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Abstract: The growing interest in the negative environmental impact of overhead power lines of high
and extra-high voltage stems from the increasing ecological awareness of societies. Consequently,
a number of respective legal restrictions have been issued and actions have been undertaken to
reduce this impact, especially in the electric field of the power frequency. The aim of this paper is
to analyze the possibilities of reducing the width of electric field influence zones by changing the
design parameters of power lines and defining the spatial distribution of its conductors. This analysis
was carried out using the developed and experimentally verified models for determining the electric
field and audible noise in the power line environment. The computational models were used to
analyze the width of the electric field influence zones of 400 kV lines and the noise levels at the
borders of these zones. The research focused on single and double circuit 400 kV power lines.
It was revealed that a reduction in electric field emissions is accompanied by an increase in noise
emission. However, the analyses confirmed that the width of the electric field influence zones can
be significantly reduced if the most important design and construction parameters of the line are
properly selected. The obtained conclusions are valid not only for 400 kV lines, but also set directions
to follow when changing the parameters of high voltage transmission lines of other rated voltages
(above 100 kV).

Keywords: right of way; overhead lines; electric field; corona audible noise; modeling; electric field
reduction; overhead line design

1. Introduction

Limiting the negative environmental impact of high and extra-high voltage over-
head power lines is a multi-aspect issue. In practice, activities aimed at reducing these
impacts have been carried out since the moment electricity started to be transmitted and
distributed—only the directions and priorities are changing in compliance with the current
technical, legal, economic and environmental demands. Among the most important ones
are the infrastructure corridors, legally distinguished areas on which the power lines can
be localized. One of the elements of such a corridor is the power line influence zone, i.e.,
an area of the property where the property rights are impaired due to restrictions on land
use and the need to ensure the safety of people and property.

The basic factor determining the width of the power line influence zone is the emission
of the electromagnetic field to the environment. The growing ecological awareness causes
that society continues to be more and more interested in the negative environmental
impact of high and extra-high voltage overhead power lines. Respective legal restrictions
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are operational, especially when the electric component and magnetic component of an
electromagnetic field with power frequency of 50 Hz or 60 Hz is involved. The parameters
characterizing these elements are electric field strength (kV/m) and magnetic induction
(µT). In 1998, the International Commission on Non-Ionizing Radiation Protection (ICNIRP)
issued guidelines [1], which set the limit values for these components at E = 5 kV/m and
B = 100 µT. These values have been adopted in most countries and are also recommended
by the European Union, as stated in the respective document of 1999 [2]. In spite of
this, some countries have local regulations [3] in which the permissible values of electric
and magnetic fields can be both higher/lower than values specified in the international
documents. The requirements imposed by countries listed in Table 1 exemplify this trend.
It should be also mentioned that in 2010, ICNIRP published new guidelines [4] in which
the permissible value of magnetic field induction was increased from 100 µT to 160 µT.

Table 1. Selected reference levels or exposure limits for the general public for electromagnetic fields
in inhabited areas (prepared on the basis [3]).

Country
50 Hz

Electric Field Strength
(kV/m)

Magnetic Flux Density
(µT)

China 4 100
Croatia 2 40

Czech Republic 2 200
Japan 3 200

Poland 1 75
Russia 0.5 5

Slovenia 0.5 10
United Kingdom 9 360

The magnitude of electromagnetic field emission is affected by many factors, among
which rated voltage and line current load are of primary importance. The second, equally
important factor, is the spatial distribution of phase wires and earth wires. This factor
is conditioned by the shape of the applied supporting structures and insulator chains.
The range of the electromagnetic impact zone results from the spatial distribution of the
electric field and magnetic field and is limited by the location for which the assumed
permissible values were obtained. Figure 1 presents an example of the electric field
and magnetic field in the cross-section of a 400 kV double circuit line. In the example,
the assumption of phase voltage symmetry was made, which is complied with in high
and extra-high voltage networks. In addition, the load phase symmetry of each circuit
was assumed.

These images visualize isolines for reference electric field strengths of 5 kV/m and
1 kV/m, and magnetic field isolines for reference magnetic induction values: 160 µT,
100 µT and 75 µT. These isolines were determined for the highest operating voltage of
a 420 kV line, the highest power line current-carrying capacity of the line of 2500 A
and the shortest distance of the phase wires from the ground of 11.0 m. The reference
values of magnetic induction B = 75 ÷ 160 µT are contained in the space where the
electric field strength E > 5 kV/m, as shown in Figure 1. For this reason, the width of the
electromagnetic influence zone of a power line is determined by the electric component of
the electromagnetic field-widths SE5 and SE1 in Figure 1. This statement is true not only for
the images shown here, but can be generalized for other overhead power line structures
as well.

The electric field of overhead power lines is strongly non-uniform, with the highest
values occurring at the wire surface. If these values exceed the air ionization onset voltage
gradient, the phenomenon of the corona effect will occur in the vicinity of wires. One of the
main factors determining corona formation and its intensity is the design of phase wires.
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Reduction of the electric field strength on the surface of the phase wires is achieved by
using wire conductor bundles (Figure 2). The bundle usually consists of 2 to 4 subconductors.
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the noise generated by other sources, e.g., transportation or industrial sources, because it 
strongly depends on such random causes as weather conditions or the surface condition 
of the line wires. The intensity of corona A-weighted audible noise level (Figure 3) in fair 
weather at a distance of 30 m from the lateral conductor, is about 30 ÷ 40 dB, while on 
rainy and humid days it may reach up to 55 dB. 
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One of the negative corona effects is the audible noise. It significantly differs from
the noise generated by other sources, e.g., transportation or industrial sources, because it
strongly depends on such random causes as weather conditions or the surface condition
of the line wires. The intensity of corona A-weighted audible noise level (Figure 3) in fair
weather at a distance of 30 m from the lateral conductor, is about 30 ÷ 40 dB, while on
rainy and humid days it may reach up to 55 dB.

International documents [5,6] on the negative environmental impact of noise do not
mention power lines as a source. Therefore, general criteria specified in document [7]
have been adopted for assessing the environmental effect of noise generated by power
lines. In practice, the following impact assessment indicators are used: general indicator of
annoyance day-evening-night Lden and detailed indicator of noise annoyance (sleep distur-
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bances) at night Lnight. The values of these indicators have been determined 4 m above the
ground level.
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section of a 400 kV double circuit line (authors’ research).

Document [6] provides recommendations for the highest values of these indicators,
and which, depending on the source of noise, are: Lden from 54 dB to 45 dB and Lnight from
45 dB to 40 dB. Similar recommendations are included in document [5], in which LAeq of
50 ÷ 55 dB during the day, and 5 ÷ 10 dB lower values for the night were assumed as
annoying noise values. It should be noted, however, that predicting power line noise and
relating the obtained values to the quoted limits is often problematic due to the strong
impact of weather conditions on the level of generated noise [8,9].

Authors of this paper study the impact of power line design parameters determin-
ing the spatial arrangement of its wires on the width of electric field impact zones SE5
and SE1. It should be highlighted the originality of the authors’ research based on the
complementary consideration of the electric field and the acoustic emission in the vicinity
of the line. Such an approach has not been presented in the subject literature till now.
In addition, it should be noted that the analysis was performed using developed programs,
and experimentally verified authors models presented in Section 2. These models was
used to determine the electric field in the vicinity of the line and on the conductor surfaces,
as well as the noise generated by the line. The objects and scope of the study and the
construction parameters of single and double circuit lines are described and specified in
Section 3. The range of possible changes in the values, resulting from the applied standards
and technical feasibility, was determined for these parameters. Section 4 presents the
results of investigations of impact of the considered parameters on the widths of zones
SE5 and SE1 of selected single and double circuit 400 kV lines, as well as the impact on
noise levels LA5 and LA1 at the border of zones SE5 and SE1. The results presented in the
article can be used as a basis for selecting the best design solution for the line in terms
of minimizing the negative environmental impact. They also suggest possible directions
of design changes for lines of other voltages. The results of the analysis presented in the
article have allowed us to identify the crucial construction parameters of the line, which is
important for the width of the electric field exposure zones. The research has shown that in
some cases, it is possible to reduce the width of the zones by up to 50%.

2. Models for the Analysis of Electric Field and Noise Emission of High-Voltage
Power Lines
2.1. Electric Field Model

The space in the vicinity of high voltage overhead power lines is the electromagnetic
field area. At the network frequency f = 50 Hz, the electric component of this field can be
considered independently of the magnetic one. Another simplification is the application
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of the electrostatic laws to the analysis of the electric field [10]. In general, the basis for
calculations are the equations relating the electric field strength E with the electric charges
Q accumulated on the elements of the considered system and with their spatial distribution.
When writing these equations for the electric field in the vicinity of overhead power lines,
the charge simulation method is of particular importance [11–15]. In this method, the actual
distribution of charges on the wire surfaces with known potential values are replaced by
a set of fictitious charges, so that the electric field induced by these charges is identical
with the real one. The simulation charges are assumed to be the geometrically simplest
elements, including, but not limited to, line charges, uniformly distributed along a straight
line section. Besides the simulated charge method, the finite element method is also used
to calculate the field distribution around overhead lines [12,16].

Line models for electric field calculations can be created in both 2-D and 3-D spaces [17].
Figure 4 shows how the wires of an example span (Figure 4a) and the support structure of
a double circuit 400 kV line (Figure 4b) are modelled by authors in a 3-D space.
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Figure 4. Representation of an exemplary double circuit 400 kV line for the charge simulation method:
(a) span wires; (b) support structure.

The presented line is equipped with six phase wires in the form of three-conductor
bundles (18 conductors in total) and two earth wires. The shape of the catenary curve of
each of the wires of the line was approximated by 13 rectilinear sections. The supporting
structure was approximated by a set of 352 sections representing profiles making up the
lattice tower body. The potentials of sections approximating the phase wires are equal to
the phase voltages of the line whereas the potentials of sections approximating earth wires
and the support structure are equal to zero.

The calculations are performed with the mirror image method and the potential
superposition principle. It was assumed that the earth is a perfectly conducting smooth
surface, however, in the literature there are also presented models for the complex terrains
under power lines [18]. Based on the above assumptions the following equations can
be written for a set of n charges distributed uniformly on the approximating sections
(Figure 4):

vi(t) =
√

2Ui sin(2π f t +ϕi) =
n

∑
j=1

(
αij − βij

)
qj(t), i = 1, . . . , n, (1)
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where: vi(t)—instantaneous potential of the i-th approximating section, Ui—rms value of
phase voltage of the i-th approximating section, f —voltage frequency, ϕi—voltage phase,
qj(t)—charge of the j-th approximating section, αij—potential coefficient between the i-th
and j-th sections, βij—potential coefficient between the i-th section and the mirror image of
the j-th section.

In Equation (1), the potentials vi(t) of the approximating sections are known, whereas
the potential coefficients αij and βij are calculated from the geometry of these sections in
the assumed coordinate system based on the following relations:

αij or βij =
1

4πε0lilj

∫
li

∫
lj

dli·dlj

r
, (2)

where: r—distance between elements dli and dlj of wires which are li and lj long. Unknown
charges q(t) are determined by solving Equation (1). Charges qi(t)—linear combinations of
harmonic functions with the same frequencyω, are harmonic functions defined as:

qi(t) = Qi sin(ωt + Θi), i = 1, . . . , n, (3)

Electric field potential vB at point B(x,y,z) in the vicinity of a power line can be
determined based on section charges (3) and potential superposition principle:

vB(x, y, z, t) =
n

∑
i=1

[αBi(x, y, z)− βBi(x, y, z)] · qi(t), (4)

where αBi (βBi) is a potential coefficient between point B and the i-th section (mirror image
of the section). This coefficient directly stems from Equation (9):

αij(βij) =
1

4πε0li

∫
li

dli
r

, (5)

and r is a distance between element dli of the i-th wire with length li, and point B.
The vector of electric field strength at point B is a potential gradient (4):

E = −grad vB(x, y, z, t), (6)

The following value at point B is assumed while assessing the environmental electric
field impact:

EB(x, y, z) =
max

t
{E(x, y, z, t)}
√

2
, (7)

Based on the above assumptions and Equations (1)–(7), an appropriate numerical
calculation agorithms were developed, implemented in the Matlab software, and used for
the research presented in this paper.

2.2. Corona-Generated Audible Noise Model

The spectrum of the corona noise signal is a broadband noise spectrum with a random
content of tonal components, i.e., higher harmonics of doubled power frequency.

The main energy of the spectrum is contained in the noise part. This is more apparent
when the noise signal is passed through a filter with a standardized A (A-weighted)
frequency curve [19] (Figure 5a), whose highest values are found in the frequency range
from 2 kHz to 4 kHz, corresponding to the noise part of the corona audible noise signal
spectrum. The A-weighted noise level corresponds to a loudness level of 40 phonons,
and the A-weighted sound level (LA) is accepted as the best approximation of the human
auditory experience up to 70 dB and is a commonly used indicator for assessing noise
annoyance. Figure 5b shows a typical unweighted and A-weighted noise signal spectrum
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from an intense corona in rainy conditions, as well as the ambient noise spectrum during
night hours.
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In view of the above characteristics of the noise signal spectrum, the existing corona
audible noise models refer to an A-weighted level dominated by the noise component,
while the tonal components (if present) can be taken into account when determining the
rating levels, e.g., by adding the adjustment level to LAeq [20,21].

The general form of the noise model incorporates factors affecting the generated sound
power level, as well as the distance from the observation point. For a power transmission
line, the general model assumes the following form:

LA = k1 · f1(E, E0) + k2 · f2(n) + k3 · f3(r) + k4 · f4(l) + L0, (8)

where: LA—predicted A-weighted SPL (dB) at a distance l, E—maximal electric field
strength (kV/cm) on the wire surface, E0—electric field strength (kV/cm) on the wire
surface, above which corona takes place, n—number of conductors in the bundle, r—radius
(cm) of bundle component wire, l—distance (m) between observation point B and the wire,
L0—noise reference level (dB).

The above form has been adopted to almost all known line acoustic noise models,
although they differ in the values of coefficients and sometimes in the forms of particular
functions [22].

To determine the level of audible noise generated by extra-high voltage power lines,
it is necessary to know the highest values of electric field strength E on the surface of the
wires [23–25]. These values are determined using the electric field model presented in
Section 2.1. For this purpose, K points are selected on the surface of each of the wires



Energies 2021, 14, 6388 8 of 22

and are uniformly distributed around their perimeter, m (e.g., K = 360). At these points
the electric field strength is calculated. The highest strength value is determined for the
surface of a given wire. In the case of a bundle component wire, the averaged maximum
values on the surfaces of the component conductors is taken when determining the sound
pressure level.

Electric field strength E0 (kV/cm), above which the corona effect takes place, is deter-
mined by Peek’s empirical formula [25]:

E0 = 21.2 δm1 m2

(
1 +

0.301√
δ r

)
, (9)

where: δ—relative density of air, m1—coefficient depending on the condition of the wire
and atmospheric conditions (m1 = 1—for a smooth and dry surface; m1 = 0.6÷0.8—for
a wet surface; m1 = 0.3 ÷ 0.6—water drops, icicles or major impurities on the surface;
m1 = 0.25—heavy rain), m2—coefficient accounting for weather conditions equal to 0.8 for
rain, r—wire radius (cm).

Based on own studies of a 400 kV line, noise models were developed for establishing
sound pressure levels LAw(r) and LAw(nr) during rain and rain-free conditions, respectively.
The general form of these models assumes the following form:

LAw(r) = 10 log
{

E8.5
[

1− exp
(
−0.11δr(E− E0)

4/3
)1.8

]}
, (10)

LAw(nr) = 10 log
{

E8.5
[

1− exp
(
−0.04/ms(E− E0)

4/3
)3.7

]}
, (11)

where: δr—rain fall (mm/h), ms—coefficient depending on the wire condition (ms ∈ <0.4;
1.0>, ms = 1—smooth and undamaged wire, ms = 0.4—soiled wire and/or with a damaged
surface.

The total noise emission level LAi from the i-th wire of the line is expressed with
the formula:

LAi(r) = LAw(r) + ∆Lns + ∆Lr + ∆l − L0, (12)

LAi(nr) = LAw(nr) + ∆Lns + ∆Lr + ∆l − L0, (13)

where: L0—reference level of 63 dB,

∆Lns = 10 log(n), (14)

∆Lr = 45 log(r), (15)

∆l = −10 log(l), (16)

The summary noise emission level LA from k phase wires is calculated with the relation:

LA = 10 log
k

∑
i=1

100.1LAi , (17)

Based on the above assumptions and Equations (8)–(17), appropriate numerical calcu-
lation algorithms were developed, implemented in the Matlab software and used for the
research presented in this paper.

2.3. Experimental Validation of Models

In order to verify the electric field model presented in Section 2.1, measurements were
performed under a double circuit 220 kV line shown in Figure 6a. They showed a good
congruence of measured and calculated electric field strength values. This is confirmed
by Figure 6b. It shows a comparison of the measured and calculated distribution in the
cross-section of the line at a 2 m height. The conducted research proved the validity of the
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assumptions made and also confirmed that this model can be used in further analyses on
the reduction of electric field impact zones of overhead power lines.
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Figure 6. Measurement verification of the electric field model under the double circuit 220 kV line: (a) a fragment of the
span in the place of measurements; (b) comparison of the measured and calculated distribution in the cross-section of the
line at a 2 m height.

To verify the power line corona audible noise model presented in Section 2.2, mea-
surements were conducted in the vicinity of a double circuit 400 kV line with N = 2 bundle
wires (Figure 7a) and in the vicinity of a double circuit 400 kV line with N = 3 bundle
wires (Figure 7c). Figure 7b,d compares the measured results during rain with the results
obtained from model calculations.

A monitoring station SVAN210 with a GRAS microphone 40 AE was used for the
verification of measurements. Meteorological measurements were performed with a Watch-
Dog 2900 station and Vaisala Airmar Station PB100. Acoustic signals at both stations were
recorded in 1/3 octave bands ranging from 10 Hz to 20 kHz, with a time resolution of
10 s. Measurements were conducted over a period of approximately one and a half days
(35 h), and the measurement values were averaged with a 15-min resolution. The com-
parative analyses of the measured and calculated signal were made with level LA(90), i.e.,
A-weighted statistical (percentiles) L90 level (the level exceeded for 90% of the time).

The verification of the model calculations lied in using actual (measured) values
of rainfall intensity and carrying out model calculations for them. The obtained results
are given in Figure 7b,d. The output of calculations was performed according to the
proposed corona audible noise model, which coincides with the measured results in the
rainfall conditions.

In analyzed cases, the average difference in the whole measurement window (dur-
ing rain) is 0.1 dB (Figure 7b) and 0.2 dB (Figure 7d). For the line with N = 2 bundle,
the measured value of LA(90) level during rain (from 12:00 to 15:30 the next day) is 50.9 dB
and the calculated value during this time interval LA(model) = 50.8 dB. For the line with
N = 3 bundle, the measured value of LA(90) level during rainfall is 43.9 dB, and the calcu-
lated value during this time interval LA(model) = 43.7 dB. For the entire measurement interval
shown in Figure 7d, which also includes rain intervals, the measured LA(90) level is 41.8 dB
and the model calculated value LA(model) for this time equals to 38.9 dB.

The values in individual 15-min windows vary much more in Figure 7b even 4–5 dB,
and the standard deviation of the difference between these levels is 1.95 dB. In general,
the calculated results for this case are only slightly different from the measured results,
mainly due to the continuous rainfall and the noise associated with it. The measurement
window of the line with the N = 3 bundle is characterized by a high variability of rainfall
intensity, and consequently variability of the accompanying noise emission (Figure 7d).
The average difference over the entire measurement window (with moments of no rain
or very little rain) is 1.9 dB. However, in the part of the measurement window between
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3:00 and 5:00, when the rainfall was more uniform, the results of model calculations
(LA(model) = 45.4 dB) practically do not differ from the measured results (LA(90) = 45.3 dB).
Furthermore, it should be noted that during the short intervals between rainfall occurrences,
the wires stay wet, resulting in higher noise emissions than model calculations would
predict. This can be seen in the 7:30 and 1:30 time interval (Figure 7d). The maximum
differences between the measured and calculated values in the 15-min windows may
exceed 8 dB, with a standard deviation of 2.6 dB. Such a discrepancy of the results mainly
stems from the high inertia of the corona effect. This is especially evident in the time
between 1:30 and 9:00 the next day (Figure 7d), where the measured results are much
higher than the calculated values. This is caused by the fact that the model does not take
into account the inertia of the corona effect when rainfall stops. Model calculations in
the case of precipitation disappearance are usually performed as for dry wires. In reality,
however, the wires are wet for a long period of time and the corona with its accompanying
phenomena (though less intense) still takes place. However, the problem of inertia is
negligible in the noise prediction practice. The calculations make use of average values
or possibly the maximum precipitation value, as the maximum sound generation due to
corona occurs during the rain.
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3. Subject and Scope of Research

The computational models presented in Section 2 were used for analyzing zone widths
SE5 and SE1 of the electric field impact of 400 kV lines, and studying noise levels LA5 and
LA1 at the borders of zones SE5 and SE1. The tests were performed for single and double
circuit 400 kV power lines, whose symmetrical wire configurations and arrays are shown
in Figure 8. The analysis assumes symmetry of the phase voltages.
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Structural parameters (Table 2), which are significant for the zone widths SE1 and SE5,
were indicated for the feasibility analysis of electric field impact reduction. The purpose of
this study was to determine the effect of changes in these parameters on the possibility of
reducing SE1 and SE5 zones.

Table 2. Analyzed design parameters of the overhead power line.

Symbol Parameter Description

xP
outer phase conductor horizontal distance to axis of the single circuit line
outer phase conductor horizontal distance to axis of the double circuit line

hP conductor height at tower

∆hP
inner phase conductor horizontal distance to outer phase conductor
phase-to-phase vertical distance in the double circuit line

xE earth wire horizontal distance to axis of the double circuit line

∆hE earth wire vertical distance to lowest conductor

fP conductor sag

fE earth wire sag

N number of subconductors per bundle

b subconductor distance within a bundle

The parameters shown in Table 2 can be classified into three groups. The first group
includes parameters xP, hP, and hP, which determine the geometric arrangement of phase
wires in the line’s cross-section. Together with parameter fP they form a system that gives
full information about the location of phase wires in a given line’s cross-section. The values
of hP and fP parameters are closely related to the required distance from the ground.
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The second group includes parameters xE and hE, which together with fE determine the
place of the earth wires. The third group consists of N and b parameters that characterize
the structure of the bundled phase conductors (Figure 7c).

The range in which these parameters oscillate results from the normative require-
ments [26] ensuring safety insulation clearances determined by the rated voltage, overvolt-
age and environmental conditions. Permissible ranges and typical values of parameters of
the 400 kV line are given in Tables 3 and 4.

Table 3. Admissible ranges and typical values of analyzed parameters of support structures.

Line Parameter
Single Circuit Lines Double Circuit Lines

Range Typical
Example Range Typical

Example

xP (m) 6 ÷ 12 10.3 4 ÷ 9 8.45

hP (m) Depends on conductor sag

∆hP (m) 0 ÷ 2 0 6 ÷ 10 9.2

xE (m) 5 ÷ 12 7.5 0 ÷ 8.5 6.15

∆hE (m) 6.5 ÷ 15 7 10 10

fP (m) Depends on conductors design and tension

fE (m) Depends on conductors design and tension

Table 4. Admissible ranges and typical values of analyzed conductor bundle parameters.

Conductor Parameter Range Typical Example

N 2 ÷ 4 2 ÷ 3

b (mm) 350 ÷ 500 400

Figure 9 shows the schemes of the single and double circuit 400 kV line towers
adopted for the study. The indicated dimensions can be treated as typical for this level of
rated voltage.
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In the single circuit line (Figure 9a), the phase conductors were assumed to be made
as double conductor bundles N = 2, 2r = 31.50 mm, b = 400 mm and form a flat conductor
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configuration. Whereas in the double circuit line (Figure 9b) an assumption was made that
the phase wires are made as triple conductor bundles N = 3, 2r = 26.10 mm, b = 400 mm
forming a vertical conductor configuration. The insulator chains are 5.50 m long, except for
the central phase chain of the single circuit line, for which the length is 5.25 m. Moreover,
span lengths of 450 m, as well as equal phase and earth wire sags fP = fE = 13.5 m were
also assumed.

4. Analysis of Influence of Line Design Parameters on SE5 and SE1 Zone Widths

The first step of the analysis lied in checking out whether or not it is possible to reduce
the width of the single circuit line impact zone (Figure 9a) by increasing the wire height
hp at tower from 23.5 m to 33.5 m. Figure 10 shows the outer phase conductor profiles for
selected heights hp. The analysis considers both the case of a constant sag fP = fE = 13.5 m
(Figure 10a) and variable sag fP = fE = var situation at a constant minimum conductor-to-
ground distance of 10 m (Figure 10b). Figure 11a,b illustrate the widths of zones SE5 and SE1
along the line span for a constant sag case, and Figure 11c,d for a variable sag case. On the
other hand, the dependence of zone widths SE5 = max

y
[sE5(y)] and SE1 = max

y
[sE1(y)] in a

function of conductor height hp on tower is presented in Figure 12a.
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Figure 10. Conductor profiles of outer phases of a single circuit 400 kV line: (a) constant sag fP = fE = 13.5 m; (b) variable
sag fP = fE = var.

Figure 12a shows that for f = var, the zone widths do not depend on height hp.
For f = const, the zone widths decrease with the increase of height hp, zone SE1 is reduced
by 0.7 m and zone SE5 by 1.2 m. It should be noted that the increase of height hp has a
negligible effect on the zone width reduction, but it has a significant effect on the noise
level decrease. This has been illustrated in Figure 12b showing a relationship of corona
audible noise levels LA1 and LA5 at the boundary of SE1 and SE5 zones. The noise impact is
reduced for f = const. In this case, by increasing the height of conductors by 10 m the noise
levels LA1 and LA5 are reduced by 2.1 dB and 3.3 dB, respectively.

In the next step of the analysis, parameter xP was examined for different values and
the effect it brings about. Two variants shown in Figure 13 were considered.

In the first variant (Figure 13a) an unchanged position (xE, ∆hE = const) of earth wires
is assumed to ensure a continuous lightning protection area. The zone shown in Figure 13a
refers to the outermost phase and the inner phase conductor angles of lightning protection
of 20◦ and 45◦, respectively. In the second variant (Figure 13b), it is assumed that the
decrease of xP is accompanied by a simultaneous change in the position of earth wires
(xE, ∆hE = var) to ensure constant values of the outermost phase and the inner phase
conductor protection.
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Figure 14a shows the width dependence of zones SE1 and SE5 as a function of distance
xP, and Figure 14b visualizes the noise level dependence of LA1 and LA5. The variation of
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xp between xP(min) = 6 m and xP(max) = 11 m was considered. The value of xP(min) results
from normative requirements (e.g., [26]) regarding voltage-dependent clearance distances.
On the other hand, the value of xP(max) is limited by both technical and economic factors.
The technical constraints arise from the increase in the tower bending moment with the
growth of xP. This, in turn, results in the higher cost of the tower, and consequently, the need
to increase the mechanical strength of its structure and foundations. Another constraint of
an economic nature is the increasing width of the right of way.
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Figure 14 shows that both zone widths and noise levels are virtually independent of
the location of earth wires. With the decreasing distance xP from 11 m to 6 m zone width
SE1 is narrowed by 17.0 m (24.1%), and zone SE5 by 11.4 m (30.9%). However, this reduction
is accompanied by a significant increase in noise levels LA1 and LA5 by 9.8 dB.

The range of parameter xP values can be broadened in the analyzed 400 kV line below
the lower boundary xP(min) = 6 m if the phase conductor configuration is changed from flat
to triangular. Two variants of this reconfiguration, involving the increase the height of the
central phase by ∆hP = 0 ÷ 8 m, are presented in Figure 15. The first variant assumed a
simultaneous decrease of parameter xP from xP(max) = 11 m to xP(min) = 3 m (Figure 15a).
In the second variant, a constant value of xP = 11 m is assumed for the outermost phase
(Figure 15b).

Increasing the height of the central phase conductor while decreasing the distance of
the outermost phase conductors (xP = var), significantly reduces the width of the electric
field impact zones (Figure 16a). In the analyzed 400 kV line, a narrowing of the zone width
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SE1 by 31.2 m (44.2%), and zone SE5 by 18.3 m (49.4%) is achieved. However, this reduction
is accompanied by a significant increase in noise levels LA1 and LA5 by 10.1 dB and 9.7 dB,
respectively (Figure 16b). If the position of the outermost phase conductors remains the
same (xP = var), the change of distance ∆hP does not affect zone widths SE1 and SE5,
though reduces noise levels LA1 and LA5 by 2.8 dB.
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The considerations presented so far concentrated on a 400 kV line in which phase con-
ductors consisted of two-sub-conductor bundles with the following parameters (Figure 8c):
N = 2, 2r = 31.50 mm, b = 400 mm, α = 0◦. The type of the applied bundle conductors affects
the electromagnetic and noise impact of the power lines. Further studies of the case shown
in Figure 15a were carried out to analyze this influence. Two options were considered:
(i) changing number N of sub-conductors in the bundle, (ii) changing distance b between
sub-conductors in the bundle.

In the first variant, the tests were carried out for three types of bundled conductors
(Figure 17a): (i) N = 2 (2r = 31.50 mm, b = 400 mm, α = 0◦), (ii) N = 3 (2r = 26.10 mm,
b = 400 mm, α = 30◦), N = 4 (2r = 26.10 mm, b = 400 mm, α = 45◦). In the second variant,
the tests were performed for N = 3 conductors, assuming a variation of distance b from
50 mm to 600 mm (Figure 17b).
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distance b.

The increasing number of N wires in a bundle results in a broader width of zones SE1
and SE5 (Figure 18a). For ∆hp = 0 (flat configuration) the triple bundle (N = 3) increases
the zone width SE1 by 3.0 m (4.3%) and zone SE5 by 1.3 m (3.5%), as compared to the
zone widths of double conductor lines (N = 2). For the quadruple conductor bundle
(N = 4), these values are even higher and are 5.7 m (8.1%) and 2.5 m (6.7%), respectively.
For ∆hp = 8 m the triple conductor bundle (N = 3) makes zones SE1 and SE5 wider by 2.3 m
(5.8%) and by 0.9 m (5.0%), respectively. In the case of a quadruple conductor bundle
(N = 4), these values are 4.4 m (11.1%) and 1.8 m (9.7%), respectively.
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Although the increased number N of conductors in a bundle is associated with an
adverse effect of a bigger electromagnetic impact, a significant reduction of noise impacts is
achieved (Figure 18b). When a three conductor bundle (N = 3) is used, the noise levels LA1
and LA5 decrease by ca. 12.5 dB for ∆hp = 0 m and by about 6.9 dB for about ∆hp = 8 m as
compared to a double conductor bundle line (N = 2). In the case of a quadruple conductor
bundle line (N = 4), the electric field strength at the wire surface is below the initial corona,
and no noise impact is observed.

The sub-conductor distance b in the bundle affects zone widths SE1 and SE5 (Figure 19a).
In the considered range of distance b from 50 to 600 mm the zone width SE1 increases by
9.4 m (15.1%) and SE5 by 4.0 m (11.9%). The effect of parameter b on the noise level is
complex (Figure 19b). Initially the values of LA1 and LA5 decrease with the increase of b
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and for b ≈ 150 mm reach the lowest values 19.7 dB and 22.7 dB. A further increase of
b results in an increase of the noise level values. However, in practice, the problem of
choosing the optimum value of distance b is complex. Many other factors influence the
choice, primarily the number of sub-conductors, in the bundle climatic conditions and
the resulting need to prevent excessive icing as well as the effects of sub-span vibrations
between conductor spacers. For these reasons, distance values b are usually equal to
300–500 mm.
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Conclusions resulting from the analyses of the single circuit lines are also valid for
double circuit lines as far as qualitative aspects are concerned. This applies first of all to the
impact of xp parameter, which in the case of the double circuit lines is the phase conductor
horizontal distance to the axis, and the effect of the phase conductors design. Figure 20
shows the range of changes of the phase conductors on a double circuit 400 kV line adopted
for the analysis from Figure 9b. A constant location of earth wires was assumed xE,
∆hE = const and a constant distance ∆hP = const phase conductors. Figure 21a shows the
zone width relationships of SE1 and SE5 in a function of distance xP, and in Figure 21b
noise levels LA1 and LA5. Consideration was given to the change of xp from xP(min) = 4.5 m
to xP(max) = 8.5 m. As in a single circuit line, the value of xP(min) results from normative
requirements, and the value of xP(max) is limited by technical and economic constraints.

Energies 2021, 14, x FOR PEER REVIEW 19 of 23 
 

 

  

(a) (b) 

Figure 19. Influence of sub-conductor distance b in a bundle on zone widths SE1 and SE5 (a) and noise level LA1 and LA5 on the 
boundary of zones SE1 and SE5 (b). 

 

Figure 20. Range of parameter xP on a double circuit 400 kV line—constant position of 
earth wires xE, ΔhE = const and a constant vertical distance ΔhP = const. 

  

(a) (b) 

Figure 21. Influence of distance xP on zones width SE1 and SE5 (a) and noise level LA1 and LA5 on the boundary of zones SE1 
and SE5 for a double circuit 400 kV line (b). 

Figure 20. Range of parameter xP on a double circuit 400 kV line—constant position of earth wires
xE, ∆hE = const and a constant vertical distance ∆hP = const.



Energies 2021, 14, 6388 19 of 22

Energies 2021, 14, x FOR PEER REVIEW 19 of 23 
 

 

  

(a) (b) 

Figure 19. Influence of sub-conductor distance b in a bundle on zone widths SE1 and SE5 (a) and noise level LA1 and LA5 on the 
boundary of zones SE1 and SE5 (b). 

 

Figure 20. Range of parameter xP on a double circuit 400 kV line—constant position of 
earth wires xE, ΔhE = const and a constant vertical distance ΔhP = const. 

  

(a) (b) 

Figure 21. Influence of distance xP on zones width SE1 and SE5 (a) and noise level LA1 and LA5 on the boundary of zones SE1 
and SE5 for a double circuit 400 kV line (b). 
Figure 21. Influence of distance xP on zones width SE1 and SE5 (a) and noise level LA1 and LA5 on the boundary of zones
SE1 and SE5 for a double circuit 400 kV line (b).

Figure 21 shows that regardless of the number N of wires in the bundle, with decreas-
ing distance xP from 8.5 m to 4.5 m zone width SE1 is narrowed by about 12.6 m (20.7%),
and zone SE5 by about 8.8 m (26.0%). Analogous to the single circuit line, the reduction
in zone width is accompanied by an increase of noise levels LA1 and LA5 by 5.9 dB for a
triple conductor bundle line. In the case of a four-conductor bundle, no noise emission
is observed.

Characteristically for the double circuit lines, the electromagnetic and noise impacts
depend on the phase conductor configurations in overhead line circuits. Figure 22 presents
four variants of such configurations, for which zone widths SE1, SE5 and noise levels LA1,
LA5 are presented in Figure 23.
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The phase conductor configuration significantly affects zone width SE1 (Figure 23a).
The zone was broadest in Variant 1 (69.1 m) and the narrowest in Variant 4 (59.7 m).
Shifting from the phase conductor configuration in Variant 1 to the phase conductor
configuration in Variant 4 results in a reduction of zone SE1 by 13.6%. The reduction of zone
SE5 is much smaller and is 5.9%. Unfortunately, this method of reducing zone widths is
accompanied by a significant increase of noise levels LA1, LA5, which in the case of Variant
4 are about 4 dB higher than in Variant 1 (Figure 23b).
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5. Conclusions

It follows from the research that xp is the main parameter determining the width of
the electric field influence zone. By decreasing its value we may reduce the width of the
influence zones even by about 21% ÷ 31% in both single and double circuit power lines.
In single circuit power lines, it is also parameter ∆hp which significantly influences the
zone width. By increasing its value, a further reduction in xp value can be achieved. On the
whole, a 42% ÷ 50% reduction in the electric field influence zones can be obtained. As far
as the environmental impact is concerned, the triangular phase conductor configuration
turns out to be definitely more beneficial in the case of single circuit power lines than the
flat one.

A slight effect on reducing the impact zones is achieved by an increase in the height
of phase conductors hp on a tower. This happens only when the distance between phase
conductors and the ground is increased along the entire span. On the other hand, a change
in height hp at a constant distance of phase conductors from the ground in the middle of
the span does not affect the width of the electric field influence zone.

The research has shown that the order of phases in particular circuits in double circuit
power lines has a significant effect on the width of electric field influence zones. The biggest
differences in their width reach over ten percent.

Unfortunately, these methods of limiting the electric field influence zones are accompa-
nied by an increase in the corona audible noise level at the border of these zones (in extreme
cases even by about 10 dB). Thus, the possibility of reducing the electric field influence
zones may be conditioned by the regulations on noise intensity limits in a given area.

Unlike phase wires, the location of earth wires almost does not affect the width of
electric field zones.

Research has shown that the increased number of conductors in a bundle results in a
slight broadening of electric field influence zones. However, a decreased distance between
the conductors in the bundle contributes to a dozen percent reduction of the width of the
influence zones. It should be taken into account that the main purpose of using conductor
bundles in high-voltage lines is to reduce the negative effects of corona, including noise
emission. Therefore, the parameters of conductor bundles are usually selected based on
other factors than the width of electric field influence zones.

Studies have shown that the proposed constructional changes can significantly reduce
the width of the line’s electromagnetic impact zones. However, an increase in line construc-
tion costs must be taken into account. A precise determination of the costs of the proposed



Energies 2021, 14, 6388 21 of 22

solutions is possible only for specific line designs. The authors’ design experience shows
that the increase can be within a wide range (from a few % to even 40%). The presented
estimates do not include the cost of acquiring an area to build the line. It should be noted
that the reduction in land acquisition costs resulting from a reduction in the width of the
impact zone may, in some cases, be more than the increase in construction costs resulting
from a change in the line’s design.

The paper shows that the reduction in the negative environmental impact of power
line influence zones is a complex issue. The originality of the solution to this problem lies
in the use of complementary and experimentally verified author’s models of electric field
and corona audible noise generated by power lines. The obtained results are valid not only
for 400 kV lines; they also establish trends for the design and construction of high voltage
transmission lines of other rated voltages (above 100 kV). Attention should be also paid
to the fact that the reduction of the environmental impact of power infrastructure is an
element of power energy transition processes currently taking place.
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