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Abstract: This article presents a five-year performance review of an early streamer emission (ESE)

air terminal lightning protection system for a large scale PV power plant in Thailand. The compari-
son effect of a Franklin lightning protection system and the ESE lightning protection system was
analyzed for the PV power plant. The ESE lightning protection system was selected to be imple-
mented in the PV power plant. The capacity of the PV power plant studied was 8 MWp on an area
of 150,000 square meters in the Nong Ya Plong district, Phetchaburi province, Western Thailand. A
Franklin lightning rod type was also designed to be implemented in this PV power plant. The Frank-
lin lightning rod type comprised 122 pieces but the ESE lightning rod type consisted of only 11
pieces. The conceptual design of the Franklin rod type followed the standard of the Council of En-
gineers, Thailand, and the ESE lightning rod type followed the NFC17102 standard of France. The
estimated cost of installation was a key comparison to select the lightning protection system; the
total installation cost of the Franklin lightning rod type was USD 197,363.80 and the ESE lightning
rod type was USD 44,338.06. The lightning system was applied to the lightning arrester in the power
plant to provide good protection, in which the balance of the pole to the mounting position is re-
quired to optimize the system performance. The result of the simulation also showed that the shad-
ing effects of the Franklin rod type were greater than the ESE rod type. The installation cost of the
Franklin lightning rod type was 4.45 times more expensive than the ESE lightning rod type. There-
fore, the ESE lightning protection system was selected to be implemented in the PV power plant.
From the recorded data of the five-year performance of the ESE lightning protection system (2016—
2020), there were three occurrences of a lightning strike on the PV power plant. The ESE lightning
protection system effectively protected and prevented the lightning strike to the PV power plant.
This study can help and support with the selection of a lightning system for the protection of large
scale PV power plants in the future.

Keywords: Franklin lightning protection; ESE lightning protection; PV power plant

1. Introduction

A solar system is a system that converts energy from sunlight and is widely used
today because the cost per unit is reduced. Moreover, the technology makes the perfor-
mance of the device higher. However, the blocking of light to the solar panel reduces the
efficiency taken into account. Therefore, an installation design must avoid the incident
light to the solar panel installed. Currently, PV applications include ground-mounted and
roof-mounted installations. Building areas for solar panel installation have also been in-
stalled in the sea or large water reservoirs for maximum benefit. One thing to consider
when installing a PV system is the prevention of lightning strikes on the solar panels,
which cause damage to the installed solar power system. Lightning protection is required
for the installed solar system of open spaces or high-rise rooves such as outdoor
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installations. A lightning protection system will cause lightning to come down to the pro-
tection system instead of cutting to the installed power system. It is necessary to design a
lightning protection system that is suitable for each application. Currently, the lightning
protection systems consist of the Franklin air terminal lightning protection system and the
streamer emission air terminal protection system. The difference between these two sys-
tems is the radius of protection at the same height, in which the ESE system uses a smaller
number in the same area. Using this smaller number, the grounding system of the two
systems differs accordingly, resulting in the overall installation cost of the lightning ar-
rester. The protection level of the Franklin air terminal lightning protection system at a
pole height of 10 m has a protection radius of 21.4 m. An ESE system with a height of 10
m has a protection radius of 109 m. This difference, if installed in the same area, will result
in a different grounding system. Lightning is a natural phenomenon that affects people,
property and the environment and causes enormous damage such as explosions, fire or
death. Therefore, there are various studies to protect against lightning effects. Generally,
the damage forms of the lightning strike can be divided into three parts comprising elec-
trical, thermal and mechanical damage. Many researchers have studied the effects of light-
ning, from which the designs for photovoltaic (PV) power plants and property protection
have been proposed [1-6]. Research has been conducted to compare the installation cost
of PV power plants [7,8] where the studies included the two types of lightning protection
system [9]. There have been studies on the difference between two points of the lightning
effects on the PV rooftop [10]. One of the works used a vector modulation technique of
equivalence circuits for analyzing the transient generated from the lightning strikes in a
PV power plant [11]. There was a study on the structural effects of lightning [12] where a
grid ground protection system for supporting lightning strikes was implemented but at a
high cost of installation [13]. The effects of lightning have been studied on the change in
soil resistivity where lightning affected the reduction of the ground resistance value [14].
The repeating impact of impulse voltage on the panel caused the panel power to decrease
accordingly [15]. A study on the risks of installing a PV rooftop system was to ensure that
the installation of this system was successful by assessing the risks of various structural
systems related to the type of installation on the roof [16]. In [17], the impact of lightning-
induced overvoltage on a hybrid solar system using Electro-Magnetic Transient Program-
Restructured Version (EMTP-RV) software was presented. This software was developed
by investigating the effect of lightning-induced overvoltage by using indirect lightning
strikes near to the system. It was found that the induced effects on the system and on the
impulse withstanding the voltage of DC and AC systems should be eliminated.

Due to the above information, this paper examines the effects of light obscuring and
the initial installation cost of both data systems to determine the installation cost of the
lightning protection system of the studied power plants.

2. Theoretical Background

Lightning is caused by transferring electric charges between clouds and the ground.
They are: (1) negative from the cloud to earth; (2) positive from the cloud to earth; (3)
negative from earth to the cloud; and (4) positive from earth to the cloud. The striking
distance or lightning return stroke is defined by the current magnitude of the lightning
strike with the rolling sphere as of Equation (1) [4] as follows:

— , " exp(—_tJ 1)
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where 1, is the current magnitude of the lightning strike, f, is the front time of the

1
lightning strike, £, is the decay time of the lightning strike and 7 is the exponent value
(2-10), which can be expressed by Equation (2) [18]:

1
tl t2 "
n=exp|- n X nxt— . )
2 1

The design concept of external lightning is defined by using two systems for a design
process related to the conventional and ESE system. Therefore, the lightning protection
design consists of an air termination system and separator distance. The down conductors,
earth termination and lightning equipotential bonding are not focused on in this design.

(A) The conventional system is defined by using IEC/EN 32305 for a design reference
related to three methods for protecting the PV power plant.

1.  The protective angle method is defined by using the height level of the lightning rod
and the angle under shade concept. Therefore, the height level may impact the PV
power plant and needs to be defined as the separation distance clearance.

2. The rolling sphere method is a so-called electro-geometric model that is used to ex-
emplify by a radian from Equation (3) [19] to find the air terminator rod position for
installation and is applied by using the protective angle method for the PV power
plant protection. It has four lightning protection classes related by the calculation of
value r. Value r was also used to calculate the position of the lightning rod given
in Table 1.

r=10x1"® ©)

where 7 is the rolling sphere radian and I is the current magnitude of the current
strike.

Table 1. IEC/EN 32305 class of the protection level.

Class of Lighting Protection Zone (LPS) Radius of the Rolling Sphere (1’)
I 20m
I 30 m
III 45 m
v 60 m

3. The mesh method is used to design the lightning protection on the flat and complex
shape of the building or infrastructure. The mesh method is defined by the dimension
of the mesh, which is related to the lightning protection level.

(B) The ESE system is defined by using the French NFC17102 standard on the ESE
rods. This method is designed using the rolling sphere concept but is different from the
rolling sphere radius dimension that still uses a rolling sphere plus the upward streamer.
Therefore, the protection radius of the ESE is presented to the height relative to the surface
or area. It is shown in Table 2 that the protective zone is computed as follows:

R, (k)

_ \/Zrh—h2+A(2r+A) ;eh>5m.

xR (5)/5 ;€ 2m.<h<5m @

where RP (h) is the rolling sphere radian at a given height (h) , h is the height of the

ESE over the protection zone, r is the radius of the rolling sphere (Table 2) and A is
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the earlier upward streamer with a simple rod by the addition of AT that equals
A=ATx10°.

Table 2. Calculation of the lightning radius protection.

Lightning Radius Protection

Lightning Protection Level, h (m) D =12 0m) D =iS m) D =2 0m)

2 32 39 43

3 48 59 65

4 64 78 86

5 79 97 107
10 79 99 109
15 80 101 111
20 80 102 113
45 80 105 119
60 80 105 120

(C) The separation distance of the lightning protection is computed using Equation
(5) [19] and is related to the distance between the lightning protection pole or rod and the
PV structure as shown in Figure 1. It can be expressed as follows:

k, xk,
k

m

S=

x1 (5)

where S is the separation distance, k; depends on the selected class of the lightning
protection zone (LPS), k_is the lightning current flowing through the down conductor,

k,_is the material of the electrical insulation and [ is the length along with the air ter-

minal system or the down conductor from the point of the separation distance.

—_—————
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Figure 1. Separation distance of the lightning protection system [20].

(D) The lightning strike frequency (LSF) is used to determine the LPS. The LSF is
computed using the lightning flash density and the equivalent area for protection. It can
be expressed as follows [9]:

N, =N,xA,xC, x10° 6)
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where Ng is the yearly average flash density in the region where the structure is located
or positioned to protect, as shown in Figure 2, and A, is the equivalent area of the struc-
ture. It can be computed by the sizing of the structure in a wide (W), long (L) and
height level (H ) by using Equation (7) [9]:

(LW+6H(L+W)+79H). %

Cl is the environmental coefficient.

Q
(2]

-30

AR BDDO=N DO ®

-60

Figure 2. Yearly average flash density of the world [21].

The occurrence of lightning in the world is recorded as a statistic as shown in Figure
2. Thailand has approximately 30 lightning strikes/square kilometer/year. Therefore, to
prevent the damage to the PV power plant, it is necessary to correctly design the effective
lightning protection systems.

3. The External Lightning Protection Design for the PV Power Plant

This paper needs to be presented by using the field installation that is related to the
economic and performance ratio (PR) of the PV power plant. The impact of the LPS is
related to the shading in the daytime. It is directly affected by the power generation of the
PV power plant. The number of lightning rods of the conventional type and ESE is needed
to be studied to evaluate the optimal conditions and capital costs. The location of the PV
power plant in this study is in the Nong Ya Plong district, Phetchaburi province, Thailand.
The area of the PV power plant is 150,000 square meters on a latitude of 13.108121° N and
a longitude of 99.700025°, as shown in Figure 3. The PV power plant lightning design used
the ESE lightning NFC17102 standard of France. The PV power plant lightning protection
was designed by a polling sphere method within the PV power plant area. The properties
around are 5 m tall so the highest pole of the lightning protection of the PV power plant
is 9 m for the general protection of the building and surrounding properties. Figure 4 is
the ESE lightning rod type. The radius of the lightning protection is 107 m, as shown in
Figure 5. Therefore, the performance ratio (PR) and the shading effect used by the PVsyst
program simulation were used for the analysis of the effect on power generation of the
PV power plant. Figure 5 also shows the position of the ESE lightning rod type in the PV
power plant. There are 11 ESE lightning rods in total for the PV power plant. Figure 6 is
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the Franklin lightning rod type. Figure 7 shows the position of the Franklin lightning rod
type as installed in the PV power plant.

Figure 3. Location of the implementation of the PV power plant [22].

ESE lightning rod e
ghtning rod typ
Galvanized ¢ 1 12"

Down to conductor 95 mm?

Figure 4. ESE lightning protection rod type.

The ESE lightning protection rod type was used in the selected PV power plant. The
ESE lightning protection rod was designed according to the reference of the standard.
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Figure 5. Design of the ESE rod system in the PV power plant.

The positioning design of the ESE lightning protection rod type was used in the PV

htning protection rod has a radius of light-

18

power plant. The distance pole of the ESE 1

is 107 m.

1S

tection

ning pro

Franklin lightning rod

Brass holder

Insulator

Top tube

t

Nu

Down conductor

lightning rod type.

Figure 6. Franklin
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Figure 6 is the Franklin lightning protection rod type, which was used for the simu-
lation in the PV power plant. The Franklin lightning protection rod was designed accord-
ing to the reference of the standard.

o

o

Figure 7. Design of the Franklin rod system in the PV power plant.

The positioning distance of the Franklin lightning protection rod type simulation
was designed for comparison to the ESE lightning protection rod.

Figure 8 is the lightning counter for counting the lightning events at the PV power
plant.

L

<

<— Lightning counter

L
i— 1 Down to ground

Figure 8. The lightning counter.
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4. Results

A computer program simulation was used to simulate the effects of shading on the
PV power plants. In this study, the simulation was based on two types of lightning pro-
tection in an 8 MWp PV power plant. The simulation consisted of the ESE lightning pro-
tection type and the Franklin lightning protection type. The ESE lightning protection sim-
ulation used 11 rods with a height of 9 m. The design was based on level 3 for protection
and NFC17102 standard; the distance length of the ESE lightning type was about 107 m,
as shown in Figure 9. The Franklin lightning protection simulation used 122 rods with a
height of 10 m and the design was based on level 4 for protection of the standard of the
Council of Engineers, Thailand. The distance length of the ESE lightning type was about
21.4 m, as shown in Figure 10. The simulation result of the PVsyst program showed that
the shading of the PV power plant with the ESE lightning protection could produce en-
ergy of 13,107,000 kWh/year. Therefore, the PR of the PV power plant was 78.9% and the
effect of shading on the PV power plant was 0.72%. The PV power plant with the Franklin
lightning protection could produce energy of 13,096,000 kWh/year. The PR of the PV
power plant was 78.8% and the effect of shading on the PV power plant was 0.80%. The
installation cost was the key issue for the investment cost to allow for the best payback
period. This section shows the investment cost comparison between the ESE lightning
protection and the Franklin lightning system, as shown in Tables 3 and 4. Table 3 shows
the installation cost, which revealed that the total cost of the ESE lightning was USD
41,500.00 and the total cost of the Franklin lightning was USD 79,363.10. The cost of the
ESE lightning system was lower than the Franklin lighting system by about 2.346 times.
Table 4 shows the installation cost, which found that the total cost of the ESE lightning
grounding system was USD 2838.06 and the total cost of the Franklin lightning grounding
system was USD 100,000.70. It was found that the ESE lightning system was lower than
the Franklin lighting system by 35.24 times. Table 5 shows the installation cost, which
found that the total cost of the ESE lightning was USD 44,338.06 and the total cost of the
Franklin lightning was USD 179,363.80. It was found that the total costs of the ESE light-
ning system were lower than the Franklin lighting system by 4.451 times. The ESE light-
ning protection was used because of the best result of the simulation and the lower instal-
lation costs. The data record showed that there were only three occasions of a lightning
strike on the PV power plant in the previous five years, as shown in Table 6. From the
Table 6 result in 2017 there were two lightning strikes at poles 4 and 5 and one in 2018
with lightning strikes at pole 5. From the obtained results, the lightning strikes within the
PV power plant and the ESE lightning protection could protect from the lightning strikes
effectively.
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Near shadings parameter

Perspective of the PV field and surrounding shading scene

-Zenith North

m
Q
N
—

South

Figure 9. ESE lightning protection shading simulation [23].

Figure 9 is the lightning simulation design by the PVsyst program following the po-
sition distance of the ESE lightning poles in the PV power plant.

Near shadings parameter

Perspective of the PV field and surrounding shading scene

‘Zenith North

West

East

South

Figure 10. Franklin lightning protection shading simulation [23].

Figure 10 is the lightning simulation design by the PVsyst program following the
position distance of the Franklin lightning poles in the PV power plant.

Figure 11 is the ESE lightning rod type installation at the PV power plant. The ESE
lightning pole was installed as the design in the PV power plant.
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Table 3. Comparison of the investment costs of the lightning system.

ESE Lightning System  Franklin Lightning System

Details (USD) (USD)
Lightning rods 36,666.67 7393.64
Copper cable # 95 mm?2 3333.33 36,363.36
Lightning counters 833.33 9242 .42
Galvanized mast height 9 m 2333.33 25,878.78
Installation cost 1666.67 18,484,85
Total costs 44,833.33 78,878.20

Table 4. Comparison of the investment costs of the grounding system.

ESE Lightning Sys- Franklin Lightning

Details Units tem (USD) System (USD)
Copper cable # 95 mm?2 1m 1000.00 44,363.64
Copper rod 5/8” = 10 ft 1 set 1350.00 44918.18
Installation accessories 1 set 235.00 897.88

Installation cost 1 work 253.06 9821.00
Total costs 2838.06 100,000.70

Table 5. Comparison of the total investment costs of the lightning protection system.

ESE Lightning System  Franklin Lightning System

Details (USD) (USD)
Lightning rods 44 ,833.33 78,878.20
Ground systems 2838.06 100,000.70

Total costs 47,671.39 178,878.90

Figure 11. ESE lightning installed at the PV power plant.
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Table 6. Lightning event at the PV power plant.

Lightning Protection Poles

Year

1 2 3 4 5 6 7 8 9 10 11
2016 0 0 0 0 0 0 0 0 0 0 0
2017 0 0 0 1 1 0 0 0 0 0 0
2018 0 0 0 0 1 0 0 0 0 0 0
2019 0 0 0 0 0 0 0 0 0 0 0
2020 0 0 0 0 0 0 0 0 0 0 0

Table 6 is the 5 years record of lightning events at the monitored PV power plant. In
the past 5 years, there have been 3 lightning incidents as follows: in 2017 on pole number
4,5 and in 2018 at pole 5. The ESE lightning protection system can protect the PV power
plant effectively.

5. Discussion and Conclusions

The article studied the comparison simulation and analysis result of the lightning
effects at a PV power plant. The simulation program showed that the shade effects of the
PV power generation as the simulation of the ESE lightning protection system was about
0.72% [23] and the Franklin lightning protection system was about 0.80% [23]. We de-
signed and tested the lightning protection system to achieve the secure protection of the
coverage of the solar plant area. It was a small area that did not use a lot of protective
heads. The rod positions required a symmetrical installation to ensure effective lightning
protection at the solar power plants. The symmetrical lightning rod positioning allowed
for lightning protection across the entire solar power plant. The installation location of
both the ESE lightning rods and the Franklin lightning rods required a balanced position
of the lightning rod to optimize the performance of the lightning rod. However, the dis-
tance of the shielding radius must be properly overlapped to effectively protect the solar
power plant. This depends on the maximum protection radius of the chosen lightning
arrester. For example, the protected distance must overlap in a balance, as shown in Fig-
ures 7 and 9. It can be seen that the radius of the two protection balance systems over-
lapped each other to provide the maximum protection performance of the system. The
installation costs of the ESE lightning protection system were less than the Franklin light-
ning protection system by 4.45 times, in which the loss was lower than the shadow one.
The installation costs of the PV power plant were used in the application of the ESE light-
ning protection system. The lightning in the study was measured over five years and
found that lightning occurred at poles 4 and 5 in 2017 and pole 5 in 2018. The ISI lightning
system could prevent the damage of the power plants and other electrical equipment. It
can be concluded that choosing an ESE can protect the lightning system and the installa-
tion costs were reduced as well. The studies can help support a lightning arrester system
chosen for property protection. The lightning protection of the 8 MWp PV power plant
area was 150,000 square meters in the Nong Ya Plong district, Phetchaburi province. The
lightning protection consisted of 122 pieces with the Franklin rod type and 11 pieces with
the ESE rod type. These were simulated with the Franklin rod type following the Council
of Engineers, Thailand, standard and the ESE lightning rod type following the NFC17102
standard of France. The estimated costs of installation were used for a comparison and
found that the total costs of the installed Franklin rod type used USD 178,878.90 and the
ESE rod type used USD 47,671.39. The information obtained from this study can be used
by investors to make decision for choosing a low-cost lightning protection system for PV
power plants in the future.
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