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Abstract

In Ecuador, a country with several active volcanoes and with four eruptions in the last decade in the continental arc,

it is very likely that high-voltage transmission lines cross volcanic hazard zones on their routes. Here, we quantify the
impact of fresh volcanic ash from the hydromagmatic Cotopaxi-2015 and the magmatic Tungurahua-2016 eruptions
on the dielectric characteristics of ANSI 52-3 suspension insulators made of porcelain and glass, under moist condi-
tions. The experiments include two methodologies to measure the performance of the insulators in real-time: the
minimum insulator flashover voltage (FOVmin) and the dielectric loss factor angle. Both allow quantifying i) the critical
voltage that the insulators can withstand prior to flashover occurrence and, ii) the strong fluctuating behavior that
the insulators undergo in an ashy environment. Based on six contamination scenarios, we found that there is a higher
chance of flashover if the insulators are completely blanketed (top and bottom) even with a fine ash layer (1 mm),
than if they are covered just at the top. Our results further show that the ash of Cotopaxi-2015 eruption has a higher
chance of leading to insulator failure because of its higher conductivity (i.e. higher leachate content) than that of Tun-
gurahua-2016. Additionally, we identify two critical voltages prior to electrical flashover on the insulators of 28.25 kV
and 17.01 kV for the 230 kV and 138 kV Ecuadorian transmission lines, respectively. Finally, we present a simple impact
evaluation for the main Ecuadorian transmission lines based on the outcomes of this research and the official volcanic
hazard maps for Cotopaxi and Tungurahua volcanoes.
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Introduction volcanoes (Ramon et al. 2021). Several main electric
High-voltage electric transmission lines cross long transmission lines of the country traverse the most
distances from power generation plants to reach final probable ash fallout hazard zones of Cotopaxi and Tun-
users in cities. On their routes these transmission gurahua volcanoes, respectively (Fig. 1). These are two
lines sometimes cross volcanic hazard zones, as is the  highly studied volcanoes that have both been active in
case in Ecuador, a country with three ongoing erup- the last two decades (Bernard et al. 2016a; Le Pennec
tions (IGEPN 2022, 2021, 2020) in addition to 33 active et al. 2012; Mothes et al. 2015). Previous research has
shown that ash pollution can have a negative impact
on the electrical insulation quality of high-voltage elec-
tric transmission lines (Wardman et al. 2014; Ward-
man et al. 2012; Wilson et al. 2012). Therefore, eruptive
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Fig. 1 alsopach map showing the hazard zones that are most prone to be affected by volcanic ash fallout (mm) in case of a Cotopaxi-1877
eruptive scenario, based on its hazard map (Mothes et al,, 2016a, 2016b) and in case of a Tungurahua-2006 eruption scenario, based on its hazard
map (Samaniego et al. 2008 and Eychenne and Le Pennec, 2012). Red lines show the high-voltage electric transmission lines, green stars indicate
the sampling location of the ash used in this study and black polygons are the main urban zones. Inset shows the location of Ecuador in South
America, b Ash venting from Cotopaxi in September 2015. ¢ Ash emission from Tungurahua in March 2016

activity in Ecuador could hinder the continuity of the Insulators are structural elements of electric transmis-
power supply and produce blackouts in several cities of  sion lines that are used to connect conductors to poles
the country, including Quito (Fig. 1a), the capital city  or transmission towers (Fig. 2a). Because power trans-
with more than 2.7 million inhabitants (INEC 2020). mission occurs at high voltages (i.e.>1 kV), insulators

are required to be made of a low conductive material to
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Fig. 2 a Overhead electric transmission line as seen from the ground. Its main structural parts are conductors, insulator strings and the transmission
tower. Note the person for scale. b ANSI 52-3 string unit insulator schema with its main parts and bottom view picture of a porcelain insulator. This
insulator is one of the most used ones in Ecuadorian electric transmission lines

clasp the conductors to the supporting structure with-
out allowing an electric current flow (Kuffel et al. 2000).
According to IEC (1993), insulators are divided into four
types based on their application: pin insulators, line post
insulators, string unit insulators and insulators for over-
head electric traction lines. In our study, we focused
on ANSI C52-3 string unit insulators because they are
the ones used in most Ecuadorian electric transmission

lines. These types of insulators are made of glass or por-
celain (Fig. 2b) and they are assembled forming a string
of insulators of adequate length to withstand the required
electrical voltage in the transmission line (IEC 1993). For
Ecuador the string has between 14 to 20 insulators for a
transmission line of 230 kV and between 10 and 14 insu-
lators for a transmission line of 138 kV. However, these
numbers can vary based on the altitude at which the line
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is located. The distribution of the equipotential lines in
a string of insulators depends on various factors, such
as: the shape of the structure that supports them, the
distance from the structure to the string, the number of
insulators, and the effect of the corona ring parameters
on the insulator (Ashouri et al. 2010). These strings can
be aligned vertically and/or horizontally depending on
the conductors’ mechanical layout (Fig. 2a). As a rule, an
electrical insulation failure is considered when an insu-
lator allows the flow of an electric current between the
conductors and the poles or transmission towers (Kuf-
fel et al. 2000). Depending on the severity of the failure,
the insulators can fracture to different degrees up to total
breakage and drop the conductors to the ground. Moreo-
ver, conduction of currents through the insulator’s sur-
face in the form of electric arcs (flashover) can ignite fires
and destroy the surrounding equipment. Finally, the cur-
rent flow through the supporting structures, considered
a short circuit, produces blackouts and cuts in the power
supply.

According to Wardman et al. (2012), fresh volcanic ash
is a natural pollutant composed of non-soluble and solu-
ble particles. Volcanic ash is not an electrical conductor
when dry, but under moist conditions conductive com-
pounds (ions) leach from the ash. Some of these leachates
can originate from the ash itself (e.g. from hydrother-
mally altered grains), as is the case of magnesium (Mg>"),
sodium (Na'), calcium (Ca?*") and potassium (KT), whilst
others (e.g. CI~, F~, SO,*") precipitate from the volcanic
gas-phase during interaction with ash particles during
an eruption (Delmelle et al. 2007; Delmelle et al. 2000).
Volcanic gases and tephra are expelled together from the
vent into the atmosphere and travel tens to hundreds of
kilometers downwind in the eruptive plume (Witham
et al. 2005). The condensation of magmatic gases, such
as HCIl, HF and H,SO,, on ash surfaces promotes an
adsorption processes of volatile elements, in particular
of chloride (CI7) and fluoride (F™) (Delmelle et al. 2007;
Taylor and Stoiber 1973). In addition, volatilization of
hydrothermal systems or crater lakes may increase the
leached material that ashes can adsorb, such as sulfide
(S*7), sulfate (SO,27) and others because of their higher
availability (Witham et al. 2005). Importantly, when these
ions precipitate on insulators, they can affect their dielec-
tric characteristics (Wardman et al. 2014; Wardman et al.
2012; Wilson et al. 2014).

Furthermore, eruption style, magnitude and magma
chemistry will influence the amount and composition
of the leachate (Giggenbach 1996; Witham et al. 2005).
The eruptive style will control the ratio of gas and solid
particles in the eruptive plume, particle size and trans-
port time, which all determine gas-particle interac-
tions and hence the degree of volatile adsorption by the
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ash particles (Armienta et al. 2002; Delmelle et al. 2007;
Delmelle et al. 2005). For instance, the finer the ash par-
ticles and the more irregular their surface, the greater
their volatile adsorption capacity due to their higher sur-
face-to-volume ratio (Armienta et al. 2002; Rubin et al.
1994). Moreover, moist atmospheric conditions promote
adsorption processes and increase the adherence of the
ash to the exposed electrical insulator areas (Wilson
et al. 2014). Importantly, fine ash particles of recent vol-
canic fallout deposits can be resuspended under dry and
windy conditions (Folch et al. 2014; Forte et al. 2018), and
increase insulator exposure to ash contamination even
after the eruption has ended.

Investigations carried out by Wilson et al. (2014) about
the effect of leachable elements of pseudo-ash on electric
insulators showed that, under moist conditions, residual
contamination could result in: i) a decrease in the insu-
lation quality, ii) excessive leakage current, iii) constant
flaring that causes deterioration of the insulator, and
iv) discharges on the insulator surface. Driven by those
observations, the purpose of the present manuscript is to
take advantage of the two most recent and well-studied
eruptions of Cotopaxi and Tungurahua volcanoes and
to go beyond the volcanological analysis to quantify the
effects of two different types of fresh volcanic ash (hydro-
magmatic and magmatic, respectively) on electrical insu-
lation properties under moist conditions. The effects
were measured in real-time on the dielectric quality of
the ANSI 52-3 suspension insulators made of porcelain
and glass, which are the most commonly installed ones
on the 230 kV and 138 kV transmission lines in Ecuador.

Cotopaxi and Tungurahua recent eruptive history
This section presents the broad context of the eruptive
histories of Cotopaxi and Tungurahua volcanoes and a
detailed description of their most recent eruptive peri-
ods, which took place in 2015 and from 1999 to 2016,
respectively. This information is based on several pub-
lished papers, theses and technical reports provided
by the Instituto Geofisico of the Escuela Politécnica
Nacional (IG-EPN), which is the official entity in charge
of monitoring volcanic and seismic activity in Ecuador.
Cotopaxi (78.43°W, 0.68°S, 5897 m asl) is an active vol-
cano, located 50 km south of Quito (Fig. 1a). It has an
extensive glacier cap that covers ~11 km? (Céceres 2016).
During historical times, it had five main eruptive cycles
and at least 13 paroxysmal eruptions (Barberi et al. 1995;
Pistolesi et al. 2011). The eruptions triggered devastat-
ing primary lahars due to sudden glacier melting dur-
ing pyroclastic flow emplacement (Mothes et al. 2004;
Sierra et al. 2019). Additionally, the eruptions blanketed
large areas with volcanic material, which is one of the
most long-term hazards related to this volcano (Biass
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and Bonadonna 2013). The most recent major eruption
of Cotopaxi took place in 1877 AD (Sodiro 1877; Wolf
1878). This eruption has been considered by the IG-EPN
as the most probable worst-case scenario for the elabo-
ration of the volcanic hazard maps of Cotopaxi (Fig. 1a;
Mothes et al. 2016b, 2016a). After 73 years of quies-
cence, from August to November 2015, Cotopaxi had a
minor eruptive period (Hidalgo et al. 2018). This period
was characterized by a highly explosive vent-opening
phase, which expelled up to 8 km high eruptive plumes.
Afterwards, the eruptive period evolved to phases of
continuous ash venting (Bernard et al. 2016a, Fig. 1b).
During this period, ash fallout was the main volcanic
hazard, affecting cities as far as 260 km away from the
vent, mainly those located towards the west of the vol-
cano (Bernard et al. 2016a). Recent investigations have
demonstrated that the rising magma of Cotopaxi 2015
came into contact with the underground hydrothermal
system producing hydromagmatic explosions during
its first stages (Calahorrano-Di Patre et al. 2019; Gaunt
et al. 2016). Based on the data presented in Gaunt et al.
(2016), hydrothermally altered material on average made
up 18% of the tephra components ejected by Cotopaxi
between 15 August and 23 November 2015 at 6 km from
the vent (Fig. 3a), and, at the same sampling location, 44%
of the fall deposits corresponded to fine ash (<63 um, F2,
Fig. 3b).

Tungurahua (78.44°W, 1.46°S, 5016 m asl), located
140 km south of Quito (Fig. 1a), is one of the most active
volcanoes in Ecuador. Its historical eruptive periods
have lasted on average 12 years and have been separated
by quiescence periods of about one century (Hall et al.
1999). This andesitic volcano has had notable erup-
tive activity since 700 yBP, producing regional ash and
scoria fallout and major pyroclastic currents (Le Pen-
nec et al. 2008). Tungurahua’s last eruptive period lasted
from October 1999 (Le Pennec et al. 2012) until March
2016 (IGEPN 2018). This period was characterized by
various eruptive phases separated by weeks to months
of quiescence (Hidalgo et al. 2015). The most common
volcanic phenomenon was the emissions of ash plumes,
which reached various kilometers above the crater level
(Arellano et al. 2008; Eychenne and Le Pennec 2012;
Hidalgo et al. 2015; Mothes et al. 2015), mainly affecting
the areas located to the west of the volcano, which cor-
responds to the prevailing wind direction (Parra et al.
2016). In addition, occasional major eruptions generated
pyroclastic currents that traveled as far as the volcanic
ring plane, about 7-8 km from the crater (Bernard et al.
2016b; Gaunt et al. 2019; Hall et al. 2015). Local rainfall
often remobilized the recently deposited loose mate-
rial, triggering secondary lahars (Jones et al. 2015). In
August 2006, a paroxysmal eruption occurred (Andujar
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et al. 2017; Bernard et al. 2016b; Samaniego et al. 2011),
claiming the life of six people. Currently, this eruption
considered as one of three most probable worst-case
scenarios in the volcanic hazard map in case of future
activity (Samaniego et al. 2008). Throughout the entire
period, most of the eruptions were categorized as mag-
matic based on their high juvenile component content
(Battaglia et al. 2019; Bustillos A. et al. 2017; Eychenne
and Le Pennec 2012). Tungurahua’s eruptive styles var-
ied between Strombolian and sub-Plinian and from
continuous to episodic (Hidalgo et al. 2015). Its last erup-
tive phase occurred in February—March 2016 (Fig. 1c).
Based on geophysical and geological data, Gheri (2019)
suggested that this eruption began as sub-Plinian and
evolved to Vulcanian. His data also revealed that juvenile
material (pumice and coarsely vesicular and blocky sco-
ria) represented the main component (77% on average,
Fig. 3a) of the ash expelled between 26 February and 10
March 2016 at one sampling location at 6 km from the
vent. In addition, Gheri (2019) found a high percentage
(3-30%) of oxidized lithic clasts. Finally, Gheri (2019)
found that the fall deposits of the final eruptive phase
of Tungurahua comprised 30% of fine ash on average
(<63 um, F2, Fig. 3b).

Summarizing, as presented in Gaunt et al. (2016) and
Gheri (2019), the ash emitted by the 2015 eruption of
Cotopaxi contains a larger percentage of hydrothermally
altered material (18%) than that of Tungurahua in 2016
(0%). In addition, Cotopaxi’s ash is finer at the same dis-
tance from the vent (6 km) and under the same prevail-
ing wind direction as at Tungurahua (Fig. 3b). These two
parameters play a key role in determining the amount of
leachates in the ash that can affect the quality of electrical
insulators.

Methods

This section describes our ash sampling, the analysis of
leachable elements and the methodology used to test
the impact of the ash from Cotopaxi-2015 and Tungura-
hua-2016 eruptions on the ANSI 52-3 suspension insula-
tors in real-time under moist conditions.

Ash sampling and leachable element analysis

We sampled 15 kg of ash from each of the aforemen-
tioned eruptions from a flat and dry surface (Fig. 1a,
green stars). In the case of Cotopaxi the sample was
taken from a concrete soccer field in early 2016 after the
eruption had ended, while Tungurahua’s ash was sampled
daily from a roof during the March 2016 eruptive phase.
Because of the short elapsed time between the erup-
tions and sampling, we assumed that most of the sam-
ple contamination came from the same reworked and
resuspended ash. In a next step, the samples were dried
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at room temperature (20 °C) for 48 h. We used 5g,25 g
and 50 g of the dry ash to dilute in 500 ml of deionized
water to identify the main leachable elements contained
within and adsorbed onto the ash particles based on the
protocol proposed by Stewart et al. (2013). All possible
chemical proportions were quantified at the CICAM lab-
oratory from the Escuela Politécnica Nacional (EPN) fol-
lowing the standard method for the examination of water
and wastewater described in APHA (2017). The chemi-
cal proportions of calcium, chloride and magnesium
were calculated by using titration based on the 3500-Ca

B, 4500-Cl B and 3500-Mg B standard methods, respec-
tively. For potassium and sulfate, we applied spectropho-
tometry by using the 3500-K and 4500-SO,*~ E methods
(APHA 2017).

Experimental set-up

The impact of volcanic ash on the dielectric properties of
ANSI 52-3 suspension insulators made of glass and por-
celain was measured inside an artificial pollution cham-
ber. The chamber is a cube of 2.4 m side length installed
in the High Voltage laboratory at the EPN. Insulator
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quality was tested under ash pollution and moist condi-
tions created by an air compressor that sprayed 3 mm/h
of water according to the requirements of IEC (2013).
The experimental procedure to measure the quality of
the electrical insulation in real-time involved two meth-
ods widely applied in the industry: i) a testing procedure
to identify the Minimum Insulator Flashover Voltage
(FOVmin) based on ANSI/NEMA (2018) following the
specifications of IEC (2013), and ii) a system to moni-
tor the conditions of the insulator (dielectric loss factor
angle).

The testing system was powered with a high voltage
transformer of 100 kV/220 V, 5 kVA and 60 Hz, which is
appropriate for testing the insulator given that the ANSI
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52-3 can withstand 95 kV under normal conditions (i.e.
no particle contamination or moisture, 1 atm and 20 °C)
(ANSI/NEMA 2018). A kilovoltmeter (KVM) and a
capacitive divider HIPOTRONICS represented by C1
and C2 in Fig. 4 were also used to measure the voltage
applied to the insulator both with the KVM instrument
and with the computer by means of an Analogue Digital
Converter (ADC) and LabVIEW.

Minimum insulator flashover Voltage (FOVmin)

During each test, the failure voltage of the insulator con-
tinuously decreases as the leachates in the pollutant are
dissolved due to the moisture. These leachates make
the insulator become more and more conductive until a
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Fig. 4 a Phasor diagram of a dielectric material. Ir is the current due to losses on the insulator and Ic represents the capacitive current. b Phasor
diagram of the current components of both branches. ¢ Circuit implemented for current measurement. Rx and Cx are unknown parameters, while

Cs=99.7 pF,R1=265250and R2=25Q
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flashover occurs (Lambeth 1988). Therefore, the FOVmin
is defined as the minimum voltage needed to disrupt an
insulator and cause failure due to leachates that dissolve
under moist conditions (IEC 2013; Lambeth 1988). Once
the maximum leachate dissolution is reached, they begin
to drip and wash off the insulator and it is left with a
lower amount of conductive salts. Consequently, the volt-
age starts to increase again, forming a U-shaped curve,
which allows for the minimum insulator flashover voltage
to be obtained (IEC 2013). Therefore, this method allows
obtaining the minimum value of power frequency volt-
age that would produce a discharge in an insulator con-
taminated with a layer of pollutant that has leachates in a
humid environment.

Dielectric loss factor angle

The angle § between the real (L.Rs) and the reactive (I/o.
Cs) component of an electric current is the dielectric loss
factor angle (Fig. 4a), which forms when alternating cur-
rent (AC) voltages flow through an insulator (Kuffel et al.
2000; Wadhwa 2007). Generally, when the dielectric loss
factor angle is small i.e. close to the reactive component,
there is a much better insulation quality than when it is
near to the real component (Fig. 4a). In this study, we
quantify the dielectric loss factor angle by subtracting
the angle of the current passing through the insulator (Ix)
and a reference current (Is) (Kornhuber et al. 2009), as
shown in Fig. 4b. The reference current (Is) is obtained by
a standard capacitor for which dielectric loss is negligible
(~0A). Therefore, the dielectric loss angle () is measured
directly from Ix. The diagram of the circuit used to meas-
ure these angles is depicted in Fig. 4c, where the tested
insulator is represented by a resistor (Rx) and a capaci-
tor (Cx) mounted in series (Wadhwa 2007). The capaci-
tance (Cs) represents the standard capacitor used as
reference, while R1 and R2 are two power resistors from
which voltage signals are measured. These signals enter
the data acquisition card DAQ NI USB-6008 of National
Instruments as analog signals and are then converted to
digital using the DAQ Assistant application and the Lab-
VIEW Electrical Power tool. This information allows to
measure the current phasors that pass through R1 and R2
and which correspond to the insulator and the standard
capacitor, respectively. The current phasor is a vector,
where RMS (root mean square) is a scalar that depicts
the AC voltages measured, and 8 corresponds to the die-
lectric loss factor angle. R1 and R2 values must be smaller
than the impedances of the standard capacitor (Cs) and
the insulator (Rx) to avoid changes in the current (Ix).
However, they should be high enough to produce a volt-
age in the order of millivolts to be read by the data acqui-
sition system. Based on these two criteria, we estimated
the R1 and R2 values by trial-and-error experimental
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tests to complete the circuit (Fig. 4c). Finally, we meas-
ured Ix and Is, which then are converted to phasor to
estimate 6 and thus measure the conditions of the insula-
tor in real-time.

Ash-contamination scenarios

Based on the findings of Wardman et al. (2014), we con-
sidered six of their nine pseudo-ash contamination sce-
narios, in which flashover occurs under moist conditions.
In our study, each scenario was applied to the ANSI 52-3
insulators (porcelain and glass) with fresh volcanic ash
from Cotopaxi-2015 and Tungurahua-2016 eruptions.
The contamination scenarios varied based on ash-thick-
ness (millimeters) on the top and/or bottom of the insu-
lator surfaces (Table 1). In total, 15 kg of volcanic ash of
each eruption were used: The first 6 kg were utilized to
calibrate the experimental procedure, while the remain-
ing 9 kg were employed for the testing itself. For instance,
in the highest contamination scenario (6, Table 1), around
0.5 kg of ash were used per insulator type and repetition.
Three repetitions were performed on both, glass and por-
celain insulators, in order to verify reliability, adding up
to 3 kg of ash. The remaining 6 kg were used in the other
5 scenarios.

Testing procedure

The impact of the volcanic ash from Cotopaxi-2015 and
Tungurahua-2016 eruptions on the porcelain and glass
ANSI 52-3 insulators was quantified by the two meth-
ods previously described. Both the FOV(min) and the
dielectric loss factor angle were measured in real-time to
evaluate the conditions of the insulators during each ash-
contamination scenario in a moist environment.

Table 1 Volcanic ash contamination scenarios under moist
conditions based on Wardman et al. (2014) and applied to both
ANSI 52-3 insulator types (porcelain and glass) with ash from
Cotopaxi-2015 and Tungurahua-2016 eruptions. Top and bottom
refer to ash cover thickness on the bottom and top of the
insulators

Ash-scenario Top (mm) Bottom
(mm)
1 1 0
2 3 0
3 6 0
4 1 1
5 3 1
6 6 1
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The electrical tests were carried out according to the
following procedure, adapted from Wardman et al. (2014)
after Lambeth (1988).

1) A clean insulator is blanketed with a uniform layer
of ash on its bottom and/or top according to the sce-
nario being investigated (Table 1). Contamination
was performed by dusting until a uniform ash-coat-
ing was reached (Fig. 5a).

2) The contaminated insulator is installed for testing in
the fog chamber.

3) The insulator is energized under dry conditions, and
the voltage gradually increased, making sure that no
discharges occur until the insulator acquires thermal
equilibrium. As the insulator goes into equilibrium,
the voltage keeps rising until it reaches about 70% of

Fig. 5 a Fresh volcanic ash blanketing the insulator surface (bottom
and top), b Flashover during the test under ash contamination and
moist conditions in the fog chamber, ¢ residual ash on the glass ANSI
52-3 insulator after testing
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its specified wet failure voltage, which was previously
calculated for the atmospheric conditions at the labo-
ratory, in accordance with the IEEE (2013).

4) Light rain of 3 mm/h is applied for five minutes until
a discharge (flashover), or peak current occurs. If
these conditions are not reached within that time,
the voltage is increased every minute in steps of 10%,
until a flashover or peak current occurs (Fig. 5b).

5) Once a flashover happens, the insulator is re-ener-
gized to 80% of the previous fault voltage as soon as
possible (less than one minute). Then, the voltage is
increased every two minutes in steps of 5% until a
new failure occurs, or a peak current value appears.

6) The previous step is repeated until the minimum
flashover voltage (FOVmin) is obtained. This value is
identified because, after having reached the highest
point of conductivity (i.e. lowest voltage) and dissolu-
tion of leachates from the volcanic ash, the fault volt-
age starts to increase again.

7) In addition, throughout the entire testing the dielec-
tric loss factor angle is measured.

8) The insulator is removed from the fog chamber. The
residual ash stuck to the insulator surfaces (Fig. 5c)
is cleaned using deionized water (500 ml). Both, ash
and water are then collected and labeled in a clean
container to then measure their electrical conduc-
tivity by using a conductometer ORION 5Star and
to finally determine their non-soluble deposit den-
sity (NSDD) and equivalent soluble deposit density
(ESDD) levels based on (IEC 2008; Kuffel et al. 2000).
The procedure for the extraction of the contaminant
is based on IEC (2008).

9) This sequence is repeated three times for each sce-
nario, insulator material and volcanic ash type.

Degree of contamination on the insulator

Volcanic ash is considered a solid type A contaminant
(Wardman et al. 2014; Wardman et al. 2012). Type A
comprises an active (conductive particles) and an inert
portion (non-conductive material). Therefore, the degree
of contamination is determined by the ratio between
the equivalent amount of material containing leachates
(ESDD) and the equivalent amount of insoluble material
(NSDD) in mg.cm™2 (IEC 2008). These values represent
the amount of conductive and non-conductive material
per square centimeter on the insulator surface. The norm
to quantify the ESDD/NSDD is described in detail in IEC
(2008). The degree of contamination obtained for each
testing scenario is determined based on the ESDD, which
depends on i) the amount of leachates in the volcanic ash
and ii) the moist conditions during the ash fallout deposi-
tion, which dissolve these leachates.
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Results

Main leached elements from the volcanic ash samples

The chemical analysis showed that the Cotopaxi-2015
ash leachate has significantly more calcium, potassium,
and sulfate, than that of Tungurahua-2016 (Fig. 6a &
6b). In contrast, the amount of magnesium and chlo-
ride is similar in both samples over various ash/water
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concentrations (Fig. 6a & 6b). Importantly, the Cl/SO,
ratio depicted in Fig. 6¢ is much lower for Cotopaxi-2015
(<1) than for Tungurahua-2016 (> 1).

Minimum insulator flashover voltage (FOVmin)
Each test lasted from 15 to 60 min depending on the
ash-contamination scenario. Duration depended on the
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Fig. 6 Concentration (mg/kg) of various ions in volcanic ash from Cotopaxi-2015 and Tungurahua-2016 eruptions in gram per 500 ml of deionized
water a calcium (Ca2 +), potassium (K+) and magnesium (Mg2 +) leached from the minerals inside the ash particles, b chloride (Cl-) and sulfate
(SO42-) leached from adsorbed volatiles onto ash particles during gas-particle interaction and/or volatilization of a hydrothermal system, ¢ Cl/SO4
ratio. Note that figures a and b are in logarithmic scale
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proportion of available leachates to be dissolved (i.e. con-
tamination scenarios in Table 1) until the FOVmin was
reached. In Fig. 7 we display the last ~20 min of each
analysis of the three tests performed on the porcelain
and glass insulators contaminated with fresh volcanic ash
from Cotopaxi-2015 and Tungurahua-2016 eruptions.
Overall, the plots recorded voltage reduction over time
until the minimum flashover voltage occurred (asterisks
in Fig. 7), after which voltage started to increase again.
FOVmin, which depended on the amount of leachates,
was obtained after various repetitions. Interestingly, in
scenarios 4, 5 and 6 flashover voltages were lower than
in scenarios 1, 2 and 3 (note the vertical scale in Fig. 7).
Additionally, in both, porcelain and glass insulators,
Cotopaxi-2015 ash reached lower FOVmin voltages than
that of Tungurahua-2016.

Table 2 summarizes the minimum flashover voltages
for each ash-contamination scenario. In general, the

measured voltages were lower than the tolerance values
specified by the insulator manufacturer for moist condi-
tions without particle contamination. In accordance with
ANSI/NEMA (2018), this specified value is 36 kV once it
is corrected to the atmospheric conditions in the labora-
tory based on IEEE (2013).

In contamination scenarios 1, 2 and, 3 (contamina-
tion only on the top of the insulator), the lowest critical
flashover voltage for the porcelain insulator was 26.0 kV
for Cotopaxi-2015 and 28.6 kV for Tungurahua-2016
ash (Table 2, Fig. 7), while for the glass insulator criti-
cal voltages were 28.5 kV and 30.1 kV, respectively
(Table 2, Fig. 7). Therefore, we found that the porce-
lain insulator is more prone to fail than the glass one in
these scenarios. In contamination scenarios 4, 5 and 6
(top + bottom), the most critical flashover voltages for
the porcelain insulator were 10.0 kV for Cotopaxi-2015
and 13.2 kV for Tungurahua-2016 ashes, and for the
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Table 2 Minimum flashover voltages (FOVmin) according to each contamination scenario for Cotopaxi-2015 and Tungurahua-2016

ashes in kV

COTOPAXI-2015

Scenario Porcelain Insulator
Test 1 Test 2 Test 3 Average
1 29.2 31.6 31.0 30.6
2 29.2 292 288 29.1
3 263 26.0 26.2 26.2
4 12.2 120 12.1 121
5 1.2 1.1 11.0 1.1
6 103 10.0 10.1 10.1
TUNGURAHUA-2016
Scenario Porcelain Insulator
Test 1 Test 2 Test 3 Average
1 324 318 32.2 32.1
2 295 29.2 294 294
3 28.7 286 28.7 287
4 19.5 19.5 194 19.5
5 16.3 16.2 16.3 16.3
6 133 132 133 133

Glass Insulator

Std Test 1 Test 2 Test 3 Average Std
1.02 314 314 315 314 0.05
0.19 310 315 313 313 0.21
0.13 29.0 28.5 28.7 28.7 0.21
0.08 126 125 129 12.7 0.17
0.08 9.2 9.0 9.1 9.1 0.08
013 9.3 9.2 9.2 9.2 0.05
Glass Insulator
Std Test 1 Test 2 Test 3 Average Std
0.25 357 353 32.7 346 133
0.13 319 312 308 313 046
0.05 306 30.1 310 30.6 037
0.05 18.8 18.7 18.9 188 0.08
0.05 1.7 1.7 115 116 0.09
0.05 1.2 11.0 113 1.2 0.13

Note that these values are lower than 36 kV, which is the specified tolerance value for the insulators under moist conditions. Std standard deviation

glass insulator 9.0 kV and 11.0 kV, respectively (Table 2,
Fig. 7). Hence, in contrast to the previous scenarios, the
glass insulator is more prone to fail than the porcelain
one. Additionally, the Cotopaxi-2015 ash significantly
reduced the minimum flashover voltage (FOVmin) in
all the investigated scenarios and in both, porcelain and
glass insulators, indicating a significant negative impact
on the insulation properties (Table 2, Fig. 7).

Overall, when volcanic ash was deposited also on the
bottom of the insulator (scenarios 4—6), the FOVmin
was significantly reduced (Fig. 7). For instance, in the
case of the porcelain insulator the FOVmin is 1.7 and
2.6 times lower than in scenarios 1-3 (only top), for the
ash of Tungurahua-2016 and Cotopaxi-2015, respec-
tively. Similarly, for the glass insulator it is 1.8 and 3.4
times lower. Consequently, if volcanic ash covers the
entire surface of the insulator, even with a fine layer
of 1 mm, it could drastically reduce the flashover volt-
age to less than 20 kV (Table 2), which is ~16 kV lower
than the specified tolerance value. Nonetheless, if the
ash is deposited only on the top, which makes up 33%
of the total surface of the insulator, there is a better
resistance.

The standard deviation (Std) of the FOVmin for each
type of insulator and scenario only in few cases exceeds
1% and the maximum is 3.85% (Table 2). These results
indicate that although the flashover can be triggered by
many factors, under lab conditions the error between
tests is very small. Thus, the average of the FOVmin is

a good approach that could be expected under no-lab
conditions.

Dielectric loss factor angle

Without particle contamination and under dry con-
ditions, the dielectric loss factor angle 6 is 13° for the
porcelain insulator and 15° for the glass one. Despite
the voltage variations that the insulator is withstand-
ing, the dielectric loss factor angle remains almost con-
stant over time. On the other hand, when the insulator
is exposed to different levels of ash contamination in
a moist environment, the leachates dissolve and cre-
ate a conductive channel on its surface. This affects the
dielectric loss factor angle (8), which begins to increase
and fluctuate strongly over time. Extreme values of
approximately +180° are observed throughout the test-
ing and, overall, oscillations are stronger in scenarios 4 to
6 (Fig. 8). These oscillations and the increase of the loss
factor angle indicate that there is an external material
affecting the insulation properties. Consequently, partial
discharges occur and current peaks are detected (Fig. 8).
The current varies strongly at the first applications of
voltage (>1 mA) because the ions start to leach from the
ash on the insulator surface (Fig. 8). Current peaks are
the observable flashovers, after which the current sta-
bilizes for various seconds at 2 mA. The maximum cur-
rent peak reached 15 mA (Fig. 8). Moreover, we observed
that the voltage drastically drops after a flashover occurs
(Fig. 8). Even though Fig. 8 allows understanding how
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failure processes occur under contamination scenarios,
it is difficult to identify a current indicator or threshold
to forecast a flashover by using the dielectric loss factor
angle.

Conductivity and degree of contamination on the insulator
(ESDD vs. NSDD)

After each test the residual ash on the insulator was col-
lected and diluted in 500 ml of deionized water to meas-
ure its conductivity in Siemens per meter (S/m). As
shown in Table 3, overall, the conductivity rises directly
proportional to the increase in the amount of ash. Spe-
cifically, as the ash layer thickness increases on the top
of the insulators from scenarios 1 to 3, so does the con-
ductivity. In scenarios 4 to 6, where ash also blankets the
bottom of the insulators, the conductivity of the residual
ash is accordingly higher. In addition, a slightly higher
conductivity is measured on the glass insulators in com-
parison to the porcelain ones in all six scenarios. Finally,
by comparing both ash types per scenario and insulator
model, we observe that the ash from Cotopaxi-2015 is,
on average, 2.2 and 2.3 times more conductive than that
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of Tungurahua-2016 for porcelain and glass insulators,
respectively (Table 3).

In a next step, the obtained conductivity was used
to calculate ESDD values. Table 4 shows the results
of ESDD and NSDD levels in mg/cm? for the ash from
Cotopaxi-2015 and Tungurahua-2016 after finishing each
testing procedure. Overall, Cotopaxi’s ash has a higher
ESDD than Tungurahua, which indicates that it carried
a larger amount of leachable elements. Additionally,
ESDD and NSDD do not depend on the insulator type
(porcelain or glass) (Fig. 9). The ESDD/NSDD ratio over
100 mg.cm ™2 based on the results shown in Table 4 dis-
plays linear trends for both ash types (Fig. 9). Cotopaxi’s
ash has an ESDD/NSDD ratio of 0.11%, while Tungura-
hua’s is 0.04%, with the higher value indicating higher lea-
chate content (Fig. 6) and, therefore, a higher potential to
conduct electricity.

Discussion

Evaluation of the insulation quality based on the tested
electrical parameters

The loss factor angle fluctuated strongly as the con-
ductive leachates dissolved (Fig. 8). These values by

Table 3 Conductivity of the ash collected from the insulators after testing. The ash was diluted in deionized water and the

conductivity was corrected for 20 °C

Scenarios COTOPAXI-2015 conductivity (S/m) TUNGURAHUA-2016 conductivity (S/m) Comparison Cotopaxi /
Tungurahua
Porcelain Glass Porcelain Glass Porcelain Glass

1 0.0126 0.0156 0.0047 0.0059 2.7 26
2 0.0376 0.0531 0.0154 0.0204 24 26
3 0.0753 0.1047 0.0299 0.0441 25 24
4 0.0407 0.0547 0.0230 0.0339 1.8 1.6
5 0.0631 0.0922 0.0349 0.0428 1.8 22
6 0.1173 0.1389 0.0524 0.0635 22 23
Average 2.2 23

Table 4 ESDD and NSDD values in mg/cm.? of the volcanic ash from Cotopaxi-2015 and Tungurahua-2016 left on the porcelain and

glass insulators after each testing procedure

Scenario COTOPAXI-2015 TUNGURAHUA-2016

Porcelain Insulator Glass Insulator Porcelain Insulator Glass Insulator

ESDD NSDD ESDD NSDD ESDD NSDD ESDD NSDD
1 0.0762 116.86 0.0843 126.94 0.0278 83.64 0.0311 120.12
2 0.2341 266.78 0.2978 314.88 0.0932 25423 0.1114 307.24
3 04793 48128 0.5998 600.51 0.1853 526.92 0.2458 71951
4 0.1493 101.56 0.1857 110.56 0.0736 149.31 0.1052 207.51
5 0.2760 221.24 0.4055 278.69 0.1415 293.94 0.1840 407.86
6 0.5991 42467 0.6947 631.79 0.2430 536.26 0.2954 692.56
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themselves did not provide any anticipatory signal of
short-term electrical failure when a constant step-volt-
age was applied. In scenarios 1 and 2 (contamination on
the top), & reached between 20° and 40° without neither
extreme oscillations nor total failure of the insulator
under voltages below ~20 kV. In contrast, in scenario
6 (top & bottom), & reached values larger than 100°, but
also did not produce total failure under 9 kV (Fig. 8).
The increase in the dielectric loss factor angle and its
extreme oscillatory nature indicates that the insulator is
in a polluted environment and prone to fail because its
insulation properties are decreasing. However, under
this fluctuating behavior, the critical failure point did
not only depend on the dielectric quality, but also on
the applied voltage. For instance, in scenario 6, a higher
chance of insulator failure only existed when voltages
above 9 kV were applied (Fig. 8).

In contrast, to identify the critical point of failure of
the insulator, the FOVmin proved to be more suitable
than the loss factor method. As shown in Table 2, the
minimum voltages that produced a discharge on the
insulators (FOVmin) dropped as low as 9 kV under
high contamination scenarios. This decrease in voltage
that can be withstood from the expected 36 kV under
moist conditions to a quarter of this value represents
a much higher chance of insulator failure and, thus,
probable damage to the entire insulator string and the
transmission line. Importantly, while the FOVmin does
not serve to anticipate insulator failure in real-time as
it cannot be measured at the transmission lines, the
critical voltage values presented in Table 2 serve as a

parameter to estimate the possibility of insulator failure
during real ash fallout scenarios in Ecuador.

Implications for the Ecuadorian high voltage transmission
lines

In this section we analyze whether the contamination
scenarios scrutinized in this study are present in Ecua-
dor’s transmission lines and determine whether the
voltages that the insulators are subjected to are higher
than the obtained minimum voltages (FOVmin). To do
that, we assumed i) a vertical position for the insula-
tors (no wind influence) and, ii) no parameters from
the corona ring. For the transmission line of 230 kV the
voltage distribution across the insulator string shows
that the highest voltage stress is withstood by the two
insulator ends, in particular by the first insulator con-
nected to the conductor (Ashouri et al. 2010). The volt-
age that the first insulator has to withstand decreases
as the number of insulators in the string inreases (Ash-
ouri et al. 2010). Under these conditions, we estimated
that the most critical voltage that have to be withstood
by the first insulator of a 230 kV line with 14 insulators
is 28.25 kV or 21.27%. In the same way, we estimated
a critical voltage of 17.01 kV (19.64%) that has to be
withstood by the first insulator in a line of 138 kV with
10 insulators. Therefore, those ash contamination sce-
narios that have shown to produce flashover under the
critical voltage values of 28.25 kV and 17.01 kV would
cause a failure in the insulators string. These two criti-
cal voltage values are plotted in Fig. 10, in addition
to the average FOVmin as a function of ESDD for the
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Fig. 10 Minimum flashover voltages withstood by the porcelain and glass insulators for both ashes according to each contamination scenario

various contamination scenarios. The data points fall
into two clusters based on their scenarios: those in
which volcanic ash is deposited only at the top of the
insulators (scenario, 1, 2 and 3) produce flashover at
voltages between 27 and 35 kV, while those in which
volcanic ash blankets the entire insulator (scenarios 4,
5 and 6) do so already from 9 to 20 kV (Fig. 10). In all
cases, a higher amount of ash contamination implies
a higher percentage of conductive leachates (ESDD),
which in the end leads to a lower FOVmin (Fig. 10).
Therefore, the average FOVmin decreases as ESDD

increases (Fig. 10), forming a non-linear inverse func-
tion (Hussain et al. 2017; Wardman et al. 2014).

For the main Ecuadorian transmission lines, we found
that, in the case of the 230 kV line, scenarios 3 (Coto-
paxi & Porcelain), 4, 5 and 6 (Cotopaxi-Tungurahua &
Porcelain-Glass) would always cause electrical failure
(Fig. 10). In addition, scenarios 2 (Cotopaxi & Porcelain),
3 (Cotopaxi & Glass) and 2—-3 (Tungurahua & Porcelain)
are very close to the critical value and are prone to fail
(Fig. 10). For the 138 kV transmission line, in scenarios
4 to 6 electrical failure would occur for Cotopaxi, while

Table 5 Potential transmission lines that would be affected by Cotopaxi and Tungurahua ash and their levels of ash contamination
according to the official hazard maps (see Fig. 1), as well as the resulting potential flashover scenarios

COTOPAXIVOLCANO

Hazard Zone Transmission line Voltage (kV)
Distal Santo Domingo — Santa Rosa 230
Santo Domingo - Esmeraldas 230
Santo Domingo — Quevedo 230
Quevedo - San Gregorio 230
Quevedo - Pascuales 230
Quevedo - Portoviejo 138
Quevedo - Chone 138
Santo Domingo - Esmeraldas 138
Proximal Totoras — Santa Rosa 230
Vicentina — Mulalé - Pucara 138
TUNGURAHUA VOLCANO
Distal Totoras — Ambato 138
Intermediate Totoras — Banos — Puyo 138
Proximal Totoras — Riobamba - Molino 230

Possible ash thick- Contamination Potential
ness (mm) scenarios flashover
scenarios
1-10 1-6 3,4,5&6
1-10 1-6 3,4,5&6
1-10 1-6 3,4,5&6
1-10 1-6 3,4,5&6
1-10 1-6 3,4,5&6
1-10 1-6 4,5&6
1-10 1-6 4,5&6
1-10 1-6 4,586
>100 1-6 3,4,58&6
>100 1-6 4,586
3-5 1-6 5&6
5-8 1-6 5&6
>8 1-6 3,4,58&6




Ramirez et al. Journal of Applied Volcanology (2022) 11:7

for Tungurahua it would only occur in scenarios 5 and 6
(Fig. 10). For contamination scenarios 1 to 3 (contami-
nation at the top of the insulator), no electrical failure is
expected (Fig. 10). Due to the complex processes occur-
ring at the insulators during ash pollution in a moist
environment, we propose a simple impact evaluation
for the most exposed transmission lines (Table 5). The
evaluation is based on the eruptive scenarios presented in
Fig. 1a and the results from Fig. 10. We took into account
the transmission lines which cross the ash fallout hazard
zone of Cotopaxi and Tungurahua volcanoes. The impact
evaluation considers the voltage distribution at the insu-
lator strings and ash-thickness data from official hazard
maps published by the IG-EPN. Here we assume a simi-
lar ash leachate content in future ash fallout than that of
2015 for Cotopaxi and 2016 for Tungurahua.

Analysis of the case studies, implications for monitoring
future eruptions and possible preventive strategies
Overall, our study finds that the more insulator surface
area is covered in ash and the thicker the ash layer, the
higher are the chances of insulator failure. Moreover,
our findings indicate a visible difference in the negative
impact on the dielectric properties of insulators between
the fresh volcanic ash of Cotopaxi-2015 and Tungu-
rahua-2016 eruptions. In the case of Cotopaxi-2015,
the FOVmin occurs at lower values than for Tungura-
hua-2016 because of its higher leachate content, which
leads to a higher conductivity and higher ESDD/NSDD
ratio and a lower Cl/SO, ratio (Figs. 6 & 7, Tables 2, 3
& 4). The higher leachate content and the lower Cl/SO,
ratio in Cotopaxi-2015 ash could have resulted from: i)
the hydromagmatic nature of the eruption, i.e. interaction
of the magma body with a hydrothermal system (Cala-
horrano-Di Patre et al. 2019; Gaunt et al. 2016), and/or ii)
significant gas-particle interaction during the eruption,
in which a total of 470 kt of SO, were emitted from 14
August to 30 November 2015 with an average of 4352 t/
day (Hidalgo et al. 2018). In contrast, during the Tungu-
rahua-2016 eruption a total of 12 kt of SO, were expelled
in 14 days, with an average of 840 t/day (IGEPN 2017).
Moreover, the higher fine ash content in Cotopaxi-2015
ash (44%) than in that of Tungurahua-2016 (30%) further
increases the amount of leachable elements that can be
incorporated (Armienta et al. 2002; Rubin et al. 1994).
Our results highlight the importance of monitoring
ash fallout in near real-time. Some parameters such as:
componentry, grain size and ash thickness, conductiv-
ity, and SO, masses and/or daily flux, and, if possible, the
amount of leachates are crucial to predict the impact of
the volcanic ash on the dielectric characteristics of sus-
pension insulators at electric transmission lines. Rapid
testing must be carried out to determine some of these
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parameters to better understand the nature and size
of a given eruption and its potential impact on electri-
cal infrastructure. In particular, the close relationship
between conductivity and ESDD (i.e. leachate content)
shows a potential to become a rapid test to find out if
fresh volcanic ash has sufficient leachates to produce
flashover on the electric insulators. Moreover, the height
of eruptive plumes (i.e. erupted ash volume) can serve
as input parameter for numerical simulations to rapidly
estimate possible ash deposition areas and thicknesses,
and to identify possible affected transmission lines and
contamination scenarios and, thus, anticipate flashover
occurrence. Other parameters related to the weather
conditions that should be monitored are wind direction
and speed during and after the eruption, as well as mois-
ture levels. Finally, a proper bi-directional communica-
tion between the institutions in charge of power supply
and monitoring volcanoes based on a well-organized
early warning system could prevent the negative impact
of future eruptions on the power supply.

Currently, CELEC-EP, the governmental institution in
charge of the power supply in Ecuador, considers several
pollutants, such as sea-spray and industrial smoke, when
deciding on high voltage transmission line layout. How-
ever, volcanic ash contamination is not yet taken into
account. Based on our results, some mitigation strate-
gies can be explored for preventing flashover occurrence
due to volcanic ash pollution on the most exposed high
voltage transmission lines. For instance, for transmission
lines which traverse volcanic hazard zones, hydrophobic
insulators could be installed, and/or a higher number of
insulators could be added to the existing strings. Based
on our results, ideally no insulator should have to with-
stand more than 9 kV on the string, if flashover is to be
avoided in any volcanic ash contamination scenario.
Future work should focus on determining the number of
insulators needed to reduce the voltage from 28.25 kV or
17.01 kV to 9 kV for both, the 230 and 138 kV transmis-
sion lines and the associated costs and benefits. Finally,
in the short-term, during an eruption, electrical failure
could be prevented by cleaning insulators regularly with
pressurized water.

Limitations

One of the main limitations of this study is related to ash
sampling, which was done at only one location for each
of the two scrutinized eruptions. For Cotopaxi-2015
the ash was sampled 3 km away from the high voltage
transmission line Santa Rosa — Mulal6, while for Tungu-
rahua-2016 it was sampled at 9 km to the Bafnos — Toto-
ras transmission line (Fig. 1a). No further samples were
taken, since the aim of this study was solely to compare
if ashes from two different eruptions (i.e. hydromagmatic
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and magmatic) had different impact levels on the dielec-
tric characteristics of suspension insulators. Therefore,
future analysis focused on a single eruption should per-
form detailed sampling along possibly exposed trans-
mission lines to assess spatial changes in relevant ash
properties such as fine-ash content, conductivity and lea-
chate content and study the effect these spatial variations
have on the insulation properties.

A second important limitation regards the characteris-
tics of the insulators used in the laboratory environment.
The insulators used were clean and in good conditions,
which does not necessarily have to be the case for the
insulators already installed and working in the trans-
mission lines. For instance, the age and material dete-
rioration of the insulators, as well as previous surface
contamination by pollutants such as urban dust, sea-
spray and industrial smoke, could change the effects of
volcanic ash on the dielectric properties of the insulators.
Thus, the impact of real ash fallout on the transmission
lines could differ from the results presented here.

Lastly, our study was conducted under normal power
frequency voltage conditions, which means that for a
230 kV transmission line, we expected the insulator
string to be subjected to that exact voltage. However,
in functioning transmission lines, external energy dis-
charges, such as lightning, can cause for 1000 s of kV to
pass through the transmission line for a few milliseconds.
Under no-contamination and good insulator quality, such
short-lived high discharges are withstood. Based on our
results, however, volcanic ash contamination significantly
lowers the dielectric characteristics of insulators, suggest-
ing that insulators under contaminated conditions might
no longer support discharges of this type. This hypothesis
should be further explored in future work using lightning
impulse overvoltages.

Conclusion

+ The FOVmin allows to determine the critical power
frequency voltage levels at which a flashover occurs
at an insulator under volcanic ash contamination and
moist conditions, allowing to assess insulator failure
probability for exposed transmission lines.

+ The dielectric loss factor angle does not provide any
precursory signal to anticipate flashover occurrence,
but its strongly oscillating behavior can indicate if an
insulator is under a polluted environment.

+ The higher the surface area of the insulator covered
in ash and the thicker the ash layer is, the worse is the
insulation quality and the lower is the critical voltage
needed for a flashover.

+ The leachate content is higher in Cotopaxi-2015
hydromagmatic ash than in the magmatic ash of Tun-

Page 18 of 21

gurahua-2016. Consequently, the conductivity of the
former is more than doubles the latter, and its nega-
tive impact on the dielectric quality of the ANSI52-3
suspension insulators is higher.

In the contamination scenarios in which volcanic ash
covers the top insulator surface only, no electric fail-
ure is expected in the 138 kV transmission line. On
the other hand, in the 230 kV line, those scenarios
with 3 and 6 mm of ash blanketing the top of the
insulator have a low chance of flashover under moist
conditions. This is especially true for porcelain insu-
lators, regardless of ash type, and for Cotopaxi-2015
ash on the glass insulator.

In those ash contamination scenarios in which the
top and bottom of the insulators are blanketed with
ash, there is a higher chance that a flashover is pro-
duced in both, the 230 kV and 138 kV transmission
lines. Only in the case of a 138 kV transmission line
of which the insulators (porcelain or glass) are cov-
ered on both sides with a 1 mm thick layer of Tungu-
rahua-2016 ash, flashover occurrence is less likely.

In addition to volcanic ash contamination and mois-
ture, we found that voltage plays a very important
role during failure occurrence. If the insulator is
subjected to ash contamination under moist condi-
tions with low voltage values, it generally does not
fail. On the other hand, if the voltage is continuously
increased it is very likely that the insulator will fail
under the same polluted conditions.

Our results show that the minimum critical voltage
leading to insulator flashover under highly contami-
nated conditions lies at 9 kV. Consequently, a possi-
ble preventive measure could be to increase the num-
ber of insulators in transmission line strings, so that
no insulator has to withstand a higher voltage than
that.

Ecuador is a country with various active volcanoes,
of which most can produce volcanic ash plumes
that can affect electrical transmission lines in wide
areas. Therefore, near real-time monitoring of vol-
canic eruptions, including ash thickness, grain size
distribution and ash conductivity, in addition to a
well-developed bi-directional communication system
between the institutions in charge of the power sup-
ply and monitoring volcanoes could prevent black-
outs during eruptions.

In case of sudden eruptive events with large eruptive
plumes, numerical simulations of volcanic ash fallout
could be performed to provide information about
the likely ash fall thickness on the transmission lines.
This information could be used to plan insulator
string cleaning in a timely manner before a flashover
can occur.
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Abbreviations

NSDD: Non-soluble deposit density; ESDD: Equivalent soluble deposit density;
Mg?*: Magnesium; Na*: Sodium; Ca**: Calcium; K*: Potassium; CI~: Chlorine;
F~: Fluor; S Sulfur; ***2—: sulphates; kV: Kilovolts; IG-EPN: Instituto Geofisico
of Escuela Politécnica Nacional; AD: Anno Domini; BP: Before the Present; GSD:
Grain Size Distribution; F1: Coarse ash (<1 mm); F2: Fine ash (<63 um); Md:
Median of GSD; D16: Percentile at 16 in GSD; D84: Percentile at 84 in GSD; EPN:
Escuela Politécnica Nacional; FOVmin: Minimim Insulator Flashover Voltage;
atm: Atmospheric pressure; KVM: Kilovoltmeter; C1 & C2: Capacitor; ADC:
Analogue Digital Converter; |Rs: Real component of an electric current; I/w.Cs:
Reactive component of an electric current; AC: Alternating current; Ix: Current
passing through the insulator; Is: Reference current; A: Ampere; mA: Milliam-
pere; Rx: Insulator resistor; Cx: Insulator capacitor; Cs: Reference capacitor; R1 &
R2: Power resistors; DAQ NI USB-6008: Data acquisition card; RMS: Root mean
square; Std: Standard deviation; RFO: Rapid Flasover Procedure; S: Siemens; m:
Meter; t: Tons; kt: Kilotons; SO,: Sulfur dioxide; CELEC-EP: Governmental institu-
tion in charge of power supply in Ecuador.
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