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Abstract

This paper focuses on the optimization of the design of high voltage transmission
lines in order to reduce the negative impact of electric and magnetic fields.
Within this paper the results of measurements of electric and magnetic fields
near 400 kV transmission line were presented. Measurements were performed in
the middle of the range between two towers, because at this point transmission
lines are closest to the ground. In order to make better validation of the used
calculation models of electric and magnetic fields, measurement of temperature,
pressure, humidity and height of particular transmission lines in the middle
range, were performed simultaneously. The values of current and voltage on the
transmission line, at the time of measurement of the fields, are also given. Based
on the measured values of electric and magnetic fields, validation of calculation
was performed. This paper also contains a brief comparative analysis of
regulations on non-ionizing radiation of power facilities that are in use in some
European countries, as well as recommendations of the International
Commission on Non-lonizing Radiation Protection (ICNIRP). Calculation of
electric and magnetic fields of different configurations of 400 kV transmission
line, were performed in order to find optimal solution in terms of reducing the
negative impact of electric and magnetic fields of high voltage transmission
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lines. Finally, on the basis of legislation and regulations on non-ionizing
radiation and analysis of the electric and magnetic fields, authors suggest optimal
configuration of analysed high voltage transmission line.

Keywords: overhead transmission lines, electric and magnetic fields,
calculations, transmission line configurations.

1 Introduction

Overhead transmission lines are sources of strong electric and magnetic fields.
Only a small number of people are exposed to these fields due to professional
commitment. On the other hand, almost the entire general population is exposed
to low levels of electromagnetic radiation in their homes and workplaces. Rising
public concern regarding the impact of electric and magnetic fields has led to
development of European guidelines and very rigorous standards in certain
countries. All of these standards and regulations require limited exposure of staff
and the general population to electromagnetic fields. Therefore, it becomes
important to make measurements of electric and magnetic fields and compare
them with critical values that are defined in standards and regulations. With the
application of modern measuring equipment and calculation techniques it is
possible to determine the values of the electric and magnetic fields as well as the
ways to reduce them, which include structural interventions on overhead
transmission lines and high voltage substations [1-7].

Even though the principals of the interaction of electromagnetic fields with
materials were introduced long time ago in terms of the basic equations of
magnetism, yet they can’t be safely applied to living organisms because they are
very complex and there is variability of characteristics of biological tissue which
makes analysis of the interaction even more complex. The mechanisms of
interaction of electromagnetic radiation and organic matter are still insufficiently
explored. Numerous mechanisms for electromagnetic interaction with living
organisms have been discussed and analysed recently, but most of them are not
scientifically confirmed or verified [8-9].

This paper presents the measured and calculated values of electric and
magnetic fields in the vicinity of 400 kV high voltage overhead transmission line
Sarajevo 10 — Sarajevo 20 for the purpose of defining optimal constructive
solution to reduce electric and magnetic fields [10—-11].

2 Legislative framework for electric and magnetic fields in
EU countries and international recommendations

Considering that many countries don’t have defined standards in this matter, it is
necessary to examine the situation in countries that have adopted the standards
and regulations in this particular area. During this process it is important to
consider the recommendations of the International Commission for Non-Ionizing
Radiation Protection (ICNIRP) [1], as well as the European Parliament [2-3].
Some countries have adopted or intend to adopt an approach that standard values
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should be lower values than those prescribed by ICNIRP [4-7]. Table 1 gives the
maximum allowable values of electromagnetic fields in some countries and
values recommended by International and European organizations.

Table 1: Maximum allowable values of electric and magnetic fields in some
countries and the values prescribed by international and European
organizations.

Electric field (kV/m) Magnetic field (uT)
Country/Organisation Occupational Gene.ral Occupational Gene.ral
public public
exposure exposure exposure exposure
ICNIRP' 10 5 1000 200
Directive 2004/40/EC 10 5 500 100
Italy 5 0.5 100/10%/3° 0.2*
Slovenia 10 0.5 100 10
Croatia 5 2 100 40
Bulgaria 25 - 1200 -
Austria 10 5 500 100
Hungary 10/30° 5/10° 500/5000° 100/1000°

'ICNIRP Safety Guideline, 2010.

?Attention value at 10 pT for magnetic induction.

3Quality objective at 3 pT for magnetic induction.

“Three Italian regions, Veneto, Emilia-Romagna and Toscana, have set exposure limits for power
lines at 0.2 pT for new installations near nurseries, schools, hospitals, houses and places where
people spend more than four hours per day. Veneto also has a similar limit of 0.5 kV/ m.
*Environmental protection rules for short time.

3 Measurements of the electric and magnetic field near high
voltage overhead transmission line

Measurements of the electric and magnetic fields were performed near the
section of high voltage 400 kV Sarajevo 10 — Sarajevo 20. The measurements
were made at a height of 1 m above ground level, as recommended by [12]. The
fields were measured at the middle of the range, between two adjacent
transmission line towers. The reason for this lies in the fact that in these points
the highest values of electric and magnetic fields are expected. At this part the
high voltage overhead transmission lines is closest to the ground, and therefore
expect the highest value of the fields [10].

Values of relative humidity, temperature, air pressure and height of the
conductors were also measured and given in Table 2. These measurements were
performed in order to determine the potential measurement errors and to obtain
insight on possible deviations of the measured and calculated results. This
deviation may be particularly emphasized in a measuring of the electric field
strength [13].
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Figure 1: The considered 400 kV overhead transmission line.

Table 2: Environmental conditions during measurement [14].

ENVIRONMENTAL CONDITIONS DURING MEASUREMENT

Temperature 8°C
Relative humidity 81%
Air pressure 1003 hPa
Vegetation Bushes

Phase conductor “0”: 10.94 m

Phase conductor “4”: 10.99 m

Phase conductor “8”: 11.33 m
Ground conductor: 17.27 m
OPGW conductor: 17.53 m

Conductors high at the middle of the
range

Measurement of the electric field was performed at intervals of 5 m from the
axis of the tower in one direction, because the field in such configuration of
phase conductor is symmetrical, as it can be seen from Figure 1. Measurement
of the magnetic field was performed at intervals of 1 m from the axis of the
tower in same direction as electric field measurement. In order to preform
measuring of the intensity of the electric field the instrument of manufacturer
ETS LINDGREN, Model HI-3604 was used (1D sensor which operates on the
principle of measuring displacement current on the basis of concentric plate).
Measuring of the magnetic field was performed by instrument of manufacturers
Narda, Model ELT-400 (3D sensor, isotopic coil 100 cm” was used).

As it is well known, electric field is produced by charges which are correlated
to the overhead transmission line voltage, while source of the magnetic field is
current that flows through overhead transmission line conductors. In order to
calculate the field in the vicinity of high voltage overhead transmission lines it is
necessary that the exact value of voltage and current of all phase conductors
is known. The measured values of line voltage and phase conductor current at
intervals of 15 minutes, on a transmission line during the measurement of the
electric and magnetic field near given sections are shown in Figure 2.
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Figure 2: Measured values at intervals of 15 minutes a) line voltage and

b) phase currents of transmission line Sarajevo 10 — Sarajevo

20 [14].

The measurement results of electric and magnetic fields are given in the

Figure 3.
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Figure 3:  Measured value of the a) electric field and b) magnetic field [14].

4 Measures for reduction of electric and magnetic fields in
vicinity of overhead transmission lines

The measurement of voltage and current were used as input data for calculation
of the electric and magnetic fields, while measurement results of electric and
magnetic fields were used to verify the calculation model of the electric and
magnetic fields (given in [11] and [15]) produced by overhead transmission
lines. Figures 4a and 4b show excellent matching of measured and calculated
values of electric and magnetic fields, respectively.
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Figure 4: Comparison of measurement results with the calculated results

a) electric field and b) magnetic field.

Based on the results shown in Figures 4a and 4b the verification of the used
models was successfully done and it can be concluded that this method of
calculation is valid for the evaluation of measures for lowering the value of ELF
electric and magnetic fields near high voltage overhead transmission lines. From
the measured and calculated values of the electric field shown in Figure 4a, it can
be concluded that the values of the electric field (at the maximum permissible
voltage, Figure 2a exceed allowed threshold of some national standards, given in
Table 1. Therefore it is necessary to analyse measures to lower electric fields
near transmission lines. From the Figure 4b it is obvious that the values of the
magnetic field are far below the recommended values of the International
Commission on Non-lonizing Radiation Protection (ICNIRP), and the main
reason for this is the small value of the current at the time of measurement
(Figure 2b). The calculations which aims to analyse the reduction of ELF electric
and magnetic fields will be performed for continuous nominal voltage (line
voltage 400 kV) and nominal current on transmission line (1920 A), in which
case it can be expected that with certain configurations of lines, the calculated
values of the magnetic field exceed the limits defined in some national standards.

This paper presents different methods for the reduction of ELF electric and
magnetic fields based on the change in the line configuration and increase of the
height of the towers. Increasing the height of the transmission lines certainly
leads to a reduction of electric and magnetic fields within the corridor of
overhead transmission line, but the most significant reduction for considered
horizontal configuration of lines given in Figure 1 can be seen in the area of
outer phase conductors and decreases in the wider area of the corridor lines.
Since the reduction is required in the wider area of the corridor, this solution is
not the most suitable for high voltage transmission lines. The objects for which
reduction of electromagnetic field is performed are not located in narrow area
corridor. Figures 5a and 5b give the results of calculation of electric and
magnetic fields of the transmission line for the line configuration shown in
Figure 1, with varying height the of the lines for 1, 2, 3 and 4 m, respectively.
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Figure 5: Calculated values of a) electric field and b) magnetic field in

dependence of the transmission line height.

Significant reduction of electric and magnetic fields in the wider area of the
corridor is possible to achieve by selecting the appropriate configuration of
conductors of the transmission line. Calculations were performed for several
configurations, starting from the existing situation with horizontal configuration
(curve 1), through a vertical configuration (curve 2) to the “delta” configuration
(curve 3) “reverse delta” configuration (curve 4) and “split-phase” configuration
(curve 5), as it is shown on Figure 6. During the calculation, the heights of the
lowest phase conductors and interphase distances are kept the same for all
configurations.
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Figure 1: Analysed configurations of the overhead transmission lines
a) horizontal configuration; b) vertical configuration;

c) “delta” configuration; d) “reverse delta” configuration;
e) “split-phase” configuration.
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From Figure 7 a significant decrease in magnetic field can be observed, in
both narrow and wider area of the corridor.
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Figure 2: Calculation results of magnetic fields for various configurations of

the conductors.

After calculating of magnetic fields, calculation of electric field for the same
transmission line configuration was preformed, and the results are given in
Figure 8. All proposed configurations (curve 1, 2, 3 and 4), according to the
calculation results also lead to a reduction in the value of electric fields near high
voltage transmission line.
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Figure 3: Calculation results of electric fields for various configurations of

the conductors.
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In addition to the above configurations, it is possible to perform the so-called
“split-phase” (curve 5), or division of the phase conductor to more conductors,
which can significantly reduce the magnetic field. “Low Resistance”
configuration forms two systems of conductors, one with the phases
configuration from top to bottom 8, 4, 0 (vertical layout) and the second with the
phases configuration from top to bottom 0, 4, 8. The total value of the current
through each phase is divided to all its conductors. This configuration gives the
best results in terms of magnetic field and very good results regarding electric
field, as shown on Figures 7 and 8 (curve 5). Transmission line configuration
“split- phase” has certain negative aspects, such as the high cost, in comparison
to the others transmission line configurations. This is due to fact that this
configuration requires twice as many conductors, as well as insulator strings
necessary for connection with the transmission line tower, and also more of other
equipment is needed for this configuration. Also, transmission line towers for
configuration “split-phase” are more complex for production and therefore much
more expensive compared to towers of other configurations. However, when the
reduction of electric and magnetic fields is necessary in a limited number of
ranges, this solution has many advantages.

5 Conclusion

Results of measurements and calculations for the 400 kV overhead transmission
line in Bosnia and Herzegovina were presented in this paper. Also, the paper
presents the calculations of electric and magnetic fields for different heights and
configuration of the high voltage transmission lines, in order to find optimal
solutions in terms of reduction of electric and magnetic fields. From the
presented results it is clear that increasing the conductor’s height has a
significant impact on reduction of both electric and magnetic fields within a
narrow corridor of the high voltage transmission line, but the fields in wider
corridor are only slightly reduced. Similar conclusions can be drawn for most of
the analysed configurations of high voltage transmission line.

The best constructive solution, without considering its economical aspect, is
so-called “split-phase” configuration. From the results, it is noticeable that with
this configuration significant reductions of the magnetic field in the narrower and
wider corridor of high voltage transmission line, as well as a significant
reduction of the electric field in the narrow corridor are achieved.

The price of construction of the transmission line configuration “split-phase”
is very high compared with other configurations, so that such a solution is
reasonable to use only for the sections where reduction of electric and magnetic
fields is required due to population (densely populated areas). For the sections
where these requirements do not need to be fulfilled (uninhabited and
inaccessible areas) one of the cheaper configurations of overhead transmission
lines can be used.
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