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Abstract

:

The increase in recent power failures, with negative impacts on humans and the economy, has been largely attributed to environmental effects and the aging of the power network. These have been accelerated in the last years due to two main factors: an increased load on the power network and material degradation owing to the presence of environmental pollutants. These factors together with specific weather conditions create the incipient conditions for power network degradation. In this paper, a review of the influence of environmental factors on high-voltage (HV) materials and components is provided. Sensing and artificial intelligence (AI) technologies developed to prevent the failure of the material structure and HV components are also reported.
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1. Introduction


The delivery of power from generating sites to load centers is accomplished widely by overhead power lines. To minimize line losses, power transmission over such long distances is transmitted at high voltages of orders of kV. Energized high-voltage (HV) line conductors need to be attached to a support structure and to be electrically isolated from the support structures. The system that performs the dual function of support and electrical insulation is called the insulator. The nonconductive material of insulators provides a dielectric barrier between two electrodes of different electrical potential.



High-voltage insulators are present in the transmission and distribution system, including power transmission lines (e.g., at the locations where the lines are suspended). The most common insulators are made of ceramic, glass and polymeric materials. These types of HV insulators and their typical descriptors are provided in Table 1, in which the time when the insulators were introduced into the power network is included. Glass insulators appeared in early 1865 in the USA in the telegraph network [1], which was used by Edison to run the first electric power into New York city in 1882 [2]. Early insulators used in the power network in 1880 were made also of wood [2]. Although wood performed well in dry conditions, it led to unwanted problems in wet environments due to the leakage current paths created by the water. The porcelain insulators produced in 1880 were less prone to burning to the ground when short-circuits occurred [2]. This advantage opened the path to the HV ceramic insulators industry. The development and use of polymeric insulators started during the 1960s [3], and by 1990, they had become mature products and relatively popular in power networks [3,4], with a larger adoption in current years due to their outstanding characteristics.



The diversity, size and distribution of airborne pollution particles have been described by Thompson [5]. Typical organic, inorganic and water pollution particles and their size ranges are given in Table 2. Considering nonmagnetic particles, the forces that drive particles to the surface of insulators are gravity, wind and electric forces [6].




2. Analyses and Discussions


The degradation of the dielectric materials of HV insulators followed by their failure is an ongoing problem in the power network (PN). The main cause of insulator aging, degradation and failure is electrical discharge triggered by environmental factors and power overload.



The major sources of environmental pollution include costal pollution, rain forest algae/moss, desert pollution, snow, lighting and industrial pollution. Among them, the most impactful factors are pollutants in coastal environments [7]. In these environments, temperature exposure, radiative exposure, relative humidity or moisture level, the counter-diffusion of hydroxide ions, the environmental load of salts and other adverse climate conditions play a key role in the degradation of insulating materials. The effect of various types of contamination deposition on insulator surface dry band arching [8] and flashover [9,10,11,12,13,14,15] indicated the effect of direct contamination on the performance of insulators. The effect of wind speed on the accumulation of pollution in HV insulators was also investigated [16,17]. The high wind speed and direction are especially relevant along the ocean/sea shore, where the saline accumulation rate, diffusion and penetration rate and distance from the sea are closely related factors. Pollutants mainly comprise marine-specific soluble salts (NaCl and Na2SO4) dissolved in water droplets and carried by nano/micro bubbles. They lead to the development of a continuous water film and the distribution of pollution layers on the insulator surfaces, which can cover the surface of the insulators partially or totally. When the contaminated insulator surfaces become wet, some of these particles are dissolved, causing the insulator surfaces to become conductive [18,19,20,21]. To that end, the effect of wind and distance from the seaside on the insulating surface contamination was investigated [22].



The effects of deposits of sandstorms and free carbon particles (soot) on the flashover activity of ceramic and polymeric insulators were also investigated [23]. The study indicated that the deposition rate of soot particles was highly increased when both porcelain and polymeric insulators were already polluted with sand particles, regardless of whether the sand particles were charged or not. The work also demonstrated that moisture was critical to pollutant layer build-up and increased the severity of pollution. The effect of the desert sandstorms on the reliability of the HV insulators was considered [24]. The work showed that long-time exposure of sand particles to electric fields results in charging the sand particles deposited on the surfaces of insulators, which in turn can support surface discharge. Sand particles, classified as non-soluble pollution sources, were indicated to decrease the reliability of power networks [25]. An investigation of the contamination of 1.4 mg/cm2 sand particles in desert areas on ceramic insulators with a standard creepage distance of 31 mm/kV from phase to phase was performed [26]. The results indicated that this creepage distance is insufficient to withstand desert pollution. High-speed winds carrying sand in deserts are a major source of contamination for the HV insulators. This is also due to the fact that sand storms can cause insulator material erosion [27]. The hydrophobic stability of silicone rubber, which makes it suitable for these erosive conditions, is attributed to low molecular weight silicone components. These components are able to migrate and subsequently cover the aged surface layers to restore hydrophobicity. Studies on the flashover voltage (kV) of silicone rubber/ethylene propylene diene monomer blends of outdoor insulators in a desert environment [28] indicated that, for long-term use, the electrical performance of hydrophobic composite insulators such as the silicone rubber blend (%) should be increased. Studies in desert conditions also showed that thermoplastic insulators and their dielectric response under the tested thermoelectric-cum-ultraviolet irradiation performed better than the silicone rubber insulators [29]. The data provide information regarding the stability and performance of these composite insulators and allow an informed decision on the choice of the most suitable materials.



The impact of birds’ activity is also of concern, especially in areas with a large bird population. For example, the implications of excrement from birds perching on transmission towers on the 220-kV network installed by Southern California Edison Company led to reported flashovers [30].



Lightning strikes affect the performance of HV insulators both directly and indirectly. The direct effects are related to the direct interaction with insulators, while indirect effects are caused by transient HV pulses induced in other power network components such as power lines. Studies in this direction were carried out; for example, for 10 kV polymer insulators under different conditions for impulse, weather and insulator angle with respect to a cross-arm [31]. The results showed that the weather and insulator angle (with respect to the cross-arm) have a dominant influence on the values of breakdown voltage and leakage current for both negative and positive impulses.



Industrial pollution commonly constitutes of gases and solid particles which are the products of combustion processes. When combustion products are transported by wind, suspended carbon particles (soot) may be adsorbed onto the HV insulator surface due to gravity and electrostatic forces [32,33]. The layer of the soot particles on HV insulators become conductive due to the ionized atmosphere around the insulator and can cause a distortion of the electric field distribution [34,35,36]. This distortion enhances the electric field strength to a level which is larger than the air breakdown, leading to partial discharge.



The typical pollutants that have a negative impact on HV insulator performance are summarised in Table 3.



The severity of pollution can be quantified in terms of the equivalent salt deposition density (ESDD) in mg/cm2. Table 4 presents the insulator leakage distance to avoid flashover according to the IEC 60815 standard [38].



The presence of environmental stresses such as heat, UV radiation, wind, rain, snow, salt, smoke, moss, algae, sand, dust, carbon particles, ash, avian excrements and gases results in material degradation, which then leads to a decrease in the mechanical and electrical properties of HV insulators. This ultimately facilitates the appearance of abnormal electrical stresses such as arching, corona, partial discharge, leakage current and flashovers. This process is presented in Figure 1.



For outdoor electrical insulation in the power system, there are three different types of voltage stress [39]:

	
Normal operation and temporary power-frequency over-voltages;



	
Switching surge voltages;



	
Lighting surge voltages.








During normal operation, the power-frequency voltage stress is low. Power-frequency overvoltage is caused by abnormal operation such as faults and resonances caused by weather conditions and structural aging and degradation associated with mechanical loads. The magnitude of overvoltage in high and extra-high systems is usually less than 2 V and lasts for less than 0.5 seconds. The switching surge voltages are produced by switching operations and their magnitude and duration are typically less than 3 V and hundreds of microseconds, respectively. A lightning surge voltage can be very high—larger than 1000 kV—however, it is very short in duration and is independent of the system operating voltage.



For instance, along the sea shore in relatively clean environments where the contamination level of HV insulator surfaces are below a threshold (e.g., an equivalent salt deposit density (ESDD) < 0.01 mg/cm2, the insulation level required is dictated mainly by the switching surge and lighting surge voltages. In places where insulation contamination is high—for example, ESDD > 0.01 mg/ cm2—the length of the insulator is dictated by the power frequency operating voltage under specific weather conditions. In early years, these appeared to be satisfactory; however, as time passed and insulator surfaces, especially the under-surfaces of sheds that were not exposed to the cleaning action of the rain and snow, became contaminated, flashovers occurred in certain weather conditions and the aging of insulators was accelerated, leading to catastrophic insulator failure.



A systematic study of leakage current on high-voltage polyamide insulators under different pollution conditions was reported [40]. The work showed that, in the case of clean/dry and clean/wet insulators, the leakage current increases linearly with the applied voltage. However, in the case of pollution with saline solution, there is a nonlinear relationship between the applied voltage and leakage current, evolving to the total flashover of the HV insulators, which occurs more rapidly than in the previous cases. The presence of saline solution also favors partial discharge, which precedes the flashover event, and causes traces of erosion and tracking on the surface of insulators. The flashover and aging of silicon insulators were also investigated under different pollution severity levels under dry band arcing [41]. The results show that the electric field stress occurs at the edges of the dry band and not at the electrode ends as in the case of uniform pollution layers. The study also suggested that the polymeric content in the silicone rubber surface decreases after flashover while the hydrophobic content increases.



Hierarchical segmentation analysis was used to assess the effect of the atmospheric conditions on the risk of failure of HV insulators [42]. The significant variables of the study were the leakage current, ambient temperature, relative humidity, atmospheric pressure, solar radiation, level of precipitation and wind direction and speed. A flowchart of the process for the case of a substation is presented in Figure 2. The work also used the Kruskal–Wallis test [42] to determine the significant changes in the magnitude of pollution due to climate periods. The key result of the study was that leakage current was more common for insulators during dry periods than humid ones.



To minimize the effect of environmental effects on high-voltage insulating materials [43,44], the surface of insulators was modified to ensure a long service life. Besides achieving a high stability and resistance to environmental pollutants, the insulators are required to have excellent electrical and mechanical characteristics to withstand the associated stresses present when they are installed in a power network. Improvements of ceramic insulators surfaces were proposed in [45]. Coated polymeric insulators capable of having a useful and longer life than uncoated insulators when exposed to contamination and moisture were proposed [46,47,48,49,50,51] by maintaining a low leakage level, preventing dry band arching and minimizing water absorption, hence minimizing the risk of partial discharges or flashover. Improved insulators for icing and polluted environments were also proposed.



Niemi proposed a one-part room-temperature-curable organopolysiloxane composition which is applied to the outer surface of an electrical insulator of glass or porcelain so that the electrical insulator may maintain its high insulating properties even in the presence of moisture, air pollution, ultraviolet radiation and other outdoor stresses [52]. A coating for achieving contamination-resistant insulators was also proposed [53]. Exposure to sunlight and some artificial light can have adverse effects on the useful life of polymer coatings. UV radiation can break down the chemical bonds in a polymer. Since photodegradation generally involves sunlight, thermal oxidation takes place in parallel with photooxidation. The use of antioxidants during processing is not sufficient to eliminate the formation of photoactive chromospheres. UV stabilizers have been applied widely, and the mechanism of stabilization of UV stabilizers belongs to one or more of the following: (a) absorption/screening of UV radiation, (b) deactivation (quenching) of chromophoric excited states, (c) free radical scavengers, and (d) peroxidedecomposers. Methods of applying lotus-effect materials as a superhydrophobic protective coating for external electrical insulation system applications were proposed to prevent the attachment of water droplets which contain dust or other contaminants and to enhance the coating’s UV stability [54].



Polymer insulators covered with a polydimethylsiloxane (PDMS) housing, which are replacing ceramic insulators, were investigated to assess their service life through an accelerated aging process [55]. In the study, working insulators with different ages were collected from service, and the changes in the mechanical and electrical properties and hydrophobicity of the PDMS cover against aging time were measured. The work indicated that the probable service life estimated from accelerated aging conditions under high-temperature and high-power UV radiation is substantially less than that obtained from natural aging. This conclusion is explained by complex environmental conditions where multiple factors not readily accountable for in laboratory experiments contribute in tandem to the accelerated aging.



Methods and systems to clean the surface of insulator materials have been proposed [56] and are still used today on a scheduled basis, especially in the vicinity of the sea/ocean where dirt and salt can build up on the insulator surfaces. The cleaning is required as, when exposed to the moisture from dew, frost, or light rain, the dampened contaminants can conduct current and lead to partial discharge, flashover or the electrical failure of the insulator. Most insulator designs depend on wind and rain to clean the insulator surfaces, but, when natural cleaning is insufficient, other methods are required to clean the insulators. The cleaning systems usually use robotic arms and high-pressure systems to dispense cleaning liquids to clean and apply a silicon coating to improve the surface hydrophobicity.



Self-healing HV insulators with similar weather resistance properties throughout the used material were also reported [57] which are also suitable for high-voltage electrical insulators by using a silicon rubber composition.



Systems that can attach to the top or the bottom of the HV insulators to prevent surface leakage currents, corona discharges and the corrosive and erosive effects thereby produced were also proposed [58] to extend the operation life of the insulators. The devices, which attach to the region of the junction of insulators and their end fittings, have a disk-shaped semiconductor element with rounded edges and rounded-edge surface conduction. The system prevents surface currents and corona discharges by shunting the current through the semi-conductive disk and its surface conduction layer. The round configuration of the device also avoids any high-field points which might otherwise produce corona discharge on the surface of the device.



In spite of the development of improved insulators for polluted environments in many parts of the world, insulator contamination has become an important impediment to the supply of electrical energy. The typical electrical discharges present on high-voltage insulators—partial discharge, dry band arching and corona discharge—can compromise the security of the power network. Corona discharge occurs on the surface of insulators or adjacent insulators when the intensity of the electric field exceeds the breakdown strength of the surrounding air. The products of corona discharge are electromagnetic (EM) radiation, heat, and chemical compounds such as ozone (O3), nitrogen dioxide (NO2), and nitric acid (HNO3) [59]. The combined contribution of chemical and electromagnetic stresses increases the degradation of the HV insulators.



Experimental and theoretical studies have assessed corona discharge in high-voltage systems [60,61,62]. Early investigations addressed the behavior of HV cables under low-level radiation and thermal aging conditions [63] and reported that failure of insulators can occur under prolonged electrical and thermal conditions. Life prediction tools were proposed to estimate the age profile of HV cables and insulators based on low-level radiation, flashover voltage, and surface resistance [15,63]. The majority of studies have been concerned with electrical activities only around one insulator to quantify the power losses and electric field around the insulator [64,65,66,67,68].



The field transfer from an electrical discharge along the surface of a faulty insulator to other insulators in a cross-arm structure was investigated [69]. The study showed that the intensity of the field around adjacent insulators on the cross-arm can be between 5% and 30% of the intensity in the immediate proximity of the corona discharge. The computational and experimental results indicated that the field level at different locations along the cross-arm depends on the physical size and intensity of the discharge. The electrical stress due to this field increases together with inclement environmental conditions and can contribute to the electrical aging of the insulators, ultimately leading to their breakdown.



The influence of water droplet pollution on the discharge activity of insulating materials is of relevance to the power industry. The presence of water on the surface of insulators has been shown to significantly increase partial discharge activity [70]. This can lead to the aging of insulating materials and ultimately can cause the failure of high-voltage insulators. The presence of current channels, caused by carbonization, saline crystals, or water, can support the discharge events between water droplets, which are linked to these current paths. Extensive studies have been carried out to recognize the parameters that facilitate this type of discharge activity for droplets situated on horizontal surfaces [71,72,73]. The works carried out employed diverse surface techniques in tandem with HV methods [74]. These offered a comprehensive understanding of the relationship between the surface properties, droplet contents and voltage parameters that lead to electrical discharges.



The stages that precede flashover events are diverse, but the main ones are contamination build-up, wetting of the surface, leakage current and Ohmic heating, spot discharges, and the deterioration of insulating materials. These stages can develop over an extended period of time or can occur rapidly. They are dictated by weather conditions and the level of pollution in the environment.



One of the works that investigated the dynamics of water droplets in an electric field dates back to 1917 [75]. Zeleny used alcohol drops at the end of a tube to examine how they evolve into a conical shape from which a thread emerges before it disintegrates into small droplets under the electrical stress. Zeleny showed experimentally that the disintegration of water droplets is due to the instability rather than the formation of ionic currents. His criterion for instability was V2/r0T = C, where V is the potential, r0 is the radius of the droplet, T is the surface tension and C is a constant. Pioneering theoretical studies into the disintegration of water droplets under electric fields also showed that water droplets elongate in an electric field [76]. The study found that the droplets become unstable when their length was 1.9 times their equatorial diameter. Using a point-to-plane configuration, corona discharge has been examined by studying the disruption of water drops in electric fields and the secondary electron emission associated with this [77]. As corona discharge commonly takes place between the sheds of HV insulators, the work explored the vertical nature of this event. Furthermore, the influence of hanging water droplets on the corona activity and flashover events was assessed for ceramic insulators. The studies show that water droplets hanging on the metallic electrodes reduce the flashover voltage significantly [78]. Droplets hanging on the upper electrode have the largest effect. The presence of water only on the lower electrode also contributes significantly to the breakdown voltage. A similar behavior was observed in the case of ceramic insulators. The water droplets can reduce the breakdown voltage significantly and cause partial discharge on 22 kV rated ceramic insulators. This can cause the aging of HV infrastructure, which ultimately leads to their failure.



Partial discharge (PD) in HV technology [79,80] can cause the failure of HV components such as capacitors, cables, and inlet bushings. PD, which takes place within or on the surface of HV insulators, is a persistent problem in the power industry. Internal PD is initiated in faults such as cavities within insulating materials, while external PD occurs on the surface of insulators or at the metal–insulator interface. Both kinds of PD can be described by a similar electrical discharge process. This discharge is known as Townsend electron avalanches, which can develop into streamers and micro-sparks [81,82]. Diverse electromagnetic (EM) techniques were proposed for the detection and monitoring of partial discharge activity in high-voltage infrastructure [83,84]. These methods employ EM sensors to detect the radiation emitted from PD activity and have been shown to provide valuable information on the condition of insulators. The propagation of EM radiation in isotropic media has been well explored [85]. Recent works use the finite difference time domain (FDTD) to simulate the propagation of the EM radiation emitted from PD on a distribution power line [86]. The radiation spectra along the line and in the proximity of a PD source was investigated for detection purposes. The radiation spectra of PD in dielectrics showed that the EM radiation propagates in HV insulating materials as dipoles or multipoles [87]. Different radiation patterns within distinct dielectric materials correspond to a different power density. The improvement of PD detection techniques relies on an accurate interpretation of the EM spectra emitted from discharge zones. A study of the coupling between the EM radiation generated by PD and electric or electronic systems is of real interest as novel sensing techniques use the available HV infrastructure to detect electrical faults [88]. The EM radiation emitted from PD can be characterized by its amplitude, frequency band and time of occurrence. These are determined by the rate of the ionization process and the dimensions of the cavities in which a plasma discharge (also called PD) is created [89]. The repetitive breakdown of gas within the dielectric cavities in insulators is the main source of intense EM radiation. The PD signal is characterized by the amplitude and spectral distribution of the EM signal. These characteristics, together with the rate of discharge activity, can assist in identifying the type of PD-related faults in the HV network.



It was shown in [90] that the radiation pattern emitted from a PD source from a fault-like cavity in a HV insulator is determined by the intensity of the source and the condition and geometry of the dielectric material. The diffraction pattern depends on the geometry and characteristics of insulating materials. The cross-sectional amplitude in tandem with field investigations showed that the power generated from a PD source depends on the media in which it is located. The results show that a PD fault sensor must discriminate between EM radiation emitted from different insulators to assess their remaining service life. This is required as power densities obtained from insulating materials with different dielectric constants can indicate different levels of aging. Systems and methods for detecting defects on insulators have been proposed [91], and methods for the characterization, monitoring and management of their condition [92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111] were assessed. To quantify the state of degradation of HV insulators, health indices for asset condition assessment were proposed [112].



Recently, electromagnetic sensors were employed to detect the electromagnetic radiation associated with defective insulators [84,113]. The electromagnetic sensing technique opened the path to the pre-fault detection of HV insulators using the overhead power line as the sensor [88,114]. In [115], the authors developed the proposed technology in an Internet of Things (IoT) technology that currently monitors 24/7 power networks for incipient faults that can lead to insulator failure and power network breakdown. The system is mainly intended for the early detection of faults in a low-voltage distribution network in which at least two detectors are each located on one of two power poles at either end of a section of a power distribution line. Each detector includes a GPS unit, an uninterruptable power supply, a means of communication to send data to a base station, antenna sensors with a bandwidth of 1 MHz to 3 GHz for each wire in the power line, and a processor to receive signals from each sensor and collect data relating to them to build estimation and prediction pertaining to the state of the power network.



A maintenance prioritization method, system and computer program product for HV insulators was also recently proposed [116]. The technology includes the collection of data including image data and status data for a plurality of HV components, such as power lines and bushings, building a three-dimensional image of each object, and estimating a risk factor of failure for each object by analyzing the information and the three-dimensional image of the object to compare with known characteristics of the object and a reference object description. A generic flow chart of the process is presented in Figure 3.



The process method and system proposed in [115] and [116] are intended to work in tandem to provide a comprehensive assessment of the power network.




3. Conclusions


This review covered some key environmental effects on the dynamics and life-time of ceramic and polymeric insulators. The study shows that high pollution levels are non-uniformly distributed and are correlated with, for example, industrial and marine regions. In these regions, the pollution, aging and degradation of insulator materials is accelerated compared to relatively unpolluted regions, where the degradation is more predictable over time. The rate of the environmental pollution of HV insulators depends on the weather conditions, surface roughness wettability, and insulator geometry. The mechanism of pollution of HV insulators is mainly governed by the gravity, wind forces, electrostatic forces, humidity, particle size and mass, and chemical properties of the insulators. The analyses indicate that the presence of pollutants on insulator surfaces leads to different types of electrical discharge such as corona, partial discharge and dry band arching which result in the accelerated degradation of insulators and the surrounding infrastructure and ultimately can cause flashover and blackouts. Although multiple methods were devised to improve the material surface of insulators, the surface pollution associated with aerial deposits and electromagnetic radiation cannot be totally avoided. To that end, methods to analyze, characterize, monitor and predict the state of the systems were devised. The most common technologies to carry out these tasks rely on sensors that operate in microwave, ultraviolet and visible spectra. The sensors are integrated in sensor networks or IoT systems to provide a more comprehensive picture of larger power networks. The sensing data streaming from these sensors are filtered and analyzed using statistical methods and artificial intelligence (AI) algorithms to make predictions of the health state of insulators under specific environmental and power-network-related stresses. The review also highlights the importance of taking multiple factors and technologies into account when designing the power grids of the future to alleviate some of these adverse effects.
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Figure 1. The steps that lead to faults related to the electrical stresses of HV insulators. 
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Figure 2. Method for analysing the risk of failure of HV insulators leading to substation failure [42]. 
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Figure 3. Flow chart of a maintenance prioritization method for characterizing insulators [116]. 
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Table 1. Classification of high-voltage (HV) insulators based on their material content, physical and chemical characteristics and year of implementation.
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	Insulator Based on Material Content
	Specific Characteristics
	Year of Implementation





	Glass insulators
	Good contamination performance due to self-cleaning property

High dielectric strength

Attracts condensation

Easily fractured
	1865



	Ceramic insulators
	High degree of standardization

Outstanding insulating properties

Fairly high electrical and mechanical strength

Self-cleaning property

Heavy

Easily fractured
	1880



	Composite polymeric insulators
	Fairly low degree of standardization

Good hydrophobicity

Self-healing

Prone to mould growth

Good flashover performance

Low cost

High mechanical strength to weight ratio

Lighter in weight

Flexible
	1960
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Table 2. The size range of typical pollution particles [5].
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Nature of Suspended Matter

	
Diameter (µm)






	
Inorganic

	
Smoke

	
0.001–0.3




	
Fumes

	
0.01–1.0




	
Dust

	
1.0–100.0




	
Organic

	
Bacteria

	
1.0–10.0




	
Plant spores

	
10.0–20.0




	
Pollen

	
15.0–50.0




	
Water

	
Fog

	
1.0–50.0




	
Mist

	
10.0–100.0




	
Drizzle

	
50.0–400.0




	
Rain

	
400.0–4000.0
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Table 3. The typical pollutants affecting the HV insulators and their sources [37].
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	Contaminant
	Source of Pollution





	Salt
	Coastal areas

Salt industries

Salt from snow melting



	Cement
	Cement plants

Construction sites



	Fertilisers
	Fertilizer plants

Fertilizers used in cultivated fields



	Metallic
	Mining process



	Coal
	Coal handling process

Coal burning/brick-kiln areas



	Defecation
	Roosts of birds



	Smog
	Automobile emissions at highways and crossings

Diesel engine emissions at railway yards



	Smoke
	Wild fire

Industrial burning

Agricultural burning
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Table 4. Pollution severity based on the equivalent salt deposition density (ESDD) [38].
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	ESDD (mg/cm2)
	Site Severity Based on Pollution
	Leakage Distance (inch/kVL-G)





	<0.01
	Very light
	0.87



	0.01–0.04
	Light
	1.09



	0.04–0.15
	Medium
	1.37



	0.15–0.40
	Heavy
	1.70



	>0.40
	Very heavy
	2.11
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