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Abstract

One of the primary sources of the electric field in the environment is high voltage transmission
lines. The calculation of the electric field strength is important for the proper design of
transmission lines, and for verification that the calculated values of this field are within the
prescribed values. There are organizations and commissions that are dealing with negative
impacts of electric and magnetic fields. One such organization is the International Commission
on Non-Ionizing Radiation Protection – ICNIRP, which published in 2010 new guidelines
regarding the human exposure limit values of the field.
As it is well known, every building has a shielding effect on electric field distribution, i.e. the
electric field strength inside the building is reduced. The aim of this master thesis is to determine
the electric field strength inside a house, that is caused by a high voltage transmission line
proximity. First of all, the computation of the unperturbed electric field was done, using the
EFC-400 software. Then the measurements of electric field strength inside the house were
performed. Comparing these two values, a percentage value of the electric field strength inside
the house according to the calculated unperturbed electric field is determined. Same type of
comparison was also done for the points in the vicinity of the houses in order to determine the
influence of the house on the electric field in its surrounding area. Finally, the obtained electric
field strength inside the house is compared with the limit values from Slovenian standard and
European recommendations.

Key words: electric field measurement, electric field calculation, shielding factor, house,
perturbed and unperturbed field.
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Povzetek
Eden izmed glavnih virov električnega polja v okolju so visokonapetostni daljnovodi. Izračun
električnega polja je pomemben za pravilno načrtovanje daljnovodov in za preverjanje, ali so
izračunane vrednosti tega polja pod mejnimi vrednostmi. Obstajajo organizacije in komisije, ki
se ukvarjajo z negativnimi vplivi električnega in magnetnega polja. Ena izmed takšnih
organizacij je Mednarodna komisija za zaščito pred neionizirajočim sevanjem - ICNIRP, ki je
leta 2010. objavila nove smernice glede mejnih vrednosti izpostavljenosti ljudi na terenu.
Nekatere države imajo zakonodajo o elektromagnetnem polju. V Sloveniji je bila leta 1996.
sprejeta Uredba o elektromagnetnem sevanju v naravnem in življenjskem okolju, ki daje mejne
vrednosti električnih in magnetnih polj v naravnem in življenjskem okolju.
Pred gradnjo novega visokonapetostnega daljnovoda potrebno je opraviti simulacijo in izračun
električnega polja okoli daljnovoda in le, če so izračunane vrednosti jakosti električnega polja
nižje od mejnih, je mogoče graditi nadzemni vod. Če je predviden nov objekt (na primer hiša) v
bližini obstoječega ali načrtovanega daljnovoda, je treba pred začetkom načrtovanja objekta
določiti električno polje znotraj tega objekta in ga primerjati z mejno vrednostjo. Z uporabo
ustrezne programske opreme, na primer EFC-400, je izračun nemotenega električnega polja
relativno enostaven. Po drugi strani bi bil izračun električnega polja znotraj objekta zelo zapleten
in bi zahteval precej drugačno programsko opremo.
V tej magistrski nalogi je analiziran problem določitve jakosti električnega polja v stanovanjski
hiši, ki ga povzroča bližina visokonapetostnega daljnovoda. Najprej so bile izvedene meritve
jakosti električnega polja znotraj hiše. Po meritvah je bilo izračunano nemoteno električno polje
s pomočjo programske opreme EFC-400. S primerjavo tistih dveh vrednosti, se določi odstotek
vrednosti jakosti električnega polja znotraj hiše glede na izračunano nemoteno električno polje.
Pridobljena jakost električnega polja znotraj hiš je bila primerjana z mejnimi vrednostmi iz
slovenskega standarda in evropskega priporočila. Kot bo razvidno, so vrednosti jakosti
električnega polja v vsaki točki izbranih hiš nižje v primerjavi z minimalnimi priporočenimi
mejnimi vrednostmi, določenimi s slovenskim standardom in evropskim priporočilom.
Skupaj je bilo analizirano pet hiš. Štiri so bile stanovanjske, ena pa nestanovanjska. Opravljene
so bile tri vrste meritev: znotraj hiše (cilj je določiti faktor zaslanjanja hiše za električno polje),
okoli hiše (cilj teh meritev je ugotoviti vpliv hiše na električno polje v okolico) in meritve
nemotenega električnega polja (te meritve zagotavljajo informacijo, ali je model za izračun
nemotenega električnega polja natančen prikaz praktičnega primera).
Za faktor zaslanjanja hiše (meritve znotraj hiše) so narejeni naslednji sklepi:
V pritličju je povprečni faktor zaslanjanja za vsak objekt približno enak in je nad 99%. Vrednosti
najmanjšega faktorja zaslanjanja so tudi zelo blizu drug drugemu, kjer je minimalni izračunani
faktor 98,1%. Gledano z drugega stališča, se lahko reče da je električno polje v pritličju lahko
do 2% izračunanega nemotenega električnega polja, vendar je v večini primerov manj kot 1%.
ix

Situacija za prvo nadstropje je malo bolj zapletena, glavni razlog pa je hiša NO.4. kjer so tri od
štirih meritev bile opravljene za oknom. Za druge hiše je situacija precej jasna, kjer sta povprečni
in minimalni faktor zaslanjanja skoraj enaka kot v pritličju. Po drugi strani sta povprečni in
minimalni faktor zaslanjanja za objekt NO.4 97,5% in 96,0%. Te vrednosti pa so bolj podobne
pričakovanemu faktorju zaslanjanja za podstrešje kot za prvo nadstropje. To je verjetno
posledica dejstva, da so bile tri od štirih merilnih točk merjene tik za oknom. Ker je steklo
material z izjemno visoko izolacijsko lastnostjo, se domneva, da zaslanja manj električnega polja
v primerjavi z drugimi materiali hiše.
Kot bo razvidno, faktor zaslanjanja na podstrešju je manjši v primerjavi s spodnjimi nadstropji.
Obstajata dva glavna razloga za to. Prvi je razlika v gostoti električnega naboja na stranskih
stenah in strehi hiše, kjer je gostota naboja na strehi bistveno večja. Drug razlog verjetno leži v
dejstvu, da je električno polje na podstrešju zaslonjenjo le s streho, medtem ko je v nižjih
nadstropjih zaslonjeno s stranskimi stenami, višjimi nadstropji in streho.
Faktor zaslanjanja na podstrešju je popolnoma drugačen za stanovanjske in nestanovanjske
objekte, glavni razlog za to pa je razlika v materialu objekta. Za stanovanjske hiše je povprečni
faktor zaslanjanja okrog 97,5%, najmanjši izračunani faktor pa 92,7%. Z drugimi besedami,
dejansko električno polje na podstrešju bi lahko znašalo do 7,5% izračunanega nemotenega
električnega polja, vendar je v večini primerov manj kot 5%.
Za nestanovanjske hiše je situacija opazno drugačna. Za ta tip stavbe izračunani povprečni in
najmanjši faktorji zaslanjanja na podstrešju znašata 78,3% oziroma 58,7%. Poleg razlike v
hišnem materialu, v tej magistrski nalogi je omenjenih še nekaj posebnosti, ki imajo bolj ali manj
vpliv na tako nizek faktor zaslanjanja.
Pomembno je opaziti, da hiša zaslanja električno polje tudi za točke ki so v bližini hiše. Za
analizirano hišo se ta učinek zaslanjanja začne na razdalji 9-10 m od hiše, kjer je faktor ≈10%, na
1 m stran od hiše pa narašča do ≈80%.
Za konec te raziskave, vse izmerjene vrednosti električnega polja znotraj stanovanjskih objektov
so primerjane z mejnimi vrednostmi iz slovenskega standarda in evropskega priporočila. Za
namene posploševanja bomo vzeli, da so daljnovodi v bližini analiziranih hiš novi v smislu
regulativnega akta "Uredba o elektromagnetnem sevanju v naravnem okolju", kar pomeni, da bo
mejna vrednost jakosti električnega polja 500 V / m. Po drugi strani je najvišja izmerjena jakost
električnega polja znotraj analiziranih stanovanjskih hiš 215,7 ± 8,6 V / m. Če primerjamo ti dve
vrednosti je jasno, da je jakost električnega polja znotraj analiziranih hiš bistveno manjša od
največje dovoljene. Pomembno je tudi opaziti dejstvo, da so mejne vrednosti, ki jih določa
slovenski standard, ene med najstrožjimi na svetu.

Ključne besede: merjenje električnega polja, izračun električnega polja, faktor zaslanjanja,
stanovanjska hiša, moteno in nemoteno polje.
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1. INTRODUCTION
Electrical energy has become one of the basic goods and probably one of the greatest
achievements of the civilization. Direct and indirect impact of electric energy on the quality of
our lives is huge. Modern lighting, electrical transportation, automatization, robotization,
telecommunication etc. are all benefits of the usage of electrical energy. On the other hand, the
usage of electrical energy has also some side products. One of them is the generation of
electromagnetic fields in the environment.
Electromagnetic fields, which extend into the space around electric power facilities for the
generation, transmission, and distribution of electricity, are always present when electricity is
there. These electromagnetic fields have utility frequency1 (50 Hz in Europe, 60 Hz in America),
which means there are in the non-ionised radiation area in the electromagnetic spectrum (Figure
1). These fields are also called low-frequency electromagnetic fields or electromagnetic fields of
extremely low frequencies that encompass the frequency area up to 300 Hz. At this, extremely
low frequencies, it’s not spoken about electromagnetic fields anymore, but electric and magnetic
field are considered separately. [1] Taking this into consideration it is possible to research any of
these fields individually, which is exactly what was done in this master thesis, where only
electric field is analysed.

Figure 1: Electromagnetic spectrum. (Source of the figure: Breda Cestnik, Karol Grabner, “Electric and Magnetic
fields”, Ljubljana : Milan Vidmar Electric Power Research Institute, 2018)

An electric field is the field that surrounds electrical charges. The electric field is
conditioned with the presence of an electric charge on the conductor or indirectly via the electric
voltage of conductors to the ground. The vector quantity that is most frequently indicated for an
electric field is the electric field strength E that is measured in volts per meter (V/m). [1]
1

utility frequency- nominal frequency of the oscillations of alternating current in an electric power grid

1
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One of the primary sources of the electric field in the environment is high voltage
transmission lines. The calculation of electric field is important for the proper design of
transmission lines, and for verification that the calculated values of this field are below limit
values. There are organizations and commissions that are dealing with the negative impacts of
electric and magnetic fields. One such organization is the International Commission on NonIonizing Radiation Protection – ICNIRP, which published in 2010 new guidelines regarding
human exposure limit values of the field. [4]
Also, some countries have legislations regarding electromagnetic field. In Slovenia, the
Decree on electromagnetic radiation in natural and living environment has been adopted in 1996,
which gives limit values for electric and magnetic fields in natural and living environment in a
specific manner.
Before the construction of new high voltage (HV) transmission line, the simulation and
calculation of electric field around that line has to be done and only if the calculated values of
electric field strength are lower than recommended ones, the construction of line could be done.
Also, if a new object (for example house) is planned near an existing or planned HV
transmission line, the electric field inside that object needs to be determined and compared with
the limit value before the design of object starts. Using the appropriate software, for example
EFC-400, the calculation of the unperturbed electric field is relatively easy. On the other hand,
the calculation of electric field inside the object would be very complex and would require quite
different type of software.
The problem of the determination of the electric field strength inside a house that is caused
by high voltage transmission line proximity is analysed in this master thesis. First of all, the
computation of the unperturbed electric field was done, using the EFC-400 software. The part of
software that is used for calculation of electric field is based on the charge method that allows
any arbitrary arrangement of conductors in three-dimensional space. After calculating the
unperturbed electric field around the transmission line, the measurements of electric field
strength inside the house were performed. Comparing these two values, a percentage value of the
electric field strength inside the house according to the calculated unperturbed electric field is
determined. Also, the obtained electric field strength inside the houses is compared with the limit
values from Slovenian standard and European recommendations. As it will be shown, values of
electric field strength in each point of the selected houses are lower compared to the minimum
recommended limit values defined by Slovenian standard and European recommendations.
In the next chapter there will be more words about the electric field generated by
transmission lines, with the focus on limit values of electrical field in Europe and Slovenia,
electric field strength factors and measures for reducing electric field. The mathematical model
that is used for the calculation of electric field is given in the chapter 3. The results that are
shown in the chapter 4 are partly obtained with the software EFC-400, which mathematical
model is given in chapter 3, and partly with the EFA-300 Field Analyser that was used for the
measurement of electric field. Fifth chapter is conclusion of the paper.

2
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2. ELECTRIC FIELD AROUND TRANSMISSION LINE
Transmission lines are one of the most important parts of every Electro Power System
(EPS). They transmit electrical energy on various voltage levels (high, very high and extremely
high voltages). Transmission lines are part of the transmission system that connects power
generation system with the distribution system and without them, the functioning of the EPS,
which we are familiar with, would be impossible.
Transmission lines are also one of the primary sources of the electric field in the
environment. The rms (root-mean-square) value of transmission line voltage is practically the
same, which means that rms value of electric field generated by this source is constant with
regard to time, and also it will exist no matter whether the equipment is in use or not [2].
The most important reasons for calculating electric fields from transmission lines are:
-

Determination and evaluation of compliance with prescribed or recommended limit
values with regard of protection of people.
Impact on objects in the surrounding area (pipelines, telecommunication lines etc.).

2.1.

Limit Values for Electric Field Strength by ICNIRP

The International Commission on Non-Ionizing Radiation Protection (ICNIRP) is an
independent organization that provides scientific advice and guidance on the health and
environmental effects of non-ionizing radiation (NIR) to protect people and the environment
from detrimental NIR exposure. In 2010, this organization published new guidelines regarding
the limit values of the field. [4]
There are two different types of reference levels: reference level for professionally exposed
persons, and the reference level for the general population. [5]
-

-

Professionally exposed persons are adults, who are exposed to the known value of field
no more than 8 hours per day. They are also introduced to the potential risks of
working in this environment.
General population are all other individuals who can be exposed to the field even 24
hours per day. In this population, there are also young and old people, and this is the
reason why for this type of population, the reference level for the electric field is lower.

The limit values, which are set up by ICNIRP are given in Table I as the rms values of
electric field strength (E) for frequency 50 Hz:
Table I: Limit values of electric field strength for frequency 50 Hz, according to ICNIRP

category of population
professionally
exposed
persons
general population

3

E
(kV/m)
10
5
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2.2.

Limit Values for Electric Field Strength by Slovenian Decree

Every country has the freedom of choice what standard they will use, whereby it is
possible to modify the chosen standard so it could adapt to the requirements of that country. In
Slovenia, the limits values are defined with regulatory act “Uredba o elektromagnetnem sevanju
v naravnem in življenjskem okolju”2 (hereinafter Uredba) which has been accepted in 1996. [6]
These values are stricter for new sources in the areas of higher degree of protection than the ones
from ICNIRP.
Before showing the limit values for electric field strength, it is necessary to explain the
following concepts.
2.2.1. Types of transmission lines in relation to the date of construction

-

-

-

Existing transmission lines- according to the [6], these are all transmission lines that
have been operating before Uredba has been adopted or transmission lines that
obtained construction permission before the date of the adoption of Uredba.
New transmission lines- all transmission lines that are constructed after Uredba has
been adopted, i.e. all transmission lines that are built after the date of the adoption of
Uredba (after 1996.).
Reconstructed transmission lines- in this category are all transmission lines that have
been essentially reconstructed after Uredba has been adopted. Essentially reconstructed
means that main technical characteristics have been changed or operation of the
transmission line has been changed.

2.2.2. Types of areas depending on its importance

According to [6], there are two types of area depending on its importance: area I (obmocje
I) and area II (obmocje II).
Area I is the area of increased radiation protection. This group includes:
-

2

Area around hospitals and touristic facilities
Residential area
The area of educational facilities and educational programs and the basic health care
program
Area of a playground and public parks
Residential area, which is intended for living and craft and similar activities
Public centres where administrative, trade, service or catering activities are performed
Those areas intended for agricultural activities, which are intended for living at the
same time

Decree on electromagnetic radiation in natural and living environment
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In Area II are all other areas which are not mentioned before:
-

An area without housing intended either for industrial or craft or other production
activities, either transport, storage or service activities
Agricultural and forest areas
Areas intended for public road and rail traffic (even if they pass through the area I)

The assessment of which area belongs to a particular land is given by a competent
municipal administrative authority.

2.2.3

Limit values in Slovenia

Limits rms values for electric field strength for frequency 50 Hz in Slovenia, defined by
Uredba, are given in Table II [5]
Table II: Limit rms values for electric field strength (E) from Uredba

E

area I, for new and
reconstructed transmission
lines

area II, for new and
reconstructed transmission
lines,
area I and II for existing
transmission lines

0,5 kV/m

10 kV/m

As it can be seen from the Table II, there are two limit values for E depending on area and
the date of construction of transmission line. First column that refers to area I and for new and
reconstructed transmission lines has value of Emax= 0,5 kV/m and this limitation is one of the
strictest in the world [7].

2.3.

Levels of decision in the construction of the transmission line

If the system needs an additional transmission line, and all the technical conditions for its
construction have been met, is it enough to start constructing the line? If this question has been
asked few decades ago, the answer will be yes without any further calculations. But today, total
costs of investment have to be done, and only if the investment is return after certain years, the
construction could start. [9] But lately, even that isn’t enough. For example, Germany decided to
connect north and south of the country using underground cables and not overhead transmission
lines, although cables are much more expensive. Reason? People start complaining about the
construction of overhead lines and main political party in that country was afraid that they will
lose the support of the people so they decided to build underground transmission instead. [10].
5
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Taking all this into consideration, levels of decision in the construction of transmission lines are
given in the Table III [11].
Table III: levels of decision

Priority level
First
Second
Third

2.4.

Decision
Political
Economical
Technical

Electric field strength factors

The amplitude of electric field generated from transmission lines depends on the following
factors: [12]
-

-

-

Transmission line voltage: There is a linear relation between the voltage and electrical
field strength (E), which means the electric field strength is changing linearly with the
voltage change.
Transmission line geometry: Height of the conductors above the ground, radius of the
conductors, space between the phase conductors, and between the sideway conductors
from each other, all have influence on the amplitude of electric field strength.
Distance from conductors: Electric field strength decreases from the conductor with the
inverse square of distance. This means that highest level of electric field is directly
below the overhead power line and rapidly decreases moving away from the line on
both sides.

The influence of each factor on the electric field strength3 is noticeable from the Figure 2.
Three types of towers can be seen on Figure 2: Donau 220 kV, Donau 400 kV and Plane 400 kV.
All towers have the same height. Comparing electric field produced from Donau 220 kV and
Donau 400 kV it can be seen how huge influence voltage has on the amplitude of the electric
field strength. For example, comparing the values of E just below the tower, the amplitude of
electric field strength is almost 2,5 times higher for the 400 kV system than for the 220 kV
system for the same type of tower.
The distribution and magnitude of electric field strength depend also on the tower
construction. The best way to confirm this is to compare two different types of towers of the
same voltage level. That analysis could be done by taking a look at the Figure 2 and comparing
towers Donau 400 kV and Plane 400 kV. Electric field strength just below the towers is almost
the same, but the distribution of field is totally different and the main reason for this is in the
position of conductors.
The dependence of electric field strength on distance is obvious from all three towers, and
it can be concluded that E decreases rapidly with the distance.
3

electric field strength is calculated 1 m height above the ground
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Donau 220 kV

Donau 400 kV

Plane 400 kV

Figure 2: Electric field strength in dependence on distance for different types of towers and different voltages. The figure is
obtained using the software EFC-400.

On the figure above, the distribution of unperturbed electric field is presented. In
practice, the electric field is usually shielded /reduced by trees, concrete buildings, fence etc.
[14]. Most buildings materials reduce considerably the electric field from outside. Only
exceptions are materials with extremely high insulating property like glass. Taking this into
consideration, the electric field from an external high voltage transmission line is just a few
percent of an unperturbed electric field on the same location. In dry, wooden houses, the
reduction is not as efficient, but even there the reduction is considerable. [26]

2.5.

Measures for Reducing Electric Field

There are three basic approaches to reduce the exposure of professional workers and
citizens to electric fields: [11]
•
•
•

Shielding - Use of real hinges to shield or reduce non-ionizing electric field.
Time - The time period of the shortest exposure to electric fields of any source.
Distance - Increasing the distance between electric field sources and professional staff or
population

All above mentioned approaches for minimizing the electric field are most general.
Measures that are used for the reduction of electric field generated by transmission line are
divided into following three groups: [5]

7
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-

Appropriate design and installation (placement) measures of sources of electric field
By implementing the appropriate additional compensatory measures to reduce the field,
either at the source of field, or at the end location of the emission
With the usage of other alternative solutions.

2.5.1. Design and Installation Measures

-

-

-

-

-

Displacement of transmission lines from problematic locations. This measure is based
on the fact that electric field strength is proportional to the inverse square distance.
There are two types of displacement: [5] [21]
 Horizontal displacement of transmission lines: this measures means finding the new
route for transmission line and generally it is difficult to perform in practice.
 Vertical displacement of transmission lines: this measure refers to increasing the
height of conductors, which practically means the higher towers and more money
for construction.
Lowering the distance between conductors [5]. This measure is only suitable for
electrically symmetrical systems, while for electrically asymmetrical systems the
electric field isn’t reduced. Of course, lowering the distance between conductors is
limited because of the problems that can occur, for example corona.
Selecting the appropriate configuration of transmission line conductors [21]: According
to this literature, the best configuration for obtaining the lowest electric field strength is
delta configuration and the worst one is horizontal configuration.
Using the so-called “split-phase” configuration of conductors [21]: In other words, this
is the division of a phase conductor to more conductors, which can reduce the electric
field. This configuration has also some negative aspects, such as the high cost, in
comparison to the other 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.
By implementing multi-system transmission line’s towers for systems of different
voltage levels. [22] In order to implement this measure it’s crucial that the transmission
lines of higher voltage are above the transmission line of lower voltage.

2.5.2. Shielding the Electric Field

-

Trees, high vegetation, buildings and all other objects that can conduct electricity to
some point, shield the electric field and reduce its value. In their surroundings the real
electric field strength related to the unperturbed electric field strength is drastically
reduced (the ratio E/E0 close to objects is just a few percent and it increases with
distance from the object). [5]
E – real electric field
E0 – unperturbed electric field
8
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-

The hinges can be created intentionally. With the appropriate design, dimensioning and
position of the hinge, it is possible to achieve practically the elimination of the electric
field.

2.5.3. Alternative Solutions

One of the most used alternative solutions for shielding electric field is the usage of the
cables instead of overhead transmission lines (OHL). [23] Almost all electric field generated
from cable is shielded and just from this point of view, the cables are perfect solution. Of course,
cables have some other disadvantages such as: generation of magnetic field, few times more
expensive than OHL, problems with maintaining etc.

2.6. Sources of electric field in the household
Since the primary measurements of electric field are inside the house, as it will be shown
in chapter 4, it is very important to determine what the main source of electric field is. If the
electric field from transmission line is neglected, the main sources of electric field in the house
are electric cables and appliances. Electric field from electric cables is mostly moderate. The
background level in homes with 230 V systems is often between 3 and 30 V/m, while this level
is even lower in kitchen and bathrooms where cables are grounded. [26] Since the electric field is
proportional to the voltage, an interesting fact is that when the device is turned off, the wires may
have the same voltage as if it is turned on, at least in IT systems. This comes from the fact that
most switches only break the connection in one wire. [26] When it comes to electrical devices,
the generation of electric field mostly depends on the type of appliance. The typical electric field
strength measured near the most used appliances is presented in the table below: [1]
Table IV: Typical electric field strength, measured near electrical devices at a distance of 30cm [1]

Electric Device

Electric field strength (V/m)

Stereo receiver
Iron
Refrigerator
Mixer
Toaster
Hairdryer
Colour TV
Coffee machine
Vacuum cleaner
Electric oven
Light bulb

180
120
120
100
80
80
60
60
50
8
5
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2.7. Distribution of Electric Field on Conducting Surface
In this subchapter, the distribution of uniform static electric field on the surface of
conductive object will be explained. Although the field generated from transmission line is not
uniform (it is decreasing with the distance), the conclusions that are going to be made here are
similar for the situation if the field is non-uniform.
If an uncharged conductor4 is placed in a uniform unperturbed field, there will be a shortterm disturbance of the electrostatic equilibrium and it will come to the movement of electrons
under the influence of the Lorentz force. [29][30] Rather than accelerating indefinitely,
conduction electrons experience collisions with the lattice, thereby giving up their kinetic energy
until a new equilibrium is reached. Due to the displacement of free electrons, electrical charges
are induced on the surface of the neutral conductor: negative on those parts of the surface where
the electric field lines enter the conductor and positive on those parts where the lines exit the
conductive object (Figure 4, Figure 3). [28] From figures below, it is obvious that when the
conductive object is present, the field is perturbed.

Figure 4: Perturbed electric field (with conductive object)
(schematic diagram)

Figure 3: Uniform, unperturbed electric field (without
conductive object) (schematic diagram)

Figure 3 shows the example where the conductor is not grounded and has a shape of a

circle.
In general, the charge density at a point on a given conductor surface depends on a
curvature of the surface at that point, the orientation of the conductor, the shape of the conductor

4

Uncharged conductor is neutral
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and also on the presence or absence of the other nearby charged bodies. It is proportional to the
magnitude of the electrostatic field just outside the conductor. [25]
Since the shape of the house, as a conductive object, is significantly different from the
circle and houses have sharp edges on the roof, the distribution of the field on the house is
different from the one that is presented above. Schematic diagram of the house as conducting
object in the uniform field is given on the Figure 5

.

Figure 5: Perturbed electric field when the house is present
(schematic diagram)

The highest charge density is at the top of the house. This is mostly due to the sharp edge
at the top of the roof and to the orientation of the house. Moving toward side walls, the charge
density is getting lower and lower.
In both analysed cases, it is assumed that the conductive object is ideal which means the
electric field lines are normal to the surface of the conductor, and the electric field inside the
conductor is 0. [30] In reality, house’s materials are not perfect conductors and have certain
specific resistance. This is the reason why electric field inside the house is not zero and this is a
starting point for this research.

11
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Shielding factor of the house is influenced by the specific resistance of the house
materials. For example, if the walls and the roof of the house are ideal conductors, the shielding
factor would be 100%, and electric field inside the house would be zero. In reality this is not the
case and shielding factor is always lower than 100%. In the table below there will be shown
specific resistance for some of the most known materials. One part of the shown materials is
used in houses while the others are shown for comparison.
Table V: Specific electrical resistance for various materials

Material
Silver
Copper
Gold
Aluminium
Iron
Stainless steel
Sea water
Drinking water
Concrete (moist)
Silicon
Wood (damp)
Deionized water
Concrete (over-dried)
Hard rubber
Glass
Air
Wood (oven dry)

Specific resistance (Ωm) at
20 °C
1,59 ∙ 10-8
1,68 ∙ 10-8
2,44 ∙ 10-8
2,65 ∙ 10-8
9,70 ∙ 10-8
6,90 ∙ 10-8
2,0 ∙ 10-8
2,0 ∙ 101 to 2,0 ∙ 103
102
6,4 ∙ 102
103 to 104
1,8 ∙ 105
1012
1013
11
10 to 1015
109 to 1015
1014 to 1016

Reference
[33]
[34]
[33]
[33]
[33]
[35]
[33]
[33]
[32]
[33]
[33]
[36]
[32]
[33]
[33]
[37]
[33]

As it is evident from the table above, the specific resistance of some material depends on
the amount of moisture in that material. For example, dry wood has specific resistance up to 1016
Ωm, while damp wood somewhere between 103 Ωm and 104 Ωm. Since the rough estimation for
the boundary between insulator and conductor is 105 Ωm (in the terms of 50 Hz electric field)
[5], it obvious that some material could be either insulator or conductor, depending on the
amount of moisture inside it.
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3. MATHEMATICAL MODEL
The voltage in transmission line conductors produce electric field in the space around the
conductors. The electric field is a vector quantity; it has both magnitude and direction. The
electric field at the surface of conductors is responsible for corona effect, which is the ionization
of air between the line conductors due to the existence of very strong electric field close to the
surface of conductor and results in audible noise along with electromagnetic radiation and visible
light. [2]
Modelling of electric field in this paper is done using the software EFC-400. The part of
software that is used for calculation of electric field is based on the charge method (partial
conductor method), that allows any arbitrary arrangement of conductors in three-dimensional
space. Due to the three-dimensional approach, it is possible to solve every quasi-stationary
problem in a low-frequency range. [18] This method is quasi-numerical method that is based on
the analytical method of images technique, which is a basic problem solving technique in
electrostatic engineering. [17] More about this software will be explained during the explanation
of the charge method.
The calculation of electric field produced by transmission lines is inherently complex
because of the practical aspects such as sag, proximity of towers, uneven ground surface, finite
ground conductivity, etc. A number of simplifying assumptions are usually made in order to
reduce the complexity of the problem. The following 3 main assumptions are made for this
model: [18]
-

-

-

The ground is assumed to be an ideal infinite expansion plane. In practice, for the
frequencies of 50 Hz, the assumption of ideal ground is valid for the specific resistance
of the ground up to 105 Ωm. Usually these values are between 30-2000 Ωm which
means this assumption is acceptable.
Every conductor is split by this method into segments (Figure 6), whose number can be
selected by the user. The sag of transmission line is simulated with a parabolic
arrangement of the segments. Good enough precision is obtained with 10-20 segments.
With increasing the number of segments, the results would be closer to the real ones,
but the calculation time would be higher. It is also possible to choose only one
segment. This would be corresponding to a straight conductor and the procedure for
calculation of electric field corresponds to the method of infinitely long straight
conductor. It’s important to notice that the precision is larger when 1 segment is used
than for cases of only 2, 3 or 4 segments. The precision of the charge method is only
limited by the floating-point arithmetic. The difference between reality and model
depends on the subdivision of the conductors in a finite number of segments.
Line charges are assigned to the center of every conductors segment.
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Figure 6: Parabolic approximation of conductor

Where are:
n- Number of segments
h- Height of tower
l- Distance between two adjacent towers
For the computation of the electric field strength, the coordinates of the point under
consideration are transformed into the local coordinate system of the respective segment. This
happens by a displacement and a following rotation. The calculation provides the contribution of
the segment to the complete field vector, which has to be transformed back to the world
coordinate system. [18]

Figure 7: Subscope in the coordinate origin
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The electric field strength can be represented by the negative gradient of the scalar
potential Φ (x, y, z) [18]:
⃗⃗⃗ ( )
⃗( )
( )
with
⃗⃗⃗

⁄
⁄
(
⁄

)

( )

This potential or potential difference describes the work which is necessary to move a
test charge from a reference point with potential Φ (x, y, z) =0 to the point with the potential Φ.
In praxis the reference point is set to infinity. The potential at a distance A to a source charge is
then given by:
( )
(3)
∫ ⃗ ( )⃗⃗⃗⃗
The integral can be solved as follows for a line-type charge segment which lies in the
origin parallel to the x-axis:
(

(

) √

(4)

)
(

) √(

)

Where are:

ε0- vacuum permittivity
Qi- line charge of conductor’s segment
Li- length of conductor’s segment
xp- distance from conductor’s segment to the projection of calculated point on x-axis.
yp- distance from conductor’s segment to the projection of calculated point on y-axis.
zp- distance from conductor’s segment to the projection of calculated point on z-axis.
The negative gradient yields the fields the field contribution of a subscope to the electric
field at the point P(x, y, z).
From the equation 6, the only unknown is the line charge Qi. This variable is calculated
with the help of the surface voltages of the conductors. It is already said that it is assumed that
line charge is assigned to the center of every conductor’s segment. The value of this charge is
determined by solving the above equation for the surface potential U. In case of n conductor’s
segments this yields a system of equations with n unknown variables. [18]
(5)
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(

)

(6)

Q is a matrix of line charges, U is a matrix of phase voltages and PKij is described as the
matrix of the potential coefficients. Inverting PKij yields the distribution of the line charges.
EFC-400 is able to solve this set of linear equations for a matrix with 16000x16000 elements
(Methods: LU-decomposition or conjugate gradient). 1000-2000 segments are completely
sufficient in praxis and there is no need to done the computation with more segments because the
calculation time would be higher (for the matrix 16000x16000 calculation time could be up to
several days).
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4. RESULTS
Although most of the electric field inside the house is reduced, it still has to be estimated.
As it was already said, the calculation of the electric field inside the house with the usage of
software is very complex. The best way of determining the exact value of electric field inside the
house is by measuring it. But in certain situations, the measurement of the electric field inside
the house is not possible. The example is when the construction of the new transmission line
(OHL) is planned near the house; the determination of the electric field inside the house has to be
done, but it cannot be measured since the OHL hasn’t been constructed yet. In this situation,
approximate value of electric field strength inside the house is determined as the combination of
the unperturbed electric field (calculated with the software) and the shielding factor of the house.
It is said approximate value since the value of the shielding factor depends on the material of the
walls, material of the roof, objects inside the house etc. The shielding factor of the house is
determined as the combination of the calculated unperturbed electric field and measured values
of electric field strength as it will be shown further in the paper.
In the decision making process of the object in which measurements will be carried out,
following factors have been taken into account:
-

The maximum distance between the house and the axis of transmission line is 40 m for
400 kV transmission lines and 25 m for 220 kV transmission lines.
There should not be any high vegetation in front or in the surrounding area of the
house.
There should not be other houses in the surrounding area.
There should be only a single circuit transmission line and no other transmission lines
in the surrounding area.

In this paper, 5 objects that meet all above mentioned conditions will be analysed. The first
object will be analysed in more details and all basic principles of measurements and calculation
of electric field will be explained on this object, while for the other houses, only the final results
will be shown. Unless otherwise is stated, all measurements and calculations of electric field
have been done on 1 m height.

4.1 Object NO.1 (Residential property)
One of the houses that meet all mentioned conditions and where the measurements were
performed is located at the Škofljica, Dolenjska cesta 403. House is in the vicinity of the 400 kV
Beričevo-Divača transmission line, between the towers SM 34 and SM 35 (Figure 9 and Figure 8).
Lowest distance between the house and transmission line axis is 12,7 m. Environmental
conditions and transmission line parameters are given in the table below:
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located at Škofljice, Dolenjska cesta 403, SM 34 – SM 35

Ambient temperature T
Humidity
Voltage at the time of measurements
Height of the lowest conductor
Types of towers

9,2 °C
56,5°
404,1 kV - 409,8 kV (average: 407,1 kV)
17,1 m
SM 34: Y2 and SM 35:Y7

Three types of measurements were done:
-

-

-

Inside the house: the aim of these measurements is to determine the shielding factor of
the house for the electric field. Shielding factor will be determined for each floor
separately.
Around the house: the aim of these measurements is to determine the influence of the
house on the electric field in its surrounding area and to help to define on what distance
from the house shielding effect starts.
Measurements of unperturbed electric field: these measurements provide the
information whether the model for the calculation of unperturbed electric field is a
precise representation of the practical case.

All the measurements were performed with the EFA-300 Field Analyser, manufactured by
Narda STS.

Figure 9: House where the measurements were
performed. Tower SM 34 in the back

Figure 8: Sketch of the situation

4.1.1 Measurements of unperturbed electric field

Measurements of unperturbed electric field were done in order to compare these values
with the ones that are obtained with software. If the model that is used in the software is done
right, the calculated and measured values should have similar values. The measurements were
18
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done up to 20 m on both sides of the transmission line axis, with the measurement step of 2 m as
it is shown on the figure below.

Figure 10: Measurement point of unperturbed electric field in top view

There are 21 measurement points at total (10 on one and another side of the axis and 1
point on the axis of the transmission line) and they are numbered from 149 to 169. The
distribution of the electric field that is shown on the Figure 12 is calculated with the software
EFC-400, while the distribution of electric field on Figure 11 is measured with the EFA-300 field
analyser. Comparing these two figures it can be seen that values of electric field are same (or
very close) in each point of the space, in both mentioned cases. This means that the model that is
used for the calculation is a precise representation of the practical case and it can be used in
further calculations for determination of the electric field shielding factor of the house.

Figure 12: Electric field calculated with the software EFC400
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Figure 11: Electric field measured with the EFA-300 Field
Analyser
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4.1.2 Electric Field Shielding Factor of the House

The chosen house has 3 floors (ground floor, 1st floor and 2nd floor (attic)). Generally, the
measurements were done in three directions, 0,2 m, 1 m and 2 m from the wall and multiple
measurements were done on each direction as it will be shown further in the paper. Each floor
will be analysed separately.
4.1.2.1 Ground floor

On the Figure 13, top view of ground floor is shown. The measurements of electric field
are numbered from 1. to 24. and all the measurements were done on 1 m height, unless otherwise
is stated in Notes. Despite the fact that all 24 points were measured, just some of them will be
compared to the calculated values, and these points will be called representative points from now
on. Some measurement points can’t be compared with the calculated values due to the fact that
there are near the power sockets so the main source of electric field strength in that points is
socket and not transmission line or there are just behind fence or flowers or cabinet and electric
field strength is too small that EFA-300 Field Analyser couldn’t measure it with satisfactory
accuracy.

Figure 13: Top view of ground floor

As it was already said few times, the software EFC-400 could calculate only unperturbed
electric field and doesn’t take into account the shielding factor of the house. The distribution of
unperturbed electric field on the house location and on 1 m height is shown on the Figure 14.
The house is located between -12 m and –25 m on x-axis and between 160 m and 170 m on yaxis on the graph. All the values that are given in the graph below are root-mean-square values
of electric field strength.
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Figure 14: Distribution of unperturbed electric field on the house location on 1 m height

In the Table VII the measured and calculated unperturbed values5 for representative points
are shown, as well as the shielding factor in the same points. The shielding factor is calculated
according to the following formula:
shielding factor (%) = (

(7)

)

Table VII: Shielding factor in representative points on ground flour

Measurement point
1.
7.
12.
13.

Measured value (V/m)

Calculated unperturbed Shielding factor (%)
value (V/m)

14,6 ± 0,6
10,7 ± 0,4
5,6 ± 0,2
45,2 ± 1,8

2439
2406
2395
2385

99,4
99,5
99,7
98,1
99,175

The average shielding factor of the house on the ground floor is 99,175(%) which means
that electric field inside the house, on the ground floor, is just 0,825% of the unperturbed electric
field, calculated with the software EFC-400. There will be more words about this shielding
factor after analysing the other two floors.
Before analysing the first floor, it is interesting to take a look at measured values from
table above and to compare these values with the limit ones from Table I and Table II. As it can be
seen, the measured values are much lower compared to the limit ones, even in the case when the
limit value is 500 V/m.
5

Unperturbed value is calculated without the house
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4.1.2.2 First floor

The top view of the first floor is shown on the Figure 15. The measurement points are
numbered from 25. to 39. and the measurements were done on 3,42 m height, unless otherwise is
stated in the Notes. The measurements 35-39 were done on the mezzanine (space between first
and second floor) and that’s the reason why are these measurements done on 4,9 m height, while
the measurements 33. and 34. were done on the stairs.
The distribution of unperturbed electric field on the house location and for the first floor
and mezzanine floor is shown on the Figure 16 and Figure 17 respectively. The house is located
between -12 m and -25 m on x-axis and between 160 m and 170 m on y-axis on the graphs.

Figure 15: Top view of first floor

Figure 16: Distribution of unperturbed electric field on the house location on 3,42 m height

22

-Electric field strength inside a residential house due to a high voltage overhead line proximity-

Figure 17: Distribution of unperturbed electric field on the house location on 4,9 m height

In the Table VIII the measured and calculated unperturbed values for representative points
on the first and mezzanine floor are shown, as well as the shielding factor in the same points.
Table VIII: Shielding factor in representative points on first and mezzanine floor

Measurement point
25.
27.
31.
32.
33.
34.

Measured value (V/m)

Calculated unperturbed Shielding factor (%)
value (V/m)

20,5 ± 0,8
41,2 ± 1,6
16,2 ± 0,6
8,3 ± 0,3
18,4 ± 0,7
10,0 ± 0,4

2611
2596
2519
2468
2524
2521

99,2
98,4
99,3
99,6
99,3
99,6
99,23

The average shielding factor of the house on the first + mezzanine floor is 99,23(%)
which means that electric field inside the house, on the first floor with mezzanine floor, is 0,77%
of the unperturbed electric field, calculated with the software EFC-400. The value of shielding
factor on first floor is similar as the shielding factor on the ground floor.
Comparing measured values from previous table with the limit values from Table II, it is
obvious that the values of electric field strength inside the house, on the first floor, are
significantly lower than the maximum allowed ones.
Before analysing the measurement points on attic (second floor) it is interesting to
compare shielding factors in points from the previous table, especially between the points 25.
and 27. As it can be seen from the Figure 15, the measurement point 25. is closer to the
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transmission line compared to the measurement point 27. and therefore it is logical to assume
that the electric field strength in this point is higher than in the point 27. But from Table VIII, it
can be seen that the measured electric field in point 27. is two times higher that electric field in
point 25. This is probably due to the fact that measurement point 27. is just under the window
and point 25. is behind the wall and comparing the shielding factor in these two points it can be
presumed that window has lower shielding factor compared to the wall.
4.1.2.3 Attic (second floor)

The top view of the first floor is shown on the Figure 18. All the measurements were done
on the height of 6,2 m.
The distribution of unperturbed electric field on the house location and for the second
floor (attic) is shown on the Figure 19. Comparing the values of electric field strength from this
figure with the Figure 14, Figure 16 and Figure 17 it is obvious that the electric field has higher
values at attic compared to the ground and first floor. That was expected since the distance
between the attic and transmission line is lower in comparison with the distance between
transmission line and first (ground) floor. The second reason is that the electric field density is
higher on the roof compared to the house walls due to the physical phenomena that was
explained in the subchapter 2.7.

Figure 18: Top view of attic
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Figure 19: Distribution of unperturbed electric field on the house location on 6,2 m height

In the Table IX the measured and calculated unperturbed values for representative points
on the second floor are shown, as well as the shielding factor in the same points.
Table IX: shielding factor in representative points on the second floor (attic)

Measurement point
40.
41.
42.
43.
44.
45.
46.
47.
48.

Measured value (V/m)

Calculated unperturbed Shielding factor (%)
value (V/m)

184,7 ± 7,4
215,7 ± 8,6
58,4 ± 2,3
69,7 ± 2,8
45,4 ± 1,8
34,4 ± 1,4
42,9 ± 1,7
34,9 ± 1,4
42,1 ± 1,7

3055
2970
3001
2910
2944
2946
2885
2780
2637

93,95
92,74
98,05
97,61
98,46
98,80
98,52
98,71
97,28
97,12

The average shielding factor on the attic is 97,12% and it is lower compared to the
shielding factors on ground and first floor. This shielding factor means that the real electric field
on the attic is 2,88% of the calculated unperturbed electric field.
Also, the measured values of electric field, in this case, are higher compared to the
measured values of electric field in the lower floors. Despite the fact that the electric field on the
attic is higher than electric field on the first and ground floor, it is still not high enough to be
even close to the maximum allowed value.
The highest electric field strength is in 41. measurement point and there are two
presumed reasons for that: first reason is that this point is closest to the transmission line as it can
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be seen from Figure 18. Second reason is that this point is just below roof window and thus the
shielding factor of the house is lower compared to the points that are behind/under the wall.
In the Table X, the minimum and average shielding factors of each floor are presented. As
it can be seen, on ground and first floor, both average and minimum shielding factor have similar
values and it can be concluded that the shielding factor of these two floors is approximately
same. On the other hand, the shielding factor of second floor (attic) is considerably smaller.
Taking a look at the average shielding factors at each of the floors, it can be concluded
that the average shielding factor of this house is 97% or more. This means that the real electric
field inside the house is just 3% (or less) of the calculated unperturbed electric field. But
observing the minimum shielding factors the different conclusion can be made. In certain
occasions, the electric field inside the house is up to 7,5% of the calculated unperturbed electric
field as it is situation with the electric field in measurement point 41. This measurement point is
specific for two reasons. The first one is that the electric field is measured on the attic, and it is
already said that the shielding factor on the attic is lower compared to the lower floors. The other
reason is that this measurement point is just below the roof window and it is presumed that the
window has lower shielding factor compared to a roof.
Table X: Average and minimum shielding factor of each floor

Ground floor
Average
Minimum
99,17%
98,11%

Shielding Factor
First floor
Average
Minimum
99,23%
98,40%

Attic
Average
97,12%

Minimum
92,74%

4.1.3 Measurements of Electric Field Strength in the Surrounding Area of the House

The aim of these measurements is to determine the influence of the house on the value
and distribution of electric field in the surrounding area of the house.
On the Figure 20, the locations of electric field strength measurements are shown.

Figure 20: Measurements of E from transmission line axis toward corner of the house
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These measurements have been compared with the calculated values of unperturbed
electric field strength. On the figures below, value 0 on x axis is axis of transmission line (TL),
while point -12 is the corner of the house

Figure 22: Calculated and measured values of electric field
from TL axis (0 m) toward the corner of the house (-12 m).

Figure 21: Shielding factor of the house for points located from
TL axis (0 m) toward the corner of the house (-12 m).

As it can be observed from the previous two figures, measured values and calculated
unperturbed values of electric field have similar values only in the first 2-3 m from TL axis.
After this point, measured values compared to calculated unperturbed values are decreasing due
to the vicinity of the house. The reason for this can be found in an already explained psychical
phenomenon that the house is shielding some part of electric field.
Previous analysis was comparison between measured and calculated unperturbed electric
field for the points from transmission line axis toward the house. In the following few graphs, the
comparison will be done for points that are in the vicinity of the house and on the same distance
from the wall. The analysis is done on three sides of house (south, east and north), and on each
side three directions of measurements were done: 1 m from the wall, 2 m from the wall and 3 m
from the wall. First of all, the comparison will be done and explained for points that are 1 m
from the south wall (direction 1), while for the other directions and sides of the house, only the
final results will be given.
4.1.3.1 South Side of the House

The locations of measurement points for south side of the house are given in the figure
below. In each direction, 9 measurements were done, while the step between measurements is 1
m.
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Figure 23: South side of the house

In the table below, the measured and calculated unperturbed values of electric field for
points 62-70 are shown. Also, the shielding factor in these points is given.
Table XI: Shielding factor for direction 1 on south side of the house

Measurement
point
62.
63.
64.
65.
66.
67.
68.
69.
70.

Distance from
TL axis (m)

Calculated
unperturbed
values (V/m)

Measured
values (V/m)

Shielding factor
(%)

11,7
12,2
12,7
13,2
13,7
14,2
14,7
15,2
15,7

2436
2446
2450
2455
2458
2481
2450
2406
2375

643,4 ± 25,7
592,4 ± 23,7
561,5 ± 22,5
534,2 ± 21,4
490,5 ± 19,6
425,0 ± 17,0
335,8 ± 13,4
287,6 ± 11,5
260,3 ± 10,4

73,58
75,78
77,08
78,24
80,04
82,67
86,29
88,05
89,04
81,19

The average shielding factor for this location is 81,19% due to many reasons, while
probably the two most important ones will be explained: The first one is that the distribution of
electric field in the vicinity of the house is not uniform as it was already explained. The other
reason is that the house in this situation is a hinge for one part of electric field. The explanation
for second reason could be found in the comparison of shielding factors of measurement points.
The lowest shielding factor is in the measurement point 62. and this point is the closest to the
transmission line axis. Moving toward measurement point 70. the shielding factor is becoming
higher and higher due to the fact that house is shielding more and more electric field generated
by transmission line. In the figure below, the comparison of measured and calculated
unperturbed values is given.
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Figure 24: Comparison between measured field and calculated unperturbed field on the south side of the house-direction 1

In the Figure 25 and Figure 26 the comparison between measured field and calculated
unperturbed field on the south side of the house, for directions 2 and 3 is given. The average
shielding factor for direction 2 is 73,04%, while the average shielding factor for direction 3 is
61,45%. Comparing these shielding factors, it is obvious that by moving away from house, the
shielding factor is becoming lower, or in other words, the calculated unperturbed values of
electric field are getting closer and closer to the real ones. This is primarily due to the fact that
moving away from house, the house shields less field generated by transmission line.

Figure 25: Comparison between measured field and calculated unperturbed field on the south side of the house-direction 2
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Figure 26: Comparison between measured field and calculated unperturbed field on the south side of the house-direction 3

4.1.3.2 East and North Side of the House

The locations of measurement points for east and north side of the house are given in the
Figure 27. The length of east wall is 9 m and it’s important to notice that there is an overhang on
this side of wall with total length of 6m and its influence on the electric field strength will be
explained with the graphs that follow.

Figure 27: East and north side of the house

In the following three graphs, the comparison between measured field and calculated
unperturbed field on the east side of the house, for directions 1, 2 and 3 is given. From each
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graph it is obvious that the measured values of electric field are drastically decreasing when the
measurements were done under the overhang. This is expected since the overhang shields one
part of electric field. Average shielding factor for each of the directions is: 93,19%, 90,29% and
85,92%, respectively. As it was expected, shielding factor is lowering while moving away from
the house. Big shielding factor is due to the overhang that shields most of the electric field and
covers 2/3 of the wall.

Figure 28: Comparison between measured field and calculated unperturbed field on the east side of the house-direction 1

Figure 29: Comparison between measured field and calculated unperturbed field on the east side of the house-direction 2
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Figure 30: Comparison between measured field and calculated unperturbed field on the east side of the house-direction 3

The same analysis is done for the north side of the house. Comparison between measured
and calculated unperturbed field is given on the figure below. All the conclusions that were made
for south and east side of the house, also apply here. Shielding factors for directions 1, 2 and 3
are: 86,92%, 79,94% and 67,85%, respectively. These shielding factors are almost the same as
the shielding factors on the south side of the house and this was expected since the house is
almost symmetrical in relation to the transmission line.

Figure 31: Comparison between measured field and calculated unperturbed field on the north side of the house
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In Table XII, the average shielding factor for each side and direction is given. Taking a
look at a shielding factor at each of the sides of the house, it is obvious that the house has
influence on the electric field not just on the points inside, but also in the points that are in
vicinity of the house. Shielding effect of the house is reducing while moving away from it, as it
can be seen from table.
Taking a look at a relative position of the house and transmission line (Figure 20), it
would be expected that the highest measured electric field is on the south and east side. But from
the table below, different conclusions could be made (at least for east side). The reason for this is
an additional overhang on this side of the house that is 2/3 of the total east-side length, and its
influence on the reduction of electric field is evident.
Table XII: Average shielding factor for each side of the house and for each direction

Distance from
the
house
Side of the house
South side
East side
North side

1m

2m

3m

81,19%
93,19%
86,92%

73,04%
90,29%
79,94%

61,45%
85,92%
67,85%

The observed house reduce electric field strength on the points that are up to 9-10 meters
away from it (Figure 21 and Figure 22).
In this subchapter, all the measurements and calculations of electric field strength and
shielding factor, for the points inside and outside the house are described in details. Also, the
measurements of unperturbed electric field were compared with the calculated values in order to
receive the information whether the model for the calculation of unperturbed electric field is a
precise representation of the practical case. Although, the same principle is used for the
calculation of shielding factor for all houses that will be described, in the text below only the
final results for the points inside the houses will be shown, while the pictures, tables and graphs
will be given in the appendix.

4.2. Object NO.2 (Residential property)
The house is located at Rakovica 17, Rakovica, in the vicinity of TL 2x400 kV Beričevo
– Okroglo and is placed between towers SM 85 and SM 86. The lowest distance between house
and transmission line axis is 18,8 m while the height of the lowest conductor is 16,8 m. All other
environmental conditions and transmission line parameters are given in the appendix. For this
house, only the measurements inside the house will be shown. The object has 3 floors (ground
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floor, first floor and attic). Unfortunately, the attic was unreachable and this is the reason why
shielding factors is given only for ground and first floor.
Table XIII: Shielding factors in representative point on ground and first floor

Ground
floor

First
floor

Measurement
point

Measured
value (V/m)

Calculated
unperturbed
value (V/m)

Shielding
factor (%)

8
10

6,8 ± 0,3
6,8 ± 0,3

819
863

99,2
99,2

11

43,7 ± 1,7

860

/

12

21,0 ± 0,8

770

/

15
16
17
18
19
20
21
22
23
24
25
26
27

10,3 ± 0,4
5,9 ± 0,2
9,8 ± 0,4
7,2 ± 0,3
8,9 ± 0,4
8,2 ± 0,3
8,5 ± 0,3
7,0 ± 0,3
7,7 ± 0,3
8,0 ± 0,3
7,0 ± 0,3
7,4 ± 0,3
6,4 ± 0,3

947
947
895
895
947
947
943
892
886
884
839
841
839

98,9
99,4
98,9
99,2
99,1
99,1
99,1
99,2
99,1
99,1
99,2
99,1
99,2

Average
shielding
factor (%)

Note:

99,2

/
/
near
socket
near
socket

99,1

/
/
/
/
/
/
/
/
/
/
/
/
/

Some measurements aren’t shown in the table above since the value of measured electric
field in these points is too small that EFA-300 Field Analyser couldn’t measure it with
satisfactory accuracy. Also, measurement points 11. and 12. were not taken into consideration
for the calculation of average shielding factor since the main source of electric field in these two
points are house devices and electric sockets.
Taking a look at all other points, the first conclusion that can be made is that the electric
field strength is higher on first floor (measurements were done on 3,85m height) compared to the
ground floor and only reason for this is difference in height. On the other hand, comparing the
shielding factor of the ground and first floor of the house, the conclusion is that the shielding
factor is almost the same and it is equal 99,2% and 99,1% for ground and first floor, respectively.
All measured values of electric field strength in this house (even the ones near electric
sockets) are significantly lower than the limit values in Slovenia and Europe.
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4.3. Object NO.3 (Residential property)
The object is located at Rakovica 11, Rakovica and has two floors (ground floor and attic).
In the vicinity there is a TL 2x400 kV Beričevo – Okroglo and the minimum distance between
the house and TL is 16m. At the moment of measurements, height of lowest conductor was 14,8
m. The height of the attic is 3,3m and there is an additional wooden board as a ceiling (for
decorative reasons). Results are given in the table below:
Table XIV: Shielding factors in representative point on ground floor and attic

Measurement
point

Measured
value (V/m)

Calculated
unperturbed
value (V/m)

Shielding
factor (%)

Average
shielding
factor (%)

Note:

Ground
floor

79
82
83

9,1 ± 0,4
12,9 ± 0,5
5,1 ± 0,2

1272
1270
1281

99,3
98,9
99,6

99,3

/
/
/

Attic

62
63
64
65
66
67
68
69
70
71
72

24,0 ± 1,0
19,8 ± 0,8
20,7 ± 0,8
39,9 ± 1,6
29,9 ± 1,2
22,8 ± 0,9
24,8 ± 1,0
34,8 ± 1,4
52,5 ± 2,1
26,8 ± 1,1
20,2 ± 0,8

1439
1242
1248
1252
1440
1253
1166
1453
1259
1448
1252

98,3
98,3
98,3
96,7
97,8
98,1
97,8
97,5
95,7
98,1
98,3

97,7

/
/
/
/
/
/
/
/
/
/
/

Similar as for the previous house, many measurements on the ground floor aren’t shown
since the value of electric field in these points is too small. Average shielding factor on ground
floor is 99,3% and it is almost the same as the shielding factor on ground floor for other houses.
The attic in this house is specific since it has an additional wooden board as ceiling
(besides normal roof ceiling). Comparing shielding factor on ground floor and attic it is obvious
that shielding factor on attic is quite smaller (97,7%). But comparing this shielding factor with
the shielding factor on attic from object NO.1, there is a small difference. The reason for this
could be a mentioned wooden board that shields some of the electric field.
As it can be seen from the Table XIV, lowest shielding factor is in points 65. and 70. These
two points are just behind the windows. This favours the conjecture that the points under or
behind windows have lower shielding factors compared to the other points in the room.
Although the electric field strength in these two points is a little bit higher, it is still under
the limit values.
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4.4 Object NO. 4 (Residential property)
The address of the house is Pševska cesta 57. In the vicinity there is a TL 2x400 kV
Beričevo – Okroglo and the minimum distance between the house and TL is 14 m. The
measurements were done on ground and first floor, while the attic was unreachable. At the
moment of measurements, the height of lowest conductor was 12,9 m. All other environmental
conditions and transmission line parameters are given in the appendix. Results for this house are
given in the table below:
Table XV: Shielding factors in representative point on ground and first floor.

First
floor

Ground
floor

Measurement
point

Measured
value (V/m)

Calculated
unperturbed
value (V/m)

Shielding
factor (%)

108
109
110
111

55,9 ± 2,2
74,6 ± 3,0
12,6 ± 0,5
46,9 ± 1,9

1961
1960
2000
1970

97,0
96,0
99,3
97,5

113
115

9,4 ± 0,4
8,1 ± 0,3

1645
1381

99,4
99,4

117

20,0 ± 0,8

984

/

118

7,5 ± 0,3

934

99,2

Average
shielding
factor (%)

Note:

97,5

/
/
/
/

99,3

/
/
near
socket
/

Average shielding factor for the ground floor is 99,3% which means that electric field
inside the house, on the ground floor, is just 0,7% of the unperturbed electric field, calculated
with the software EFC-400. Comparing this result with other houses, it is obvious that shielding
factor on ground floor is almost the same for every residential property. On the hand, the average
shielding factor on first floor is little different comparing to other houses. The reason for this will
be explained with the help of a Figure 32.

Figure 32: Location of measurement points for the first floor
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The most noticeable fact that can be seen on Figure 32 is that all the measurements, except
the measurement point 110., where done just behind the window. This is the main reason why
the shielding factors in points 108., 109. and 111. are 97%, 96% and 97,5%, respectively. On the
other hand, the shielding factor in point 110 is going up to 99,3%, which is the normal shielding
factor for first floor.
Measuring results support the mention assumption that the shielding factor behind the
window (glass) is smaller compared to the shielding factor behind the walls and other materials
that can be found in the house. The fact that glass is a material with extremely high insulating
property was theoretically already known [26], while in this paper, and especially in this
situation, this fact is supported with field measurements.
Although the shielding factor in these few points is a little bit smaller due to windows, it is
still big enough to shield most of the electric field from transmission line.

4.5 Object NO.5 (Non-residential property)
The object is located just next to the house NO.2 (Rakovica 17, Rakovica). It has two
floors (ground floor and attic) and is specific for a few reasons:
-

It is positioned just under the TL axis (the lowest horizontal distance between the
object and closest conductor is 0m)
Three out of four walls are made out of wood.
It is designed for keeping the animals, which means there are no other objects (chairs,
tables, cabinets etc.) in the interior, especially not in the attic.
There are three barred-windows in the attic (Figure 33)
There is only one layer of roof and it is concrete roofing without any other layers that
could shield the electric field.

Figure 33: Measurements of electric field strength in the attic
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All above mentioned specificities are very important for an explanation of results that are
given in the table:
Table XVI: Shielding factors in representative point on ground floor and attic

Measurement
point

Measured
value (V/m)

Calculated
unperturbed
value (V/m)

Shielding
factor (%)

Average
shielding
factor (%)

Note:

Ground
floor

28.-37.

≈0

700-2500

≈100

≈100

/

Attic

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

274,8 ± 11,0
200,2 ± 8,0
170,2 ± 6,8
186,6 ± 7,5
312,1 ± 12,5
241,2 ± 9,6
208,4 ± 8,3
192,0 ± 7,7
386,8 ± 15,5
317,6 ± 12,7
302,1 ± 12,1
290,3 ± 11,6
482,3 ± 19,3
392,2 ± 15,7
300,3 ± 12,0
313,0 ± 12,5
412,2 ± 16,5
313,0 ± 12,5
256,6 ± 10,3
189,3 ± 7,6

2665
2280
1997
1747
2349
2172
1892
1669
2130
1953
1690
1455
1395
1265
1074
940
998
995
789
614

89,3
90,9
91,1
88,9
86,2
88,5
88,5
88,0
81,1
83,1
81,4
79,3
65,4
67,8
70,9
65,4
58,7
67,3
66,2
68,0

0,6 m
from
wall
1m
from
wall

78,3

2m
from
wall
6m
from
wall
9m
from
wall

Although this object is almost completely made out of wood, the shielding factor on
ground floor is almost 100%.
On the other hand, shielding factor in attic is 78,3%, which is significantly less compared
to the other houses. Main reasons could be:
- Three barred-windows (hole in the wall with metal bars): It was shown and explained that
windows (glass) contributes to lower shielding factor compared to the wall, but barred-window
contributes to even lower shielding factor since it’s practically a hole in the wall.
- Inside the attic, there are no objects at all. This means there is no additional reduction of
electric field except from the walls and roof
- Except one concrete wall, other walls are made completely out of wood. In the book [26],
it is said that materials with higher insulating property (like dry wood) are shielding less of
electric field.
-The whole roof construction is different from other analysed houses. In this case the roof
is made from just one layer and it is concrete roofing.
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Moving away from concrete wall the shielding factor is getting lower and lower as it is
visible on the Figure 34. From graph it is obvious that shielding factor is highest just next to the
concrete wall and these values are comparable with shielding factor in attic from other houses.
But moving away, the shielding factor is decreasing down to 65% on 9m away from wall. The
reason for this can be found on the Figure 5. Since the field is perturbed, the highest charge
density is at the middle of the roof. Moving away from the wall, the measurements are closer and
closer to the middle of the object where due to the higher charge density, shielding factor has
lower values.

Figure 34: Average shielding factor for different distances of the concrete wall

4.6. Overview
Five objects were analysed at total. Four of them were residential while one was nonresidential. All of these object have some similarities but also some differences that more or less
influenced the result. The specifics of the houses have already been mentioned while the most
important ones will be pointed out with the explanation of the results that are given in the tables
below.
Table XVII: Average and minimum shielding factor for each floor for residential properties

SHIELDING FACTOR FOR RESIDENTIAL PROPERTIES
Ground floor
First floor
Attic
Average
Minimum
Average
Minimum
Average
Minimum
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Object NO.1
Object NO.2
Object NO.3
Object NO.4

99,2%
99,2%
99.3%
99,3%

98,1%
99,2%
98,9%
99,2%

99,2%
99,1%
/
97,5%

98,4%
98,9%
/
96,0%

97,1%
/
97,7%
/

92,7%
/
95,7%
/

Table XVIII: Average and minimum shielding factor for each floor for non-residential properties

Object NO.5

SHIELDING FACTOR FOR NON-RESIDENTIAL PROPERTY
Ground floor
First floor
Attic
Average
Minimum
Average
Minimum
Average
Minimum
≈100%
≈100%
78,3%
58,7%
/
/

Ground floor will be analysed first. The average shielding factor is more or less the same
for every object with a little exception for object number 5, where the shielding factor is almost
100%. The values for minimum shielding factor are also very close to one another, where the
minimal shielding factor was calculated for object NO.1 and it is equal 98,1%. The bottom line
is, the real electric field on the ground floor could be up to 2% of the calculated unperturbed
electric field, but in most cases it is less than a 1%.
The situation for the first floor is a little bit more complicated, and the main reason is the
object NO.4. For the first two objects the situation is pretty clear, where the average and
minimum shielding factor are almost the same as for the ground floor. On the other hand,
average and minimum shielding factor for object NO.4 are 97,5% and 96,0%, and these values
are more close to the expected shielding factor for attic than for the first floor. This is due to the
fact that 3 out of 4 measurement points were positioned just behind the window (Figure 32). As it
was previously indicated, the glass has extremely high insulating property and therefore the
shielding factor is a little bit lower in measured points that are just behind the window.
There are two main reasons for lower shielding factor on the attic. The first one is the
difference in electric charge density on side walls and roof of the house as it was explained in
subchapter 2.7. The other reason probably lies in a fact that electric field on attic is shielded only
by roof, while on lower floors; it is shield by side walls, higher floors and the roof.
Objects NO.1 and NO.3 have many similarities in the house materials, especially roof
material6 and this is the reason why these two houses will be analysed together. On the other
hand, the object NO.5 is completely different in terms of materials. That’s why overview for this
property will be given separately.
The average shielding factor on attic for objects NO.1 and NO.3 are 97,1% and 97,7%,
while the minimum one was calculated in object NO.1 and it is equal 92,7%. There is a slight
difference in results due to the wooden board in object NO.3 that is shielding one part of electric
field and consequently shielding factor in this object is a little bit higher. Conclusion is, in the
houses with clay roof tiles, shielding factor in most cases is higher than 95% except on some
specific location where it can go down to 92,5%. These specific locations are usually points just
behind and under windows.
6

For both houses, the roof is made of clay roof tiles.
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Object NO.5 is a non-residential property. This object is analysed just for comparison
reasons since the main objective of this master thesis is electric field inside the residential
objects. The main difference between this and all other objects is in the house materials since the
object NO.5 has only one layer of concrete roofing and 3 out of 4 side walls are made out of
wood. This is making huge difference in shielding factor in the attic since the average and
minimum values for this house are 78,3% and 58,7%, respectively.
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5. CONCLUSION
One of the primary sources of electric field in the environment is overhead transmission
lines. Usually, the electric field generated by transmission lines is shield by trees, buildings,
fence etc. In this master thesis, a percentage value of the electric field strength inside the house
according to the calculated unperturbed electric field was determined. Shielding factor of the
house was calculated as the combination of the measured value of electric field strength inside
the house and the unperturbed electric field calculated with the EFC-400 software. Five houses
were analysed at total, where 4 of them are residential objects while 1 is non-residential.
Shielding factor was obtained for points both inside and outside of the houses. Based on the
results from chapter 4, following conclusions have been made:
-

-

-

7

In all five houses, the average shielding factor for floors below attic is almost the same
and the values are between 99% and 100%. Only exception is the first floor in the
object NO.4 due to the specific situation that will be explained below in the text. This
shielding factor means that the average electric field inside the house, on all floors
except the attic, is up to 1% of the unperturbed electric field calculated with the
software. Since the shielding factor on the attic for residential and non-residential
objects is significantly different, they will be explained separately.
The average shielding factor for four residential houses on attic is usually higher than
95%, except in some specific situations where it can go down to 92,5%. This specific
situation refers to points that are behind or under the window. This phenomenon will
be explained in a little bit more details further in the text. Comparing shielding factor
on the attic with lower floors, it is obvious that the values on attic are quite lower. This
is mostly due to the fact that with the house present, the field is perturbed and there is
higher charge density on the roof in the comparison to the side walls, as it was
theoretically explained in subchapter 2.7. Bearing in mind that the shielding factor is
calculated with the values of calculated unperturbed7 field and measured perturbed
field, this result is expected.
Shielding factor in non–residential object goes down to the 58% and there are few
reasons for this: 3 out of 4 side walls are made out of wood, interior is empty, object is
positioned just under the transmission line etc. However, probably the most import one
is that there is only one layer of concrete roofing. Taking in mind that the specific
resistance of the concrete is very close to the boundary between conductor and
insulator which is 105 Ωm (in the term of 50 Hz electric field), similar values are
expected in any other object with same roof construction. At this point it is important to
highlight that this kind of roofing is never used for residential objects. This is the
reason why this object is taken just for comparison, since the main objective of this
master thesis is shielding factor for residential properties.

unperturbed field – calculated without the house
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-

-

-

Shielding factor for points just under or behind windows is lower compared to the other
points in the house on the same floor. There are examples in all residential objects, but
the most evident one is on the first floor in object NO.4. Three out of four points were
measured just behind the windows, and shielding factor in these points is slightly lower
compared to the points on first floors from other houses. Theoretical background is that
the window is made out of the glass, while the specific impedance of the glass is 1011
to 1015 Ωm, which means the glass is an electrical insulator.
All values of electric field strength inside residential objects are lower than the limit
values defined by Slovenian regulation and European recommendation. For the
purpose of generalization, it will be taken that transmission lines in the vicinity of
analysed houses are new in terms of regulatory act “Uredba o elektromagnetnem
sevanju v naravnem in življenjskem okolju” (Table II), which means the limit value for
electric field strength would be 500 V/m. On the other hand, the highest measured
electric field strength inside analysed residential properties is 215,7 ± 8,6 V/m and
comparing these two values it is clear that electric field strength inside analysed houses
is significantly lower than the maximum allowed one. It is also important to notice the
fact that limit values defined by Slovenian regulation are one of the strictest in the
world.
The house is also shielding the electric field for the points in its surrounding area. This
shielding effect for object NO.1 starts at 9m away from house and it is becoming
higher with lowering the distance between house and analysed points. Generally, the
distance when shielding effect starts is in relation to a size of the object and relative
position of object and transmission line. Although the shielding factor is not as high as
for the interior of the object, the values are not negligible. Based on the results from
this research, on 1m away from house walls, the expected shielding factor is 80% or
more, on 2m it is equal or higher than 70%, while on 3m away from house this factor
goes down to the 60%.

Based on the above mentioned conclusions, the electric field for most points inside
residential object was up to 5% of the unperturbed electric field calculated with the
software. Only exceptions were points that were places just under or behind the window,
where this percentage value can go up to 7,5%.
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APPENDIX
Object NO.2
Table XIX: Environmental conditions and transmission line parameters, at the time of electric field measurements for
residential object located at Rakovica 17.

Ambient temperature T
Humidity
Voltage at the time of measurements
Height of the lowest conductor
Types of towers

24,5 °C
62,4 °
System I: 408,9 kV - 410,3 kV (average: 409,5
kV)
System II: 408,9 kV - 409,9 kV (average:
409,4 kV)
16,8 m
SM 85: NE70/38 and SM 86:ZE71/28,4

Figure 35: Rakovica 17, Residential property
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Figure 36: Top view of ground floor

Figure 37: Distribution of unperturbed electric field on the house location on 1 m height
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Figure 38: Top view of first floor

Figure 39: Distribution of unperturbed electric field on the house location on 3,85 m height
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Object NO.3
Table XX: Environmental conditions and transmission line parameters, at the time of electric field measurements for
residential object located at Rakovica 11.

Ambient temperature T
Humidity
Voltage at the time of measurements
Height of the lowest conductor
Types of towers

26,1 °C
60,2 °
System I: 406,8 kV - 407,9 kV (average: 407,3
kV)
System II: 406,7 kV - 407,9 kV (average:
407,1 kV)
14,8 m
SM 85: NE70/38 and SM 86:ZE71/28,4

Figure 40: Rakovica 11, Residential property
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Figure 41: Top view of ground floor

Figure 42: Distribution of unperturbed electric field on the house location on 1 m height
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Figure 43: Top view of attic

Figure 44: Distribution of unperturbed electric field on the house location on 4,3 m height
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Object NO.4
Table XXI: Environmental conditions and transmission line parameters, at the time of electric field measurements for
residential object located at Psevska cesta 57.

Ambient temperature T
Humidity
Voltage at the time of measurements
Height of the lowest conductor
Types of towers

23,1 °C
63,4 °
System I: 405,5 kV - 406,2 kV (average: 405,8
kV)
System II: 405,2 kV - 406,2 kV (average:
405,8 kV)
12,9 m
SM 80: NE70/33 and SM 81: NE70/28,9

Figure 45: Psevska cesta 57, Residential-propertyy
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Figure 46: Top view of ground floor

Figure 47: Distribution of unperturbed electric field on the house location on 1 m height
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Figure 48: Top view of first floor

Figure 49: Distribution of unperturbed electric field on the house location on 4 m height
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Object NO.5
Table XXII: Environmental conditions and transmission line parameters, at the time of electric field measurements for nonresidential object located near residential object Rakovica 17.

Ambient temperature T
Humidity
Voltage at the time of measurements
Height of the lowest conductor
Types of towers

24,5 °C
62,4 °
System I: 407,0 kV - 408,7 kV (average: 407,9
kV)
System II: 407,0 kV - 408,9 kV (average:
407,9 kV)
16,8 m
SM 85: NE70/38 and SM 86:ZE71/28,4

Figure 50: Measurements of electric field strength in the attic, Rakovica 17, Non-residential property
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Figure 51: Top view of ground floor

Figure 52: Distribution of unperturbed electric field on the house location on 1 m height
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Figure 53: Top view of attic
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Figure 54: Distribution of unperturbed electric field on the house location on 4 m height
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