ultra-high-voltage direct current
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roads for the same purposes. Therefore, the combinations of
TLs and oil pipelines may be parallel to each other and on
the same roads for long distances. There is a concentration
of static charges and induced voltages on POPLs due to the
high values of the electric fields from the TLs. These static
charges and the induced voltages have high values that are
very harmful to humans and animals in case the POPLs are
not well grounded.

One of the most significant sources of the magnetic field
is the high-voltage transmission lines. Electromagnetic field
(EMF) interaction with buried pipes has been of consider-
able concern to literature in recent years. EMF intrusion on
pipelines situated in utility corridors is a true and significant
issue that can threaten both the operator’s protection and the
pipeline’s quality. Pipelines are susceptible to being installed
in electric utility corridors comprising high-voltage AC trans-
mission lines. When there is a long-term induced AC voltage
on a pipeline, contacting the pipeline or appurtenances may
be unsafe and even life-threatening for operations staff. AC
discharge can also result in pipe corrosion. Shwehdi et al.
[1] estimated the deposition of the AC voltages due to high-
voltage transmission lines on buried pipelines in the Eastern
region of Saudi Arabia. The basic methods, instructions,
required details, and cautions for carrying out such esti-
mations were presented. The results showed that the EMI
evaluation accuracy required sufficient soil resistance at each
section of the pipeline. Also, the resistance of pipelines coat-
ing significantly affected the accuracy.

Abdel-Salam and Ziedan [2] introduced the assessment
of the inductive and capacitive induced voltages on a gas
pipeline that existed under the AC transmission line. Bound-
ary points on the surface of phase conductors and the pipeline
where the boundary conditions are met were chosen to deter-
mine the values of the simulation charges. The induced
voltages were estimated for pipelines located in the air under-
neath 500-, 380-, and 66-kV power lines and in the ground
underneath 220-kV lines. The results showed that the induc-
tive induced voltage is low compared with the capacitive one.
The capacitive induced voltage on the pipeline is situated in
the air underneath the transmission line, while the inductive
induced voltage is located on the ground under the transmis-
sion line.

Abdel-Salam et al. employed a charge simulation-based
technique to calculate the induced voltages on fence
wire/pipeline underneath a high-voltage transmission line
[3-5]. The technique was based on the methodology of
charge simulation and considered the disruptions of the elec-
trical field and the induced voltage due to the existence of
the fence wire/pipeline below the line. The induced voltages
and capacitance-to-ground and the short-circuit current-to-
ground on fence wire/pipeline below 230- and 380-kV
high-voltage lines were measured, correlated with the cal-
culated values, and addressed on nearby components to AC
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power transmission lines in the presence of electric field
induction.

Electric fields and induced voltages on oil trucks crossing
the extra-high-voltage alternating current (EHVAC) trans-
mission line of 380-kV double circuits rating 900 MVA in
Saudi Arabia were mitigated by Ziedan et al. [6]. The mod-
eling approach was based on the charge simulation method
(CSM) for evaluating the electric field distribution, induced
charges, and currents on the body of an oil truck. The induced
emf experimental measurements were taken from an actual
oil truck filled with gasoline crossing 380-kV double-circuit
transmission lines. The author suggested two methods to mit-
igate electric fields and induced voltage on the truck’s body:
first, through increasing the height of towers which were
positioned in the crossing area, second, under the stressed
conductors, shield ground wires were utilized.

The features and impacts of ultra-high-voltage direct
current (UHVDC) electromagnetic interference and geomag-
netic storms on underground pipelines have been studied by
Liuetal. [7-9]. Compared to the Shanghai Temple-Shandong
Project’s 6250 A grounding pole current conditions on Jan-
uvary 2, 2017, and the Zalute-Qingzhou, the effect of +
800-kV UHVDC transmission monopole service on under-
ground oil pipelines was assessed. The effect of geomagnetic
storms on the protection of underground oil pipelines was
also evaluated based on geoelectric field monitoring records.
The findings revealed that the effect on the pipeline of the
DC grounding pole current was associated with the distance
among the pipeline and ground electrode, the potentiated
operating state, and the insulating flange spacing on the
pipeline. The geomagnetic storm had a stronger interfering
effect on submerged pipelines compared with the DC of the
grounding pole.

The topic of AC corrosion remains inspiring researchers.
Numerous variables that impacted the corrosion rate of
underground pipelines because of the interference with
overhead high-voltage TLs were studied. The processes of
induced AC voltages, which are summed up as capacitive,
inductive, and conductive coupling, have been investigated
by many authors. Al-Gabalawy et al. [10] analyzed only
the induced AC voltage on the pipelines due to inductive
coupling in steady-state conditions. A holistic numerical
simulation for pipelines, power lines, induced voltage mit-
igating devices and cathodic protection (CP) have been
presented. Potassium hydroxide polarization cells were elec-
trically represented since the most common mitigating device
for discharging the induced AC voltage from the pipeline
to the soil was known to be such cells. The study out-
comes revealed the profiles of the induced AC voltage along
the pipeline, the CP for the pipeline, the maximal voltage
points, and the effect on the CP performance of the installed
AC mitigation systems.
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Djekidel et al. [11] proposed a technique based on the
electromagnetic induction law of Faraday to determine the
induced voltage produced by the high-voltage power line on
a parallel aerial metal pipeline in its near area in steady-
state operation condition. Besides, the process of induced
voltage mitigation using the passive loop technique as paired
with the algorithm of particle swarm optimization (PSO) was
defined. The existence of a pipeline near an aerial power
line greatly disrupted the mapping of the magnetic induction
created by this power line. By improving the location of the
loop conductors, increasing the number of loops, and using
a magnetic shielding substance of high relative permeability,
the mitigation performance was dramatically improved. The
outcome of the numerical simulation was compared to the
extracted outcome of Carson’s formulas.

Popoli et al. [12] suggested a numerical technique for
measuring currents and voltages generated by adjacent
aerial power lines on underground pipelines. The suggested
approach was based on the discretization of the pipeline route
into multiple parallel sections of the power line. The corri-
dor portion corresponding to each section of the pipeline
was an electrical multi-port element, the electrical parame-
ters of which were derived by a 2D finite element analysis.
Consequently, the obtained components were assembled into
a network embodying the entire corridor’s physical char-
acteristics. Thus, to broaden the capabilities of traditional
two-dimensional field analysis, circuit analysis was used.
The physical implications of the crossing between a pipeline
and a power line were addressed, and a convergence analysis
was implemented to examine the best method for a range of
different crossing angles to be followed for pipeline subdi-
visions. The obtained outcomes for different crossing angles
revealed that a convergence analysis should be conducted if
an oblique route is discretized with a collection of parallel
sections to ensure that the discretization process does not
influence the obtained results, particularly when considering
small crossing angles.

The corrosive impacts of electromagnetic induction,
which is produced by double-circuit high-voltage power lines
(HVPL) on the buried steel X70 pipelines, were diagnosed by
Ouadah et al. [13]. The electromagnetic interference between
the steel pipeline and the double-circuit HVPL that was
described in the buried X70 steel pipeline as the propaga-
tion of the magnetic field and the induced AC densities was
studied. The vertical distance between the HVPL double-
circuit and the steel pipeline X70 and the conductor phase
sequence orientation were all factors that contributed to the
interference. Consequently, electrochemical measurements
were used to describe the corrosion polarization features of
X70 steel in simulated soil at different AC densities. The
findings revealed that the corrosion rate of the X70 steel
raised with an increase in the density of AC, implying that
the induced AC density had intensified the corrosion level of

the X70 steel relative to that in the non-existence of the den-
sity of the AC. The authors inferred from these observations
that the electromagnetic induction induced by the HVPL of
the double circuit influenced the electrochemical feature of
the steel pipeline X70 and expedited the corrosion of the
pipeline.

Electrostatic discharge (ESD) is a physical phenomenon
that can damage electronic components via its high discharge
current, which may exceed a few amps in a matter of nanosec-
onds. A further significant aspect of ESD is the associated
high-frequency electromagnetic (EM) fields emitted by the
ESD occurrence. Electronic appliances that are impacted by
ESD are likewise affected by induced voltage caused by
EM fields. The most prevalent strategies for computing the
ESD electromagnetic fields, focusing on the optimal meth-
ods for minimizing computational effort, were examined in
[14]. Furthermore, the experimental setups and measurement
devices for measuring the electric and magnetic fields pro-
duced via ESD were reviewed in [14]. The authors in [14]
recommended the EM field to be measured during the veri-
fication of ESD generators by specifying certain limitations.
Furthermore, the EM field created by ESD generators should
be taken into account by the designers of such generators dur-
ing the design process.

The authors in [15] developed an ANN software tool for
evaluating the electric and magnetic fields emitted by ESDs.
Real input and output data obtained via enormous experimen-
tal measurements in the high-voltage laboratory at National
Technical University of Athena were utilized in training,
validation and testing phases. By merely recording the dis-
charge current, this developed software tool analyzed the
electromagnetic field emitted by ESDs in an easy and precise
manner. The authors in [15] pointed out that the developed
software tool could be highly beneficial to the laboratories
doing ESD tests.

From the literature, the main contributions of this study
can be summarized in the following:

1. Calculate the electric field under 500-kV and 220-kV
TLs without adding the shield wires under the stressed
HV wires on the level of the parallel oil pipelines.

2. Re-calculate the electric field under the 500-kV and 220-
kV TLs by adding the shield wires under the stressed HV
wires.

3. Study the effect of varying the height of the towers to
minimize the electric field’s concentration on the parallel
oil pipeline level (at a height of one meter above the
ground).

4. Study the effect of increasing the horizontal distance
between the POPLs and the nearest stressed conductors
of the TL on the concentration of the electric field.

5. Study the effect of increasing the clearance distance
between the stressed HV and shield wires.

@ Springer
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2 Research methods

In this section, the calculation of the induced voltage on the
parallel oil pipelines (POPLs) based on the determination
of the electric field under the extra-high-voltage AC trans-
mission lines (EHVACTLs) will be obtained by using the
well-known technique of charge simulation method (CSM)
[10-16]. The technique to mitigate the concentration of elec-
tric fields in parallel oil pipelines is via installing shield wires
beneath the EHVACTLs. Despite the fact that the field dis-
tribution around stressed HV conductors is non-uniform, the
CSM is the most accurate approach for determining the elec-
tric field under the EHVACTLs. Schematic graphs of 500-kV
and 220-kV TLs are shown in Figures 1 and 2, respectively. A
500-kV transmission line is constructed by 1-circuit, 3-phase,
and 3-bundle sub-conductors per phase, as shown in Figure 1.
A 220-kV transmission line is constructed from 2-circuit,
3-phase, 2-bundle sub-conductors per phase, as shown in
Figure 2. It is assumed that the EHVACTLSs system is in the
X-Y plane and is infinity on Z-axis. The simulated surface
line charges are assumed inside the conductors at radius r¢ (r¢
=f-rc)wherefisafraction fromOto 1 (in this study, is chosen
by 0.5) and r. is the radius of sub-conductors. The number
of simulated surface line charges inside each sub-conductor,
grounding wire, oil pipeline, and shield wire is N1, N2, N3,
and N4, respectively. The number of sub-conductors, ground
wires, oil pipelines, and shield wires is assumed nc, ng, np,
and ng, respectively. Thus, the total number of the unknown
simulated surface line charges is [16—18]:

n= (N xng)+ (Ng X ng) + (N3 X np) + (N4 X ngn) (1)

Other sets of boundary points are used to satisfy the
boundary conditions, equal to the applied voltage on the sub-
conductors and zero on the grounding wires, the oil pipelines,
and the shield wires. The total number of boundary points
equals the total number of undefined charges QO ;.

At any boundary point at coordinates (x;, y;), the poten-
tial ¢; is a function of the potential coefficient P;; and the
potential due to all surface line charges at (x;, y;) which is
expressed as follows [19-21]:

n
g = Z Pij Oy, (2
=1

1
Pj=In|{———]:i=1, 2,
RiRyR3Ry
(€)]
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A matrix equation will be formulated when applying the
boundary conditions for the formula of Eqn. (2) expressed as
follows [20, 21]:

[PIQs] = [Vb] “

where [P] is the n x n matrix of potential coefficient; [Qs]
unknown simulation charges matrix with dimension n x 1;
and [Vp] boundary points potential values matrix with dimen-
sionn x 1.

To determine the unknown surface line charges Qg, the
matrix formula of Eq. (4) should be solved first. The accuracy
of the solution is checked by choosing checkpoints that are
located in between the boundary points. After the accuracy
of the solution is checked, the electric field £ is calculated
under the EHVACTLs.

8 n ! |
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The magnetic field density B in Tesla, which is a function
of phase current /, is found as follows [2]:

®)

B =
27 R

_ MoHiI
R* — 2R?H?cos(2@,) + H}

3R>+ H} }

where R is the distance from any point of interest and the cen-
ter phase conductor, H| magnetic field, which is measured
in amperes per meter (A/m), o the free space magnetic per-
meability, and ¢, the angle between the vector R and the
horizontal line passing the phase conductors.
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The inductive induced voltage Vems on the body oil
pipelines is determined as follows:

Vemt = o I Zy 9
where o is the radian frequency, I the current, and Zy, the
mutual impedance between oil pipelines and phase conduc-

tors of the transmission line, which carry an AC obtained
using Carson’s formula [5, 24, 25].

3 Results and discussion

The previous methodology is applied for two kinds of TLs,
the first one is the 500-kV transmission line, as shown in

Figure 1, and the second one is the 220-kV transmission line,
as shown in Figure 2. There is an oil pipeline in parallel with
the TLs. The oil pipelines are at the height of one meter over
the ground with a diameter of 1 m. The distance between the
oil pipelines and the nearest phase of the line Do is a param-
eter of the field calculation. The calculation is done for both
500- and 220-kV transmission lines to mitigate the effect of
electric field concentration on the parallel oil pipelines by
increasing the height of the towers, increasing the horizontal
distance between the POPLs and the nearest stressed con-
ductors of the TL, and to add shield wires under the stressed
phases of the EHVTLs.
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Fig. 1 Configuration of 500-kV TL: A without shield wires and (B) with shield wires
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Fig.2 Configuration of 220-kV TL: A without shield wires and (B) with
shield wires

3.1 Results of 500-kV EHVACTLs with parallel oil
pipelines

A 500-kV EHVACTL with parallel oil pipelines without
shield wires is shown in Figure 1A, and the shield wires under
the stressed EHVACTLs are shown in Figure 1B. There are
1 circuit, 3 sub-conductors (bundle) per phase with radius r
of 0.0153 m, the distance between the sub-conductors D, is
adjusting to 0.5 m, the clearance between the stressed con-
ductors (phases) Dpp is 12 m, and the height of the stressed
conductors over the ground level H is a variable in this study
(10, 15, 20, 25, and 30 m). Two grounding conductors with
wire radius rg, a function of the sub-conductor radius r¢ (rg

@ Springer

= 0.5x7¢), and with a height H; of 9 m above the stressed
wires, and spacing between each other Dg of 18 m.

For the parallel oil pipelines, the radius r, is 0.5 m, the
height above the ground H,, is 1 m, and the clearance between
the oil pipelines and the nearest stressed conductor (phase)
D, is a function of clearance between the stressed conductors
(phases) Dpy, in this study as shown in Figure 1A.

In the shield wires with wire radius rgp, which is a function
of the sub-conductor radius 7. (rsy, = 0.5 r¢) with an adjust-
ment of wire spacing Dy, of 1 m, the total number of shield
wires is 31, and the height above the ground level Hg, is a
function of the conductors (phases) height H, which varies
in this study (75%, 50%, and 25%) as shown in Figure 1B.
Shield wires are grounded, meaning that the applied voltage
on them equals zero.

The CSM is employed to determine the electric field
under the stressed lines and its concentration on the par-
allel oil pipelines. The number of line charges inside the
sub-conductor, shield wires, and the oil pipeline is chosen as
16, 6, and 6, respectively. All these line charges are located
inside the sub-conductor, shield lines, and the oil pipeline at
a radius of its half main radius. The accuracy of the CSM
is about 2.7 x 107'9% on the stressed HV conductors and
about 7.13 x 10711% on shield wires and the oil pipelines.
The accuracy of CSM is calculated mathematically, and the
accuracy is the difference between the calculated induced
voltage due to simulated charges and the applied voltages on
stressed wires and grounded oil pipelines over the applied
(stressed) voltage [16, 17].

Figure 3 shows the electric field calculation at a height of
one meter over the ground, which is the same level as the
parallel oil pipelines under the 500-kV EHVACTLs without
using shield wires. The x-axis presents the horizontal distance
under the 1 circuit, 3 sub-conductors per phase of 500-kV TL.
The center point of x-axis (atx = 0) is aligned with the middle
phase (phase B) of 500-kV TL. The positive x-axis is at the
right of phase B, while the negative x-axis is at the left of
phase B. The values of the electric field are a function of the
height of the stressed wires H or the height of the tower. The
electric field decreases with increasing the height of the tower
atthe level of a parallel oil pipeline, as shown in Figure 3. The
distribution of the electric field under the three phases of the
500-kV TL should be uniform, but it is not uniform because
of parallel oil pipelines, which increases the concentration of
the electric field under the nearest stressed conductor (phase),
as shown in Figure 3. The electric field is decreased with
increasing the height of the tower, as shown in Figure 3. With
increasing the tower height from 10 m to 15, 20, 25, and 30
m, the electric field decreased by 43.75%, 62.5%, 68.75%,
and 75%, respectively, as shown in Figure 3A.

When the position of the POPL is exactly under the right
phase of the TL, as shown in Figure 3A, the concentration of
the electric field on the POPL is increased than other phases
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Fig.3 Calculation of the electric field at a height of one meter over
the ground at the same parallel oil pipelines level under the 500-kV
EHVACTLSs without using shield wires with the position of the parallel
oil pipelines is: A exactly under the right phase of the TL, B at 0.5 x

(conductors) of the 500-kV TL. With increasing the distance
between the parallel oil pipelines and the nearest conductor
(0.5, 1.0, 2.0 and 4.0 x Dyp), the electric field distribution
is decreased, and its shape is more uniform at the level of
parallel oil pipelines, as shown in Figure 3B, C, D, and E,
respectively.

Figure 4 shows the electric field under the 500-kV
EHVACTLS using shield wires which is decreased from 3.5

Dph from the right phase of the TL, C at 1.0 x Dph from the right phase
of the TL, D at 2.0 x Dph from the right phase of the TL, and (E) at
4.0 x Dph from the right phase of the TL

x 10* V/m when the POPL is exactly under the right phase
of the TL with height of phase (Hpp) at 10 m above the
ground level to 2 x 10%, 1.5 x 10* 1.0 x 10%, and 0.75
x 10* V/m with Hypy at 15, 20, 25, and 30 m, respectively.
Figure 4 shows the results of the electric field calculation
at the height of one meter over the ground with considering
the shield wires under the stressed wires (under the 500-kV
EHVACTLS) at the height of 75% of the tower height H. In
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Fig. 4 Calculation of the electric field at the height of one meter over
the ground at the same parallel oil pipelines level under the 500-kV
EHVACTLs using the shield wires at the height of 75% of the tower
height H with the position of the parallel oil pipelines is: A exactly

the case of height 10 m, the ground shieling wires will be at
2.5 m below of stressed wires and at 7.5 m (75% of height)
above the ground level, not the opposite.

Figure 5 shows the results of the electric field calculation
using the shield wires at the level of oil pipelines (at the height
of one meter over the ground) under the 500-kV EHVACTLs
with the position of the POPL at 2.0 x Dp, from the right
phase of the TL at the height of 75%, 50%, and 25 % of the
tower height H. It is worth noting that the height of shield
wires and the position of POPLs are 75% of the tower height
and 2.0 x Dpp, from the right phase of the TL, respectively,
for both Figures 4C and SA. Consequently, the electric field
concentration and distribution are the same as depicted in
Figures 4C and 5A.

3.2 Discussion of results at a 500-kV EHVACTLs
with parallel oil pipelines

It is clear from Fig. 3A though E that with increasing the
height of towers, the concentration of the electric field on
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under the right phase of the TL, B at 1.0 x Dph from the right phase of
the TL, C at 2.0 x Dph from the right phase of the TL, and (D) at 4.0
x Dph from the right phase of the TL

the oil pipelines level over the ground is decreased. Also, the
shape of electric field is more uniformly with the increasing
the position of the oil pipelines from the phases (conductors)
of EHVAC towers.

With increasing horizontal distance between POPL and
the conductors of EHVAC, the concentration of the electric
field on oil pipelines is decreased underneath of EHVACTLs
stressed by 500kV as depicted in Fig. 3. The concentration of
the electric field is decreased from 4.25 x 10* V/m when the
POPL is exactly under the right phase of the TL with height of
phase (H ) at 10 m above the ground level to 3.8 x 10%,3.6
x 10%, 3.5 x 10*, and 3.4 x 10* V/m for the position of the
POPL at 0.5 x Dph, 1.0 x Dph, 2.0 x Dph, and 4.0 x Dph
from the right phase, respectively. This corresponds to 10.6,
15.3, 17.6, and 20% reduction in electric field concentration
at positions of 0.5 x Dph, 1.0 x Dph, 2.0 x Dph and 4.0
x Dph for the POPL at the right phase, respectively. Thus,
the electric field concentration is mitigated at the same point
underneath the EHVACTLs due to shifting the POPLs away
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Fig.5 Calculation of the electric field at the height of one meter over
the ground at the same parallel oil pipelines level under the 500-kV
EHVACTLSs with using the shield wires with the position of the parallel

to different distances in the right of x-axes which approve the
effect of POPLs position on the electric field concentration.

It is quite clear that using the shield wires under the 500-
kV EHVACTLSs reduces the concentration of the electric field
at the oil pipelines surface, and the shape is more uniform if
the position of the POPL is exactly under the right phase of
the TL or at 1.0, 2.0, and 4.0 x Dph from the right phase of
the TL as illustrated in Fig. 4A, B, C, and D, respectively.
The electric field concentration under the EHVACTLs and
on the surface of the parallel oil pipelines is affected by the
shield wires.

With comparison between Figs. 3A through E and 4A
through E, the concentration of the electric field on oil
pipelines using shield wires under the EHVAC conductors
is reduced to suitable values and did not affect by the posi-
tion of the oil pipelines under or near the EHVAC conductors
as in shown in A through E. The electric field concentration
is mitigated from 3.75 x 10* V/m without using shield wires
to 3.5 x 10 after using the shield wires. This corresponds to
a 6.7% reduction in field concentration as depicted in Figs. 3

oil pipelines is at 2.0 x Dph from the right phase of the TL at the height
of: A 75% of the tower height H, B 50% of the tower height H, and C
25% of the tower height H

and 5, respectively. This concludes that the shield wires pro-
tect the POPL from the effect of electric field concentration
as well as make it possible to keep the POPL everywhere
under the stressed EHVAC conductors.

The significant effect of distance between the ground
shield wires and the stresses wires is addressed in Fig. 5A,
B, and C. With increasing the distance between the ground
shield wires and the stressed wires via changing the height
of the shield wires (Hgp), the electric field on the level of
oil pipelines is decreased, as shown in Fig. 5A, B, and C,
respectively. The concentration of the electric field at the
shield wires (Hg) height 75%, 50%, and 25% of the tower
height is decreased to 3.6 x 104, 2.8 x 10%, and 2.4 x 10*
V/m with height of phase (Hpp) at 10 m above the ground
level as depicted in Fig. 5A, B, and C, respectively. This
corresponds to 17.2, 35.6, and 44.8% reduction on electric
field concentration as compared by the value of electric field
without shield wires (= 4.35 x 10* V/m).
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3.3 Results of 220-kV EHVACTLs with parallel oil
pipelines

A 220-kV EHVACTL with parallel oil pipelines without
shield wires is shown in Figure 2A, and the shield wires under
the stressed EHVACTLs are shown in Figure 2B. There are 2
circuits, 2 sub-conductors per phase with radius 7. of 0.0135
m, the distance between the sub-conductors D, is adjusting
to 0.3 m, the clearance (height) between the stressed con-
ductors (phases) Dy, in the same circuit is 9.2 m, and the
clearance between the same phases in the two circuits D
and Dy is 9 m and 17.1 m, respectively. The height of the
lowest stressed conductors over the ground level H is a vari-
able in this study (10, 15, 20, 25, and 30 m). There are two
grounding conductors with wire radius rg, which is a func-
tion of the sub-conductor radius 7 (rg = 0.5 x r¢) and with
height Hg of 9 m above the highest stressed conductors, and
with spacing between each other D, of 15 m.

For the parallel oil pipelines, the radius r, is 0.5 m, the
height above the ground H,, is 1 m, and the clearance between
the oil pipelines and the nearest stressed conductor (phase)
D, is a function of clearance between the stressed conductors
(phases) Dpj, in this study as shown in Figure 2.

In the shield wires with wire radius r¢,, which is a function
of the sub-conductor radius r (rgh = 0.5 r¢) with an adjust-
ment of wire spacing Dy of 1 m, the total number of shield
wires is 31, and the height above the ground level Hg, is a
function of the conductors (phases) height H in this study
(75%, 50%, and 25%) as shown in Figure 2B. Herein, the
shield wires are grounded, meaning the applied voltage on
them equals zero.

The CSM is employed to determine the electric field
under the stressed lines and its concentration on the par-
allel oil pipelines. The number of line charges inside the
sub-conductor, shield wires, and the oil pipeline is chosen as
16, 6, and 6, respectively. All these line charges are located
inside the sub-conductor, shield lines, and the oil pipeline at
a radius of its half main radius. The accuracy of the CSM is
about 8.13 x 10710 9% on the stressed HV conductors and
about 1.5 x 10710 % on shield wires and the oil pipelines.
The accuracy of CSM is calculated mathematically, and the
accuracy is the difference between the calculated induced
voltage due to simulated charges and the applied voltages on
stressed wires and grounded oil pipelines over the applied
(stressed) voltage [16, 17].

Figure 6 shows the electric field calculation at the height
of one meter over the ground, which is the same level as the
parallel oil pipelines under the 220-kV EHVACTLs without
using shield wires. The x-axis is presenting the horizontal
distance under the 2 circuits, 2 sub-conductors per phase,
220-kV TL. The center point of x-axis (at x = 0) is aligned
with the middle point between the 2 circuits. The right circuit
(A’, B’, and C’) is aligned with the positive x-axis, while the

@ Springer

left circuit (A, B and C) is aligned with the negative x-axis.
The values of the electric field are a function of the height
of tower H. The electric field diminishes with increasing the
height of the tower at the level of a parallel oil pipeline, as
shown in Figure 6. Again, the electric field distribution is not
uniform because oil pipelines increase the concentration of
the electric field under the nearest stressed conductor (phase).
When the position of the parallel oil pipeline is exactly under
the right phase of the TL, as shown in Figure 6A, the concen-
tration of the electric field on the oil pipelines is increased
than other phases (conductors) of the 220-kV TL. With an
increase in the distance between the parallel oil pipelines and
the nearest conductor (1.0, 2.0, and 4.0 x Dph), the electric
field distribution is decreased, and its shape is more uniform
at the level of parallel oil pipelines, as shown in Figure 6B,
C, and D, respectively.

With increasing horizontal distance between POPL and
the conductors of EHVAC, the concentration of the electric
field on oil pipelines is decreased at 220 kV, as shown in
Figure 6. The concentration of the electric field is decreased
from 1.7 x 10* V/m when the POPL is exactly under the
right phase of the TL with height of phase (Hpn) at 10 m
above the ground level to 1.6 x 104, 1.55 x 104, and 1.4 x
10* V/m for the position of the POPL at 1.0 x Dph, 2.0 x
Dph and 4.0 x Dph from the right phase, respectively.

Figure 7 shows the electric field of 220 kV using shield
wires which is decreased from 1.7 x 10* V/m (without using
shield wires) when the POPL is exactly under the right phase
of the TL with height of phase (Hp,) at 10 m above the ground
level to 1.25 x 10* V/m (with using shield wires), and 1.0
x 10%,0.7 x 10%,0.5 x 10* and 0.4 x 10* V/m with Hy, at
15, 20, 25, and 30 m, respectively.

Figure 7 exhibits the results of the calculation of the
electric field at the height of one meter over the ground with-
out using the shield wires under the stressed wires (220-kV
EHVACTLS) at the height of 75% of the tower height H. It
is quite clear that using the shield wires under the 220-kV
EHVACTLS reduces the concentration of the electric field at
the oil “pipelines’ surface, and its shape is more uniform if
the position of the parallel oil pipelines is exactly under the
right phase of the TL or at 1.0, 2.0, or 4.0 x Dph from the
right phase of the TL, as shown in Figure 7A, B, C, and D,
respectively. The shield wires are affected by decreasing the
concentration of electric field under the EHVACTLs and on
the surface of the parallel oil pipelines.

Figure 8 shows the results of the calculation of the elec-
tric field using the shield wires at the level of o0il pipelines (at
the height of one meter over the ground) under the 220-kV
EHVACTLSs with the position of the parallel oil pipelines at
2.0 x Dph from the right phase of the TL at the height of
75%, 50%, and 25% of the tower height H. With increas-
ing the distance between the ground shield wires and the
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Fig.6 Calculation of the electric field at a height of one meter over
the ground at the same parallel oil pipelines level under the 220-kV
EHVACTLSs without using shield wires with the position of the parallel

stressed wires, the electric field on the level of oil pipelines
is decreased, as shown in Figure 8A, B, and C, respectively.

3.4 Discussion of results at 220-kV EHVACTLs
with parallel oil pipelines

It is clear from Figure 6A through D that there is the sig-
nificant effect of the position of POPL under the stressed
220-kV EHVACTLs without using shield wires. The con-
centration of the electric field is diminished from 1.7 x 10*
V/m when the POPL is exactly under the right phase of the
TL with height of phasel0 m above the ground level to 1.6
x 10%, 1.55 x 10*, and 1.4 x 10* V/m at the position of 1.0
x Dph, 2.0 x Dph and 4.0 x Dph for the POPL at the right
phase, respectively. This corresponds to 9.9, 8.8, and 17.6 %
reduction in electric field concentration at positions of 1.0
x Dph, 2.0 x Dph and 4.0 x Dph for the POPL at the right
phase, respectively. According to the previous discussion and
obtained results in Figure 6, it is recommended to keep the
POPL as far as possible from the EHVACTLSs to achieve the
minimal concentration of electric field on the POPL.

Positions of field calculations along X-axis, m

oil pipelines is A exactly under the right phase of the TL, B at 1.0 x
Dph from the right phase of the TL, C at 2.0 x Dph from the right phase
of the TL, and (D) at 4.0 x Dph from the right phase of the TL

The effect of using shield wires as well as changing the
position of the POPL under the stressed EHVACTLs as pro-
posed in the second technique is demonstrated in Figure 7.
The concentration of the electric field on POPL using shield
wires under the EHVACTLs is reduced to suitable values and
did not affect by the position of the POPL under or near the
EHVACTLS as shown in Figure 7-A through D. The electric
field concentration is mitigated from 1.75 x 10* V/m without
using shield wires to 1.28 x 10* after using the shield wires.
This corresponds to 26.9% reduction in field concentration as
depicted in Figures 6 and 7, respectively. This concludes that
the shield wires protect the POPL from the effect of electric
field concentration as well as make it possible to keep the
POPL everywhere under the stressed EHVACTLs.

The significant effect of distance between the ground
shield wires and the stresses wires is addressed in Figure 8A,
B, and C. With increasing the distance between the ground
shield wires and the stressed wires via changing the height of
the shield wires (H,), the electric field on the level of POPL
is decreased as depicted in Figure 8 A, B, and C, respectively.
The concentration of the electric field at the shield wires (H )
height 75%, 50%, and 25 % of the tower height is decreased

@ Springer
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Fig.7 Calculation of the electric field at a height of one meter over
the ground at the same parallel oil pipelines level under the 220-kV
EHVACTLs with using the shield wires at the height of 75% of the
tower height H with the position of the parallel oil pipelines is A exactly

to 1.28 x 10*, 1 x 10%, and 0.98 x 10* V/m with height of
phase (Hpp) at 10 m above the ground level as depicted in
Figure 8A, B, and C, respectively. This corresponds to 26.9,
42.9, and 44% reduction on electric field concentration as
compared to the value of electric field without shield wires
(= 1.75 x 10* V/m).

4 Conclusion

The conclusions from this work can be summarized as fol-
lows: The electric field under the EHVACTLs is calculated
using the well-known charge simulation method technique,
especially its concentrations on the parallel oil pipelines.
Two cases are studied in this study: The first case is 500 kV
and the second is 220-kV AC transmission line. To mitigate
or eliminate the electric field beneath the extra-high-voltage
AC transmission lines (EHVACTLs), should use the shield
wires under the stressed conductors or increase the distance
between the towers and the parallel oil pipelines. Using the
shield wires under the EHVACTLs will reduce/mitigate the
concentration of the electric field on the POPLs by 17.65%
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under the right phase of the TL, B at 1.0 x Dph from the right phase of
the TL, C at 2.0 x Dph from the right phase of the TL, and (D) at 4.0
x Dph from the right phase of the TL

and 24.71% if the POPL is precisely under the right stressed
conductor of 500 kV and 220 kV, respectively. Besides, 20%
and 21% concentrations are achieved if the POPL is at a
distance from the right stressed conductor equal to the hori-
zontal clearance between conductors of 500 kV and 220 kV,
respectively. The results of the first technique revealed that
with increasing the tower height from 10 mto 15, 20, 25, and
30 m, the electric field decreased by 43.75%, 62.5%, 68.75%,
and 75%, respectively. Herein, employing the second tech-
nique, the electric field intensity is reduced by 20% and 21%
depending on the POPL is placed at a distance from the right
stressed conductor equal to the horizontal clearance between
conductors of 500 kV and 220 kV, respectively. Besides, the
results of third technique proved that the shield wires under
the EHVACTLs reduced the electric field intensity on the
POPLs by 17.65% and 24.71% for 500-kV and 220-kV TLs,
respectively. Moreover, the electric field concentration was
reduced by increasing the distance between the stressed con-
ductors and shield wires. The shape of the electric field under
the stressed wires is more uniform when the shield wires are
utilized. The electric field under the EHVACTLSs is mitigated
by increasing the towers’ height.
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Fig.8 Calculation of the electric field at a height of one meter over
the ground at the same parallel oil pipelines level under the 220-kV
EHVACTLSs with using the shield wires with the position of the parallel

This work’s weakness is that it does not support research
with experimental laboratory and/or actual field measure-
ments due to safety requirements. Consequently, the authors
urge that future work include real measurements to confirm
the mathematical calculation findings acquired in this study
through the experimental results.
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