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ABSTRACT 

 Anim Ahmed: Operation of the weatherproof electricity distribution system 

 Master of Science Thesis 

 Tampere University 

 Degree Programme in Electrical Engineering, MSc (Technology) 

 April 2020 
 

  During the last decade, Finland has faced so many weather-related disturbances such as strong 
wind, storms, and snow load conditions that caused power outages for a longer time. The new 
Electricity market act came into action in 2013, which set a target that weather-related disturb-
ances cannot knock out the power for more than 6 hours in urban areas and 36 hours in rural 
areas. By 2028, these limits should be reached by ensuring the uninterrupted electricity supply to 
100% of customers. The tightening security of supply has prompted the Finnish DSOs to renovate 
and improve their networks to achieve the target. 
 
  The Finnish DSOs took many initiatives by managing the forests that pose a risk to the distribu-
tion line, moving the overhead lines from forest to roadsides, using covered conductor or aerial 
cables, implementing simplified primary substation, and increasing the network automation. How-
ever, these initiatives have been proved as traditional reliability improvement methods. In the 
recent few years, the importance of building the weatherproof electricity distribution network has 
been highlighted. 
 
  This Master´s thesis includes literature related study, interview, and case studies to find out the 
weatherproof network solutions which are capable of withstanding without any loss of function, 
even in major disturbance situation. Underground cabling and wide power line corridor have been 
so far considered as the weatherproof network solution. Privately owned DSOs have many inves-
tors, and their investment could be funded by increasing the distribution fee paid by the consum-
ers. Thus, Underground cabling is the most prominent techniques among the top DSOs in Finland 
to meet the supply security requirements due to its less operational and outage cost. However, 
the higher investment cost makes it less popular among the few DSOs who have their networks 
in the forests and fewer customers. Therefore, the wide power line corridor could be the appro-
priate weatherproof network solution for those DSOs belonging to the public or municipalities. 
Nevertheless, it only applies to those networks that have 20-30 years of technical lifetime left to 
take this approach into account. Periodical inspection of the traditional OHL, partial discharge 
measurements for monitoring the condition of underground cable, advanced FLIR system, and 
back-up power arrangements during the outage ensures the smooth operation of weatherproof 
electricity distribution network. 
 

 
Keywords: Electricity Market Act, DSO, electricity distribution, reliability improvement methods, 
weatherproof, underground cabling, wide power line corridor, FLIR, back-up power 
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1. INTRODUCTION 

The electricity network is an essential part of the underlying infrastructure of society as 

everyone in society uses electricity. Within 2030, the use of electricity is projected to rise 

by 6%. Even during the coronavirus epidemic, it also reminds us of the crucial role of 

electricity in our daily lives. Millions of people are currently restricted to their homes, 

using telework to do their jobs, e-commerce websites for shopping, on-line media ser-

vices to find entertainment, and the crisis has demonstrated how much modern society 

depends on electricity. Our dependence on a reliable supply of electricity continues to 

grow. Power supply interruptions are undesirable. The role of the electricity distribution 

network is to deliver electricity to consumers with standard supply quality.  

 In Finland, power supply interruptions and weather-related vulnerabilities are profoundly 

important due to extreme weather events in recent years that affected many consumers. 

The weatherproof network means that the network must be able to withstand even in 

extreme weather exposure without disruption. In Finland, it is highly essential to improve 

and invest in the weatherproof network to be able to meet potential energy requirements 

as the number of electric cars and renewable energy production is increasing day by 

day. The amended electricity market act compels distribution system operators to 

strengthen their distribution networks´ resilience against severe weather. Customers in 

urban and rural areas must have an uninterrupted electricity supply by the end of 2028, 

which means power supply must be restored within 6 hours in urban areas and 36 hours 

in sparsely populated areas[1]. The effectiveness of traditional reliability improvement 

methods has been highlighted in recent years. Building the weatherproof network en-

sures the smooth operation of everyday life, even under fierce weather phenomena. 

There has been a lot of studies about 10-12 years ago, regarding the reliability indices, 

outage cost, and traditional network, and now it is the high time to realize about the 

importance of the weatherproof network to fulfil the requirement set by the electricity 

market act. The investment cost is predicted to be 2900 M€ for building the weatherproof 

network[2]. This indicates, along with the cabling, other steps to ensure the weatherproof 

electricity distribution are advancing according to the timetable set by the legislator. 
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1.1 Research objectives 

The research objectives of this thesis focus on the following questions: 

 What is the background information for building the weatherproof network? 

 How can the reliability of the electricity distribution network be improved? 

 How can the weatherproof requirements be achieved? 

 What is the effect of the weatherproof solution to condition monitoring and outage 

management? 

1.2 Research methodology 

The following three research methodologies are used in this thesis: 

 Literature reviews: The literature related study provides a strong background and 

helps to find out the informative and collective information for this thesis. 

 Interview: The interview was taken by using the Microsoft teams tool on 20th 

March 2020. Interviewed DSO was Elenia Oy, and the representative was Teemu 

Suvela, Operations Manager. The total duration of the interview was 1 hour. This 

interview from Elenia Oy gives insight into the current situation and future devel-

opment trends of their network solution. 

 Analysis of the case studies: In this thesis, three cases are analyzed. It helps to 

establish the weatherproof network solutions which provide a new dimension. 

1.3 Outline of the thesis 

This thesis consists of seven chapters. 

Chapter 2 gives the background information that involves the electricity system in Fin-

land, electricity market act, customer compensation payments, regulations, and other 

background information. Chapter 3 describes how reliability can be improved by follow-

ing the traditional improvement methods. Chapter 4 presents the weatherproof network 

solution that includes the wide power line corridor, underground cabling, and other details 

of the cabling network. Chapter 5 focuses on condition monitoring and outage manage-

ment solution. Chapter 6 carries out three case studies based on the presented network 

solution and development of outage management. Chapter 7 summarises the conclusion 

and limitations of this thesis. 
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2. BACKGROUND INFORMATION 

Over that last 10 years, the operating structure of the electricity distribution sector has 

changed significantly. The new Electricity market act, customer compensation payments, 

regulations, extreme weather conditions, ageing of the distribution network, major dis-

turbance situation, and increased demand on the quality of supply and expectations of 

the owners have created pressure for building the weatherproof electricity distribution 

system. This chapter describes the background information in detail. 

2.1 The electricity system in Finland  

The Finnish electricity infrastructure (Figure 1) comprises of power plants, countrywide 

transmission grid, regional networks, distribution networks, and electricity users. To-

gether with Sweden, Norway, and Eastern Denmark, the Finnish system is a part of the 

inter-Nordic power system with direct current transmission links from Estonia and Rus-

sia.[3]  

 

 Structure of the electricity system in Finland 

2.1.1 Transmission network 

The countrywide transmission grid is a high voltage trunk network that serves entire Fin-

land. It involves 4600 km of 400 kV transmission lines,2200 km of 220 kV transmission 

lines,7600 km of 110 kV transmission lines, and 116 substations [3]. This grid is linked 

to major power plants, industrial plants, and regional distribution networks. Industries 

and consumers with high consumption are connected to the transmission grid, regional 

network, or distribution network, depending on the case. High voltages in the transmis-

sion grid allow high power transmission distances with small losses. In long transmission 

distances, it would be costly to use underground cables; as a result, the power lines of 

the main grid are overhead lines. Fingrid is the Finnish transmission system operator 

(TSO), which is responsible for monitoring, operating, and maintaining and managing the 
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transmission network and electricity transmission according to the Finnish electricity mar-

ket act. 

2.1.2 Regional network 

The countrywide transmission grid connects regional networks. Regional networks usu-

ally distribute power on one or more 110 kV lines at a regional level. The regional network 

has a connection with local 110 kV power plants, and it has 110 kV customers, such as 

railways, industrial plants. The design criteria of regional networks are partly as same as 

in the main grid. Regional networks are mainly overhead lines. 

2.1.3 Distribution network 

The purpose of the electricity distribution network is to provide electricity generated from 

power plants and transmission networks to consumers. Electricity distribution network 

includes HV distribution Network (110 kV), Primary substations (110/20 kV,45/20 kV 

),MV distribution network(mainly 20 kV in Finland),Distribution substation (20/0.4 kV) and 

LV distribution network (1 kV and 0.4 kV).The electricity distribution network directly con-

nected to the countrywide grid, or it uses the grid facilities across a regional network. In 

Finland, there are some 800 substations,150000 kilometres of medium-voltage 

lines,100000 distribution transformers,240000 kilometres of low voltage lines [4]. The 

distribution network has three types of networks: High-voltage network, Medium-voltage 

network, and Low-voltage network. Table 1 illustrates the specific three categories of 

distribution networks and their lines or cables types. 

Network Type Overhead Lines Aerial cables Underground or un-

derwater cables 

High-Voltage 100% - Very few in Tam-

pere and Helsinki 

but not included in 

Fingrid 

Medium voltage 80% 7%  13% 

Low voltage 3% 58% 39% 

Table 1.  Types of lines or cables & their percentage in HV, MV and LV networks.[4] 
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In the HV distribution network, almost 100% of networks are mainly built as overhead 

lines. In MV network,80% of the network is overhead lines,7% are Aerial cables or over-

head cables, and 13% of it consists of underground and underwater cables.3% of the 

low voltage networks are overhead lines,58% are aerial cables and 39% of its under-

ground cables.[4]  

MV and LV network of distribution systems are usually constructed as meshed networks 

and operated as radial networks. Generally, the mesh network has several benefits, such 

as in case of fault and maintenance situations; it improves the reliability of the network, 

and it also limits the effect of line fault into a smaller number of consumers. Energy loss 

and the voltage drop is less, and reconfiguration is simpler in a meshed network. The 

radial network is a tree-like system with a supply source for all customers. In a radial 

network, it is easier to locate and isolate the faults compared to the meshed network. 

The repairing time of MV underground cable is inherently slow, so it is worth building 

meshed underground cable networks to avoid long interruptions in the supply of electric-

ity. In the case of overhead lines, repairing time is much faster. Particularly in the urban 

area´s underground cable network, every distribution substation has a minimum of two 

MV feeders. In densely populated areas and especially in uninhabited areas, lines are 

usually built as radial to minimize the cost during outages. The purpose of the distribution 

substation is to transform from the higher voltages to lower voltages for the consumers. 

The majority of distribution substations are located on poles, but there are pad-mounted 

substations as well. 

The distribution system operator (DSO) owns and operates the electricity distribution 

networks, and the operations need authorization from the Energy Market Authority. The 

Electricity market act includes equity and justice provisions for DSOs as well as respon-

sibility for the maintenance and development of networks, connections for consumers, 

production facilities, and distributing electricity. The grid permit describes a responsible 

area for the DSO to construct the distribution network. The distribution price varies be-

tween different grid operators. Nonetheless, the customer cannot tender specific DSOs. 

The cost of distributing electricity depends on the amount of electricity delivered, the 

ultimate power demands, and the consumer´s voltage level on that specific network.[4] 

In Finland, there are approximately 77 DSOs and 12 regional network operators. The top 

15 DSOs have over 70% of distribution networks, electricity consumers, and revenues 

in Finland. The smallest DSOs operate in a single city area, serving a few thousand 

consumers. Municipalities or municipality majority-owned joint-stock companies own the 

majority of the DSOs in Finland.[4] 
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2.2 Electricity market act 

The Finnish electricity market act aims to make sure the reliability of supply, competitive 

prices, and service practices for end-users should be effective and equal. It is mainly 

based on the reason that the electricity network constitutes a marketplace for producers 

and consumers, providing services to all electricity trade parties, including suppliers and 

buyers on fair and reasonable terms. In a nutshell, it can be said that the electricity mar-

ket act regulates all electricity network trade. 

For improving supply security, the electricity market act was amended in 2013.The re-

vised electricity market act in 2013, set a maximum limit on total allowed interruptions in 

service. The new law expresses that snow and storms in urban and rural areas cannot 

knock out electricity for more than 6 hours and 36 hours consecutively.50 percent of 

customers must fall within the outage limits by 2019, rising to 75 percent in 2023 and 

100 percent by 2028.[1] 

The Energy market authority of Finland may allow some additional time for DSOs to 

reach the target of 75 % and 100%. DSOs improvement activities need to include signif-

icant amounts of renovation works in MV and LV networks, and ongoing act renovation 

may grant them the additional time. If DSOs wanted the postponement, they had to sub-

mit a request by the end of 2017. 

A total of 16 companies have asked for additional time. The energy agency has handled 

each of the 16 requests for an extra time made by the network operator. Eight companies 

were given a longer extension until 31st December 2036 and a shorter extension to two 

companies until 31st December 2032, and six companies were not granted additional 

time. A transitional 15 years period would apply until 31st December 2028 for other com-

panies.[5]  

Electricity Market Act also specifies that all DSOs must plan a development plan for its 

distribution network. The development plan outlines what steps DSOs should take for 

improving the reliability and ensuring the security of supply. It is necessary to update the 

development plan once every two years.[1] 

2.3 Customer compensation payments 

If the electricity supply is disrupted for a long time, customers are entitled to compensa-

tions in Finland as like many other countries. In Finland, the customers are getting such 

compensations from 2003. Customer compensation serves as an opportunity for DSOs 

to enhance their distribution network quality and security of supply.[1] 
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Some changes to customer compensation payments are also included in the new act of 

the electricity market in Finland. A four-stage compensation system existed prior to the 

reform of the law, which began with a 12-hours interruption duration, and the amount of 

compensation was 10 percent of the customer´s distribution fee, but not more € 700 for 

each interruption. The act makes no changes to the lowest levels of payment. Nonethe-

less, following the former maximum payment, the amount of compensation remains the 

same, if the interruption period is over 120 hours. Now two new types of compensation 

are available that equates to 150% and 200% of the consumer´s distribution fee if the 

interruption takes more than 192 hours or 288 hours, correspondingly. Table 2 shows 

the interruption duration and amount of compensation based on the new act 

Interruption Duration Amount of Compensation 

12-24 hours  10% of the yearly distribution fee 

24-72 hours 25% of the yearly distribution fee 

72-120 hours 50% of the yearly distribution fee 

120-192 hours 100% of the yearly distribution fee 

192-288 hours  150% of the yearly distribution fee 

More than 288 hours  200% of the yearly distribution fee 

Table 2.   Interruption duration and amount of compensation paid to the consumers 
 

In addition, within the transitional period in the revised electricity market act, the maxi-

mum compensation is increased to 2000 €, which was 700 €. Maximum compensation 

was 1500€ until 01.01.2018, but if there are several electricity supply interruptions during 

one calendar year, the compensation amount will not exceed 2000€ or 200% of the 

yearly distribution fee. The interruption period is determined as soon as the operator is 

aware of the interruption. The network operator can be notified about the interruption 

automatically either by its own network information system or by the user. 

2.4 Regulations  

As market regulator, the Energy authority uses a regulatory model for supervising the 

DSOs in Finland. There are many components to economic regulation. These compo-

nents constitute the regulatory model that allows revenue and distribution tariffs to be 
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controlled by DSOs. Therefore, the regulatory framework is very complicated, and the 

final benefits from various investments can be challenging to determine. 

The regulatory model lasted for four years. Currently, the fifth regulatory period (2020-

2023) is going on. This is basically used to measure the adjusted profit. If the actual 

revenue exceeds the permissible revenue, it means that the tariffs for the distribution of 

electricity from the DSOs have been too high. Therefore, in the next regulatory cycle, 

they must pay back the excess revenues by decreasing their rates. On the contrary, if 

the actual revenue is lower compared to the realized adjusted profit, DSOs can collect 

this deficit in the following regulatory cycle. 

2.5 Extreme weather conditions  

Annual temperature changes are crucial for Finland´s climate. The amount and extent of 

severe weather events are expected to increase due to climate change. In Finland, hun-

dreds of thousands of people have experienced many extreme weather events in the 

last few years due to weather-related vulnerabilities and disruption in the supply of elec-

tricity. The amended Electricity market act also obliges DSOs to strengthen the reliability 

of distribution networks, especially during extreme weather conditions. 

Overhead lines in the forests are the most vulnerable component of the electricity distri-

bution system because they can be damaged during the storm by trees or branches of 

trees that fall on them. Sometimes it may cut the line entirely from the network due to the 

break of the conductor. 

During autumn and winter, the strongest winds usually occur in Finland. Strong winds 

can cause severe gusts to fall into the trees and branches onto the overhead lines, caus-

ing disturbances in the electricity distribution. The weakest trees start to fall at a wind 

speed of 17 m/s, and broader damage starts with wind speeds of 20-23 m/s. Wind and 

storms cause significant damage and consequent economic losses in forests, and this 

is one of the main reasons for high disruption rate as 80% of the MV network is built as 

an OHL, and among them, 56% of the network is in the forest. Heavy snowfall or wet 

snow accumulation often leads to trees or tree limbs falling over bare conductors result-

ing in circuit breakers or any other protective equipment to cut the power flow. The cus-

tomers who are connected to that network would lose access to power as long as the 

network could be repaired. Such disturbances could last several hours to days or even 

weeks, depending on the development of weather conditions and preventive steps taken 

in advance. Crown snow-load is an extremely strong layer of snow forming on tree 

crowns or structures. It can damage the stems of the tree, which can cause uprooting of 
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the trees, and then sometimes it can bend onto the power line (Figure 2). This occurs 

mostly in the north and east parts of Finland and is not common in the west and center 

parts of  Finland and even in lowland as well [4]. 

  A tree has been bent onto OHL due to crown snow load  [4] 

Figure 3 shows the typical causes of interruptions in Finland in 2018. It presents wind 

and storm accounted for the most significant proportion of interruptions, which is 42%. 

Other considerable reasons are snow and ice load, thunderstorms, planned outages, 

and the other interruptions, the source of which is unknown. 

 Typical causes of interruptions in Finland in 2018. [4] 

 

 

42%
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1%

1%

11%

5%
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2.6 Ageing of the electricity distribution system 

A significant proportion of the electricity distribution infrastructures were built in most 

western countries between the 1950s and 1970s, so, currently, ageing is a contemporary 

issue in the distribution system. Generally, electricity distribution components have a 

long lifetime. 

The usual lifetime of the switching element is 25 years, and the distribution line is 40-50 

years, so the existing distribution network is therefore reaching or is already reached its 

techno-economic lifetime. In many instances, a large volume of the distribution network 

is waiting for renovation by taking into account the current status of the distribution sys-

tem´s elements, particularly in rural areas, which poses a significant challenge for the 

distribution of electricity. The ageing part of the network is more prone to weather-based 

failure than a new component. The Finnish distribution networks were constructed pri-

marily in the 1950s, but the peak of the network construction was in the 1960s and 1970s, 

especially in rural areas. Therefore, the age of Finnish distribution network ranges from 

50 to 60 years indicates a large part of the distribution networks has already reached or 

are approaching their techno-economic lifetime. The scale of the ageing network pre-

sents a challenge when it comes to removing the poles or transforming overhead lines 

into the underground. Still, it presents an opportunity to intensify the renovation plan to 

avoid the removal of network components before their lifespan. As a result, it can be a 

significant cost-saving benefit. Wood pole is the most critical part of the overhead distri-

bution system, and sometimes it is affected by a decomposing agent, which weakens 

and decays the pole. However, a significant part of wooden pole renovation work was 

finished in 2010. 

Since the 1970s, when the electricity distribution system was constructed, electricity con-

sumption has significantly increased, and the increased consumption of electricity would 

cause the ability of the network to fail at some point. So, this is the high time to renovate 

the electricity distribution infrastructure. Reliability and the reduction of lengthy interrup-

tions, weatherproof electricity networks have been emphasized in recent years due to 

the Finnish electricity industry´s recommendation and the new act on the electricity mar-

ket in Finland. However, Ageing can also be an opportunity for the renovation of the 

network to meet the supply security requirements without eliminating network assets that 

already have a techno-economic lifetime and net present value. Nonetheless, it should 

also be noted that ageing does not indicate that the distribution line has to be replaced 

but rather than the condition of the distribution line is the deciding factor for renovation. 
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There are other factors such as conditions of the line, technical constraints, and require-

ment of smart grids, which may affect the process though they are not usually the decid-

ing factors. Still, they have some influence on the scheduling of the renovation. 

2.6 Major disturbance 

There are two types of disturbances in the electricity distribution network. One is normal 

state disturbance and another one is a major disturbance. In a distribution network, if a 

single fault causes an outage and that involves, for instance, from hundred to thousand 

customers without electricity for a few hours, that is known as a normal disturbance. 

When there are a number of simultaneous faults in the distribution system due to storm 

and other weather-related disturbances, then it is known as a major disturbance [6]. 

Major disturbances can be classified into three categories based on their damage and 

probability of appearance. Table 3.2 depicts the classification of major disturbances and 

their consequences 

Class Outage time Appearance 

Class I Around 48 hours Once in 5 years 

Class II 120 hours Once in every 20 years 

Class III Last at least 2 weeks Once in every 100 years 

Table 3.  Classification of major disturbances and their outage time and appearance period.[6] 
 

To simplify the classification of major disturbances previously experienced, typical direct 

consequences can be divided into two categories: 

1.A long interruption in rural areas: A fundamental situation for the long interruption in 

rural areas is a condition where a storm causes an outage of more than 12 hours for 

thousands of customers and an interruption of a few days for hundreds of customers.[6] 

2.A quite short but broad interruption in city areas: An interruption where one or two 

substations are without electricity for a short period of time[6]. Figure 4 describes the 

classification of disturbances and their consequences in terms of the impact area and 

interruption time. 
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 Classification of disturbances in terms of broadness and 
time of interruption [6] 

 

2.7 Reliability of the distribution network 

The reliability of the distribution network applies to the concept that the network system 

should perform the defined task properly for a certain length of time. Reliability can be 

assessed on the basis of statistics and calculations. Statistics help to monitor the real 

performance and impact of investments on reliability improvement, while calculations are 

essential to examine the effects of alternative methods for improving reliability. Various 

indices are used to measure the reliability of the distribution network, and some param-

eters are used to calculate the outage cost. Some indices and outage cost parameters 

are presented below: 

SAIFI =  
∑ 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑠𝑒𝑟𝑣𝑒𝑑
     SAIDI = 

∑ 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑠𝑒𝑟𝑣𝑒𝑑
 

CAIDI=
∑ 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠  𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑒𝑑
  

MAIFI= 
∑ 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑚𝑜𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑠𝑒𝑟𝑣𝑒𝑑
 

𝑂𝐶= ∑𝑖   ∑ 𝑗 𝜆𝑖𝑗𝑎𝑃𝑗 + ∑𝑖   ∑ 𝑗 𝜆𝑖𝑗𝑟𝑖𝑗  𝑏𝑃𝑗              𝑂𝐶𝑡𝑒𝑚𝑝 =∑
𝑖

∑ 
𝑗

𝜆𝑡𝑒𝑚𝑝,𝑖𝑗𝑎𝑃𝑖 
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3. TRADITIONAL RELIABILITY IMPROVEMENT 
METHODS 

Reliability is the key factor in the electricity distribution network. Traditionally reliability 

can be improved by the following methods. 

3.1 The management of forest adjacent to the distribution lines 

Disturbances in overhead lines cause the largest proportion of the electricity supply in-

terruptions as 51 per cent of the MV overhead lines are still in forests. The paths in which 

the overhead lines are built are known as right-of-way. There are specific areas that 

DSOs must manage and maintain for the overhead lines so that no trees can reach the 

overhead lines, which ensures all the trees on the right-of-way are cleared frequently. 

The standard right-of-way width cleared from any trees is 6-10 meters and from any tree 

limbs or branches, 3.5-7.5 meters of the right-of-way is cleared.  

However, depending on the power line and voltage, the width of the right-of-way varies. 

Though adjacent forests are outside of the right-of-way but due to the heavy snow loads 

or strong wind, trees can still bend and connect to the overhead lines or fall on the line. 

To reduce the tree-related disruption in the electricity distribution, condition monitoring 

of adjacent forest is essential. It helps to maintain the rights-of-way cleared from trees 

and other things which might disrupt the overhead lines. For the width of the adjacent 

forest, there are no official rules, but it is usually assumed to extend 10-20 meters from 

the edge of the right-of-way on both sides. As the typical width of right-of-way is 10 me-

ters so trees up to 25 meters from the overhead lines can be regarded as belonging to 

the adjacent forest. However, clearing operations and management on the adjacent for-

ests generally take place on a 10-meter zone from the edge of the right-of-way and only 

trees that specifically threaten the overhead lines. Figure 5 shows the typical width of a 

right-of-way and adjacent forest.[7] 
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 Usual width of right-of way and adjacent forest 

Moreover, it also depends on many other factors whether a tree in an adjacent forest 

presents a danger to the surrounding areas such as the size, type, health of the trees, 

the proper management of the forest. Besides, there are other topological factors such 

as terrain type, it's quality and dampness, wind conditions and snow or frost possibilities 

that have their own impact on the risk. However, it is usually recommended that all broad-

leaved trees which have grown high but are slender and all weakened, damaged or tilted 

trees should be removed. Figure 6 shows an example of it.[4]  

 

 Visualization of damaged,tilted trees  

A forest consulting company TAPIO provided some guidance and recommendation to 

improve the reliability of electricity distribution network by proper forest adjacent forest 

management. The first thinning reduces further risks through informed tree selection. 

After the first thinning stage, the adjacent forest should be allowed to grow on its own 

phase. During the second thinning or regular thinning operation, evident hazardous trees 

can be removed.[4] The distribution system operator Elenia in Finland, in collaboration 

with their partners, has maintained the forest adjacent to the electricity network over a 

total distance of 1000 km every year [8]. 
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3.2 Moving overhead lines from forest to roadsides 

In an electricity distribution network, especially in rural areas, Overhead lines are located 

in forests. A few decades ago, the main target was to minimize the material cost rather 

than the reliability of supply in the network. Today, several decades later, the reliability 

of supply has become a critical factor in network planning. Moving overhead lines to 

roadsides mean reducing the fault numbers and fault repair times in normal condition. 

As the trees are on the other side of the overhead lines so there is less chance of fault 

so fault rate would decrease. Due to the more accessible fault location and faulted lines 

fault fixing time would be less than the normal condition. In this solution, the length of the 

network does not change, and consumption is near to infrastructure so there will be fewer 

branch lines. As a result, there will be fewer chances of fault. In Finland, since the peak 

power on MV feeder is about 1500 KW on average so building the OH lines next to a 

road is often economically reasonable compared to building OH lines in forest. However, 

the structural cost of OH lines next to a road is slightly higher than the typical OH lines. 

Moving overhead lines to roadsides are still problematic as it may hamper the road 

maintenance. 

3.3 Low-cost primary substation 

The protection of the Finnish MV network is typically concentrated in the HV/MV Substa-

tions. For each feeder, the only circuit breaker is in the substation. This ensures that 

every fault in the feeder affects all the feeder´s customers. Increasing the number of 

substations with a simplified HV/MV substation structure represents a very effective way 

of reducing the affected area and hence the consequences of a single fault. In Finland, 

over the past few years, simplified substations that have been introduced cost only about 

50% of conventional substation[9]. By implementing low-cost new primary substations in 

the network, it is possible to create further protection zone through new and shorter feed-

ers. Besides, it is feasible to place a new primary substation where feeders are long and 

potential backup connections are available to improve the reliability. Moreover, it is suit-

able to build a low-cost primary substation in a place where consumption is low. 

3.4 Replacing overhead lines with the covered conductor or aer-
ial cable 

In an electricity distribution network, the plastic-covered conductor (CC) is used to some 

extent, especially in the MV network. The insulation structure of the covered conductor 

is simple and cheap. The reliability of the covered conductor is better than the conven-

tional OH lines as the tree limbs or birds on the line do not cause an outage. The structure 



16 
 

of the CC line is robust, and even interruptions rate is half compared to typical OH 

lines[10]. By using the covered conductor in the distribution network, it is possible to 

prevent high-speed and delayed auto reclosing to improve the normal state reliability. In 

a major disturbance situation, it does not decrease the number of faults as a falling tree 

in the line causes a fault in the system.CC line protects against heavy snow loads and 

disruptions in northern Finland. However, CC lines are about 30 times more costly than 

the standard OH lines. 

3.5 1kV system 

The 1kV system or 1000 V technology is an example of a new electricity distribution 

technology and a techno-economic potential analysis. As 80-90% end-user outages re-

sult from the faults in the 20 kV MV network, so it is necessary to reduce the size of 

supply sections to improve the reliability in the distribution network. The 1 kV system is 

mainly applicable in rural areas where the MV network has a lot of branches; power is 

comparatively low, and reliability poses a challenge to the system. This technology can 

replace a few kilometres of MV branch lines in the rural area to provide an economical 

solution to the system. The 1 kV system has its protection zone; as a result, the length 

of the MV line will decrease and reliability will improve in the network. Potential studies 

for Nordic distribution companies have shown that when the system is renovated for next 

time, it could cover up to 40% of the total length of the MV network with a 1000V system. 

Figure 7 depicts the existing and new feeder structure where 1 kV system is replacing a 

few kilometres of MV branch line. 

 

 

 

 

 

 

 

 

 1 kV system in the electricity distribution area.[11] 
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The 1 kV system is a useful tool for improving the reliability and decreasing the capital 

cost in the system. A significant incentive and boundary to this investment strategy study 

have been the need for a more reliable and robust distribution system than the present 

one. If the 1 kV technology is appropriately applied to the network strategy, it will improve 

the cost-efficiency of investments and quality of supply for end-consumers. However, the 

cost-efficiency benefit of investment is demonstrated in a specific situation when the OH 

lines are replaced with underground cables and alternative solutions for expensive MV 

Underground cables are found. However, considering the financial value of the MV net-

work and distribution business, it may state that 1 kV system has substantial economic 

potential[12].  

3.6 Network automation 

Compared to the non-optimized network, network automation increases the service qual-

ity and reliability with efficient investment. Network automation means more reliable dis-

tribution of electricity. The main goal of network automation is to optimize and maximize 

benefits. Therefore, with maximum customer benefits, the ultimate goal is to maximize 

network reliability and to minimize the DSO´s cost. It is possible to reduce the harm and 

loss of interruptions and to minimize SAIFI, SAIDI, and other equivalent indexes through 

network automation. Network reclosers provide a simple way to improve the reliability of 

the electricity distribution network since they have the same function as circuit breakers, 

but it can be installed in the MV network. However, network recloser does not minimize 

the number of faults but limit the interrupted network segments to fewer customers. Re-

mote-controlled pole-mounted reclosers along with protection relay can be used on the 

medium voltage feeder; this reduces the number and span of faults seen by the cus-

tomer. This recloser prevents the customers who are located before the recloser from 

faults occurring after the recloser. Figure 8 shows how a circuit recloser protects the 

consumers by isolating a fault area. 
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 The effect of a circuit recloser  

Though in Nordic countries, this kind of reclosers are not commonly used, but it offers 

an excellent way to improve the reliability of the feeder. A remote-controlled switch pro-

vides the DSOs with an opportunity to limit the interruption´s effect by reducing the length 

of the customer´s interruption. The remotely controlled switch restricts the network into 

smaller disconnecting switching sections as like as manually controlled switch. The main 

difference between the remotely controlled switch and manually controlled switch is dis-

connection time; it takes a few minutes with remotely controlled switches while it is typi-

cally one hour with manual switches. Moreover, the remotely controlled switch offers the 

opportunity to increase the reliability before and after the device itself by reducing the 

interruption duration. However, it depends on the backup supply; if the device is installed 

in the trunk line and has a backup supply, then the electricity can be supplied to the end 

of the feeder when a fault occurs before the disconnector. Remotely controlled discon-

nectors are common in the Nordic distribution networks, especially in rural areas. The 

use of switching stations is another good way to improve reliability. This allows one 

feeder to be divided into different zones of protection. By using switching stations, up-

stream consumers from the station do not suffer from outages due to faults downstream 

from switching stations. However, the only issue with network automation is that it does 

not reduce the number of faults; it only lessens the impact zone. 
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4. WEATHERPROOF NETWORK SOLUTIONS 

There is no other way rather than building the weatherproof electricity network to meet 

the target set by the revised electricity market act. The wide power line corridor and 

underground cabling have been selected here as the weatherproof network solutions. 

Besides, a major disturbance proof model and other details of the cabling network have 

been presented as follows. 

4.1 Major disturbance proof model 

A major disturbance proof model is essential to avoid major disturbances. The primary 

duty of the distribution system operator (DSO) in this case is to gather data from previous 

major disturbances. However, if any DSO has never encountered a major disturbance, 

it can utilize the information from a similar kind of DSO network. The disturbance proof 

model can be divided into five categories: MV and LV network information of disturbance 

area, fault data, customer data, and fault repair organization, and cost information[6]. 

With the help of this model, it is possible to collect the information of the MV and LV 

network area, how many customers are without electricity, and the duration of disturb-

ances. Fault repair organizations can give information about the duration of fault fixing 

and how much mechanics and other things are available to clear the fault. Network data 

carries a vital role; for example, cabling and weatherproofing rates help to determine how 

large parts and which part of MV and LV network remains intact. Cost information from 

the previous data gives a clear idea about the financial losses of DSO. 
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 Figure 9 provides a clear view of the disturbance proof model and how to deal with the 

disturbance. 

 

 

 

 

 

 

 

 

 Major storm curve and its affecting factors [13] 

In Figure 9, the highest point indicates the number of faults stops increasing, and the 

duration of storm and major disturbance proof rate has the most significant effect for this 

point. It takes a few hours to half a day to reach this point, and this information has been 

gathered from earlier statistics.MV fault clearance and automation help to restore the 

electricity to most customers. Fault fixing capacity can be focussed on the LV network 

after finishing the MV part. The major disturbance proof model is based on statistics of 

previous disturbances. 

The outcome of this model would tell the level of preparedness for clearing all faults 

within 6 hours in urban and 36 hours in rural areas. 

Major disturbance proof rate (MDPR) can be determined by using the information about 

fault repair organization, fault data, and network. As mentioned before, the fault infor-

mation can be collected from the earlier worst major disturbance in the network. If any 

DSO has never experienced the disturbance, they can use the reference data from an-

other DSO operating in similar circumstances. 

𝑀𝐷𝑃𝑅 = 1 −
𝑡𝑎𝑙𝑙𝑜𝑤𝑒𝑑

𝑡𝑓𝑟
∗

𝑁

𝜆 ∗ 𝑙
… … … … … … … 3.1 

𝑀𝐷𝑃𝑅 = 𝑀𝑎𝑗𝑜𝑟 𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑎𝑛𝑐𝑒 𝑝𝑟𝑜𝑜𝑓 𝑟𝑎𝑡𝑒 

𝑡𝑎𝑙𝑙𝑜𝑤𝑒𝑑 =  𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑙𝑙𝑜𝑤𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 [ℎ] 

𝑡𝑓𝑟 = 𝐹𝑎𝑢𝑙𝑡 𝑟𝑒𝑝𝑎𝑖𝑟 𝑡𝑖𝑚𝑒[
ℎ

𝐹𝑎𝑢𝑙𝑡
] 

𝑁 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠 
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𝜆 = 𝐹𝑎𝑢𝑙𝑡 𝑟𝑎𝑡𝑒 [
𝐹𝑎𝑢𝑙𝑡𝑠

𝐾𝑚
] 

𝑙 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑣𝑢𝑙𝑛𝑒𝑟𝑎𝑏𝑙𝑒 𝑡𝑜 𝑚𝑎𝑗𝑜𝑟 𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑎𝑛𝑐𝑒[𝑘𝑚] 

Equation (3.1) describes that estimating the appropriate rate of MDPR can be achieved 

first by measuring extreme values. This means for calculating the minimum MDPR level 

for MV network; it has to assume that the MDPR level of LV network is 100%, and all 

fault repair capacities can be directed to the MV network and vice versa.[14] 

However, the DSO needs to analyse and calculate the MDPR rate before starting the 

renovation work, and this would help them to identify the appropriate weatherproof solu-

tion as the length of the network vulnerable to a significant disturbance is defined here. 

4.2 Wide power line corridors 

In the MV OHL network, the wide power line corridor is an effective method as a means 

of improving reliability. This method is relatively new, and if all the trees are cut down 

within approximately 20 m from the power line, then the wide power line corridors 

emerge. As a result, trees can no more fall on to the electricity distribution line. Day by 

day, the interest in wide power line corridors is increasing due to the new electricity mar-

ket act,2013 prerequisites for distribution companies to improve the reliability of opera-

tion dramatically. If any company has 20-30 years techno-economic lifetime left, then 

those companies are using the wide power line corridors solution. This solution aligns 

well with the period until the trees near the power line do not pose a danger to the power 

line. DSOs' cooperation with forest management companies increases the success rate 

of wide power line corridors project. Taking permission from the landowners and the 

professionalism of forest management companies make this solution accessible among 

the distribution companies. In case of reliability, wide power line corridor is fairly similar 

to underground cabling. If the trees are cut down on both sides of the power line, it may 

cost approximately 6000-8000 € /km, which is relatively low [15]. Thus it can be a cost-

effective solution for ensuring security supply requirements and improving the reliability. 

The distribution companies that operate in forested areas and have a small number of 

consumers in terms of network length, wide power line corridors tend to be an inexpen-

sive way to meet the requirements set by the electricity market act. The popularity of 

wide power line corridors may increase quickly due to the upcoming deadlines for im-

proving reliability. However, the price decrease in underground cables can also impact 

their popularity. 
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4.3 Underground cabling 

Underground cabling is an effective way to reduce the number of outages and conse-

quences in electricity distribution networks during major events. To fulfill the demand of 

the Finnish electricity market act, the most effective weatherproof solution is under-

ground cabling. Underground cable is less susceptible to damage due to storms or light-

ning, and it has several advantages such as maintenance cost is low, fewer chances of 

faults, the voltage drop is smaller, better overall appearance and safer operation. Under-

ground cables are used where overhead lines are impracticable to use. Natural phenom-

ena and extreme weather conditions are one of the main reasons for all interruptions as 

a result underground cabling is the most effective weatherproof solution which can im-

prove the resilience of the distribution network. Overhead lines became the most vulner-

able and interruption prone parts of the network due to falling of tree branches on the 

overhead line, short-circuiting of conductors due to snow loads, heavy rains and winds. 

However, Underground cabling has become a viable alternative for the construction of 

the electricity distribution network. Underground cabling is a mature technology that has 

been mostly used in urban and town areas until the reform of supply security. Due to 

other existing infrastructure, it is expensive to build underground cables in the city and 

the urban regions but the situation in rural areas is different. In contrast, due to inde-

pendent infrastructure, long distances allowing long uninterrupted cable pulling, low cus-

tomer density, and, therefore, low power delivery made the rural network solution totally 

different. Underground cabling offers not only better security of supply but also the overall 

reliability of supply[16].The medium-voltage (MV) network has the most significant im-

pact on the reliability of the distribution system since it causes more than 90% customer-

experienced outage. Typically, underground cables can remain in use much longer than 

other alternatives, up to 50 years. Unlike different types of networks, underground cables 

are hardly experiencing momentary faults, which leads to short power supply interrup-

tion. However, when a fault occurs, it is challenging to locate the accurate fault location, 

and it can take a longer time to repair the fault, and the major drawback is it has higher 

installation cost. In recent years, cable ploughing techniques have progressed, which 

have significantly reduced the cost of installation. However, it needs to be taken into 

consideration; a backup connection is necessary in case of a faulty situation. 

4.4 Extensive cabling 

Extensive cabling is one of the most efficient ways to reach supply security limits by 

2028. Several factors are essential to know and take necessary steps for the implemen-

tation of cabling, which covers the answers to these particular questions such as to when, 
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where, and how the extensive cabling should be done. Figure 10 helps to find out the 

appropriate cabling approach. 

 

  Extensive cabling process 

 

The first steps address the issue of selecting cabling areas such as substation areas and 

feeders. Once the feeder level is taken into consideration, starting from the network´s 

age structure, other technical constraints impacting the renovation timetable has been 

depicted. By analysing considering the factors, it helps to find the answers to the question 

of when and how the extensive cabling should proceed. However, the outcome of the 

whole process illustrates the particular renovation area, timeframe, and techniques of 

extensive cabling. 
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4.4.1 Cabling demand and strategies 

Extreme weather conditions, tightening supply security requirements, new electricity 

market act, significant weather-related disturbance, previous outage experienced by cus-

tomers, high rate of vulnerable overhead line in the forests increases the demand for 

underground cabling. Since reliability is now an aspect of economic regulation through 

customer costs, so quality optimization of supply is a vital part of business planning. The 

Medium voltage (MV) networks trigger the most significant impact on reliability in the 

distribution of electricity because more than 90% of customer-experienced outages are 

caused by MV networks. These encourage the quest for better strategies to distribute 

electricity efficiently. The cablings demands are described on the basis of historical data 

about major storms in different distribution companies. This historical data provides in-

formation about how much cabling is needed to survive from the major storm with the 

existing fault repair resources without breaching any customer´s interruption limit (6h and 

36h). Underground cabling is a proactive way to modernize the ageing overhead line 

network and respond to society´s future needs. Figure 11 depicts the background infor-

mation for cabling demand. 

 

 Background information and boundary conditions for cabling 
demand 

Cabling offers numerous possibilities for the reconstruction of the electricity network. 

Cabling strategies are A )full-scale underground cabling B) Underground cabling with 

rolling strategy C) Cabling from the oldest portion of the network D) Cabling from the 

most vulnerable part of the network E) Combination of cabling and network automation. 

However, the effect of investments has been investigated on the reliability indices (SAIFI 

and SAIDI). 
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In rural areas, from the renovation point of view full scale of underground cabling is not 

a conventional method. This is because the investment costs of the underground cables 

have been considerably higher than overhead lines. Due to widespread customer base 

in rural areas, the number of MV lines per consumer is considerably higher than in urban 

areas and for this reason, this technique is not economical in rural areas. However, if 

only the reliability is taken into account, the best solution is full-scale cabling since the 

fault rates are the lowest which ensures that even severe weather conditions would not 

lead to electricity supply interruptions. The first renovated line parts are located at the 

beginning of the feeder, but the best reliability can be achieved when underground cables 

replace unreliable overhead lines located in forest. By using this strategy, SAIFI de-

creases from 2.4 faults/customers to 0.6 faults/customer and the decreasing rate is 75%. 

On the other hand, SAIDI drops by 81% from 2.1 hours/customer to 0.4 hours/customer. 

Despite full-scale UG cabling, these numbers are difficult to reach.[17] 

Underground cabling with rolling strategy takes place from the beginning of the feeder to 

the end of the feeder. Generally, the consumer density near to primary substations is 

higher than at the end of the feeder.In this technique, the pole-mounted switchgear 

(circuit breaker) is positioned at the cable junction point and the old overhead line (Figure 

12). 

 

 

 

 

 

 

 

 Rolling technique in the renovation of the feeder 

 

This increases reliability and power quality in the areas where cabling has been 

completed at the feeder´s edge and this helps the customers who are at the beginning 

of the feeder. Moveable switchgear removes the impact of faults in the OHL network 

from the cable networks. This UG cabling with the rolling strategy makes it easier to 

comply with the requirements of the New Electricity Market acts for the year 2028.With 

the help of rolling techniques, it is possible to decrease the SAIFI by 41 %, which is 2.4 
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faults/customer to 1.4 fault/customer and SAIDI by 38% from 2.2 hours/customers to 1.3 

hours/customer. Moreover, the positioning and movement of remote-controlled 

switchgear play a vital role in the effectiveness of this technique.[17] 

Cabling from the oldest portion of the network strategy is the best applicable to those 

feeders that are considerably aged and have issues with the reliability. When renewing 

is concentrated on line sections which are about to end their lifetime, the present value 

of the feeder increases rapidly. This net present value of the network, therefore, 

increases a fair return on capital. However, the oldest portion of the network should be 

in the forests otherwise, the benefits of reliability would be relatively low but when the old 

fault-prone line is cabled, the reliability in the entire feeder is increased. In this strategy, 

the network SAIFI drops from 2.4 faults/customers to 1.4 faults/customers which is 62% 

and SAIDI decreases from 2.1 hours/customers to 1.3 hours/customer which is 38%.[17] 

Cabling from the most vulnerable part of the network mainly focuses on the line sections 

which are located in forests or that are otherwise vulnerable. Cabling of the most 

vulnerable part or fault-prone sections increases the reliability of the whole feeder by 

reducing the volume of the fault. Besides, the allocation of investment for old overhead 

lines is another priority as it can give more enormous benefits. This strategy is particularly 

ideal and high targets for those feeders that have excellent reliability at the beginning 

and poorer at the end compared to B and C strategies. However, as vulnerable and faulty 

lines can be widely spread throughout the network so the position of unreliable lines can 

pose a challenge, and it can make the renovation more challenging and expensive. 

Moreover, with this strategy, it is sensible and reasonable to determine the line sections 

that are located close to each other for renovation as it helps to do the continuous 

renovation. Cabling with this strategy becomes more economical and feasible when it is 

targeted on continuous line paths such as large forest areas. In the case network, SAIFI 

dropped from 2.4 faults/customers to 1.1 faults/customers, and the decreasing rate is 

64%, on the other hand, SAIDI decreases by 2.1 hours/customers to 1.1 hours/custom-

ers. [17] 

The combination of cabling and network automation is a viable technique for those 

feeders that are providing electricity to both urban and rural areas. Network automation, 

switchgear, and remote-controlled disconnectors lead to the improvement of standard 

state reliability.It is possible to build weatherproof cable networks to urban areas and 

overhead lines in rural areas within the same feeder with the combination of cabling and 

network automation together. Therefore one feeder can be split into smaller protection 

zones and faults in the rural area network do not impact the cable network in urban 

areas.In this strategy, the amount of cabling can be decreased especially when network 
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automation is used to achieve the same improvements in reliability as in previously 

mentioned cabling strategies.This ensures lower costs for investment and more 

profitable investments. The total investments in this strategy are about half of the 

strategies B, C, and D where SAIFI decreased from 2.4 faults/customers by 50% to 1.2 

faults/customers and SAIDI by 48% from 2.1 hours/customers to 1.1 hours/customers.[6, 

17] 

4.4.2 Prioritisation of areas and implementation of cabling 

Prioritisation of areas for cabling means the consideration of the area or feeder of the 

MV network to be rebuilt underground and what is the order of priority between areas. 

There are several selection criteria, and common reasons for cabling targets are: 

 Age of the network or feeder 

 Customer outage cost (COC) 

 Condition of the lines or fault rate of the lines 

 The capacity of the network, the number of customers 

If a densely populated area consists of an old OHL network that is predominantly located 

in forests and includes many branch lines, then the network could be a suitable target 

for cabling. Furthermore, the critical factor in the priority process may be highly essential 

customers such as hospitals, large users, and other infrastructure operators. For a line 

section, many factors affect the COC value, such as the number of customers, their 

annual energy, fault frequency, network topology.This ensures that the parts with the 

highest number of customers or most susceptible to faults are not only the reason for 

cabling targets[17]. However, after deciding on the area or feeder to be renovated, it is 

important to determine how to assign the cabling activities along the feeder,prioritise the 

goals, identifying new line routes, and the technique of installation for implementation of 

cabling.  

There are several processes to be considered for the implementation of the cabling. One 

of these is the location of the line routes to be renovated. However, DSOs need simple 

approaches to be used in the renovation process as guidelines that can be used in the 

future. Two basic cabling approaches are outlined based on various alternatives that are 

appropriate in many rural networks. Nevertheless, the first is based on the idea of 

renovating the lines in the existing line routes, by laying the cable into the underground. 

In this approach, the network is renovated one by one portion in the old network paths. 

For instance, the priority of the sections can be achieved by evaluating the age structure 

or fault rate of the sections. However, most of the renovation may concentrate on the MV 
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network, since there is no change in the position of the interface between the MV and 

LV networks. Positive aspects of this approach are that there is no simultaneous 

renovation of the low-voltage network and renovation is simple.On the other hand, the 

negative aspects of this approach are that existing network topology may be situated in 

the middle of the forests that can cause a maintenance problem; moving the lines in the 

LV networks can be troublesome, and the number of branch lines remains high, creating 

difficulties in the operation of networks. However, to conclude the simple cabling 

principle, it may state that in most cases, it is not an attractive approach due to the lack 

of modification opportunities in the network. The second strategy is focused on the 

transfer of lines to roadside which often provides impetus to the renovation of the LV 

networks and it offers many advantages such as installation cost becomes lower by the 

use of cable ploughing technology, lower maintenance cost as the line becomes easier 

to access and probably a shorter line path. The approach reflects a much more compli-

cated way to carry out the cabling process as it is a massive challenge to define a suitable 

topology for the new network. This contains several subtasks such as branch line prob-

lems, control over the renovation of various ages network parts which makes the plan-

ning task even harder. However, the extensive planning task provides the opportunity of 

renovating the LV networks in conjunction with the MV networks, allowing the network to 

meet better current requirements. In spite of the complexities of network renovation, the 

complex model is preferred since the benefits of renovation can be best accomplished 

in this way. 

Usually, underground cables are built right-of-way on the road. There is one landowner 

on the road rights-of-way and only professionals who have the requisite skills to avoid 

the damage that underground cables can perform during the excavation work in the area. 

In the highways act, which was amended in 2013, highway rights-of-way were expanded 

to include the area adjacent to the highway for providing cables and other infrastructure 

appropriate for the society. The right-of-way path can, therefore, be reserved to extend 

beyond the criteria for just road maintenance. 
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 Cross-section of a two-lane highway featuring a fast lane[4] 

Figure 13 shows the cross-sectional area of a two-lane highway where 1a and 1b) left 

and right lanes,4) verges,5) median barrier, 6) inner slopes, 7) ditch,8) outer slope, 9) 

edge areas, 10) highway right-of-way. The best place for underground cabling would be 

the area between the top of the outer slope (Zone 8 in figure 3.7) and the end of the right-

of-way(Zone 9 in figure 3.7).  

However, the precise positioning of the underground cables within a road right-of-way 

depends on several factors such as road structure, surrounding landscape configuration, 

previously installed cables position, plans for the future road project, bridge and other 

cables projects. For the placement of underground cables, pedestrian roads, cycle paths, 

areas between them, and road rights-of-way can be used, but there are strict rules on its 

exact placement and the acquisition of the requisite permits.[4] 

For the implementation of cabling, the cost is a significant factor and installation costs 

are dependent on the cabling system and methodology to be used. The following 

equation provides a cost minimization function where T is network lifetime which is 40 

years (assumed) 

min 𝑍 = ∫ 𝐶(𝑡)𝑑𝑡 = ∫(𝐶𝑐𝑎𝑝(𝑡) + 𝐶𝑜𝑝𝑒𝑥(𝑡) + 𝐶𝑐𝑜𝑐(𝑡)𝑑𝑡) … … … … … .3.2

𝑇

0

𝑇

0

 

𝐶 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑖𝑛 𝑡𝑖𝑚𝑒 𝑡 

𝐷𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑦 𝑝𝑒𝑟𝑖𝑜𝑑 𝑡, 𝐶𝑐𝑎𝑝 = 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 

 𝐷𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑦 𝑝𝑒𝑟𝑖𝑜𝑑 𝑡, 𝐶𝑜𝑝𝑒𝑥 = 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 

𝐷𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑦 𝑝𝑒𝑟𝑖𝑜𝑑 𝑡, 𝐶𝑐𝑜𝑐 = 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑜𝑢𝑡𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 

Capital cost comprises the amount of investment made during the study period, which 

includes the usual cost component of underground cabling such as cables, excavation, 

cable joints, renovation of the substation, earth fault current compensation and 

arrangments for back-up power. Operational cost includes maintenance cost, repair of 

failures, preventive steps, and power losses. Customer outage cost includes customer-
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experienced interruption damage which is transformed into a monetary value with the 

unit cost of interruption.[10] 

It is advisable to place several cables or pipes in the same cable trench as the typical 

excavation method involves the highest cost for installation. In this method, unit cost can 

compete with the alternative; even it is less expensive like ploughing and chain trenching 

that have been developed in recent years. Particularly in the LV network, the ploughing 

method is used to install cables cost-effectively, but it is not common in the MV network. 

However, there are new cables designed for ploughing which will be capable of with-

standing the stress caused by ploughing. Based on the technique, the costs of cable 

installation may vary, such as in suitable soil condition ploughing costs are estimated as 

an average of 50% of excavation cost. The transfer of lines to roadsides also helps the 

ploughing method since the road verges are already being processed and thus easier to 

rework. The total expenses of the excavation process are the sum of different smaller 

parts such as cabling project costs, machine transfer cost during the project, costs de-

pendent on excavation length as per the cabling techniques such as ploughing or exca-

vation and the cost from other sources. Installation cost increases when the most aged 

parts are cabling first as the installation equipment such as excavator and cable reels 

must be shifted multiple times during the project. In this case, another approach is to 

renovate the network effectively from the beginning of the feeder using the rolling pro-

cess as it is easier to manage, reduced the transportation cost of installation equipment 

but there is the only drawback of this approach which is the removal of quite new lines 

or young lines. After prioritising the cabling area, it is vital to define the renovation order 

which can be for instance, the age, fault rate, COC or the distance from the substation. 
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 Figure 14 illustrates an example of a cabling approach for a rural area MV feeder in the 

first four years when targets are chosen on the basis of the age. 

 Renovation plan for the first four years of a 20kV feeder fo-
cused on the aged line  

However, the underground operations are costly, so it is necessary to co-operate with 

the telephone company for the excavation process. When the area available for excava-

tion is limited, troublesome to repeat the ploughing work, then agreements with various 

utilities are necessary to avoid excessive and repetitive excavation or ploughing work. 

4.4.3 Challenges and effects of cabling 

Distribution system operators (DSOs) are working hard to meet the stringent require-

ments of the new electricity market which is approximately 70% of the MV network will 

be cabled within 2028. However, they are also facing some challenges during the imple-

mentation of cabling. Though the first phase was easiest to achieve, but when it started 

for the sparsely populated area it becomes difficult as the cabling distances are 

longer[18]. Underground cabling has a different set of electricity distribution requirements 

compared to the OHL network. Substations are usually built with a pole-mounted struc-

ture in the OHL network, but pad-mounted substations in the UGC network should re-

place this structure. Underground cables have unique types of incidents such as flooding 

and digging and may be reluctant to repair their faults. Due to long repair times, specific 

reserve power arrangements, such as new backup connections must be addressed in 

case of underground cable branches. In order to minimize the damage risk, Underground 

cable joints should be adequately protected as they are more sensitive to lightning. Ca-

bling in rocky soil is very difficult and expensive as concrete is used instead of blasting, 
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even sometimes putting cables in poles is used but it raises the cost as poles and special 

cables are needed. However, recently cable placement has been done laying the cable 

on the surface of the rock a half pipe shelter on it. The finishing component is completed 

with a layer of concrete without steel reinforcement and a desirable lifetime of this struc-

ture would be 50 years.[19] 

Replacement of overhead lines with underground cables increase the earth fault current 

and reactive power production. Earth fault current can be compensated through a cen-

tralized compensation inductor at substation or by installing multiple decentralized com-

pensation units on the network. However, this centralized compensation unit is expen-

sive, but it can compensate for very high currents between 50A and 100A. The natural 

loading of cable is higher compared to the overhead line because of the cable charac-

teristics. This cable generates more reactive power, and transportation of reactive power 

causes losses and voltage rise. To encourage DSOs to maintain the appropriate level of 

reactive power transportation between the main grid and distribution network, the Finnish 

transmission system operator Fingrid inherits fines for exceeding the reactive power lim-

its. DSOs need to pay more attention to the reactive power fee and losses caused by 

reactive power transportation in the distribution network.[20] 
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5.  CONDITION MONITORING AND OUTAGE MAN-
AGEMENT SOLUTION 

The key incentive of condition monitoring is to prevent the network from failures and to 

improve the network maintenance process. Also, it is possible to reduce the outage du-

ration and restores the service faster by the development of outage management solu-

tion. 

5.1 Inspection of traditional overhead lines  

To estimate the network maintenance requirements and to identify defective, faulty or 

damaged network components, periodic inspection of the distribution network is essen-

tial. Traditionally, inspections have been carried out on foot, by all-terrain vehicles or 

snowmobiles. The inspection period normally takes 3-15 years, but inspection periods 

and clearing activities vary between various DSOs and different topographical regions. 

At intervals of around six years, Elenia systematically clears and inspect the high voltage 

distribution network. This clearance work is done by cutting down adjacent trees and 

trimming the tops of trees. In the MV network, Elenia´s clearance work cycle is conducted 

on a needs-driven basis at 4-5 years interval on the ground, using multifunctional ma-

chines or from helicopters and in case of LV network, clearance work is performed at 

eight years interval. Generally, Elenia assesses the need for clearance on various factor 

such as areas and network types, the recent faults, and when the networks were last 

cleared[8]. Aerial inspections from the helicopter can increase the effectiveness and 

standardization of periodic inspections, and it also helps the vegetation clearance crew 

to clear the right-of-way and manage the adjacent forest along with the MV network. By 

equipping helicopters with various sensory devices such as 2D cameras for font and 

back photographing, a camera for the overview and airborne laser scanning (ALS) de-

vices, network condition can be inspected effectively and reliably to optimize observation 

data cost-effectively. Nevertheless, some ground inspections are still required to detect 

the decaying damages of the pole as it is not possible to identify from the air. However, 

without the need for field surveys, ALS generates accurate topographical data. Clearing 
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crews do clearance work on the low voltage network. Figure 15  shows the Elenia´s 

process for the inspection of network condition[21]. 

 Elenia´s inspection of network condition in HV,MV and LV 
network.[21] 

For the inspection of the network condition, a thermographic camera may also be used 

sometimes. The aerial inspections are generally done by taking pictures of both front and 

backside from the helicopter or flying near to OHL network. However, later on, the col-

lected data from the inspection can be effectively flown on a computer which enables 

detailed network observations. This aerially collected data has no restrictions by weather 

or season as it can be accessed, analyzed or examined at any times. 

5.2 Clearing wide power line corridors 

Clearing the wide power line corridor means power lines should be expanded from 10 

meters to 40 meters by extending the line area on each side by 15 meters. The key 

reason for widening the power line is that trees would not fall on the power lines. Clearing 

the power line corridors are essential to reduce the risk of power outages. Thus, it helps 

to meet the requirements of electricity market act through a weatherproof network in a 

cost-effective manner. For clearing the power line corridor, the forest along the electricity 

networks are mapped and then the areas to be treated are planned. In 2010, the storm 

asta caused many damages in Imatra region. At that time, the storm destroyed the power 

lines, even toppling the poles. As a result, in collaboration with landowners, Imatran 

seudun sähkönsiirto oy and Metasänhoitoyhdistys etelä-karjala are implementing a pro-

ject over 560 km in which forests on the edges of power lines are treated to be free of 

trees. In the next 20 years, this project could achieve significant savings in maintenance 

and fault repair cost. For users, this project represents a better customer experience, 

decreases power outages and shorten their durations. After completing the project, the 

landowner could freely use the treated area for planting different trees. A tree-free power 

line is a simple, fast and economical way of introducing weatherproof network solution in 

sparsely populated areas.[22] 
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5.3 Condition monitoring of circuit breaker 

Circuit breakers (CBs) are automatically controlled switches that protect the network 

against overcurrent that may harm other network components. Circuit breakers separate 

the defective parts from the network by a secure and reliable operation. Circuit breakers 

electromechanical system is prone to multiple failures because, after every operation, it 

is under severe stress. CBs can be regarded as a critical component that ensures the 

network safety and fast restoration of power to the network in defective circumstances 

which may directly affect DSO´s customer interruption cost. Due to the new electricity 

market act, the proper functioning of the protection during the less faulty situations be-

comes even more critical, as the interruptive expenses increase. Condition monitoring 

technology is now far more precise and sophisticated because modern techniques use 

newly developed transducer with more reliable data. 

Technologies for condition monitoring can be classified into three categories, such as 

off-line monitoring, on-line or continuous monitoring, real-time monitoring. In off-line 

monitoring, the condition of the equipment is evaluated in the de-energized state. During 

the maintenance time, this method is applicable in designated intervals. In contrast, in 

the case of on-line monitoring, the working condition of the equipment is evaluated in the 

energized state. At that time the equipment is in service. In on-line monitoring, sensors 

gather raw data from the devices and send them to condition monitoring centres uninter-

ruptedly. However, through this monitoring, it is not possible to produce real-time out-

comes. In real-time monitoring, no time delay can exist between the degradation of the 

condition and monitoring reaction time. The timing factor is crucial in real-time monitoring 

as it is a function of physical time. [23] 

The most widely researched parameter for condition monitoring of circuit breaker is coil 

current or motor signal current measurement with a current sensor. It is possible to cal-

culate maximum current values for the coil and the operating periods for excitation, aux-

iliary contact operation and the entire energizing time with a trip or close coil current 

measurements. If these parameters are compared with a standard CB operating state, it 

is possible to identify the deficiencies in voltage supply, latching and mechanical opera-

tion and coil resistance. To compare the tripping setting time and possible deviation in 

operation, it is possible to determine the realized operating time of CB accurately by 

placing current sensors to measure the motor signal current. The sensors can be at-

tached non intrusively into old and working CBs by using clip-on hall meters. To identify 

the abnormalities in mechanical behaviour among the different CBs, vibration sensors 
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should be put on the surface of the CB hull. However, due to the mechanical behavior, 

there might be noise interference in the measurement, but vibration signal mainly fo-

cuses on the timing of the observed events, the frequency domain measurements and 

the amplitude of vibration. The vibration measurement, in combination with motor signal 

current, can be effectively used to determine the realized operation times that can be 

compared to specific component values. In the case of outdoor substations, heat and 

humidity measurements may be questionable, but it could be a cost-effective addition to 

the measurement palette. To ensure the safe operating environments for the inside 

equipment of CB, temperature and humidity can be measured from the inside of the 

circuit breaker´s control panel cabinet. Besides, numerous measurements could be used 

in condition monitoring of circuit breakers such as radiometric measurement for arc du-

ration and contact resistance, gas pressure measurement for SF6 insulated CBs and 

dissolved gas analysis is essential for CB´s oil.[24]  

Moreover, for the specific health information of circuit breakers such as background data, 

age, model, manufacturer technical parameters, the rated capacity component can be 

utilized and retrieved from the DSO´s network information system (NIS). It is possible to 

find the trip settings details for short-circuit, and earth fault currents from the distribution 

management system (DMS) and historical events of a specific CB can be extracted from 

supervisory control and data acquisition (SCADA). However, the condition monitoring of 

circuit breaker is nearly the same in the case of cabling and OHL network.[24] 

5.4 Secondary substation and distribution transformer condi-
tion monitoring 

The secondary substation is an interface between the MV/LV network. The voltage range 

typically transforms from MV (20 kV) to LV (0.4 kV) in Finland. With straightforward struc-

ture (MV busbar, power transformer, LV feeders), the level of automation at the second-

ary substation is very low as most of the faults occur in the MV networks. In every phase 

of LV feeder, fused is used as a standard fault current protective device in the LV network 

and it not an ideal idea to use expensive equipment for the protection of LV network like 

the MV network. The concept of the smart grid significantly increases the need for mon-

itoring devices for adequate and versatile power supply. Due to technological advance-

ment, it is possible to find applicable and cost-effective condition monitoring solutions for 

secondary substations. As a data aggregation point, the secondary substation can be 

used to monitor LV and MV network along with network components such as cables and 

transformers. Condition monitoring of the secondary substation is focused on monitoring 
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system and monitoring model that incorporates partial discharge and power quality mon-

itoring features, tracking of disturbance, fault location into a single unit. The monitoring 

system comprises high-frequency current transformer (HFCT) for current measurement 

on MV side, resistive dividers for the measurement of voltage on the LV side, filter & 

amplifier, multichannel data acquisition and processing unit focused on field-program-

mable gate array (FPGA). The monitoring principle explains which monitoring functions 

can be incorporated into the monitoring system and to analyse the electrical network how 

the data can be used during normal operations and various disruptions time. The HFCT 

sensors installation around the ground straps allows only partial discharge monitoring. 

For both the partial discharge and power quality monitoring on the MV side of the trans-

former, the sensors are installed around the phase conductors. However, to improve the 

viability of the whole monitoring and measurement scheme, it is beneficial to install so 

many sensors to gather additional details from the site technologically and fairly feasi-

ble.[25] In the secondary substation, door sensors could be introduced to ensure proper 

locking of substation´s door and to monitor movement, and on-site access of the location 

and room temperature and humidity can provide important information about the ventila-

tion system of the substation. 

There are 263 power transformers and more than 31000 distribution transformers in Ca-

ruana’s (largest DSO in Finland) network. The ratio is almost the same for other DSOs, 

so it is feasible to use expensive equipment in power transformer condition monitoring, 

but it would not be an economical solution for distribution transformer monitoring. There-

fore, the measurement and sensors option for the condition monitoring of distribution 

transformer should concentrate on the simple and non-intrusive installation method. In 

distribution transformer monitoring, it would be better to use historical and operational 

details from the existing system instead of direct insulation oil temperature, dissolved 

gas analysis (DGA), oil level measurements. To determine the correlation between in-

ternal and external temperatures of distribution transformer, a pilot case integrating in-

ternal and external temperature scales could be useful. In this pilot case, temperature 

sensors are placed directly to the insulation oil, transformer tank surface and transformer 

cabin to determine the ambient temperature of space, and it helps to form a correlation 

between oil temperature and transformer´s surface temperature. Generally, the acoustic 

noise sensor is used to identify the abnormalities in the sound frequency spectrum of the 

transformer. Energy measurement and sound analysis is needed in the secondary sub-

station for the load measurement and humming noise analysis of the transformer. 

Through the NIS, it is possible to get the background data, age, location manufacturer, 
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model, technical parameters, rated capacity of the distribution transformer, which allows 

the accurate comparison of different transformers.[24] 

5.5 Underground cable condition monitoring 

Due to the new supply security requirement, the amount of underground cables in the 

Finnish distribution network is growing fast. Although underground cables are more reli-

able than OHL's, but if there is a fault in the cable networks, it takes longer time to repair, 

since locating and repairing underground faults is more challenging and difficult. Conse-

quently, condition monitoring technologies can play a crucial role in explicitly targeting 

the cables that are of the most significant concern for reliability. By monitoring cable 

conditions and anticipating potential accidental failures, substantial cost savings and im-

provements in supply security could be accomplished that would benefit both the DSO 

and customers. Due to the usefulness in condition-based repair, monitoring systems and 

detecting faulty parts, partial discharge (PD) cable monitoring has been commonly used. 

Damped AC (DAC), Very low frequency (VLF), Alternative current (AC) test are standard 

because it allows checking potential defective joints and termination areas after the cable 

assembly to identify and locate the PD. Currently, with the help of HFCT and capacitive 

coupling sensors, it has become common to detect the PD signal for on-line PD moni-

toring of the cable. 

Tangent delta (TD) also known as loss angle or dissipation factor measurement, is used 

to determine the ageing of the cable and its macroscopic condition. The reliability of this 

measurement is questionable for detecting PD in cable insulation. However, TD is useful 

for detecting moisture in paper-oil insulated cables and water trees in polymer cables. 

Usually, these things cannot be detected by PD measurements. In underground cable, 

there might be leakage current due to the pollution or moisture, which is a common phe-

nomenon and that need to be taken into account in TD measurements. This is because 

of the surface current, which affects the measurement result. It is possible to measure 

leakage current through an insulation medium or over the surface. The measured leak-

age current illustrates the pollution level of cable accessories on the surface and degra-

dation to an insulator.[26] 

For continuous monitoring of cable temperatures, semiconductor type sensor or optical 

fibres are common to get the thermal behaviour of the cable in real-time. Damped AC 

voltage (DAC) method is used for PD measurement in after-laying tests on new cables 

and to diagnose old cables. Compared to other methods, the benefit of this method is 

that power consumption is relatively small, and it also applies to all cable types such as 

MV and HV.VLF method sets the frequency for the extruded dielectric cable to a range 
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from 0.01 Hz to 0.1 Hz to decrease the capacitive current as it is proportional to fre-

quency. The benefit of this approach is low power demand. DC voltage method is mainly 

applicable for thermal and conductivity related problems. However, it does not reflect 

insulation stresses associated with AC voltage. For the cable acceptance test for the 

required length, high voltage DC may be applied. The benefits of this method are its 

simplicity, cost efficiency with low power consumption.[26] Usually, most of the cable 

condition monitoring is focused on one PD measurement. 

However, PD measuring equipment is relatively expensive, and its use is mostly based 

on off-line measurement criteria, performed during inspections or where a fault or failure 

has been found. These PD measurements can be carried out by using an oscilloscope, 

and the cable needs to be removed from service, which is the main disadvantage of this 

approach. In contrast, on-line PD monitoring technology has proved its effectiveness, 

though this measurement is not economically feasible in the MV network due to the ex-

pensive equipment and resources. However, due to technical advancement, a cost-effi-

cient solution is also available for continuous on-line PD monitoring that can be installed 

at secondary substation permanently.  

Due to the high number of disturbances, particularly for longer cables, the position of the 

PD source is more challenging to locate for on-line measurement, where discharge pulse 

does not reflect correctly due to the often-weaker reflections from the end of the cable. 

Besides, while in service, monitoring long cable lines are challenging in some environ-

ments. Still, there are already commercially available and working applications for on-

line PD monitoring.  

By using multiple sensors, it is possible to improve the efficiency, reliability and sensitivity 

for detecting the PD pulses and reflections significantly. Measuring all three phases helps 

to assess the process in which the PD source is located. Filter & Amplifier unit is used to 

find potential PD pulses by filtering low and high frequencies and amplifying the priority 

signal. Figure 17 depicts the condition monitoring system for on-line PD monitoring [27]. 

The monitoring system comprises an economical and reliable HFCT sensor, a filter and 

amplifier unit and a data processing unit (Figure 16) [24, 27]. The main advantage of on-

line PD monitoring is that it can detect rapidly developing faults. On the other hand, rap-

idly developing faults cannot be detected by periodic measurements. 
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 Placement of sensors on MV cable [27] 

Portable partial discharge unit has been developed to replace permanently installed on-

line system. The fundamental idea is to round the portable monitoring devices across 

the distribution network and to monitor shortly at each point. The acquisition cost of port-

able PD unit is relatively smaller than the permanent one, and this is especially true in 

the case of permanently installed systems on a large scale. Partial discharge testing and 

monitoring process have three major phases which are PD-screening, location and mon-

itoring. The portable partial discharge measurement device, commonly known as a 

handheld device, is used to screen the whole network and identify the cable location that 

requires extensive action. If the source of partial discharge is detected from the target, it 

can be continuously monitored for days to weeks.  
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Figure 17 illustrates the whole testing and monitoring process for partial discharge[28]. 

 

 

 

 

 

 

 

 

 

 

 

 On-line PD testing and monitoring process[28] 

5.6 Effects of the weatherproof solution to condition monitoring 

In addition to the traditional condition monitoring system, the weatherproof network so-

lution brings changes to the condition monitoring process. In Finland, large parts of the 

networks are still in the forests, and wide power line corridor could be the best weather-

proof solution for those networks. Basically, the condition monitoring of power line com-

prises two aspects which are the electricity line components and surrounding objects, in 

particular vegetation. Traditional inspections are carried out by travelling on foot or from 

helicopters. The most common method for monitoring the condition of the power line 

corridor is the inspection from helicopters as it can flexibly follow the power line corridors, 

and measurements can be taken from very low altitudes. However, both methods have 

the drawback as this is based on human visual observations. Therefore, remote sensing 

techniques such as airborne laser scanner (ALS) data from helicopters, fixed-wing air-

craft, optical aerial images, optical satellite images have been considered as a feasible 

technique for condition monitoring of power line. Monitoring of power line corridors is 

typically a less common research topic than the monitoring of power line components. 

However, this research is being in progress now. The ALS data and the aerial images 

are suitable for extensive monitoring of vegetation in the power line corridor. In the power 

line corridor, it helps to analyse and monitor the individual trees and their growth, to 
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determine the distance between power line components and vegetation and classifica-

tion of tree species. Besides, for improving the traditional monitoring process, the digi-

talization concept such as data analytics, machine learning, artificial intelligence, internet 

of things (IoT) sensors are used.[29] 

Moreover, another weatherproof approach is underground cabling. Different methods 

are available for the condition monitoring of underground cable, and among them, TD 

and PD measurement has been proven as the effective ones. However, research results 

and earlier discussion also showed that TD measurement is a viable tool for condition 

monitoring of paper-oil cables to detect the moisture and the HFCT sensors-based PD 

measurements appear to be the best method for commissioning measurements. Further 

advancement in the condition monitoring of the underground cable can be made by using 

big data analytics to analyse the load data and other operational data of underground 

cable and data from other sources than DSOs [30] . Due to the huge amount of cabling 

in the distribution network, it may increase the earth fault current and generate a reactive 

power in lines. However, the combination of centralized arc suppression coil and distrib-

uted compensation coil could be used to decrease the transportation of earth fault cur-

rent. The need for capacitors is likely to decrease in many cases, and the demand of 

shunt reactors are increasing. Shunt reactors could be the appropriate solution to prevent 

reactive power consumption, but as distributed shunt reactors generate heat, so proac-

tive condition monitoring is needed in this matter. 

5.7 Outage management solution 

Interruption of the electricity supply is an unwanted condition for the consumers. Gener-

ally, power outages are the result of the HV, MV or LV network fault, but it may also occur 

due to the scheduled maintenance work in the electricity distribution network. The power 

outage rarely originates from HV network as it is typically secured and protected from 

snow loads, heavy storms, wind and other harsh weather conditions which often cause 

MV network failures. A single fault cannot cause an outage in the HV network as it is 

typically used in the loop. In MV network, up to 90% faults are short-temporary faults 

which are cleared by rapid auto reclosing (RAR) and delayed auto reclosing (DAR). De-

pending on the relay settings, rapid auto reclosing (RAR), alternatively high-speed auto-

matic reclosing (HSAR) typically takes 0.2-0.4 seconds to clear the fault. On the other 

hand, delayed auto reclosing takes 30-120 seconds [31]The power outages are catego-

rized into two main groups according to Finnish energy which is planned outages and 

unplanned or unanticipated outage. Planned outages usually take place because of the 



43 
 

scheduled maintenance work on the distribution network. For anticipated or planned out-

ages, consumers are notified in advance and the authority controls the outages. If a 

scheduled outage is not notified early enough of the corresponding customers, it is called 

an unanticipated or unplanned outage. Unanticipated outages are categorized into short 

and long outages. If a momentary fault duration is less than three minutes, then it is 

considered as a short outage. In contrast, if a sustained interruption lasts over three 

minutes which is thus known as a long outage.  

Figure 18 depicts the categorization of the outage[31]. 

 

 

 

 

 

 

 

 

 Type of the outages [31]  

It has become easier to find feasible solutions for outage management with the 

advancement of technology. Combination of distribution automation and internet of 

things (IoT) made it easy to prevent the outage from happening and managing the 

communications during the outage.DSO´s outage management process should be well 

prepared and planned to minimize the outage duration, severity of the outage and to 

reduce the outage cost. It is also necessary for the DSOs to invest in prevention and 

avoidances of outages. Fault repair process in the underground cable is time-consuming, 

network automation may fail to restore the electricity on time, branch line without a 

backup connection is not an economical and feasible solution so as a result, it is essential 

to build the backup power so that it can serve as an external source during the outages. 

With the help of the backup power, it is possible to restore the power in a reasonable 

time. 
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5.7.1 Role of Distribution automation in outage management 

The idea of distribution automation (DA) comprises of tools used to control, operate, 

plan, and monitor the electricity distribution network remotely and automatically. Due to 

distribution automation, it is possible to increase the distribution network´s efficiency, 

reliability, usability, accessibility, and it can also reduce the operating cost. Distribution 

automation has a vital role to play during the outages. The detailed framework for 

distribution automation can be hierarchically organized into five different levels (Figure 

19) from a distribution company to the customer.  

 

 

 

 

 

 

 

 

 

 Hierarchy of five frameworks for the distribution automation 
[31, 32] 

There are some secondary components in the distribution network, such as supervisory 

control and data acquisition (SCADA) and distribution management system (DMS), 

which are located at the network control centre (NCC). At the substation, there are 

protection relays, intelligent electronic devices (IED), remote terminal units (RTU), 

voltage measurement and other relays are located. Fault indicators and automatic meter 

reading (AMR) devices are situated in line sections and customer points, respectively. 

Besides, there are some system-related things, for example, network information system 

(NIS), customer information system (CIS), and so on. The roles of the company level 

concentrate on the management and use of information provided by the different 

information system such as NIS, CIS, DMS and SCADA. At the company level, the main 

tasks include management of network details, customer databases, responding to 

maintenance outage and backup connections planning. At the network control centre 

level, DSO utilizes the DMS and SCADA system for real-time monitoring and control of 

the distribution system. These systems enable DSOs to manage outages. During the 

outage, the NCC operational staff carry out the preparation, planning, switching actions, 
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customer service and field crew management. If it is not possible to use SCADA remotely 

from NCC, then substation can use SCADA locally. One of the main functions of network 

or feeder automation is to reduce the extent and duration of the distribution network 

outages. Automation of the customer level allows DSOs to read the energy meter of the 

customer in real-time and on a remote basis.[31, 32]  

The network control centre (NCC) handles the control and monitoring system of the 

distribution network, and it is typically fitted with an uninterruptible power system (UPS) 

to ensure service during a major disruption. Through coordinated and automated 

processes, it is possible to decrease the number of faults and the resupply of electricity 

to the consumer. NCC operator must confirm the electrical safety for field crew member 

as the switching action in the MV network is done by NCC. The SCADA is an information 

system which communicates with substation and network automation through RTU and 

contains information about the distribution network´s state. Generally, SCADA provides 

controllability in real-time such as circuit breaker and remote control disconnector. DMS  

is an IT system which utilizes and analyzes data from various information system such 

as SCADA, NIS, CIS to support the network operator during the calculation. From the 

fault management point of view, the analysis of network protection is another DMS 

feature. After getting the information from SCADA, fault management feature from DMS 

lists and prioritizes the faults that are not repaired. DMS provides switching sequences 

for fault isolation and restores the electricity supply based on automatic switching 

schedule. Typical fault management process of DMS involves customer service features 

such as internet-based outage map, information of the outage and automated telephone 

answering machine. In distribution automation, fault location, isolation, and service 

restoration (FLIR) are becoming one of the leading application that improves the 

reliability of power supply and helps to accomplish outages. 

5.7.2 Automatic fault location, isolation and restoration system 

Automatic fault location, isolation, and restoration system (FLIR) carry out distribution 

automation operations by coordinating the activity of field devices, software and dedi-

cated communication networks to locate the fault automatically and quickly restore the 

power supply to prevent customers from experiencing outages. Fault management in a 

traditional way has many drawbacks such as outage time is longer, a lot of short inter-

ruptions, limited information about the outages. However, with the help of FLIR technol-

ogy, it is possible to locate the fault based on other methods in addition to trial switching, 

such as fault passage indicators, measurements or predictive calculations. Besides, 

FLIR allows faster remote-controlled isolation and restoration switching, including faster 
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fault location. Basically, In the automatic fault location, isolation and restoration system, 

SCADA identifies the latest fault and sends the packet to DMS. DMS locate the fault and 

generates the optional switching sequence for isolation and restoration and send it to 

SCADA. After that, SCADA automatically or step by step runs the sequence which is 

approved by the operator and then it is necessary to isolate the faulty area as low as 

possible and restore the power to other areas. The main goal of FLIR is to reduce the 

outage times by quickly locating the fault, isolate it from the network and service resto-

ration under the following targets such as improving and maximizing the number of out-

of-service loads to be restored and reducing the number of switching operation. Though 

the targets are bit contradictory, but the main goal makes it more efficient to operate 

during the major events. The advantages of FLIR systems are improved reliability indi-

ces; customer outage costs are lower and less fault repair cost. Figure 20 depicts the 

outage management solution with and without FLIR [33]. 

 

 Outage management solution with and without FLIR [33] 

 

In figure 21, the main difference with FLIR activated is that power is restored to the 

healthy components of the feeder during the first few minutes, and with the use of the 

remote-controlled switch, it is easier to locate the fault. FLIR helps the field crew to move 

closer to the exact fault location based on the initial location, and therefore the actual 

repairs begin earlier than without FLIR. As a result, patrolling time decreases. When the 

remote-controlled switches are scattered and limited, manual restoration is still be car-

ried out if repairs are tedious. In contrast, when FLIR is not enabled, after detecting the 

fault it is reported to DMS, and the field crew goes to the assumed faulty area to repair 

the fault. Before the field crew arrives, some rough location could be obtained through 
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experimental switches, and it is only possible when remote-controlled switches are ex-

isting, and fault currents are available to DMS. After patrolling and investigating by the 

field crew, when the fault location is found, then power restoration has been done man-

ually to the healthy section of the feeder based on the estimated repairing period. This 

is how fault repair and restoration are done without using FLIR. 

Generally, for the customers outside the faulted section, FLIR can save 45-75 minutes 

of outage time and 10-25 minutes for the customer inside the faulted segment. Nonethe-

less, only a few minutes saved per customer could lead to significant savings in customer 

outage cost over a period if the number of outages experienced by customer increase. 

As a result, FLIR has been commonly used by DSOs, especially in rural networks for 

enabling the reconfiguration of the automated network through remote-controlled 

switches (disconnectors, reclosers and load break switches). 

5.7.3 DSO´s outage management process 

In this decade, the distribution system operators (DSOs) in Finland have experienced 

numerous power interruptions related to extreme weather every year. In 2011, the most 

weather-related severe extreme events were the Tapani and Hannu that caused outages 

to more than half a million consumers. The Ministry of Employment and the Economy in 

Finland quickly evolved measures after the two storms to improve the reliability of the 

electricity distribution. Through the electricity market act (EMA), the new regulations 

came into effect from September 2013, which includes a target to improve the reliability 

in electricity distribution by the end of 2028. Currently, DSOs in Finland are working hard 

to achieve the targets for maximum allowed interruption duration by EMA, which is six 

hours in urban areas and 36 hours in rural areas. 

The power outages affect the relevant financial results of the DSO through regulatory 

outage expenses in the regulatory model for DSOs in Finland. When the power is out, 

DSO needs to efficiently handle the outage from the control room to the field crews and 

the customers. It needs a great process and systems that can work together to manage 

the outage. In the HV & MV network, SCADA is used for the controllability of the network 

in real-time. The DMS includes a large number of data concerning ongoing outages and 

outage alerts. The DMS also monitors the overall status of the low voltage network via 

AMR meters since it connected to DMS. SCADA and DMS are mutually cross-refer-

enced. During the outages, the control center plays a very crucial role, and an operator 

at the control center helps in efficient fault management, prioritization, and analysis of 

the fault. In the HV & MV network, SCADA is the first system to notice the fault and the 
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interface from the SCADA sends the information to the DMS. The process is super-au-

tomated. In the DMS, the outage shows up in the outage list automatically, and on the 

map, the topology shows the affected network parts on white. The ongoing calculation 

of DMS helps the control centre operator to see the outage management list, the esti-

mated outage calculations, and then they can prioritize the faults. DMS shows the pos-

sible fault places either it is a short circuit fault or earth fault, and then the operator can 

remotely isolate the fault by one or two switchings. Then, the FLISR plays a significant 

role; for example, if five feeders’ trip, FLISR can isolate automatically 4 of those and it 

helps the operator to concentrate only one feeder among them. Within few minutes, 

through on-line outage map, the affected customers have been informed by an SMS, 

email and zip code based IVR in the outage hotline and all of these get their information 

from the DMS automatically. As a result, customers are giving positive feedback as they 

are getting information about the fault immediately when it happens. In no time, a field 

crew is dispatched to open any manual disconnectors and locate the fault. Field crew 

uses a mobile solution (for example Elenia uses the utility to go (UTG) mobile solution 

developed by Trimble) to ensure that everybody in the control room and the field know 

exactly what is always happening. This mobile solution helps the field crews to see the 

status of the network. UTG shows the real-time topology that can help the field crew to 

look for the manual disconnectors and transformers. If there is a broken cable in the 

network, then through the mobile application it is possible to see cables path, size of the 

cable which helps the field crew to take the necessary things for repairing. With the help 

of this field crew finds the cause of the fault, they estimate how long it takes to fix, and 

the affected customers get informed again. Field crew uses UTG to write down what they 

have found from the fault place, field, and other information. After fixing the fault, the field 

crew takes permission from the operator to close the disconnectors so that the electricity 

can be restored to the customers again. Everybody is aware of the DSOs fault manage-

ment process, starting from the control room to customers. This process is automated 

so when the outage ends the outage calculation has been done showing information that 

how long the outages was that the customers experienced and what kind of key perfor-

mance indicators (KPI) it meant for the utility and the DMS automatically does the report-

ing process.[34] 

In LV network, the role of the control room is significantly less. With the help of UTG, it 

gives all the information about LV faults to the contractors. Even the entire outage han-

dling can be outsourced to the contractors by using efficiently incorporated mobile solu-

tion, for example, Elenia has done in the low voltage network by outsourcing the con-

tractor Eltel network. There are many advantages to use this mobile solution such as 
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less paperwork; it is not necessary to take a lot of kinds of stuff as its clearly visible from 

the application that what things are needed and how to prepare for it. From the real-time 

AMR queries in the field, the field crews and the control room get benefitted. The AMR 

meters send an alarm for the phase fault at the LV side to the DMS, and the operator 

can see it from the alarm list. It helps the DSOs to know when a fault happens, and then 

they can send a field crew there even before the customer calls them. Even the custom-

ers get informed by automated SMS, email and on-line outage map. However, if they 

call, there is the automated IVR which can guide the customer about the outages. UTG 

enables less phone calls between the control room and field crews. By using UTG, field 

crew can navigate to the components of the network, open switches, start repair activi-

ties. With the help of smooth information through the whole process, it is possible to get 

the updates from the field as the work progresses. When the electrician repaired the 

outage, they can close the switch with the UTG, and this status is automatically updated 

in DMS which operator can check from the control room.[34] 

5.7.4 Backup power 

The storms of 2010 and 2011 in Finland showed that DSOs, municipalities, 

telecommunication operators, emergency services and other operators and 

infrastructures were inadequately prepared for the massive chaos caused by storms. 

However, when the electricity supply was interrupted, it was exposed that how all critical 

and non-critical services are dependent and reliable on the electricity supply and how 

few of them have the emergency power system. During outages, the emergency power 

system can be utilized as it is a source of electrical power which is independent from the 

electrical distribution system. Besides, there are other back-up powers which can be 

utilized during the interruption period to make the network more resilient. 

Backup power generators for example diesel and petrol generators are used in case of 

emergency power supply in farms,single-family house, summer houses, hospitals and 

military systems. Besides, during the outages time, it can be used to recover electricity 

supply. If a fault has occurred in a radially controlled MV network and no backup 

connection is available there, then a backup power generator can be used to supply 

electricity momentarily beyond the fault point until the fault is repaired. In severe and fault 

situations, DSOs can use backup power generators to boost the transmission capacities 

of the 20 kV network.[4] 

Energy storage could be another solution to use as backup power for DSOs.However, 

the network regulation in Finland does not support the idea of DSOs procuring storage 

capacity from the market or potential storage ownership but rather encourage DSOs to 
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invest in the traditional network. The regulator ensures that DSO-owned storages are 

used for statutory operations such as maintenance and improvement of supply security 

and power quality, and they cannot sell any storage capacity as market parties are 

responsible for it.  

For securing the supply of power during outages, the microgrid can be used as backup 

power, especially in the rural distribution network. At a common coupling point, a mi-

crogrid is connected to the main grid which maintains the voltage of microgrid at the 

same level as the main grid. If any fault occurs at the main grid, it is possible to separate 

the microgrid automatically or manually and continue to operate as an island. The com-

mon coupling point is also the same point from where a DSO conducts its measurements 

and where the responsibility for network maintenance moves from DSO to consumption. 

After a power outage, electricity production from microgrid could also help to restore the 

functionality of the main grids. Similarly, the use distributed generation (DG) can put 

power generation close to the consumption point, which can reduce transmission dis-

tances and line losses. Figure 21 shows the example of microgrid connected to the main 

grid.[4]  

 

 

 

 

 

 

 

 

 Microgrid connected to the main grid at the common 
coupling point [4] 

In specific cases, the microgrid can be an economical solution compared to underground 

cabling, and the microgrid battery energy storage system could be introduced by DSO 

to make this option profitable to DSO and consumers. In islanding operation, the 

microgrid could be a feasible solution as DSO cannot oversee the network. However, 

along with distributed generation and energy storage, current legalization and regulation 

forbid DSOs from owning energy production. For these reasons, the current formation of 

microgrids only takes place in individual buildings and facilities. In the future, if the 
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legalisation and regulations, in this case, are excluded, then it could be a useful backup 

solution for the distribution network. 

An aggregate is a piece of electrical equipment that can produce electricity by the power 

of a gasoline or diesel engine. Basically, it is an internal combustion engine generator or 

electrical power machine. The unit is possible to relocate, and the usual applications are 

places in which the power grid does not reach, or in case of power failure, power 

restoration is needed on an urgent basis. Aggregate can be used in construction sites, 

summer cottages, farms, detached houses, hospitals, the military system, public events, 

and off-road conditions. 

5.7.5  Effects of the weatherproof solution to outage 
management 

The evaluation of weatherproof network solution leads to a new structure of the feeder 

that usually consists of underground sections in upstream zones and the OHL sections 

in the rural downstream zones. As these hybrid feeder systems are not completely 

weatherproof, it is the high time to think about the significance of automation for fault 

clearing purposes and how to reduce the effects of the major event optimally. For the 

traditional OHL network, the automatic fault isolation and restoration system (FLIR) has 

been developed earlier, which is mainly based on the control centre. However, FLIR was 

forced to use a rolling sequence that requires many control commands in case of the 

unknown faulty zone. Due to more control commands, it may take a longer time to isolate 

and restore the fault, and it may lead to a telecommunication problem or another fault. A 

developed FLIR system has been discussed in detail in case study 3, which has two 

modes normal and storm.[35] 

The staffanstorps energi has built a maintenance-free modular cable network that 

includes a ploughed-in underground cable which provides a scheme of centralized 

compensation and local earth fault compensation, a modular distribution substation (50-

315 kVA, screen plug-in-type), and a backup power generation unit. A mobile backup 

power generator unit is used to run the island network operation during power outages. 

This kind of solution could be introduced in the Finnish distribution system as well. 

However, the changes in the Finnish regulation to encourage DSOs from investing in 

energy storage could bring a remarkable solution, especially in the development of 

outage management.[36] 
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6. CASE STUDIES 

6.1 Case study 1 

It is assumed that the study network is mainly overhead line located in forest consists of 

two areas (Figure 22), and the following information about the case networks are given 

below: 

 

 Case network  

Area 1 Area 2 

20 km line length  40 km line length 

400 customers 200 customers 

Average power 300 kW Average power 100 kW 

Failure rate = 5 faults / 100 km, a 

Temporary failure rate = 40 faults / 100 km, a  

Switching time of remote-controlled disconnector is 5 minutes 

Repairing time of OHL network is 3 hours  

Table 4.  Basic information about the case study  

Constant Outage unit cost 1.32 € / kW and time-dependent outage unit cost 13.15 € / 

kWh [16]. 

The main idea of the calculation is to find out the reliability indices SAIFI, SAIDI, CAIDI, 

MAIFI, and annual outage cost of this case network and find the optimum solution for 

this case by comparing it with the three different strategies in terms of investment and 

operational cost. 
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Calculation: 

Traditional OHL network: 

𝜆1 = 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎𝑟𝑒𝑎 1 = 20 ∗
5

100
= 1 

𝜆2 = 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎𝑟𝑒𝑎 2 = 40 ∗
5

100
= 2 

SAIFI = (1*400+1*200+2*400+2*200)/(400+200) = 3 

SAIDI = (1*3h*400+1*3h*200+2*(5/60)h*400+2*3h*200)/(400+200) = 5.11 h 

CAIDI = 5.11h /3 = 1.70h 

𝜆𝑡𝑒𝑚𝑝,1  = 𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎𝑟𝑒𝑎 1 = 20 ∗
40

100
= 8 

𝜆𝑡𝑒𝑚𝑝,2 = 𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑟𝑦 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎𝑟𝑒𝑎 2 = 40 ∗
40

100
= 16 

MAIFI = (8*400+8*200+16*400+16*200)/(400+200) = 24 

Annual outage cost : 

𝑂𝐶=(1*1.32*300+1*1.32*100+2*1.32*300+2*1.32*100+1*3*13.15*300+1*3*13.15*100+

2*(5/60)*13.15*300+2*3*13.15*100)= 25912 € 

𝑂𝐶𝑡𝑒𝑚𝑝 =(8*1.32*300+8*1.32*100+16*1.32*300+16*1.32*100)= 12672 € 

The total investment costs for the overhead line are 32000 €/km in Finland, which in-

cludes 27000 for conductors and installation, 5000 € for the substation. However, the 

operational cost is estimated at 250 €/km for the overhead line. Operational cost includes 

maintenance cost and fault repair cost, which are 130 €/km and 120 €/km, respectively 

[16].Maintenance cost includes condition monitoring of the poles, vegetation clearance 

along the line paths and next to line routes require substantial annual effort in the tradi-

tional OHL network. There are a higher number of faults in the OHL network, which in-

creases the fault repair cost. 

Wide power line corridor: 

The wide power line corridor is a relatively new technique that can be applied in this case 

network to improve the reliability indices and to decrease the outage rate and cost. Fault 

rates of a wide power line corridor would be lower than the traditional OHL network as 

trees can no longer fall onto the power line. It is assumed that Failure rate = 1 faults / 

100 km, a, Temporary failure rate = 20 faults / 100 km, a, and the rest of the information 

is the same as the above table  
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𝜆1 = 0. 2, 𝜆2 = 0.4 

SAIFI=( 0.2*400+0.2*200+0.4*400+0.4*200)/(400+200)= 0.6 

SAIDI =(0.2*3h*400+0.2*3h*200+0.4*(5/60)h*400+0.4*3h*200)/(400+200)= 1.02 h 

CAIDI = 1.70 h 

𝜆𝑡𝑒𝑚𝑝,1  = 4, 𝜆𝑡𝑒𝑚𝑝,2 = 8,  MAIFI=(4*400+4*200+8*400+8*200)/(400+200)= 12 

Annual outage cost: 

𝑂𝐶=(0.2*1.32*300+0.2*1.32*100+0.4*1.32*300+0.4*1.32*100+0.2*3*13.15*300+0.2*3*

13.15*100+0.4*(5/60)*13.15*300+0.4*3*13.15*100) = 5183 € 

𝑂𝐶𝑡𝑒𝑚𝑝 =(4*1.32*300+4*1.32*100+8*1.32*300+8*1.32*100) = 6336 

In a power line, It is also estimated that the expenses of making a wide power line corridor 

are approximately 6000-8000 €/km if the trees are cut down on both sides of the power 

line [15], and operational cost is estimated 150 €/km which means 80 €/km for mainte-

nance purpose and 70 €/km for the fault repair cost. Maintenance cost includes the con-

dition monitoring of wide power line corridor which means the clearing of wide power line 

corridor and as it is mentioned earlier wide power line corridor is only feasible if it has 

20-30 years techno-economical lifetime left so here only clearing of wide power line cor-

ridor is considered as maintenance cost. Due to the implementation of wide power line 

corridor, there are less chances of permanent fault. Still, there are chances of temporary 

faults due to lightning, birds and so on but their number is not high like traditional OHL 

network. So, fault repair cost per km would be less. 

Underground cabling: 

In this case study, If the underground cable network replaces the OHL network, then the 

failure rate would be = 1 fault /100 km, a since the failure rate of underground cable 

network is low compared to OHL and repairing time would be higher. So, it is estimated 

that repairing time is = 5 h/fault. In fully cabled networks, the number of temporary failure 

rate is zero as reclosing are not used. By following the same procedure for calculation, 

the reliability indices and outage costs are the following : 

SAIFI = 0.6 

SAIDI = 3 h 

CAIDI = 5 h 

MAIFI =0  
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Annual outage cost: 

𝑂𝐶= 16096 € 

𝑂𝐶𝑡𝑒𝑚𝑝= 0 €  

It was estimated in 2014, the investment price for underground cable was 60000 €/ km 

which includes 25000 €/km for cables and installation,10000 €/km for excavation,10000 

€/km for compensation, reserve power and cable joint costs and 15000 €/km for 

substation and the price of cabling in each year is estimated to decrease by 2%[16]. 

From 2014-2034, the estimated investment price of cabling is given below (Table 5) : 

Year Estimated investment cost (€/km) 

2014 60000  

2015 58800 

2016 57624 

2017 56472 

2018 55342 

2019 54235 

2020 53151 

2021 52088 

2022 51046 

2023 50025 

2024 49024 

2025 48044 

2026 47083 

2027 46144 

2028 45219 
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2029 44314 

2030 43428 

2031 42559 

2032 41708 

2033 40874 

2034 40056 

Table 5.  The investment price of underground cabling from 2014-2034 

In underground cabling, it is estimated that the operational cost is 80 €/km which is 40 

€/km for maintenance cost and 40 €/km for the fault repair cost [16]. The maintenance 

cost of underground cable means proactive condition monitoring. Cost-effective on-line 

PD monitoring can detect rapidly developing faults in an underground cable. Thus, there 

are fewer chances of faults and faults repair costs are lower per km compared to other 

techniques. 

Conclusion of the case study: 

From the case study, it is evident that SAIFI is the same in the wide power line corridor 

and underground cabling as the failure rate is lower in both cases. When the failure rate 

becomes higher in the case of traditional OHL, it also affects SAIFI, which is higher in 

number compared to other techniques. Again, among the three techniques, SAIDI is 

lower in the wide power line corridor while the CAIDI is higher in the case of underground 

cabling due to long repair time. Although the repairing time of underground cables is still 

quite high, but recently technology has improved a lot to reduce the repairing time. During 

the underground cabling fault, reserve power arrangement plays a vital role by supplying 

power to the consumer, and it helps to meet the supply interruption limits set by the 

electricity market act. In the wide power line corridor, MAIFI is half compared to traditional 

OHL whilst in underground cabling, the result of MAIFI is 0 since there is no temporary 

fault. The wide power line corridor has the lowest outage cost among the three tech-

niques. However, it has some temporary outage cost while in underground cabling, there 

is no temporary outage cost as there only permanent faults. The initial expenses of mak-

ing a wide power line corridor are relatively low as it can be applied to an existing over-

head line or cc line, and operational cost is projected to be lower than the traditional 

overhead lines. However, in case of underground cabling, the investment cost is still 

higher, but from the table, it can be observed that day by day, the underground cabling 
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price is decreasing by the improvement of excavation methods and optimized compen-

sation solution, and it has the lowest operational cost compared to other two techniques 

due to proactive condition monitoring of the cables. In the maintenance of OHL network, 

in addition to the condition monitoring of the poles, other things are necessary. At the 

same time, the maintenance cost of the wide power line corridor concentrates only the 

clearing of wide power line corridor in this case network.  

Besides, from cost-benefit research about underground cabling, it is also found that in 

the year of 2025, if a 30 km long overhead line is renovated, then the total costs would 

be 1100000 € while the total cost of renovation by using the underground cable would 

be 1080000 € [16]. Also, the use of underground cables can fulfil the criteria of supply 

security and reliability of the network. 

However, it can be observed from the case study,the wide power line corridor is the 

optimum solution for this case network. Still, this kind of solution is only feasible if the 

techno-economical lifetime of the case network has 20-30 years left. Besides, for building 

a new network or as a full replacement, underground cabling would be the most viable 

technique as the investment cost is becoming lower day by day. Underground cabling 

becomes a popular solution among the DSOs due to its improved technology, less 

maintenance, and very fewer failure rates. 

 

 

 

 

 

 

 



58 
 

6.2 Case study 2 

PKS Sähkönsiirto Oy is a distribution network operators (DSO) in North Karelia, Finland. 

The medium voltage network is 9,794 km long, and the length of the low voltage network 

is 12,278 km. PKS Sähkönsiirto Oy got an extension to meet the weatherproof 

requirements until the year 2036. In the rural region, the DSO has a renovation plan of 

the branch line to meet the weatherproof requirements, and this case is mainly focused 

on this situation. Figure 23 depicts the case network [2] 

 Network topology of the study area [2] 

In this study network, the branch line consists of an MV network of 8.9 km and an LV 

network of 3.7 km located in the forest and along the roadside. In Figure 24, the 

connection points are marked as green dots, the blue line denotes the MV network, the 

LV networks are marked as a brown line, and orange dots refer to the distribution 

substation. There are 16 connection points in the case network, and the more specific 

information about the consumers are presented in Table 6 
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Consumer Consumption 

MWh/year 

Distribution fee 

€/year 

Consumer type 

Consumer 12 14.26 1353 Single house (Family) 

Consumer 16 9.21 993 Single house (Family) 

Consumer 13 8.40 935 Single house (Family) 

Consumer 3 7.64 881 Single house (Family) 

Consumer 5 6.51 800 Single house (Family) 

Consumer 1 5.96 761 Single house (Family) 

Consumer 10 5.08 698 Single house (Farm) 

Consumer 4 4.32 644 Single house (Family) 

Consumer 15 2.44 510 Housing for recreation  

Consumer 14 2.03 481 Housing for recreation  

Consumer 11 1.72 459 Housing for recreation  

Consumer 6 1.04 410 Housing for recreation  

Consumer 7 0.39 364 Housing for recreation  

Consumer 9 0.36 362 Housing for recreation  

Consumer 8 0.08 342 Housing for recreation  

Consumer 2 0 336 In maintenance 

 Table 6.  Background information about the consumers [2] 

During the period January 2014 to February 2019, there were 63 interruptions in the MV 

network. At the beginning of the branch-line, the cumulative interruption time was 174.6 

hours, which is 2.8 hours per interruption, and the total interruption time for the 

consumers was 18.4 hours at the ending part of the branch-line. At the starting of the 

branch-line, the maximum duration of interruption for consumers was 7 hours, and the 
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minimum was 3 hours from 2014-2017, and it was 54 hours in 2018. In PKS Sähkönsiirto 

Oy´s network, there were 5000 connections without any electricity consumption in 2018. 

There are three alternative investments options for the company: 

 Investments in underground cabling along the roads for 10.7 km of MV network 

and 5.4 km of LV network.  

 Investments in aerial cabling along the roads for 10.7 km of MV network and 5.4 

km of LV network. In MV network, 2.4 km of renovation is needed among 10.7 

km, and in the LV network, the total 5.4 km would be turned into underground 

cabling. 

 Investments in aerial cabling to the existing location for 8.9 km of MV network 

and 3.7 km of the LV network 

 For the first two options, five new distribution substations are required. In the investment 

estimation, the company would use the cost details ( Table 7). 

Network solution type Investments 

costs 

€ 

Outage costs 

€/year 

Operational 

costs 

€/year 

Underground cabling along the 

roads 

800000 1743 1638 

Aerial cabling along the roads 490000 5117 2651 

Aerial cabling to the existing 

location 

208000 10420 3188 

Table 7.   Costs information for each of the solution [2] 

Replacement of OHL with aerial cables to the existing location has the lowest investment 

cost due to the only replacement of the power transmission line. It is considered that the 

weather-proof readiness fee is half of the yearly outage cost, which is 50%, and this fee 

would be paid to consumers during the investment´s lifespan. Other parameters can be 

assumed as follows for calculation:[2] 

 Discount factor 3% 

 Outage costs would rise to 1.5% per year 

 Operation cost would be stable 
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 The investment lifetime is 40 years 

The fixed electricity distribution fee for the case user is 336 euros per year, and the 

consumption is 71.3 €/MWh.[2] 

After calculating the life-cycle expenses of previously defined investment choices, the 

current values are presented as follows:[2] 

 Underground cabling along the roads -  890,216 € 

 Aerial cabling along the roads - 704,978 € 

 Aerial cabling to the existing location - 594,679 € 

As the weatherproof readiness fee was fixed to 50% of yearly outage cost and it would 

only be applicable for the replacement of OHL with the aerial cable to the existing 

location. Underground cabling along the roads is a weatherproof solution, and the 

weatherproof readiness fee is not applicable for this option. Besides, aerial cabling along 

the roads decreases the chances of disruption, so the weatherproof readiness fee may 

not be applicable for this option as well. For the replacement of OHL with aerial cable, 

50 % of the yearly outage cost is 5210 €, which could be split among the consumers or 

for those consumers who had paid for higher consumption than 2.5 MWh.This means if 

the consumer accepts the current supply level rather than the weatherproof criteria set 

by the electricity market act, then the consumers can get the yearly benefit from 347 € 

to 651 € [2]. 

Conclusion of the case study: 

Underground cabling along the roads is a weatherproof approach, and the investment 

cost is higher compared to the other two techniques. On the other hand, it has the lowest 

operational and outage cost. Besides, aerial cabling along the roads reduces the 

substantial risk of weather-related outages. Both of these options improve the fulfillment 

of weatherproof requirements. During the storms and other weather-related 

disturbances,aerial cabling to the existing location has poor performance as most of the 

lines are in the forest. Aerial cabling to the existing location has the highest outage and 

operational cost as it poses a higher chance of disruption, but this technique has the 

lowest investment cost. If consumption decreases in the future due to the relocation of 

people inside Finland or the unattractiveness of housing for recreation in rural areas, low 

investment costs can be useful. In rural areas, some consumers have their own back-up 

power, so this yearly benefit from 347 € to 651 € could be an attractive offer for them. 

However, to implement this, current legislation should be updated, which is quite tricky 

at the moment. Still, energy authority in Finland should look for this approach in detail so 
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that they can use this tool in specific cases for their next regulation period. In remote 

areas, a simple way for the investment in weatherproof solution is the exclusion of 

weatherproof requirement from the housing for recreation. However, for this reason, 

some changes are needed in the electricity market act. As discussed in the case, there 

were 5000 connections without any electricity consumption, so as a consequence, 

alternative solutions for conventional investment methods are needed. The weatherproof 

readiness could be an additional method for delaying the decisions of investment and 

allowing DSOs to meet the weatherproof requirements set by the new electricity market 

act. 
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6.3 Case study 3 

A future-proof FLIR has been developed in order to match up with the original concepts 

and a new hybrid feeder approach. The developed FLIR runs in either normal or storm 

mode (Figure 24 ), and when necessary control-center operator can change the mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Operating principle of developed FLIR case [35] 

When the system can locate one or more remotely operated switches, the weatherproof 

upstream mode is selected to protect the broadest possible resilient region between the 

feeder circuit breaker and switches to be opened. In a reliable hypothesis faulted section 

zone, the faulted zone can be deducted accurately and reliably on the basis of received 

indications. In the probable hypothesis about the faulted zone, the evaluation of a certain 

zone is done to detect the zone is more likely to be faulted or not than the other zone. 

When the class 1, 2, or 3 is not reached then the healthy upstream class is selected to 

locate one or more remotely operated switches to border the largest possible healthy 

area between the feeder circuit breaker and switches to be opened. When case 

classification fails to reach any other option, then the normal mode class is the fallback. 
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Elenia is one of the largest DSOs in Finland, and it´s network area comprises : 

- 137 primary substation 

- 110 kV network- 1161 km 

- 20 kV network- 26037 km  

- 24,941 secondary substation 

- 400 V network- 44261 km 

Back in 2009, Elenia decided that all of their new networks would be underground 

cabling, and the decision about building the underground cabling made before the new 

electricity market came in action in 2013. In Elenia´s MV network, FLIR isolated 4400 

outages from October 2011 to March 2018. Due to the increasing rate of cabling 

networks, there is a need to develop a new approach to the operating principle of the 

FLIR, especially in the event of major disturbances. Also, another main driver to develop 

this system is the rolling sequence, which has so many commands that significantly 

increase the abortion probability of a FLIR event. In March 2018, the use of the improved 

FLIR began with the launch of Elenia´s latest DMS version, and at that time, there was 

385 successful isolation with the help of it. Generally, Strom mode is to be implemented 

during major events, when there are many outages are occurring simultaneously. 

However, during the regular hours of service, storm mode is used to get the experience. 

Elenia prioritizes the cabling of urban areas and trunk lines of the network to maximize 

the benefit for most clients. As a result, consumers in the cable network usually represent 

more populated areas.The goal of the storm mode is to restore the power to the healthy 

network as quickly as possible, which results in an improvement of customer service as 

the SAIDI effect and customer interruptions cost decreases.In particular, it is possible to 

see the advantages of strom mode in different feeder topologies. The figure 25 depicts 

the simple feeder topologies. 
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 Ideal feeder topologies for storm mode operation [35] 

In Figure 25, the dashed line indicates the cabled lines, the solid line represents the 

overhead line, and vertical parallel lines mean the remote-controlled switches. The cable 

section should be isolated in the initial operation by opening the switches of the overhead 

line branch and restore the power to the cabled section. In general, it is justifiable to 

assume that the cabled section is healthy as the fault rate of the cables is lower than the 

OHL and less vulnerable to storms and snow loads. One of the main concepts for 

introducing the storm mode operation in the network is that it has fewer and simpler 

switching operation to isolate the fault. FLIR should have disconnectors that can be 

remotely operated. It is not possible to monitor from off-line or if it does not respond to 

commands. Due to thunderstorms or any other event, it may cause many auto-reclosing 

in the same feeder, so from this point of view, it is beneficial to isolate the cabled section 

first from the OHL network, and only the weatherproof portion is restored. This idea not 

only prevents the premature ageing of circuit breakers and disconnectors but also 

reduces the use of auto-reclosing, which is one of the requirements of the weatherproof 

network 

.Due to operational differences, it is quite a challenging task to compare the performance 

of storm and normal mode. However, the history of the fault does not include the same 

faults in normal and storm mode. As a result, it prevents the comparison of both of the 

modes. With the help of SCADA and DMS, a few simulations have been executed in 
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Elenia´s testing environment to find the differences. The FLIR is mainly based on a single 

fault that occurs at the end of the feeder, and this case was repeated in three hybrid 

feeders both in normal and storm mode. Table 8 represents the basic information of the 

simulated feeder. 

 

Feeder OHL length (km) Cable length (km) Connection points 

(pcs) 

A 22.4 33.7 479 

B 34.8 22.6 983 

C 50 31.7 208 

Table 8.   Information of the simulated feeder [35] 
 

In the beginning, all three feeders had a remotely isolatable OHL branches and cable 

trunk. According to Finnish regulation, the customer interruption cost was calculated by 

DMS  after the completion of the switching sequences. The rolling sequence of normal 

mode operation was stopped at the same situation to the outcome of the storm mode 

operation to compare the cases. In the actual case, the normal mode operation would 

have ended isolation until the faulty zone has found. Still, the operation of storm mode 

allows the operator to control the operation. Consequently, the isolation speed would 

have had many variables influencing the customer interruption cost. Table 9 shows the 

results of the simulated feeder. 
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Feeder Running 

mode 

Customer interruption costs 

(€) 

Customer interruption hours (h) 

A Storm 1175 49 

Normal 1829 98 

B Storm 4440 116 

Normal 5019 141 

C Storm 487 14 

Normal 703 30 

                          Table 9.   Results of the simulated feeder [35] 

Conclusion of the case study: 

DSOs are forced to renovate their electricity network because of the tightened supply 

security requirements. Due to the hybrid feeder system, the company has developed a 

very useful system that can clear the faults even in major situations. It is evident from 

the table that in the case of storm mode operation, customer interruption costs and hours 

are significantly lower compared to normal mode. However, as the cabling rate in rural 

areas is increasing rapidly, so in the future, storm mode operation would be a matter of 

concern as it needs high-quality level maintenance for network documentation. During 

the interview form Elenia, they have discussed about a remarkable solution for the 

development of the outage system, which is very effective, and it could be a future 

solution for all of the DSOs during the outage. In Finland, Energy company Fortum and 

distribution system operator Elenia has introduced an entirely new technology-based 

battery pack system in the energy sector. In 2019, Elenia tested this battery pack in the 

MV network to supply the electricity in a limited affected area during the outage. It was 

installed in the grid area of Elenia in Kuru, North Pirkanmaa, Finland. Fortum is the 

manufacturer of this battery pack, and it also operated by them. It is possible to supply 

electricity with the help of this battery pack for 100+ customers for a few hours during the 

outage.  
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The capacity of the battery pack is 300 kW/220 kWh, which is predicted to be capable of 

maintaining the island mode in the MV branch line for around 3 hours. Figure 26 depicts 

the battery pack system and associated equipment [34, 37]. 

 Conceptual design of the battery pack and associated 
equipment [34, 37]. 

 

 



69 
 

7. CONCLUSION 

Conclusions are mainly covered by answering the research questions which is presented 

in the first part of this thesis. Besides, the outcome of the case studies, limitations of the 

work and further studies have been discussed. 

 What is the background information for building the weatherproof network? 

The Finnish distribution networks were constructed 60 to 70 years ago. During that time, 

most of the overhead lines were built in the forest as the cost minimization of the material 

was one of the significant factors rather than improving reliability. Due to climate change, 

weather-related vulnerabilities and power supply interruptions are a critical factor in Fin-

land. In recent years, many people have experienced power outages, which is undesir-

able. In summer 2010, the storms Asta and Veera and the Tapani in 2011 caused major 

disturbances, which was continued for several hours that prompted governments to pay 

more attention to the supply of electricity. In 2012, Finnish authorities agreed that regu-

lations and security of supply had to be enforced. After that, the electricity market act 

came into action in 2013 that set the limit for the maximum duration of the interruption, 

which is 6 hours in urban areas and 36 hours in rural areas. These limits would be 

achieved progressively within 2028 in a transition phase of 15 years. The electricity mar-

ket act, customer compensation payments, reliability of the distribution network, and 

other background information poses a big challenge for the distribution system opera-

tors.  

 How can the reliability of the electricity distribution network be improved? 

Consequently, several DSOs took proper initiatives to meet these limits by managing the 

forest, moving the OHL from forest to roadsides, installing simple primary substation, 

using covered conductor or aerial cables, and increasing the network automation.  These 

initiatives played a significant role in improving the traditional reliability during the un-

wanted condition.  

 How can the weatherproof requirements be achieved? 

There has been much research about those traditional reliability improvement methods 

from the past few years. However, those methods have not been proved yet as the 

weatherproof solution. Weatherproof network solution refers to that network which can 

be able to survive even in major disruption situation. From the analysis of this thesis, it 

can be said that the wide power line corridor and underground cabling are considered 
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as a weatherproof solution. According to the interview from Elenia [34], the calculations 

of the whole technical life span of underground cabling were made before 2009, which 

was much cheaper than OHL. From 2009, they have started to rebuild and renovate their 

networks to be weatherproof by implementing the underground cabling. This investment 

means it ensures the weatherproof network, and in the long run, it is beneficial for the 

company as UGC needs very less maintenance. They have also looked for the wide 

power line corridor solution, but in that case, their concern is it still needs maintenance 

regularly. As a result, they went for a permanent solution, which is underground cabling. 

Though the wide power line corridors can prevent the outages during many storms, but 

in case of extreme storms, there is a possibility that trees or branches of trees can fly to 

the overhead lines that can cause the outages. Currently, Elenia has 50% of the OHL 

network and 50% of the underground cabling network. As Elenia´s target is to build 75% 

of underground cabling within 2028 so they have also invested heavily in network 

automation for the rest of the OHL network to keep the reliability indices SAIDI, CAIDI 

down and to reduce the outage time and effect [34]. However, It is tough to pick one 

specific weatherproof solution for all, as it depends on the working and operating areas 

of DSOs. Also, the history of the affected areas plays a vital role in choosing the appro-

priate solution. In Elenia´s case, their main solution for the network is underground ca-

bling. On the other hand, there are some other DSOs who are operating in the rural 

environment, and their networks run mainly in the forest. Even those DSOs who have 

relatively larger network length compared to the number of customers, underground ca-

bling of the entire network is not possible or sensible for them. In those circumstances, 

the wide power line corridor is the most effective solution as it has low investment cost, 

and the reliability of the network is almost the same as underground cabling. 

 What is the effect of the weatherproof solution to condition monitoring and outage 

management? 

The implementation of the weatherproof solution brings changes to traditional condition 

monitoring process. Remote sensing techniques could be the appropriate solution for 

condition monitoring of the wide power line corridor. Thermographic camera and aerial 

inspection from the helicopter have been used to identify the defective or faulty part of 

the traditional OHL network. However, the condition monitoring of wide power line corri-

dor is a bigger thing as it has to cover a long distance of monitoring. Thus, the ALS data 

and optical aerial images are ideal for detailed monitoring of vegetation in the power line 

corridor. Partial discharge monitoring is the ideal way to assess the overall condition and 

identify the defects of underground cabling. Through the advancement of on-line moni-
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toring technology, it is possible to locate and monitor the PD. However, periodic meas-

urements cannot detect rapidly developing fault in the system; as a result, cost-effective 

sensor-based on-line PD measurements have been developed in recent times to detect 

the rapidly developing fault. Currently, reactive power and earth fault current are 

increasing because of the huge amount of underground cabling, and some DSOs have 

already faced challenges due to this. However, quite a standard centralized solution has 

been developed by the DSOs like Elenia, Caruna to compensate for reactive power and 

earth fault current, and they have overcome these challenges by implementing the 

solutions.The new structure of the feeder due to the weatherproof solution makes it 

difficult for FLIR to isolate the fault and reduce the outage duration. However, a 

developed FLIR system has been presented in case study 3. The maintenance-free 

modular cable network and backup power generator adapted to the system could be 

utilized in the Finnish system to reduce the effect of the outage. 

Throughout this research, three cases have been analyzed. Case study 1 helps in finding 

the weatherproof solution for a case network by comparing with other techniques, their 

reliability indices, and annual outage cost. Case study 2 mainly based on the real 

scenario of a DSO who got an extension until 2036 to meet weatherproof requirements. 

In this case, to achieve the weatherproof requirements, several investment techniques 

have been discussed for comparison purposes and an attractive offer for the consumers 

also introduced by accepting the current supply security. An Interview from Elenia and 

literature related analysis in Case study 3 provides information about how outage 

management solution has been developed in recent years and how to utilize back-up 

power during the outage period. However, some changes in the upcoming regulation are 

needed to ensure the smooth operation of the weatherproof electricity distribution 

network. 

In this thesis, case studies and interview from a DSO gives the insight to understand the 

whole process from several perspectives. However, there are some limitations to this 

thesis as well. As this thesis is mainly based on the Finnish electricity distribution system, 

so it was a very challenging task to find the authentic document in English. Besides, due 

to confidentiality among the companies in Finland, it was tough to gather more 

information about the current situation and future trend regarding the weatherproof 

network.There are still 8 more years to meet the supply security requirements, and DSOs 

are trying hard to implement the weatherproof solution in their network. However, still, it 

is a matter of concern what could be the more effects of weatherproof solutions to 

condition monitoring and outage management, and with the passage of time, there is a 

scope to further study based on this topic. 
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