()]
Journal of Applied Research and Technology Yo f

ICAT

Instituto de Ciencias

www.jart.icat.unam.mx Ao U el

Journal of Applied Research and Technology 22 (2024) 682-697

Original

Graphene nano particles to improve lightning dissipation on
transmission lines

|. Ramirez-Vazquez®* - J. E. Salgado-Talavera® - E. Gaona-Estrada®
S. M. Rowlande © C. Manzanares-Diaz®

aInstituto Nacional de Electricidad y Energias Limpias (INEEL), 62490, Mexico
bNissan Mexicana, 62578, Mexico
The University of Manchester, M13 9PL, United Kingdom
dComision Federal de Electricidad, 62755, Mexico

Received 08 03 2023; accepted 03 20 2024
Available 10 31 2024

Abstract: Lightning is the primary cause of outages for many high voltage transmission lines. One
approach to reduce the frequency of these outages is the improvement of the grounding system using
chemical ground enhancers to better disperse transient or fault currents into the soil. In this paper, the
objective is to use graphene nano particles to improve the performance of commercial ground
enhancers by exploration of 15 different commercial graphene nano particles used to reformulate 19
commercial ground enhancers and one natural ground enhancer. Incorporation of nano graphene
particles is by high shear mixing method. The results show reduction in two of the commercial ground
enhancers’ resistivity values by a factor of 60. Moreover, lightning impulse tests show that the use of
graphene reduce deterioration of the ground enhancer, which can occur after high current events,
thereby prolonging its efficacy. Due to the superior electrical conductivity and chemical stability of the
graphene, the reformulated ground enhancersimprove short-term performance in managing lightning
current impulses, and provide a solution, which is likely to perform better over long periods. However,
the compatibility of the constituent parts of the formulation is critical to long-term performance.
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1. Introduction

Many countries like Mexico have mentioned that lightning is
the main cause of outages in power transmission and
distribution lines, for example, USA (57%), Brazil (50-70%),
Japan (70-80%), Denmark (57%), and Colombia (47-69%) have
reported higher percentage rate of lightning outages
accordingto Wareing (2016). When atmospheric discharges hit
power lines, they produce travelling impulse voltages, which
can cause flashover of insulators, and subsequent operation
of protection regimes, which interrupt supply. Good earthing
can minimize such events (back flashover), so grounding of the
towers is vital to a reliable supply (Bayliss & Hardy, 2007;
Shariatinasab, & Gholinezhad, 2019). Also, lightning-induced
cause major issues on overhead distribution lines, due to its
reduced insulation level compared with transmission lines
(Soto & Perez, 2019). According to Sabnis and Jalaik (2023) for
230 kV transmission lines, a reduction in the tower footing
grounding impedance from 80 Q to 10 Q resulted in the
reduction of at least 66% on the amplitude of lightning
overvoltage.

On the other side, soil frequency dependency is irrelevant at
low frequencies and power frequencies under 100 Hz; which is
a different consideration at higher frequencies. For example,
CIGRE (CIGRE, 2019) suggests that for buried and transmission
line earthing applications frequency dependency can be
ignored for soil resistivities less than 300 Q.m, they recommend
consider it for soil resistivities between 300 and 700 Q.m; finally,
they consider it mandatory for soils above 700 Q.m.

In the case of lightning induced voltages, CIGRE recommends
takinginto an account the soil-parameter frequency dependence
when the range of soil resistivity is 2500 Q.m. and above; and
neglected when is less than 2500 Q.m. In this regard, an
improvement in soil-parameter with the use of graphene Nano
Particles to improve chemical ground enhancers to better
disperse transient or fault currents into the soil can be an
important aspect for lightning dissipation on transmission lines,
which is the objective of the research in this paper.

To reduce the harmful effects of lightning, the National Utility
CFE (Comision Federal de Electricidad) has implemented
various solutions that have been analyzed and suggested jointly
with the INEEL (Instituto Nacional de Electricidad y Energias
Limpias). However, lightning remains as the primary cause of
outages for power lines (CFE, 2012; CFE 2015).

Chemical ground enhancers improve the grounding system
through a reduction in the contact resistance between the soil
and the buried metallic element that is part of the grounding
system. In addition, chemical ground enhancers provide a
reduced resistance path for fault currents and lightning transients
with the objective to dissipate them into the soil faster.

Due to the different soil types in Mexico such as clay, sandy
clay, cultivated soil, sand, pure slate, and sandstone; is

common to find a wide range of soil resistivities, typically
between 0.1 Om to 3,000 Om (Romualdo-Torres, 1996).
Because of the problems associated with higher resistivities,
the implementation of grounding systems using ground
enhancement materials has been analyzed to evaluate
potential benefits. Predesigned systems are considered for
soil resistivities up to 1000 Om. When soil resistivity is higher
than 1000 Om surge arresters are considered.

Commercial chemical enhancers are already used to
decrease resistivity of the soil. For example, Galvan et al.
(2010), and Ahmad et al. (2010) showed a decrease in
grounding resistance by a factor of between 0.18 and 0.8, and
0.08 and 0.67, respectively, although some “enhancing”
compounds increased resistivity up to 13 times. In addition,
the best chemical enhancement material identified by
Ahmad et al. (2010) was NaCl, which is strongly corrosive and,
due to its high solubility, is quickly swept away by
groundwater. Typical enhancement materials used are palm
kernel oil cake (PKOC), clays such as bentonite, graphite
powder or carbon-based material, sodium chloride (NaCl),
sodium thiosulfate (Na,$;0s), magnesium chloride (MgCl),
copper sulphate (CuSQ.), and ammonium chloride (NH.CI).
According to manufacturers, these products increase
conductivity up to approximately 200% or can decrease
resistivity between 20 to 30 times lower than bentonite clay,
which is the most natural enhancer used in power systems
(Androvitsaneas et al., 2012). However, in the literature there
is no evidence of resistivity measurements in commercial
chemical enhancer after lightning events have occurred
through a material.

Experience and analysis have shown that when lightning
hits the earthed structure or tower of a power line, the risk of
failure due to back flashover (arcing across an insulator from
a grounded structure to a phase, because of the ground
potential being raised) can be reduced if the grounding
resistance is decreased. This is a big challenge for materials
technology.

In recent years, researchers around the world have
investigated the application of nano particles to improve the
mechanical, thermal, and electrical properties of a wide
range of materials. One of the main advantages of these
nano particles is their large surface area per unit volume.
Graphene is a highly promising and attractive nano material
for a wide range of applications because of its distinctively
high electrical and thermal conductivity, and because itis an
electrochemically active material (Ferrari et al., 2015; Lee et
al., 2014; Zhu et al., 2010). A roadmap highlights the steps to
take graphene and related materials from a state of raw
potential that might revolutionize multiple industries,
however a challenge is the ability to produce graphene in
large quantities at a reasonable cost (Ferrari et al., 2015).
Graphene can also be combined with a wide variety of
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inorganic materials such as metal oxides, which exhibit
outstanding performance in applications such as super-
capacitors (Lee et al., 2017, 2018), batteries, sensors,
electromagnetic interference shielding (Lee et al., 2016), and
photovoltaic applications (Rodriguez-Perez et al., 2017).
When graphene and inorganic components are combined,
synergistic effects can result at the molecular level and can
create new properties distinct from the individual
components (Low & Shon, 2018; Wu et al., 2012).

The experience and analysis in electrical engineering have
shown that when a lightning hits the structure or tower of the
power line, the risk of failure due to back flashover can be
reduced if the grounding resistance is decreased, which
since the point of view of materials science is a big challenge.

2. Materials and methods

As shown in Table 1, the measured thermal conductivity of
graphene is in the range 3080 - 5300 W/mK at room
temperature; compared to 190 W/mK for graphite (Kim et al.,
2010); and the electrical conductivity of graphene is 10" S/m
parallel to the surface and 10*> S/m perpendicular to the
surface. Exfoliated graphite has a conductivity of 8.7x10* S/m
(Blake et al,, 2008). Commercial carbon black has lower
electrical and thermal conductivities than both graphene and
graphite. For comparison, nickel has a similar electrical
conductivity to commodity graphene, however; the thermal
conductivity of nickel is 19 to 33 times lower than graphene’s.

Table 1. Electrical and thermal characteristics of graphene nano
particles, graphite, and carbon black (Blake et al., 2008; Kim et al.,
2010; Maquin et al., 2000; Pantea et al., 2001; Wypych, 2000).

) Electrical conductivity ThermAaI-
Material (s/m) conductivity
(W/Km)
107 parallel to the
surface
h _
Graphene 102 perpendicular to 20805300
the surface
Graphite 8.7x10* (exfoliated) 110-190
Carbon black 0.5-830 0.04
Nickel 1.282x10° 158

From these physical characteristics compared in Table 1,
there is an expectation that the higher electrical and thermal
conductivity of graphene nanoparticles will improve the
conductivity of the ground enhancer materials beyond levels
achievable with graphite or carbon black. Due to many
advantages previously confirmed, such as a small weight
percent of nano particles and a radical effect on the properties
of a composite (up to 8% in weight giving an improvement of

1010 for electrical resistivity in a control epoxy) (XG Sciences,
2009), also, features that have been reported in Novoselov et
al. (2012) and Krishnan et al. (2012) for graphene nano
particles. Because of that, these materials were selected in this
research to improve electrical conductivity of commercial
chemical ground enhancers.

A review of commercial graphene and graphene oxide
providers was carried out. It was found 38 different types of
graphene are distributed by 7 suppliers; also 51 graphene
oxide types were identified from 19 different suppliers. The
main requirement for the selection of the nano particles was a
high electrical conductivity and this characteristic was
considered as the most important for the selection of the
graphene nano particles. Additionally, it was analyzed if the
commercial graphene nano particles were water-soluble
because the identified commercial chemical enhancers were
water-soluble. With this water compatibility between these
components, the graphene nano particles and the
commercial chemical enhancers, the possibility of mixing and
dispersion was expected to be good. Also, in the data provided
by the graphene suppliers, it was found that these nano
particles are ethanol-soluble.

After an exhaustive analysis, 15 types of graphene were
purchased for experimentation. In addition, 19 commercial
chemical enhancers were identified, and these materials were
also purchased. The graphene nano particles used for the
preparation of the specimens are shown in Table 2.

2.1. Experimental procedure

2.1.1. Sample preparation

A laboratory high shear mixer was used to mix the ground
enhancer material with the graphene nano particles. For the
prepared blends, 50% weight of the 19 investigated
commercial ground enhancers and one natural ground
enhancer were each mixed with 37% weight of water, 3%
weight of disperser aid (poly sodium styrene sulfonate), and
10% weight of graphene nano particles for about 25 minutes.
Because of intellectual property, the chemical composition of
the commercial ground enhancers is unknown. When each
mixture was homogenous and free of lumps, it was poured into
a container with dimensions of 8cm x 5.2cm x 4.5cm (length x
width x height). The containers were made of an insulating
material, and a pair of 3.5cm x 3.5cm stainless steel electrodes
were attached with screws in opposite sides of the container to
measure the resistivity of the sample as shown in Fig. 1(a) 225
specimens were prepared for laboratory testing. Over time,
some samples showed evidence of shrinkage and developed
open circuit measurements; these samples were physically
compacted to get representative resistivity measurements. A
schematic cross-section of the container, including electrodes,
and one photograph of one sample are shown in Fig. 1(b).
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Table 2. Graphene nano particle types and providers, with data provided by the suppliers.

) Nano particle |Electrical conductivity| Thermal conductivity ) ) Manufacturing
Provider Particle size
type (S/m) (W/mK) process
7
S e ot st |
) H-15, M-15, and nm, particle diameter P ry'
XG Sciences manufacturing
C-500. . 5 . of 15 um, surface area
6 (perpendicularto | 10? (perpendicular to of 50-150m?/ process
the surface) the surface) &
EggiﬁggEig’ Information not Information not Thickness of 1t0 100 | Information not
Angstrong NOOS-100-N " | available in the available in the nm, particle diameter | available in the
Materials NO0G-010 Pyand manufacturer“s web | manufacturer“s web | of 0.5 to 10um, surface| manufacturer s web
010-P, )
NO002-PDR page. page. area of 40m?*/g. page.
Exceptionalin-plane | .
Avanzare AvanGRP electrical High the'rmal 2x5um anq less than Not specified
L conductivity 10nm in thickness
conductivity
Information not Information not Information not Proprietary
ID-nano GOx provided by the provided by the provided by the manufacturing
manufacturer. manufacturer. manufacturer. process
Xiamen Knano | KNG-G5 )
Graphene 12000 3000 tDr:chii gizr?:q“m 12000
Technology KNG-150
Graphene Side of the particle
Labiratories AO-3,A0-4,and | Electrically Thermally between 5 to 25um, Not specified
Cl conductive conductive thickness 5 to 30nm; P
Inc.
surface area-60m/g?

2.1.2. Resistivity measurements

The ASTM Standard (ASTM G187, 2005) was used to evaluate
the resistivity of the chemical ground enhancers using a Fluke
1625-2 instrument. Resistivity measurements were carried out
periodically and the moisture content was calculated based
on the weight of the sample; an example of a drying weight
versus time is shown in Fig. 2. Fig 2 shows the impact of
moisture being added after 2 months when the moisture
content fell below 5%.

50

.\ N
§.0\ [\
N\ I
M [
L Y

o

o
~
IS
£y

8 10 12 14 16 18 20
Measurement number

Figure 2. Behavior of the samples " drying versus time
by using the heating chamber (water was added to simulate rain
after the moisture "s sample was lower than
5% of the sample s weight).

(b)

Figure 1. (a) Schematic of the sample container showing
electrodes in both sides Sample container and one sample
prepared for laboratory evaluation and (b) Top view of one ground
enhancer sample modified with graphene nano particles for
laboratory evaluation.
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2.1.3. Accelerated aging

Due to the number of specimens and because the drying
(dehumidification) process of the samples at ambient
temperature is very slow, samples were dried at a constant
50°C to 53°C. Drying at 50°C reduced the required time for the
experiment by approximately half. This temperature does not
degrade the chemical ground enhancers.

2.1.4. Impulse lightning current tests

When the moisture content of the samples was around 5% by
weight, a group of five lightning impulses was applied to each
specimen in order to simulate the phenomenon of lightning
on the samples. The time between applications of each
subsequent lightning impulse was 1 minute. Initially a
lightning impulse current magnitude of 5kA using an 8 x 20uS
waveform was applied; this magnitude was selected to cover
the three stages of the soil ionization proposed by Liew and
Darveniza (1974) in their dynamic model, consisting of three
zones: no-ionization, ionization and de-ionization. In addition,
Almeida and Barros (1996) proposed a soil ionization model
based on the variable resistivity approach and a current
greater than 4kA required to achieve ionization in the soil
surrounding the earth electrode. However, in our experiments
using such high currents, some samples exploded, as shown
in Fig. 8. According to Almeida and Barros (1996), their model
indicates that the resistance is constant until a critical current
of 1kA is reached; after that breakdown occurs (Fig. 3).
Therefore, to operate in the constant resistance stage and to
obtain an ageing effect on the sample, the applied current
magnitude was between 0.5kA and 1kA. In order to obtain
these lightning impulse currents; the charging voltage of the
lightning impulse current generator was increased gradually
from 0.5 Volts to 6 Volts in five steps as shown in Table 6.

30
25 -_ccmstant
20 <+
15 4+
10 4
5 1L

0 : : :

0 1000 2000 3000

ionization

delonisation

Resistance [ Q]

4000
Curreat [A]

Figure 3. Impulse resistance as a function of current
(Almeida & Barros, 1996).

The circuit used for the lightning impulse current test is
shown in Fig. 4. The impulse generator has a capacitance of
8uF, a maximum voltage of 40kVdc; a non-inductive current
divider of 0.005Q), and a non-inductive voltage divider.

L=6pH

Cc=6pF_[_

Figure 4. Schematic diagram of the lightning impulse current

generator for the evaluation of chemical ground enhancers
reinforced with nano particles.

The waveforms were measured by an oscilloscope TDS
5054b. Once this test was completed, 50ml of water was added
to all samples to simulate the effect of rainfall during a storm.
Thereafter, the samples remained in the heating chamber for
monitoring their resistivity again.

2.1.5. Microscopy and elemental chemical analysis

To analyze the morphology and chemical constituents of the
modified ground enhancer samples, a FE-SEM (Field Emission
Scanning Electron Microscope) Hitachi S-5500 was used. The
microscope is equipped with energy dispersive spectroscopy (EDX)
spectrometer (Oxford Instruments Mod. X-act) and can measure
the chemical composition of materials at the nanometer scale.

To reduce charge accumulation during observation of the
ground enhancer samples, a small amount of material was
deposited on a conductive double-sided carbon tape,
previously attached to the sample stubs, and then introduced
and observed in the microscope.

3. Results and discussion

3.1. Resistivity measurements

3.1.1. Samples with laboratory grade graphene nano particles
Once the samples with and without laboratory grade
graphene nano particles were manufactured, periodic
measurements of resistivity were carried out to verify the
performance of the samples as moisture is lost during the
experiment. Resistivity measurements of the samples resulted
in improvement factors for specimens reformulated with
graphene nano particles up to 187 times when compared with
the samples without nano particles (control samples).
Because of limited space in this paper, here the focus is on the
experimentation with industrial grade nano particles.

Table 3 shows resistivity improvement factors, obtained
after drying, in specimens always greater than 10 times.
Sample M1409 resulted in a factor of 187 times lower resistivity
compared with the control. The matrix is the intensifier CGE 2
and the graphene nano particle is KNG-G5.

3.1.2. Samples with industrial grade graphene nano particles
Once the samples with and without commercial graphene
nano particles were manufactured, resistivity measurements
were made immediately after sample manufacturing, and
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then every day, except weekends to trace the resistivity asthe ~ improvement factor higher than 10 times. Many samples
samples dried. Table 4 shows a summary of the final  developedimprovement factors lower than 10 times, and due
measurements, when the samples were dry, with  torestrictionson space, these are notincluded here.

Table 3. Benchmarking of commercial ground enhancers modified with laboratory grade graphene nano particles obtained after drying.
The improvement factor is the ratio of resistivity value compared to the control value with no graphene additive.

Rank order| Sample Resistivity ?f the anﬁrgl san’lple lg&frv\/eg:seuzt Graphene nano | Matrix of commercial
sample (Q*cm) | resistivity (Q*cm) control particle type ground enhancer
1 M1409 770 144,822 187 KNG-G5 CGE?2
2 M1405 844 144,822 171 XGnP-H15 CGE?2
3 M1408 1,022 144,822 141 KNG-150 CGE?2
4 M604 504 29,963 59 G-IDT2 (Hz-ArH) CGE1
5 M6e01 620 29,963 48 G-IDT1 (Hz-ArH) CGE1
6 M1407 3,272 144,822 44 AO-4 CGE?2
7 MeoT 869 29,963 34 G-IDT3 (Asc-ArH) CGE1
8 M2003 400 9299 23 G-1D02 CGE1
9 M1209 52,061 1,000,590 19 KNG-G5 CGE 17
10 M2105 413 7663 18 XGnP-H-15 CGE?2
11 M1004 5,724 61,388 10 GIDT-1 CGE 19

Table 4. Benchmarking of commercial ground enhancers modified with industrial grade graphene nano particles obtained after drying.
The improvement factor is the ratio of resistivity value compared to the control value with no graphene additive.

Rank order| Sample Resistivity ?f the ant-rgl san’lple lg&frvveen:seult Graphene nano | Matrix of commercial
sample (Q*cm) | resistivity (Q*cm) control particle type ground enhancer
1 MP410 239.00 14,416.16 60.32 xGnP C500 CGE3
2 MP320 282.07 14,416.16 51.11 KNG-G5 CGE3
3 MP300 310.59 14,416.16 46.42 xGnP H-15 CGE3
4 MP200 325.63 14,416.16 4427 NO08-100-P-10 CGE3
5 MP400 328.68 14,416.16 43.86 xGnP M-15 CGE3
6 MP430 367.18 14,416.16 39.26 C-1 CGE3
7 MP274 1089.3 40,156.96 36.87 N008-100-N CGE 19
8 MC303 48.70 1,626.86 33.40 xGnP H-15 CGE1
9 MP210 452.53 14,416.16 31.86 NO08-100-P-40 CGE3
10 MP265 2384.27 66,030.49 27.69 NO08-100-P-40 CGE 17
11 MP330 596.59 14,416.16 24.16 AO-4 CGE3
12 MP220 651.67 14,416.16 22.12 NO08-100-N CGE3
13 MP247 131.94 2,862.32 21.69 N006-010-P CGE2
14 MP219 1231 247.69 20.12 NO08-100-P-40 CGE 12
15 MP279 4102.26 72,753.05 17.73 N006-010-P CGE20
16 MP245 164.57 2,862.32 17.39 NO08-100-P-40 CGE2
17 MP267 3928.96 66,030.49 16.81 N006-010-P CGE 17
18 MP310 1324.63 14,416.16 10.88 KNG 150 CGE3
19 MP272 3780.44 40,156.96 10.62 NO08-100-P-10 CGE 19
20 MP230 1385.78 14,416.16 10.40 N006-10-P CGE3
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The CGE 12 (bentonite) was the material with the most
significant response to dehydration inside the thermal
chamber. Most samples with a matrix of bentonite, except
sample MP 219, developed significant shrinkage, and cracked
in several parts; because of the physical discontinuities that
resulted from cracking in the material; these samples were
useless for resistivity measurements. Despite sample with CGE
9 matrix material being prepared at the same time as the rest
of the samples, it presented very high resistivity from the
beginning of the experimentation, even with very high
moisture content (almost 100% of the added water retained).
In this sample, as soon as moisture was lost the resistivity
increased yet more. After some time, several samples
exceeded the measuring range of the device (> 299.9 KQ),
these samples were prepared with matrix material: CGE 12
(bentonite; except MP219), CGE 9, CGE 10, CGE 8, CGE 7, CGE
14, CGE 16, and CGE 18. At this point of resistivity in the
samples, it is considered that these ground enhancer
materials are not a good choice, because in the field, when
water/moisture is lost, the resistivity of these materials will be
too high to be useful.

As a result of the experimentation on the commercial
ground enhancers reformulated with industrial graphene
nano particles it can be remarked that:

e The CGE 3 ground enhancer presented good
performance with all nano particles except the
AvanGRP nano particle type.

e The CGE 2 ground enhancer showed good interaction
with the N008-100-P-40 and P-N006-010 nano particle
types.

e The CGE 17 ground enhancer showed good interaction
with the N008-100-P-40 and P-N006-010 nano particle
types.

e The CGE 19 ground enhancer showed good interaction
with the N008-100-P-10 and N008-100-N nano particle
types.

Itis important to mention that although samples prepared
with matrix material CGE 12 (bentonite) and matrix CGE 20
presented improvement factors higher than 10; these samples
lost moisture and physically cracked; hence, the resistivity
values ultimately exceeded the measuring range of the
instrument (> 299.9 KQ) before the end of the evaluation
period. The samples prepared with CGE 3, CGE 17, and CGE 19
ground enhancers frequently suffered from discontinuity
between the electrode and the material during the resistivity
measurements, despite these samples being compacted,;
therefore, it is considered that these ground enhancers will be
highly resistive and unsuitable in the drought season.

3.2. Lightning impulse current tests

The lightning performance of the samples that developed
higher improvement factors is considered in this section.
Due to the different manufacturing dates of the previous
samples and to their history of ageing, new samples were
prepared with two graphene nano particle, grades KNG-150
and XGnP-H15, and two ground enhancer materials
previously identified. The analysis for the new samples was
based on their cost, improvement factors, cost of the final
formulation, and previous performance on lightning impulse
testing with these matrixes’ materials. This was done to plan
the application in the field on transmission towers of a 400
kV transmission line. The samples were identified as MC300
to MC306 (for CGE 1 matrix) and MQ300 to MQ306 (for CGE 2
matrix). All samples were prepared on the same day. The
purpose of this test was to evaluate the behavior of these
materials and possible degradation or aging because of high
current densities. Several lightning current waveforms were
discharged through these materials, and it was observed that
insamplesincorporating nano graphene particles is easier to
dissipate the impulse lightning current.

Once the first set of 5 lightning impulse current tests was
completed on a sample, it was re-hydrated using 50ml of tap
water to simulate a rainfall as mentioned Section 2.1.4;
thereafter, samples remained in the heating chamber. In this
second part of the experimentation, the samples were kept at
25°C and a relative humidity of 30% before resistivity
measurements were made; resistivity measurements were
made up to the point where the moisture was less than 5% by
weight in the samples. In the third part of the experiment, a
second set of 5 lightning impulse current tests was performed
on the samples. All samples, except those consisting of MC303
and MC306, ended up with higher resistivity values after the
lightning impulse current test than before.

The charging voltage magnitude of the impulse generator
capacitors were the same for the first and the second set of 5
lightningimpulse current tests applied to the samples MC300
to MC306 and MQ300 to MQ306. In addition, the results
indicate that samples MC303, MC306, MQ303 and MQ306
were those that developed high current values at low
charging voltages; this means that these samples are more
conductive  than other samples. The resistivity
measurements made after the first and the second set of
lightning impulse tests applied to the samples MC300 to
MC306 and MQ300 to MQ306 are shown in Fig. 5 and 6. Also,
Table 5 indicates the average lightning current magnitudes
applied to samples MQ300 to MQ306 during the lightning
impulse tests.
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Figure 5. Resistivity of the MC300 Control sample and MC301 to MC306 samples modified
with graphene nano particles.
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Figure 6. Resistivity of the MQ300Control sample and MQ301 to MQ306 samples modified
with graphene nano particles.

As can be seen in Figures 5 and 6, there is an upward trend The waveforms obtained during the lightning impulse current
in the resistivity values of all the samples in time. Therefore,a  tests for sample MQ305 in the second set is shown in Table 6. It
change in the conductive properties of the material would be ~ should be noted that this sample exploded in the last lightning
expected overtime, when subjected to an operating condition  test because a higher impulse current was developed (higher
of lightning at field. This behavior is attributed to the influence  than 3.017 kA was registered in the oscilloscope), probably

of the lightning impulse current tests performed on the  becauseahigherionization onthe sample. Due to space reasons,
samples. these waveforms are not shown for the rest of the samples.
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Table 5. Average lightning impulse current magnitudes applied to MQ300 Control and MQ301 to MQ306 samples:
first, and second set of lightning impulse tests. Note: *Sample exploded at the last lightning impulse.

Sample Set of 5 lightning impulses | Average current (kA) | Standard deviation
First set
506 238
MQ300 Second set 312 107
First set 332 235
MQ301 Second set 152 121
First set
690 388
MQ302 Second set 447 270
First set
752 335
MQ303 Second set 671 346
First set 467 379
MQ304 Second set 263 208
First set 230 187
MQ305 Second set 121 76"
First set 511 339
MQ306 Second set 372 260

Table 6. Lightning impulse current waveforms obtained during testing of the MQ305 sample in the second set of tests.

Sample Charging voltage in the impulse generator (V) | Current (kA) Waveform

0.5 0.02343

2.5 0.158

MQ305 40 073 R T

6.0 0.462 [ S e
ST o e
[ >
75 >3.017 [ S e
e e -
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The thermal image of the MQ305 sample it is shown in Fig. 7. It
is noted that an increase in the temperature of the chemical
enhancer is appreciated in the electrodes * trajectory.

$FLIR

Dist = 1.0 Trefl =200 &

Figure 7. Thermal image of MQ305 sample after lightning impulse
current test; it is note that the sample exploded during
the last impulse test.

To observe the effect of possible aging in the samples,
resistivity measurements were carried out for each sample just
before the first and second set of lightning impulse tests, and

after one week after the second set. The resistivity
measurements are presented in Table 7, and Fig. 8.

As shown in Fig. 8, lightning impulse current tests increase
resistivity. After the completion of the lightning impulse
current testing, the MC303 and MC306 samples showed
improvement factors of 33 and §; the rest of the samples from
the same batch had improvement factors lower than 2. Before
lightning impulse test the improvement, factors were 68 and
38 respectively for these samples; as can be noticed, the
testing  modified  resistivities  of  these  samples.

After lightning impulse tests, the samples lost moisture due
to the high value of the impulse current; consequently, their
resistivity is increased. On the other side, the contact
resistance between the chemical enhancer with graphene
particles are smaller than chemical enhancer without
graphene nano particles. While the distance between
chemical enhancer with graphene nano particles is shorter on
average, the conductivity is relatively higher. Obviously, the
chemical enhancer with graphene nano particles has shorter
distance, so it takes better effect on reducing grounding
resistance. That can be one of the reasons why chemical
enhancer with graphene nano particles has higher conductive
than chemical enhancer without graphene nano particles.

Considering the principle under lightning, the critical
breakdown field strength (Ec) is another important factor besides
the resistivity (Androvitsaneas et al., 2014; Hu et al., 2012).

Table 7. Resistivities of the samples MC300 Control and MC301 to MC306; and MQ300 Control and MQ301 to MQ306: before the first
and second set of lightning impulse tests, and after one week after the second set of impulse tests.

) ) Resistivity (Q*cm)
Matrix of commercial | Graphene nano -
. Sample | Beforefirstsetof5 | Before second set of 5 [One week after the second set
ground enhancer particle type i - A o . o
lightning impulses lightning impulses of 5 lightning impulses
None MC300 1580 2129 1627
Control
XGnP-H15 MC301 1439 2250 1728
CGE1 XGnP-H15 MC302 326 627 1147
XGnP-H15 MC303 61 31 49
KNG-150 MC304 1331 1628 1316
KNG-150 MC305 1440 3473 4250
None MQ300 908 1064 1448
Control
XGnP-H15 MQ301 477 8515 14177
XGnP-H15 MQ302 212 1232 10681
COE2 XGnP-H15 MQ303 48 1658 16552
KNG-150 MQ304 243 16269 13057
KNG-150 MQ305 5796 Open circuit Open circuit
KNG-150 MQ306 223 1885 34614
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Figure 8. Resistivities of the samples MC300 Control and MC301 to MC306; and MQ300 Control
and MQ301 to MQ306 just before the first and second set of lightning impulse tests,
and after one week after the second set of impulse tests; from Table 5.

It is well known that the electric field strength follows the
Eqg. 1.

Ec=p] (W)

Where:

p =is the resistivity of the chemical enhancer

J = is the current density which diffusing in the chemical
enhancer.

Under lightning condition, chemical enhancer with
graphene nano particles is ionized and this is an important
factor to the effect of reducing grounding impedance.

The Ec of the chemical enhancer with graphene nano
particles is higher than the chemical enhancer without
graphene nano particles. This is because the chemical
enhancer with graphene nano particles is dense and has
shorter distance between micro and nano particles that
conform it. Also, it is harder for the charged micro particles to
accumulate enough energy to cause ionization due to their
higher gaps (distance between particles).

It is shown, according to Fig. 6, that resistivity of the
chemical enhancers with graphene nano particles increased
after lightning impulse application and it can affect its long-
term stability.

3.3. Microscopy analysis of the modified ground
enhancer

Micrographs and EDX analysis obtained for the ground
enhancers with high improvement factors, after lightning
impulse current testing. A difference was found between the
elements that form CGE1 samples and CGE2 samples. The
micrographs were obtained for the ground enhancers, which

obtained the highest improvement factors; the micrographs
are shownin Fig. 9to 11.

Spectrum 1

Full Scale 35028 cts Cursor: 0.000 ke
(b)

Figure 9. (a) Electron microscopy of the sample
and (b) Elemental analysis obtained by EDX
of the MC300 control sample.
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Figure 10. (a) Electron microscopy of the sample and
(b) Elemental analysis obtained by EDX of the MC303
sample modified with xGnP H-15
graphene nano particles.

3.4. Elemental chemical analysis

This analysis was done in different two matrices ground
enhancer materials, CGE 1 and CGE 2, modified by two types
of graphene nano particles x-GNP H15, and KNG-150. The
analysis of chemical elements by SEM and EDAX analysis is
shown in Table 8. From the elemental analysis can be seen
that samples prepared with the commercial ground enhancer
matrix CGE 2 modified with two different graphene nano
particles (MQ303 and MQ306) were found to contain higher
concentrations of chlorine and sodium (around 40% and 45%
respectively); probably due to high levels of NaCl in the
formulation. Also, it was observed that as time passed, a white
layer formed on the top of these samples. The white layer was
analyzed as 100% carbon. This indicates a low compatibility of
graphene nano particles with the CGE 2 ground enhancer. This
agrees with observations by Hong et al. (2012), who noted that
upon exposure to aqueous NaCl solutions, graphene oxide
precipitates.

TR
< C.aun

Spectrum 1

Full Scale 31757 cts Cursor: 0.000 ke

(b)

Figure 11. (a) Electron microscopy of the sample and
(b) Elemental analysis obtained by EDX analysis of the
MC306 sample modified with KNG-150 graphene
nano particles.

Samples with CGE 1 ground enhancer modified with
graphene nano particles (MC303 and MC306) contain high levels
of carbon according to their elemental analysis, which indicates
a good compatibility of its constituents with graphene nano
particles. It can be seen clearly in Table 6, that the dominant
elements in the CGE 1 samples are carbon and oxygen, while
CGE 2 samples are formed with sodium and chlorine. This
analysis illustrates the probable cause of the corrosive nature of
the CGE 2 samples observed during the laboratory
experimentation.

According to Wu et al. (2012), graphene can form a structure
with an electron conductive network and shortest paths for
transporting ions. Also, graphene can act as a two-dimensional
conductive network for building a three-dimensional
interconnected porous conductive network to improve the
electrical conductivity and charge transport. This can be one of
the possible reasons about why graphene nano particles are
improving the conductivity of the ground enhancer material.
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Table 8. Summary of EDAX analysis of commercial ground enhancers modified/unmodified with graphene nano particles.

MC303 MC306 (modl\i/#%zov?/ith “ MQ306
MC300 |(modified with xGnP| (modified with MQ300 GNP H-15 (modified with KNG-
Element | Control [H-15 graphene nano|KNG-150 graphene Control raphene nano 150 graphene nano
(weight %) particles) nano particles) (weight %) grap il particles)
(weight %) (weight %) particles) (weight %)
& & (weight %) &

C 68.75 78.39 58.86 -

28.16 19.89 34.31 17.29 22.89 10.83
Na - 0.19 0.43 39.38 36.91 45.36
Mg 0.3 0.25 0.54 0.66 0.78
Al 0.21 0.14 0.75 1.92 1.69 0.65
Si 0.66 0.48 1.58 55 5.29 1.39
S 0.34 0.17 0.31 -

0.02 0.02 0.08 0.14 -
Ca 1.57 0.47 2.08 0.31 0.19 0.28
Fe - - 1.05 1.77
Ti - - 0.01 -
Cl - 34.65 29.37 40.12
Nd - 0.14 0.1 0.22
Mo - 0.77 1.15
Sb - 0.25

3.5. Planned field installation

Based on the obtained results in the experimentation; the
best chemical enhancer modified with graphene nano
particles will be selected for field installation.

For a field installation higher amount of graphene nano
particles are needed; so, the main problem is to get several
tens of kilograms of nano particles. The other problem is its
higher cost.

For the mixing process in the field, an industrial mixer and a
power source (electric power generator) are needed to mix
this type of materials. This is a big challenge; to mix properly
graphene nano particles with chemical enhancer and to
obtain a good dispersion; so, a proper mixer should be found.
On the other hand, it is necessary to establish the proportions
of water and material so that the resulting compound has a
colloidal consistency, to conform electrodes of 10 cm of
diameter and depths of 2 and 3 m; that is in order to
differentiate if the installation civil works of the grounding
system can be optimized.

For resistivity, soil moisture is one of the fundamental
parameters that influence the behavior of grounding
resistance, which is directly related to rainfall levels, as well as
the type and composition of the soil (porosity, compaction,
etc.), soitwill beimportantto measure ground resistivity in dry

and wet seasons of the improved chemical enhancer with
graphene nano particles.

Finally, the operators must use safety equipment consisting of
dust mask, glasses, gloves and appropriate work clothing.

4, Conclusions

The Commercial ground enhancers reformulated with
industrial grade graphene nano particles and laboratory grade
graphene nano particles resulted in increased conductivities
by factors of 60 and 187 respectively. However, not all the 19
evaluated commercial ground enhancers have a good
interaction with the graphene nano particles; the
compatibility depends strongly on the materials of which the
ground enhancer is made. The supply chain for graphene is
continually changing, and whilst the cost and quality of
graphene nano particles used in these samples (laboratory
grade) is presently higher than the industrial grades available
due to its purity, number of layers, production method, etc., it
is the core properties which are of most concern.

It was observed that nano graphene particles reduce the
increases of resistivity, which results after the application of
lightning impulse current on ground enhancers, in some cases
by an order of magnitude. This is likely to be due to improved
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dissipation of the lightning impulse current, and associated
heating due to its electrical and thermal conductivity. The
longevity of such improvements depends on the compatibility
of the constituent parts. In the cases studied here, high levels
of NaClin the formulation reduced compatibility and may also
be expected to increase levels of metallic corrosion.

The lightning impulse current testing developed and reported
here is not currently in any standard as a design tool for
ground enhancement materials. This test was found to be
critical in understanding the stability of the system. Therefore,
itis recommended that this be included in Utility standards as
a requirement for chemical enhancers, to make sure that they
do not age prematurely.

Following these laboratory results, a field installation is now
being planned to test a system based on the industrial grade
graphene nano particles combined with commercial ground
enhancers.
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