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The Finnish electricity distribution sector, rural areas in particular, is facing major 
challenges because of the economic regulation, tightening supply security requirements 
and the ageing network asset. Therefore, the target in the distribution network planning 
and asset management is to develop and renovate the networks to meet these challenges 
in compliance with the regulations in an economically feasible way. Concerning supply 
security, the new Finnish Electricity Market Act limits the maximum duration of 
electricity supply interruptions to six hours in urban areas and 36 hours in rural areas. 
This has a significant impact on distribution network planning, especially in rural areas 
where the distribution networks typically require extensive modifications and 
renovations to meet the supply security requirements. 

This doctoral thesis introduces a methodology to analyse electricity distribution system 
development. The methodology is based on and combines elements of reliability 
analysis, asset management and economic regulation. The analysis results can be 
applied, for instance, to evaluate the development of distribution reliability and to 
consider actions to meet the tightening regulatory requirements. Thus, the methodology 
produces information for strategic decision-making so that DSOs can respond to 
challenges arising in the electricity distribution sector. The key contributions of the 
thesis are a network renovation concept for rural areas, an analysis to assess supply 
security,  and  an  evaluation  of  the  effects  of  economic  regulation  on  the  strategic  
network planning. In addition, the thesis demonstrates how the reliability aspect affects 
the placement of automation devices and how the reserve power can be arranged in a 
rural area network. 
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SAIFI  system average interruption frequency index  
SC short circuit 
SFA Stochastic Frontier Analysis 
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SUB Substation 
TC total costs 
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TOTEX efficiency costs in the regulatory model 
VD voltage drop 
WACC weighted average cost of capital 
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WPR weatherproof rate 
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1 Introduction 
The function of electricity distribution is to deliver electricity to the customers with an 
adequate quality of supply. The quality of supply can be divided into two categories: 
power quality and reliability of supply, which plays a key role in this doctoral thesis. At 
present, rural area electricity distribution is facing significant changes in the operating 
environment as the reliability of supply should be considerably improved while a 
significant part of the network asset is reaching the end of its lifetime especially in 
Finland, which is in the focus of the doctoral thesis.  

The significance of the reliability of electricity supply has been emphasised over the 
recent years. Long interruptions are highly undesirable, and thus, the distribution system 
operators are often obliged to compensate long interruptions to the customers. In 
Finland, the recent storms causing long-lasting interruptions (even weeks) have made 
the regulator and other authorities to reconsider the state of supply quality. As a 
consequence, certain duration limits on the allowed supply interruptions have been 
determined to reduce the harm caused by interruptions. Modern society is highly 
dependent on electrical energy, and thus, supply interruptions cause serious problems to 
many activities and routines; industrial processes may fail, commercial services and 
lighting do not work, maintenance and operation of agricultural production are 
endangered, and households experience trouble in heating houses, cooling of 
refrigerators and freezers, and in many other daily routines.  

1.1 Changes in the operating environment 

The operating environment of the electricity distribution sector has changed 
considerably  over  the  past  ten  years.  In  the  present  environment  there  are  several  
elements impacting the focus of operation such as economic regulation, improvement in 
electric power distribution reliability, an increase in distribution automation, adoption of 
underground cabling and other new technologies, and finally, ageing of the distribution 
asset. These elements of change are illustrated in Figure 1.1, which highlights some key 
issues and events in the distribution business since 2001. 
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Figure 1.1. Important issues influencing the operating environment of the electricity distribution sector 
between 2005 and 2013. KTM (the Finnish Ministry of Trade and Industry, from 2008 onwards merged 
into the Finnish Ministry of Employment and the Economy, TEM), ET (Finnish Energy Industries). 
 

In the early 2000s, the most important issues in the electricity distribution were the 
inclusion of economic regulation in the electricity distribution business, customer 
compensation payments and the improvement of distribution reliability. Economic 
regulation was fairly new in this line of business, and customer outage costs were 
considered to be an important factor to measure the quality of supply. Efficiency 
benchmarking was also coming into regulation. The aim of the distribution network 
development was to improve reliability at a general level, and thus, the role of network 
automation was significant. The trend of the time can be seen in the publications of this 
doctoral thesis, as two of the publications (Publications II and IV) deal with the issues 
(distribution automation and economic regulation) peculiar to the time. Further, at that 
time, the first initiatives towards rural area underground cabling were made as a result 
of large-scale disturbances caused by storms in Finland and in Sweden. However, the 
general opinion was not to carry out such an extensive supply security renovation 
program as it is now considered necessary with the present knowledge. The first studies 
considering underground cabling were carried out at the beginning of the 21st century. 
The first publication of this doctoral thesis concerning underground cabling renovation 
strategies was published in 2009 (Publication V). 

With reference to certain long-lasting electricity supply disturbances in Finland (storms 
Pyry and Janika in 2001, Unto in 2002, Rafael in 2004) and in the neighbour country 
Sweden (Gudrun in 2005), the Finnish Ministry of Trade and Industry commissioned a 
study (Partanen et al., 2006) to determine a reasonable number for supply interruptions 
and draw up a recommendation for the supply security. As a result of the study, the 
Electricity Market Act was not yet tightened, but loose criteria were launched providing 
the first signals to limit the duration of supply interruptions in Finland. The report by 
Partanen et al. (2006) was a start for extensive studies to measure and evaluate the 
reasonable supply security. In 2010, the Finnish Energy Industries published supply 
security criteria and target levels of electricity distribution in a report by Partanen et al. 
(2010) as a continuation of the previous study. The studies provoked a lot of discussion 
about the distribution network development and underground cabling, and promoted the 
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adoption of underground cabling in rural areas. An important element of the analysis 
was  to  assess  the  risk  to  experience  a  long  supply  interruption.  For  the  analysis,  a  
methodology was developed that determines the instruments (risk levels) to assess the 
fulfilment of the criteria in a network to be analysed. The methodology is discussed in 
Publication III. 

The discussion about boosting the renovation activities, including a significant increase 
in the underground cabling rate, started in the 2010 after heavy summer storms that 
destroyed thousands of kilometres of distribution networks and left customers without 
electricity for several weeks at worst. The published supply security criteria seemed to 
be useful for the electricity distribution sector. However, only one year later, the next 
major storms reached Finland in the last days of 2011, and the supply interruptions 
lasted for two weeks. Finally, this led to the preparation of the new Electricity Market 
Act that sets certain time limits on allowed interruption durations. The most recent 
publications (Publications VI and VII) of this doctoral thesis provide a close view to the 
concept of underground cabling and reserve power arrangements in underground cable 
networks, which play a key role to meet the requirements of better supply security. The 
writing of these publications has been started before the final survey on supply security 
requirements (Partanen et al., 2012b). 

1.2 Drivers in distribution network renovation 

The main drivers for the renovation of the distribution networks are reliability issues 
and network ageing; nevertheless, also the load capacity, circumstantial factors and 
several other issues such as losses, voltage drops and short-circuit currents play their 
role in the evaluation of renovation. With this in mind, in the evaluations carried out in 
this thesis, the main drivers for the network renovation are listed as follows: 

 Reliability 
 Ageing of the distribution network 
 Condition of lines 
 Load capacity 

In general, reliability is one of the main drivers in the electricity distribution 
development because of the importance of the distribution system on reliable power 
supply (Brown, 2009; Billinton and Allan, 1984). However, long disturbances caused 
by major weather events have emphasised the aspect of reliability. Within the past few 
years in Finland, the customers have experienced relatively long disturbances, even 
several  weeks,  as  a  result  of  major  storms  in  the  areas  of  several  Finnish  distribution  
companies mainly in the rural but also in urban areas. Experiences of the long 
interruptions have spurred the Finnish authorities to involve themselves in the electricity 
distribution, and thus, the legislation is evolving in a stricter direction.  
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Ageing of the network components is one of the topics to be addressed in asset 
management, which is, according to Brown and Humphrey (2005), “a corporate strategy 
that seeks to balance performance, cost and risk.” At present, ageing is a topical issue in 
the distribution systems, because a considerable proportion of electricity infrastructure 
has been constructed between the 1950s and 1970s in most of the western countries 
(Wijnia et al., 2006; Jongepier, 2007; Ghiani et al., 2008; Li and Guo, 2006). Thus, the 
existing distribution network is reaching its techno-economic lifetime or it has already 
been reached, when a typical lifetime of the distribution line is 40–50 years. In many 
cases, there is a significant distribution network volume waiting for renovation, 
especially in rural areas, which is a major challenge for electricity distribution. 
However, it is worth pointing out that ageing as such does not indicate a need for 
renovation, but rather the condition of the distribution line is the decisive factor in the 
considerations. An aged network component is more likely to fail than a new 
component  (Willis  et  al.,  2001).  In  the  overhead  line  structure,  poles  are  typically  the  
components that decay and fail first. Nevertheless, the speed of the decay process varies 
significantly depending on several factors, which emphasises the importance of line 
condition monitoring. 

Load capacity is one of the electrotechnical issues that may trigger the need for 
distribution system renovation. Typically, this concerns urban area networks where new 
infrastructure is built thereby causing load growth in normal network operation. 
However,  also  rural  networks  in  the  proximity  of  growth  centres  may  be  subject  to  a  
need  for  reinforcement  to  meet  the  requirements  of  better  reliability.  In  rural  areas,  a  
more typical issue concerning the load capacity is the adequacy of reserve power in 
exceptional situations such as supply interruptions. 

In addition to the above-mentioned main drivers, there are several additional issues that 
add  to  incentives  for  renovation.  For  instance,  the  following  factors  have  to  be  taken  
into account: 

 Implementation of smart grids 
 Economic regulation 

Smart grids may require new features from the distribution system, which steers DSOs 
to renew their distribution networks even if the existing network is still in a good shape 
(Gungor et al., 2011). For instance, the use of battery energy storages in a large scale as 
part of network control may lead to a need for network renovation. Further, island 
operation in the case where distributed generation and energy storages are installed to 
the network may require new features from the grid. Although the implementation of 
smart grids requires development of the distribution system, it also provides advantages 
such as a better reliability of supply (Fang et al., 2012). Further, the network design size 
can be kept moderate because the peak loads can be cut by using energy storages. 
However, a closer consideration of smart grid technologies and their effects on the 
distribution system renovation is outside the scope of this doctoral thesis. 
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Economic regulation determines the constraints on the distribution business. The 
regulation defines the rate of return in the business, and thus, it is an important factor in 
the network renovation. The regulatory model is tightly connected with the reliability of 
supply and ageing of the network, which also emphasises its role as a driver for the 
network renovation.  

1.2.1 Reliability in distribution network renovation  

In this doctoral thesis, the term ‘reliability’ covers definitions for both supply security 
and distribution network reliability in normal operating conditions. ‘Supply security’ 
indicates the reliability of the network during extreme events while ‘normal network 
reliability’ refers to average network reliability. According to the reliability 
terminology, a fault causes a network outage or interruption in service, and several 
simultaneous faults may cause a wider disturbance possibly interrupting electricity 
supply in large areas.  

Reliability of electricity distribution plays a key role in the considerations for network 
renovation. The importance of reliability is explained by the crucial role of electricity in 
today’s society, where almost all functions are somehow dependent on electric power 
(Caperton and James, 2012). The importance of reliability can be observed from the 
outage unit costs discussed in more detail later in Chapter 2. An electricity distribution 
network  can  typically  be  divided  into  three  different  types;  rural,  urban  and  city  area  
networks, which all have their specific impacts on the distribution reliability. City area 
distribution networks are usually very reliable, because they are typically built 
underground. Urban areas are often a combination of underground and overhead 
systems that supply the suburban areas and other urban communities. Thus, the lengths 
of the distribution systems are quite short, which reduces the risk of distribution 
interruptions. Finally, rural area networks comprise the rest of the distribution systems, 
and are mainly constructed as overhead lines, which are vulnerable to interruptions 
caused by adverse natural phenomena such as wind, snow and animals. 

Figure 1.2 presents a distribution of typical causes of interruptions in Finland in 2010. 
That year, the major proportion of interruptions, 51 %, were due to wind and storms. 
Other significant causes are snow and ice, lightning, announced interruptions and 
interruptions the origin of which is unknown. The main causes indicate that a significant 
part of interruptions could be reduced by adopting new network techniques instead of 
using traditional overhead lines, which are the dominant structure in the medium-
voltage distribution system and account for over 90 % of the total customer-experienced 
interruption time. 



Introduction 18

 

Figure 1.2. Average annual customer-experienced interruption durations (SAIDI) divided into causes of 
interruptions in per cent in Finland 2010 (Finnish Energy Industries, 2012). 
 

Figure 1.3 illustrates the trend of interruptions in the long run. It can be observed that 
the duration of interruptions decreased from the 1970s to the end of the 1990s, but the 
interruption lengths have increased after the year 2000 including the years 2010 and 
2011, when the average annual interruption duration was considerably higher than 
before. The long durations of interruptions were mainly a consequence of several major 
storms causing long-lasting interruptions for a considerable number of customers. 

 

Figure 1.3. Annual average length of unannounced interruptions in the Finnish distribution system from 
1973 to 2011 (Finnish Energy Industries, 2012). 
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Figure 1.4 illustrates the Finnish statistics of customer-experienced interruption 
durations in 2010 (Finnish Energy Industries, 2012), which was a special year from the 
viewpoint of major storms (the storms Asta and Veera in July and August 2010). The 
statistics is divided into three distribution conditions: rural, urban and city areas. The 
figure indicates that rural networks are the target in the network development where the 
effort in reliability improvement should be focused. The annual duration of 
interruptions was eight hours in rural networks while it was just over one hour in urban 
areas, and in the city conditions it was only 10 minutes.  

 

Figure 1.4. Average annual customer-experienced interruption durations (SAIDI) hours/year in Finland 
2010 (Finnish Energy Industries, 2012). 
 

1.2.1.1 Major disturbances 

Major disturbances in the electricity distribution are, in general, caused by severe 
weather conditions such as major storms like hurricanes, tornados, strong winds or 
flooding (Entriken and Lordan, 2012). Earthquakes, fire, terror attacks and supply 
shortages may also lead to a major disturbance or blackout (Campbell, 2012). 
Nevertheless, the most critical disturbance type in each case depends considerably on 
the geographical location of the area. In the US there seems to be a trend that the 
number of extreme weather-related interruptions is increasing (Mills, 2012). Figure 1.5 
shows that the number of incidents in electricity networks has increased within the past 
20-year time period.  
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Figure 1.5. Number of significant electric grid disturbances in the US from 1992 to 2011 (Mills, 2012). 
 

The best preparation technique varies depending on the major event type. For instance, 
underground cables are an efficient way to protect the network against strong wind and 
snow loads, but in the occurrence of floods, underground cables can be problematic 
(Brown, 2012). In Finland, major disturbances are usually caused by storms and strong 
winds, and in wintertime, by heavy snow loads. Therefore, the focus of contingency 
plans is typically on these weather-related phenomena. 

The risk of major disturbances motivates the application of weatherproof (WP) and 
major-disturbance-proof (MDP) network structures such as underground cables. The 
difference between these two types is illustrated by the following examples: 
underground cables can be considered to be of both the WP and MDP type, because 
weather events do not usually cause any disturbances, whereas overhead lines located 
on fields can only be included in the category of MDP network structures. This is 
explained by the fact that trees cannot fall on lines on fields, and therefore, they do not 
require extensive fault repair after storms, which provides them with the status of MDP 
structure. However, overhead lines are not completely weatherproof, because lightning 
and tree branches transported by wind may cause fault incidents. 
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The past major disturbances in the Nordic countries have shown that the risk is real, and 
this aspect has to be taken into account. In Finland, the high proportion of overhead 
lines  increases  the  risk  of  long  disturbances,  which  are,  of  course,  harmful  to  the  
customers. In Finland, with a typical line structure, where the overhead line is located in 
the middle of forest, the risk of trees falling on the line is significant. In these 
conditions, major disturbances are typically caused by trees falling on the line because 
of strong winds or heavy snow loads. Over the last ten-year period in Finland, the risk 
of major disturbances has become a reality several times causing long interruptions. The 
latest major incidents occurred in summer 2010 and winter 2011 causing interruptions 
that lasted even several weeks (see Figure 1.3 and Figure 1.4). 

1.2.1.2 Supply security criteria and allowed interruptions 

The significant role of electricity in today’s society can be observed for instance from 
the valuation of interruption costs and the need to define limits for the number and 
duration of interruptions. The interruption unit costs are discussed in more detail in 
Chapter 2. In Finland, the first surveys of reliability criteria were made in 2006 and 
2010 (Partanen et al., 2006; Partanen et al., 2010). The surveys were used by the 
Finnish Energy Industries as a basis to draw up a recommendation for the supply 
security criteria. After the criteria were published, the Finnish authorities and legislators 
stated that there was a need for definite limits on the allowed number and duration of 
interruptions. As a result, a new law came into effect in June 2013 (Finnish Electricity 
Market Act 588/2013). 

Recommendation for the supply security criteria 

In 2010, the Finnish Energy Industries established supply security criteria to guide the 
distribution companies to evaluate their reliability performance (Partanen et al., 2010; 
Lassila et al., 2010). The criteria set limits on the total annual interruption time and the 
number of short interruptions. The numbers are given in Table 1.1 for the three different 
types of distribution network; city, urban and rural areas. 

Table 1.1. Target of reliability in different conditions (Finnish Energy Industries, 2010). 
Criteria City Urban area Rural area 
Total interruption time  1 hour in a year   3 hours in a year  6 hours in a year 

Number of short 
interruptions (< 3 min) 

No short 
interruptions 

 10 interruptions 
in a year 

 60 interruptions 
in a year 

 

The target values of the criteria are challenging to reach, especially in rural networks, 
because rural networks do not usually withstand even one storm without the total annual 
interruption time being exceeded. However, this is taken into account by assessing the 
fulfilment of the criteria for a period of three years, during which the target values may 
be exceeded once. Although the recommendation defines a tight target for network 
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development, there is no coercive power (no sanctions) to enforce the reliability of the 
distribution network to the required level.  

Official measures and regulations related to allowed interruptions 

Over the recent years, also the governments have become interested in the supply 
security. For instance, in Sweden the government has determined that the durations of 
interruptions experienced by a customer should not exceed 24 hours from year 2011 
onwards. The driving force of the Swedish law concerning supply security was the 
severe storms at the beginning of the 21st century, especially the storm Gudrun in 2005 
that caused a supply interruption approximately for 450 000 customers (Setréus et al., 
2007). The law came into effect in 2006 (Wallnerström and Bertling, 2009). 

In 2012, the Finnish authorities were in the same situation as their Swedish colleagues 
in 2005, although the supply security requirements had been under consideration for 
almost a decade (Partanen et al., 2006; Partanen et al., 2010). The Finnish Ministry of 
Employment and the Economy (TEM) prepared a law concerning allowed interruptions 
based on the report by Partanen et al. (2012b) that considered the long interruptions 
caused by storms in summer 2010 and winter 2011. The law came into effect in 
September 2013 (Finnish Electricity Market Act 588/2013). The total duration of 
interruptions caused by storms was hundreds of hours, and therefore, it was considered 
necessary to tighten the regulations governing electricity distribution. The limits were 
set to six hours per occurrence in urban areas and to 36 hours per occurrence in rural 
areas. There is a 15-year transition period until 2028, in which the DSOs should 
improve their distribution systems so that they meet the required supply security. In the 
following, the important dates and targets in the transition period are given (Finnish 
Electricity Market Act 588/2013): 

 31 December 2019: 50 % of customers are not allowed to experience longer 
interruptions than 6 or 36 hours excluding holiday houses 

 31 December 2023: 75 % of customers are not allowed to experience longer 
interruptions than 6 or 36 hours excluding holiday houses 

 31 December 2028: 100 % of customers are not allowed to experience longer 
interruptions than 6 or 36 hours 

The DSOs may be granted extra time to reach the required supply security target for 75 
% and 100 % of the customers if the required network development actions involve a 
significant amount of underground cabling at both the MV and LV levels, and the 
proportion of the network that has to be renovated before the end of its techno-economic 
lifetime is large. The deadline of 75 % can be shifted from December 2023 to December 
2028, and the deadline of 100 % can be shifted from December 2028 to December 
2036. For the deferment, the DSOs have to submit an application by 31 December 2017. 
The application for a deferment is evaluated and approved by the Energy Market 
Authority of Finland (EMA).  
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All the DSOs have to prepare a development plan for the distribution network to reach 
the required supply security level. The plan has to take into account the operating 
environment based on historical experiments and describe the network technologies to 
be applied. The supervision is carried out by the EMA, which approves the supply 
security plan (Finnish Electricity Market Act 588/2013). The first part of the 
development plan has to be submitted to the EMA before the end of June 2014. 

1.2.1.3 Customer compensation payments 

In many countries, customers are entitled to compensation because of a long continuous 
interruption in the electricity supply. Thus, from this perspective, a customer 
compensation scheme gives an incentive for the DSO to develop its distribution 
network in order to avoid compensation costs of this kind. In the electricity distribution 
sector, compensation is paid to the customers for instance in Finland and Sweden. In 
Finland, there has been a customer compensation scheme since 2003 (Finnish 
Electricity Market Act 386/1995), and in Sweden, a compensation scheme was written 
into law in 2006 (Setréus et al., 2007; Swedish Electricity Act 1997:857) at the same 
time when the interruptions were given the maximum allowed duration. 

In Finland, the new electricity market act includes some changes also to the customer 
compensation payments. Before the amendments to the law, there was a four-stage 
compensation scheme, where the payments started from a 12-hour interruption, for 
which the compensation was 10 % of the customer’s annual distribution fee, but at 
maximum 700 € per interruption. The new act does not bring any changes to the lowest 
compensation categories. However, after the old maximum compensation, which is a 
100 % compensation paid to the customer when the interruption duration exceeds 120 
hours (700 € as the upper compensation limit), there are now two new compensation 
categories, which are 150 % and 200 % of the customer’s annual distribution fee when 
the interruption lasts longer than 192 hours or 288 hours, respectively. Furthermore, in 
the amended electricity market act, the maximum compensation is raised from 700 € to 
2000 € within the transition period, which limits the maximum compensation to 1000 € 
per customer if the interruption starts before 1 January 2016 and to 1500 € per customer 
if the interruption starts before 1 January 2018. Table 1.2 shows the existing and new 
compensation categories based on the new act (Finnish Electricity Market Act 
588/2013). 
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Table 1.2. Categories of customer compensation payments according to the interruption duration (Finnish 
Electricity Market Act 588/2013). 
Amount of 
compensation 

Interruption duration Note 

10 % interruption is between 12–24 hours  
25 % interruption is between 24–72 hours  
50 % interruption is between 72–120 hours  

100 % interruption is between 120–192 hours  
150 % interruption is between 192 –288 hours Included in the law in 2013 
200 % interruption is more than 288 hours Included in the law in 2013 

 

Customer compensation payments in Finland between 2005 and 2012 are illustrated in 
Figure 1.6, which contains the annual statistics of all distribution companies. At the 
national level, the amount of compensation payments has remained under 5 million 
euros excluding the years 2010, 2011 and 2012, when major disturbances caused long 
interruptions. 

   

Figure 1.6. Customer compensation payments in Finland between 2005 and 2012. 

1.2.2 Ageing of the electricity distribution system 

The components of the electricity distribution system usually have long lifetimes. For 
instance, a typical lifetime of a switching component is 25 years, and the lifetime of 
overhead lines can be up to 50 years. At this moment, considering the current state of 
the components in the distribution system, a significant proportion of the network asset 
is relatively old. This is partly due to the cyclic nature of distribution network 
construction. For instance, the Finnish distribution networks have mainly been 
constructed from the 1950s onwards, when the electrification of rural areas started in a 
large scale, and therefore, the overhead lines have not yet been widely renovated. 
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Typically in rural areas in Finland, the peak in the network construction was in the 
1960s and 70s, and thus, the age of these networks is between 40 and 50 years. This 
means  that  a  significant  part  of  the  distribution  networks  has  already  exceeded  or  is  
reaching its techno-economic lifetime. The volume of the ageing network poses a 
challenge to manage the replacement of the poles or the conversion of the overhead 
lines into underground. Although managing of the ageing network infrastructure is 
challenging, it provides an opportunity to carry out a reliability-focused renovation 
program at an accelerated rate so that components are not removed from the network 
before the end of their lifetime. This can be a significant benefit that saves costs. Figure 
1.7 illustrates the situation of wood poles in the Finnish distribution networks. It shows 
that over 65 % of the poles have been installed before the 1980s, which indicates a 
significant need for network renovation before problems related to ageing arise.  

 

Figure 1.7. Age distribution of the wood poles in a medium-voltage network in the Finnish distribution 
network company (Publication I). 
 

The ageing of the distribution system causes wear of the components, and often the 
most critical component in the overhead line distribution system, wood pole, is affected 
by some decomposing agent that decays and weakens the pole (Bertling 2002, 
Korpijärvi 2012). These effects are minimised by impregnating the poles for instance by 
creosote or salt. Nevertheless, the impacts of decay can yet be observed over time. In 
addition, the use of preservative chemicals may be problematic in overhead line 
networks because of the tightening environmental regulations and prohibition of certain 
chemicals. Further, substitute chemicals may not be as efficient. 

1.2.3 Load capacity of the distribution network 

Electricity consumption has considerably increased since the 1970s when the basis of 
the present electricity distribution infrastructure was constructed (Finnish Energy 
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Industries, 2013). Electricity consumption in Finland between 1970 and 2012 is 
depicted in Figure 1.8. The figure shows an increasing trend in electricity consumption. 
However, a slight drop can be observed in the total consumption over the last few years. 
In the household electricity consumption, the drop is almost non-existent. The main 
reason for the drop is the global financial crisis, which has a negative impact on 
electricity consumption. Nevertheless, in the near future when the crisis is anticipated to 
be over, it is reasonable to assume that the consumption will increase, especially in 
households, thereby providing a key driver to improve the quality of electricity supply. 

 

Figure 1.8. Electricity consumption in Finland between the years 1970 and 2012 (Finnish Energy 
Industries, 2013). 
 

The growing electricity consumption will lead to a fact that at some point in time, the 
capacity of the network will run out. Figure 1.9 illustrates the influence of different 
factors and actions on the power and energy transfer on the network. Actions increasing 
and decreasing the power demand are listed in the figure. Load control is one of the 
options to reduce the peak power. The control of peak power can provide extra time to 
continue electricity distribution with the existing components and thereby save 
significant amount of investments. However, the benefits of load control depend on the 
purposes for which the load control is used. Thus, if the aim of the control is to purchase 
cheap energy from the market, the result can be totally opposite from the distribution 
system’s perspective, and there is a risk that the peak power in the distribution network 
may grow. 

 

0

10 000

20 000

30 000

40 000

50 000

60 000

70 000

80 000

90 000

1970 1975 1980 1985 1990 1995 2000 2005 2010

Year

El
ec

tri
ci

ty
 c

on
su

m
pt

io
n 

in
 F

in
la

nd
 [G

W
h]



Introduction 27

 

Figure 1.9. Changes in the electrical power and energy transmitted on the electricity distribution network 
(Partanen et al., 2012a). 
 

The features of smart grids can offer several benefits from the perspective of load 
capacity. Besides the many useful features of smart grids, such as an improvement in 
the supply quality, they provide new opportunities for energy producers and customers 
by enabling easy connection of distributed generation, implementation of energy 
storages and island operation of the network. Energy storages, in particular, can be used 
to  cut  the  peak  power  of  the  network  by  shifting  the  load  to  the  hours  when  the  
consumption is lower. In the future, electric vehicles (EVs) may function as battery 
energy storages. When the EVs are parked for a longer time (e.g. hours), they are 
probably plugged in, and are thus ready to be used for load control or power supply 
during a power outage in the network upstream from the EVs. However, although the 
EV batteries can be used to cut the peak loads, vehicle charging increases the total 
consumption and power demand regardless of the charging method. 

1.2.4 Summary of the renovation drivers 

Reliability requirements steer the network renovation in a direction where reliability is 
the quantifying factor in the network planning. The importance of reliability, and 
especially, reduction of long interruptions has been emphasised over the last years. This 
is a consequence of the recommendation of the Finnish electricity industries and 
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especially of the new electricity market act in Finland. Previously, no longer than five 
years ago in the late 2000s, the focus of network development was not on the reduction 
of long interruptions, but the average reliability was the key target. Thus, the research of 
that time focused on network automation, which improves the average reliability in a 
fast and cost-efficient way.  

Yet another reason behind the requirements for renovation is the ageing of the 
distribution infrastructure, as a significant proportion of the network volume is 
relatively old in most of the distribution companies, and therefore calls for considerable 
renovation. However, the question of ageing can also be seen as an opportunity, because 
now the network can be renovated to meet the new supply security requirements 
without removing network assets that still have both techno-economic lifetime and net 
present value left. These two factors, reliability and network ageing, mainly determine 
the renovation process, but there are also other drivers that may affect the process. 
These drivers include for instance the condition of the lines, technical constraints and 
requirements of smart grids. Nevertheless, these are not typically the decisive factors, 
but in some cases they have an effect on the scheduling of the renovation. 

1.3 Objective of the work 

The objective of this doctoral thesis is to develop methodology for the renovation 
planning of electricity distribution networks to meet the requirements of present society 
as cost-efficiently as possible. The objective can be divided into the following tasks: 

 Development of a network renovation concept 
 Reliability analyses to assess supply security 
 Analysis of the effects of economic regulation on network renovation 

In particular, the methodology focuses on underground cabling to improve the supply 
security of the distribution network so that new requirements set for the electricity 
distribution are met not forgetting the ageing network asset that requires special 
attention. The methodology finds an answer to the questions as to where the renovation 
is started, what the applied renovation strategy is, and when the network is renovated. 
The network renovation concept is a result of a development process. In this thesis, the 
cabling concept plays the key role, because it is an essential factor in the improvement 
of supply security. The high significance of supply security is manifested in the 
development of supply security analysis, where a simulation methodology is introduced 
to enhance the network analysis. In addition to the reliability of supply, other important 
topics emerged in the planning process are asset management, consideration of different 
network structures, political views and business opportunities. The entity can be 
handled by a strategy analysis that combines a network analysis and asset management 
containing inputs from several sources such as a regulatory model determining the 
country-specific aspects for the analysis. The planning methodology consists of 
subtasks that are linked to the network planning. These tasks are: 
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 Optimisation of automation device placement 
 Selection of a cost-efficient reserve power solution 

Optimisation of automation devices provides information of the optimal placement of 
network automation. The optimisation is based on a network analysis that includes 
evaluation of the reliability improvement or the reduction in customer outage costs after 
the device has been installed. Selection of the reserve power strategy is another example 
of network planning subtasks. The consideration of reserve power involves 
determination of alternative reserve power solutions and cost functions of the strategies. 
The optimal strategy for the case-specific distribution network can be defined by the 
cost functions. 

1.4 Outline of the work 

Chapter 2 covers economic regulation and its effects on network renovation. The 
present Finnish electricity distribution regulatory scheme is considered, and the 
principles of the economic regulation are presented to demonstrate the relation of the 
regulatory scheme with the renovation planning. 

Chapter 3 establishes the reliability and cost calculation methodology providing the 
basis  for  the  cost  analysis  and  reliability  modelling.  The  chapter  describes  the  use  of  
reliability indices in network planning and their role in decision-making. Reliability 
analyses are also an important part of cost analyses after the reliability values are 
converted into customer outage costs (COC), which makes it possible to take COC into 
account in the total cost calculation. 

Chapter 4 discusses different perspectives of network optimisation. The base of 
ownership and the owners’ expectations may influence the aims of the DSO in network 
planning  and  operation.  In  general,  there  are  two  different  ways  to  optimise  the  
network; either by minimising the total costs or by maximising the profit. A closer 
consideration may reveal that an optimal network strategy is different from these two 
optimisation perspectives. In the chapter, the optimisation methodology is described, 
and the optimisation functions are presented. 

Chapter 5 introduces a concept for network renovation with a special reference to 
underground cabling. The concept discusses the background work and strategic 
decisions behind the renovation. The concept provides answers to the questions as to 
where, how and when the renovation is carried out to find the optimal way to renovate 
the ageing network so that the tightening reliability requirements are taken into account 
in the strategic planning.  

Chapter 6 addresses the importance of reserve power planning as a part of strategic 
planning to meet the requirements of network development. Appropriate preparation to 
arrange reserve power considerably reduces customer-experienced supply interruptions. 
Finally, the chapter provides an approach to optimise the reserve power strategy. 
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1.5 Scientific contribution 

The main contributions of this doctoral thesis are an analysis of the effects of economic 
regulation on network renovation, a supply security analysis and a network renovation 
concept including in-depth considerations on the cabling methodology for an electricity 
distribution network. The scientific contributions are as follows: 

1. Methodology to take into account the effects of economic regulation on network 
renovation 

2. Method to apply a supply security analysis to network planning 
3. Cabling concept for network renovation 
4. Method to analyse reserve power arrangements in underground cable networks 
5. Analysis method to assess the placement of network automation 

Distribution system operators can use the listed contributions to compile a network 
strategy that meets the requirements of reliability thereby providing a good result for 
their customers and also taking the aims and expectations of the network owners into 
account. 

1.6 Summary of publications 

This doctoral thesis consists of seven publications, four of which are refereed journal 
articles and three are refereed conference publications. Figure 1.10 presents the timeline 
of the publications during the doctoral work. The first publication was published in 
2009, and the last publication included in the thesis was accepted for publication in 
2013. The author of this thesis is the primary author of the publications. 
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Figure 1.10. Timeline of the publications in the doctoral thesis. 
 

Publication I Utilisation of reliability and asset management tool in strategic planning. 

Publication I considers the elements that an evaluation tool should contain to handle the 
combination of reliability and asset management planning whilst taking into account the 
features of economic regulation. The publication demonstrates the key elements of the 
analysis tool and discusses the benefits of the tool in strategic planning. In this 
publication, the author of this doctoral thesis has developed the basis for the analysis of 
the reliability and asset management. 

Publication II Comparison of Reliability Indices from the Perspective of Network 
Automation Devices. 

Publication II focuses on the profitability of network automation taking into account the 
reliability perspective. The paper investigates different reliability indices for decision-
making when considering installation of network automation to the network. In this 
publication, the author has constructed a method to analyse the effects of network 
automation investments on reliability, and simultaneously, on outage costs. 

Publication III Simulation Method for Evaluation of the Challenges in the Reliability 
Performance of Medium-Voltage Networks. 

Publication III concentrates on developing of a simulation method to stochastically 
analyse the reliability of the electricity distribution when considering different network 
renovation options for the future distribution scenario. The method helps to trace the 
sections on the network where the reliability issues cause most challenges. In this 
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publication, the author has built a model for simulation and thereby the methodology for 
the stochastic evaluation and analysis of electricity distribution. 

Publication IV Renovation Strategies and Economic Regulation in Electricity 
Distribution. 

Publication IV discusses the relation between the Finnish economic regulation model 
and the profitability of different network strategies. The paper presents different 
perspectives to optimise the electricity distribution network taking into account the 
economic regulation. The different approaches to optimise the network are traditional 
minimisation of total costs, maximisation of the owner’s profit and minimisation of 
customer’s costs. In this publication, the author has studied the regulatory model and 
analysed the effects of different optimisation targets on the most profitable network 
renovation strategies. 

Publication V Underground Cabling Strategies in Rural Area Electricity Distribution 
Network. 

Publication V presents different strategies for underground cabling in rural electricity 
distribution. In the publication, the profitability of alternative underground cabling 
strategies is analysed in an actual rural area network. The author has played the key role 
in the development of the methodology and analysis of the presented strategies. 

Publication VI Cabling Concept in Large-Scale Renovation of Rural Area Networks. 

Publication VI proposes a concept for underground cabling in rural area network 
renovation. The concept considers the questions such as where, when and how the 
renovation should be carried out taking into account the external factors deriving from 
the operating environment. The question ‘where’ weights the prioritisation factor of the 
renovation that can be, for instance, the age or reliability values of the network. The 
question ‘when’ discusses the timing of the renovation. Finally, the question ‘how’ 
includes, for example, the variety of technical solutions to install cables and the 
selection of line routes. The author has developed the methodology and tested it with an 
actual network model. 

Publication VII Reserve power arrangements in rural area underground cable 
networks 

Publication VII discusses reserve power arrangements in a rural area electricity 
distribution  system,  with  a  special  reference  to  rural  area  underground  cable  systems,  
where there are currently terminating branch lines without back-up power available. The 
paper presents three different approaches to secure the supply within only a few hours. 
The studied approaches are the use of reserve power cables, reserve power generators 
and looping of the terminating branch lines. The author has played the key role in the 
study, and the optimisation functions as well as the resulting analysis are carried out by 
the author. 
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2 Economic regulation 
Electricity distribution is often a regulated business that is operated by franchised 
monopolies. Owing to the specific nature of the business, economic regulation is 
required to control the business (Jamasb and Pollitt, 2001; Ajodhia and Hakvoort, 
2005). This is the situation for instance in most of the European countries, USA, Japan 
and Australia. The economic regulation consists of numerous components that together 
constitute the regulatory model. The regulatory models are constructed so that they 
provide incentives for the DSOs for good performance or reliability (Jamasb and Pollitt, 
2007; Honkapuro 2008), which are part of the reward mechanism. If the performance is 
not adequate and the distribution reliability is decreasing, the model punishes the DSO. 
The reward or sanction can be based on measured reliability indices such as the system 
average interruption duration index (SAIDI) and the system average interruption 
frequency index (SAIFI), which is the indicator used for instance in Sweden (Alvehag 
and Söder, 2010), or customer outage costs, which are a derivative of system reliability 
that is used for instance in Norway (Kjolle et al., 2009) and Finland (Lassila et al., 
2005; EMA, 2011). Another sanction mechanism in addition to the common reliability 
indices SAIFI and SAIDI can be customer compensation payments to the customers 
who experience long supply interruptions. However, the compensation payments are not 
a part of sanction mechanism of regulatory model, but they are an independent 
mechanism. 

2.1 Finnish regulatory scheme 2012–2015 

In Finland, the regulatory scheme has been under active development. The first 
regulatory period was 2005–2007, and the present regulatory period is the third one. 
The basic framework of the model has evolved so that the inputs in the allowed revenue 
have mostly remained the same between the models, but the specific calculation parts 
within the model have changed. For instance, the model still includes both a general and 
company-specific efficiency requirement, which is determined by efficiency 
benchmarking. However, the modelling of efficiency benchmarking has been developed 
within  the  regulatory  periods.  The  current  model  applies  a  StoNED  (Stochastic  Non-
smooth Envelopment of Data) model (EMA, 2011), which is a hybrid of the DEA (Data 
Envelopment Analysis) and SFA (Stochastic Frontier Analysis) models. The DEA and 
SFA models were both used in the previous regulatory models in the regulatory periods 
of 2005–2007 and 2008–2011. Efficiency benchmarking produces a reference value for 
actual efficiency costs, which both constitute the TOTEX bonus in the model. Other 
important elements affecting the allowed revenue are the quality bonus, the allowed 
depreciations and the reasonable return on capital. The basic scheme of the Finnish 
regulatory model is presented in Figure 2.1. 
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Figure 2.1. Outline of the Finnish regulatory model between 2012 and 2015 (EMA 2011). 
 

2.1.1 Quality bonus 

A quality bonus or a sanction is determined in the Finnish regulatory model by using 
customer outage costs (COC), which are calculated from unit costs and interruption 
statistics. The unit costs are based on a customer outage cost survey published in 2005 
(Silvast et al. 2005). Interruption statistics that are applied in the outage cost calculation 
comprise sustained interruptions, consisting of both unannounced and announced 
interruptions, and momentary interruptions, including high-speed automatic reclosings 
(HSAR) and delayed automatic reclosings (DAR). For sustained interruptions, unit 
costs are defined for a number of interruptions and also for the duration of interruptions. 
The outage unit costs applied in Finland are presented in Table 2.1. 

Table 2.1. Outage unit costs applied in the Finnish regulatory model in the monetary value of 2005 (EMA 
2011). 
Unannounced outages Announced outages HSAR DAR 
[€/kW] [€/kWh] [€/kW] [€/kWh] [€/kW] [€/kW] 

1.1 11 0.5 6.8 0.55 1.1 
 

The bonus or sanction is calculated from the actual annual customer outage costs that 
are compared with the reference level of outage costs (COCref) based on a historical 
average of customer outage costs. The quality bonus is calculated so that the actual 
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COC are subtracted from the reference level. Because of the symmetry of the bonus 
system, the bonus can be either positive or negative (sanction).  

 % 50bonusQuality ref COCCOC . (2.1)

The COC in year t are calculated in the value of year k using actual interruption values 
based on actual interruption statistics 
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where 

 COCt,k customer outage costs in year t in the value of year k 
 W annual distributed energy of the DSO (kWh/a) 
 cu unit cost for unannounced interruption (€/kW) 
 ca unit cost for announced interruption (€/kW) 
 cud unit cost for unannounced interruption duration (€/kWh) 
 cad unit cost for announced interruption duration (€/kWh) 
 chsar unit cost for high-speed autoreclosing (€/kW) 
 cdar unit cost for delayed autoreclosing (€/kW) 
 nu customer’s average annual number of interruptions weighted by 

annual energies, caused by unannounced interruptions in the 
1–70 kV network in year t, number 

 na customer’s average annual number of interruptions weighted by 
annual energies, caused by announced interruptions in the 
1–70 kV network in year t, number 

 du customer’s average annual duration of interruptions weighted by 
annual energies, caused by unannounced interruptions in the 
1–70 kV network in year t, hour 

 da customer’s average annual duration of interruptions weighted by 
annual energies, caused by announced interruptions in the 
1–70 kV network in the year t, hour  

 nhsar customer’s average annual number of interruptions weighted by 
annual energies, caused by high-speed automatic reclosings in the 
1–70 kV network in year t, number  

 ndar customer’s average annual number of interruptions weighted by 
annual energies, caused by delayed automatic reclosings in the 
1–70 kV network in year t, number  

 CPIk-1 consumer price index in year k-1 
 CPI2004 consumer price index in year 2004 
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In the regulatory model, the COC affect the quality bonus so that todays’ outage costs 
are compared with the historical average of outage costs, which are the reference level 
for the present actual outage costs. The reference level of the COC is calculated as 
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where 

 COCref,k reference customer outage costs for year k 
 COCt,k actual customer outage costs in year t in value of year k 
 Wk annual supplied energy in year k (kWh/a) 
 Wt annual supplied energy in year t (kWh/a) 
 

The influence of the quality bonus is limited in two ways: first, only 50 % of the 
difference between the actual and reference COC is included in the quality bonus, and 
secondly,  the  maximum of  the  bonus  or  sanction  is  limited  to  20  % of  the  reasonable  
return  on  capital.  This  means  that  if  the  allowed return  on  capital  is  close  to  zero  for  
some distribution company, the quality bonus or sanction is also limited to zero. 

2.1.2 Efficiency bonus 

Efficiency benchmarking is one of the main objectives of the regulation. It yields 
valuable information of the performance of the distribution companies. An efficiency 
bonus or a sanction can be calculated similarly as the quality bonus. For the calculation 
of an efficiency bonus, the actual efficiency costs (TOTEX) and the reference level, that 
is, the allowed efficiency costs (ATOTEX) are required.  

The efficiency bonus in year t is calculated as 

 ttt TOTEXATOTEXbonus Efficiency  . (2.4)

TOTEX is  a  combination  of  the  controllable  operational  costs  (COPEX) and  50  % of  
the COC. An equation for the actual efficiency costs is written as 

 ttt COCCOPEXTOTEX 5.0 , (2.5)

where 

 TOTEXt actual efficiency costs in year t 
 COPEXt actual controllable operational costs in year t 
 COCt actual customer outage costs in year t 
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The reference level ATOTEX is determined by the StoNED efficiency benchmarking 
method, the inputs of which are the estimated efficiency cost, the cabling rate, a 
company-specific efficiency score (ES) determined by the StoNED method and a 
general efficiency requirement, which is 2.06 % in Finland. Operational costs taken into 
account in the efficiency benchmarking are maintenance, fault repair and energy loss 
costs. ATOTEX is  

 tt
tt

t zyCX
CPI
CPIATOTEX ,1 2019

2009

1
, (2.6)

where 

 ATOTEXt reference level of the allowed efficiency costs in year t 
 CPIt-1 average consumer price index in year t-1 
 CPI2009 average consumer price index in year 2009 
 X company-specific efficiency requirement 
  cost frontier of the DSOs 
 yt product variable vector of the company in year t 
 zt cabling rate of the company in year t 

 

The cost frontier  takes into account the network volume, the number of customers and 
the supplied energy, which are variables in the product variable vector yt. The company-
specific efficiency requirement X is calculated as 

 % 06.211 8 ESX , (2.7)

where 

 ES company-specific efficiency score 
 2.06 % general efficiency requirement 
 8 length of the regulatory period in years 

 

The efficiency score is a result of the average TOTEX2005–2010 (operational and customer 
outage costs), the cabling rate, the network length, the distributed energy and the 
number of customers. TOTEX2005–2010 is calculated by 

 6

5.0
2010

2005
20102005

t
tt COCCOPEX

TOTEX , (2.8)

C
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2.1.3 Depreciations 

In the Finnish regulatory model, investments in the network asset are encouraged by 
reasonable depreciations. In the model, reasonable depreciations are straight-line 
depreciations calculated from the replacement value (RV) and the lifetimes of the 
network components. The replacement value is calculated each year using the current 
unit prices defined by the Energy Market Authority (EMA, 2013). The unit prices are 
based on statistics gathered from the distribution companies. The techno-economic 
lifetimes  of  the  components  can  be  defined  by  the  DSOs  reflecting  the  time  that  the  
component is in the network before the replacement, but the lifetimes have to be 
between the predefined limit values given by the Energy Market Authority. The list of 
lifetime limits is presented for a typical distribution network component in Table 2.2.  

Table 2.2. Techno-economic lifetimes for typical distribution system components (EMA 2011). 
Component group  Lifetime [a] 
Distribution substation Pole-mounted 25–40 
 Pad-mounted 30–40 
Distribution transformer  30–40 
Overhead line Medium-voltage 30–50 
 Low-voltage 25–45 
Underground cable Medium-voltage 30–45 
 Low-voltage 30–45 
Disconnector  25–30 
Primary substation  30–45 
 

Depreciation of a single component is calculated as 

 Lifetime
RVonDepreciati , (2.9)

A special characteristic of the Finnish regulatory model is that it also provides 
depreciations for the over-aged network components, in other words, for the network 
the techno-economic lifetime of which has already been exceeded. This supports the 
maintenance  of  an  aged  network,  because  the  regulatory  model  does  not  insist  to  
remove these components. 

2.1.4 Reasonable return on capital 

Reasonable return on capital (RRC) is a part of the regulatory model that yields profit 
for the distribution company by applying the weighted average cost of capital method 
(WACC). The calculation of the WACC is demonstrated in (Honkapuro 2008, EMA 
2011). The main factor in the return on capital, in addition to the WACC, is the net 
present value of the network (NPV). The NPV is calculated by using the component 
unit prices and the techno-economic lifetimes as well as the replacement value of the 
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component. However, in this case, the value of the component reduces each year. The 
NPV is calculated by 

 RV
Lifetime

AgeNPV 1 , if age  lifetime 

 0NPV , if age > lifetime 

(2.10)

where 

 NPV net present value of the considered component 
 Age age of the component 
 RV replacement value of the component 
 Lifetime techno-economic lifetime of the component 

 

The reasonable return is calculated by NPV and WACC 

 WACCNPVRRC , (2.11)

where 

 RRC reasonable return on capital 
 NPV net present value 
 WACC weighted average cost of capital 

 

Typically, WACC is between 4 % and 6 % in the electricity distribution business. There 
are several influencing factors, but the greatest impact on the variation in WACC is with 
the 10-year state bond, which has varied from 1.6 % to 3.9 % over the last few years. 

2.1.5 Impacts of economic regulation 

The  elements  of  the  economic  regulation  determine  the  allowed  revenue  and  thus  the  
allowed return. The regulatory model contains several instruments that provide 
incentives to develop the distribution network. For instance, in the case where an 
unreliable, relatively old overhead line network is converted into an underground cable 
network that meets the requirements of supply security, the allowed profit is made up of 
the following elements of economic regulation including the quality and efficiency 
incentives, depreciations and a return component based on the network age:  

 Quality bonus as a result of the improved distribution reliability and security 
 Efficiency bonus because the operational costs are reduced as a result of the 

reduced number of faults and maintenance-free network technology 
 Higher straight-line depreciation because network asset increases as a result of 

the use of more valuable network structures 
 Higher net present value of the network asset yields a higher reasonable return 

on capital because the network age is reduced. 
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3 Determination of reliability and its impact on network 
planning 

An electricity distribution network analysis involves a lot of calculation, both from 
economic and technical aspects. In this thesis, the focus of the analysis is based on 
distribution reliability and asset management analyses. To be able to assess 
comprehensive network development, both these aspects have to be modelled so that 
changes in the network asset are taken into account in the distribution reliability and 
vice versa. Managing the distribution system development requires extensive strategic 
analyses and calculation methodology with reference to asset management and 
reliability, as discussed in Publication I. The benefits of an advanced reliability analysis 
as part of electricity distribution network planning have been discussed for instance by 
Pylvänäinen et al. (2004 and 2009). 

The  analysis  of  network  development  requires  assessment  of  the  system  asset  and  
network reliability. Thus, a reliability model has to be applied to carry out a planning 
task. The developed reliability calculation model produces the information to assess the 
network reliability. As a result, it provides distribution-substation-specific reliability 
values that can be converted into system reliability indices and customer outage costs. 
From this perspective, a reliability analysis is integral to the assessment of distribution 
network development, and it serves as a link between the regulatory model and strategic 
planning cost estimation.  

A challenge of network planning is demonstrated in Figure 3.1 and Figure 3.2, which 
illustrate the effect of different network technologies on distribution reliability. Figure 
3.1 shows the effect of certain network technologies on normal statistical reliability, 
which can be indicated by well-known system reliability indices such as the system 
average interruption frequency index (SAIFI) and the system average interruption 
duration index (SAIDI). The figures show that there are several technologies to improve 
distribution reliability. It can be observed that the same technologies do not have similar 
impacts in all cases. For instance, network automation reduces the impacts of outages 
by limiting the faulted network area when a single fault occurs, but in the case where a 
storm fells trees, automation does not have a significant effect. Thus, from the 
perspective of supply security, the average system reliability indices cannot be applied 
as the sole indicators in the network strategic planning. 
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Figure 3.1. Effects of different network technologies on reliability (Lassila, 2009). 
 

 

Figure 3.2 Effects of different network technologies on the major disturbance resiliency of the distribution 
networks in the case of major storms (Lassila, 2009). 
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Several indices are designed to describe the electric power distribution reliability. 
Typically, the indices such as SAIFI and SAIDI determine system-level performance, 
which does not yield information about the customer-level performance of the system. 
A benefit of the system-level indices is that they are commonly known and relatively 
easy to define. However, a disadvantage is that they are difficult to integrate 
straightforwardly into network planning. The index of customer outage costs (COC) is 
an example of a sophisticated reliability index that quantifies the network reliability in a 
monetary value, and even as a straight cost for the DSOs. This makes it easy to be 
included in the network planning process. Nevertheless, a disadvantage of the COC is 
that similarly as other system-level indices, it does not express customer-specific 
network performance. The problems related to traditional reliability indices and COC in 
the strategic decision-making have been approached in Publication II, which also 
touches on the optimisation of the network automation placement. 

A step toward customer-oriented network planning is statistical planning criteria that set 
limits on customer-experienced interruptions. The recommendation of the Finnish 
Energy Industries (Partanen et al., 2010) is an example of this approach. In the network 
planning, the problem of this approach is the reliable estimation of distribution 
reliability that would take into account the topology of the network. A simulation 
methodology has been developed to analyse the statistical network performance. The 
issue is discussed in Publication III. 

The final step to take the customers’ perspective into account in the network planning is 
to determine customer-specific interruption limits in the law. In Sweden, such limits are 
written in the law, and now Finland follows the Swedish policy by a new Electricity 
Market Act. The law imposes limits on supply interruptions, which have to be taken 
into account in network planning. Nevertheless, although the law sets a straightforward 
target  for  the  DSOs,  the  planning  criteria  based  on  the  law  are  not  free  of  problems.  
From the network planning point of view, the difficulty is to define the worst-case 
situation to set the reference level for a disturbance.  

3.1 Reliability indices 

The reliability of electricity distribution can be measured by different indices. The focus 
of the indices such as SAIFI, SAIDI, MAIFI (momentary average interruption duration 
index), CAIFI (customer average interruption frequency index), CAIDI (customer 
average interruption duration index) and ASAI (average service availability index) has 
typically been on the system level. The indices are introduced in the IEEE (Institute of 
Electrical and Electronics Engineers) Guide for Electric Power Distribution Reliability 
Indices (2004). These indices are based on the number of customers served in the 
network area under consideration.  
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 served customers ofnumber  Total
dinterrupte customers ofnumber  Total

SAIFI  (3.1)

 served customers ofnumber  Total
durationson interruptiCustomer 

SAIDI  (3.2)

 served customers ofnumber  Total
onsinterruptimomentary customer  ofnumber  Total

MAIFI  (3.3)

 dinterrupte customers ofnumber  Total
onsinterrupticustomer  ofnumber  TotalCAIFI  (3.4)

 
SAIFI
SAIDICAIDI

dinterrupte customers ofnumber  Total
durationson interruptiCustomer 

 (3.5)

 
demand service hoursCustomer 

tyavailabili service hoursCustomer ASAI  (3.6)

 

Other indices such as ASIFI (average system interruption frequency index) and ASIDI 
(average system interruption duration index) are designed to determine distribution 
reliability based on load instead of the number of customers (IEEE, 2004). These 
indices are important when measuring the distribution reliability of areas with large-
scale customers, such as industry and commerce. The indices are formulated as: 

 
servedkVA  connected Total

dinterruptekVA  ConnectedASIFI  (3.7)

 
servedkVA  connected Total

dinterrupteduration kVA  ConnectedASIDI  (3.8)

 

In addition to traditional reliability indices, customer outage costs (COC) can be 
considered an important index to measure distribution reliability, because this index 
converts reliability data into monetary value, and further, it is the only reliability index 
involved in the Finnish regulatory model. 



Determination of reliability and its impact on network planning 45

3.2 Cost minimisation and reliability modelling 

Minimisation of the total costs is a typical approach to distribution network planning. 
The minimisation function can be written as  

 dttCtCtCZ
T

t 0
COCOPEXCAP )()()(min , (3.9)

where 

 T  planning period (lifetime) 
 t  time 
 CCAP(t)  annual capital costs for time t 
 COPEX(t)  annual operational costs for time t 
 CCOC(t)  annual customer outage costs for time t 

when the following conditions of voltage drop (VD), short-circuit (SC) withstand 
capability and load capacity (L) are met: 

 UVD < UVD,max 
 ISC < ISC,max 
 IL < IL,max 

 
Capital costs are the annual annuity of investments, or alternatively, they can be the sum 
of investment depreciations carried out within the study period and the cost of funding 
(including the rate of interest). Operational costs comprise the costs of maintenance, 
fault repair, operational actions and energy losses. The customer outage costs cover 
harm and inconvenience caused to the customers by outages, which are converted into 
monetary costs with the outage unit costs. For underground cabling, the function of 
capital costs is written as 

 
tCtCtC

tCtCtC
tC

power reserveoncompensatissubstation

joints and terminalsexcavationcable
CAP , (3.10)

where  

 Ccable  material and installation costs of underground cable 
 Cexcavation  excavation or ploughing costs 
 Cterminals and joints  costs of cable terminals and joints 
 Csubstations  costs of pad-mounted substations 
 Ccompensation  costs of earth fault current compensation 
 Creserve power  costs of reserve power 

 



Determination of reliability and its impact on network planning 46

The  development  of  an  electricity  distribution  network  consists  of  a  number  of  
development actions in the long run. This path of actions generates the final costs that 
are  to  be  minimised.  Figure  3.3  illustrates  a  schematic  of  different  paths  between  the  
years 0 and t. In the figure, vertical nodes describe the state of the distribution network 
at a specific moment, and the moment of the network development is presented 
horizontally so that the present moment is 0 and the end of the consideration is t. Thus, 
the development of the network constitutes a path of actions carried out in the network 
between the years 0 and t. 

  

Figure 3.3. Schematic of distribution network investments. 
 

3.2.1 Estimation of customer-experienced distribution reliability 

Customer outage costs (COC) is a good indicator to assess customer-experienced 
distribution reliability. Calculation of the COC in the network analysis differs from the 
function  (2.2)  presented  in  the  context  of  economic  regulation.  Now  the  COC  is  an  
estimate that is calculated separately for each substation, and also different interruption 
unit cost values of different customer groups can be taken into account. The function is 
written  

 
sub
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uudaauu
COC 8760
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m

i

ncncdc
dcncncWC , (3.11)

where 

 m index of distribution substation 
 Wi annual energy of the substation i (kWh/a) 
 cu unit cost of unannounced interruption (€/kW) 
 ca unit cost of announced interruption (€/kW) 
 cud unit cost of unannounced interruption duration (€/kWh) 
 cad unit cost of announced interruption duration (€/kWh) 
 chsar unit cost of high-speed autoreclosing (€/kW) 
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 cdar unit cost of delayed autoreclosing (€/kW) 
 Nsub number of distribution substations on the feeder 
 nu estimate of the number of unannounced interruptions  
 na estimate of the number of announced interruptions  
 du estimate of the duration of unannounced interruptions 
 da estimate of the duration of announced interruptions 
 nhsar estimate of the number of high-speed autoreclosings 
 ndar estimate of the number of delayed autoreclosings 

The estimates of interruptions are calculated from the actual MV network data using the 
fault statistics of the network under evaluation. The interruptions are defined separately 
for all the substation sections so that the customers of a MV/LV substation experience 
the same number and duration of interruptions. Therefore, the interruptions can be 
approached by substation-specific figures. The annual number of all types of 
interruptions (unannounced, announced, high-speed autoreclosings and delayed 
autoreclosings) can be defined by 

 
i j k

ijkijm lfn ,oninterrupti
, (3.12)

where ninterruption,m is the number of interruptions experienced by the customers of the 
distribution substation m, f is the fault frequency, l is the length of the line, i is the type 
of the line (e.g. overhead line, covered conductor, underground cable), j is the location 
of the line (forest, open space, roadside) describing the fault sensitivity, and k is the 
index of the lines that have an effect on the substation m. Correspondingly, the duration 
of annual interruptions (unannounced and announced) is determined as follows, divided 
into three time sequences t1, t2 and t3 that describe the restoration durations of the 
disconnector sections: 

 
repairmanualremote

321on,interrupti

tlftlftlf

tttd

i j q
ijqij

i j p
ijpij

i j k
ijkij

m
, (3.13)

where dinterruption,m is the duration of interruptions experienced by the customers of the 
substation m, t1 is  the  duration  of  switching  times  of  the  remote-controlled  
disconnectors; for instance, the interruption time that all the customers of the feeder 
experience, t2 is the duration of switching times of manually controlled disconnectors, 
that is, the time required to trace the faulted disconnector section, and t3 is the repair 
time of the faulted line that influences all the customers inside the faulted disconnector 
section and the customers of other disconnector sections that can be supplied only 
through the faulted section. The index k denotes the lines that cause an interruption of 
duration tremote (switching time of the remote-controlled disconnectors), the index p 
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denotes the lines that cause an interruption of duration tmanual (switching time of 
manually controlled disconnector), and q denotes the lines that cause an interruption of 
duration trepair (repair time of the fault) for the substation m. The disconnection sequence 
that determines the duration of interruptions is shown in Figure 3.4. 
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section

Faulted
section

 

Figure 3.4. Fault isolation process. In the first step, the circuit breaker is operated. In the second step, the 
disconnector in front of the fault is opened. In the third step, the disconnector after the fault is opened and 
the back-up switch is closed (Kaipia et al. 2010). 
 

3.3 Impact of reliability on network automation placement 

Network automation is an effective way to improve the reliability of supply, and thus, it 
is widely utilised in the electricity distribution. An advantage of automation is fast 
implementation,  and  often  also  the  affordability  of  the  investment  compared  with  the  
influence of the investment (Leite da Silva et al., 2004). The significant impact of 
automation  on  network  reliability  can  also  be  observed  in  the  economic  values  
considered in the economic regulation. For instance, the customer outage costs decrease 
when the number of customer-experienced interruptions decreases. The topic of 
network automation is discussed in Publication II, which considers the correlation of 
several reliability indices and customer outage costs to define the optimal placement of 
network reclosers and remote-controlled switches. 
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The objective of the optimisation of network automation is to maximise benefits. 
Hence, considering maximum benefits to the customers, the target may be to maximise 
network reliability, while the DSO's aim may be to minimise costs. The benefits can be 
measured either by monetary values or reliability indices. If the monetary values are 
applied, the target can be to minimise the total costs, or in some cases, to maximise the 
profits. If the aim is to optimise reliability, a natural goal is to minimise the harm and 
costs of customer-experienced interruptions, to minimise SAIFI, SAIDI or other 
corresponding index. However, when using the interruption index as part of decision-
making, it is difficult to determine the limit value at which it is profitable to invest in 
automation. This problem can be solved more easily when the optimised function is 
given in monetary value. In this case, it suffices to consider the investment and 
operational costs, and the monetary annual benefit of the automation device. The 
general optimisation function for network automation devices is written as 

 )(max xBenefits   x(P) P V, (3.14)

where   
 
 x placement of the automation device 
 P all placement configurations 
 V electricity network 

 
when all the boundary conditions are met. 

3.3.1 Network reclosers 

Network reclosers provide an easy way to improve distribution reliability because they 
provide same functions as circuit breakers but they can be installed in the MV network. 
They do not reduce the actual number of faults but they restrict the interrupted network 
sections so that a smaller number of customers experience the interruption. 

Usually, network automation does not set many limits on the network operation. In the 
case of network reclosers, the selectivity of the protection has to be taken into account, 
and auxiliary power during outages has to be secured. For instance, the selectivity may 
restrict the number of series reclosers if the tripping times cannot be set tight enough 
(Billinton and Jonnavithula, 1996).  

The benefits of a recloser are simple to calculate. In theory, only the annual capital costs 
CCAP caused by recloser purchases x  have  to  be  subtracted  from  the  annual  cost  
savings S that the improved reliability produces. The cost savings are basically achieved 
by decreasing the number and duration of customer-experienced interruptions in the 
network sections between the primary substation and the network recloser. The cost 
savings S = C0 – C(x), where C0 is the reference level of costs in year zero and C(x) are 
the costs with the considered recloser placements x. The optimisation function for 
network reclosers is written as 
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 xCxS CAP)(max   x(P) P V, (3.15)

when selectivity and other functional conditions are met.  

Other  option  to  optimise  the  performance  of  a  network  recloser  is  to  maximise  the  
reduction in the number of customer-experienced interruptions or the duration of 
interruptions. In that case, the optimisation function of the object reliability index such 
as SAIDI is written 

 )(max 0 xSAIDISAIDI   x(P) P V, (3.16)

where SAIDI0 is the system average interruption duration index without extra reclosers 
and SAIDI(x) is the system average interruption duration index with the considered 
recloser placements x. 

Figure 3.5 presents a simplified profitability curve of network recloser installation as a 
function of average power before a recloser and the length of the network downstream 
from the recloser. Other parameters behind the results are the installation price of the 
recloser, the interest rate, the lifetime and the outage unit costs presented above in Table 
2.1. 

 

Figure 3.5. Profitability curve of a network recloser as a function of network length downstream from the 
recloser and average power upstream from the recloser. The fault rates for long interruptions are 10 
faults/100 km,a, hsar 79 faults/100 km,a and dar 18 faults/100 km,a. The duration of interruptions is 3 
hours/interruption. The fault rates are collected from the network presented in Figure 3.6. 
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Figure 3.6 illustrates the profitability of different recloser placements in an actual 
network. The figure provides a comparison of two different indices: customer outage 
costs (COC) and SAIDI. As it  can be observed, the best  placement option is different 
with these two indices, which emphasises the importance of defining the right object 
function for optimisation. For instance, if the objective is to maximise the benefits in 
COC savings, the best recloser placement strategy cannot be estimated by calculating 
the best placement option from the SAIDI perspective. 

 

Figure 3.6. Profitability of recloser placement options on a MV distribution network feeder 
(Publication II). 
 

3.3.2 Remote-controlled disconnecting switches 

Remotely controlled switches provide an option for the DSOs to minimise the influence 
of an interruption by reducing the duration of the interruption experienced by the 
customer. The remote-controlled switch limits the network into smaller disconnecting 
switch sections similarly as a manually controlled switch. The difference to manual 
switches is the disconnection time, which is a few minutes with remotely controlled 
switches and typically an hour with manual switches. The optimisation functions for the 
installation of switches can be written in the same form as was introduced for network 
reclosers in (3.15) and (3.16). The marginal cost curves for remote-controlled switch 
installation in a network without a back-up connection are presented in Figure 3.7. The 
marginal costs are calculated assuming that the reduced interruption time is 60 minutes, 
which corresponds to the time between the remote-controlled and manually controlled 
switching events. 
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Figure 3.7. Profitability curves for a remote-controlled switch with different marginal costs of installation. 
The curves are valid for a network topology without a back-up connection. 
 

3.3.3 Fault indicators 

The function of fault indicators is to expose the faulted line section to the operator. The 
benefit of the indicators arises from the reduced interruption duration, because the 
faulted component can be disconnected without a test connection. Another benefit is 
that components are often preserved from high short-circuit currents that produce high 
mechanical stress to the components, because the number of test connections can be 
reduced. This can be a considerable benefit in the underground cable network where the 
location of the fault can be difficult to determine without fault indicators. Fault 
indicators can be used both in overhead and underground networks regardless of the 
type of the disconnecting switch (manual or remote-controlled). However, if the 
network is already sectionalised using remote-controlled switches, it is difficult to 
achieve economic feasibility because the switching times of remote-controlled switches 
are short already without fault indicators, and thus, the extra reduction in the operation 
time  of  the  switch  is  not  significant.  If  the  reduction  in  the  switch  operation  time  is  
longer, for instance 30 minutes, which can be the situation in the network with manually 
controlled switches, the economic feasibility can be achieved in the network with lower 
loads. This can be observed from Figure 3.8, where the COC savings are compared with 
the capital costs caused by a fault indicator investment. The profitability of the fault 
indicators can be calculated using the same optimisation function as in the cases of 
network reclosers and remote-controlled switches (3.14)–(3.16). 
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Figure 3.8. Profitability curves for a fault indicator with different reduction times in switch operation. The 
curves are valid for a network topology without a back-up connection. 
 

3.4 Stochastic reliability model for the evaluation of reliability 
performance 

The recommendation of the Finnish Energy Industries (Partanen et al., 2010) already 
introduced certain limits on interruptions; however, unlike in the present interruption 
limits defined in the law, one event of exceeding the limits was allowed within a three-
year reference period. In order to analyse the approach, a novel reliability analysis was 
required, in which the risk to experience long interruptions within a certain time period 
is evaluated. A stochastic reliability model provides an opportunity to assess the 
performance of a distribution system. The topic is addressed in Publication III, where a 
Monte Carlo simulation method is used to measure the electricity distribution network 
performance as a part of the distribution network development process. The Monte 
Carlo  method is  one  of  the  options  to  construct  a  stochastic  reliability  model  (Brown,  
2009; Bieda, 2012). The presented method yields information for the strategic decision-
making by taking the network performance into account. The importance of risk 
management is emphasised especially in the cases where the regulator or other authority 
requires the DSOs to meet certain reliability standards, such as the Finnish supply 
security criteria. The analysis produces information of the interruption durations at a 
distribution substation level. This information is important to evaluate the probability of 
long interruptions experienced by the customers. The simulation methodology at the 
core of the analysis is demonstrated in Figure 3.9. 
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Figure 3.9. MV network fault simulation sequence by applying the Monte Carlo simulation method 
(Publication III). 
 

The simulation applies fault and interruption statistics to define the fault rates and repair 
times for each fault taking into account the network topology and structure. The 
simulation is a sequential Monte Carlo simulation, which is repeated n times (N-years) 
to achieve a sufficient confidence for the simulated artificial interruption statistics 
(Balijepalli et al., 2004; Billinton and Wang, 1999). The number of repeated sequences 
can be for instance 1000 loops. 

Interruption statistics are the basis of the network reliability assessment.  To be able to 
analyse network reliability, data including long-term fault statistics are required, and the 
data should provide detailed information of the faults in order to be able to classify the 
faults (Brown et al., 2005). This makes it possible to compile fault distributions for 
different network types, but also distributions for fault repair and disconnection 
durations. Figure 3.10 presents an example distribution of fault repair times gathered in 
a Finnish distribution system within an eight-year period. 
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Figure 3.10. Distribution of fault repair time in a medium-voltage network for an eight-year period 
(2000–2008). Total length of the MV network is approximately 10 000 km. 
 

As a result of the simulation, artificial fault statistics are obtained, which can be used to 
evaluate the reliability performance. An example result is the cumulative annual 
interruption duration distribution with a certain probability, as illustrated in Figure 3.11. 
It shows three curves for a distribution network with 400 distribution substations. Each 
curve shows a cumulative annual interruption duration with an exceeding probability (5 
%, 25 % or 50 %) that describes the probability to exceed the specified value. The 
stochastic reliability model can be used, for instance, to compare different network 
strategies to estimate the best strategy by carrying out a simulation for each variation. 

 

Figure 3.11. Cumulative annual interruption times in the distribution substations with different exceeding 
probabilities (Publication III). 
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The proposed simulation method provides a useful tool to analyse statistical electricity 
distribution network performance. The method could be developed further to assess the 
rates of major-disturbance-proof (MDP) or weather-proof (WP) network required for 
restoration of supply within 36 hours from a severe weather event (such as a major 
storm) with a certain probability. However, for this purpose, the simulation model 
should also be calibrated with actual storm data. Thus, the simulation model cannot be 
applied as such in its present form to the analysis to determine the required MDPR of 
the network. 
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4 Impact of the optimisation target on network planning 
The  objectives  of  the  distribution  system  operators  have  an  influence  on  the  strategic  
planning of distribution networks. The planning is carried out observing the 
optimisation target, which depends on the expectations of the network owner. In 
general, the objective is to minimise the costs of electricity distribution, which reflects 
the aspect of national economy. However, because the electricity distribution networks 
can be owned by limited companies (Ltd), the aim of the company owners may be to get 
profit on their investments, and thus, the objective of the distribution company is to 
maximise the profit of the owners. Another approach can be to minimise the customer 
payments. All these objectives constitute different object functions that may lead to a 
different result thereby influencing the network structure, and consequently, customer-
experienced distribution reliability. An overview to different objectives of the DSOs is 
given in Publication IV. 

4.1 Minimisation of the total costs (TC) 

Minimisation of the total costs is the traditional way to plan distribution networks. In 
the  optimisation,  all  the  costs  of  the  DSO  are  taken  into  account  in  the  formula.  The  
costs comprise all the capital and operational costs but also customer outage costs. The 
general form of the minimisation function can be presented as follows: 

 
T

dttZ
0

1  costs  Totalmin . (4.1)

Taking into account the different cost terms, the minimisation function is written as 

 dttCtCtCZ
T

t 0
COCOPEXCAP1 )()()(min , (4.2)

where 

 T planning period (lifetime) 
 t time 
 CCAP actual capital costs 
 COPEX actual operational costs 
 CCOC customer outage costs 

Capital costs are the annual annuity of investments, or alternatively, they can be the sum 
of investment depreciations carried out within the study period and the cost of funding 
(including the rate of interest). Operational costs comprise the costs of maintenance, 
fault repair, operational actions and energy losses. The customer outage costs cover 
harm and inconvenience caused to the customers by outages. The function of customer 
outage costs has been presented in (3.11). 
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4.2 Maximisation of the owner’s profit (OP) 

The aims of the distribution network owner may represent an opposite approach to the 
network optimisation compared with the minimisation of total costs. From the business 
perspective, the aim is to maximise the profit of the owner, and thus, all the components 
affecting the profit have to be taken into account. Calculation of the owner’s profit 
requires knowledge of the regulatory model to determine the allowed revenue that the 
DSO can get. Finally, the allowed revenue is subtracted by the actual costs of 
distribution system operation. Maximisation of the profit is formulated in the following 
equation: 

 
dtttZ

T

0
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(4.3)

When the maximisation equation is written in the full form, the function becomes 
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where 

 RRC reasonable return on capital 
 SLD straight-line depreciations 
 Eff.Bonus bonus or sanction related to the efficiency costs 
 Qua.Bonus bonus or sanction related to the reliability of supply 
 ATOTEX allowed efficiency costs affecting the efficiency bonus 
 COCRef reference of customer outage costs affecting the quality bonus 
 COC annual customer outage costs affecting the efficiency and  

                      the quality bonus 
 CCAP actual capital costs 
 COPEX actual operational costs affecting the efficiency bonus 

Reasonable return on capital is the value calculated to be the profit that the regulatory 
model guarantees to the distribution company. The value is determined by the weighted 
average cost of capital (WACC) method. Straight-line depreciations express the 
reduction in the net present value of the network caused by ageing (in a year). The 
performance of the distribution companies is taken into account in an efficiency bonus, 
which is in accordance with the efficiency requirement of the company. A quality bonus 
or a sanction is determined from the reference value of the customer outage costs and 
annual customer outage costs. 
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4.3 Comparison of the optimisation approaches 

The presented approaches to optimise the DSO’s operation may produce different 
optimal strategies. It is expected that one network renovation strategy cannot be the best 
solution from all the perspectives. This is illustrated by a simplified 1 km network with 
a 1000 kW average load. The results are presented in Figure 4.1, where the total costs 
and profits are calculated for four network renovation strategies: 

 Pole change: Replacement of the wood poles at the end of their techno-economic 
lifetime (40 years). 

 Roadside: Transfer of the overhead line to the roadside at the end of its techno-
economic lifetime (40 years); the transfer is carried out only for those sections 
that are located in forest, while the rest are renovated by pole replacement. 

 Underground cable: Cabling starting from the oldest sections within a 40-year 
time period. 

 Pole change 60: Replacement of the wood poles is carried out at the end of the 
extended lifetime (60 years), while the study period is still 40 years. The 
extended lifetime is provided by extended maintenance that raises operative 
costs. 

 

Figure 4.1. Comparison of the total costs and profits of the network renovation strategies 
(Publication IV). 
 

The comparison shows that the considered optimisation functions produce different 
optimal strategies with the applied parameters. For instance, the use of the “Roadside” 
strategy produces the lowest total costs, but also the lowest profit. In other words, from 
the total costs’ perspective it is the best solution, but from the profit perspective the 
worst.  The  most  feasible  strategy  from  the  profit  perspective  is  the  “Pole  change”  
strategy that causes the second highest total costs. The strategy “Pole change 60” is the 
second best from both perspectives. The profitability of the “Underground cable” 
strategy seems to be poor, because it produces the highest total costs, and the profit is 
second lowest in the comparison. However, the analysis is fairly sensitive to the 
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parameters applied. If the load is doubled to 2000 kW, underground cabling becomes 
the best strategy from the total costs’ point of view. Thus, to determine the best strategy 
for the network, the analysis has to be carried out with case-specific parameters. 

We may conclude that both the approaches, that is, the cost minimisation and the profit 
maximisation, probably result in different optimal network strategies, and thus the best 
strategy for each DSO is selected depending on the objectives of the DSO. However, 
the differences between the strategies are often not significant enough to determine the 
only  one  best  strategy.  This  can  be  observed  from  the  sensitivity  analyses,  where  the  
significance of the network load, the number of interruptions and valuation of 
interruption unit costs may essentially influence the profitability order of the strategies. 
In the following, the minimisation principle is used as the target of network planning 
and optimisation. 
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5 Approach to renovation investments 
Renovation of electricity distribution networks from the perspective of supply security 
is a current topic in the Finnish distribution system. There are several reasons for this, 
but the most important drivers are the requirement to improve the supply security and 
tackle the issues related to the ageing distribution systems. Traditionally, distribution 
systems have been constructed with overhead lines, especially in rural areas; however, 
after the introduction of strict reliability requirements, underground cabling has become 
one of the most important technologies in network renovation. The rationale behind the 
utilisation of underground cables in rural area distribution is discussed in Publication V 
and Publication VI. 

A network renovation process typically involves several strategic decisions. The process 
considers issues such as: 

 What is the overall target for the weatherproof/major-disturbance-proof 
network? 

 Where does the renovation begin? 
 What is the priority order of the network areas (e.g. urban area feeders first)? 
 What are the technologies to be applied? 
 What are the network structures to be used in the renovation (e.g. underground 

cables and overhead lines with covered conductors located by the roadside)? 
 What is the time schedule? 
 Is the target to renovate the main part of the network within a faster time 

schedule (e.g. in 20 years)? 
 What is the role of the existing network structure in the future? 
 Is the existing network at the end of rural feeders planned to be maintained so 

that it can be operated well in the future? 
 What is the renovation strategy or priority order? 
 How does the renovation proceed? What are the lines that are renovated first in 

the selected feeder or supply area? 

The importance of strategic decisions is emphasised when the scope of the process is 
extended. The length of an electricity distribution system can be tens of thousands of 
kilometres in a medium-size electricity distribution company in Finland. This means 
that  the  replacement  value  of  the  network  is  hundreds  of  millions  of  euros.  Thus,  for  
instance the question of the technologies to be applied has to be considered carefully. 
Typically, the distribution network can be built with several parallel technologies such 
as: 
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 Traditional bare overhead line 
 Covered conductor overhead line 
 Aerial cable 
 Underground cable 
 Low-voltage distribution line (1000 V) to replace a medium-voltage line 
 Aerial cable 
 Underground cable 

As it can be observed, there are various optional technologies, which may be taken into 
consideration in the strategy work. When the boundary conditions are set by the 
operating environment and requirements are taken into account, guidelines of the 
renovation process can be given.  

Timing of the renovation has a significant influence on the ageing of the network, and 
vice versa. The long lifetimes of the distribution network pose a challenge to the 
process; nevertheless, the ageing infrastructure also provides a unique chance to take 
advantage of the situation. From the business point of view, the techno-economical 
lifetime of the network components should be used to the full, but the other constraints 
such as reliability may not support this. Thus, compromises have to be made when 
considering the timing issue. 

5.1 Supply security analysis 

Supply security criteria based on Electricity Market Act (588/2013) set the key limits on 
the network renovation, and they have to be taken into account in renovation planning. 
A significant proportion of the distribution networks has to be assessed, and the 
renovation schedule has to meet the supply security requirements. An analysis covering 
the network performance is needed to determine the development actions to achieve 
adequate supply security using either weatherproof (WP) or major-disturbance-proof 
(MDP) network structures. A WP network consists of underground cables while an 
MDP network consists of both underground cables and overhead lines located on fields. 

Supply security criteria emphasise the role of the LV network. Usually in the strategic 
network planning, the importance of the LV network is lower than that of the MV 
network. This is explained by the scope of the area influenced by a fault event or 
disturbance. A fault in the LV network usually causes a supply interruption only for a 
few customers, while in the case of an MV fault the number of customers can be 
counted in hundreds, and thus, the costs resulting from faults are much higher in the 
MV case. However, supply security criteria do not distinguish whether the interruption 
is a consequence of a MV or LV fault. Therefore, both of the networks have to be 
included in the analysis. 
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Major disturbance modelling is illustrated in Figure 5.1. There are four main inputs that 
finally determine the scope of the supply security renovation. These are information of 
the customers, network and faults, and also the information of the fault repair 
organisation during the major disturbance. The final required weatherproof rate (WPR) 
or major-disturbance-proof rate (MDPR) can be computed using the initial data. The 
storm modelling is also considered by Lassila et al. (2013). 

 

Figure 5.1. Elements of major disturbance modelling (adapted from Partanen et al., 2012b). 
 

Another approach to assess the required major-disturbance-proof rate could be the 
application of the proposed simulation method (Publication III), but the method should 
be developed further to better fit the major disturbance analysis. In addition, the model 
should be calibrated with major disturbance data. Thus, the benefits of the simulation 
method compared with the method presented in Figure 5.1 are slight. 

Figure 5.2 presents the average required WPR to restore the electricity supply within 36 
hours in two different storm cases in Finland based on the interruption and network 
statistics of seven DSOs. The figure shows that on average, the worst-case situation is a 
summer storm. However, the average WPR cannot be used as an objective for the 
DSOs, because the operating environment and the network structures vary significantly 
between the DSOs. Nevertheless, the figure shows that the supply security has to be 
improved in all of the rural area networks. 
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Figure 5.2. Average required weatherproof rate in a Finnish distribution network based on storms in 
summer 2010 and winter 2012 (Partanen et al., 2012b). 
 

There  are  several  ways  to  improve  the  supply  security  and  reach  a  sufficient  security  
level in a distribution network. However, common to all these is the target to increase 
the length of the MDP network regardless of the voltage level. A straightforward way is 
to build the MV network underground starting from the primary substation and renovate 
the LV networks when the MV renovation reaches the MV/LV substations. Another 
opportunity can be, for instance, to apply 1000 V technology to replace low-loaded 
overhead MV branch lines by LV cables, which significantly improves the WPR by 
removing the fault-prone overhead branch lines. However, also the simultaneous 
renovation of the LV networks by underground cables reduces the length of LV lines, 
which are vulnerable to faults. In this case, the situation is improved simultaneously in 
both the MV and LV networks. 

5.2 Cabling concept 

Underground cabling is one of the most interesting technologies to be used in network 
renovation in the present operating environment. As it has been discussed above, 
cabling offers an effective way to improve supply security to reach the supply security 
limits. However, cabling brings many challenges that have to be taken into account. 
These issues can be addressed by the questions as to when, where and how the cabling 
is implemented, in other words, which parts of the MV network are the most feasible 
ones for underground cabling, and how the cabling can be focused on the most aged 
(oldest) targets. An overview of the questions and tasks related to the determination of 
the cabling concept is presented in Figure 5.3. It illustrates the basic questions involved 
in the cabling process. The concept helps to find out the best strategy for cabling.  
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Figure 5.3. Flow chart of the cabling concept (Publication VI). 
 

The cabling concept addresses the above questions where, when and how the 
underground cabling is carried out. The process can be divided into separate blocks as it 
is demonstrated in Figure 5.3. The first blocks answer to the question where the cabling 
is implemented. This includes the prioritisation of the substation areas and feeders. 
When the consideration is at the feeder level, the age structure of the network and other 
issues such as technical limitations affecting the renovation schedule have to be dealt 
with. By the analysis, an estimate schedule of the process can be determined (the 
question When?). At the same time, the consideration provides answers to the question 
of how the cabling proceeds at the feeder level. At this phase, the target network 
structure for the area under renovation has to be determined so that possible new line 
routes  can  be  examined  in  the  renovation  planning  to  estimate  the  method  to  lay  the  
cable in the ground, as it plays a key role in the costs. Another issue that is linked to the 
line route planning is the connection of the MV and LV networks. For instance, if the 
MV line route is transferred from forest to the roadside, it may cause a need to renovate 
also the LV networks. If the MV network renovation is carried out so that the line route 
is not changed, there is no immediate need to renovate the LV network, because the 
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location of the distribution substation can remain the same. The only change may be the 
replacement of an old pole-mounted substation by a pad-mounted substation, which is 
reasonable to be used in the underground MV network.  

Renovation of MV feeders starts from the selection of the cabling strategy based on the 
priority order of the line sections. The prioritisation involves at least the following 
options: 

 Renovation from the beginning of the feeder by a rolling strategy 
 Renovation of the oldest line parts 
 Renovation of the most fault-prone parts 
 Renovation of parts causing most customer interruption costs 

The prioritisation of the feeder sections in the four-year renovation schedule is 
demonstrated in Figure 5.4. In the network of the figure, the renovation is carried out 
based on the age of the lines. The advantage of the age-based renovation is that the 
lifetime of the network can be maximised, and thus, premature investments can be 
minimised. On the other hand, there is a risk that the reliability or supply security does 
not improve if the investments are allocated only based on age information. The same 
risk may also be involved in the other prioritisation strategies that are not based on 
reliability, which again emphasises the importance of network planning. 

 
Figure 5.4. MV feeder renovation with the priority on the oldest line sections (Publication VI). 
 

Supply security requirements determine a tight schedule for network development. In 
order to keep to the schedule, the network renovation has to be designed to proceed 
smoothly. A natural renovation order is to start from the feeders with the highest loads 
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per line kilometre, usually urban feeders with low line lengths. It is reasonable to carry 
out the renovation of these at once; this should guarantee that the target of 2019 is 
achieved (50 % of customers are within the criteria). On rural feeders, the best influence 
on supply security and asset management is achieved when the oldest and most 
vulnerable network sections are renovated. However, this cannot be the only 
determining factor. These priority orders can be taken into account in the selection of 
the feeder renovation order, but the prioritisation within the feeder would be preferable 
to carry out by rolling from the primary substation. This way, the renovation can be 
carried out as efficiently as possible, which is important when considering the 
requirements of the supply security written in the law. Moreover, the selection of the 
rolling strategy is in line with the objectives of the law, where the six-hour time limit is 
set for urban areas, and 50 % of customers have to be within the criteria before the end 
of 2019. The target would be more difficult to reach if other strategies were applied. 
This is because the customer density is often at highest close to primary substations. 

5.3 Investment scenario based on the network renovation concept 

Preparation of an investment scenario requires definition of the present state of the 
network. Supply security plays a key role in the Finnish electricity distribution network 
planning because of the stringent limits on the allowed interruption durations. Thus, in 
addition to the present state, the target of network planning has to be clear. The 
objective can be a certain level of major-disturbance-proof (MDP) network that 
determines the volume of reliability investments required.  

The proposed network renovation concept is applied to actual network renovation 
planning. The network under study is a rural area network comprising ten feeders, of 
which a few supplies a small population centre. The basic information related to this 
network is presented in Table 5.1. The table contains the information that the initial rate 
of the major-disturbance-proof network is 9 % in the MV network and 45 % in the LV 
network, when underground cables and overhead lines in the field environment are 
considered to be major-disturbance-proof. This is the starting point of the supply 
security analysis to define the total minimum network development to reach the 
required major-disturbance-proof rate (MDPR). 
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Table 5.1. Basic information of the analysed network in year 2012. 
MV line lengths Bare overhead lines 580 km 
 Covered overhead lines 5 km 
 Underground cables 5 km 
MV line locations Forest 70 %  
 Field 8 %  
 Roadside 22 %  
LV line lengths Overhead lines 425 km 
 Underground cables 115 km 
LV line locations Forest 70 %  
 Field 30 %  
Number of customers Total 4 460  
Number of distribution 
substations 

20/0.4 kV 448  

Number of disconnecting 
switches 

Manual 323  

 Remote-controlled 29  
Peak power Total 8.2 MW 
Energy consumption Annual 42 GWh/a 
 Residential  54 %  
 Agriculture 6 %  
 Industry 9 %  
 Public 18 %  
 Service 13 %  

 

5.3.1 Required major-disturbance-proof rates (MDPR) 

In the supply security analysis, after the present state of the network has been 
determined, the next task is to define the required MDPR level to find out the minimum 
scope of the renovation by comparing the present state with the required MDPR. The 
required MDPR level is determined by using the information of the fault repair 
organisation, network and fault data. The fault information to be used can be the worst 
major disturbance occurred in the analysed distribution network, or if no major 
disturbances have been recorded, the reference major disturbance can be estimated from 
the data of another DSO operating in similar circumstances. The minimum major 
disturbance information to calculate the required MDPR level is presented in Table 5.2. 
The information derives from an actual major disturbance occurred a few years ago in 
the analysed distribution network. The major disturbance information contains actual 
fault data during the major disturbance in both the MV and LV networks, fault rates 
estimated from the fault numbers for the network affected by the major disturbance 
(overhead lines vulnerable to falling trees), the average number of working personnel 
and fault repair time per fault. Yet another important parameter is the allowed 
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interruption time, which is now 36 hours in rural areas. The number of parameters 
seems to be low, but an in-depth analysis is required to correctly determine different 
parameters and ensure that the results are appropriate for the purpose. Further, in a more 
specific analysis, the number of parameters can be higher involving additional 
information  such  as  a  peculiar  fault  repair  time  of  the  LV  network  or  number  of  
working hours per day per worker. 

Table 5.2. Major disturbance information 
 MV network LV network 
Fault number during the 
disturbance 72 78 

Fault rates [faults/100 km] 13.4 26.3 
   
Resources/ 
Fault repair organisation 18 Persons  

Fault repair time 12 Person working hours / fault in 
both the MV and LV networks 

 

The required MDPR level can be estimated from the major disturbance information so 
that the extreme values are determined first. This means for instance the minimum 
MDPR for the LV network when all the fault repair resources can be allocated to the LV 
network because the MV network is 100 % major-disturbance-proof. Intermediate 
points can be determined by drawing a line between the extreme values. The minimum 
MDPR points can be calculated by 

 
network ofLength rateFault 
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erepair timFault 

on timeinterrupti Allowed1MDPR . (5.1)

By substituting the parameters, the MDPRLV and MDPRMV become 
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Figure 5.5 presents an example of the required MDPR where the extreme values are 
(LV 62 % / MV 100 %) and (LV 100 % / MV 32 %). The network feeders under study 
are indicated in the figure to illustrate the present state of the network compared with 
the required MDPR. At present, the MDPR of the MV network is 9 % and 45 % for the 
LV network. The figure shows that to reach the adequate supply security, the average 
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MDPR of the network on the LV side has to be improved by 50 %-points and on the 
MV side by 31 %-points. 

 

Figure 5.5. Present state of the distribution network and the required major-disturbance-proof rate 
(MDPR) of the network to meet the supply security requirements. 
 

5.3.2 Network technologies 

The calculated minimum improvement in the MDPR in the analysed network indicates 
that the network requires a significant effort to reach the sufficient supply security. This 
imposes stringent requirements on the network renovation. The renovation has to be 
carried out so that costs of the network are minimised in the long term as it has been 
presented in (4.2) or maximised (4.4). The minimisation calls for the use of cost-
efficient network structures and observation of both the normal-state and major 
disturbance reliability (fault rates presented in Table 5.3) so that the customer outage 
costs are taken into account. Thus, replacing the existing overhead MV lines by MV 
underground cables is not the only solution. It has to be considered whether it is 
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possible, for instance, to improve the existing lines so that they can be classified as 
major-disturbance-proof ones or to replace the MV lines by 1000 V technology taking 
advantage  of  the  cost-efficient  LV technology.  The  objective  of  the  renovation  is  that  
the number of fault incidents decreases considerably, which, in general, reduces the 
benefits of network automation. However, network automation cannot be set aside at 
least on rural feeders, because the rural network is extensive, and the network also 
includes lines that are not MDP in the future as can be observed from Figure 5.5. For 
instance, if the MDPR of the LV network is 95 %, the MDPR of the MV network has to 
be at least 42 % to meet the criteria. Thus, 58 % of the MV lines can be non-MDP. 

Table 5.3. Fault rates in the case network 

Overhead line (OHL) 
Permanent faults 
(faults/100 km,a) 

High-speed autoreclosings 
(faults/100 km,a) 

Delayed autoreclosings 
(faults/100 km,a) 

forest 10 21.9 30 
roadside 6 10.95 15 

field 1.3 4.38 6 
Covered conductor OHL    

forest 5 2.92 4 
roadside 2 2.19 3 

field 1 2.19 3 
Underground cable 1 - - 

 

5.3.3 Investment schedule 

It is advisable to start to improve the supply security from urban areas. The main reason 
is the high customer density per line length in these areas. Another fact supporting this 
approach is the requirement that 50 % of the customers should be within the supply 
security criteria before the end of 2019. The limit of the six-hour interruption duration 
means that, in practice, the urban area network has to be completely weatherproof or 
major-disturbance-proof, because one severe fault on the overhead line alone may cause 
exceeding of the allowed six-hour interruption duration. Nevertheless, the proportion of 
urban area networks is relatively low, which releases investment resources to rural area 
networks where the most challenging network areas from the supply security 
perspective are typically located. Figure 5.6 shows an example investment schedule that 
leads to an optimal network structure in the case network. The investment program is 
scheduled between the years 2013–2028 so that the network renovation can be carried 
out before the end of the supply security transition period, and the required MDPR will 
be achieved in 2028. The investments are scheduled to start in 2014 in the urban area 
network and proceed to rural areas in 2016 when the urban areas have completely been 
renovated. 
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Figure 5.6. Example renovation investment schedule between the years 2013 and 2028. 
 

It can be observed that the major-disturbance-proof rates increase in the LV network 
from the initial 45 % to 98 % and in the MV network from 9 % to 42 %. The number of 
customers in the major-disturbance-proof network increases from the initial 0 % to 65 
%. The curve of customers in the MDP network describes the number of customers 
whose primary power supply line is completely major-disturbance-proof. The annual 
amount of investments is planned to be approximately 1.2 M€ throughout the 
investment schedule; only the annual target of investments in the distribution network 
varies. At the beginning, the investments are allocated quite equally to the MV network, 
the LV network and the distribution substations. When the urban areas have been 
renovated, the focus shifts to the MV network renovation. The MV network renovation 
is carried out to the point where it is economically profitable to install a network 
recloser to separate the MDP network from the network that is not major-disturbance-
proof. After this point, the benefits of the MV network development are relatively low, 
which is due to a decrease in the COC savings, because the load density reduces 
towards the end of feeders. This supports the investments in the LV networks instead of 
the MV networks especially in the case where investing in the LV networks is more 
cost-efficient and inexpensive compared with the MV network investments. Thus, at the 
end of the investment schedule, the investments are focused only on the LV networks 
and distribution substations to achieve the required MDPR in the most cost-efficient 
way.  Estimations  of  the  average  reliability  numbers  (SAIFI  and  SAIDI),  customer  
outage costs, maintenance costs and fault repair costs are presented in Figure 5.7. The 
figure shows that the average reliability values decrease over 50 % from the initial 
values; SAIFI from 1.98 pcs/a to 0.74 pcs/a and SAIDI from 2.21 h/a to 1.04 h/a. The 
sum of customer outage costs, maintenance costs and fault repair costs also decreases 
from 425 000 €/a to 270 000 €/a, where the decrease in the outage costs constitutes the 
most significant proportion. The maintenance costs and fault repair costs contain both 
the MV and LV network costs. The maintenance and fault repair costs seem to remain at 
the same level as they were at the beginning of the year 2013. This is mainly a 
consequence of the remaining aged MV overhead lines, which require more 
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maintenance and fault repair resources. For instance, at the end of the investment 
period, the network contains over 90 km MV network that is over 60 years old. These 
lines are located on the rural feeders downstream from the installed network recloser.  

 

Figure 5.7. Development of customer outage costs, maintenance costs, fault repair costs and SAIFI and 
SAIDI during the renovation investment schedule between the years 2013 and 2028. 

The positions of the feeders on the analysed network at the end of 2028 in the MDPR 
graph  are  presented  in  Figure  5.8.  It  shows  that  the  reliability  of  the  most  feeders  is  
better than required, and also the average MDPR of the feeders rises slightly above the 
required level. Thus, the network meets the 36 h supply security requirement in rural 
areas and the 6 h requirement in urban areas. 

0

50 000

100 000

150 000

200 000

250 000

300 000

350 000

400 000

450 000

500 000

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Year

C
os

ts
 [€

/a
]

0.00

0.50

1.00

1.50

2.00

2.50

N
um

be
r o

f i
nt

er
ru

pt
io

ns
 [p

cs
/a

] o
r 

du
ra

tio
n 

of
 in

te
rr

up
tio

ns
 [h

/a
]

Customer outage costs [€/a] Maintenance [€/a] Fault repair [€/a] SAIFI SAIDI



Approach to renovation investments 74

 

Figure 5.8. Development of the major disturbance resiliency in the network between the years 2013 and 
2028. 
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6  Reserve power during supply interruptions 
Reserve power is an important means to reduce the inconvenience experienced by 
customers in the occurrence of outages (He et al., 2010). In some cases, it is essential to 
prepare a reserve power plan for the network to meet the supply interruption limits set 
by the authorities. In the Finnish distribution systems, the maximum interruption 
duration of six hours in the urban areas requires that, in practise, the electricity supply 
has to be restored without time-consuming repair actions on the network. This means 
that the network has to be meshed thus providing permanent back-up supply routes, or 
the network has to include connection points for reserve power generators or reserve 
power cables to allow rapid restoration of the supply. However, the 36-hour interruption 
limit in rural areas does not necessarily guarantee supply restoration fast enough, 
because the allowed time may not suffice to repair some fault types. For instance, repair 
of a fault in an underground cable network and restoration of power supply may take 
several days. Thus, a reserve power plan should also be provided for rural areas. 

An optimal reserve power strategy depends highly on the network structure including 
the customer density, the line length and the number of disconnection switches. 
Moreover, the objectives of the network development give indication of the profitability 
of the reserve power. A benefit of an overhead line network compared with an 
underground cable network is that faults are often relatively fast to repair, that is, within 
a few hours on average, whereas in an underground network, a fault may cause an 
interruption of days, which is prohibited in the new Electricity Market Act in Finland. 
This implies that the underground cable network may require additional reserve power 
solutions, at least for those network sections where back-up power cannot be supplied, 
such as on terminating branch lines.  

The proposed reserve power options all require a different approach to network 
construction. The reserve power strategy to be applied should be determined before the 
renovation or network construction is commenced so that the required loops can be 
added to the network configuration or the network can be equipped with suitable 
components. The topic is discussed in Publication VII, which presents the cost functions 
for three reserve power strategies. 

6.1 Placement of disconnecting switches 

The policy concerning the placement of disconnecting switches such as line and 
transformer switches has a considerable influence on the interruption durations 
experienced by the customers (Haakana et al., 2012). In addition, the network type 
typically influences the placement policy. Faults in underground cable networks are of 
rare occurrence; however, cables are not fault free. The faults are time consuming to 
repair, which calls for reserve power arrangements to supply loads during the fault. 
Therefore, distribution substations in urban underground cable networks are often 
equipped with switches, and thus, each line section can be disconnected from the 
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network. In rural networks instead, switches are often installed only to the significant 
nodal points on the network. However, in such cases the network is usually of overhead 
line type, not underground one. Nevertheless, if rural networks are also built 
underground, the switch placement strategy should be carefully reconsidered to avoid a 
situation where a fault leads to a long interruption for several distribution substations.  

Switch placement can be considered on a simplified network scheme shown in Figure 
6.1. In the figure, the network is divided into sections, where the switch positions are 
denoted by D1, D2, Dt and Db. To meet the time limit on the allowed interruption 
duration, the faulted network section has to be disconnected so that reserve power can 
be supplied. There are several alternatives to construct the network so that this 
requirement is met, such as installation of line switches to the beginning and end of 
each line section (D1 and D2), installation of transformer switches to each substation, 
installation of switch D1 or D2 to the ring main unit (RMU), and providing an option to 
cut the distribution line in the connection point of the RMU without a switch (for 
instance, if switch D1 is installed, D2 is a possible place to cut or release the cable from 
the terminal in the RMU). 

 

Figure 6.1. Network schematic with different disconnector placement options. 
 

6.2 Optimal reserve power strategy 

There are several alternative reserve power strategies that can be applied to secure 
electricity supply in the long term. The reserve power strategies under study are: 

 Reserve power generators 
 Reserve power cables 
 Looping of the lines 

The strategy involving reserve power generators is based on the use of transportable 
reserve generators that can be powered for instance by diesel. The use of such 
generators requires connection points so that the reserve power can be supplied to the 

D1         D2 D1           D2 D1          D2
Db

D1 Disconnector before RMU D2 Disconnector after RMU

Db Branch line disconnector

Dt

Dt

Dt Transformer disconnector

Dt
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network. In addition, it has to be possible to disconnect the network supplied by a 
reserve generator from the normal distribution system before the reserve power is 
connected. Reserve power cables can be used in a situation where the distribution 
network is equipped with connection points at which the reserve cables can be plugged 
in to bypass the faulted line section. Thus, the normal centralised distribution continues 
while the faulted line section is under repair. Nevertheless, the faulted network has to be 
disconnected from the healthy network to be able to restore the supply. The strategy 
applying looping of the lines is based on a meshed distribution system. In order to 
operate correctly, the system has to be well looped and there cannot be terminating 
branch lines. 

Figure 6.2 presents an example of the use of reserve power generators in a network 
where a branch line fault has isolated three distribution substations from the healthy 
network. After the faulted line is isolated and reserve generators are in use, the faulted 
network section can be repaired ignoring the pressure of the maximum allowed 
interruption duration. 

 

Figure 6.2. Reserve power generators are connected to supply customers in the network sections 
downstream from the faulted line section (Publication VII). 
 

The profitability of the reserve power strategies varies as a function of network 
parameters. However, the study shows that the decisive parameter is the length of the 
line without a back-up connection (branch lines). The studies in (Publication VII) 
indicate that when the branch lines are shorter than 200 m, it is profitable to invest in 
looping of the branches. When the lines are between 200 and 500 m long, it is profitable 
to apply the reserve power cable strategy. Reserve power generators are the most 
profitable solution when the length of the branch lines exceeds 500 m. Figure 6.3 shows 
a cost comparison of the reserve power strategies in the example network. 
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Figure 6.3. Cost comparison of the reserve power strategies as a function of branch line length 
(Publication VII). 
 

6.3 Summary of reserve power planning 

It is advisable to involve reserve power planning in distribution network planning. A 
supply outage in a radially supplied network without back-up connections causes a 
long-lasting interruption, which is a typical situation in Finnish distribution networks. 
Especially in underground cable networks, the issue cannot be neglected, because the 
fault  repair  takes  time,  and  the  supply  security  requirements  limit  the  allowed  
interruption duration to 6 or 36 hours. The adopted reserve power strategy has an impact 
on the equipment installed on the distribution system. If the whole underground system 
is looped so that each distribution substation can be supplied through a back-up 
connection, other reserve power solutions are not required. In the case of reserve power 
cables, the system has to include connection points so that reserve cables can be 
connected to bypass the faulted lines. Further, it is necessary to be able to disconnect the 
faulted line sections from the healthy network. In the case of reserve power generators, 
the substation has to be equipped with a terminal to connect the generator. Again, there 
has to be an opportunity to disconnect the faulted lines from the network. 

A benefit  of  reserve  power  solutions  (reserve  power  cables  and  generators)  is  that  the  
system does not require several reserve power sources. Faults in the cable network are 
of relatively rare occurrence, and thus, the reserve power supply in an underground 
cable network with hundreds of kilometres of lines can be guaranteed with only a 
couple of generators or cables. Considering the profitability of the strategies, looping of 
the lines provides the most benefits when the branches on the network are short on 
average. In a network with branch lines of medium length (~200–500 m) instead, 
reserve power cables are a beneficial strategy. With the longest branch lines, the use of 
reserve power generators yields the best result.  
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7 Conclusions 
Adequate  electric  power  distribution  reliability  is  one  of  the  key  objectives  of  the  
distribution network operators. The importance of distribution reliability is emphasised 
in Finland as the authorities have set a limit on the allowed duration of interruptions in 
rural areas to 36 hours, and in urban and city areas to six hours. These limits are to be 
reached gradually during a transition period by the end of 2028. The new limits are a 
response to the long-lasting interruptions (even weeks) caused by several major storms 
over the past few years. The target to meet these limits poses a significant challenge to 
many DSOs. The main reasons are the tight schedule, and in some cases, the need to 
renovate the entire distribution network within a time that is considerably shorter than 
what is normally required for large-scale renovation of distribution networks. A further 
challenge in the process is the ageing network asset, which forces the DSOs to focus the 
reliability  investments  also  on  areas  where  the  best  benefits  are  not  reached  from  the  
perspective of network reliability or major disturbance resiliency.  

The key contribution of this doctoral thesis is a method for distribution network analysis 
that produces knowledge of the network development process for strategic decision-
making. The thesis introduces methodology to develop distribution networks not 
forgetting asset management. The keystone of the network development process is a 
method to analyse the improvement of electric power distribution reliability. As a result 
of the analysis method, a network renovation concept is proposed that can be applied to 
prepare an investment program for the purposes of strategic planning. The main 
contributions of the thesis are: 

 Network renovation concept considering the applied network techniques (in 
particular underground cabling) and implementation schedule taking into 
account the supply security target. The renovation concept covers several issues 
such as: what are the targets, when is the renovation started, and how is it 
implemented. 

 Method to analyse benefits of network automation devices to find the best 
placement option for the device  

 Methodology to analyse the effects of the economic regulation on distribution 
network renovation that gives information of the profitability of the network 
strategies 

 Stochastic method to assess statistical supply security that provides information 
of the performance of the network in the most challenging network sections  

 Methodology for reserve power planning with an opportunity to evaluate the 
feasibility of parallel reserve power strategies such as a reserve power generator, 
a reserve power cable and looping of terminating branch lines 
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The methodology has been tested with actual Finnish rural area distribution networks, 
and it provides information that facilitates the distribution companies to develop the 
distribution networks to meet the reliability requirements in an economically feasible 
manner. Although the case examples are from the Finnish electricity distribution sector 
only, the methodology developed in the thesis is generic and can be applied to 
distribution  system  development  under  various  circumstances.  Especially,  the  
methodology developed for the network development process (e.g. network renovation 
concept, feasibility analysis of network automation, supply security analysis) can be 
applied to any operating environment. Although the regulatory model in the analyses is 
country specific (Finland), the methodology can also be applied under other regulatory 
regimes and operating conditions by adjusting the parameters and boundary conditions 
accordingly. Finally, the methodology has been applied to practice in several cases to 
demonstrate its validity.  

Distributed generation and smart grids were not in the main focus of the thesis. 
However, their weight will obviously grow in network planning in the future, which 
also raises a need to reconsider and update the proposed methodologies or to search for 
new  approaches.  In  addition,  the  significance  of  the  statistical  analysis  of  supply  
security will increase in the future, which may give signals to continue the development 
of the stochastic network reliability analysis. 
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