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Abstract. Elements of the lightning protection system (LPS) often perform additional functions in the facility. Correct and economical design
of these elements is possible with the fulfillment of specific requirements, close coordination and inter-branch cooperation. The article draws
attention to important aspects of LPS design and highlights the ambiguities that may arise during this process. Firstly, the history of changes in
national standardization in the field of lightning protection is approximated. Secondly, the individual components of external LPS are presented.
Subsequently, the normative material requirements for earthing are compiled, depending on their function (for lightning protection and protec-
tion against electric shock in MV and LV installations). The last part of the paper is devoted to the comparison of the protective angle method
and the rolling sphere method. The analysis was made on the example of a simple object for which LPS class I is required. It has been shown
that despite the possibility of using both methods, they may result in different solutions. Depending on the choice of method, the difference
in the arrangement of the air-termination system is indicated. Examples of generally available LPS solutions are also given, taking account of

various materials and assembly technologies.
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1. INTRODUCTION

According to the currently binding Regulation [1], all buildings
specified in the Polish Standard that applies to lightning protec-
tion of building objects [2] shall be equipped with a lightning
protection system (LPS) and an artificial foundation earth elec-
trode.

The main task of lightning protection is to intercept a light-
ning flash, then to discharge and dissipate the lightning cur-
rent into the ground. A properly designed lightning protection
installation reduces the risk to a tolerable level. The designer
of this installation should cooperate with other discipline engi-
neers. The cooperation enables the use of natural parts of the
protected facility as elements of the lightning protection sys-
tem. It also allows to avoid errors in the execution of the foun-
dation earth electrode. This is particularly important, because it
is not possible to interfere with this element once the founda-
tion is set in concrete. Such an approach minimizes the costs
and difficulties of implementing LPS, while increasing the final
aesthetics and effectiveness of building protection [2, 3].

Extensive requirements placed on the elements of an external
lightning protection system can lead to ambiguities and errors
in the design and implementation of installations. For this rea-
son, this article will attempt to identify solutions that guarantee
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the greatest possible reliability and effectiveness of lightning
protection installations.

2. HISTORY OF LIGHTNING PROTECTION SYSTEM
REQUIREMENTS
2.1. How the standards on lightning protection
have changed

One of the first documents that had regulated the measures
of the lightning protection system was the PN-E-05003:1955
standard. It contained general rules for the construction and
exploitation of lightning protection devices. This standard did
not cover the protection of particularly endangered buildings
(e.g. buildings at risk of explosion), power and telecommuni-
cations equipment or special equipment. Over the years, the re-
quirements for lightning safety of installations and devices have
increased. The installations and devices have become more
complex, more expensive and also more sensitive to overvolt-
ages. Knowledge about lightning flashes has continued to be
constantly developed, allowing for preparation of standardiza-
tion documents, which strive to meet growing expectations.

Thus, in the 1980s and early 1990s the standard from 1955
was replaced with a new four-part version. In addition to gen-
eral requirements and basic protection, it also introduces special
and tightened protection:
PN-E-05003-01: 1986 — General requirements,
PN-E-05003-02: 1986 — Basic protection,
PN-E-05003-03: 1989 — Tightened protection,
PN-E-05003-04: 1992 — Special protection.
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In 2001 and 2002, a series of PN-IEC 61024 standards, which
consisted of three parts: PN-IEC 61024-1, PN-IEC 61024-1-1
and PN-IEC 61024-1-2, appeared. The standard introduced new
solutions, including four levels of protection that corresponded
to the different lightning protection device efficiencies. The
procedure for assessing the risk of damage had also changed.
As a result, the necessity and required efficiency of lightning
protection system in an object were stated. Interestingly, a se-
ries of 61024-1 standards replaced part 2 of PN-E-05003-02:
1986 standard only. The other three parts had coexisted with
the 61024-1 series, until the introduction of the PN-EN 62305
series standards.

In 20012004, a series of PN-IEC 61312 standards dedi-
cated to protection against electromagnetic pulse were intro-
duced. These standards did not replace the previous ones, but
were somehow a supplement to them. This state of affairs had
lasted until the implementation of the currently applicable stan-
dards of the PN-EN 62305 series. These standards replaced all
the previously mentioned standards. The PN-EN 62305 stan-
dards include four parts, which are dedicated to various aspects
of lightning protection:

e PN-EN 62305-1:2011 — indicates general rules for protecting
objects against lightning flashes,

e PN-EN 62305-2:2012 —is dedicated to risk management, en-
ables the selection of protection measures ensuring that the
risk is reduced to the required safe level,

e PN-EN 62305-3:2011 — comprehensively discusses the prin-
ciples of design, implementation, checking and operation of
a lightning protection system,

e PN-EN 62305-4:2011 - includes requirements for the pro-
tection of electrical and electronic systems.

Originally, the above standards were introduced in 2006 in
the English version, while in 2008-2009 also in the Polish
version. Compared to previous standards, significant changes
were introduced in the approach to the lightning damages
(risk) assessment and to sensitive structure equipment protec-
tion against surges.

The next step was to regulate the issue of material and
construction requirements to ensure adequate reliability of the
lightning protection system. In 2011-2012, a 7-part PN-EN
62561 standard was introduced, concerning the subject of light-
ning protection elements. It was updated in 2017-2018. It ad-
dresses issues such as the general requirements for connecting
elements and the selection of materials for elements of the light-
ning protection installation. It also contains the requirements
for current surge meters, substances improving the quality of
earthing, control chambers and spark gaps.

2.2. How the standards dedicated to requirements
of materials in lightning protection have changed

The currently applicable PN-EN 62561 standards have re-
placed earlier PN-EN 50164 standards from 2002-2009. Both
standards raise the same subject. Part 2 covers the requirements
for the materials of which the lightning protection system shall
be made.

The most important changes regarding the requirements
for the air-termination system, down-conductor system and

grounding conductors include:

e introducing new materials such as the copper-coated alu-
minum alloy and copper-plated steel,

e reducing cross-section and diameter (from 200 mm’ and
@16 mm to 176 mm? and @15 mm) for materials such as the
copper rod, galvanized copper rod, aluminum alloy rod, gal-
vanized steel rod, stainless steel rod,

e meeting grounding requirements in addition to the require-
ments for grounding conductors if the grounding conductor
is partially placed in the ground.

Changes regarding the requirements for earth electrodes are:
e increasing the coating thickness for copper-bonded steel for

all types of grounding to 250 pum,

e changing the requirements for embedding in the concrete
earth electrodes such as steel tape, galvanized steel cable and
galvanized steel tape,

e reducing the required dimensions of a copper or galvanized
copper plate (from 2 mm to 1.5 mm).

It should be noted that at the same time, the requirements
for materials used in lightning protection appeared in the PN-
HD 60364-5-54:2011 standard, next to the requirements for
materials used in electric shock protection. In addition, other
earth electrodes were added for materials such as copper, cop-
per galvanized steel and galvanized steel. There is also the item
called “steel embedded in concrete (bare, galvanized or stain-
less)”. The tinned copper and galvanized copper were removed.
Greater emphasis was placed on the thickness of the coatings.
In the PN-EN IEC 62561-2 and PN-HD 60364-5-54 standards,
changes in material requirements mainly consisted in detailing
of existing ones, or adding new requirements for materials. It
resulted from many years of experience and a disposition to
unify the regulations. In most cases, these changes are minor
and significant corrections occur sporadically.

3. ELEMENTS OF LIGHTNING PROTECTION SYSTEM
Complete protection against lightning within structures consists
of a lightning protection system (LPS) and additional surge pro-
tection measures (SPM) that reduce the lightning electromag-
netic pulse (LEMP) [4]. Due to the limited volume, this part of
the paper presents the most important elements of an external
LPS lightning protection system.

3.1. Earth electrode — functions and most important
aspects

The earth electrode of each object may fulfill three basic func-
tions: lightning, protective and functional. Therefore, many as-
pects should be taken into account when designing the earthing
system and selecting its materials. These aspects include: pro-
tection against lightning flash, protection against short-circuit
currents, protection against electric shock, equipotential bond-
ing and reliable operation of the electrical installation [5, 6].
It shall be remembered that protective functions are always a
priority [7].

The PN-EN 62305-3 standard specifies two types of earth
electrodes [2, 6]:
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o the A type system is installed outside the building in the form
of vertical or horizontal earth electrodes which are connected
to the down conductors. It is also made in the form of founda-
tion earth electrodes, which do not form a closed loop. This
type of system shall consist of at least two earth electrodes,

o the B type system is constructed as a ring earth electrode or
foundation earth electrode that forms a closed loop.
Important factors to be considered when designing the earth

electrode are [2, 6, 8-11]:

e soil resistivity and the impact of weather conditions on its
change,

e type of foundation (the possibility of providing of ground
contact with the earth electrode, and thus the possibility of
effective discharge of lightning current to the ground),

e external lightning protection system,

e other systems (e.g. IT system, medium voltage switchgears,
utilities connected to the facility with pipelines such as water,
gas, sewage system).

When designing the earth-termination system, the phe-
nomenon of resistive coupling should be taken into account.
This phenomenon occurs when the designed earth electrode is
in the potential hopper area of another neighboring earth elec-
trode or auxiliary earth electrode. As the distance between the
earth electrodes increases, the coupling resistance decreases.
The flow of current through one of the earth electrodes induces
the electric potential on the neighboring earth electrode, pos-
ing a threat to people and devices in the object protected by the
other earth electrode [12].

The touch and step voltages are other important aspects.
They occur during the discharge of the lightning current into
the ground through the down-conductor and earth-termination
systems. In order to minimize the value of those voltages, a sys-
tem containing at least 10 lead wires can be used (clause 8.1,
part No. 3 of [2]). By providing multiple flow paths, the current
is significantly reduced, thereby lowering the induction voltage
value. In order to minimize touch and step voltage, it is also
possible to provide transition resistance within a radius of 3 m
from the down-conductor system at a level of > 100 kQ (clause
8.1, part No. 3 of [2]).

If the above conditions cannot be met, other solutions should
be applied. The threat from step voltage can be minimized by
use of a dense metal grille with mesh sizes 0.25 m x 0.25 m,
buried at a depth of not more than 0.25 m [7]. It can also be
obtained by making additional ring earth electrodes around the
foundation earth electrode. The depth of burying the ring earth
electrode should increase with increasing distance from the pro-
tected object. The depth should increase by 0.5 m for every 3 m
of distance from the object [7]. Touch voltage threat can be min-
imized by the insulated discharge ducts, barriers, warning signs
or the earthing control system [2, 7].

3.1.1. Foundation earth electrode

The foundation earth electrode is a metal closed ring embedded
in the concrete foundation along the outer edge of the build-
ing. If the natural elements of the building such as concrete’s
reinforcement meet the minimum requirements, they should be
used for this purpose first [2]. The foundation earth electrode

Bull. Pol. Acad. Sci. Tech. Sci. 69(4) 2021, e137548

shall be connected to the foundation reinforcement at intervals
of not more than 2 meters. These connections shall be carried
out in a way that guarantees a reliable electrical connection. The
metal ring shall be surrounded by a layer of at least 5-cm-thick
concrete. Particular attention should be paid to the connections
between the foundation earth electrode and foundation rein-
forcement. Connections can be made by means of clamping,
welding or screwing.

The dimensions of the foundation earth electrode mesh
should be adapted to the size of the protected object, not ex-
ceeding the following values [3, 7, 13]:

e 20 m x 20 m for an object without an external lightning pro-
tection system,

e 10 m x 10 m for an object with an external lightning protec-
tion system,

e 5 m x 5 m for objects with particular restrictions and objects
with particularly sensitive electronic devices.

Smaller mesh sizes and location of the foundation earth
nodes in the places where the down-conductors are attached en-
sure better potential equalization in the building [3, 14].

The advantage of the foundation earth electrode over the ring
earth electrode made outside the contour of the protected object
is the significantly lower impact of weather conditions on earth
electrode resistance [3].

3.1.2. Ring earth electrode

It may be necessary to build a ring earth electrode instead of,
or in addition to, the foundation earth electrode. Such a solu-
tion is common for buildings settled below the lowest ground-
water level. In this case, the building is provided with thermal
insulation, which significantly reduces the groundwater impact.
Unfortunately, thermal insulation causes a significant increase
in transient ground resistance, “isolating” the earth electrode
from the ground. This makes it difficult to discharge light-
ning currents to the ground. Consequently, the required ground-
ing resistance is not met and the foundation earth electrode
shall not play its role in lightning protection. In the event of
a lightning flash, the lightning current would flow from the air-
termination system to the foundation earth electrode and then to
the ground, damaging the building’s thermal insulation. Dam-
aged insulation will not meet the required insulation param-
eters. This would also negatively affect the condition of the
building’s foundations. Over time, it could even cause a threat
of serious damage to the building. The solution to this problem
is the use of the ring earth electrode.

The ring earth electrode is made as a metal closed ring em-
bedded in the ground. It may be installed outside the structure
of the building. It may also be installed under the foundation in
the ground or in a blind layer along the outer edge of the build-
ing. The dimensions of the ring earth electrode mesh depend on
the dimensions of the structure. The smaller the mesh, the more
effective the equipotentialization. However, the compaction of
the mesh entails an increase in costs. A compromise must there-
fore be reached between these aspects. Clause 5.4.3, part 3 [2]
recommends to install a ring earth electrode at a distance of 1
m from the external walls of the building at a depth greater than
or equal to 0.5 m. In addition, attention to the roofs that extends
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beyond the building’s outline should be paid. A roof that ex-
tends far beyond the outer walls of the building can affect the
moisture of the earth where the ring earth electrode is located.
In objects with thermal insulation, a ring earth electrode does
not fulfill the potential equalization function. Therefore, in ad-
dition to the ring earth electrode, the foundation earth electrode
with the potential equalization function should be installed.
Such a procedure will reduce the risk of electric shock [3, 7, 13].

3.2. Down-conductor system

The aim of the down-conductor system is to safely discharge the
lightning current from the air-termination system to the earth-
termination system. It shall be performed without endanger-
ing the protected object or people who are staying in it. The
down-conductor system shall be designed in such a way that the
path from the air-termination to the earth-termination system is
as short as possible. There must be at least several paths for
the lightning current flow. It should also be taken into account
whether the lightning protection system is separated or not.

On the basis of clause 5.3.3, part 3 [2], the down conduc-
tors shall be installed at intervals depending on the lightning
protection level (LPL I and II: 10 m, LPL III: 15 m, LPL IV:
20 m). If possible, down conductors should be an extension of
the air-termination system. If the natural elements of the build-
ing meet the minimum requirements for down conductors, they
should be used for this purpose first. Such natural elements are
summarized in 5.3.5 in the third part of the standard [2].

3.3. Air-termination system
The purpose of the air-termination system is to intercept
the lightning flash and discharge the lightning current to the
down-conductor system. There are horizontal and vertical air-
termination systems. They can be performed as: suspended
wires, rods or wires in the ring system. The air-termination sys-
tem can be placed on or outside of the object. It should protect
not only the object itself, but also the devices located e.g. on its
roof. Part 3 of the standard [2] presents three methods used for
assessing the correctness of arrangement of the air-termination
system:

o the rolling sphere method — applicable to each case,

e the mesh method — suitable for flat surfaces,

e the protection angle method — for buildings with simple
shapes (the limitation of applicability of the protective an-
gle method is the maximum height of the air termination,
depending on the LPS class).

The required values of parameters appropriate for each
method depend on the lightning protection level. These values
are presented in Table 2 and Fig. 1 (clause 5.2.2, part 3) [2].

For objects lower than 60 m, the probability of side dis-
charge is negligible, which is why the standard [2] does not
require protection against side discharge in such buildings. In
the case of objects taller than 60 m, the air terminations shall
be placed on the side walls, in the upper part of the building
(clause 5.2.3.1 and 5.2.3.2, part 3) [2].

When designing air terminations on the roofs, which are
made of flammable materials, the building’s ignition potential

must be taken into account. Air terminations should not be
in direct contact with the roof. A parallel distance of 0.15 m
(thatched roof) or 0.1 m (other flammable materials) from the
roof surface should be used (clause 5.2.4, part 3) [2].

To avoid spark jumps, appropriate spaces so-called separa-
tion distances, must be ensured. The air-termination system
shall be arranged in such a way that all elements of the pro-
tected device are covered by the designated protected area. The
separation distances shall be calculated according to the formu-
las in section 6.3. part 3 of the standard [2].

Natural building elements can be used as an air-termination
system if they meet the minimum requirements for air termina-
tions [2]. These are elements whose damage is acceptable, e.g.
balustrades, decorations, metal tanks, metal layers of roofing,
pipes, metal elements of the roof structure.

4. REQUIREMENTS FOR LPS MATERIALS

The selection of materials for the lightning protection system
elements shall be carried out according to the strictly specified
guidelines, described in applicable standards. The PN-EN 62561
series is dedicated to the elements of LPS and material selec-
tion. Tables 1 and 2 of part 2, contain the requirements for the
materials of which the air-termination, down-conductor and
ground-conductor systems shall be made. It should be kept
in mind that in addition to the lightning protection, the earth
electrodes usually have other functions. Thus, the selection
of materials can cause many difficulties. The earth electrode
shall meet the requirements of at least three standards: PN-HD
60364-5-54 (earthing arrangements of low-voltage installations),
PN-EN 62305 / PN-EN IEC 62561 (lightning protection) and
additionally e.g. PN-EN 50522 (when i.e. an MV switchgear and/.
or a transformer station is located inside the building).

Table 1 below compares the requirements for earth electrode
materials according to four standards. Dimensions in brack-
ets refer to electric shock protection, while dimensions without
brackets provide both lightning and electric shock protection.

Analyzing table 1, it can be seen that the majority of require-
ments for earth electrode materials are consistent. However,
there are also differences. When designing an earth electrode
that performs many different functions, it is safest to assume
the highest values for the selected material and shape (Table 1).

The undoubted limitation during the selection of materials is
the electrochemical corrosion. To ensure long-term efficiency
of the LPS, materials between which the electrochemical po-
tential will be low enough should be used. The guidelines on
corrosion protection are contained in [2] and [15] standards. It
is not recommended to use galvanic connections especially be-
tween galvanized steel and copper (or copper steel) as well as
galvanized steel and galvanized steel in concrete. For this con-
nections, the potential difference can be from 0.5 Vup to 1 V.
This phenomenon can be prevented by the use of isolating
spark gaps.

When choosing materials, attention should also be paid to the
environmental impact. The conditions of using the materials are
included in Table 5 of part 3 [2].
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Table 1

Comparison of requirements for earth electrodes’ materials according to PN-EN 62305-3:2011, PN-EN IEC 62561-2:2018 (red),
PN-EN 50522:2011 (green) and PN-HD 60364-5-54:2011 (blue)

Minimum cross
sectionalarea

Coating/sheath [pum]

galvanized or stainless)

Material/configuration Recommended dimensions [mm] Single Average
[mm?] .
values [pm] values [pm]
Stranded 50/25/(25)50 | single wire diameter: 1.7/ 1.8 /1.7 1
Solid round (earth conductor) 50/25/(25) 50 diameter: 8 1
Solid tape or strip 50750750 thickness: 2/2 /2 1
Solid round (earth rod) 176 /(12) 15 diameter: 15 1
Copper, tin plated copper / . wall thickness: 2/2/2
/ Pipe 110 diameter: 20 /20 /20 :
copper . 2 thickness: 1.5/ (1.5) 2
Solid plate 2,500 cm area: 500 x 500 1
area: 600 x 600
. 2 section for tape: 25 x 2
Lattice plate 3,600 cm diameter for round conductor: 8 1
thickness: 2 mm
Stranded cable diameter:
Strip thickness:
Solid round (earth conductor) 78 diameter: 10/ 10/ 10
45
Solid round (earth rod) 150 diameter: 14/ 16/ 16 ‘
45
. diameter: 25 /25 /25 \
Pipe 140 wall thickness: 2/2/2 45
. . Solid tape or strip 90790790 thickness: 3/3/3 ‘
Steel hot-dip galvanized 63
. 2 thickness: 3 /3
Solid plate 2500 cm~ /90 area: 500 x 500 63
area: 600 x 600
. 2 section for tape: 30 x 3
Lattice plate 3600 em=/90 diameter for round conductor: 10 63
thickness: 3
Stranded (embedded in concrete) 70
Profile / / cross profile 290790/ (290) thickness: 3/3/3
Stranded 70 single wire diameter: 1.7
Bare steel Solid round (earth conductor) 78 diameter: 10
Solid tape 75 thickness: 3
Round bar (earth rod) diameter:
Round bar (earth rod) diameter:
Solid round (earth rod) 150 diameter: 14/ (15) 250 /2000
c d | Solid round (earth conductor) 50 diameter: 8 250
t t
opper corted stee Solid round (earth conductor) 78 diameter: 10 250
Solid tape 90 thickness: 3 250
Steel with Solid round (earth rod) diameter: 14 250
e]ectrodeposjted Solid round (earth conductor) diameter: (8) 70
copper coating - -
Strip 90 thickness: 3 70
Pi wall thickness: 2
'pe diameter: 25
Stainless steel Solid round (earth conductor) 78 diameter: 10/ 10
Solid round (earth rod) 176 diameter: 15/ 16
Solid tape or strip 100 /90 thickness: 2 /3
Steel embedded in Round wire diameter: 10
concrete (bare, hot
Solid tape or strip 75 thickness: 3
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5. LPS OF A SAMPLE OBJECT
A simple shape object was considered. Therefore, it is possible
to use both the rolling-sphere method and the protective-angle
method when arranging the air-termination system. The pur-
pose of the analysis is to show the importance of method choice
on the example of class I LPS. Exemplary solutions will also be
discussed. The considered object is the space which determines
the maximum dimensions of the damaged vehicle transporting
hazardous materials. The vehicle in this space is a physical ob-
ject which requires lightning protection. The dimensions of the
considered object are: 20 x 5 x 4.5 m (length, width, height).
According to Table 2 [2], for class I LPS the radius of the
rolling sphere is R = 20 m. Isolated LPS was used due to the
specificity of the object. A set of 4 vertical air terminations
(Fig. 1) connected together with a ring earth electrode was
adopted. The height of the terminations, determined on the ba-
sis of formula E.2 [2], is 12 m. As shown in Fig. 1, the rolling
sphere does not touch the protected object in any considered
space, so the object is fully protected.

5.1. Comparison between rolling sphere and protection
angle methods

For comparison, protection by the same air-termination system
was considered, but using the protective angle method. Accord-
ing to Fig. 1 [2], the & protection angle of 7.5 m high termi-
nation (regarding the top of the object) is 52° for class I LPS.
The protected area at a height of 4.5 m does not cover the en-
tire object, so protection is not provided (Fig. 1). Increasing the
height of the terminations slightly improves the protection, but
still does not provide it fully. This is because as the height of the
termination increases, the angle of protection decreases signifi-
cantly. Excluding the possibility of moving the air terminations

closer to the protected object (e.g. due to restrictions resulting

from the land development plan), the expected effect would be

provided by:

e using an additional pair of air terminations in the middle of
the longer sides while reducing the height of all of the termi-
nations to 11 m,

e using horizontal air termination between the vertical ones on
both long sides of the rectangle delimited by the terminations
while reducing the height of all of the terminations to 11 m.

In both cases, reducing the height of vertical terminations
does not compensate for the additional costs associated with the
use of additional vertical or horizontal terminations. In the sec-
ond case, vertical terminations shall have the strength to carry
additional loads resulting from the suspension of horizontal ter-
minations.

The analysis shows how important the choice of the method
is. Unfortunately, the area of application of each method is not
clearly and precisely defined in the standard, which leaves a cer-
tain margin of latitude and freedom of interpretation. According
to the main part of standard PN-EN 62305-3 (clause 5.2.2),
arolling sphere method is appropriate in each case. Whereas
the protection angle method is suitable for buildings (objects) of
simple shapes. The height of air termination is restriction only
for this method. It cannot be higher than the radius of the rolling
sphere for the selected protection level. But the rolling sphere
method is simultaneously indicated as appropriate for objects of
complex shape in clause E.5.2.2 of the informative Appendix E.
This is a significant difference from the main part of the stan-
dard and may affect the choice of method. As a consequence, it
may lead to more stringent solutions being applied.

Both methods are suitable for the object being considered.
Therefore, it is expected that they will give similar effects.

KEY:

— — — — Protected area at the height of the object (R1)
— — — — Protected area at ground level (R2)

— — — — Protected area at the height of the object
- extension by using an inner angle (R3)

————— Protection angle a

— — — — Inner angle p=1.3-a

I A rolling sphere - unprotected area
I Protected part of the object
I

Unprotected part of the object

Fig. 1. Application of the protective angle and rolling ball methods for the object being considered
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Meanwhile, significantly different results were obtained. To
avoid such ambiguities, perhaps one of the methods should:

e not be used for a given type of object,

e be modified, so that the differences are not so significant.

In the first proposal, the application of the method could be
conditioned by the complexity of the air-termination system,
not by the complexity of the object. The area of application
of the method could depend on the number of terminations, e.g.
for a system of 3 and more terminations, the rolling ball method
should be preferred.

Referring to the modification of one of the methods, it should
be noted that in the standards of the PN-E-05003 series, the pro-
tective angle method (which was the only method at that time)
distinguished between two protection angles: external ¢ and
internal 3 — between two neighboring terminals. The internal
angle took into account the mutual influence of neighboring ter-
minals on the protected area. Depending on the degree of pro-
tection, the B angle was larger than the external one by 1/3 or
1/2 (30° and 45° or 45° and 60°). Both angles did not depend on
the height of the air terminals. The internal angle has been re-
moved from the standards of the PN-IEC 61024 series. The lack
of consideration of the mutual influence of neighboring termi-
nals in the protection angle method, while making the angle of
protection dependent on the height of the terminal, constitutes
a significant tightening of LPS requirements.

In some cases, such a tightening of protection conditions de-
viates significantly from the requirements as compared to the
rolling sphere method. These requirements of the rolling sphere
method seem to be reasonable. When using the internal angle,
the results for both methods are also very similar.

5.2. LPS support structures

There are at least several possible solutions of free standing air-
termination systems available in the market. A common system
solution is a lightning mast made of hot-dip-galvanized-steel,
mounted on a prefabricated foundation [16]. The mast’s con-
struction serves both as a vertical air termination and a down
conductor. This ensures a simple structure (no additional el-
ements) enabling quick assembly, and also does not require
many servicing activities, e.g. during periodic controls and in-
spections of the LPS.

Another solution is a composite pole with a lightning protec-
tion system, mounted on a foundation or dug into the ground
[17]. This solution is characterized by a lightweight and easy-
to-assemble structure with very low operating costs (minimum
servicing) and long-term durability (resistance to corrosion and
external environmental factors). It also provides a high level
of safety, which may be important in public areas. The down
conductor is located inside the pole and is surrounded by a non-
conductive material of the pole. It protects the down conductor
from external environmental factors.

In addition to the comprehensive solutions, other options are
also available. A reinforced concrete pole or spun pole can be
used, for instance, as a supporting structure for vertical air ter-
mination. On the top of such a pole a lightning rod is attached.
The lightning current is brought to the earth electrode via a
down conductor attached to the pole, e.g. by means of clamps
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and holders. Another option is to use lighting poles for lightning
protection purposes. This can be done by using an adapter with
the lightning rod attached to the top of the pole. When consid-
ering the purchase costs, these solutions are much cheaper than
comprehensive ones. However, the assembly is definitely more
time-consuming and requires many fixing points and connec-
tions. Inspection and operation are also more expensive.

5.3. LPS materials

An important element of LPS design is the proper selection

of materials and their dimensions. When choosing the cross-

section, the minimum required values of materials should be

considered (Table 1). The maximum value of the expected light-

ning current and possible loss of the material due to increased

corrosion over the expected lifetime should also be considered.
Relating these restrictions to the considered object:

e The use of steel lightning masts somehow imposes the neces-
sity to construct an earth electrode made of galvanized steel
(for mild soils) or much more expensive stainless steel. It sig-
nificantly reduces the durability of this solution in soils with
high chloride content. This impact can be leveled by using
larger material’s cross-sections;

e The use of composite masts and reinforced concrete/spun
poles has no such restrictions. Depending on the needs aris-
ing from environmental conditions, any materials can be
used. In an environment with a high chloride content, it can
be copper or copper-plated steel. The composite masts addi-
tionally protect the down conductor, increasing its durability.
Depending on the existing conditions and established cri-

teria, solutions may differ. It is possible to choose a solution

cheaper in construction, but requiring more attention and main-
tenance during operation. It is also possible to choose a more
expensive but also a more durable one. However, it should be
remembered that the price criterion may not be the only one.

A more expensive solution does not always have to be more

effective or durable.

6. SUMMARY AND CONCLUSIONS

The lightning protection standards [2] are cited in the currently
binding Regulation [1], which makes them mandatory to be
used. Recommendations for the design and implementation of
lightning protection have changed over the years, beginning
with the 1950s. The direction of changes reflected in the stan-
dards is legitimated. Many issues have been systematized and
ordered. On the other hand, providing protection requires much
more attention.

The correct implementation of LPS requires comprehensive
analysis. Elements of LPS can simultaneously perform other
functions. Therefore, they should meet the requirements of sev-
eral standards at the same time. For this reason, inter-branch
cooperation is important at every stage of the project. Such co-
operation enables cost reduction and eliminates potential errors
and shortcomings. This is particularly important in the case of
the foundation earth electrode, where after setting the concrete
no corrections are possible.
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To ensure proper installation lifespan, special attention
should be paid to the selection of materials. Elements used
for lightning protection should meet the requirements of the
standard [2]. However, if these elements are also used for
other purposes, they should also meet other requirements.
Table 1 of this paper provides a comprehensive set of require-
ments for earth electrode materials. It contains requirements
resulting not only from lightning protection standards [2],
but also from overvoltage and electric shock protection reg-
ulations [9, 15].

Despite many advantages, some inaccuracies can be noticed
in the standard [2]. As the analysis shows, for some cases the
protection angle method can lead to a completely different solu-
tion than the rolling sphere method. This is despite the fact that
the standard presents both methods as appropriate for the object
being discussed. The protective angle method shows that lower
but more densely spaced air terminations are definitely more
effective. The height of the air termination has a relatively small
impact on the protected area, especially for higher ones. On the
other hand, the rolling sphere method shows that increasing
the height of the air terminations can significantly increase the
protected area. This allows for the use of fewer but higher air
terminations. Even if the designer is guided by their experience
and common sense, it is unlikely to avoid misunderstandings
resulting from different interpretations.

Also excessive detailing of some issues can render imple-
mentation difficult, e.g. in the case of the risk assessment pro-
cedure. The algorithm includes at least several dozen of data.
Except for objective data (such as dimensions in existing facil-
ity installations), there are also data depending on the subjective
LPS designer assessment. A large amount of data and the poten-
tial for individual assessment can lead to incorrect risk assess-
ment and, consequently, to choosing sub-optimal solutions.
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