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Abstract

:

The reliability and efficiency of power grids directly contribute to the economic well-being and quality of life of citizens in any country. This reliability depends, among other things, on the power lines that are exposed to different kinds of factors such as lightning, pollution, ice storm, wind, etc. In particular, ice and snow are serious threats in various areas of the world. Under certain conditions, outdoor equipment and hardware may experience various problems: cracking, fatigue, wear, flashover, etc. In actual fact, a variety of countermeasures has been proposed over the past decades and a certain number have been applied by utilities in various countries. This contribution presents the status and current trends of different techniques against atmospheric icing of power lines. A snapshot look at some significant development on this topic over the last four decades is addressed. Engineering problems in utilizing these techniques, their applications, and perspectives are also foreseen. The latest up-to-date review papers on the applications and challenges in terms of PhD thesis, journal articles, conference proceedings, technical reports, and web materials are reported.
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1. Introduction


To reach the consumption areas, electricity often travels large distances through power transmission lines due to the remote location of most power plants, crossing different climatic environments. These transmission lines are often exposed to various stresses influencing their operation, causing in some cases different outages. Power grid infrastructures in many countries around the world are consequently impacted by ice and snow accretions. Some countries in the arctic region, such as Canada, the United States, Russia, Iceland, and Scandinavian countries, have been exposed to these problems since the deployment of electricity networks [1,2,3]. Additionally, power lines crossing mountainous areas are prone to ice and snow, for example, in China or Italy [4,5]. Furthermore, climate change leads to more and extreme weather events in various countries [3]. As the impact of ice and snow accretions is more intense for temperatures close to the freezing point, the occurrence of critical situations may not be limited to the known cold regions of our planet.



Associated to the ever-growing world’s population and faster industry development, many power grid projects have been commissioned or are underway around the world. The impact of snow or ice events consequently gained importance. Extreme reliability is therefore demanded for electricity distribution. When failures occur, they inevitably lead to high repair costs, long downtime, and potential risks to human safety. Therefore, a variety of countermeasures against atmospheric icing of power lines were proposed in the past to avoid or at least to minimize power outages during such ice or snow events. Pohlman et al. [1] in 1982 firstly reviewed the various anti-icing and de-icing methods known at that moment. Since then, various other reviews and technical reports have been published [2,6,7,8,9,10,11]. In the framework of the present contribution, the evolution of the proposed countermeasures over the past four decades was analyzed by comparing these reviews. In the second part of the article, a few study cases focusing on the selection of methods for field applications or further investigations were examined based on the publications [4,5,12,13,14,15,16].



It may be noted that it is not the intention of this article to provide detailed information on each individual anti-icing and de-icing method. This information can readily be found in the various publications cited in the article.



For the general understanding of the importance and possible impact of snow and icing events, some information on two examples of important cases of ice storms are provided. Furthermore, some general information on the distinction of anti-icing and de-icing methods as well as on the general impacts of snow and ice on power lines are included.



1.1. Two Examples of Extreme Ice Storm Events


Similar to any meteorological event, snow and ice storms do not occur on a regular basis. However, some areas of the world may experience these events more or less recurrently. Rarely, extreme icing events occur with disastrous impacts on a larger region. Two of such catastrophic events may be recalled here:




	
In the first week of January 1998, up to 110 mm of ice accumulated in some parts of eastern Canada (southern Quebec including the city of Montreal, some eastern parts of Ontario). About 1500 high voltage line towers and 17,000 distribution poles had to be replaced. Approximately, 3 million people had lost electricity at the peak of the ice storm, and it took one month to reconnect the last customers [17]. Figure 1 and Figure 2 illustrate the damage on the transmission and distribution networks during this event.



	
At the end of January 2008, heavy wet snow and freezing ice precipitations were experienced for several days in parts of southern and central China. Over 100 of the 500 kV power lines and about 340 of the 220 kV power lines were interrupted [4]. Several millions of people were affected, and it took two to three weeks in some areas to completely restore the electrical power supply.









1.2. Anti-Icing and De-Icing


The literature uses commonly the two terms: “anti-icing” and “de-icing”. The first term, “anti-icing”, is used for the approach where it is intended to prevent any accumulation of snow or ice on the power lines. The second term “de-icing” identifies the approach where existing ice or snow accumulations are to be removed [2,8]. Some methods are efficient for one or the other approach. For example, icephobic coatings are a measure against ice buildup [8], whereas mechanical methods such as manual scraping or roller wheels are used to remove the ice or snow that was already accumulated [2]. Other methods such as heating of the conductor may be applied for both approaches [5,9]. More details on the distinction between anti-icing and de-icing methods can be found in the appendix B of [6] and in reference [11].




1.3. Consequences of Ice and Snow Accumulations on Power Lines


The impacts of ice or snow accumulations on power lines are already well documented by different authors, e.g., [1,8,11]. It should be mentioned here that the impacts for power lines are mainly of a mechanical nature. The increase in the static load is important due to the additional weight of ice or snow accumulations (for example, ref [15] mentions up to 100 kg/m) and it may push the supporting structures to their limits. Furthermore, dynamic forces may become problematic, either due to galloping of conductors or ground wires or during the shedding of the additional weight. If two adjacent spans of a standard tower shed their ice load at different moments, the tower may be subjected to lateral forces beyond its designed limit.



Electrical failure may also occur in some cases [11]. Conductors of different phases may get close or in contact due to unequal accumulation or dynamic wind forces. Induced corona discharges may increase power losses or electromagnetic interferences. Finally, ice-covered insulators may experience flashover, especially if the line is subject to pollution or salt deposit (natural from the sea or artificial near highways) [11]. A review of the present stage of knowledge of outdoor insulator flashover is presented in [3].





2. Comparison Approach


Various anti-icing and de-icing methods have been developed in different countries and important research efforts have been deployed for several decades [9]. This article presents a comparative analysis of the different countermeasures that have been proposed to protect the power line infrastructure based on the following two approaches:



First, a comparative study was carried by analyzing a certain number of publications and technical reports that reviewed the proposed countermeasures over the past four decades. This comparison was carried out with the following objectives:




	
To provide a concise overview of various proposed countermeasures;



	
To analyze the evolution of countermeasures in the past decades;



	
To examine if a catastrophic event (such as the big ice storm in Eastern Canada in January 1998) had an impact on the development of countermeasures.








The following comprehensive references were considered for this part of the study. The selection includes publications before and after the 1998 Eastern Canada ice storm:




	
Reference [1] published in 1982 is considered by several authors as the first known review focusing on anti-icing and de-icing methods for overhead power lines.



	
Reference [2] summarizes a technical report that was prepared for Hydro-Québec before the 1998 ice storm in eastern Canada.



	
References [6] is a detailed technical report that was published in 2002, about four years after the 1998 ice storm in eastern Canada.



	
References [7,8] were published, respectively, in 2005 and 2008 by the same team of authors. They described and classified various anti-icing and de-icing methods as a result of the intense research activities during the years after the 1998 ice storm in Eastern Canada.



	
Reference [9] was written by an international expert committee in the framework of a CIGRE working group in 2010. It can be seen as a milestone for the documentation of the anti-icing and de-icing methods reporting in detail the knowledge at the moment of publication.



	
Reference [10] is a master thesis published in 2018 on the topic of this study, thus some years after the preceding analyzed documents.



	
Reference [11] is a recent publication that provides technical content to the power industry. It offers a comprehensive overview of the present knowledge of various anti-icing and de-icing technologies. Besides the countermeasures for power lines, it also covers the possible impacts and countermeasures for insulators.








The results of this comparative analysis are presented in Section 3.



Second, the application and integration of countermeasures into field operations are reported by reviewing various references in order to identify those, which found real life applications. The actions of Hydro Québec after the 1998 Eastern Canada ice storm could be analyzed using various publicly available publications (e.g., annual reports). Other studies with recommendations for future applications were analyzed for China, Italy, and Norway.



The following references were considered for this part of the study:




	
References [12,13,14] present the methods that were selected by Hydro-Québec for further analyses after the Eastern Canada ice storm in 1998. The references include a ranking of the selected methods according to various criteria, including cost, complexity, implementation delay and reliability. This evaluation was carried out in order to help Hydro-Québec deciding which methods should be implemented into the field operations.



	
Reference [5] includes a concise overview of various methods and it reports details of the method that was selected for future applications in parts of the Italian power grid.



	
Reference [15] includes a selection of methods that are considered applicable for the specific situation in Norway. It presents a ranking for some selected methods addressing recommendations for future applications in the Norwegian power grid.



	
References [4,16] report overviews and research efforts in China after the 2008 ice storm. Each publication provides a recommendation on the method that should be investigated for further research and optimization.








The results for this second part are presented in Section 4.




3. Comparison of the Various Countermeasures Proposed over the Last Four Decades against Power Line Icing


3.1. Classification of Various Countermeasures


In order to compare various countermeasures that were proposed over the past four decades, different anti-icing and de-icing methods are compiled in Table 1. Each analyzed publication is represented by a column. The two catastrophic ice storms (1998 in Eastern Canada and 2008 in southern and central China) were also included as time reference.



Different approaches may be used to classify the anti-icing and de-icing technologies [7,9]. This study started by adopting four groups that were presented in reference [9]: passive methods, active coatings and devices, mechanical methods, and thermal methods. During compilation, a separate group was formed for line design considerations as previously done in references [6,11]. The group of passive methods was split into two separate groups for passive devices and passive coatings as their effects on the ice-and snow accumulations are different. A seventh group for miscellaneous methods was added in order to list some proposed countermeasures that did not seem to fit in the other groups (as previously done by reference [2]).



A brief description for each group of countermeasures is given next. The reader is encouraged to read references [1,2,6,7,8,9,10,11] for detailed information on each individual anti-icing and de-icing method.



3.1.1. Line Design Considerations


These considerations can be applied for new line constructions or the reconstruction of heavily damaged lines in order to prevent either ice or snow accumulations (by avoiding critical regions or by putting the lines underground) or to strengthen the withstand capability of the lines (stronger towers or increase in distance between phases). The choice of the conductor or bundle may have different effects; it can either influence the amount of accumulation, the speed of ice shedding, or the torsional strength of power lines.




3.1.2. Passive Devices


These devices do not prevent or reduce the amount of ice or snow that may accumulate on power lines, but reduce the negative impacts of these accumulations. For example, counterweights will lead to non-cylindrical ice deposits that will shed faster. Interphase spacers will maintain the distance between phase conductors even if they are not loaded with the same amount of ice or snow. Due to these kinds of indirect effects, problems such as phase-to-phase short-circuits or tower collapse can be avoided.




3.1.3. Passive Coatings


Coatings are applied to the conductor to avoid or at least limit ice or snow accumulations. Passive coatings do not require any external energy, but modify the surface properties of the conductors with the aim of weakening the adhesion forces of water droplets, ice or snow on the conductor surface.




3.1.4. Active Coatings


Active coatings use external energy to prevent or limit the accumulation of ice or snow on the conductor surface. Various principles are proposed to prevent or reduce any accumulation, such as heating due to the increase in losses, addition of heating tracers or the reduction in ice adhesion forces through ice electrolysis.




3.1.5. Mechanical Methods


Mechanical methods use different principles to break off the accumulated ice or snow. The forces required to break the ice may be applied by linemen with isolated poles or tools pulled by ropes or also from helicopters. Other methods consider apparatus that are installed on the lines temporarily or on a permanent basis. For bundled conductors, the force to break the ice may be generated by a temporary short circuit.




3.1.6. Thermal Methods


Thermal methods use different principles to heat conductors and ground wires in order to avoid any accumulation of ice or snow or to melt off existing accumulations. Different energy sources may be used; for example, the energy of the power network itself through load shifting, external current sources such as DC injection or high frequency injection or other external heat sources.




3.1.7. Miscellaneous Methods


This last group covers methods that were reported in some reviews and that did not seem to fit in any of the six preceding groups [2]. Some methods are still at a conceptual stage and their feasibility was not yet validated. Other methods were mentioned, but their applicability to power lines does not seem to be efficient [2]. The method 7.8 for asymmetrical operation of a three-phase power line was not included in any of the analyzed review publications, but was mentioned during the public hearing process for the authorization of the construction of the Levis de-icer project by Hydro-Québec [18]. It was therefore included in the last group of this study.





3.2. Comparative Analysis over the Last Four Decades


Figure 3 shows the chronology of the analysed review papers in relation to the two catastrophic icing events. It can be recognized that the number of proposed anti-icing and de-icing methods increased significantly between the 1980s and 1990s, but there is no remarkable increase in the number of countermeasures during the last three decades. A large variety of methods for anti-icing and de-icing was already proposed in the 1990s, before the two catastrophic icing events in 1998 and 2008. However, the compilation in Table 1 does not show the degree of advancement of the individual methods at the moment of publication. For example, icephobic coatings were already mentioned as a potential countermeasure by Laforte et al. in 1996 [2]. At that time, the stage of advancement for this passive method was indicated as “in development”. Intensive research efforts have led to important advancements in the field of icephobic coatings and surface treatments, as witnessed by recent CIGRE working group activities [19,20]. However, additional efforts in research and development are still required in order to come up with effective and durable solutions for practical applications [20].



The compilation in Table 1 allows two more observations. The analyzed documents before the 1998 Eastern Canada ice storm [1,2] did not include any countermeasure in the field of line design (group 1 in Table 1). Perhaps these methods were initially not considered as countermeasures, because no additional equipment is required. Nevertheless, it can be noted that the knowledge on the positive effects of line design considerations has increased with the experiences gained from various icing events over the past few decades. As shown in the second part of the study (see Section 4.2), several line design measures have been implemented after the 1998 ice storm in Eastern Canada. Reference [11] indicates that these approaches present the best prevention technique for new constructions, but should be seen as complementary to the other countermeasures in order to obtain an optimized protection of power lines against icing events.



The second observation shows that in more recent articles, the miscellaneous methods (group 7 in Table 1) that were proposed in the two documents of 1996 and 2002 [2,6] were no longer included. One might understand that the applicability of these more theoretical approaches has not been demonstrated and that research institutions and electric utilities focused their efforts on the development of already known countermeasures that showed greater potential for practical applications in the field.





4. Selection of Countermeasures for the Integration into Field Operations or for Further Investigations


Four example cases were reviewed for the selection or recommendation of counter measures for field application. The results are compiled in Table 2. The first column is similar to the one of Table 1 and lists the countermeasures that were proposed over the past four decades. The other columns present the various methods that were considered in the four example cases. The bold and capital letters indicate the methods that were selected or recommended for field applications or further investigations.



4.1. Technology Integration within Hydro-Québec after the 1998 Eastern Canada Ice Storm


References [12,13,14] show the analysis performed by Hydro-Québec after the 1998 ice storm in Eastern Canada. Eleven countermeasures were considered and a detailed evaluation of each method using several criteria was carried out. This analysis allowed assigning a score to each method and establishing a ranking. The numbers in the second column of Table 2 represent the results of this ranking. The two methods with the highest scores were:




	
The highest score was obtained for the thermal method by load shifting (method 6.1.1). However, this method can only be applied to a certain number of power lines with voltage levels varying from 49 kV to 315 kV, but it is not suitable for the 735 kV network of Hydro-Québec [14].



	
The second score was obtained for the thermal method by DC current injection (method 6.2.3). The decision was made to install a large DC source at a centrally located substation that could inject DC current into the high voltage power lines and ground wires. A technology was chosen that could also be used as a static var compensator (SVC) throughout the year, which would help making the project economically viable. However, the implementation of this de-icer project was a complex task and it is still ongoing at the present time. The analysis of annual reports published by Hydro-Québec allowed tracing a timeline for the various steps:




	−

	
Approval for the project was obtained in August 2004 [21].




	−

	
The engineering for the de-icer project was completed in 2005 [22].




	−

	
In 2008, the commissioning of the de-icer project was completed [23].




	−

	
However, the de-icer could not be used until today. One of the main reasons for this blockage is the risk of ice pieces falling onto highways and damaging cars during the de-icing period. Therefore, Hydro-Québec started installing the LC-spirals (method 4.2) on the power lines above highways in 2017 [24]. These installations are relatively difficult to schedule as the highways have to be closed temporarily. The installation efforts are scheduled through 2023 in order to cover all critical highway crossings.














Hydro-Québec did not only rely on these two methods. The following other countermeasures were integrated into field operations on the Hydro-Québec power network:




	
In 2010, Hydro-Québec stared to test the de-icer actuated by cartridge (DAC, method 5.1.4) for the de-icing of ground wires [25]. From 2012, this tool was adapted for general use [26].



	
In 2012, Hydro-Québec reported that the robot LINEROV for mechanical de-icing of power lines (method 5.1.6) was used with success on several occasions [26].








Furthermore, several line design considerations are adapted to strengthen the network against impacts of future winter storms [27]:




	
Reconstructed lines were built with improved mechanical strength in order to withstand higher ice loads (method 1.4.1).



	
Anti-cascading towers were included in critical line sections in order to limit damage that could result from the collapse of towers (method 1.4.2).



	
On the distribution network, poles and their anchoring were strengthened. In the case of a catastrophic event, only the crossarm and conductors could fall (method 2.5). This makes reconstruction easier and faster.



	
Some additional new line sections were constructed in order to create additional meshed loops in the power network that provide increased redundancy for the power supply.



	
The vegetation control program has been enhanced to prevent falling iced trees from causing power outages in the distribution network.








Another example for the improvement of network design is the construction of a new line for the interconnection of a windfarm in 2011. This line had to be constructed in an area with particular weather conditions that favour the accumulation of important ice loads. The following line design considerations were applied in this particular case [28]:




	
The type of towers selected can withstand higher ice loads (method 1.4.1).



	
The line does not have a ground wire, but surge arresters with external spark gap were installed (method 1.5).



	
The type of conductor selected had superior mechanical strength (method 1.6).









4.2. Recent Applicability Studies in Italy


Even if Italy is not an arctic country, it experiences major power outages from time-to-time, mainly due to wet snow accretions. Reference [5] presented an analysis of various anti-icing measures for the Italian power system including recommendations for the implementation of a new method. Until now, two passive methods have already been in use: in 2019, about 20,000 counterweights (method 2.1) were installed on 2500 km of 132 kV lines, which led to a significant reduction in power outages due to snow overload. As the second countermeasure, interface spacers (method 2.3) were first installed on some critical spans of 132 kV lines in 2007. Due to the success in eliminating phase-to-phase faults, about 28 km of double circuits were equipped in 2019 with these devices.



As there are some local areas that have recurrent service disruptions due to wet snow accretion, the applicability of thermal anti-icing was studied. Detailed load flow analysis showed that load shifting (method 6.1.1) would not allow obtaining the current magnitudes that would be needed to create sufficient heat in the conductors. Moreover, the installation of shunt reactors (method 6.1.3) at critical locations allowed the creation of sufficient current flow. Thus, the Italian network operator started a program for the installation of shunt reactors at different critical sites. It is noted that the addition of these shunt reactors might also be beneficial for voltage regulation in the local networks.




4.3. Recent Applicability Studies in Norway


A recent applicability study of anti-icing and de-icing technologies was presented by [15] for the Norwegian power grid. Presently, the main method for de-icing of power lines consists of the use of helicopters that strike the lines with a pole attached to an insulated rope (method 5.1.5). Several technologies were investigated in order to verify if they could be applied in the context with the specific conditions that prevail in Norway: mostly in-cloud icing, extremely non-uniform ice loads, sometimes only on a few spans, with difficult or no terrestrial access to the lines due to complex topography and remote areas.



A workshop was organized in October 2018 where about 80 international specialists gathered and presented the current development state of various methods. Nine methods were retained for further analyses as these were considered potentially applicable to the Norwegian conditions. The following preliminary recommendations were formulated in [15] in order to identify the methods that should be further investigated:




	
For ground wires, the use of remotely controlled external current sources that are permanently installed on critical line sections (method 6.2.2).



	
For phase conductors, two methods are identified—current redistribution by contactors load transfer in bundled lines (method 6.5) and use of high frequency injection with generators installed on critical line sections (method 6.4).



	
For fjord crossings, LC spirals seem to be an interesting option (method 4.2).









4.4. Recommendations after the Winter Storm of January 2008 in China


The important icing disaster in large parts of southern and central China in January and February 2008 led to intense research efforts and an important number of publications similar to the development that could be observed in Québec after the 1998 ice storm. As examples, two reviews [4,16] were included in the present analysis. It should be mentioned that China experienced an increase in the high voltage DC line projects during the last years. Therefore, Li et al. [16] elaborated various technologies designed for thermal de-icing of DC power lines (method 6.3). Lv and He [4] concluded that the development of de-icing methods for power lines are expected to follow a trend towards mechanical de-icing based on robots (method 5.1.6).



In another publication by a joint team of experts from university and power companies [29], Jiang et al. reported on the strategies and status of anti-icing methods that were studied in China after the 2008 ice storm. Various countermeasures applying coatings, laser technologies, and robots as well as AC and DC de-icing techniques were tested. It was found that the thermal de-icing method using DC voltage (methods 6.2.3 and 6.3) is a convenient solution with relatively low power demand and high efficiency. According to Jiang et al. [29], more than 200 substations have been equipped with fixed DC de-icing systems and mobile ice-melting devices are also employed by various utilities. Two years later, Jiang et al. reported ongoing research efforts with emphasis on the load current transfer method of bundled conductors (method 6.5) [30].





5. Conclusions


The comparative analysis of several review papers and technical reports show that a large number of technologies were already proposed decades ago, before the catastrophic ice storms of 1998 in Eastern Canada and 2008 in central and southern China. The intense work within research institutions as well as utilities in the wake of these events led to the increase in the understanding of the meteorological phenomena and their impacts on the power grids. Rather than finding new technologies, efforts have been focused on developing already known countermeasures with the potential for practical application in field operations.



There is no single trend for the deployment of anti-icing or de-icing technologies around the world. Passive, thermal, and mechanical methods are used by utilities in various regions of the world, depending on their local needs and their local experiences in the past. Additionally, the recommendations for future applications are diverse. Regarding the construction of new lines or the reconstruction of damaged lines, several lessons have been learned since the catastrophic events in 1998 and 2008 and actions are taken today to improve the line design.



Once one or several anti-icing or de-icing methods have been selected for the integration into field operations, several years may pass before the deployment is accomplished. This should be considered in the deployment strategies.




6. Future Outlook


There are three reasons why we should be seeking for affordable and long-term solutions against icing and snowing of power grids, a major problem that has attracted a global effort.



	
With climate changes, power grids are poised to experience unpredicted icing and snowing events that may not be limited only to the so-called “cold regions”.



	
With increasing age, most installed transmission lines are more fragile.



	
The ever-growing demand for electricity is another major concern that adds to the problem.






While active (heating, chemicals, and mechanical methods) solutions are widely used to remove ice or snow, passive solutions by nanotechnology are expected to affect the anti-icing industry. Although coating solutions are already available, research in this area still needs to be pursued. Ongoing research will increase our knowledge of the fundamental mechanisms through which nanoparticles interact with freezing rains.



Key challenges include icing prevention for extended periods thereby decreasing the risk of potential damage to infrastructure and outdoor structures and concomitant lowering of related maintenance and replacement costs. Encapsulated phase change materials and superhydrophobicity [31] achieved by texturing a surface to develop novel coating platforms are promising candidates for developing robust anti-icing materials. Smart materials with a self-sustainable lubricating layer, achieved via modifying solid substrates or self-healing ones are also interesting alternatives [32]. The impact can be significant as various areas from the power grids to aerospace and sea vessels can benefit from the research results.
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Figure 1. Example of icing impact on a high voltage transmission line (1998 Eastern Canada ice storm, credit: Photo Hydro-Québec). 
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Figure 2. Example of icing impact on a medium voltage distribution line (1998 Eastern Canada ice storm, credit: private archive). 
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Figure 3. Chronology of the analysed review papers in relation to the two catastrophic icing events. 
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Table 1. Comparison of various anti-icing and de-icing methods proposed over the last four decades (for time reference, the table also includes the two catastrophic icing event).
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Countermeasure

	
[1]---1982

	
[2]---1996

	

	
[6]---2002

	
[7,8] 2005/---2008

	

	
[9]---2010

	
[10]---2018

	
[11]---2020






	
1. Line Design

	

	

	
1998  Ice  Storm  in  Eastern  Canada    1998  Ice  Storm  in  Eastern  Canada

	

	

	
2008  Ice  Storm  in  Eastern/Southern  China    2008  Ice  Storm  in  Eastern/Southern  China

	

	

	




	
1.1 Improved line routing

	

	

	
X

	

	

	

	
X




	
1.2 Underground cables

	

	

	
X

	

	

	

	
X




	
1.3 Measures to avoid interphase-short-circuits

	
1.3.1 Using separate structures for each phase

	

	

	

	

	
X

	

	




	
1.3.2 Modifying crossarms (longer middle crossarms)

	

	

	

	

	
X

	

	




	
1.3.3 Modify circuit spacing

	

	

	

	

	
X

	

	




	
1.3.4 Rearranging phase configuration

	

	

	

	

	
X

	

	




	
1.4 Mechanical reinforcement

	
1.4.1 Stronger towers

	

	

	
X

	

	
X

	

	
X




	
1.4.2 Anti-cascading towers

	

	

	
X

	

	

	

	
X




	
1.5 No ground wire (but addition of special surge arrestors)

	

	

	
X

	

	

	

	
X




	
1.6 Choice of conductor or bundle

	
1.6.1 Compact design (trapezoidal or z-shaped strands)

	

	

	
X

	
X

	
X

	

	
X




	
1.6.2 Optimised simple conductor

	

	

	

	

	

	

	




	
1.6.3 Increased number in bundle

	

	

	

	

	
X

	

	
X




	
2. Passive Devices

	

	

	

	

	

	

	




	
2.1 Counterweights (anti-rotation device)

	

	
X

	
X

	
X

	
X

	
X

	
X




	
2.2 Snow rings, wires and Teflon tapes

	

	
X

	

	

	
X

	
X

	
X




	
2.3 Interphase spacers

	

	

	

	
X

	
X

	

	
X




	
2.4 Spacer dampers

	

	

	

	
X

	

	

	
X




	
2.5 Load reducing devices, mechanical fuses, fasteners

	

	
X

	
X

	

	

	

	
X




	
2.6 Aeolian shedding

	

	
X

	
X

	

	

	

	




	
3. Passive Coatings

	

	

	

	

	

	

	




	
3.1 Industrial viscous liquids

	
X

	
X

	
X

	
X

	

	
X

	
X




	
3.2 Heterogeneous polymer coatings

	

	

	
X

	
X

	
X

	
X

	
X




	
3.3 Freezing point depressant fluids

	
X

	
X

	
X

	
X

	

	

	
X




	
3.4 Icephobic coatings

	
X

	
X

	
X

	
X

	
X

	

	
X




	
3.5 Hydrophobic and superhydrophobic coatings

	

	
X

	

	
X

	
X

	

	
X




	
3.6 Black coatings / Heat absorbent coatings

	

	
X

	
X

	

	

	

	
X




	
3.7 Chemically reactive coating

	

	

	
X

	

	

	

	




	
4. Active Coatings

	

	

	

	

	

	

	




	
4.1 Addition of ferroelectric material (high frequency injection)

	

	

	
X

	
X

	
X

	
X

	
X




	
4.2 LC spiral rods (ferromagnetic spirals)

	

	
X

	
X

	
X

	
X

	
X

	
X




	
4.3 Heated tracers

	

	
X

	
X

	
X

	
X

	

	




	
4.4 Ice electrolysis

	

	

	

	
X

	
X

	

	
X




	
4.5 Piezoelectric polymers (PVDF)

	

	

	
X

	
X

	

	

	
X




	
4.6 Shape memory alloys

	

	
X

	
X

	

	

	

	




	
5. Mechanical Methods

	

	

	

	

	

	

	




	
5.1 Line Maintenance

	
5.1.1 Roller wheels or scraping

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	
5.1.2 Manual shock wave

	
X

	
X

	

	
X

	
X

	

	
X




	
5.1.3 Tensioning and releasing

	

	
X

	
X

	

	

	

	




	
5.1.4 De-icer Actuated by Cartridge (DAC)

	

	
X

	

	
X

	
X

	

	
X




	
5.1.5 Helicopter (wooden pole or rope with knots)

	

	
X

	
X

	
X

	
X

	
X

	




	
5.1.6 Remotely Operated Vehicle (ROV) (Scraping)

	

	

	

	
X

	
X

	

	
X




	
5.2 Pneumatic Hammer

	

	
X

	
X

	
X

	
X

	

	




	
5.3 Eletro-impulse method (EIDI)

	

	
X

	
X

	
X

	
X

	

	




	
5.4 Ice-shedder device (induced vibrations)

	

	
X

	
X

	
X

	
X

	
X

	
X




	
5.5 Twisting device

	

	

	

	
X

	
X

	

	




	
5.6 High-magnitude short circuit method (for bundled conductors)

	

	

	
X

	
X

	
X

	
X

	
X




	
6. Thermal Methods

	

	

	

	

	

	

	




	
6.1 Increase of line current using the network

	
6.1.1 Load shifting (Load transfer) method

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	
6.1.2 On-load De-Icer method (ONDI) (phase shifting)

	

	

	

	
X

	
X

	
X

	
X




	
6.1.3 Reactive Current De-icing

	

	

	

	

	

	
X

	




	
6.2 External current source

	
6.2.1 Reduced (medium) voltage short-circuit method

	

	
X

	
X

	
X

	
X

	
X

	
X




	
6.2.2 Ground wire de-icing method (med.volt.short circ.)

	

	

	

	
X

	
X

	

	
X




	
6.2.3 DC current method for AC-lines

	

	

	
X

	
X

	
X

	
X

	
X




	
6.3 DC-Line De-icing

	

	

	
X

	

	

	

	




	
6.4 High frequency electric field method

	

	

	
X

	
X

	
X

	
X

	




	
6.5 Contactor load transfer method (bundle shifting / current re-distribution)

	

	

	
X

	
X

	
X

	
X

	
X




	
6.6 Pulse electrothermal de-icer method

	

	

	
X

	
X

	
X

	

	
X




	
6.7 Various external heat sources

	
6.7.1 Infrared waves

	

	
X

	

	

	

	

	




	
6.7.2 Radio waves radiation ext. heat source

	

	
X

	
X

	
X

	
X

	

	




	
6.7.3 Steam generating device

	
X

	

	

	
X

	
X

	
X

	




	
6.7.4 Ultrasonic De-icing

	

	
X

	

	

	

	
X

	




	
6.7.5 Hot Gas

	

	
X

	

	

	

	

	




	
6.7.6 Hot Water/Anti-icing fluids

	

	
X

	

	

	

	

	




	
7. Miscellaneous Methods

	

	

	

	

	

	

	




	
7.1 Drop freezing before impact

	

	
X

	
X

	

	

	

	




	
7.2 Drop heating before impact

	

	
X

	
X

	

	

	

	




	
7.3 Corona discharges

	

	
X

	
X

	

	

	

	




	
7.4 Electro-congelation

	

	
X

	

	

	

	

	




	
7.5 Development of ice-resistant conductors

	

	

	

	

	

	

	




	
7.6 Laser De-Icing

	

	
X

	

	

	

	

	




	
7.7 Pneumatic air boots

	
X

	
X

	
X

	

	

	

	




	
7.8 Asymmetric operation of 3-phase power lines
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Table 2. Summary of the countermeasures that were selected for application or future investigation in four different countries.
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Countermeasure

	
[12,13,14]---

Canada---

2004

	
[5]---

Italy---

2019

	
[15]---

Norway---

2019

	
[4,16,29,30]---

China---

2010–2015






	
1. Line Design

	

	

	

	




	
1.1 Improved line routing

	

	

	

	




	
1.2 Underground cables

	

	

	

	




	
1.3 Measures to avoid interphase-short-circuits

	
1.3.1 Using separate structures for each phase

	

	

	

	




	
1.3.2 Modifying crossarms (longer middle crossarms)

	

	

	

	




	
1.3.3 Modify circuit spacing

	

	

	

	




	
1.3.4 Rearranging phase configuration

	

	

	

	




	
1.4 Mechanical reinforcement

	
1.4.1 Stronger towers

	
7

	

	

	




	
1.4.2 Anti-cascading towers

	

	

	

	




	
1.5 No ground wire (but addition of special surge arrestors)

	

	

	
X

	




	
1.6 Choice of conductor or bundle

	
1.6.1 Compact design (trapezoidal or z-shaped strands)

	
5

	

	
X

	




	
1.6.2 Optimised simple conductor

	
4

	

	
X

	




	
1.6.3 Increased number in bundle

	

	

	
X

	




	
2. Passive Devices

	

	

	

	




	
2.1 Counterweights (anti-rotation device)

	

	
X

	
X

	




	
2.2 Snow rings, wires and Teflon tapes

	

	
X

	
X

	




	
2.3 Interphase spacers

	

	
X

	

	




	
2.4 Spacer dampers

	

	

	

	




	
2.5 Load reducing devices, mechanical fuses, fasteners

	
10

	

	

	




	
2.6 Aeolian shedding

	

	

	

	




	
3. Passive Coatings

	

	

	

	




	
3.1 Industrial viscous liquids

	

	

	

	




	
3.2 Heterogeneous polymer coatings

	

	

	

	




	
3.3 Freezing point depressant fluids

	

	

	

	




	
3.4 Icephobic coatings

	
8

	
X

	
X

	




	
3.5 Hydrophobic and superhydrophobic coatings

	

	

	

	




	
3.6 Black coatings / Heat absorbent solid coatings

	

	

	

	




	
3.7 Chemically reactive coating

	

	

	

	




	
4. Active Coatings

	

	

	

	




	
4.1 Addition of ferroelectric material (high frequency injection)

	

	
X

	

	




	
4.2 LC spiral rods (ferromagnetic spirals)

	

	
X

	
X

	




	
4.3 Heated tracers

	

	

	

	




	
4.4 Ice electrolysis

	

	

	

	




	
4.5 Piezoelectric polymers (PVDF)

	

	

	

	




	
4.6 Shape memory alloys

	

	

	

	




	
5. Mechanical Methods

	

	

	

	




	
5.1 Line Maintenance

	
5.1.1 Roller wheels or scraping

	

	
X

	

	




	
5.1.2 Manual shock wave

	

	
X

	

	




	
5.1.3 Tensioning and releasing

	

	

	

	




	
5.1.4 De-icer Actuated by Cartridge (DAC)

	

	

	

	




	
5.1.5 Helicopter (wooden pole or rope with knots)

	

	

	
X

	




	
5.1.6 Remotely Operated Vehicle (ROV)

	

	

	
X

	
X




	
5.2 Pneumatic Hammer

	

	

	

	




	
5.3 Electro-impulse method (EIDI)

	

	

	

	
X




	
5.4 Ice-shedder device (induced vibrations)

	

	
X

	

	




	
5.5 Twisting device

	

	
X

	

	




	
5.6 High-magnitude short circuit method (for bundled conductors)

	
6

	

	

	




	
6. Thermal Methods

	

	

	

	




	
6.1 Increase of line current using the network

	
6.1.1 Load shifting (Load transfer) method

	
1

	
X

	
X

	
X




	
6.1.2 On-load De-Icer method (ONDI) (phase shifting)

	

	

	

	
X




	
6.1.3 Reactive Current De-icing

	

	
X

	

	
X




	
6.2 External current source

	
6.2.1 Reduced (medium) voltage short-circuit method

	
3

	
X

	
X

	
X




	
6.2.2 Ground wire de-icing method (MV short circuit)

	

	

	
X

	




	
6.2.3 DC current method for AC-lines

	
2

	

	
X

	
X




	
6.3 DC-Line De-icing

	

	

	

	
X




	
6.4 High frequency electric field method

	

	

	
X

	
X




	
6.5 Contactor load transfer (bundle shifting / current re-distribution)

	
11

	

	
X

	
X




	
6.6 Pulse electrothermal de-icer method

	

	

	

	
X




	
6.7 Various external heat sources

	
6.7.1 Infrared waves

	

	

	

	
X




	
6.7.2 Radio waves radiation ext. heat source

	

	

	

	




	
6.7.3 Steam generating device

	

	

	

	




	
6.7.4 Ultrasonic De-icing

	

	

	

	




	
6.7.5 Hot Gas

	

	

	

	




	
6.7.6 Hot Water/Anti-icing fluids

	

	

	

	




	
7. Miscellaneous Methods

	

	

	

	




	
7.1 Drop freezing before impact

	

	

	

	




	
7.2 Drop heating before impact

	

	

	

	




	
7.3 Corona discharges

	

	

	

	




	
7.4 Electro-congelation

	

	

	

	




	
7.6 Development of ice-resistant conductors

	
9

	

	

	




	
7.7 Laser De-Icing

	

	

	

	
X




	
7.8 Pneumatic air boots

	

	

	

	




	
7.9 Asymmetric operation of 3-phase power lines
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